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Resurgence of Vaccine-Preventable
Diseases in Venezuela
as a Regional Public Health
Threat in the Americas
Alberto E. Paniz-Mondolfi, Adriana Tami, Maria E. Grillet, Marilianna Márquez,
Juan Hernández-Villena, María A. Escalona-Rodríguez, Gabriela M. Blohm, Isis Mejías,
Huníades Urbina-Medina, Alejandro Rísquez, Julio Castro, Ana Carvajal, Carlos Walter,
María G. López, Philipp Schwabl, Luis Hernández-Castro, Michael A. Miles, Peter J. Hotez,
John Lednicky, J. Glenn Morris Jr., James Crainey, Sergio Luz, Juan D. Ramírez,
Emilia Sordillo, Martin Llewellyn, Merari Canache, María Araque, José Oletta

Venezuela’s tumbling economy and authoritarian rule have
precipitated an unprecedented humanitarian crisis. Hyperinflation rates now exceed 45,000%, and Venezuela’s health
system is in free fall. The country is experiencing a massive exodus of biomedical scientists and qualified healthAuthor affiliations: Clínica IDB Cabudare, Instituto de Investigaciones
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Hygiene and Tropical Medicine, London, UK (M.A. Miles); Baylor
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Caracas (M. Canache); Universidad de Los Andes, Mérida,
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care professionals. Reemergence of arthropod-borne and
vaccine-preventable diseases has sparked serious epidemics that also affect neighboring countries. In this article, we
discuss the ongoing epidemics of measles and diphtheria in
Venezuela and their disproportionate impact on indigenous
populations. We also discuss the potential for reemergence
of poliomyelitis and conclude that action to halt the spread
of vaccine-preventable diseases within Venezuela is a matter of urgency for the country and the region. We further
provide specific recommendations for addressing this crisis.

R

esidents of Venezuela are struggling to survive in a
country with the world’s highest annual inflation rate,
46,305% (1), and a minimum monthly wage of just USD
$1.79 (5,196,000 Bolivars). The International Monetary
Fund predicted an inflation rate of 1,000,000% by the end
of 2018 (1). Sixty-six percent of the population lives in extreme poverty (2), amid escalating violence and a crumbling healthcare infrastructure more typical of conflict
zones or war-torn nations. More than 280,000 children are
at risk for death from severe malnutrition (3). According
to the last official nationwide epidemiologic bulletin, published in 2016, infant and maternal mortality had risen by
30% and 65%, respectively, over the previous year (2); no
further national epidemiologic records have been released.
Long-term shortages of essential medicines and medical supplies (only 30% of basic drugs to treat infectious diseases are available in public hospitals) (2), interruption of
epidemiologic surveillance systems, weakening of immunization programs, and an unprecedented exodus of trained
medical personnel have set the stage for the resurgence of
vectorborne and vaccine-preventable infections (4–6). A
striking manifestation is the ongoing malaria epidemic in
Venezuela (6–9), now approaching half a million cases per
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year and continuing to increase at rates exceeding those
previously reported anywhere in the world (10).
Recently, the return of measles and other vaccinepreventable childhood infections in Venezuela (Figure 1),
as well as the potential for expansion of outbreaks beyond
Venezuela’s borders, has been recognized by the World
Health Organization (WHO) and the Pan American Health
Organization (PAHO) (9). In Colombia alone, 25 cases of
imported measles in migrants from Venezuela had been recorded as of October 2018 (9,10). The continued mass exodus of ≈2 million persons from Venezuela since 2014 (9),
not only to Colombia (>820,000 migrants) but also to Ecuador (>450,000) and Brazil (>57,000) (11–13), represents
an ongoing risk that vaccine-preventable diseases will be
carried with them. The United Nations High Commissioner
for Refugees (UNHCR) has launched a supplementary appeal for funding for these affected countries (14). Simultaneously, the spread of vaccine-preventable diseases must
be tackled urgently within Venezuela, with an emphasis on
containing outbreaks locally and at critical border areas.
Measles
In Venezuela, circulation of wild measles was interrupted
in February 2007 after a mass vaccination campaign that

followed outbreaks in 2001 and 2006 (15). However, since
2017, measles has reemerged in Venezuela, particularly
within vulnerable indigenous populations, and has
subsequently reached neighboring countries (Figure 1, panel
A) (16). As of October 23, 2018, Venezuela had contributed
68% (5,525/8,091 cases) of the measles cases reported in the
Americas and most of the measles-related deaths (73/85) (16).
Genotyping of the measles virus isolated from patients from
Venezuela (imported cases) in Brazil, Colombia, Ecuador,
and Peru confirmed that the strains were genotype D8, lineage
MVi/Hulu Langat.MYS/26.11 (16). The D8 genotype is
associated with endemic transmission in Asia and the Pacific
(17) and is the main lineage circulating currently in South
America (16).
Measles now affects multiple states in Venezuela, and a
disproportionate number of cases occur among indigenous
populations located in the vast forestlands of the southern
region. Measles cases were first reported in epidemiologic week 26 of 2017 in the southern, mineral-rich state of
Bolívar; 82% of the cases were detected in the municipality
of Caroní (18). From week 26 of 2017 through week 43
of 2018, a total of 7,524 suspected cases were reported, of
which 6,252 have been confirmed (727 in 2017 and 5,525
in 2018); 75 deaths were attributed to measles, most of

Figure 1. Clinical features observed in children
infected with vaccine-preventable diseases, Venezuela,
2017–2018. A, B) Classic morbilliform measles rash
in a Creole infant from Caracas. Note the pronounced
erythematous confluent macules and patches on face
and subsequently a cephalocaudal spread onto the trunk
and extremities. C) Thick, gray membrane covering the
pharynx and posterior aspects of tonsils in a case of
diphtheria. D) A Pemón Amerindian child with a classical
varicella rash exhibiting various lesion stages. E)
Swelling of the parotid glands in a girl with mumps from
the state of Lara in central-western Venezuela.
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them in the Amazon and Orinoco River Delta regions of
the country. The affected regions have widened to include
other more populated states such as Apure, Anzoátegui,
Delta Amacuro, the Capital District, Miranda, Monagas,
Vargas, and Zulia (Figure 2, panel A) (16).
The circulation of measles in Venezuela was preceded
by the progressive interruption of the national immunization
program since the year 2010, along with the dismantling of
the primary healthcare infrastructure. The national coverage
rate for the second dose of the measles vaccine was estimated
at 52% according to the last reports from the Venezuela Ministry of Health (19,20). This estimate ranks Venezuela toward the bottom of vaccination coverage in the region (20).
Current estimates indicate that measles vaccination coverage
in the Venezuelan Amazon region has decreased in all municipalities (Alto Orinoco, 40%; Atabapo 18, 6%; Atures 66,
6%; Autana 35, 5%; Manapiare 30, 5%; Maroa 5, 2%; and
Rio Negro 41, 7%) (21), notably affecting the Venezuela–
Brazil border, where the current measles outbreak threatens
to decimate the ancestral aboriginal Yanomami people.
The massive job losses that followed the economic crisis and the dismantling of private industry has meant that
most persons in Venezuela have been forced to rely on informal jobs, such as illegal mining. Illegal mining camps,
which attract migrant workers from communities throughout Venezuela and from neighboring countries and aboriginal settlements, provide a setting for measles transmission
within the camps themselves and for its further spread once
the mine workers return to their home communities. Crossborder mobility, migration, and illegal mining activities
(21), in which native and indigenous persons are increasingly involved, have been proposed as the probable source
of the proliferation of measles in remote areas inhabited
by unvaccinated persons (21). Examples of vulnerable aboriginal settlements include those located at the Imataca
Forest Reserve; the Paragua, Caura, and Caroní Rivers;

Cerro Guanay Natural Monument; and most important, the
Canaima and Cerro Yapakana National Parks (22). Recent
reports from the nongovernmental organizations Survival
International and Wataniba indicate that ≈100 cases of
measles have occurred among members of the isolated and
vulnerable Yanomami populations in the Venezuela–Brazil border region (23). Deaths attributed to measles have
already occurred, according to Horonami (a Yanomami
nongovernment organization), and high morbidity and
mortality rates are expected because these populations are
immunologically naive (24,25). Measles is presumed to
have entered the Yanomami communities from Brazil after
imported cases from Venezuela brought the disease to border populations of Brazil, before spreading back to Yanomami communities in Venezuela (11,25). Further spread of
this epidemic wave could devastate the Yanomami people
living in the Orinoco highlands of the Amazon, given that
humanitarian aid to affected sites is limited or hard to deliver because of the seminomadic characteristics of these
indigenous populations and the remoteness of the Yanomami territory.
Other indigenous populations in Venezuela who are
particularly vulnerable to the extension of the measles outbreak include the Warao, located in the Orinoco River Delta.
During 2018, ≈100 measles-related deaths occurred among
indigenous infants and children in the municipality of Tucupita in the Orinoco River Delta (24). Reports from the municipalities of Pedernales and Antonio Diaz in the same area
indicate that the death toll has increased, with 102 additional
cases to date (24). Cases have spread rapidly from this region
to the neighboring municipality of Barrancas del Orinoco
(Venezuela) (25) and to the border state of Roraima (Brazil).
Again, emigration from Venezuela has substantially
affected neighboring Brazil and Colombia, as well as other
countries in the region, such as Ecuador (26). Measles cases
imported from Venezuela have been reported in all 3 nations

Figure 2. States affected by (A) measles and (B) diphtheria, Venezuela, 2017–2018. Circles indicate neighboring countries reporting
imported and autochthonous cases of these 2 diseases. Reclamation zone is a territory under dispute between Guyana and Venezuela.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019
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(Figure 1, panels A, B) Thus far, Brazil has reported most of
the imported measles cases, mainly from the state of Bolivar in Venezuela), where a major measles outbreak is taking
place (27). Not surprisingly, Brazil has the region’s second
highest measles burden, with 2,801 confirmed cases reported
through epidemiologic week 44 of 2018 (Appendix, https://
wwwnc.cdc.gov/EID/article/25/4/18-1305-App1.pdf) in the
neighboring states of Roraima (345 cases) and Amazonas
(2,357 confirmed cases and 7,425 suspected cases) (Figure
2, panel A) (10,24). The link to the Venezuela outbreak was
established by the isolation and identification of genotype
D8 in the first cases of the outbreak in Brazil in February
2018, as confirmed by the Oswaldo Cruz Foundation and unequivocally recognized by PAHO (18,24). In Brazil, the locations principally affected are Boa Vista, Paracaima, Cantá,
Rorainopolis, Uramuta, and Manaus (24). These states have
received a massive influx of migrants from Venezuela (24).
Isolated and import-related cases were also identified in the
states of São Paulo (3 cases), Rio Grande do Sul (43 cases),
Pará (23 cases), Pernambuco (4 cases), and Rondônia (2
cases), as well as in Rio de Janeiro (19 cases), Sergipe (4
cases), and Distrito Federal (1 case) (24). In addition, the
Brazilian Ministry of Health has reported 14 measles deaths
through the end of October 2018 in the states of Roraima (4
cases), Amazonas (8 cases), and Pará (2 cases) (24). Of all
cases reported by Brazil’s Ministry of Health in the state of
Roraima through May 2018, a total of 68% corresponded to
refugees from Venezuela, and 52.7% were in Warao Amerindians (24). Although Brazil has a free vaccination program with high coverage levels, a recent decrease in polio
and measles, mumps, and rubella vaccination rates, linked
to local antivaccine movements (28,29) and government underfunding of the healthcare system (30), are worrisome and
might worsen the current measles outbreak (28,29).
The Colombia Ministry of Health has also reported
25 measles cases imported from Venezuela (Figure 2,
panel A) (16), again confirmed by isolation and molecular
identification of genotype D8 in the initial cases (18,31).
Most cases were reported from bordering states that received a considerable migratory influx in 2018 and that
also had received the most numerous groups comprising
the 600,000 immigrants from Venezuela in 2017 (26).
Moreover, many residents of Venezuela transit through
Colombia to Ecuador, where, by epidemiologic week 44
of 2018, a total of 13 of the 600 suspected cases imported
from Venezuela had been confirmed as measles by the Ecuador Ministry of Health (Figure 2, panel A) (8,10). The
index case-patient proceeded from Venezuela through
the border with Colombia, where ≈286,000 persons have
crossed through the Rumichaca international bridge. As
of epidemiologic week 42 of 2018, the Peru Ministry of
Health had also reported 2 cases imported from Venezuela (Figure 2, panel A) (16).
628

The reestablishment of measles transmission because
of continuous circulation of either indigenous or imported
measles virus for >12 months (32) has threatened the
Americas with losing its certification as a measles-free
region. On August 24, 2018, PAHO recognized the
reestablishment of endemic transmission of measles in
Venezuela, thereby suggesting that the Americas was
unlikely to remain a certified measles-free region (33,34).
Diphtheria
Diphtheria, a childhood vaccine-preventable disease,
had not been reported in Venezuela during the 24 years
before 2016. However, during July–November 2016, a
total of 183 suspected diphtheria cases were reported by
16 of the 24 federal entities in Venezuela (Figure 2, panel
B) (34), alerting PAHO and WHO to the reappearance of
this disease (35). Since 2016, a total of 2,170 cases have
been reported to date (324 in 2016, 1,040 in 2017, and 806
cases in 2018 [through October 29]). Of the 2,170 cases,
1,249 were laboratory confirmed; 287 deaths were reported
(17 in 2016, 103 in 2017, and 167 in 2018), yielding a
case-fatality rate of 22% (34). For 2018, a total of 838
diphtheria cases have been reported in the Americas as of
epidemiologic week 41 of 2018 (34). The other 3 countries
are Haiti (80 cases), Brazil (6 cases) (36), and Colombia (8
cases). However, 3 of 8 cases in Colombia were imported
cases from Venezuela (34).
As in the case of measles, low local vaccination
coverage rates have left Venezuela susceptible to the
resurgence of diphtheria. By 2016, national coverage
with 3 doses of diphtheria-tetanus-pertussis (DTP)
vaccine (DTP3) was ≈84%, and reported coverage with 4
doses of DTP barely reached 60% (37). PAHO estimated
coverage rates in 2017 of 66% for DTP3 and 38% for
4 doses of DTP (38). Recent unofficial data suggest
that for 2018, national DTP3 coverage might not even
reach 50% (39), resulting in an important increase in
the number of susceptible persons, of whom ≈3 million
are children. Achieving adequate vaccination rates is
even more difficult in remote areas, where geographic
isolation and ongoing conflicts between armed gangs,
guerrilla forces, and military personnel hamper adequate
access to rural communities. The southern areas of the
Amazon basin, such as Bolívar state, Amazonas state, and
the Orinoco River Delta, are particularly at risk because
of low pentavalent DTP–Haemophilus influenzae type
b–hepatitis B vaccination coverage; reported coverage
rates are 50% for Bolívar, 37% for Amazonas, and 24%
for the Orinoco River Delta, according to data from the
Venezuela Ministry of Health (37,40).
Although the first cases of diphtheria in Venezuela were
reported in the southern state of Bolivar and were attributed initially to crowding and unhealthy conditions in illegal
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mining camps, the disease has spread rapidly throughout the
country, reaching epidemic proportions (39). Current data
indicate that the number of reported cases likely underestimates the actual magnitude of the outbreak. Reports on the
occurrence of diphtheria in isolated Amerindian communities, such as the Pemón and Kariña aboriginal populations,
illustrate the geographic reach of the disease.
Diphtheria has now spread to Brazil and Colombia
(Figure 2, panel B). In February 2018, PAHO–WHO issued an update on diphtheria in the Americas, highlighting
the occurrence of exported cases from Venezuela to Brazil
and Colombia (41). In Brazil, a fatal case imported from
Venezuela was recorded in the state of Roraima, and in Colombia, another fatal case was reported in the Department
of La Guajira (Figure 2, panel B). These cases highlight the
vulnerability of the bordering states to the outbreak (41).
The lack of infrastructure to receive massive numbers of
forced migrants and the associated problems with poor
access to essential health and sanitation services are potential facilitators for disease emergence and transmission
(41). During epidemiologic week 8 of 2018, PAHO urged
health authorities to intensify epidemiologic surveillance,
case detection, medical care, and vaccination (39). Since
that week, PAHO has confirmed diphtheria cases in Brazil,
Colombia, and Venezuela (Figure 2, panel B) (41).
Polio
In 1971, poliomyelitis became the second vaccine-preventable disease (after smallpox) to be eliminated from the
Americas, later followed by measles and rubella (42,43).
Venezuela’s devastated healthcare infrastructure has halted many of its immunization programs. Estimates indicate
that vaccination coverage against polio has dropped below
minimum recommended levels (80%); coverage with the
third dose of polio vaccine slipped from 87% in 2015 to
<79% in 2017 (7), thus establishing the conditions for the
potential emergence of vaccine-derived polioviruses (VDPVs). Historically, low vaccination coverage in conflictaffected countries has played an important role in the reemergence of poliomyelitis because of circulating VDPVs
(cVDPVs). Examples include Laos, where an outbreak
attributable to cVDPV type 1 cases occurred during 2015–
2016; Nigeria and Pakistan, which reported cVDPV type 2
cases throughout 2016; Syria and the Democratic Republic
of the Congo, where cVDVP type 2 was present during
2017–2018; and Mogadishu, Somalia (2017) and Kenya
(2018), where cVDPV type 2 was isolated from environmental samples (44).
The current reality in Venezuela is a conflux of
plummeting vaccination coverages and ongoing outbreaks
of other vaccine-preventable diseases. Combined with the
weakening of surveillance programs, forced migrations,
and a prolonged political, economic, and food crisis without

foreseeable resolution, these factors have set the stage for
potential reemergence of poliomyelitis.
Addressing the Vaccine-Preventable Disease
Crisis in Venezuela
During the past decade, crises in Africa and the Middle
East have provided numerous examples of the consequences for failure of the control of vaccine-preventable diseases
when healthcare delivery is disrupted by political turmoil;
these areas have also provided paradigms of successful intervention measures. In Syria, the destruction of healthcare
and sanitation infrastructure resulted in the reappearance
of polio 15 years after its eradication from that country.
At the same time, the number of measles cases expanded
to >7,000 confirmed cases nationwide and extended into
neighboring countries with higher vaccination coverage
(45). Similarly, disruption of immunization programs during the recent political unrest in Yemen led to a measles
outbreak with >4,300 cases and a high death rate (46); the
number of cases totaled 7,285, according to the most recent data from WHO (47). In both Syria and Yemen, the
acknowledgment by WHO of the severity of the crises and
assistance marshaling the resources required to mount massive immunization campaigns enabled substantial progress
toward containment, although the inability to consistently
sustain immunization activities has precluded ideal disease
control and the prevention of potential new outbreaks. Subsequently, WHO codified and published an evidence-based
approach for vaccination in humanitarian crises that incorporates a framework for decision-making (48). The ongoing diphtheria and measles epidemics in Venezuela and
spillover into neighboring countries evoke the reemergence
of vaccine-preventable diseases observed in Syria and Yemen and the consequent threat to regional, and potentially
global, public health.
The Americas region has been free of wild poliovirus
circulation for nearly 3 decades, mainly because of successful immunization programs and vaccination campaigns
in high-risk regions. Without doubt, these efforts halted the
final chains of transmission and provided strong herd immunity. Similarly, in 2007, Venezuela was able to successfully implement a mass vaccination program that arrested
the circulation of measles and ended the 2006 outbreak.
Today, however, the crisis in Venezuela has enabled vaccine-preventable diseases such as diphtheria and measles
to reemerge (34). The weakening of Venezuela’s public
health services has led to a breakdown of epidemiologic
surveillance systems along with an interruption of the national immunization program, resulting in the decay of infection control practices. In addition, the ongoing massive
internal and external exodus of Venezuela residents has
become the amplifying factor of these outbreaks beyond
Venezuela’s borders (8,24,26,29,49).
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The Executive Committee of PAHO, at its 162nd
session held on June 20, 2018, presented the following
document as a point on its agenda: “PAHO Response to
Maintain an Effective Agenda for Technical Cooperation in
Venezuela and in Neighboring Member States” (49). The
document contributes, albeit somewhat late, to addressing
the lack of information and to correct misinformation, as
well as to refute the government of Venezuela’s official
denial of the serious problems afflicting the country. Likewise, the document recognizes the lack of official information but fails to indicate as a priority the resumption of the
publication of the Venezuelan Ministry of Health’s Weekly
Epidemiologic Bulletins and relevant technical documents
from the Venezuela Ministry of Health. We believe that reporting health statistics is an unavoidable obligation of the
state to its inhabitants and cannot be substituted by regional
and international bulletins or alerts from other countries.
Recommendations
According to the evaluation approach recommended by
WHO, the risk level of the ongoing outbreaks in Venezuela is high. A correspondingly strong response is needed
to curtail the expanse of these epidemics. We propose the
following measures.
•G
 lobal and hemispheric health authorities should urge
the Venezuela government to allow the establishment
of a humanitarian channel to provide immediate relief
efforts addressing extreme food and medicine shortages.
• Epidemiologic surveillance programs, early reporting,
and rapid response systems should be restored immediately. Strengthening of infection control practices in
healthcare facilities should be implemented with the
aid of international agencies while ensuring public
health neutrality.
• Emergency relief operations should be put into effect
across borders along with authorities in Colombia and
Brazil to ameliorate the effects of massive migration
by implementation of early nutritional and immunization interventions.
• International agencies should support regional efforts
in neighboring countries to promote simultaneous
massive vaccination campaigns and vaccination of all
refugees from Venezuela arriving in host community
populations.
• Adequate supplies for mass vaccination and routine
immunization should be ensured, and additional adjunct supplies (e.g., diphtheria antitoxin) should be
stockpiled to assist in the establishment of standard
treatment protocols and epidemic rapid response
measures. These methods are crucial for healthcare
delivery and mass vaccination catch-up campaigns to
head off the resurgence of vaccine-preventable diseases in Venezuela.
630

• In areas with low vaccination coverage, improving
surveillance for early case detection and increasing
vaccination coverage in high-risk age groups should
be mandatory. Furthermore, Venezuela is in urgent
need to reconstruct its devastated healthcare system,
secure sustainable food and medication access, and
reinstall proper sanitation policies to reduce the burden of diseases.
On September 27, 2018, the United Nations Human
Rights Council adopted a resolution on Venezuela
signaling the gravity of the human rights situation and the
growing concern by governments worldwide about the
country’s humanitarian crisis, including aspects such as
malnutrition and the upsurge of preventable diseases (50).
PAHO–WHO faces an enormous challenge in attending,
without interference, to the complex emergency that
affects Venezuela. Emergency funds must be released to
acquire medicines, vaccines, laboratory reagents, and
other supplies for health programs. As Venezuela rapidly
becomes a regional nidus for the emergence of vaccinepreventable diseases, it must take decisive action now
alongside regional and national partners to target this
emerging regional crisis.
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SYNOPSIS
Rickettsioses are endemic to Vietnam; however, only a
limited number of clinical studies have been performed on
these vectorborne bacteria. We conducted a prospective
hospital-based study at 2 national referral hospitals in Hanoi to describe the clinical characteristics of scrub typhus
and murine typhus in northern Vietnam and to assess the
diagnostic applicability of quantitative real-time PCR assays
to diagnose rickettsial diseases. We enrolled 302 patients
with acute undifferentiated fever and clinically suspected
rickettsiosis during March 2015–March 2017. We used a
standardized case report form to collect clinical information
and laboratory results at the time of admission and during
treatment. We confirmed scrub typhus in 103 (34.1%) patients and murine typhus in 12 (3.3%) patients. These results highlight the need for increased emphasis on training
for healthcare providers for earlier recognition, prevention,
and treatment of rickettsial diseases in Vietnam.

R

ickettsioses are vectorborne infections caused by
small, gram-negative, obligatory intracellular bacteria of the genera Rickettsia and Orientia, belonging to
the family Rickettsiaceae. The most common vectors for
Rickettsiacea are fleas, mites, ticks, and lice. The pathogens are classified into 3 groups on the basis of clinical
characteristics of disease and antigenicity: scrub typhus
group orientiae (STGO), spotted fever group rickettsiae
(SFGR), and typhus group rickettsiae (TGR) (1–3). The
presence and distribution of Rickettsia and Orientia spp.
agents in Southeast Asia are poorly defined (4–6). Additional surveillance studies are needed to improve diagnosis and patient treatment.
The extent and severity of disease associated with
scrub and murine typhus in Vietnam is unknown because
both clinical- and laboratory-based diagnostics are limited
and no systematic surveillance programs or reporting systems are in place (7). Frequent cases of scrub typhus and
murine typhus were reported among US military personnel
stationed in Vietnam during the 1970s (6–8). Cases also
have been identified among returning travelers from the
region (9,10). One recent study demonstrated that patients
with acute undifferentiated fever admitted to a large referral hospital in Hanoi were often infected with scrub typhus
(40.9%) and murine typhus (33.3%) (11). A previous study
in the same hospital showed that scrub typhus accounted for
3.5% (251/7,226) of all admissions and 33.5% (251/749) of
clinical admissions that met the clinical criteria for testing
to the infectious diseases department (12). Another clinical study conducted in central Vietnam reported the use
of eschar swabbing for molecular diagnosis and genotyping of O. tsutsugamushi, which appeared helpful for rapid
case detection in the early stage of infection (13). Together,
these findings strongly suggest that rickettsioses are common causes of acute fever in Vietnam that are often underdiagnosed and undertreated.
634

We conducted a prospective hospital-based study of
clinically suspected rickettsiosis in the National Hospital
for Tropical Diseases (NHTD) and Bach Mai Hospital, 2
large tertiary-care referral hospitals in Hanoi, during 2015–
2017. We describe the clinical characteristics of the cases
and the assessment of molecular testing results for diagnosing scrub typhus and murine typhus.
Methods
Study Design

We conducted a prospective observational study of
clinically suspected rickettsioses at NHTD and Bach
Mai Hospital. We included patients ≥15 years of age
with fever (temperature >37.5°C) of unknown cause or
presence of ≥1 eschar and ≥1 of the following clinical
symptoms: rash, headache, myalgia, lymphadenopathy,
hepatomegaly, or splenomegaly. We excluded patients
with laboratory-confirmed malaria, dengue, measles, or
influenza (via blood smear or rapid tests); patients with
clinically and radiologically confirmed pneumonia; and
patients with microbiologically confirmed sepsis or urinary tract infection.
We recorded information regarding patient demographics, medical history, clinical and laboratory findings,
and treatment in a case record form. We classified outcome
at discharge as full recovery, death, or palliative discharge.
Palliative discharge is a commonly preferred alternative to
dying in the hospital in Vietnam, where a patient for whom
ongoing care is considered futile is discharged to permit
them to die in their home with their family.
Ethics Statement

We obtained written informed consent from patients ≥18
years of age and from patients and their parents or guardians for those 15–17 years of age enrolled at admission.
The study protocol was approved by the institutional review boards of NHTD (document no. 01A/HDDD-NDTƯ)
and Bach Mai Hospital (document no. 6/BM-HDDD).
Specimen Collection and Laboratory Testing

Blood was drawn from all patients at admission for blood
culture and basic laboratory tests. These tests included
complete blood counts, biochemistry, procalcitonin, and
serologic and molecular testing for rickettsioses.
Serologic Analysis

We screened serum samples at 1:100 dilution and considered net optical density of >0.5 positive, as described
(14,15). ELISA antigen preparations were derived from R.
typhi Wilmington for TGR-specific IgG, R. conorii Malish 7 for SFGR-specific IgG, and O. tsutsugamushi Karp,
Kato, and Gilliam for the detection of STGO-specific IgG.
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Quantitative Real-Time PCR

We collected whole blood in EDTA tubes, then processed
it with Ficoll-Paque to obtain leukocyte buffy coats. We
extracted DNA from the buffy coats using QIAamp DNA
Mini Kits (QIAGEN, https://www.qiagen.com) according
to the manufacturer’s instructions and previously described
assays (16–19). Diagnosis of scrub typhus was based on
species-specific quantitative real-time PCRs (qPCRs) targeting the corresponding 47-kDa outer membrane protein
gene of O. tsutsugamushi (Otsu47) and murine typhus was
diagnosed based on the outer membrane protein B gene of
Rickettsia typhi (Rtyph). When both species-specific assays
were negative but the genus-specific qPCR assay targeting
the 17-kDa antigen gene (Rick17b) was positive, we classified the diagnoses as nonscrub typhus–nonmurine typhus
rickettsiosis. We initially tested all buffy coat samples in
this study with the Otsu47 qPCR assay to detect O. tsutsugamushi. We subsequently assessed Otsu47-negative samples with the genus-specific qPCR assay Rick17b to detect
Rickettsia spp. We subsequently tested Rick17b-positive
samples with the Rtyph qPCR. For each qPCR, we extracted 1 μL of nucleic acid from the buffy coats and added it
to a final reaction volume of 25 μL, using Platinum Quantitative PCR SuperMix-UDG (Invitrogen, https://www.
thermofisher.com), and performed real-time PCR on an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, https://www.appliedbiosystems.com).
Statistical Analysis

We summarized categorical variables as frequencies and
percentages and used the Fisher exact test to compare clinical characteristics among different groups. We summarized

Figure 1. Enrollment flow, qPCR results, and presence of
eschar among enrollees in study of rickettsial patients, Vietnam,
March 2015–March 2017. NS1, nonstructural protein 1; qPCR,
quantitative PCR; SFG, scrub typhus group; SFG, spotted fever
group; STG, scrub typhus group; +, positive; –, negative.

non–normally distributed continuous variables as medians
with interquartile ranges (IQRs) and compared them using the Mann-Whitney test. We summarized data following normal distribution as means with SDs and compared
them using the analysis of variance test for 2-group comparisons. To investigate whether cases from outside the
province of Hanoi were biased toward higher severity, we
tested the differences in symptoms between Hanoi and the
other provinces using the Fisher exact test, with Benjamini
and Hochberg correction for multiple comparisons (20).
We performed analyses using Stata 12.0 (StataCorp LLC,
https://www.stata.com).
Results
Patient Population and Enrollment

We enrolled 310 persons with suspected rickettsiosis cases
during March 2015–March 2017. Eight cases were excluded because diagnostic assays showed positive results
for other infections (Figure 1). The median age of the final
study population (n = 302) was 50 years (IQR 36–60); 158
(52.3%) were men and 144 (47.7%) women. The 302 patients originated from 28 northern provinces. The largest
proportion came from the provinces of Hanoi (122, 40.4%),
Phu Tho (28, 9.3%), and Hung Yen (17, 5.6%) (Figure 2).
Ninety-seven (32.1%) patients were admitted directly from
the community to the study hospitals and 205 (67.9%) were
referred from other hospitals. Of the 205 transferred patients, 134 (65.4%) were from hospitals outside Hanoi (Table 1). Symptoms did not differ between those admitted in
Hanoi and those transferred from other provinces (Table 2).
Of the 302 patients, 171 (56.6%) reported living in rural areas; 127 (42.1%) also reported that they were farmers.
During the study, 224 (74.2%) patients were admitted to
the hospital in the summer (April–August), with the highest
number (61, 20.2%) in the month of May (Figure 3). The
median delay in the time from onset of symptoms to treatment was 9 days (range 6–11 days). Eight patients were
admitted to the study ≥30 days after onset of symptoms,
1 of whom was admitted 41 days after symptoms began;
all 8 were successfully treated. Furthermore, 83 (27.5%)
patients reported use of antimicrobial drugs before initial
admission to the hospital, although the identity of these
drugs was not given.
We assessed admission serum samples for IgG against
STGO, TGR, and SFGR using ELISAs in a subset of
121 of the 302 enrolled patients. Of these, 6 (5.0%) were
ELISA positive for STGO IgG, 2 (1.7%) were positive for
TGR IgG, and 1 (0.8%) was positive for SFGR IgG. One
serum sample was positive for IgG in TGR and SFGR ELISAs. For 6 samples positive by STGO ELISA, 4 also were
positive for O. tsutsugamushi by Otsu47 qPCR, whereas
20 Otsu47-positive samples were STGO ELISA negative.
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Figure 2. Distribution of 302
rickettsial patients, by province,
in northern Vietnam, March
2015–March 2017. A) Provinces
of northern Vietnam; inset shows
location within Vietnam. B)
Number of cases by province.
BG, Bac Giang; BK, Bac Kan;
BN, Bac Ninh; CB, Cao Bang;
DB, Dien Bien; HG, Ha Giang;
HB, Hoa Binh; HD, Hai Duong;
HN, Ha Nam; HP, Hai Phong;
HT, Ha Tinh; HY, Hung Yen; LS,
Lang Son; NA, Nghe An; NB,
Ninh Binh; ND, Nam Dinh; NHO,
Hanoi; PT, Phu Tho; QN, Quang
Ninh; SL, Son La; TB, Thai
Binh; TH, Thanh Hoa; TN, Thai
Nguyen; TQ, Tuyen Quang; VP,
Vinh Phuc; YB, Yen Bai.

Of 302 enrolled patients, 103 (34.1%) had qPCRconfirmed scrub typhus, 12 (4.0%) had qPCR-confirmed
murine typhus, and 2 (0.7%) cases could not be diagnosed
beyond genus-specific Rick17b qPCR positive (i.e., Rickettsia spp.). Thirty-five patients (11.6%) were qPCR-negative but had eschars.
Table 3 gives demographic data, clinical features, and
laboratory findings for 115 patients with confirmed scrub
typhus (n = 103) and murine typhus (n = 12). There was no
major difference in the mean age between these 2 groups,
but we did note differences in the geographic distribution of
each group. Of the 103 scrub typhus cases, the highest proportion were from Hanoi Province (34, 33.0%), Hai Duong
Table 1. Demographic characteristics for 302 patients enrolled in
a study of rickettsial diseases, northern Vietnam, March 2015–
March 2017*
Characteristic
Value
Age, y, median (IQR), range
50 (36–60), 16–89
Sex
M
158 (52.3)
F
144 (47.7)
Admitted from community
97 (32.1)
Transferred from other hospital or clinic
205 (67.9)
Received antimicrobial drugs before
83 (27.5)
admission
Residence in rural area
171 (56.6)
Farmer
127 (42.1)
*Values are no. (%) patients except as indicated. IQR, interquartile range.
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(10, 9.7%), and Phu Tho (10, 9.7%). Most scrub typhus
patients reported rural residence (66, 64.1%). Among 34
scrub typhus patients from Hanoi Province, 19 (55.9%) reported living in rural areas. More men (n = 10) than women
(n = 2) had murine typhus; most lived in Hanoi Province
(10, 83.3%) and were from urban areas (8, 66.7%). Farming was the most common occupation reported among both
groups, 52 (50.5%) for scrub typhus patients and 5 (41.7%)
for murine typhus patients.
Patients with confirmed rickettsial disease frequently
reported headache, myalgia, and skin hyperaemia (≤78.6%
for scrub typhus patients and 91.7% for murine typhus patients). Other symptoms, such as rash, sore throat, cough,
nausea, vomiting, abdominal pain, diarrhea, dizziness,
lymphadenopathy, hepatomegaly, splenomegaly, and edema, were less frequent in all groups. All cases with lymphadenopathy (n = 19) were confirmed to be scrub typhus.
The most common clinical features among 103 confirmed scrub typhus patients, other than fever, were headache (81, 78.6%), myalgia (73, 70.9%), skin hyperaemia
(82, 79.6%), and conjunctivitis (66, 64.1%). Rash was seen
in only 34.0% (35) of scrub typhus patients, lymphodenopathy in 18.6% (19), and hepatomegaly in 9.7% (10).
Complications in scrub typhus patients were common and
included altered mental status (10, 9.7%), jaundice or hyperbilirubinemia (24, 40%), and pulmonary pathology
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(rales) (22, 21.4%). Eschars were found in 53.4% (55) of
scrub typhus cases, whereas eschars were not observed in
murine typhus cases. Most scrub typhus and murine typhus
patients had elevated liver aminotransferases, creatinine,
procalcitonin, C-reactive protein, and bilirubin (Table 3).
We found no differences in the clinical or laboratory findings between patients with confirmed murine typhus and
scrub typhus, though it is noteworthy that no patients with
murine typhus had lymphadenopathy.
Patients did not immediately seek treatment, which
delayed time from the onset of symptoms to treatment to a
median of 9 days (IQR 7–11) for scrub typhus patients and
8.5 days (IQR 5–10) for murine typhus patients. After beginning treatment, 49.2% (31/63) of scrub typhus patients
and 60% (6/10) of murine typhus patients were afebrile in
<72 h. Average lengths of hospital stays were 7 days (IQR
5–10) for scrub typhus patients and 8 days (IQR 7–8.5)
for murine typhus patients. Doxycycline was used to treat
89.2% (91/102) of scrub typhus patients and 91.7% (11/12)
of murine typhus patients, and 30 patients (28 with scrub
typhus and 2 with murine typhus) were treated with doxycycline plus chloramphenicol. All patients treated with antimicrobial drugs were afebrile within 3–5 days after beginning treatment, ≤3 days for murine typhus and ≤4 days for
scrub typhus patients, and all recovered.
Five deaths due to scrub typhus are reported in this
study. One patient died in the hospital, and the other 4
patients were discharged from the hospital with a serious
medical condition at the request of their family members
and died shortly after being discharged. Three (60%) of
these patients were ≥60 years of age, and all 5 experienced respiratory failure, hypotension, cardiovascular
compromise, elevated aminotransferase levels, coagulation disorder during hospitalization, and markedly elevated serum ferritin levels (>1,500 µg/mL). One also
had elevated lactate dehydrogenase (>1,000 U/L). Lung
infiltrations and consolidation were the most common
imaging findings. All 5 deaths were due to delay in time
to appropriate care.

Table 2. Comparison of signs and symptoms for patients with
scrub typhus from Hanoi Province with patients from other
provinces, northern Vietnam, March 2015–March 2017*
p value
Sign or symptom
Noncorrected
Corrected
Headache
0.7041
0.9071
Myalgia
0.8773
0.9071
Eye pain
0.7745
0.9071
Nausea
0.7295
0.9071
Vomiting
0.5109
0.9071
Diarrhea
0.8530
0.9071
Abdominal pain
0.2053
0.6676
Throat pain
0.8128
0.9071
Cough
0.0158
0.2194
Rash
0.8683
0.9071
Eschar
0.0219
0.2194
Skin hyperemia
0.3239
0.8098
Congestive conjuctiva
0.9071
0.9071
Lymphadenopathy
0.0590
0.3479
Edema
0.0696
0.3479
Rales
0.6423
0.9071
Resonance from lungs
0.5542
0.9071
Liver enlargement
0.2089
0.6676
Spleen enlargement
0.5725
0.9071
Convulsions
0.2336
0.6676

*n = 115; results use Fisher exact test, expressed in p values and
corrected using multiple comparisons and the Benjamini and Hochberg
method (20).

Of the 185 patients with suspected rickettsial disease
who tested negative by molecular methods (qPCR–), 35
had eschar (eschar+) and 150 did not (eschar–). We noted
several significant differences when comparing the demographic data, clinical symptoms, and laboratory results between these 2 groups with unknown etiology (Appendix
Table 1, http://wwwnc.cdc.gov/EID/article/25/4/18-0691Techapp1.pdf). However, when the eschar+/qPCR– group
with unknown etiology (n = 35) was compared to the scrub
typhus qPCR+ group (n = 103), they were found to be similar for all but 2 categories (Appendix Table 2). By definition, 1 difference was that the eschar+/qPCR– group was
characterized by having an eschar and many individuals in
the other group did not. The second difference was that the
eschar+/qPCR– group was more likely to have been treated
with antimicrobial drugs before enrollment in this study
Figure 3. Frequency of all
enrolled patients and those
with confirmed scrub typhus
or murine typhus in National
Hospital for Tropical Diseases
and Bach Mai Hospital, by
month, Vietnam, March 2015–
March 2017.
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Table 3. Demographic information, signs and symptoms, and laboratory results for 115 patients with PCR-confirmed scrub typhus or
murine typhus, northern Vietnam, March 2015–March 2017*
Scrub typhus,
Murine typhus,
Category
qPCR-positive
n = 103
n = 12
p value†
Age, y, mean ± SD
50.0 ± 15.8
50.0 ± 16.5
48.4 ± 8.6
0.709‡
Demographics
Sex
0.014
M
56 (48.7)
46 (44.7)
10 (83.3)
0.001
F
59 (51.3)
57 (55.3)
2 (16.7)
Residence
0.001
Hanoi
44 (38.3)
34 (33.0)
10 (83.3)
Rural area
70 (60.9)
66 (64.1)
4 (33.3)
0.059
Illness during summer, April–August
80 (69.6)
72 (69.9)
8 (66.7)
1.0
Farmer
57 (49.6)
52 (50.5)
5 (41.7)
0.762
Treatment in previous hospitals
82 (71.3)
74 (71.8)
8 (66.7)
0.741
Prior antimicrobial drug treatment, n = 109
33 (30.3)
32 (33.0)
1 (8.3)
0.152
Symptoms at illness onset
Headache
92 (80.0)
81 (78.6)
11 (91.7)
0.513
Myalgia
81 (69.9)
73 (70.9)
8 (66.7)
0.769
Retro-orbital pain
21 (18.3)
18 (17.5)
3 (25.0)
0.535
Sore throat
13 (11.3)
13 (12.6)
0
0.529
Cough
42 (36.5)
38 (36.9)
4 (33.3)
1.0
Nausea
30 (26.1)
28 (27.2)
2 (16.7)
0.718
Vomiting
21 (18.4)
21 (20.6)
0
0.228
Abdominal pain, n = 114
12 (10.5)
12 (11.8)
0
0.527
Diarrhea
18 (15.7)
15 (14.6)
3 (25.0)
0.664
Physical signs
Congested skin
90 (78.3)
82 (79.6)
8 (66.7)
0.290
Conjunctivitis
74 (64.4)
66 (64.1)
6 (66.7)
1.0
0
Eschar
55 (48.8)
55 (53.4)
0
Rash
39 (33.9)
35 (34.0)
4 (33.3)
1.0
Lymphadenopathy, n = 114
19 (16.7)
19 (18.6)
0
0.212
Hepatomegaly
11 (9.6)
10 (9.7)
1 (8.3)
1.0
Splenomegaly
7 (6.1)
6 (5.8)
1 (8.3)
0.548
Edema
14 (12.2)
13 (12.6)
1 (8.3)
1.0
Rales
24 (20.9)
22 (21.4)
2 (16.7)
1.0
Decreased breath sounds, n = 114
16 (14.0)
16 (15.7)
0
0.212
Convulsion
10 (8.7)
10 (9.7)
0
0.596
Laboratory test results
Erythrocytes, T/L, median (IQR)
4.28 (3.9–4.72) 4.25 (3.86–4.69) 4.34 (4.16–4.85)
0.392§
Leukocytes, g/L, median (IQR)
8.73 (6.7–11.1) 9.1 (6.62–11.17) 8.14 (6.9–10.2)
0.631§
Platelets, g/L, median (IQR)
123 (66–194)
128 (65–194)
96 (79.5–196.5)
0.902§
Platelet <100 g/L
49 (42.6)
43 (41.8)
6 (50.0)
0.759
Alanine aminotransferase >40 IU/L, n = 113
102 (90.3)
91 (89.2)
11 (100.0)
0.597
Aspartate aminotransferase ST >37 IU/L, n = 113
106 (93.8)
95 (93.1)
11 (100.0)
1.0
Total bilirubin >17 µmol/L, n = 69
27 (39.1)
24 (40.0)
3 (33.3)
1.0
Albumin <32 g/L, n = 80
39 (48.8)
36 (50.7)
3 (33.3)
1.0
Creatinine >120 µmol/L, n = 113
16 (14.2)
15 (14.9)
1 (8.3)
1.0
Procalcitonin >0.25 ng/mL, n = 101
80 (79.2)
69 (77.5)
11 (91.7)
0.451
C-reactive protein >12 mg/L, n = 93
85 (91.4)
75 (90.4)
10 (100)
0.592
Treatment
Doxycycline, n = 114
72 (63.2)
63 (61.8)
9 (75.0)
0.839
Chloramphenicol, n = 114
2 (1.8)
2 (2.0)
0 (0.0)
0.839
Doxycycline and chloramphenicol, n = 114
30 (26.3)
28 (27.5)
2 (16.7)
0.839
Albumin transfusion, n = 113
12 (10.6)
12 (11.9)
0 (0.0)
0.357
Respiratory support, n = 111
29 (25.7)
27 (26.7)
2 (16.7)
0.728
Outcomes
Fever before admission, d, median (IQR)
9 (7–11)
9 (7–11)
8.5 (5–10)
0.130§
Afebrile¶ ≤72 h after treatment began, n = 73
37 (50.7)
31 (49.2)
6 (60.0)
0.736
Median no. days to afebrile, n = 73 (IQR)
3 (3–5)
4 (3–5)
3 (3–5)
0.694§
Median no. days in hospital (IQR)
7 (5–10)
7 (5–10)
8 (7–8.5)
0.822§
Death or palliative discharge
5 (4.4)
5 (4.9)
0 (0.0)
1.0
*Values are no. (%), except as indicated. Bold text indicates statistical significance. IQR, interquartile range.
†p value calculated using Fisher exact test, except where noted.
‡p value calculated using the analysis of variance test.
§p value calculated using Mann-Whitney test.
¶No temperature recorded >37.5°C over a 24-h period.
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than the qPCR+ group. Treatment with antimicrobial drugs
is known to rapidly decrease the levels of rickettsial bacteria below detectable levels in blood, which may explain
why qPCR results were negative in the eschar+ patients.
Moreover, the comparison of the scrub typhus group to
the group with unknown etiology that was eschar–/qPCR–
showed many significant differences and therefore likely
represents diverse etiologies (Appendix Table 3). Collectively, these results indicate that the presence of eschar
is an important sign for the diagnosis of scrub typhus in
northern Vietnam.
Discussion
This study contributes to accumulating evidence that rickettsial diseases are a common cause of fever in hospitalized
patients in northern Vietnam and suggests a predominance
of scrub typhus and a lower prevalence for murine typhus.
Of the 302 patients with suspected rickettsial disease we
enrolled, we diagnosed scrub typhus in 103 (34.1%) and
murine typhus in 12 (4.0%). Rickettsioses peaked during
the summer rainy season, when vector populations (e.g.,
ticks, fleas, and trombiculid mites) are most abundant and
active and workers are in the rice fields. Previous studies
have similarly reported seasonality that corresponds to
summer months and rice harvesting (11,12).
Among a subset of 121 patients with suspected rickettsiosis whose serum samples were tested, 6 (5.0%) showed
prevalence of STGO IgG, 2 (1.7%) TGR IgG, and 1 (0.8%)
SFGR IgG. This finding differs from what we previously
reported for the prevalence of IgG against STGO (1.1%,
10/908), TGR (6.5%, 58/908), and SFGR (1.7%, 15/908)
among healthy persons in the rural BaVi District and an
urban area of Hanoi using the same ELISAs described here
(15). In our previous study, 40% of participants were <20
years of age (15). In contrast, the patients investigated here
were older. Scrub typhus incidence has been reported to
peak in the fifth decade of life (12), with highest observed
prevalence in adults 61–80 years of age (21). Thus, it is not
surprising that the average age of qPCR+ scrub typhus cases and eschar+/qPCR– cases in this study was 50.3 years
(Appendix Table 3). Note that our seroprevalence is lower
than that described for suburban Bangkok, Thailand, and
urban and rural Malang, Indonesia (21).
Of note, 4 of 6 qPCR-positive patients had IgG-positive acute-phase serum samples. The positive ELISA results did not appear to be associated with duration of fever
before acute-phase blood collection. Two of the samples
came from patients with fever of 5 days’ duration, suggesting they may have had preexisting O. tsutsugamushi–specific IgG. For 2 patients with onset of symptoms at 8 and
10 days, IgG positivity could have been due to the current
infection, a previous infection, or both (22,23). We analyzed acute-phase serum samples for 20 Otsu47-positive

samples, and all were negative by STGO ELISA. These examples highlight the importance of collecting paired acuteand convalescent-phase samples at least 14 days apart to
serologically confirm the diagnosis of scrub typhus (23).
Our study showed a high proportion of eschars among
scrub typhus patients (53.4%), and presence of eschar, a
well-known clinical sign for scrub typhus (13), was 1 consideration used for defining suspect cases. The proportion of
patients with eschar among our study population was similar to reports from northern (56.2%) and central (62.9%)
Vietnam and from Laos and South Korea (11,13,24). The
proportion of eschars among scrub typhus patients appears
variable and has been reported at ≤7% in children from
Thailand (25). We did not recruit young children in this
study, which may explain the higher proportion of scrub
typhus patients with eschar reported here.
A recent study conducted in Quang Nam Province in
central Vietnam demonstrated that the presence of eschar
was the chief diagnostic indicator for scrub typhus (13).
In that study, the authors used qPCR assays on DNA extracted from swab samples of patients’ eschar to identify
scrub typhus. They recommended that eschar qPCR should
be routinely considered for rickettsial diagnosis in the early
phase of infection because it is easy to perform and has a
high positive predictive value (13).
We identified 35 patients with an eschar and clinical symptoms consistent with scrub typhus but who tested
negative for O. tsutsugamushi by qPCR on blood samples.
These patients may have had true scrub typhus or spotted
fever cases, despite the negative qPCR results. The sensitivity of qPCR for blood may have been inadequate to detect
the small number of bacteria present, especially after antimicrobial therapy was commenced (26). Rickettsial DNA is
known to disappear quickly from blood after start of appropriate antimicrobial drug therapy. The sensitivity of qPCR
on eschar swabs has been reported as higher than for blood
samples (18/20 eschar swabs were positive by qPCR vs. 5/20
blood samples from same patients [13]), at 85%–86% with
specificity of 100% (13,27). The presence of rickettsiae in
eschar and rash samples is not affected by previous antimicrobial drug treatment (23). Thus, for qPCR, the specimen of
choice for eschar- or rash-producing rickettsioses is a swab
(eschars) or biopsy (eschar or rash) (23).
In our study population, the most common symptoms
among qPCR-positive patients included fever, headache,
myalgia, conjunctivitis, and rash. Some patients also experienced cough, vomiting, nausea, abdominal pain, lymphadenopathy, hepatomegaly, and splenomegaly. Patients with
scrub typhus had a higher frequency of lymphadenopathy,
a well-known clinical sign of scrub typhus (28). Headache is frequent with other illnesses, and other studies also
have found that clinical characteristics often are not helpful in identifying rickettsial infections. We also saw a high
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proportion of scrub typhus patients with conjunctivitis and
rash in our study. Rash is a typical finding among patients
suspected of having rickettsiosis and was among the inclusion criteria for our study. Rash is reported in ≈45%–50%
of patients with scrub typhus (29,30). However, its frequency varies between areas, as seen in Japan (93%), Thailand
(7%), and India (1.7%) (31–33). A few studies conducted in
central Vietnam reported that the proportion of scrub typhus
patients with rash was low (3 1.2%) or absent, as in a study
in central Vietnam (13). Rash may be difficult to diagnose in
patients with relatively dark skin, or may be absent at time of
examination in the hospital. Most scrub typhus patients had
fever for >7 days, time in which rash may have disappeared.
We found no major differences in clinical manifestations
between patients from Hanoi Province and other provinces
of northern Vietnam, suggesting an absence of bias toward
higher severity among patients traveling far to the hospital.
Complications of scrub typhus include jaundice, meningoencephalitis, myocarditis, acute respiratory distress, and
renal failure (34,35). When treatment is delayed or does not
include appropriate antimicrobial drugs, case-fatality rates
are up to 6.0% but can be up to 70% (29). Our fatality rate of
4.9% (5/103) is similar to that in previous reports (12).
Murine typhus is a more challenging disease to diagnose clinically than scrub typhus because symptoms are
nonspecific. The low number (n = 12) of confirmed murine typhus cases in our study makes it difficult to compare
murine typhus with scrub typhus and other rickettsial diseases. However, patients with murine typhus experienced
myalgia, conjunctivitis, nausea, cough, and vomiting less
frequently than patients with scrub typhus, and no lymphadenopathy or eschars were described, which counters previous reports (11). Consistent with other reports, however,
murine typhus was associated with elevated liver enzymes,
procalcitonin, and C-reactive protein (11,36). These clinical findings may be useful for distinguishing the 2 diseases
in areas where both are common (24).
Most scrub typhus and murine typhus patients in our
study were treated with doxycycline, the recommended
treatment for all ages. Chloramphenicol was used in severe
cases as an additional drug. Within 72 hours of starting antimicrobial drug therapy, 49.2% (31/63) of scrub typhus and
60% (6/10) of murine typhus patients were afebrile. These
data align with other reports (11). Rapid clinical improvement after using effective antimicrobial drugs is reported to
back up clinical diagnoses of rickettsioses (37–39).
This study determined that scrub typhus was the predominant rickettsial disease diagnosed among patients
hospitalized with acute undifferentiated fever in northern
Vietnam. Public health awareness of scrub typhus and
other rickettsial diseases in Vietnam should be enhanced
to ensure healthcare providers can diagnose and treat these
diseases successfully.
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Mucosal Leishmaniasis in Travelers
with Leishmania braziliensis
Complex Returning to Israel
Michal Solomon, Nadav Sahar, Felix Pavlotzky, Aviv Barzilai,
Charles L. Jaffe, Abedelmajeed Nasereddin, Eli Schwartz

Mucosal leishmaniasis (ML) is a complication of New World
cutaneous leishmaniasis (CL) caused mainly by Leishmania (Viannia) braziliensis. This retrospective study investigated all cases of ML caused by L. (V.) braziliensis in a
tertiary medical center in Israel, evaluating the risk factors,
clinical presentations, diagnosis, treatment, and outcome of
mucosal involvement in ML caused by L. (V.) braziliensis
in travelers returning to Israel. During 1993–2015, a total
of 145 New World CL cases were seen in travelers returning from Bolivia; among them, 17 (11.7%) developed ML.
Nasopharyngeal symptoms developed 0–3 years (median
8 months) after exposure. The only significant risk factor for
developing ML was the absence of previous systemic treatment. Among untreated patients, 41% developed ML, compared with only 3% of treated patients (p = 0.005). Systemic
treatment for CL seems to be a protective factor against
developing ML.

I

n the past 2 decades, travel to South and Central America
has increased among young adults from Israel, causing potential exposure to tropical diseases, including leishmaniasis
(1). New World cutaneous leishmaniasis (CL), endemic in
some parts of the Americas, is caused by Leishmania viannia and Leishmania mexicana species complexes. Infection
with L. viannia complex, particularly Leishmania (Viannia)
braziliensis, results in CL that tends to be persistent and may
be further complicated by mucosal leishmaniaisis (ML) (2).
ML is probably caused by early hematogenous or lymphatic
spread from cutaneous lesions through parasites that infect
and replicate within macrophages of the nasooropharyngeal
mucosa, setting up a destructive inflammatory process. The
interval from onset (or clinical resolution) of CL to clinical manifestations of ML typically is several years but may
range from <30 days to decades (3).
Author affiliations: Sheba Medical Center, Tel Aviv, Israel
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Persistent nasal congestion or stuffiness is the most
commonly reported ML symptom (4,5); associated manifestations may include coryza, epistaxis, tissue/scab expulsion, pruritus, mass sensation, blockage/obstruction,
and hyposmia (4,6–9). Persons with ML may have oral or
pharyngeal lesions, bleeding, or pain; dysphagia/odynophagia; or dysphonia. Isolated laryngeal disease, without
involvement of other mucosal sites, may occur but is relatively unusual (7,9). Abnormalities of the paranasal sinuses
(e.g., those detected by computed tomography) have also
been reported (5).
Systemic antileishmanial drugs are often used to
treat CL caused by L. viannia complex, not only to promote healing of the primary lesion but also to reduce the
risk of developing ML (2,10). Risk factors for development of ML are considered to be large or multiple cutaneous lesions, male sex, lesions above the waist, head
and neck localization, and longstanding skin lesions for
which adequate systemic treatment has not been administered (11).
In this study, we describe a cohort of 145 travelers
from Israel returning from the Amazon Basin of Bolivia
with New World CL. Within this group, 17 travelers developed ML. We compared these case-patients to patients with
CL returning from this region without mucosal involvement, thus highlighting the clinical aspects and identifying
potential risk factors for developing ML and noting appropriate treatment management.
Patients and Methods
We conducted a multicenter survey of patients who received a diagnosis of New World CL during 1993–2005 at
8 medical centers in Israel. We collected additional data for
2006–2015 from cases referred to the Center of Geographic
and Tropical Medicine or to the Dermatology Clinic at the
Sheba Medical Center in Tel Aviv. All patients with New
World CL diagnoses were evaluated retrospectively.
Suspected CL was confirmed when cutaneous lesions
(ulcers, nodules, or papules) clinically compatible with
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leishmaniasis were noted and >1 of the following tests
were positive: a smear or biopsy specimen showing Leishmania amastigotes within a dermal or mucosal infiltrate,
positive PCR assay for Leishmania (V.) braziliensis, or
positive promastigote cultures (12). Suspected cases of ML
were confirmed when either nasal or oral symptoms of ML
were noted together with oral or pharyngeal lesions. All the
patients were examined by otorhinolaryngology specialists. Diagnoses were confirmed by biopsy, PCR, or culture
for leishmaniasis.
Cure of a cutaneous lesion was defined as closure of
the primary skin lesion. Cure of a mucosal lesion was defined as disappearance of the nasopharyngeal lesions.
PCR Diagnosis

We performed DNA preparation and internal transcribed
spacer 1 region (ITS1) PCR as described previously (12).
In brief, we analyzed DNA samples at the time of original
diagnosis for ITS1 PCR using primers LITSR and L5.8S.
We performed the reaction with the PCR-Ready Supreme
mix (Syntezza Bioscience, https://syntezza.com) in
25 µL of total reaction. Amplification conditions were
as described previously (12). The PCR products were
digested with HaeIII enzyme for restriction fragment
polymorphism analysis. The amplicons of ≈300–350 bp
were analyzed on 1.5% agarose gels and the restriction
fragments on 4% agarose gels by electrophoresis at 100 V
in 1X Tris-acetate-EDTA buffer (0.04 M Tris-acetate and
1 mmol/L EDTA, pH 8) and visualized by UV light after
being stained with ethidium bromide (0.3 µg/mL). We
used GeneRuler DNA Ladder Mix (Thermo Scientific,
https://www.thermofisher.com) as the DNA molecular
marker. We also examined archived samples from 79 of
the travelers in 2016 by HSP-70 PCR using the primers
HSP70-F25 and HSP-70-R1310 (PCR-F) followed
by DNA sequencing (13). We compared sequences to
those in GenBank by using BLAST (https://blast.ncbi.
nlm.nih.gov/Blast.cgi).

Statistical Analysis
We used SPSS version 23.0 software (IBM, https://www.
ibm.com) for data entry and analysis. Continuous variables
were expressed as the median and interquartile range (IQR)
and categorical variables as a percentage. We used a 2-tailed
Fisher exact test to compute p value in the prevalence assessment. A p value <0.05 was considered significant.
Results
During the past 22 years, 145 patients in our cohort received a diagnosis of CL from South America (Figure 1).
From this cohort, 77 patients were seen during 1993–2005
in 8 medical centers in Israel (including Sheba Medical
Center); the remaining 68 cases were a cohort of patients
seen at Sheba Medical Center during 2006–2015. Of the
cohort of 145 patients, 17 patients (16 men and 1 woman)
received a diagnosis of ML (11.7%). All cases were acquired in known L. (V.) braziliensis–endemic areas in the
Amazon region of Bolivia.
Of the 145 patients, 4 patients had concomitant cutaneous and mucosal lesions. Among the remaining 141
patients, 59 were treated with intravenous (IV) liposomal amphotericin B (L-AmB; 3 mg/kg/d for 6–10 d); 60
were treated with IV sodium stibogluconate (SSG; 20 mg/
kg/d for 20 d); and 22 were not given systemic treatment
for their primary skin lesion. Of those who were treated
systemically, only 4 patients (3.3%) developed ML (3/60
among the IV SSG group and 1/59 among the IV L-AmB
group), whereas in the group of 22 patients who were not
given systemic treatment, 9 (41%) developed ML (p =
0.005) (Figure 2).
To explore other risk factors for developing ML, we
compared patients with New World CL and those with ML
(Table 1). The results showed no differences in age, sex, or
number or location of skin lesions between the 2 groups.
We compiled epidemiologic characteristics and outcomes of the ML patients (Table 2). The mean age of the
ML patients at diagnosis was 27.4 years (median 25 years,
Figure 1. Number of CL and ML
cases in Israel, 1993–2015. No
cases were reported in 1995.
CL, cutaneous leishmaniasis;
ML, mucosal leishmaniasis.
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(4 patients), or more (2 patients) after the initial diagnosis. Eight of those patients were not treated properly (they
received paromomycin ointment, itraconazole, and/or
intralesional sodium stibogluconate, or no treatment); 3 received IV SSG, and only 1 received IV L-AmB 3 mg/kg for
5 consecutive days and a 6th dose on day 10. The patient
who did not have any skin lesions developed mucosal disease 20 years after returning from Bolivia.
Treatment and Outcome

Figure 2. Outcomes of cutaneous leishmaniasis cases caused by
Leishmania (Viannia) braziliensis based on treatment received,
Israel, 1993–2015. In comparing the groups of patients, p = 0.005.

range 22–41 years). ML patients had a total of 42 skin lesions. The number of cutaneous lesions per patient was
2.47 (median 1, range 0–12); 53% had 1 cutaneous lesion,
29% had 2–4 cutaneous lesions, and 12% had >4 lesions.
One patient had 12 lesions on his legs, which is rare for L.
(V.) braziliensis infections, and 1 patient had no primary
skin lesions. The distribution of the skin lesions was 29%
on the upper limbs, 41% on the lower limbs, 23.5% on the
face, and 11.7% on the trunk. Regional lymphadenopathy
was found in 41% of the patients. All patients had negative
serologic test results for HIV.
Nasopharyngeal symptoms developed 0–3 years after
the patients returned from Bolivia (median 8 months), except for 1 case, which developed 20 years after exposure.
ML diagnosis was delayed up to 5 years from the onset of
symptoms (mean 16.3 months, range 0–60 months). Mucosal symptoms included oral ulceration in 5 patients, nasal
obstruction in 12 patients, and lacrimal duct obstruction in
2 patients (in 1 patient, cartilage involvement of the sternoclavicular joint near the primary CL lesion was also noted).
Typical nasal involvement is shown in Figure 3.
Regarding diagnosis, in 15 cases, the species diagnosis
was based on positive PCR results for L. braziliensis taken
by scraping of the lesion (mucosal or skin). In the other 2
cases, the species diagnosis could not be verified by PCR
and was based on the disease being acquired in the Amazon
basin of Bolivia, which is known to be endemic for L. braziliensis. Mucosal biopsy was done in 7 patients (41%) and
revealed skin granulomas suggesting leishmanial infection,
but amastigotes were seen in only 1 case, which demonstrates the limitation of biopsy in these cases.
Among the ML cases, 1 patient did not have a primary skin lesion, 4 patients had concurrent CL at time of
diagnosis, and 12 patients developed mucosal symptoms
after healing of the primary skin lesion. Among those 12
patients, symptoms developed 1 year (6 patients), 2 years
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Treatment of ML was carried out as follows: 10 patients
received IV L-AmB at a dose of 3 mg/kg/day for 6–10 days
(total 18–30 mg/kg); 6 patients received IV SSG at a dose of
20 mg/kg/day for 20–30 days; and 1 patient was given oral
miltefosine at a dose of 150 mg/day for 28 days. With these
doses, treatment failure with relapse occurred in 3 patients
in the L-AmB group (Figure 4). Of the 3 patients whose
ML failed to be cured with L-AmB therapy, 1 patient then
received IV SSG and 2 patients were given oral miltefosine. The ML in all 3 of these patients was then cured. The
rest of the patients achieved cures of their ML without having relapses, with a mean of follow-up of 9.5 years (median
7 years, range 2.5–16 years, IQR 5–11 years).
Two patients had irreversible nasal cartilage damage
upon diagnosis at our center, with a hole in the nasal septum (Figure 3). These complications were a result of misdiagnosis and delayed proper treatment.
Discussion
Our series describes 145 cases of CL in travelers returning to
Israel; among these patients, 17 (11.7%) received diagnoses of
ML. The highest-risk areas for ML are south of the Amazon
basin in parts of Bolivia, Peru, and Brazil (defined here as the
mucosal belt). Leishmania species with an increased risk of
causing ML include mainly L. (V.) braziliensis but also L. (V.)
guyanensis and L. (V.) panamensis (3). Among local populations, observational studies have generally found incidence
rates of ML following CL caused by L. (V.) braziliensis to
be 2%–10% (14) and close to 30% in some reports (15). In
Bolivia, ML/CL ratios are highest (16%–37%) in the population living in endemic areas (16,17). Among indigenous persons in rural Bolivia with untreated CL, progression to ML
was estimated to occur in 5%–20% of patients (17). Based on
retrospective evaluations in an actively surveyed population
of >3,000 CL patients in an L. (V.) braziliensis focus area in
Peru, the lifetime risk of developing ML was 12.8% (18).
Few previous reports exist on ML among travelers returning from Latin America to non–Leishmania-endemic
countries (10,11,19–21). An estimation of the ML/CL ratio in travelers with L. (V). braziliensis gives a range of
1.2%–8% (14). However, the prolonged follow-up period
in our study provides a more firm basis for our finding of
a rate of 11%.
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Table 1. Comparison between patients with New World CL and
those with ML, Israel, 1993–2015*
Characteristic
CL
ML
No. patients
128
17
Sex ratio, M:F
105:23 (82% male) 16:1 (94% male)
Mean age, y
24.2
27.6
Infected in Bolivia
83/100 (83%)
17/17(100%)
No. lesions
1.8
2.3
>3 lesions
21/128 (16%)
5/17 (29%)
Lesion above waist
61/81 (75%)
9/17 (53%)
PCR positive
68/76 (89%)
15/17 (88%)
*Differences between categories were not significant. CL, cutaneous
leishmaniasis; ML, mucosal leishmaniasis.

Several Leishmania species are circulating in the
Americas; therefore, the rate of ML might be different from
region to region. Our study focused on L. (V.) braziliensis
infection, notorious for causing ML complications. A report from a Leishmania-endemic area of Bolivia indicated
that compared with the indigenous population, healthy
migrants to this region who developed CL had a 2.3-fold
greater risk, of developing ML (22). In this respect, travelers from non–Leishmania-endemic countries may similarly
be more susceptible to ML. However, based on our data, it
seems that the rate among travelers is similar to that of the
local population.

The risk for ML following New World CL has been
estimated to be highest within 2 years of the onset of the
initial skin lesion (9). Indeed, 82% of the patients in our
series developed ML symptoms within 2 years after onset
of CL lesions.
Mucosal complaints in our study included nasal obstruction, rhinorrhea, nasal discharge, oral ulceration, bone
lesion, and lacrimal duct obstruction. Lacrimal duct obstruction is less known; it is described in the literature in 4
patients, 20–75 years of age, who had nasal lesions resulting from ML and sought treatment for chronic dacryocystitis (23). However, based on our case series, invasion of
the lacrimal ducts seems to be less uncommon (2/17, 11%).
Delay in diagnosis of ML was common in our study,
which found a mean of 16 months from the onset of symptoms until appropriate treatment. A low index of suspicion
by clinicians may have contributed to these delays. Increased
medical awareness of the risk for CL and ML among travelers to Latin America may reduce delays in diagnosis and
optimize chances of cure. Unfortunately, in 2 patients the
disease was diagnosed too late, after the patients developed
destructive mucosal lesions with a complete hole in the nasal
septum that could not be cured (Figure 3, panel C).

Table 2. Epidemiologic, clinical, and therapy data of patients with mucosal leishmaniasis, Israel, 1993–2015*
Treatment
No.
Primary
After ML
Patient Age, y/ primary Concurrent
Location of
cutaneous
Mucosal
treatment
no.
sex
lesions active CL primary lesions
lesions
lesions
failure
Response
1
28/M
12
No
Trunk, upper
None
IV SSG
No failure
CR
extremities
2
24/F
1
Yes
Lower
Treated for
IV SSG
No failure
CR
extremities
concurrent CL
3
28/M
1
No
Lower
None
IV L-AmB No failure
CR
extremities
4
28/M
1
No
Neck
IV SSG
IV L-AmB No failure
CR
5
26/M
1
No
Lower
IV SSG
IV L-AmB No failure
CR
extremities
6
25/M
1
No
Face
IV SSG
IV L-AmB No failure
CR
7
41/M
1
Yes
Lower
Treated for
IV L-AmB
IV SSG
CL
extremities
concurrent CL
recurrence
8

23/M

4

Yes

9

31/M

3

No

10

24/M

1

Yes

11
12
13
14

41/M
25/M
22/M
25/M

0
1
2
3

No
NA
No
No

15

24/M

7

No

16

28/M

1

No

17

23/M

2

No

Neck, lower
extremities
Upper and
lower
extremities
Upper
extremities
No lesions†
NA
NA
Lower
extremities
Face, upper
extremities
Upper
extremities
Trunk

ML symptoms
Oral ulceration,
nasal obstruction
Nasal obstruction
Nasal obstruction
Nasal obstruction
Nasal obstruction
Oral ulceration
Nasal obstruction,
lacrimal gland
obstruction
Nasal obstruction,
bone lesion
Nasal obstruction,
rhinorrhea

Treated for
concurrent CL
None

IV L-AmB

No failure

None

IV L-AmB

No failure

CR

Treated for
concurrent CL
None
None
None
None

IV L-AmB

Miltefosine

CR

Nasal obstruction

Miltefosine
IV SSG
IV SSG
IV SSG

No failure
No failure
No failure
No failure

CR
CR
CR
CR

Oral ulceration
NA
Oral ulceration
NA

None

IV SSG

No failure

CR

None

IV L-AmB

No failure

CR

Oral ulceration,
nasal obstruction
Nasal obstruction

None

IV L-AmB

Miltefosine

CR

Nasal obstruction

*CL, cutaneous leishmaniasis; CR, complete response; IV L-AmB, intravenous liposomal amphotericin B; IV SSG, intravenous sodium stibogluconate;
ML, mucosal leishmaniasis; NA, not available.
†Patient 11 had no primary cutaneous lesion.
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SYNOPSIS

Figure 3. Cutaneous leishmaniasis and mucosal leishmaniasis in a traveler returning to Israel from Bolivia. A) Round hyperpigmented
patch on the dorsum of right leg, representing old cutaneous leishmaniasis scar. B) Indurated erythematous patch of the nasal skin of the
same patient appearing after 1 year. C) Illuminating in the right nostril sheds light into the left side, reflecting a hole within the nasal septum.

In our globalized world, ML should be considered
in the differential diagnosis of granulomatous processes
in biopsies taken from the nasopharynx, especially in
returning travelers. Recent recommendations of the
Infectious Diseases Society of America and the American
Society of Tropical Medicine and Hygiene state that
during all evaluations, persons at risk for ML should be
questioned explicitly about the development, evolution,
and other characteristics of mucosal symptoms (3).
They should also undergo a thorough examination of the
nasooropharyngeal mucosa by an otolaryngologist even
if they do not have any mucosal symptoms. These patients
should be educated about the importance of seeking
medical attention for possible ML if they ever develop
persistent, atypical nasooropharyngeal or laryngeal

manifestations that do not have a clear etiology. The
policy at Sheba Medical Center is to check all patients
with cutaneous L. (V.) braziliensis for ML.
The factors that affect progression to ML are not
clear but likely relate to the infecting Leishmania species; L. (V.) braziliensis is the species most strongly associated with ML (3). Other postulated risk factors for
the development of ML include large lesions, multiple
CL lesions, presence of lesions for >4 months, micronutrient deficiency, immunosuppression (14,24), location
of lesions above the waist (25,26), and concentration of
lesions on the head and neck. The explanation for the
relationship between ML and CL lesions on the head and
neck is that the proximity of the CL lesions to the head
increases risk for developing ML because of the shorter
Figure 4. Treatment types and
results for patients with mucosal
leishmaniasis, Israel, 1993–2015.
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distance that the parasite-laden macrophages must travel
through lymphatic channels to reach the nasopharynx
(25,26). However, in our series, none of these risk factors were found to be associated with progression to ML
(Table 2). All our patients were young, healthy travelers
with no evidence of impaired immunity and were negative for HIV.
One distinct risk factor is that CL patients without
prior systemic treatment had a higher risk of developing
ML (Figure 2). Of untreated patients, 41% developed
ML, compared with 3.3% of treated patients. Thus, effective systemic treatment of New World CL caused by
Leishmania (Viannia) species can decrease the risk for
ML but may not prevent all cases of ML (3). As we mentioned, there was no failure of treatment of ML by IV
SSG in our study, whereas 3 patients experienced failure
of L-AmB treatment. However, this failure might be the
result of a lower dosage; World Health Organization recently recommended 40–60 mg/kg of L-AmB, whereas
our patients received the old regimen, which was about
half this dose. We otherwise found no difference among
the diverse regimens used for systemic treatment (i.e.,
IV L-AmB, IV SSG, oral miltefosine) in the outcome
of the patients. Topical treatment is the most common
treatment for Old World cutaneous leishmaniasis. For
New World CL caused by L. braziliensis complex, topical treatment recently has been discussed as a treatment
option. However, our findings recommend using only
systemic treatment in this infection because of the risk
of development of ML (27).
This study has several limitations. First, the cohort included 2 parts. The first part was a multicenter study from
8 medical centers in Israel, the second patients referred to
our tertiary center. As a result, we may have seen more
complicated cases of New World CL, including cases of
ML. In addition, most of the Israeli patients were returning
travelers from Bolivia, which is endemic for L. (V.) braziliensis. Therefore, our findings may not represent all New
World CL species.
In summary, our findings support that prolonged clinical follow-up of travelers returning from Bolivia with CL is
likely warranted. CL in travelers from this region should be
managed with systemic therapy according to clinical guidelines (3,14). Furthermore, we noted a high rate of ML in
travelers with CL caused by L. (V.) braziliensis. Systemic
treatment for CL seems to be a protective factor against
developing ML. A high index of suspicion is required for
prompt diagnosis of ML and optimal management to prevent irreversible damage.
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etymologia revisited
Leishmaniasis [lēsh-ma′-ne-ә-sis]
Disease caused by protozoan parasites of the genus Leishmania, named in 1901 for
British Army doctor William Leishman, who developed a stain to detect the agent. It is
transmitted by the bite of certain species of sand fly, including the genus Lutzomyia in
the New World and Phlebotomus in the Old World.
Leishmaniasis has 2 major forms: cutaneous, characterized by skin sores, and visceral,
which affects internal organs and is characterized by high fever, substantial weight loss,
swelling of the spleen and liver, and anemia.
If untreated, the disease is universally fatal within 2 years. Visceral leishmaniasis
is also called kala-azar, a Hindi term meaning “black fever.” The causal agent,
Leishmania donovani, was also named for physician Charles Donovan, who discovered
the agent in India in 1903. An estimated 500,000 cases occur each year; India has the
greatest number, followed by Bangladesh, Brazil, Nepal, and Sudan.
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in April 2008

Source: Dorland’s illustrated medical dictionary, 31st edition. Philadelphia: Saunders;
2007; http://www.time.com/time/magazine/article/0,9171,987111-6,00.html; zhttp://
www.who.int/topics/leishmaniasis/en

https://wwwnc.cdc.gov/eid/article/14/4/e1-1404_article
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Tick-Borne Relapsing Fever
in the White Mountains,
Arizona, USA, 2013–2018
Neema Mafi, Hayley D. Yaglom, Craig Levy, Anissa Taylor, Catherine O’Grady,
Heather Venkat, Kenneth K. Komatsu, Brentin Roller, Maria T. Seville,
Shimon Kusne, John Leander Po, Shannon Thorn, Neil M. Ampel

Tick-borne relapsing fever (TBRF) is a bacterial infection
transmitted by tick bites that occurs in several different parts
of the world, including the western United States. We describe 6 cases of TBRF acquired in the White Mountains of
Arizona, USA, and diagnosed during 2013–2018. All but 1
case-patient had recurrent fever, and some had marked laboratory abnormalities, including leukopenia, thrombocytopenia, hyperbilirubinemia, and elevated aminotransaminases.
One patient had uveitis. Diagnosis was delayed in 5 of the
cases; all case-patients responded to therapy with doxycycline. Two patients had Jarisch-Herxheimer reactions. The
White Mountains of Arizona have not been previously considered a region of high incidence for TBRF. These 6 cases
likely represent a larger number of cases that might have
been undiagnosed. Clinicians should be aware of TBRF in
patients who reside, recreate, or travel to this area and especially for those who sleep overnight in cabins there.

T

he White Mountains comprise a relatively dry, highelevation region in the eastern part of Arizona that is in
close proximity to Phoenix and Tucson, the 2 major metropolitan areas of Arizona, both of which are in lower-elevation deserts. Ranging from 6,000 feet (1,829 m) to >11,000
feet (>3,353 m) in elevation, the White Mountains are a
place for recreation and respite for urban dwellers, particularly during the hot summer months, and many cabins and
summer homes are located throughout the region. Persons
who acquire illnesses in the White Mountains often seek
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K.K. Komatsu); Maricopa County Department of Public Health,
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Arizona, USA (A. Taylor, C. O’Grady); Centers for Disease Control
and Prevention, Atlanta, Georgia, USA (H. Venkat); University
of Arizona College of Medicine, Tucson (B. Roller, J.L. Po,
N.M. Ampel); Northwest Hospital, Tucson (S. Thorn)
DOI: https://doi.org/10.3201/eid2504.181369

medical care in the desert metropolitan communities, and
physicians there might not be aware of the differences in
the diseases or their host habitats in these mountains compared with the lower-elevation deserts.
Tick-borne relapsing fever (TBRF) is a bacterial infection transmitted by tick bites. In the United States, TBRF
most often occurs in western states and is usually transmitted by bites of Ornithodoros spp. ticks; Borrelia hermsii is
thought to be the most common cause. We describe 6 cases
of TBRF occurring over a 6-year period in persons who
visited the White Mountains. Although infection probably
was acquired in these mountains, given the timeframe of
exposure to illness onset (all had plausible exposure within
the ≈7-day incubation period), all cases were diagnosed in
either Phoenix or Tucson. We suspect that these cases represent a small proportion of the total number of cases and
would alert both clinicians and public health officials to the
presence of TBRF in this area.
The Case-Patients
Case-Patient 1

A 34-year-old man with no prior medical history had fevers
in early July 2013. One week before fever onset, he had
spent time with his family in a privately owned cabin in
Alpine, Arizona, in the White Mountains. Mice and ticks
had been seen in the cabin, but the patient was not aware
of any bites. Fevers reaching 39.9°C with chills, headache,
arthralgias, and myalgias were reported. These symptoms
persisted for ≈3 days, remitted for 3 days, and then recurred
for the next 3.5 weeks. Laboratory evaluation of the patient
2 weeks after symptom onset was notable for mild anemia
and markedly elevated C-reactive protein but normal
leukocyte and platelet counts and aminotransaminases.
After ≈25 days, the fevers stopped, but the patient noticed
floaters and blurry vision in his right eye. In August, he
was seen by a retinal expert in Phoenix, and anterior and
posterior uveitis with optic nerve inflammation were noted.
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A Lyme ELISA serologic screening test result was positive,
and Western blot revealed IgM bands of 23 and 41 kDa and
negative IgG. A Lyme-specific rapid plasma reagin test was
negative. An infectious diseases consultant recommended
treatment for possible TBRF, and oral doxycycline (100
mg 2×/d) for 14 days was prescribed. The patient had
complete resolution of his visual symptoms 2 months after
completing antimicrobial therapy. Immunofluorescent
serologic tests for B. hermsii conducted 9 weeks after
symptom onset demonstrated an IgM titer of 1:64 and an
IgG titer of 1:512.

matching clinical picture, and the patient was prescribed
oral doxycycline (100 mg 2×/d) for 10 days. Within a few
hours of receiving the first dose of doxycycline, she became
hypotensive and hypoxic and required a 24-hour stay in
the medical intensive care unit for supportive care. After
her intensive care unit stay, she had a rapid and complete
resolution of her symptoms and normalization of her
laboratory values. Serum sent to the Centers for Disease
Control and Prevention (CDC; Fort Collins, CO, USA)
for Western blot assay against B. hermsii showed strongly
positive results for both IgM and IgG.

Case-Patient 2

Case-Patient 3

A 64-year-old woman with a medical history of hypothyroidism and hypertension sought care at an emergency
department in Tucson in late October 2016 because of a
10-day history of fevers with rigors, fatigue, body aches,
and generalized malaise. The symptoms began on October 24, one day after she returned from her cabin in the
White Mountains, where she had spent 10 days with her
husband doing various recreational activities. The patient
denied insect bites or stings. Physical examination revealed
a well-appearing female in no acute distress with mild
resting tachycardia, normal temperature, and right upper
quadrant tenderness to palpation. Laboratory values were
remarkable for a total leukocyte count of 2,900 cells/µL
with normal differential, platelet count of 32,000/µL, total
bilirubin of 2.3 mg/dL, alkaline phosphatase of 483 IU/L,
alanine aminotransferase of 78 IU/L, and aspartate aminotransferase of 137 IU/L. The patient was admitted to the
hospital, and a subsequent Wright-stain peripheral blood
smear demonstrated numerous spirochete-like organisms
on light microscopic examination (Figure 1). A Lyme
disease screening test was positive. A diagnosis of TBRF
was made based on the positive blood smear result with

Figure 1. Wright stain of peripheral blood demonstrating
extracellular spirochetes (arrows) confirming tick-borne relapsing
fever in a 64-year-old woman, Tucson, Arizona, USA, October 2016.
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A 72-year-old man with a medical history of hyperlipidemia and complete heart block requiring a permanent pacemaker spent ≈3 weeks at his cabin in the White Mountains
near Greer, Arizona, doing outdoor cleaning in early June
2017. On June 22, he had onset of shaking chills and sought
evaluation at a local emergency department, where sinusitis was diagnosed and amoxicillin prescribed. A temperature of 38.1°C was recorded. Several hours after taking a
single dose of amoxicillin, he experienced severe rigors,
prompting him to return to the emergency department. He
was admitted to the hospital, where peripheral leukocyte
count was 1,800 cells/µL, platelet count was 44,000/µL,
total bilirubin was 2.3 mg/dL, and alanine aminotransferase was 78 IU/L. A peripheral blood smear demonstrated
toxic granules in the neutrophils but no organisms. The patient improved without further antimicrobial therapy and
was discharged home. One week later, he presented to an
emergency department in Phoenix with recurrent fevers,
fatigue, and rigors. A peripheral blood leukocytosis with
lymphopenia was observed over several days. Because of
positive coccidioidal serologic results, fluconazole was
started; the patient was discharged home after his fevers
resolved during hospital observation. He was seen 2 weeks
later after a third episode of fever with rigors and was prescribed oral doxycycline (100 mg 2×/d). Within hours of
the first doxycycline dose, he developed rigors, dizziness,
and tachycardia and discontinued treatment. Subsequently,
a PCR test for B. miyamotoi on whole blood yielded an
indeterminate result. Doxycycline was restarted without
further adverse effects, and the patient completed a 2-week
course. Immunofluorescent serologic testing for B. hermsii
demonstrated an IgG titer of 1:128. Serum sent to CDC for
tickborne diseases was found to be positive by Western blot
assay for B. hermsii IgM and IgG. The patient later recalled
a possible insect or tick bite on his forearm during his stay
at his cabin.
Case-Patient 4

A previously healthy 4-year-old boy stayed in a cabin near
Greer during the last week of May and the first week of
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June 2017 and experienced 1 month of recurring fever,
chills, sweats, body aches, and headaches beginning on
June 5. Blood samples sent to CDC at 28 and 43 days after
symptoms started demonstrated B. hermsii IgM and IgG
by Western blot assay. The patient completed a course of
doxycycline and completely recovered. During the investigation, local and state public health authorities learned of
>6 other family members who visited the same cabin over
a 2-year period, and all reported febrile illnesses. Only 1,
case-patient 5, was tested for and diagnosed with TBRF.
Case-Patient 5

A 41-year-old man stayed in the same cabin as case-patient
4 from late May through early June 2017. On June 2, the
man had onset of fever reaching 39.4°C with sweats, chills,
headaches, fatigue, and dizziness. He visited healthcare
providers multiple times during the month of June for
evaluation of these symptoms. ELISA and Western blot tests
for Lyme disease and coccidioidomycosis were positive.
Finally, on August 30, ≈12 weeks after symptoms began,
a serum sample sent to CDC was positive by Western blot
assay for B. hermsii IgM and IgG. The patient was treated
with doxycycline (100 mg 2×/d), and his symptoms resolved.
Case-Patient 6

A 71-year-old woman with a medical history of hypertension, hypothyroidism, and past splenectomy for idiopathic
thrombocytopenic purpura had sudden onset of fever, chills,
generalized weakness, and myalgias in late July 2018, four
days after visiting her family-owned cabin in Alpine. She
subsequently sought care at an emergency department in
Tucson. She had a temperature of 38.9°C and was found to
be tachypneic, hypotensive, and hypoxemic. She was admitted to the intensive care unit, where it was noted that
her initial peripheral leukocyte count was 11,400 cells/µL,
platelet count was 39,000/µL, and serum creatinine was
2.7 mg/dL. Spirochetes were identified on peripheral blood
smear by using light microscopic examination. During her
hospital stay, the patient experienced acute respiratory failure and septic shock and required mechanical ventilation.
A diagnosis of TBRF was made, and doxycycline (100 mg
2×/d) was initiated for a total of 10 days. The patient improved and was discharged home. She recalled substantial
rodent activity in the area of the cabin. No other persons
staying at the cabin reported illness.
Discussion
Vector-associated illnesses are increasing in frequency
across the United States (1). Compared with more common vectorborne illnesses such as Lyme borreliosis, Rocky
Mountain spotted fever, tularemia, babesiosis, anaplasmosis, and ehrlichiosis, far less is known about TBRF, so much
so that it has been described as a neglected disease (2).

TBRF typically manifests after a 7-day incubation
period with recurring episodes of fever in association
with headache, myalgias, and other nonspecific symptoms lasting for ≈3 days and separated by afebrile periods of ≈7 days’ duration. In the United States, B. hermsii
is thought to be the most common cause of TBRF, and
transmission is associated with the bite of soft O. hermsi
ticks. Ornithodoros spp. ticks usually feed at night on
rodents, such as tree squirrels and chipmunks, but might
choose to feed on human hosts, particularly when the rodent population has been cleared from the local habitat.
Feeding is rapid, and most persons who are bitten are not
aware of a tick bite. Cabins are a typical site to acquire
infection. In addition, soft ticks can live up to 10 years;
this long lifespan means that once a cabin or building is
infested, it can remain a source of human infection for
years unless steps are taken to find and remove rodent
infestations and eradicate the ticks. The risk for reinfection for any 1 person has not been calculated; however,
repeated exposures, especially at the same sites as initial
infection, are possible (3).
The 6 cases we describe occurred among persons
inhabiting cabins in the White Mountains of Arizona
during the late spring to early fall months. All but
1 person sought care with recurrent fever as their
primary complaint; some had profound laboratory
abnormalities, including leukopenia, thrombocytopenia,
hyperbilirubinemia, and elevated aminotransaminases.
One patient had organ-specific disease (uveitis). All casepatients responded promptly to doxycycline therapy;
2 had Jarisch-Herxheimer reactions in association
with antimicrobial therapy, a phenomenon previously
described (4). Two case-patients had positive serologic
results for coccidioidomycosis, which were likely
coincidental, given the relatively high incidence of this
fungal infection in the desert regions of Arizona (5). The
positive tests for Lyme borreliosis were likely attributable
to cross-reactivity, as has been previously noted (6).
TBRF in Arizona has been described in the past around
or near the Grand Canyon (7–9), several hundred miles
from the site of these 6 cases (Figure 2). Apache County,
the location of the 2013–2018 cases we have described, has
been considered to be a comparatively low-incidence area
for TBRF (3).
Unfortunately, no epidemiologic or environmental
assessments were performed in these 6 cases. Although the
benefits of conducting such studies are recognized, these
studies were not performed here primarily because the cases
were episodic. Limited resources of the local public health
jurisdictions and lack of compliance from cabin owners
also contributed. If future cases occur, such assessments
would be useful to define whether B. hermsii is indeed the
cause of the syndromes observed and to better define the
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Figure 2. Exposure location
for historic (1973–2014) tickborne relapsing fever outbreaks
in Coconino County and 6
current (2013–2018) cases in
the White Mountains region,
Arizona, USA.

ecologic, environmental, and epidemiologic parameters of
the disease.
In Arizona, TBRF is a reportable disease by physicians
to the local health department according to 2018 Arizona
statutes (AR9-6-202). Although TBRF is not a nationally
notifiable condition, prompt reporting of TBRF cases was
required in >12 states in 2016 (Arizona, California, Colorado, Idaho, Montana, North Dakota, Nevada, New Mexico,
Oregon, Texas, Utah, and Washington). Because of frequent travel by US residents, healthcare providers should
report cases to the appropriate state or local health department; prompt reporting by clinicians has been critical to
the identification and control of several outbreaks. For example, in 2014, a local Arizona hospital notified the Coconino County Public Health Services District (Flagstaff)
of a cluster of 5 students with fever, headache, and myalgia
who had attended the same camp; the ensuing investigation
led to identification of an outbreak of 10 cases of TBRF
among a high school football team who had attended an
outdoor education camping trip in northern Arizona (9).
652

The first case of TBRF in Arizona was reported in
1930, involving an exposure near Greer, similar to the 6
cases we have described. In that instance, after staying in
the area for 18 days during the summer, a 37-year-old man
had repeated bouts of fever with interval periods of wellbeing lasting several days. During 1 febrile attack, which
occurred >1 month after symptoms began, a blood smear
demonstrated spirochetes. The patient received an arsenic
injection, and his fevers resolved (10).
Far more cases of TBRF probably have occurred recently in the White Mountains than the 6 reported here.
Unlike previous recent reports from other parts of Arizona (7–9), the cases we report were not epidemic and therefore could have been easily missed. Therefore, physicians
practicing in areas that serve this region should be aware
of TBRF and consider the diagnosis when a patient has a
nonspecific febrile illness, particularly when that illness is
recurrent. In addition, all healthcare providers should assess travel history in patients who have nonspecific febrile
illnesses and should consider diseases related to specific
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travel exposures. In addition to being able to recognize
TBRF, healthcare providers in Arizona should be vigilant
for other zoonotic diseases that could result from local exposures, such as hantavirus from deer mice, plague from
fleas and prairie dogs, and Rocky Mountain spotted fever
transmitted from brown dog ticks.
CDC laboratory testing for TBRF was performed at the Division
of Vector-Borne Diseases, National Center for Emerging and
Zoonotic Infectious Diseases, Fort Collins, CO, USA. Antibody
titers were not provided as part of this testing.
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Ticks
Ticks transmit a variety of different pathogens including bacteria, protozoa, and viruses which can produce serious and even
fatal disease in humans and animals. Tens of thousands of cases
of tickborne disease are reported each year, including Lyme disease. See the EID Lyme Disease Spotlight. Lyme disease is the
most well-known tickborne disease. However, other tickborne
illnesses such as Rocky Mountain spotted fever, tularemia, babesiosis, and ehrlichiosis also contribute to severe morbidity and
more mortality each year.
Symptoms of tickborne disease are highly variable, but most
include sudden onset of fever, headache, malaise, and sometimes
rash. If left untreated, some of these diseases can be rapidly fatal.

https://wwwnc.cdc.gov/eid/
page/tick-spotlight
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Lobomycosis in Soldiers, Colombia
Claudia M. Arenas,1 Gerzain Rodriguez-Toro, Andrea Ortiz-Florez, Ingrid Serrato

Lobomycosis is a disease that is endemic to the Amazon
rainforest and is caused by the still uncultured fungus Lacazia loboi. This disease occurs in loggers, farmers, miners,
fishermen, and persons living near coastal rivers of this region. We report 6 soldiers in Colombia in whom lobomycosis developed after military service in the Amazon area.
The patients had nodular and keloid-like lesions on the face,
neck, trunk, and limbs. The duration of illness ranged from
2 years to 15 years. The initial diagnosis was leishmaniasis on the basis of clinical manifestations and direct smear
results, but biopsies confirmed the final diagnosis of lobomycosis. Treatment with surgical excision, itraconazole and
clofazimine was satisfactory. However, the follow-up time
was short. Healthcare professionals responsible for the diagnosis and treatment of skin diseases need to be able to
recognize the clinical signs of lobomycosis and differentiate
them from those of cutaneous leishmaniasis.

L

obomycosis (lacaziosis) is a chronic subcutaneous
mycosis caused by the still uncultured fungus Lacazia
loboi (1). Clinical manifestations of this disease are pleomorphic: papules; nodules; and wart-like, ulcerated, and keloid-like lesions located on exposed and cooler areas of the
body, particularly the lower limbs and ears (2–7). Lesions
might be single or multiple and are classified in localized or
disseminated forms according to their distribution (7).
Lobomycosis was first described in 1931 by Jorge
Lobo in a 48-year-old man who lived in the Brazilian Amazon and for the previous 19 years had had keloidal nodules
in the lumbar region (8). Human lobomycosis has been reported in other countries in South America (Brazil, Colombia, Venezuela, and Peru); ≈500 cases have been reported
(2–7). Several names have been used to describe this disease, including lobomycosis, keloidal blastomycosis, Amazonic blastomycosis, Jorge Lobo disease, and lacaziosis.
Lacaziosis was named in honor of the Brazil mycologist
Carlos da Silva Lacaz, a mycology expert who along with
Baruzzi and Rosa published a book that covers all aspects
of the disease before 1986 (2). This disease affects men in
88% of cases (7) likely because it is believed to be related
Author affiliations: Hospital Militar Central, Bogota, Colombia
(C.M. Arenas, I. Serrato); Universidad del la Sabana, Chia,
Colombia (G. Rodriguez-Toro); Fundacion Universitaria Sanitas,
Bogota (A. Ortiz-Florez)
DOI: https://doi.org/10.3201/eid2504.181403
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to occupational exposure, especially in forest loggers, rubber tappers, hunters, miners, fishermen, and agricultural
workers, as well as residents of the Amazon basin, and indigenous populations in Brazil and Colombia (2–7,9–12).
In Manaus, Brazil, lacaziosis was the most common fungal infection in the Brazilian Amazon; it accounted for
50 (42%) of 119 cases (11). Dolphins are the only other
animals that have this disease (13–17). The habitats for L.
loboi are humid forest areas with temperatures 24°C–32°C,
large rivers, and coastal waters. Inoculation of L. loboi is
through the skin is by trauma; for this reason, lacaziosis is
considered a mycosis of implantation (14,17).
Diagnosis is difficult and often delayed. In a study of
249 cases diagnosed in the state of Acre, Brazil (7), diagnoses were delayed by an average of 19 years because the
organism grows slowly and produces no major symptoms
other than mild pruritus or pain if there is trauma in the lesion. Another reason for delayed diagnosis is that patients
do not regularly seek medical services or consult healthcare
professionals. L. loboi has not been cultured, although it is
abundant in lesions. Thus, a diagnosis is made by skin biopsy showing a large number of yeasts of uniform size and
thick cell walls that form chains linked by thin bridges that
are shown by staining with methenamine silver (2,4,9,18).
Direct smear and exfoliative cytologic analysis are fast,
inexpensive, and accurate diagnostic techniques because
they detect abundant numbers of yeast (19,20). We report
6 soldiers in Colombia who acquired lobomycosis when
stationed in a jungle area because of military activities.
Case-Patients
Case-Patient 1

A 28-year-old soldier reported a 2-year history of confluent
erythematous papules with a smooth surface, which formed
a plaque resembling a keloid scar, located on the middle
third of the right leg (Figure 1, panel A). These lesions appeared while he was patrolling in the rain forest. A direct
smear of the lesion resulted in a diagnosis of cutaneous
leishmaniasis. He was treated with N-methyl glucamine for
20 days but showed no improvement.
The patient was later referred to the Central Military
Hospital in Bogota, Colombia. A skin biopsy specimen
Current affiliation: Hospital Universitario Centro Dermatologico
Federico Lleras Acosta, Bogota, Colombia.
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Figure 1. Lobomycosis in a
28-year-old soldier (case-patient
1), Colombia. A) Erythematous
papules that became confluent
and formed an infiltrated plaque
with kelodial aspect, smooth
surface, located on the middle
third of the right leg. B) GrocottGomori staining of a biopsy
specimen from the lesion shows
chains of yeast, some of them
in the budding process. Periodic
acid–Schiff stain shows yeast of
uniform size with a thick cell wall
and clear cytoplasm (original
magnification ×40).

showed dermal granulomatous inflammation with giant
cells and histiocytes and numerous rounded, thick-walled
mycotic structures, some with budding and formation of
chains of <4 cells. Results of staining with periodic acid–
Schiff and Gomori methenamine silver were positive for
fungi (Figure 1, panel B). The final diagnosis was lobomycosis. Surgical resection of the lesion was performed, and
the infection showed no recurrence at 6 months’ follow-up.
Case-Patient 2

A 41-year-old soldier from a rural area reported a 15-year
history of an ulcerated skin lesion in the sternal notch,
which he reported was caused by an insect bite. A direct
smear for Leishmania spp. was reported as showing a positive result. He was treated with N-methyl glucamine for
20 days, and showed complete healing of the lesion. Eight
months later, he relapsed and was treated again with Nmethyl glucamine for 20 days and showed complete healing. Two months later, he had a keloid plaque in the sternal
notch, which was interpreted as a keloid scar that was treated with intralesional triamcinolone acetonide injections; no
improvement was observed.

Simultaneously, an acral lentiginous melanoma developed on the second toe of his left foot; an inguinal sentinel
node was also positive for melanoma. He was treated by
amputation of the first 2 toes and chemotherapy. However,
during treatment, the keloid lesion in the sternal notch increased in size. The patient was then referred to the dermatology department of the Central Military Hospital.
Physical examination showed a lobulated, erythematous plaque (4 cm × 2.5 cm) with a smooth surface with
some hematic crust and black areas on the surface (Figure 2, panel A). The suggested diagnoses were metastatic
melanoma, lobomycosis, or chromomycosis. A skin biopsy
specimen showed typical lobomycosis (Figure 2, panel B).
The patient did not receive any treatment for this mycosis;
he died as a result of widespread melanoma disease.
Case-Patient 3

A 36-year-old soldier reported a 3-year history of a shiny,
erythematous, slow-growing, brown nodule with a smooth
surface and firm consistency (diameter 1 cm) on the fifth
finger of the left hand (Figure 3, panel A). He had no history
of trauma and was asymptomatic. A skin biopsy specimen
Figure 2. Lobomycosis in a
41-year-old soldier (case-patient
2), Colombia. A) Erythematous,
lobulated plaque (4 cm × 2.5
cm) on the sternal notch with
hematic crust and black areas
on the surface. B) Periodic
acid–Schiff staining of a biopsy
specimen from the lesion shows
the dermis occupied by diffuse,
inflammatory granulomata
with chains of yeasts (original
magnification ×10).
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showed typical features of lobomycosis (Figure 3, panel B).
Surgical excision was performed, and he was prescribed
oral itraconazole (100 mg /d) for 3 months. There was no
recurrence of the lesion after a 1-year follow-up.
Case-Patient 4

A 30-year-old soldier reported a 3-year history of an asymptomatic, euchromic, lobed plaque with a smooth and shiny
surface on the left cheek (Figure 4, panel A). Slow growth
of this lesion became apparent after an insect bite. A direct
smear was positive for Leishmania spp., and he was given
N-methyl glucamine for 20 days. He showed no improvement and was given a second cycle of this drug. A skin biopsy specimen indicated lobomycosis (Figure 4, panel B).
Surgery for the lesion was performed, and the patient
was prescribed itraconazole (100 mg/d) for 6 months and
clofazimine (50 mg/d) for 6 months. After a 6-month follow-up, he had a recurrence of the lesion. A wide local excision was performed, and he was prescribed oral itraconazole (100 mg/d) for 3 months. He showed no recurrence of
the lesion after a 6-month follow-up.
Case-Patient 5

A 32-year-old soldier reported a 5-year history of a euchromic nodule (4 cm × 3.5 cm) resembling a keloid scar with
a smooth and shiny surface and progressive growth on the
right arm (Figure 5, panel A). The patient had no history of
trauma and was asymptomatic.
Microscopic findings and staining with periodic acid–
Schiff and Gomory methenamine silver showed a diffuse
dermal infiltrate of macrophages containing L. loboi (Figure
5, panel B). Complete excision was performed. He showed
no recurrence of the lesion after a 3-month follow-up.
Case-Patient 6

A 24-year-old soldier reported a 2-year history of a keloidlike asymptomatic lesion that slowly increased in size on the
right forearm. Physical examination showed an infiltrated,
erythematous, violaceous, nonpainful plaque (4 cm × 3 cm)

with a shiny surface (Figure 6, panel A). He had a history
of cutaneous leishmaniasis in the right hand and had been
treated with N-methyl glucamine for 20 days. After seeing
no improvement, a second treatment cycle was prescribed.
The patient showed resolution and formation of a scar
4 years later. Histologic analysis showed macrophages and
giant cells, numerous yeast structures of uniform size and
thickness, refringence of the cell wall, and chains resembling rosary beads. Staining with periodic acid–Schiff and
Grocott was positive for fungi (Figure 6, panel B). Surgical
resection was performed, and remission of the lesion was
observed at a 6-month follow-up.
Discussion
In Colombia, lobomycosis occurs in Amoruas and Motilones aboriginal communities in the Amazon and Orinoco
regions and in black persons in the Pacific Coast regions
of Cauca and Choco (3,9,21,22). The presence of this disease in soldiers from Colombia who are stationed in jungle
or forest regions is a unique situation in which all factors
(tropical climate, temperature, humidity, rainfall) related to
an optimal habitat for the fungus are present (2–7,17,21,22).
Lobomycosis is found in Central and South America
(Mexico, Costa Rica, Panama, Venezuela, Colombia, Guyana, Bolivia, Suriname, Ecuador, and Peru) (2–7). Cases
that develop outside the Amazon region need an ecology
similar to that of jungle areas (3–7,23). Rare cases have
been reported in North America and Europe in persons who
have traveled to countries in South America (24–28). However, 2 cases have occurred in persons outside Central and
South America who had no history of travel: 1 in a young
man who reported swimming in South Africa (29) and 1 in
a farmer (woman) who lived in a river basin in Greece (30).
The natural reservoir of L. loboi is believed to be
aquatic or associated with soil and vegetation. Transmission of this fungus occurs by skin trauma after incubation
periods of months to decades. The initial lesion is a papule
at the site of local trauma that typically progresses slowly
and shows different clinical manifestations. It has also been
Figure 3. Lobomycosis in a
36-year-old soldier (casepatient 3), Colombia. A) Solitary
erythematous-violaceous nodule
with a shiny surface and firm
consistency (diameter 1 cm)
located on the fifth finger of
the left hand. B) Hematoxylin
and eosin staining of a biopsy
specimen from the lesion shows
giant cells and numerous
yeast structures (original
magnification ×20).
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Figure 4. Lobomycosis in a
30-year-old soldier (case-patient
4), Colombia. A) Phototype V
lesion on the left cheek with
papules that became confluent
and formed a lobulated plaque
with a smooth and shiny surface.
B) Periodic acid–Schiff staining
of a biopsy specimen from the
lesion shows multiple yeasts
of uniform size, and thick walls
are seen inside phagocytoses
(original magnification ×40).

suggested that inoculation of the fungus into tissues can
occur through insect bites, as reported by 2 of the soldiers
in our study, or by snake bite trauma or helix trauma caused
by a fish bone (2,6–9,13,17).
The most common manifestation of lobomycosis is a
nodular keloid appearance with slow insidious onset. Casepatients also have macules, plaques, and infiltrative lesions,
and as the disease progresses, lesions become verrucous
and can ulcerate secondary to trauma (2–13). The lesion
might remain localized, single or multiple, confluent in the
same region, or can disseminate and become diffuse over
several areas of the body (2–13). The 6 soldiers reported
localized, circumscribed, nodular, and keloid lesions and
chronic evolution, which are the most usual manifestations
in 60% of case-patients. Case-patient 4 had a lesion on
the face, which is present in only 7% of case-patients, and
case-patient 2 had a lesion on the neck, which is present in
only 1% of case-patients (7,10,12,31).
The time of evolution for the lesions of the 6 soldiers
ranged from 2 to 15 years, which confirms the chronicity
of this infection. Other reported case-patients have had
evolution times of 35 to 64 years (7,17,31,32). Regional
lymph nodes can be affected, but systemic dissemination is

rare. Progression of lobomycosis might lead to deformities
affecting quality of life and decreasing work productivity
of case-patients (17).
Impaired cellular immune responses cause chronicity of lesions and facilitate the abundance of fungus inside
lesions (30%–50% of fungal cells are viable) (33). Macrophages infiltrated by L. loboi have increased levels of
transforming growth factor-β (an interleukin that inhibits
expression γ-interferon and nitric oxide), which suppresses
the lytic activity of macrophages and promotes fibrosis
production, which contributes to the keloid appearance
of lesions (34). The inflammatory infiltrate has few lymphocytes and contains neutrophils that are active against
the fungus (35). There are no plasmacytoid dendritic cells
to promote the Th1 response for antigen presentation and
migration to lymph nodes (36). Blood and lymph vessels
are decreased in lesions (37). Nodular lesions have cellular components that result in more active immune response
cells and less active cells in infiltrative keloids and wartlike and disseminated lesions (38).
Three of the soldiers received diagnoses of leishmaniasis after direct observations of specimens by microscopy. These patients received antileishmanial treatment that
Figure 5. Lobomycosis in a
32-year-old soldier (case-patient
5), Colombia. A) Solitary yeast
erythematous nodule (4 cm × 3.5
cm) resembling a keloid scar with
a smooth and shiny surface on
the right arm. B) Grocott staining
of a biopsy specimen from the
lesion shows typical chains
(original magnification ×40).
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Figure 6. Lobomycosis in a 24-year-old soldier (case-patient
6), Colombia. A) Erythematous-violaceous infiltrated plaque (4
cm x 3 cm) with a shiny surface on the right forearm and typical
leishmaniasis cicatricial plaque on the same limb. B) Testing of
biopsy sample from the lesion. Epidermis shows no hyperplasia
or ulceration, but dermis shows diffuse inflammation rich in
vacuolated macrophages; Grocott-Gomori staining shows yeast
cells (original magnification ×2.5).

resulted in healing for 1 of the patients, suggesting that this
patient actually had leishmaniasis. Thus, L. loboi could
have been implanted on the scar caused by leishmaniasis.
A similar condition occurred in a patient in Brazil (31).
Lobomycosis has been associated in the same patient with
other diseases, such as ringworm, leprosy, paracoccidioidomycosis, chromomycosis, and leishmaniasis (7,13,31),
as in case-patient 6 in our study.
Identification of amastigotes in the direct smear for
3 of these soldiers can also be attributed to common geographic areas for leishmaniasis and lobomycosis. During
2004–2012, >50,000 cases of leishmaniasis were reported
worldwide (39), many of which were related to combat and
destruction of illicit crops. Another reason for detection of
lobomycosis and leishmaniasis in the same patient is that
health professionals performing cytologic analysis in rural
areas do not have enough experience identifying agents
other than Leishmania spp.
The biopsy specimens of the 6 case-patients confirmed
the diagnosis; these specimens showed granulomatous inflammation without abscesses and large numbers of phagocytized yeast of uniform size that formed chains linked by
tiny and thin bridges (3,18,40). Once these manifestations
are observed, the diagnosis of lobomycosis should not be
confused with other diseases. Molecular taxonomy was
used to identify an imported case of lobomycosis in a traveler from Europe who visited the Amazon region of Venezuela (41). However, in disease-endemic countries, the
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diagnosis should include clinical and microscopic results
because molecular diagnosis might not be available (42,43).
Lobomycosis can be confused with other cutaneous
diseases. Other diagnoses include cutaneous leishmaniasis,
as occurred for 2 of the soldiers, as well as diffuse leishmaniasis, chromomycosis, sporotrichosis, lepromatous or
tuberculoid dimorphic leprosy, mycetoma, phaeohyphomycosis, pyoderma, Kaposi sarcoma, sarcoidosis, keloid
scars, histiocytosis of Langerhans cells, melanoma, dermatofibrosarcoma, lymphoma, squamous cell carcinoma, and
cutaneous metastases (3,17,40,41). Thus, a skin biopsy is
necessary to confirm the diagnosis.
Cutaneous leishmaniasis is the most common condition
in the differential diagnosis for lobomycosis, especially if the
lobomycosis is ulcerated, which is a frequent complication.
Four case-patients with lobomycosis, 1 of whom died, were
reported to have squamous cell carcinomas (3,44). However,
the acrolentiginous melanoma that resulted in the death of
case-patient 2 in our report was not related to lobomycosis.
Lobomycosis has been reported to occasionally affect the
regional lymph nodes (3,45). However, even when disseminated, cutaneous forms do not affect the mucosa or internal
organs. Rare spread of lobomycosis to the testes was reported in a case-patient in Costa Rica (3).
Although surgical excision with wide margins is
the most recommended treatment for isolated lobomycosis lesions, relapses still occur, as for case-patient 4.
Electrocautery and cryosurgery are alternative options.
However, there are no effective antimycotic drugs for
lobomycosis (17,46).
In Manaus, Brazil, where lobomycosis has been the
most common deep mycosis, clofazimine (200 mg/d for
13 months) resulted in improvement in 22 patients (31).
This drug might have contributed to healing of leprosy lesions and concomitant lobomycosis for patients in Acre,
Brazil, who had completed multidrug therapy for leprosy
(7). Rifampin has also shown effective antimycotic activity
(17). Itraconazole (100 mg d) and clofazimine (100 mg/d)
resulted in healing of an extensive plaque on the face of a
woman, who did have recurrent clinical or histological lesions after 3 years of follow-up (47).
We have used itraconazole and surgery treatment for
other patients and have observed good results, although
the follow-up time should be years. One of the patients
we studied showed recurrence of a lesion 10 years after it
was removed (30), and a woman who showed remission
of a plaque on her face after treatment with itraconazole
and clofazimine showed recurrence after 8 years of apparent cure (11). Posaconazole (400 mg 2×/d for 27 months)
resulted in curing of a patient with lobomycosis in Peru
who had a long-lasting lesion (27 years) in the ear (47). In
addition, analysis of several genomic DNA sequences and
of molecular data showed that cutaneous granulomas in
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dolphins were caused by a novel Paracoccidiodes species
(48,49). Those results suggest that a novel, uncultivated
strain of P. brasiliensis restricted to cutaneous lesions is
probably the cause of lacaziosis/lobomycosis in dolphins;
however, more research is needed for confirmation.
In conclusion, we report 6 soldiers of the National Army of Colombia who had localized lobomycosis
with nodular and keloid-like lesions, acquired while on
duty in the Amazonian forests of eastern Colombia in
the departments of Caqueta, Meta, and Guaviare, and
a jungle area in Montes de Maria in the department of
Bolivar. These findings indicate a new and unique epidemiologic situation. Clinical diagnoses and direct smear
results were suggestive of cutaneous leishmaniasis for
3 of these case-patients. However, biopsy led to an accurate diagnosis of lobomycosis. Surgery was successful treatment for 3 of the case-patients. Health personnel
of the Armed Forces of Colombia, including physicians,
bacteriologists, and pathologists, should become better
acquainted with this disease to improve its diagnosis
and treatment.
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Cost-effectiveness of Latent
Tuberculosis Infection
Screening before Immigration
to Low-Incidence Countries
Jonathon R. Campbell, James C. Johnston, Victoria J. Cook,
Mohsen Sadatsafavi, R. Kevin Elwood, Fawziah Marra

Prospective migrants to countries where the incidence of tuberculosis (TB) is low (low-incidence countries) receive TB
screening; however, screening for latent TB infection (LTBI)
before immigration is rare. We evaluated the cost-effectiveness of mandated and sponsored preimmigration LTBI
screening for migrants to low-incidence countries. We used
discrete event simulation to model preimmigration LTBI
screening coupled with postarrival follow-up and treatment
for those who test positive. Preimmigration interferon-gamma release assay screening and postarrival rifampin treatment was preferred in deterministic analysis. We calculated
cost per quality-adjusted life-year gained for migrants from
countries with different TB incidences. Our analysis provides
evidence of the cost-effectiveness of preimmigration LTBI
screening for migrants to low-incidence countries. Coupled
with research on sustainability, acceptability, and program
implementation, these results can inform policy decisions.

T

he World Health Organization (WHO) has continued
working toward tuberculosis (TB) elimination, aiming
to reduce the overall TB burden by ≈90% to <1 case/1 million persons in countries where TB incidence is low (lowincidence countries) (1). Meeting this target will require
new and innovative strategies. Typically, the TB burden in
low-incidence countries is highest among populations born
abroad; ≈70% of TB cases occur in these populations in
Canada, the United States, and much of Europe (2). For the
most part, TB prevention in these populations has focused
on identifying persons with active TB before immigration
to reduce transmission after arrival. Stagnant rates of TB
suggest additional methods are required to accelerate declines in TB incidence (3).
Author affiliations: University of British Columbia, Vancouver,
British Columbia, Canada (J.R. Campbell, J.C. Johnston,
V.J. Cook, M. Sadatsafavi, R.K. Elwood, F. Marra); British
Columbia Centre for Disease Control, Vancouver (J.C. Johnston,
V.J. Cook, R.K. Elwood)
DOI: https://doi.org/10.3201/eid2504.171630

Universal or targeted postarrival screening for latent TB
infection (LTBI) has been suggested as a method to accelerate the decline of TB (4); however, domestic LTBI programs
exhibit suboptimal performance (5), are resource intensive (6),
and may not be cost-effective (7). One major reason for the reduced effectiveness of postarrival LTBI screening programs is
the substantial attrition in the LTBI cascade of care. More than
half of patients do not reach the point of initiating treatment,
which results in fewer than one fifth completing treatment (5).
Currently, most immigrant-receiving, low-incidence
countries employ mandatory preimmigration medical exams (8). As part of these medical exams, a chest radiograph
and medical evaluation are performed to detect TB disease
before arrival or identify those who may be at increased
risk for TB disease in the future; these costs are borne by
the patient within their country of origin. Only a select few
countries employ some form of mandated LTBI screening
(8), and data are scarce on the yield of such programs.
A report sponsored by the US Centers for Disease
Control and Prevention (Atlanta, GA, USA) suggested
mandatory LTBI screening and treatment as part of routine preimmigration medical exams (9); however, this
strategy was viewed as inequitable and unjustly coercive
(10) and has never been employed. Alternatively, mandating and fully sponsoring only LTBI screening as a formal
part of the immigration process would avoid such ethics
quandaries and could substantially reduce postarrival TB
incidence. Preimmigration screening coupled with postarrival follow-up could improve the yield of LTBI screening
programs >2-fold (5), because all case-patients reporting
postarrival would already have completed LTBI screening.
We evaluated the cost-effectiveness of mandating and
fully sponsoring LTBI screening in prospective migrants
as part of routine preimmigration medical exams, coupled
with passive postarrival follow-up and treatment. We evaluated 6 strategies among migrants from 4 different TB incidence groups to determine the optimal strategy in each
group for this intervention.
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Methods
Model Overview

We chose discrete event simulation for this model because
of its flexibility in varying transition times between health
states in a single simulation, ability to simulate simultaneous events, and capability to model several different patient covariates. These advantages make it preferable to
traditional Markov models and enable the creation of a
highly representative cohort in a single simulation (11).
We modeled new migrants, which in this evaluation refers specifically to persons who have been granted permanent resident status but have not yet become citizens
of the countries they reside in. Of interest were migrants
from countries belonging to 4 distinct TB incidence categories: low, <30 cases/100,000 persons/year; moderate,
>30 and <100 cases/100,000 persons/year; high, >100 and
<200 cases/100,000 persons/year; and very high, >200 cases/100,000 persons/year.
We further defined the 4 populations of interest by 4
covariates: patient age, bacillus Calmette-Guérin (BCG)
vaccination status, chest radiograph results, and LTBI
prevalence. Patient age was defined based on an age distribution of a reference cohort of permanent residents to
Canada in 2014 (12). BCG vaccination was determined
through presence of a universal BCG vaccination policy
in each country of origin and adjusted by 36-year average BCG vaccine uptake (13–15). For chest radiograph,
a reference cohort of permanent residents who came to
Ontario during 2002–2011 was used to identify prevalence of abnormal chest radiograph results (15). LTBI
prevalence was calibrated in each population using
2-year TB incidence in permanent resident cohorts to
Ontario during 2002–2011 (15) and age-adjusted using
the results of a meta-analysis of test-positive rates (16).
We estimated LTBI prevalence using several assumptions. First, we assumed that 85% of incident TB resulted
from reactivation of LTBI (17); second, that TB reactivation did not change over time post arrival (18); and last, that
LTBI prevalence approximately matched reported rates of
interferon-gamma release assay (IGRA) positivity in persons from each of the 4 TB incidence categories (16). In
sum, an LTBI reactivation rate of 1.1 cases/1,000 personyears approximated literature values and yielded reasonable estimates of LTBI prevalence (17).
The model evaluates implementation of the intervention: preimmigration LTBI screening coupled with
postarrival follow-up and treatment. The base case in this
model was considered to be preimmigration TB screening
without any evaluation for LTBI before or after arrival
but with routine postarrival follow-up for those flagged
through TB screening. We calibrated baseline TB incidence estimates and rates of postarrival follow-up to TB
662

incidence data in permanent resident cohorts to Ontario
during 2002–2011 (15). We considered 3 preimmigration
LTBI screening options and 2 postarrival LTBI treatment
options, for a total of 6 unique strategies to compare with
the base case (Table 1).
We screened migrants with a tuberculin skin test
(TST), IGRA, or sequential screening, in which persons testing positive by TST were given a confirmatory
IGRA. We defined a positive TST result as an induration
measuring >10 mm and a positive IGRA result using
manufacturer’s recommendations, with IGRA performance being a composite measure of results from commercially available products (19–21). Although preimmigration testing was mandated, postarrival follow-up
and treatment was not mandated and instead assumed
to be passive, following published rates of postarrival
follow-up in several countries (22). That is, in migrants
who tested positive for LTBI, it was recommended that
they attend a clinic for treatment postarrival, but no system was in place to enforce this. Those who reported
for care postarrival would be treated with 9 months of
isoniazid or 4 months of rifampin.
The model took a healthcare system perspective for
the fully sponsored and mandated preimmigration LTBI
screening: all LTBI screening costs preimmigration,
along with typical postarrival costs, were the responsibility of the receiving country’s healthcare system. We used
a 3% annual discount rate for costs and outcomes (23) and
a 25-year time horizon from arrival. The main outcomes
of the model were quality-adjusted life-years (QALYs),
number of TB cases, and costs per 1,000 permanent residents from each of the 4 populations analyzed. These data
were used to calculate the cost-effectiveness ratio, a measure that indicates the cost per additional QALY gained
by an intervention strategy compared with the base case
(Appendix, https://wwwnc.cdc.gov/EID/article/25/4/171630-App1.pdf).
A simplified model structure is displayed in Figure
1. In the intervention, migrants were given an LTBI diagnostic test along with the rest of their medical exam; those
who tested positive were referred for postarrival followup. Those who complied with postarrival follow-up were
recommended for LTBI therapy. After initiating treatment,
they either completed treatment in full, partially completed
treatment, or ceased due to an adverse event that may result
in death. After treatment, results for all patients were simulated to the 25-year time horizon, with annual risks of TB
reactivation and death.
We made the following assumptions in the model.
Those with previous TB or an abnormal chest radiograph
result identified during the preimmigration medical exam
were also referred for postarrival follow-up. With the intervention, all those who began screening completed it,
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Table 1. Intervention strategies for screening and treatment of latent TB infection in immigrants*
Intervention strategy
Preimmigration
Postarrival if test is positive
Base case
TB screening as part of routine preimmigration medical
Routine follow-up of those with abnormal
exams, consisting of a chest radiograph, medical history,
chest radiograph results or previous TB.
and symptom screen. If diagnosed with TB, treatment
must be completed before immigrating.
TST/INH
In addition to the base case, a TST is performed at the
Recommendation for follow-up;
time of the medical exam. If the result is positive (induration
if patient reports for follow-up,
>10 mm) referral is made for follow-up postarrival.
9-month course of INH.
If the TST result is negative, no further action is taken.
TST/RIF
Same as above.
Recommendation for follow-up; at
follow-up, 4-month course of RIF.
IGRA/INH
In addition to the base case, an IGRA is placed at the time of the
Recommendation for follow-up;
medical exam. If the result is positive (as defined by the
if patient reports for follow-up,
manufacturer) referral is made for follow-up postarrival. If the
9-month course of INH.
IGRA result is negative, no further action is taken. If the IGRA
result is indeterminate, a second is performed; a second
consecutive indeterminate is treated as a negative.
IGRA/RIF
Same as above.
Recommendation for follow-up;
if patient reports for follow-up,
4-month course of RIF.
SEQ/INH
In addition to the base case, a TST is placed at the time of the
Recommendation for follow-up;
medical exam. If the result is positive (as defined by an
at follow-up, 9-month course of INH.
induration >10 mm) a second test is performed with an IGRA.
If the subsequent IGRA result is positive (as defined by the
manufacturer) referral is made for follow-up postarrival.
If the initial TST is negative or if the subsequent IGRA is
negative, no further action is taken. If the IGRA result is
indeterminate, a second is performed; a second
consecutive indeterminate is treated as a negative.
SEQ/RIF
Same as above.
Recommendation for follow-up;
at follow-up, 4-month course of RIF.

*No intervention required for migrants with negative results of base case screening. IGRA, interferon-gamma release assay; INH, isoniazid; RIF, rifampin;
SEQ, sequential screening; TB, tuberculosis TST, tuberculin skin test.

eliminating dropout during this stage of the LTBI cascade
of care. Drug-resistant TB and self-cure of LTBI were
not modeled. It was assumed that all those who tested
positive were offered LTBI treatment to limit extrapolation of care provider decisions. All reactivation TB cases
had a 17.6% chance of causing a secondary case; further
transmission was not modeled (Appendix). Modeling was
completed in Simio version 8.146.14121 (Simio LLC,
https://www.simio.com).
Model Parameters

We derived model estimates from the literature or expert
opinion (Table 2). A meta-analysis provided evidence for
domestic LTBI program performance (5), therapy efficacy
was derived from the literature (24,27,28), and adverse
events were imputed from several randomized controlled
trials reported in previous analysis (24,25). Diagnostic performance of LTBI screening tests was derived from systematic reviews and modeled to be the same in each country (19–21). Adherence with postarrival follow-up was
estimated by reanalysis of reported data (22) (Appendix
Figure 1). Death from tuberculosis (3), probability of TB
therapy extension (30), and relapse rate (31) were derived
from Canada sources. Life tables for Canada estimated
background mortality (32).

We derived all costs from Canada sources and assumed
that the costs of screening abroad were equal to screening costs
in Canada. We derived costs for LTBI treatment and screening, including drugs, screening tests, routine monitoring, and
clinician time, from the British Columbia Centre for Disease
Control. Adverse event costs, including hospitalization rates
and time, and the cost of TB disease were as reported in the
literature (30,33,34). We inflated all costs to 2016 Canadian
dollars using consumer price indices (35) (Table 3).
We derived health utility data from a study (38) in
Canada of migrants who reported for postarrival follow-up.
We based adjustments due to adverse events or hospitalization on previous studies (30,33).
Sensitivity Analysis

We performed a probabilistic sensitivity analysis (PSA) to
capture uncertainty of model estimates using an outer sample size of 1,000 and inner sample size of 50,000 (Tables
2, 3). To guide policymakers, we created cost-effectiveness
acceptability curves (CEAC) to determine the probability
that the most cost-effective intervention strategy in deterministic analysis would fall below various willingness-topay (WTP) thresholds. Exploratory sensitivity analysis and
additional probabilistic sensitivity analyses are included in
the Appendix.
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Results
Primary Results

Among migrants from moderate- to very high–incidence
countries, IGRA screening coupled with postarrival rifampin treatment was the optimal intervention strategy in
deterministic analysis. Sequential screening coupled with
postarrival rifampin treatment was the optimal intervention
strategy among migrants from low-incidence countries. Intervention strategies involving TST identified the most migrants for postarrival follow-up, whereas strategies involving sequential screening identified the fewest. Intervention
strategies involving rifampin resulted in the fewest TB cases (46% reduction compared with the base case) (Table 4).

rifampin treatment yielded the lowest cost per QALY gained
at $191,889. IGRA screening, the most sensitive screening
method, coupled with rifampin treatment resulted in the fewest TB cases (46.2% reduction) but had a higher cost per
QALY gained ($373,773) because of its lower specificity
compared with that of sequential screening.
Moderate-Incidence Countries

For migrants from moderate-incidence countries, the
optimal intervention strategy was IGRA screening coupled with postarrival rifampin treatment for those from
moderate-incidence countries with a cost per QALY gained
of $43,343. Sequential screening coupled with postarrival
rifampin treatment was cheaper overall but had a cost per
QALY gained of $47,561.

Low-Incidence Countries

For migrants from low-incidence countries, screening with
TST alone resulted in a net loss in population QALYs because of poor specificity of the TST. Sequential screening,
the most specific screening method, coupled with postarrival

High-Incidence Countries

Among migrants from high-incidence countries, IGRA
screening coupled with postarrival rifampin treatment
was the optimal intervention strategy, at a cost per QALY

Figure 1. Flow structure of model used for cost-effectiveness analysis of screening and interventions of migrants for TB and LTBI. LTBI,
latent tuberculosis infection; TB, tuberculosis.
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gained of $26,350. Sequential screening coupled with rifampin treatment was less expensive, but also less efficient,
with a cost per QALY gained of $29,997.

Very High–Incidence Countries

Among migrants from very high–incidence countries, IGRA
screening coupled with postarrival rifampin treatment had a

Table 2. Model parameter estimates and values used for sensitivity analyses of intervention strategies for screening and treatment of
latent TB infection in immigrants*
Range evaluated
Parameter
Estimate
in PSA
PSA distribution
References
Screening parameters
TST sensitivity
0.782
0.69–0.87
Beta (43,12)
(19)
TST specificity, no BCG
0.974
0.963–0.982
Beta (770,21)
(20,21)
TST specificity, BCG
0.602
0.561–0.642
Beta (239,158)
(20,21)
IGRA sensitivity
0.889
0.688–0.993
Beta (8,1)
(19)
IGRA specificity
0.957
0.946–0.968
Beta (900,40)
(20,21)
IGRA indeterminate†
0.06
0.05–0.07
Beta (83,1286)
(21)
Complete TST‡
1
Fixed
Fixed
Complete medical evaluation§
1
Fixed
Fixed
Population characteristics¶
LTBI prevalence
Very high incidence
0.3162
0.2686–0.3880
Varied with reactivation rate
(12,15–17)
High incidence
0.2016
0.1706–0.2464
Varied with reactivation rate
(12,15–17)
Moderate incidence
0.0902
0.0763–0.1102
Varied with reactivation rate
(12,15–17)
Low incidence
0.0159
0.0135–0.0195
Varied with reactivation rate
(12,15–17)
Abnormal chest radiograph results or previous TB
Very high incidence
0.039
Fixed
Fixed
(15)
High incidence
0.028
Fixed
Fixed
(15)
Moderate incidence
0.029
Fixed
Fixed
(15)
Low incidence
0.008
Fixed
Fixed
(15)
Adherence to postarrival follow-up#
0.684
0.646–0.721
Beta (404.50,186.87)
(22)
Treatment parameters
Initiate**
0.938
0.907–0.964
Beta (180.83,11.95)
(5)
Complete, INH
0.616
0.561–0.670
Beta (131.66,82.07)
(5)
Complete, RIF
0.814
0.745–0.876
Beta (76.85,17.56)
(5)
Adverse event, INH
0.049
0.044–0.055
Beta (249,4789)
(24,25)
Adverse event, RIF
0.021
0.018–0.025
Beta (109,4877)
(24,25)
Adverse event hospitalization
0.01
0.0005–0.03
Beta (1,99)
(25)
Death, INH
0.00000988
0–0.00002
Beta (2,202495)
(26)
LTBI risk reduction, INH
0.90
0.78–0.95
(27)
Normal (2.3,0.5)††
LTBI risk reduction, RIF
0.90
0.63–0.97
(28,24)
Normal (2.3,0.8)††
Partial risk reduction, INH
0.346
0.267–0.490
Combination of normal
Expert opinion, (25)
distributions††, ‡‡
Partial risk reduction, RIF
0.30
0.17–0.40
Expert opinion,
Normal (0.35,0.1)††
(24,28)
Adverse event duration
7d
0–24
Gamma (0.7,10)
Expert opinion, (25)
TB parameters
Death from TB
0.0476
0.0391–0.0566
Beta (76,1523)
(3)
Reactivation rate
0.0011
0.0009–0.0013
Beta (90.92,82545.55)
(15–17)
Abnormal CXR risk change
3.9
3.0–4.9
Normal (1.36,0.15)††
(29)
Extended therapy
0.124
0.029–0.264
Beta (2.366,16.713)
Expert opinion, (30)
Relapse rate
0.0359
0.0197–0.0654
(30)
Normal (3.327,0.365)††
Hospitalization duration
17 d
Fixed
Fixed
Expert opinion, (30)
Model parameters
BCG vaccination, <30 cases
0.605
0.60–0.61
Beta (45137,29502)
(12,13)
BCG vaccination, ≥30 cases
0.998
0.997–0.999
Beta (185381,384)
(12,13)
BCG vaccination uptake
0.837
Fixed
Fixed
(14)
Discount rate
0.03
Fixed
Fixed
(23)
Time horizon
25 y
Fixed
Fixed
NA
*AE, adverse event; BCG, bacillus Calmette-Guérin; IGRA, interferon-gamma release assay; INH, isoniazid; LTBI, latent tuberculosis infection; NA, not
available; PSA, probabilistic sensitivity analysis; RIF, rifampin; TST, tuberculin skin test; TB, tuberculosis.
†Treated as a negative result if it occurred; was equally likely to occur in those with and without LTBI.
‡Without being mandatory, this value is 63.5% (imputed from 43.4% completing screening when 68.4% adhere with a follow-up appointment) (5).
§Without being mandatory, this value is 78% (imputed from 43.7 of 56 individuals completing medical evaluation) (5).
¶Very high incidence, >200 cases/100,000; high incidence, >100 and <200 cases/100,000; moderate incidence, >30 and <100 cases/100,000; low
incidence, <30 cases/100,000.
#From a meta-analysis (22); see also Appendix (https://wwwnc.cdc.gov/EID/article/25/4/17-1630-App1.pdf).
**This model assumes all who report postarrival due to a positive preimmigration LTBI diagnostic test are offered treatment. Exploratory analysis adjusts
this assumption so that only the number who would complete TST screening begin treatment.
††Results from this distribution are exponentiated.
‡‡Formula: 0.33 × (Normal(1.168,0.228)) + 0.374 × (Normal(0.381,0.169)) + 0.293 × 1.
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cost per QALY gained of $16,291 compared with the base
case. Sequential screening with rifampin treatment again
was slightly cheaper, resulting in a cost per QALY gained
of $20,165.
Sensitivity Analysis

Among migrants from low-incidence countries, sequential
screening coupled with postarrival rifampin treatment was
the most cost-effective option in deterministic analysis. In
PSA, this intervention had a probability of cost-effectiveness of 49.1% at a WTP threshold of $50,000/QALY and
50.7% at a WTP threshold of $100,000/QALY. This probability did not substantially increase past these thresholds,
however, resulting in a probability of cost-effectiveness of
52% at a WTP threshold of $200,000/QALY (Figure 2,
panel A).
Among migrants from moderate-, high-, and very high–
incidence countries, IGRA screening coupled with postarrival rifampin treatment was the most cost-effective option
in deterministic analysis. This intervention strategy at WTP
thresholds of $50,000/QALY gained had probabilities

of cost-effectiveness of 57.5% among migrants from
moderate-incidence countries (Figure 2, panel B), 68.2%
among migrants from high-incidence countries (Figure
2, panel C), and of 73.2% among migrants from very
high–incidence countries (Figure 2, panel D). At a WTP
threshold of $100,000/QALY gained probabilities of costeffectiveness were 59.8% among migrants from moderateincidence countries, 70.6% among migrants from highincidence countries, and 75.2% among migrants from very
high–incidence countries.
Discussion
The intervention of preimmigration LTBI screening followed by postarrival treatment among new migrants from
countries with a TB incidence >30 cases/100,000 persons
appears to be an effective method for reducing TB incidence post-arrival. The use of IGRA screening coupled
with postarrival rifampin treatment provided the lowest
cost-effectiveness ratio in migrants from these countries.
This intervention strategy reduced TB incidence by >45%
and yielded costs <$50,000/QALY gained.

Table 3. Cost and QALY estimates and values used for sensitivity analysis of intervention strategies for screening and treatment of
latent TB infection in immigrants*
Range evaluated in
Parameter
Estimate, $
PSA
PSA distribution
References
Costs
Full INH treatment
992
804–1,179
Triangular, 804–1,179
BCCDC, (33,36)
Drug costs
181
Nurse and clinician costs
741
Follow-up chest radiograph
42
Routine tests
28
Full RIF treatment
575
464–686
Triangular, 464–686
BCCDC, (33,36)
Drug costs
98
Nurse and clinician costs
421
Follow-up chest radiograph
42
Routine tests
14
Partial INH
462
174–804
Triangular, 174–804
BCCDC, (33,36)
Partial RIF
319
178–464
Triangular, 178–464
BCCDC, (33,36)
Complete TST
31
24–38
Triangular, 24–38
BCCDC, (33,36)
TST cost
11
Nurse costs (2 visits)
20
Incomplete TST
21
17–25
Triangular, 17–25
BCCDC, (33,36)
IGRA
54
31–62
Triangular, 31–62
BCCDC, (33,36)
Kit and technician cost
47
Nurse costs
7
Chest radiograph
42
32–52
Triangular, 32–52
BCCDC, (33,36)
Cost per radiograph
35
Nurse costs
7
TB
20,532
7,141–39,525
Gamma (4.1064,5,000)
Expert opinion, (33,34)
LTBI adverse event
732
549–916
Triangular, 549–916
(33)
Hospitalization
6,641
5,305–9,985
Triangular, 5,305–9,985
(30)
Death
26,933
13,079–40,788
Triangular, 13,079–40,788
(37)
QALYs
LTBI
0.81
Assumed
(38)
Healthy
0.81
0.58–0.97
Beta (7.85,1.84)
(38)
Adverse event disutility
0.2
0.15–0.25
Triangular, ± 25%
(30,33)
TB
0.69
0.08–0.24†
Beta (9,51)
(38)
Hospitalization
0.5
0.28–0.51†
Beta (19.5,30.5)
(30)
Death
0
Fixed
Fixed
Standard
*All costs are in 2016 Can $. BCCDC, British Columbia Centre for Disease Control; IGRA, interferon-gamma release assay; INH, isoniazid; LTBI, latent
tuberculosis infection; PSA, probabilistic sensitivity analysis; RIF, rifampin; TB, tuberculosis; TST, tuberculin skin test.
†Sampled as a percent decrement compared to healthy QALY.
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Because prevalence of LTBI was low among migrants
from countries with a TB incidence <30 cases/100,000
persons and specificities of LTBI diagnostic tests are imperfect, this intervention may result in a high number of
uninfected persons receiving treatment unnecessarily. This
finding suggests that with some strategies, the QALYs
lost due to treatment side effects among those with falsepositive diagnostic results may be greater than the QALYs
gained by averted TB in those with true-positive diagnostic results. If screening and treatment must be performed
in these low LTBI prevalence populations, more specific
screening methods (i.e., sequential screening) are preferred
to avoid inappropriate treatment.
Probabilistic sensitivity analysis suggests a certain
degree of uncertainty in results. The behavior of CEACs
as WTP thresholds increase suggests that the intervention
offers small increases in population QALYs or large
increases in cost in many replications. It is important to
understand how well the model parameters represent the

local setting when using the results of this analysis to
inform evidence-based policy. These results suggest that
intervention offers domestic benefits to the receiving
country, but several factors need to be carefully examined.
IGRA use in high-resource settings suffers from variability,
in part related to several operational issues (39), and TST
variability remains an issue (40). For both types of test,
variability may be exacerbated in low-resource settings
where LTBI prevalence rates are likely to be higher. In this
model, we did not consider the costs of program initiation
and maintenance; although they are outside the scope of
this analysis, these costs merit careful evaluation when
seeking to implement policy.
This model considered only the costs of persons who
became permanent residents. The data from Canada indicated that ≈50%–60% of those who begin the process of
becoming a permanent resident successfully complete it
(3,15). For migrants from very high–incidence countries,
assuming only half of migrants receiving preimmigration

Table 4. Results in various TB incidence settings of implementing intervention strategies for screening and treatment of latent TB
infection in immigrants*
Intervention
% Identified for
Cost/1,000 persons,
No.
No. TB
% Reduction
Cost per
postarrival
$
QALYs/1,000
cases/1,000
in TB
QALY
followup
persons
persons
incidence
gained, $†
Low TB incidence countries
Base case
0.82
9,681
13,761.03
0.41
NC
NC
SEQ/RIF
4.02
60,996
13,761.30
0.26
36.87
191,889
SEQ/INH
4.02
67,309
13,761.08
0.28
32.00
1,289,335‡
IGRA/RIF
6.43
80,107
13,761.22
0.22
46.16
373,773‡
IGRA/INH
6.43
91,056
13,761.07
0.25
39.07
2,315,425‡
TST/RIF
22.99
120,910
13,760.65
0.24
40.08
Dominated
TST/INH
22.99
162,233
13,760.59
0.27
34.12
Dominated
Moderate TB incidence countries
Base case
2.88
58,301
13,735.03
2.47
NC
NC
SEQ/RIF
11.99
121,950
13,736.36
1.57
36.52
47,561
IGRA/RIF
14.52
129,036
13,736.66
1.33
46.36
43,343
SEQ/INH
11.99
142,739
13,735.71
1.72
30.55
122,821‡
IGRA/INH
14.52
154,804
13,736.69
1.50
39.47
58,154‡
TST/RIF
38.96
206,145
13,736.84
1.46
40.77
81,548‡
TST/INH
38.96
277,998
13,735.98
1.61
34.88
230,641‡
High TB incidence countries
Base case
2.79
122,928
13,702.56
5.39
NC
NC
SEQ/RIF
19.13
194,289
13,704.93
3.44
36.06
29,997
IGRA/RIF
23.60
199,878
13,705.48
2.91
45.99
26,350
SEQ/INH
19.13
231,835
13,704.38
3.73
30.73
59,655‡
TST/RIF
44.24
247,488
13,704.35
3.28
39.21
69,421‡
IGRA/INH
23.60
263,572
13,704.93
3.22
40.18
59,154‡
TST/INH
44.24
348,686
13,704.15
3.54
34.36
141,336‡
Very high TB incidence countries
Base case
3.87
184,357
13,666.32
8.12
NC
NC
SEQ/RIF
27.45
263,628
13,670.25
5.18
36.23
20,165
IGRA/RIF
33.86
268,840
13,671.50
4.41
45.61
16,291
TST/RIF
49.82
318,025
13,670.32
5.62
30.76
33,403‡
SEQ/INH
27.45
318,435
13,671.23
4.86
40.16
27,296‡
IGRA/INH
33.86
337,716
13,671.02
4.97
38.82
32,657‡
TST/INH
49.82
415,877
13,669.91
5.33
34.34
64,494‡

*Very high incidence, >200 cases per 100,000; high incidence: >100 and <200 cases/100,000; moderate incidence, >30 and <100 cases/100,000; low
incidence: <30 cases/100,000. IGRA, interferon-gamma release assay; INH, isoniazid; NC, not calculable; QALY, quality-adjusted life year; RIF, rifampin;
SEQ, sequential screening; TB, tuberculosis; TST, tuberculin skin test.
†*The cost per QALY gained is calculated in comparison to the base case. Dominated indicates that an intervention strategy has higher costs and worse
outcomes compared to the base case. Costs are in CAD.
‡This intervention strategy is strictly dominated by another intervention strategy. It is more expensive and has worse outcomes.
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Figure 2. Cost-effectiveness acceptability curves of the base case of no intervention compared with intervention strategies in evaluation
of screening and treatment of latent tuberculosis infection in immigrants. The graphs demonstrate the probability that an option is more
cost-effective at various willingness-to-pay thresholds per quality adjusted life year gained. A) Comparison of the base case with the
intervention strategy of preimmigration SEQ screening coupled with postarrival RIF treatment among migrants from low-incidence
countries. B) Comparison of the base case with the intervention strategy of preimmigration IGRA screening coupled with postarrival
rifampin treatment among migrants from moderate-incidence countries. C) Comparison of the base case with the intervention strategy of
preimmigration IGRA screening coupled with postarrival RIF treatment among migrants from high-incidence countries. D) Comparison of
the base case with the intervention strategy of preimmigration IGRA screening coupled with postarrival RIF treatment among migrants
from very high–incidence countries. IGRA, interferon-gamma release assay; RIF, rifampin; SEQ, sequential.

screening became permanent residents, the cost-effectiveness ratio increased 60% to ≈$26,000 when the intervention strategy was IGRA coupled with rifampin. Another
consideration is the feasibility of the intervention. In a
country like Canada, 2%–3% of new permanent residents
are requested to follow up postarrival based on preimmigration medical exams (3,15). If the country implemented
preimmigration IGRA screening for migrants from moderate- to very high–incidence countries, 17.6% would be requested to follow up postarrival (3,15). However, coupling
IGRA with postarrival rifampin treatment could prevent
3.9% of all TB cases in Canada in the first year (3,12,15).
Applied to new permanent residents to Canada in 2014, this
process would increase the number requested to follow up
postarrival from 6,100 to 45,800 but would result in the prevention of 61 TB cases in the first year (1 case prevented/
668

651 additional postarrival referrals). If this process were
then consistently implemented in successive cohorts in the
future, it could annually prevent ≈400 TB cases.
Regardless of how preimmigration LTBI screening is implemented, investment in LTBI infrastructure in
high TB incidence settings will be essential for global TB
elimination. Evidence suggests that introduction of routine preimmigration TB screening in many high-income,
low-incidence countries has played a role in improving infrastructure for TB programs in low-resource areas (41).
Further introducing LTBI screening as part of these routine
medical exams may have similar impact.
The cost-effectiveness of preimmigration LTBI screening and postarrival treatment has not been evaluated since
2003. Previously, Schwartzman and Menzies (42) examined the idea of preimmigration TST screening in addition to

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Latent TB Screening before Immigration

standard preimmigration chest radiograph coupled with postarrival isoniazid treatment. They found the cost per TB case
prevented was approximately Can $94,500. In our study, using this intervention strategy in very high incidence countries
resulted in a cost per TB case prevented of approximately Can
$83,000. Schwartzman et al. (43) later investigated the cost
associated with performing a TST in all new legal immigrants
from Mexico, a low-incidence country, and coupling it with
postarrival isoniazid treatment. This resulted in a cost per TB
case prevented of $1.2 million (2016 Can $). Using this same
intervention strategy in our study resulted in a cost per TB
case prevented of $1.1 million (2016 Can $). By evaluating
new strategies applied to a variety of TB incidence settings,
our study represents a much-needed update to the literature.
Our analysis has several strengths. Use of discrete
event simulation enabled realistic modeling of time spent
in various health states, which is difficult to implement
in Markov models. This type of model also allowed agerepresentative modeling of new migrants for application
of age-adjusted LTBI prevalence. The source of most of
the cost data was the British Columbia Center for Disease
Control, which handles most TB cases in the province of
British Columbia. This analysis estimated LTBI prevalence
and abnormal chest radiograph prevalence using several
years of immigration and TB data from Ontario. The data
are likely to be generalizable, because Ontario accepts 40%
of new permanent residents (12) and the data fit well with
reported LTBI prevalence estimates (16), suggesting these
parameters are reflective of long-term TB trends.
In this study, we assumed that all migrants were recommended postarrival LTBI treatment when they had
a positive LTBI diagnostic test, which is not necessarily
true; for some persons, the risk for serious adverse events
may outweigh the benefit of treatment. Social factors and
concurrent conditions may increase the risk for reactivation of LTBI. We have shown that the benefits of rifampin
treatment for migrants from moderate- to very high–incidence countries who test positive by IGRA preimmigration outweigh the potential risks of adverse events.
However, in practice, individual adverse-event risk is considered, and treatment may not be offered to all migrants.
Further research designed to identify the specific populations who should be offered treatment would help inform
future analyses.
We derived the reactivation rate of LTBI from the literature, but because many of those studies were based on
TB incidence in those who were positive by TST, it is possible that the predictive value of the TST caused underestimation of true reactivation rates. Our analysis did not consider 3 months of once-weekly isoniazid and rifapentine as
an LTBI treatment modality because it was not universally
available. Literature data, however, suggest this modality
may yield similar results to rifampin treatment (44).

Our analysis used a healthcare system perspective,
which does not consider costs incurred by persons experiencing the intervention (45). It is possible that consideration of costs and benefits from a societal perspective
would change the results of this analysis; however, it is also
likely that this difference would strengthen the preference
for screening with IGRA, which requires only 1 visit, instead of TST, which requires 2, due to reduced absenteeism
associated with IGRA testing. Costs per QALY gained may
increase for all strategies if the time costs for migrants to
follow up for LTBI treatment were considered. Finally, we
assumed that TB reactivation was constant, which, while
demonstrated previously (18), contradicts the common paradigm of decreasing risk over time (46). Where possible,
we performed sensitivity analyses to view the effects our
limitations may have on our results to better inform decision makers.
In conclusion, preimmigration IGRA screening
coupled with postarrival rifampin treatment among
migrants from countries with moderate to very high
incidence of TB resulted in the lowest cost-effectiveness
ratios. This evidence can be used to support policy
decisions surrounding preimmigration LTBI screening
in high-income, immigrant-receiving countries, when
coupled with evaluations on program implementation,
acceptability, and sustainability. Next steps in research
should be to identify subgroups at highest risk for
progression to TB disease to limit individual risk
associated with LTBI treatment and improve the
likelihood of feasibility and sustainability.
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Spatial Dynamics of Chikungunya
Virus, Venezuela, 2014
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Since chikungunya virus emerged in the Caribbean region
in late 2013, ≈45 countries have experienced chikungunya
outbreaks. We described and quantified the spatial and
temporal events after the introduction and propagation of
chikungunya into an immunologically naive population from
the urban north-central region of Venezuela during 2014.
The epidemic curve (n = 810 cases) unraveled within 5
months with a basic reproductive number of 3.7 and a radial
spread traveled distance of 9.4 km at a mean velocity of
82.9 m/day. The highest disease diffusion speed occurred
during the first 90 days, and space and space–time modeling suggest the epidemic followed a particular geographic
pathway with spatiotemporal aggregation. The directionality
and heterogeneity of transmission during the first introduction of chikungunya indicated existence of areas of diffusion
and elevated risk for disease and highlight the importance
of epidemic preparedness. This information will help in
managing future threats of new or reemerging arboviruses.

C

hikungunya, a reemerging mosquitoborne viral infection, is responsible for one of the most explosive
epidemics in the Western Hemisphere in recent years.
Since its introduction in the Caribbean region at the end
of 2013, chikungunya virus (CHIKV) rapidly expanded
within a year to most countries of South, Central, and
North America (1,2). CHIKV belongs to the genus Alphavirus (Togaviridae), first isolated in Tanzania during 1952
(3). Its sylvatic (enzootic) cycle in Africa involves nonhuman primates; the virus is transmitted by an ample range
of forest-dwelling Aedes spp. mosquitoes (4). Within the
urban (human) cycle across Asia, the Indian Ocean, and
the Americas, CHIKV is transmitted by Aedes aegypti
and Ae. albopictus mosquitoes (5–7). Most (72%–93%)
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infected persons develop symptomatic disease characterized by fever, rash, and incapacitating arthralgia, progressing in 42%–60% of patients to chronic, long-lasting
relapsing or lingering rheumatic disease (8,9). The lack of
population immunity to CHIKV in the Americas alongside
the ubiquitous occurrence of competent Ae. aegypti mosquitoes and human mobility may explain the rapid expansion of CHIKV across the Americas; cases doubled each
month during the epidemic exponential phase (10,11). At
the end of 2014, >1 million suspected and confirmed cases, including severe cases and deaths, were reported in 45
countries and territories; this figure reached almost 3 million cases by mid-2016 (12). The real number of cases is
most likely higher because of misdiagnosis with dengue
virus (DENV) infection and underreporting.
In Venezuela, the first official imported chikungunya
case was reported in June 2014, and local transmission followed soon thereafter. Chikungunya quickly spread, causing a large national epidemic affecting the most populated
urban areas of northern Venezuela, where DENV transmission is high. Given the paucity of official national data,
epidemiologic inference was used to estimate the number
of cases. Although nationally the disease attack rate was
estimated at 6.9%–13.8% (13), the observed attack rate
in populated urban areas was ≈40%–50%, comparable to
those reported in the Dominican Republic (14) and Asia
and higher than those in La Reunion (15,16).
The rapid expansion and worldwide spread in the last
decade make CHIKV one of the most public health–relevant arboviruses (17). With the reemergence of other
arboviruses, new large-scale outbreaks in the near future
seem likely (18). Clarifying and quantifying the introduction and propagation range in space and time of the initial
epidemic wave of chikungunya within the complex urban
settings of Latin America will shed light on arboviral transmission dynamics and help in managing future threats of
new or emerging arboviruses operating under similar epidemiologic dynamics. We characterized the epidemic wave
of chikungunya in a region highly affected by the 2014
1
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outbreak in Venezuela. To this end, we described the spatial progression of the epidemic using geographic information systems (GIS), quantified the global geographic path
that CHIKV most likely followed during the first 6 months
of the epidemic by fitting a polynomial regression model
(trend surface analysis), determined the general direction
and speed of the propagation wave of the disease, and
identified the local space–time disease clusters through
spatial statistics.
Materials and Methods
Study Area

Carabobo State is situated in the north-central region of
Venezuela (Figure 1). It is one of the most densely populated regions (19).
Study Design and Data Collection

To determine the spatiotemporal spread of the 2014 chikungunya epidemic at local and global scales, we conducted a
retrospective study of patient and epidemiologic data collected through the national Notifiable Diseases Surveillance

System (NDSS). Suspected chikungunya was diagnosed in
810 persons of all ages by their physicians; these patients
were reported through the NDSS to the epidemiologic department of the Regional Ministry of Health of Carabobo
State. Patients suspected of having chikungunya were
those with fever of sudden onset, rash, and joint pain with
or without other influenza-like symptoms. Patients who attended public or private healthcare centers across Carabobo
State municipalities were included in this study.
Patient data were obtained for June 10–December 3,
2014 (epidemiologic weeks 22–49), coinciding with the
Venezuela chikungunya outbreak. Data corresponding to the
first visit of the patients to a healthcare center were included
and comprised patient address, clinical manifestations, and
epidemiologic risk factors. This information was entered in
a database, checked for consistency, and analyzed anonymously. We defined the index case as the first chikungunya
patient reported by the NDSS within this region.
Temporal Dynamics of CHIKV Spread

We described the growth rate of the disease by plotting
the cumulative cases per epidemiologic week and fitted a

Figure 1. Area of study on the spatial dynamics of chikungunya virus, Carabobo state, Venezuela, 2014. Blue shading indicates
2014 population by parish. Most persons live in the capital city of Valencia (892,530 inhabitants); within the metropolitan area, poorer
settlements are located mainly in the southern area, and the most organized and urbanized medium- and high-level neighborhoods are
situated toward the north-central part. Insets indicate location of Carabobo state in Venezuela and Venezuela in South America.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019
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logistic curve after examining the shape of the epidemiologic curve (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/25/4/17-2121-App1.pdf). We estimated the
average number of secondary cases resulting from a primary case in a completely susceptible population— the epidemic’s basic reproductive number (R0)—from the initial
phase of the epidemic using the exponential growth method
(20) and then calculated a real-time estimate of R0, called
Rt (21,22), to explore the time-varying transmissibility of
chikungunya (Appendix).
Spatiotemporal Trend of the Epidemic
Wave of Chikungunya

We georeferenced the address of every patient into a GIS so
that the Xi (east–west) and Yi (north–south) coordinates of
each chikungunya case were derived. We drew the weekly
spatial progression of the 810 reported cases with respect
to the index case in a map. To assess the spreading pattern before the epidemic reached the steady (plateau) state
(Figure 2), we selected cases that occurred 0–125 days (up
to epidemiologic week 40) after the index case. Within
this time range, the case notification rate maintained a sustained growth.
To explore the general spatial trend of chikungunya
cases (or the movement of the epidemic wave of infection)
across the study area, we developed a map of time of disease spread using trend surface analysis, a global surface
fitting method (Appendix). We created the variable time (in
days) using the symptom onset date from the index case as
the baseline date across the 810 case localities; that is, time
(Xi, Yi). Thus, time is considered the number of days elapsed
between the appearance of a case in a specific locality Zi and
the index case. We used results of the trend surface analysis
to generate a contour map or smoothed surface; each contour
line represented a specific predicted time period in this urban landscape setting since the initial invasion of the virus.
The local rate and direction of the spread of infection was
estimated as the directional derivative at each case using the
trend surface analysis fitted model to obtain local vectors that
depicted the direction and speed (inverse of the slope along
the direction of the movement) of infection propagation from
each locality in X and Y directions. In addition, we used kriging, a local geostatistical interpolation method, to generate an
estimated continuous surface from the scattered set of points
(i.e., time) with z value to better capture the local spatial variation of chikungunya spread across the urban landscape (23).
We used ordinary kriging to predict values of the time period
since the initial invasion of the virus. We selected the model
with the best fit out of 3 theoretical variogram models tested
by cross-validation to predict the values at unmeasured locations and their associated errors (Appendix).
We also obtained an empirical basic baseline rate
of disease spread to quantify the observed velocity for
674

Figure 2. Reported chikungunya cases during epidemic,
Carabobo state, Venezuela, 2014. Black line with open black dots
indicates chikungunya cases; red line with open red diamonds,
cumulative cases.

each case zi directly from the data by measuring the linear distance (meters) of case Zi to the index case and then
dividing it by the time in days that elapsed since the index
case was reported. We assessed differences between velocities by using the Kruskal-Wallis test, a nonparametric
method to test differences between groups when these are
nonnormally distributed (24).
Finally, to identify general space–time clusters of chikungunya transmission, we performed a Knox analysis
(25), and to identify interactions at specific temporal intervals, we used the incremental Knox test (IKT) (26). For
general space–time clusters we selected critical values of
100 m (distance) and 3 weeks (time) after multiple distance
and time windows testing (Appendix Table 2). Our selection was based on the Aedes mosquito flight range and the
maximum duration of the intrinsic and extrinsic incubation
periods of the virus, respectively (27,28). Upon identification of the cluster, we calculated the distance between the
first case of a cluster (C1) and the cases within the cluster
Zi, considering this distance as a measure of virus disease
spread. For interactions at specific temporal intervals, we
used the IKT in an exploratory mode over the time intervals from 1 day to 31 days and space distances from 25
m to 500 m (Appendix). We conducted spatial analyses
using R software (The R-Development Core Team, http://
www.r-project.org) and ArcGIS version 10.3 (ESRI Corporation, https://www.esri.com) using the Spatial Analyst
Toolbox and generated maps with Quantum GIS 2.14.3 Essen (QGIS Development Team GNU—General Public License, https://www.qgis.org) software). Space-time (Knox)
analysis was performed using ClusterSeer 2.0 (Terraseer,
https://www.biomedware.com/software/clusterseer).
Ethics Statement

Data were analyzed anonymously, and individuals were
coded along with the information of address with a unique
numeric identifier. The epidemiologic department of the
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Regional Ministry of Health of Carabobo State approved
the study.
Results
Temporal Dynamics of CHIKV Spread

A total of 810 suspected chikungunya cases were reported
in Carabobo State in 2014 during epidemiologic weeks
22–49 (28 weeks), representing the first introduction and
propagation of the virus in the north-central region of Venezuela. The index case was an imported case (in a returning
traveler from the Dominican Republic) in epidemiologic
week 22 in the north-central zone of the capital city (Valencia) (Figure 1). The index case was followed by the other
imported cases and soon after by locally transmitted cases.
The cumulative cases during epidemiologic weeks
22–49 followed a logistic growth (Appendix Figure 1;
R = 0.99, n = 810; p<0.05). The reported cases displayed
a characteristic epidemic curve with a single wave and
peaked at epidemiologic week 33, eleven weeks after
the index case (Figure 2). The epidemic takeoff occurred
at epidemiologic week 31 (i.e., 9 weeks after the index
case). The total duration of the outbreak was ≈28 weeks;
however, the main epidemic curve lasted ≈3 months,
from epidemiologic week 30 until epidemiologic weeks
43–44. The initial global growth rate of the epidemic
was 0.53 cases per week, and R0 = 3.7 (95% CI 2.78–
4.99) secondary chikungunya cases per primary case
(epidemiologic weeks 22–31). We obtained comparable
results when we calculated the instantaneous reproductive
number (Rt = 4.5, 95% CI 2.4–7.1) during the epidemic

peak. Beginning with epidemiologic week 34, Rt values
fell below 1, and they gradually decreased from there
onward (Appendix Figure 2).
Spatiotemporal Distribution of the
Chikungunya Epidemic

The chikungunya outbreak progressed chronologically
and spatially through Carabobo State (Figure 3; Video,
https://wwwnc.cdc.gov/EID/article/25/4/17-2121-V1.
htm). The cases reported in Valencia during the first 6
weeks were located in the central area of the city close to
the index case, whereas a few cases were reported in the
southwestern part of Valencia and in other small urban
towns of Carabobo (Figure 3, panel A). The first autochthonous case occurred during this interval in the southcentral area of Valencia, relatively close to the index case
(Figure 3, panel A). During epidemiologic weeks 28–31,
the number of reported cases increased in parishes around
the autochthonous case (Figure 3, panel B). During epidemiologic weeks 32–35, the number of cases exploded exponentially, and the disease spread rapidly throughout the
capital city and surrounding smaller urban centers (Figure
3, panel C). New cases were actively reported during 8
continuous weeks (Figure 3, panels C, D) to later decrease
from epidemiologic week 40 to epidemiologic week 49
(Figure 3, panels E, F). The epidemic progressed in 2
directions (movement axes) in the region: a north–south
direction and a northeastern and southwestern direction.
Both shifts consistently overlapped with the populated
centers of the region and the main traffic routes (motorways and main roads).

Figure 3. Spatial and temporal spread of chikungunya epidemic, Carabobo state, Venezuela, June–December 2014. Time is presented
at epidemiologic week intervals as follows: A) weeks 22–27; B) weeks 28–31; C) weeks 32–35; D) weeks 36–39; E) weeks 40–45;
F) weeks 46–49. Red circles indicate the appearance of new cases for the given interval; blue indicates the cumulative cases in prior
intervals. Light yellow lines depict the road system of the area of study; light gray areas represent the populated areas (urban centers)
within the parishes. Yellow star indicates index case; green diamond indicates first autochthonous case.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019
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Figure 4, panel A, depicts the general direction and
propagating wave of disease derived from the trend surface
analysis. Contour lines that are far apart indicate that the
epidemic diffused quickly through the area, whereas lines
that are closer together show a slower progression. The direction of diffusion is also given by the edges of the contour
lines. The model located the wave of disease dispersal in
the central part of the region and included the index case
and autochthonous case. The bulk of the outbreak unfolded within 90 days, spreading mainly to the southwestern
and northern parts of the capital city. During this time, the
maximum radial distance traveled was 9.4 km. A slower
diffusion was predicted toward the northeast and southern

part of the region. However, the limitation of the method
resulting from edge effects determines that the best area for
prediction is the central one.
To visualize the local diffusion of CHIKV at each
location, we drew the vector field across the modeled surface
(Figure 4, panel A). Overall, the model confirms the previous observation of a general trend or corridor of diffusion of chikungunya cases southwest and northeast of the
capital city within the first 80 days. After 90 days, the
epidemic wave varied its direction and magnitude by location. Although agreeing with the general pattern shown by
the trend surface analysis, the resulting kriging Gaussian
(selected) model interpolation surface (Figure 4, panel B;
Figure 4. Global and local
predicted spreading patterns of
chikungunya virus, Carabobo
state, Venezuela, 2014. A)
Contour map (global scale) of
the predicted spreading waves
and the velocity vector arrows of
each case of chikungunya. The
contour map and contour lines
in black (traveling waves) were
estimated by the best-fit trend
surface analysis (third order
polynomial model) of time (days)
to the first reported case or index
case of chikungunya across the
landscape. White lines correspond
to the road system of the area.
The background gradient of
color shows the probability of
chikungunya virus diffusion
according to the prediction of the
model: the darker the red, the
higher the probability of spread.
Each vector (blue outlined arrows)
represents the instantaneous
velocity derived from the partial,
differential equations from the
trend surface analysis model
(Appendix, https://wwwnc.cdc.gov/
eid/article/25/4/17-2121-App1.
pdf). B) Spatial prediction map
for the ordinary kriging (Gaussian
model) interpolation of the time
(each color represents a different
number of days) of chikungunya
spread. Contour lines from trend
surface analysis depicted in
the kriging surface are shown
only for comparison purposes.
Yellow star indicates index case;
green diamond indicates first
autochthonous case.
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Appendix Table 1) predicts a more heterogeneous spread
pattern of chikungunya cases by matching the patchy (uneven population density) distribution of human neighborhoods and the road network. In addition, kriging identified a faster propagation of the epidemiologic wave at the
southwestern and eastern areas where the model showed its
best fit (Appendix Figure 3, panel A) and a slower movement to the northeastern and south-central areas than estimated by the trend surface analysis.
We calculated the virus diffusion velocities for each parish through the empirical method (Table). The mean velocity
of disease spread across the state was 82.9 m ± 53.6 m/day,
and overall, the pattern of diffusion of CHIKV was highest in
the suburban and rural settlements near the capital city. However, the observed velocities varied significantly by location
(n = 735; p<0.05). For instance, the parishes at the center of
the capital (San Jose, Catedral, Candelaria, San Blas, Santa
Rosa) showed velocities <60 m/day, whereas in the remaining localities, including both rural and suburban towns, the
speed was >60 m/day. The maximum velocity of the outbreak was 483 m/day, measured south of the capital.

southern and southwestern parts of the capital. The earliest
cluster (cluster 7; Figure 5) was located in the west-central
parts of the capital and comprised 3 cases, including the
index case. From this cluster, the average distance from
each case to the index case was 32 m, and the cases were
reported within 25 days after the index case. In addition, the
major cluster (cluster 57, 12 cases) was located in the westcentral area of the capital 4 km from the index case (Figure
5). The cases belonging to this cluster occurred within 9
days (1.3 cases per day); these cases occurred an average of
70 days (range 69–77 days) after the index case (Appendix
Table 3). The median time between the first notified case
(symptom onset) and the last case within a cluster was 9
days (range 3–18 days). Furthermore, the average distance
between cases within the clusters was 75.2 m ± 25.6 m
(range 110.6–39.2 m) (Appendix Table 4). Furthermore,
the baseline velocity in Carabobo State was similar to the
average velocity within the clusters (69.9 ± 34.4 m/day).
These results agree with IKT findings, where the temporal
intervals with the strongest spatial clustering and RR
occurred at 1–7 days and 25–150 m (Appendix Figures 7, 8).

Spatiotemporal Clusters of the Epidemic Wave

Discussion
We described and quantified the spatial and temporal events
that followed the introduction and explosive propagation of
CHIKV into an immunologically naive population living in
the urban north-central region of Venezuela during 2014.
The main epidemic curve developed within 5 months,
with a maximum value of the estimate of R0 = 3.7 by
epidemiologic week 12. The speed of disease diffusion
was greatest during the first 90 days, and the spatial spread
was heterogeneous following mostly a southwest spatial
corridor at a variable local rate of diffusion across the

Results after multiple space and time parameters testing
showed that core clusters remained similar through time
(Appendix Figure 4), and the relative risk (RR) within the
clusters remained important (RR >1.5) up to 3 weeks (Appendix Figure 5). Using selected critical values, we identified 75 general space–time clusters using Knox analysis
(Appendix Table 3; Appendix Figure 6, panel A). These
clusters included at least 2 space–time-linked cases and a
total of 205 (27.9%) cases that showed a space–time relation. The major accumulation of clusters occurred in the

Table. Average velocities of chikungunya virus spread across Carabobo state, Venezuela, 2014
Velocity, m/day
Civil parish
No. cases
Mean (95% CI)
SD
Minimum
Candelaria
29
39.4 (33.5–45.2)
15.3
17
Catedral
11
28.8 (22.4–35.3)
9.5
15
Ciudad Alianza
1
146.7
Not applicable
147
El Socorro
6
47.2 (13.5–80.9)
32.1
25
Guacara†
4
151.7
98
206.2 (35.1 to 447.6)
Guigue‡
5
256.7 (151.7–361.8)
84.6
163
Independencia†
6
206.7 (138.8–274.5)
64.7
138
Los Guayos
42
115.1 (105.3–124.9)
31.4
52
Miguel Peña
228
80.6 (75.3–86.0)
40.6
21
Naguanagua
41
85.9 (77.3–94.6)
27.3
47
Rafael Urdaneta
84
87.2 (79.5–94.8)
35.3
23
San Blas
27
43.6 (39.0–48.3)
11.7
21
San Diego
35
73.3 (63.5–83.1)
28.5
41
San Jose
68
27.6 (21.3–34.0)
26.2
0
Santa Rosa
70
58.4 (55.9–60.9)
10.4
35
Tacarigua‡
6
197.0 (147.7–246.3)
47.0
149
Tocuyito†
70
149.8 (137.2–162.4)
52.8
61
Yagua‡
2
12.7
102
111.0 (3.4 to 225.4)
Total
735
82.9 (79.0–86.7)
53.6
0
*Location refers to relative locations from the center of the capital city, Valencia.
†Suburban settlements.
‡Rural settlements.

Maximum
96
50
147
98
430
344
310
176
483
174
186
62
150
202
97
259
365
120
483
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Location*
Central
Central
East-southeast
South-southwest
East-northeast
Southeast
South-southwest
East-southeast
South
North
Southeast
Central
North-northeast
North-central
Central
South-southeast
Southwest
East-northeast
Entire state
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Figure 5. Geographic
distribution and significant
space–time clustering of
reported chikungunya cases
identified in a section of
the capital city, Valencia
(metropolitan area), Carabobo
state, Venezuela, June–
December 2014. Red dots
denote case location; black
outlined circles identify
a significant space–time
cluster; yellow lines show the
interaction between cases
(time–space link). The analysis
was performed using 100 m as
clustering distance and 3 weeks
as time window. Significance
level for local clustering
detection was p<0.05. Inset
depicts the geographic location
of Carabobo; black rectangle
indicates highlighted study area.

landscape. The radial spread traveled distance was 9.4 km at
a mean velocity of 82.9 m/day. The chikungunya epidemic
showed spatiotemporal aggregation predominantly south
of the capital city, where conditions for human–vector
contact are favorable.
The temporal dynamics here described, R0 and its
time variable form Rt, suggest high transmissibility of
CHIKV in this population. These results agree with previous CHIKV introductions into naive populations (29–31)
and with the 2014 predicted values for the mid-latitude
countries (R0 = 4–7) of the Americas (31). High values
of R0 are also described during first introduction outbreaks of other Aedes mosquito–borne pathogens, such as
DENV in Chile (R0 = 27.2) (32) and Zika virus in Brazil
(R0 = 1.5–6) (33) and French Polynesia (34). Yet, overall R0 estimates for dengue are ≈2–6 (35). The similarity
between the R0 of CHIKV, DENV, and Zika virus infections, all transmitted by the same main vector, the Ae.
aegypti mosquito, strongly suggests that the major factor
driving the exponential increase of the epidemic curve of
arboviruses in naive populations is the transmission efficiency of the vector.
Spatially, trend surface and kriging analyses showed
a primary wave of disease spread within the first 80 days
in the most likely area of transmission (the southwestern
center of Valencia), whereas a second wave at 90 days
showed the spread of cases toward the southern, western,
and northern areas. This sequential pattern is similar to
that of dengue, where transmission within neighborhoods
most likely is driven by mosquito presence or abundance
678

and/or short-distance movement of viremic hosts (36–38),
whereas long-distance dissemination is probably generated
by human mobility patterns through main roads and motorways. Both movements powerfully affected disease transmission (39,40). Moreover, population density modulates
the chance of vector–host contact (30,41), a fact reflected in
the variation of calculated velocities across different spatial
points and the increased diffusion speed of the epidemic
toward the southernmost populated area.
Although CHIKV was introduced into a naive population in Venezuela, the distribution of cases was not
random but aggregated into 75 significant space–time
clusters, indicating an increased likelihood of vector–host
contact. The area with most clusters, the southern part
of Valencia city, is characterized by densely populated
neighborhoods, lower socioeconomic status, and crowded
living conditions. Similar factors increased the risk for
dengue transmission and clustering (hot spots) in highly
endemic urban areas of Venezuela (42). Poverty and human behavior fostering potential mosquito breeding sites
(such as storing water at home) were linked with a greater
risk for dengue (42,43). In Venezuela, long-lasting deficits in public services, such as frequent and prolonged interruptions in water supply and electricity, have become
regular in recent years. These inadequacies have obliged
residents to store water, maintaining adequate breeding
conditions for Aedes vectors during the dry season and
throughout the year (44). During the CHIKV epidemic,
the proportion of houses infested with Aedes larvae/pupae
(house index) in Venezuela was >20% (45). The World
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Health Organization recommends a house index <5% for
adequate vector control (46).
In our study, the average distance among cases
within chikungunya clusters was 75 m, which coincided with the reported flying range of urban Ae. aegypti
females during mark-release-recapture studies (37,47).
Ae. aegypti females have been reported to visit a maximum of 3 houses in a lifetime while not traveling far
from their breeding sites (48,49). Thus, the distance
traveled by the vector and the number of possible host
encounters with an infected vector cannot explain the
entire disease epidemic spread. Other factors, such as
movement of viremic hosts, a widely distributed vector,
and the lack of herd immunity, may play a role, as for
DENV, in long-range spread (37).
The lack of entomologic data and estimates of human
movement limit our study. We expect that our estimates
based on epidemiologic records are accurate because chikungunya is symptomatic in >80% of cases. Likewise,
surveillance in Venezuela is based on symptomatic patient
reporting by treating doctors.
Our analysis suggests that the epidemic of chikungunya in Venezuela followed a determined geographic course.
This propagation was potentiated south and southwest of
the study area. Chikungunya is now established in Venezuela, along with other Aedes mosquito–borne infections,
such as dengue and Zika. However, further epidemics of
these and other reemergent arboviruses (i.e., Mayaro virus
[18,50]) are likely to arise. The insights gained in our study
will help identify and predict future epidemic waves of upcoming vectorborne infections and quickly define intervention areas and improve outbreak preparedness response in
Venezuela and countries with similar settings.
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Sand Fly–Associated Phlebovirus
with Evidence of Neutralizing
Antibodies in Humans, Kenya
David P. Tchouassi, Marco Marklewitz, Edith Chepkorir, Florian Zirkel,1
Sheila B. Agha, Caroline C. Tigoi, Edith Koskei, Christian Drosten,
Christian Borgemeister, Baldwyn Torto, Sandra Junglen,2 Rosemary Sang2

We describe a novel virus, designated Ntepes virus (NPV),
isolated from sand flies in Kenya. NPV has the characteristic
phlebovirus trisegmented genome architecture and is related to, but distinct from, Gabek Forest phlebovirus. Diverse
cell cultures derived from wildlife, livestock, and humans
were susceptible to NPV, with pronounced permissiveness
in swine and rodent cells. NPV infection of newborn mice
caused rapid and fatal illness. Permissiveness for NPV replication in sand fly cells, but not mosquito cells, suggests
a vector-specific adaptation. Specific neutralizing antibodies were found in 13.9% (26/187) of human serum samples
taken at the site of isolation of NPV as well as a disparate
site in northeastern Kenya, suggesting a wide distribution.
We identify a novel human-infecting arbovirus and highlight
the importance of rural areas in tropical Africa for arbovirus
surveillance as well as extending arbovirus surveillance to
include hematophagous arthropods other than mosquitoes.

D

isease outbreaks caused by Zika, dengue, yellow fever,
chikungunya, and Rift Valley fever viruses illustrate the
threat posed by arthropodborne viruses (arboviruses), which
affect millions of patients worldwide each year (1–3). Major
epidemic arboviruses are thought to have originated in tropical Africa, where they are known or thought to have caused
local outbreaks before epidemic or pandemic spread. Early
recognition of local outbreaks, including precise identification of the disease-causing agent, is key to effective preparedness against epidemics. However, active surveillance
is poorly implemented in most seeding countries.
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Monitoring programs for vectors of arboviral diseases
often prioritize mosquitoes and ticks (4), neglecting other
blood-feeding vectors, such as sand flies. Sand flies transmit protozoan parasites that cause leishmaniasis as well as
phleboviruses (order Bunyavirales, family Phenuiviridae,
genus Phlebovirus) (5,6). Sand fly–borne phlebovirus infections are known to occur in the Mediterranean basin
(7,8). Some of these, such as sandfly fever Naples, Sicilian, and Toscana viruses, are of public health importance,
especially Toscana virus, which causes meningitis and encephalitis in humans (8–10).
The International Committee for the Taxonomy of Viruses (ICTV) currently recognizes 10 viral species within the
genus Phlebovirus: Rift Valley fever virus (RVFV), severe
fever with thrombocytopenia syndrome (SFTS) virus, Uukuniemi phlebovirus, Bujaru phlebovirus, Candiru phlebovirus, Chilibre phlebovirus, Frijoles phlebovirus, Punta Toro
phlebovirus, Salehabad phlebovirus, and sandfly fever Naples phlebovirus (11). The last 7 species are vectored by sand
flies. Novel unclassified phleboviruses (e.g., Fermo, Granada,
Punique, and Massilia viruses), as well as recently discovered
flaviviruses in sand flies, underline the importance of these
neglected vectors of arboviral diseases (12–16).
Sand fly–borne phleboviruses have been studied mainly
in the Mediterranean region. Prevalence data for sub-Saharan Africa remain scarce. Studies have found serologic evidence of human infections with Karimabad, sandfly fever
Naples, and sandfly fever Sicilian viruses in patients from
Sudan with febrile illness (7,17,18). Human infections with
sandfly fever Naples and Sicilian viruses have been reported
in Uganda, Somalia, Djibouti, and Ethiopia (7,19). However,
serologic surveys may be compounded by antigenic crossreactivity between phleboviruses (except in neutralization
assays), thereby precluding the unequivocal identification of
the circulating sand fly–borne virus (5). Few studies have
incorporated viral genetic characterization.
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We describe a previously unknown phlebovirus discovered during vector surveillance in Kenya, which we
designate Ntepes virus (NPV), after the place of sampling
of virus-infected sand flies. The complete genome of NPV
was sequenced, viral species tropism in cell culture assessed, and pathogenicity in vertebrates proven by infection of mice. Human serum samples from Ntepes and other
communities yielded evidence of human infection based on
specific virus neutralization.
Methods
Sandfly Trapping and Virus Isolation

We trapped sandflies using CDC light traps (John W. Hock,
https://johnwhock.com) in villages of the Marigat district,
Baringo County, Kenya, in February 2014 (Figure 1). We
homogenized pools of 5–50 female specimens in minimum
essential medium (MEM), inoculated an aliquot of the clarified supernatant (50 µL) into Vero cells, and incubated it for up
to 14 days with daily monitoring for cytopathic effect (CPE).
We passaged CPE-positive supernatant onto fresh Vero E6/7
cells; virus stock solution was generated from the first passage and used for all further experiments. We determined the
infectious titer by 50% tissue culture infectious dose (TCID50)
assay using 10-fold serial dilutions from 10–1 to 10–12 of the
virus stock inoculated in 5 wells each of subconfluent Vero
cells seeded in a 96-well plate. We calculated the virus titer

according to Reed and Muench (20). We estimated the minimum infection rate (MIR) in sandflies using the formula
[number of positive pools/total specimens tested] × 1,000.
Broad Reverse Transcription PCR Screening

We extracted RNA from cytopathic cell culture supernatant (200 µL aliquot) using the Viral RNA Mini Kit
(QIAGEN, https://www.qiagen.com) and eluted it in 50
µL of buffer. We performed cDNA synthesis using SuperScript III reverse transcription (Invitrogen, https://www.
thermofisher.com) and random hexamer primers (TIB Molbiol, https://www.tib-molbiol.com), followed by reverse
transcription PCR (RT-PCR) for orthobunyaviruses, alphaviruses, and flaviviruses (21–24). We screened for sand
fly–borne phleboviruses by targeting the RNA-dependent
RNA polymerase (RdRp) gene using degenerate primers
(25). We compared the nucleotide sequences to GenBank
using blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and
subjected them to initial phylogenetic analysis in MEGA6
(26). We further extracted RNA from pooled sand flies
and tested it by real-time PCR using NPV-specific primers
(forward, 5′-GCAAGAAAGCACTGTGGTGG; reverse,
5′-CGTATGATGATCGGCCACCA; probe, 5′-6-FAMACAGCCACCTCTGATGATGC-IBFQ).
Genotyping of Sand Flies and Blood Meal Analysis

We amplified the barcode region of the cytochrome c oxidase subunit I (COI) gene using published primers (27). We
extracted genomic DNA from individual bloodfed sand fly
specimens using the QIAGEN DNeasy Blood and Tissue
Kit (QIAGEN). We amplified a 500-bp fragment of the 12S
mitochondrial rRNA gene as described (28), sequenced the
PCR products, and compared them to GenBank database
data. We inferred species-level identification on the basis
of ≥98% identity spanning >300 bp, as described by Valinsky et al. (29).
Next-Generation Sequencing, Genome Annotation,
and Phylogenetics

Figure 1. Geographic location of sand fly collection site
(Ntepes) and district hospitals of Marigat and Sangailu, where
human serum samples were collected, Kenya.
682

We purified and concentrated virions from the supernatant
of infected Vero cells by ultracentrifugation through a 36%
sucrose cushion. We extracted viral RNA using the QIAGEN RNeasy Kit according to the manufacturer’s instructions. We generated cDNA using the Maxima H Minus
Double-Stranded cDNA Synthesis Kit and random hexamer primers (Thermo Fisher Scientific, https://www.thermofisher.com). We prepared DNA libraries using the Nextera
XT DNA Sample Preparation Kit and analyzed them on an
Illumina MiSeq instrument with the MiSeq Reagent Kit v3
(Illumina, https://www.illumina.com). We identified viral
reads by reference mapping to phleboviruses as well as by
BLAST comparisons against a local amino acid sequence
library containing translations of open reading frames
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(ORFs) of phleboviruses. We closed sequence gaps by
conventional RT-PCR followed by Sanger sequencing. We
performed genome assembly using Geneious (http://www.
geneious.com) and confirmed genome terminal sequences
by rapid amplification of cDNA ends (RACE-PCR; Life
Technologies, https://www.thermofisher.com). We identified ORFs using Geneious, compared nucleotide and amino
acid sequences with other sequences by blastn and blastx
searches against the GenBank database, and identified
protein motifs by web-based comparison to the Pfam database (http://www.pfam.janelia.org). We identified putative
transmembrane regions by prediction of the hydropathy
profile using TMHMM (http://www.cbs.dtu.dk/services/
TMHMM-2.0) and predicted N-linked glycosylation sites
using the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc).
We aligned nucleotide and amino acid sequences of
the ORFs of the respective genome segments with related
viral sequences in Geneious using MAFFT (30). Phylogenetic trees were inferred by the maximum-likelihood
(ML) method using the best suitable substitution matrix
(LG) identified by Modeltest, as implemented in MEGA.
We performed confidence testing based on 1,000 bootstrap iterations (31).
In Vitro Viral Growth Kinetics

We infected cell lines from insects (LL-5, sand fly; C6/36,
mosquito), humans (HEK293-T), small mammals (BHK21, hamster; VeroE6/7, primate; MEF, mouse; EidNi, bat),
and livestock (PK-15, swine; ZN-R, goat; DF-1, chicken;
KN-R, cattle) in doublets, at a multiplicity of infection of
0.1. We harvested aliquots of infectious cell culture supernatants every 24 h for periods of 7 d and quantified viral
genome copies by real-time RT-PCR with plasmid-based
quantification standards.
In Vivo Pathogenesis in Suckling Mice

We intracerebrally inoculated 100 µL of the viral stock
of the first passage, as well as 3 consecutive 2-fold dilutions, into 3–4-day-old Swiss Albino suckling mice. The
doses used in the experimental infection were quantified
by plaque assays in Vero cells as described previously (32)
and corresponded to viral titers of 4 × 106, 2 × 106, 1 × 106,
5 × 105, and 2.5 × 105 PFU/mL. We included noninfectious
MEM as a negative control. We observed all mice 2 times/
day for up to 14 days for signs of disease. We homogenized
brains from recently dead mice in 1 mL of cell culture media and plaque-titrated them on Vero cells.
Human Serum Samples and Neutralization Tests

Archived serum samples from the Marigat district hospital, taken during 2010–2011, and from Sangailu Health
Centre in the Hulugho subcounty in northeastern Kenya,

collected during 2010–2012, were available (Figure 1). We
performed a virus neutralization test using 2-fold serial dilutions of serum samples (1:20 to 1:640). We mixed 50 µL
of the serial serum dilutions with 70 TCID50 of NPV. Mixtures were incubated at 37°C in the presence of 5% CO2 for
1 h, then used for infection of a confluent Vero E6/7 cell
monolayer seeded in 96-well culture plates with 2 wells/
dilution. After 7 days of incubation, we recorded the highest serum dilution at which no CPE was observed in at least
50% of the wells as the neutralization titer.
We tested NPV-reactive human serum samples with
RVFV, Gabek Forest virus (GFV), and Karimabad virus
(KARV) for serologic cross-reactivity, as described earlier
in this article. In addition, we tested GFV- and KARVpositive serum samples with NPV in 2-fold serial dilutions
from 1:5 to 1:20 (Table).
Ethics Considerations

Approval for the study was granted by the Scientific
and Ethical Review Unit and Animal Care and Use
Committee of the Kenya Medical Research Institute (SSC
Protocol nos. 1560 and KEMRI/SERU/CVR/003/3312).
All animal experiments were carried out in accordance
with the regulations and guidelines of the Kenya Medical
Research Institute.
GenBank Accession Numbers

The NPV genome was deposited in GenBank under accession nos. MF695810–MF695812. The COI sequence obtained from the virus-positive sand fly pool was deposited
in GenBank under accession no. MG913288.
Results
NPV Isolation and Characterization

In total, 6,434 sand flies were trapped (Figure 1). A subset
of 5,481 sandflies was pooled and the resulting 111 pools
individually inoculated in VeroE6/7 cells. One pool consisting of 8 females induced CPE 4–5 days postinfection.
Sequence analysis of the COI gene of the sand flies of this
CPE-positive pool suggested that sand flies were of the genus Sergentomyia. We identified blood-meal hosts for 62
blood-fed specimens sampled at the same place and time as
the pooled specimens. Results revealed that 56 (90.3%) had
fed on humans, 2 (3.2%) on snakes, and 1 (1.6%) each on
a frog, lizard, cow, and ostrich. The infectious cell culture
supernatant tested negative for RVFV, orthobunyaviruses,
alphaviruses, and members of genus Flavivirus. We amplified a 0.5-kb fragment of the RdRp gene of sand fly–
borne phleboviruses using degenerated primers (25). The
sequence showed the highest pairwise identity of 79% to
GFV and 75% to KARV. We sampled a subset of 953 individual sand fly samples 2 years after the initial study and
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tested it in pools of 10 by specific RT-PCR for the cultured
virus; results were negative.
Analysis of the complete genome by next-generation
sequencing confirmed isolation of a novel phlebovirus. The
virus was tentatively termed Ntepes virus, after the location
where the sand flies were collected. The virus exhibits the
characteristic tripartite-segmented genome organization of
phleboviruses, comprising the large (L) segment, which encodes the RdRp protein; the medium (M) segment, encoding
a glycoprotein precursor protein (GPC) that is posttranslationally cleaved into 2 viral surface glycoproteins (Gn and
Gc) and a nonstructural protein (NSm); and the small (S)
segment, encoding the nucleocapsid (N) protein and a nonstructural protein (NS) in an ambisense manner (Figure 2).
Highest sequence similarities to GFV were 93% to RdRp,
88% to GPC, 79% to Nsm, 85% to N, and 90% to NS. NPV
has the typical conserved genome termini shared among
phleboviruses (5′-ACACAAAG and CUUUGUGU-3′) (8).

Phylogenetic analyses of NPV RdRp, Gn, Gc, and N
proteins and all available sand fly–borne phlebovirus sequences indicate that NPV forms a strongly supported clade
with GFV and KARV. NPV branches as a sister taxon to
GFV in all genes, suggesting NPV to be a member of the
Karimabad species complex (Figure 3). However, the designation of the Karimabad species complex is not yet officially
approved by the ICTV. For a provisional genetic classification, we analyzed the intragenetic distances among established phlebovirus species and unclassified isolates based
on the RdRp gene. Pairwise nucleotide and amino acid distances between established species ranged from 38% to 62%
for nucleotide distances and 39% to 68% for amino acid
distances (Appendix Figure, http://wwwnc.cdc.gov/EID/
article/25/4/18-0750-App1.pdf). For example, amino acid
distance between Punta Toro virus and Candiru virus was
39% and between SFTS virus and sandfly fever Naples virus
was 68%. Pairwise nucleotide distances ranged from 20% to

Table. NT reactivity with NPV, GFV, KARV, and RVFV of serum samples from febrile persons and healthy controls in Kenya*
Reactivity against
Sample
Age,
ID
Origin
y/sex
Occupation
Acute febrile infection†
NPV
RVFV
GBV
H01
Marigat
8/F
Student
Fever/chills, head/joint/muscle aches
1:40
None
None
H02
Marigat
10/F
Student
Fever/chills, cough, head/joint/muscle
1:20
None
None
aches, eye pain, diarrhea
H03
Marigat
18/F
Student
Fever/chills, cough, head/joint/muscle
1:40
None
None
aches, jaundice, abdominal pain
H04
Marigat
19/M
Shop
Acute febrile illness—fever/chills,
1:20
None
None
attendant
cough, head/muscle aches
H05
Marigat
29/M
Driver
Fever/chills, head/joint/muscle aches
1:80
None
None
H06
Sangailu
17/F
Housewife
Fever
1:40
None
None
H07
Sangailu
25/M
Herdsman
Fever/chills, headache, diarrhea
1:320
1:1,280
None
H08
Sangailu
42/F
Housewife
Fever/chills, headache,
1:40
None
None
abdominal pain
H09
Sangailu
50/F
Housewife
Fever/chills, cough,
1:20
None
None
head/joint/muscle aches
H10
Sangailu
24/M
Herder
Fever/chills, head/joint/muscle aches,
1:320
None
None
diarrhea
H11
Sangailu
53/F
Housewife
Fever, cough, headache,
1:20
None
None
abdominal pain, muscle ache
H12
Sangailu
26/M
Shepherd
Healthy control
1:20
None
None
H13
Sangailu
30/F
Housewife
Healthy control
1:160
None
None
H14
Sangailu
65/M
Pastoralist
Healthy control
1:40
1:320
None
H15
Sangailu
62/M
Herdsman
Healthy control
1:80
1:640
None
H16
Sangailu
34/F
Housewife
Healthy control
1:80
None
None
H17
Sangailu
52/F
Housewife
Healthy control
1:20
None
None
H18
Sangailu
50/M
Herdsman
Healthy control
None
1:1,280
None
H19
Sangailu
57/M
Herdsman
Healthy control
None
1:320
None
H20
Sangailu
16/M
Herder
Fever/chills, head/joint/muscle aches,
1:160
1:160
None
abdominal pain
H21
Sangailu
18/M
Student
Fever, cough, headache,
1:80
None
None
abdominal pains
H22
Sangailu
9/F
Student
Fever/chills, cough, abdominal pains,
1:160
None
None
joint/muscle aches
H23
Sangailu
19/F
Housewife
Fever/chills, headache,
1:40
None
None
abdominal pains
H24
Sangailu
30/F
Housewife
Fever, head/joint/muscle aches,
1:160
1:40
None
abdominal pain
H25
Sangailu
17/M
Herder
Fever/chills, head/joint/muscle aches,
1:160
None
None
abdominal pain
H26
Marigat
17/M
Student
Fever/chills, head/joint/muscle aches
1:40
None
None
*GFV, Gabek Forest virus; ID, identification; KARV, Karimabad virus; NPV, Ntepes virus; NT, neutralizing test; RVFV, Rift Valley fever virus.
†Fever defined as body temperature >38°C.
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KARV
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
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59% and amino acid distances from 6% to 69% when unclassified tentative species and variants pertaining to established
species were included. For example, amino acid distance between Ponticelli virus and Adana virus was 6% and between
Naples virus and SFTS virus was 69% (Appendix Figure).
NPV showed 7% amino acid distance to GFV and 19% amino acid distance to KARV.
Classical criteria for species demarcation in phleboviruses are based on serology, with established species showing at least 4-fold differences in 2-way neutralization tests
(11). We confirmed that NPV did not react with antiserum
against its next closest relatives, GFV and KARV, in neutralization tests (Figure 4). NPV Gn protein was 13% different and Gc 4% different from GFV. The Gn protein of
phleboviruses is the key component for neutralization and
is recognized by specific neutralizing antibodies (33).
Although sequence-based species demarcation criteria have not been determined for phlebovirus species, such
criteria exist for the related orthobunyaviruses. Species
demarcation criteria are now based on the RdRp gene,
which shows >6% difference to the closest related virus.
Previously unique orthobunyavirus species were defined
on >10% difference in N protein sequences (11). The N
proteins of NPV and GFV differ by 15% (GFV itself is not
formally classified as a species, and any of the formally
classified phlebovirus species are markedly more distant
from NPV in this and other genes; Appendix Figure). We
conclude, upon cumulative evidence, that NPV constitutes
a putative novel species within the phlebovirus genus.
Permissiveness in Vertebrates

To obtain initial data on permissiveness, we performed in
vitro growth analyses in a broad range of cell lines derived

from different insect species (sand fly and mosquito), peridomestic wildlife (rodent, nonhuman primate, and bat), and
livestock (swine, goat, chicken, and cattle) species, as well
as from humans. Results revealed a broad susceptibility
to NPV, with peak genome copy numbers in cells derived
from swine and rodents (Figure 5, panel A). Cells derived
from sand flies but not from mosquitoes were permissive,
despite using C6/36 mosquito cells that are normally broadly susceptible to arboviruses because of a defect in their
antiviral RNA interference response (34). These findings
suggest a host range for NPV similar to those of KARV and
GFV, which are transmitted by sand flies and infect rodents
(35). It is not known whether rodents are amplificatory or
dead-end hosts.
Because GFV is known to induce fatal disease in laboratory mice (36,37), we explored similarities in pathogenicity with NPV. We intracranially inoculated 3–4-day-old
Swiss Albino suckling mice, causing tremors, hind-limb
paralysis, prostration, and death 5–8 days postinfection
(Figure 5, panel B). Time to death was clearly correlated
with virus dose. All animals had high infectious virus concentrations in the brain (mean 2.9 × 106 PFU/mL). Taken
together, the in vitro and in vivo pathogenicity studies of
NPV, including the pathogenicity in suckling mice, may
suggest that rodents and sand flies may be involved in the
maintenance cycle of NPV.
Evidence for Human Infection with NPV

To test whether NPV infects humans, we analyzed 187
archived serum samples: 59 samples from the Marigat
district hospital in the area where NPV-infected sand
flies were trapped, and 128 samples collected in northeastern Kenya at Sangailu Health Centre (Figure 1). All
Figure 2. Genome organization
of novel sand fly–associated
phlebovirus Ntepes virus identified
in Kenya. Sequence length of the
L, M, and S segments (in bp) and
encoded predicted proteins RdRp,
Gn, Gc, N, and nonstructural
proteins NSm and NSs (in kDa)
are indicated; ORF positions
(length in bp) are also indicated.
GFV, Gabek Forest virus; L, large
segment (encoding the RdRp
protein); M, medium segment
(encoding the nonstructural protein
NSm and the 2 glycoproteins Gn
and Gc); N, nucleocapsid protein;
ORF, open reading frame; RdRp,
RNA-dependent RNA polymerase;
S, small segment (encoding the N
protein and nonstructural protein
NSs in an ambisense manner);
vRNA, virus RNA.
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Figure 3. Phylogenetic relationship of novel sand fly–associated phlebovirus Ntepes virus from Kenya (red bold text) in relation to other
selected members of the Phlebovirus genus. A) RNA-dependent RNA polymerase; B) nucleocapsid protein; C) glycoprotein Gn; D)
glycoprotein Gc. The phylogenetic trees were inferred based on complete large, medium, and small protein sequences, applying maximum
likelihood analysis in PhyML version 3.0 (http://www.atgc-montpellier.fr/phyml/versions.php) using the LG substitution model. Statistical
support of the tree topology was evaluated by bootstrap resampling of the sequences 1,000 times. Sequences are identified by virus name
and branch colors. Bootstrap values >70 are indicated at the nodes. Scale bar represents numbers of substitutions per site.
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Figure 4. Neutralizing activity of novel sand fly–associated phlebovirus Ntepes virus from Kenya in relation to other selected members
of the Phlebovirus genus. Anti-GFV and anti-KARV samples were tested along with 26 human serum samples. GFV, Gabek Forest virus;
H, human; KARV, Karimabad virus; NPV, Ntepes virus; NT, neutralizing test; RVFV, Rift Valley fever virus.

patients from Marigat, as well as 98 patients from Sangailu, had symptoms compatible with acute infectious
diseases. The remaining 30 samples from Sangailu came
from healthy controls.
Twenty-six (13.9%) serum samples neutralized NPV,
with titers ranging from 1:20 to 1:320 (Figure 4). Women
and men were infected at equal rates. Positive samples originated from Marigat (10.2%) and Sangailu (15.6%), without statistical differences in rates (Fisher exact test odds
ratio [OR] 0.6, 95% CI 0.19–1.70; p = 0.37). Detection
rates in Sangailu did not differ between healthy and febrile
patients (Fisher exact test OR 1.4, 95% CI 0.40–4.3; p =
0.58) (Table; Figure 4). No NPV nucleic acids were detected in serum samples by NPV-specific RT-PCR, suggesting
no causative link to the present symptoms with NPV. The
detection of NPV neutralizing antibodies in geographically
unlinked regions of Kenya suggests widespread previous
human exposure and infection.
Because NPV is genetically most closely related to
GFV and KARV, we tested all NPV-positive serum samples for ability to cross-neutralize GFV or KARV. All
tests yielded negative results, providing further support for
the classification of NPV as a separate serotype (and species). Because RVFV frequently causes outbreaks in East
Africa, we also tested against RVFV, which, according to
its phylogenetic relationship with NPV, is not expected to
cross-react with NPV. Seven of 26 NPV-neutralizing serum samples were also reactive with RVFV, showing titers that did not correlate in height with titers against NPV
(Table; Figure 4). Absence of correlation of titers suggests
previous RVFV infection rather than cross-reactivity between RVFV and NPV.
Discussion
We identified a high percentage of neutralizing antibodies to NPV in humans living in the NPV-endemic area by
neutralization assay, confirming that NPV represents
a distinct phleboviral species that causes infection in

humans. The fact that the virus was isolated through an
exploratory sampling effort is an indicator of the existence
of undetected and uncharacterized viruses in this part of
Kenya. Although mosquitoes have been the focus of
studies on emerging arboviruses, the discovery of a novel
sand fly–borne phlebovirus with evidence for human
exposure across Kenya indicates the need to broaden vector
surveillance activities.
Toscana, sandfly fever Sicilian, and sandfly fever
Naples viruses are distributed in the Mediterranean region
and northern Africa. GFV has been reported from Sudan,
Senegal, Central African Republic, Nigeria, and Benin
(38). KARV occurs in eastern and central Asia (7,39,40),
as well as Sudan, Egypt, and Nigeria (7). According to
this geographic distribution, GFV seems to be the most
likely sand fly–borne phlebovirus to co-occur in Kenya.
Our results show that NPV-immune serum samples do not
react with GFV or KARV, suggesting that the reactivity
of the positive human samples was the result of previous
infection with NPV.
NPV in Kenya may occupy a niche that is taken by
GFV and KARV in northern Africa or eastern and central
Asia. Several characteristics of NPV suggest parallels between the host ranges of NPV and GFV. GFV has been
detected in rodents (38) but has been detected in arthropods
in only a single study in sand flies (35). Further, the virus
was shown to be able to infect Phlebotomus species under
laboratory conditions (Tesh R. Studies of the biology of
phleboviruses in sand flies. Paper presented at Yale University School of Medicine, New Haven, CT, USA, 1983),
suggesting that GFV is maintained in a transmission cycle
that involves rodents and sand flies and that it occasionally
infects humans (35). NPV was isolated from sand flies and
replicates in vitro in sand fly–derived cell lines but not in
mosquito cells, similar to sandfly Sicilian and Naples viruses (41). Infection studies with cell lines derived from livestock and peridomestic wildlife species showed that NPV
replicates ≈10–100 times better in rodent and swine cell
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lines than in cells derived from other animals, suggesting
the involvement of rodents or swine as potential amplificatory hosts for NPV.
COI gene analyses from the virus-positive sand fly pool
suggests that species of the genus Sergentomyia have been
infected with NPV. Blood-meal analyses revealed that 90%
of the analyzed blood-fed sand flies had fed on humans,
confirming a likely role as vectors of NPV to humans. Our
findings provide new evidence that Sergentomyia flies do
not strictly feed on reptiles but also feed frequently on humans (42,43).
The NPV antibody prevalence rate in humans
(13.9%) is comparable to that of GFV, which is 17%–
60% in Sudan, 3%–10% in Egypt, and 3% in Nigeria (7).
KARV antibody prevalence is 1%–11% in Sudan, 2% in
Egypt, and 1%–62% in regions of Iran and Russia (7).
Human serum samples from northern Kenya have been
tested and yielded no antibodies against GFV or KARV,
which matches our results (7).
NPV appears to have a wide distribution in Kenya; we
found equal exposure rates in 2 geographic sets of humans
sampled >600 km apart. The serum samples from this
study were collected during 2010–2012, suggesting that
NPV has been present in humans since at least 2010.
Sand fly pools collected in 2014 had low infection rates
(MIR 0.18, 1/111 pools, 5–50 sand flies/pool), possibly resulting from collection during a period with low

transmission rates. The estimated MIR is lower compared
with previous sand fly infections with phleboviruses such
as Punique (MIR 6.7) (14), Massilia (MIR 3.7) (12), and
Toscana (MIR 2.2) viruses (44), although comparable to
Toros (MIR 0.26) and Zerdali (MIR 0.35) viruses (45).
The significance of just 1 isolate of the novel phlebovirus
from 111 sand fly pools may seem limited, but it is noteworthy that circulation of RVFV, a phlebovirus with huge
epidemic potential, is generally detected at low rates in
vectors during interepidemic periods. For instance, multiple surveillance efforts sampling and analyzing thousands
of primary and secondary RVFV vectors from outbreak
hotspot areas failed to yield any RVFV isolates (46,47),
yet RVFV infection rates in mosquitoes during the 2006–
2007 outbreak in Kenya were high, ranging between 0.8
and 10.65 per 1,000 for primary vectors (2).
The outcome of infection experiments in mice suggests that NPV could cause diseases such as GFV and
RVFV infection (36,37). The neglect of sand fly–borne
phleboviruses in Africa is exemplified by outbreaks of
acute febrile illness associated with sandfly fever Sicilian
virus in Ethiopia, which, for a long time, had remained
misdiagnosed as malaria (48), as well as an outbreak of
febrile illness probably associated with sandfly fever Naples virus in Sudan (17).
The symptoms reported among most of the tested patients in this study cannot be conclusively linked to NPV

Figure 5. In vitro growth kinetics of novel sand fly–associated phlebovirus Ntepes virus from Kenya in different cell lines. A) Insects:
LL-5, sand fly; C6/36, mosquito. B) Human: HEK293-T. C) Peridomestic wildlife: hamster, BHK-21; primate, VeroE6/7; mouse, MEF;
bat, EidNi. D) Livestock: swine, PK-15; goat, ZN-R; chicken, DF-1; cattle, KN-R. Cells were infected with a multiplicity of infection of 0.1;
supernatants were collected every 24 h for 7 d postinfection. Viral genome copies were measured at indicated timepoints by real-time
reverse transcription PCR. E) Pathogenicity of Ntepes virus infection in mice. Litters of 2-day-old Swiss Albino suckling mice (8 mice/
litter) were intracerebrally inoculated using the indicated virus titers or cell culture media as a control. Animals were monitored daily for
signs of disease. Titers are shown in PFU/mL.
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infection, as indicated by antibodies in symptomatic patients and healthy controls, demanding further studies of
possible disease association. Clinical studies using specific
real-time PCR are necessary to detect viral RNA in humans
and to measure the clinical impact of NPV.
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Human-Origin Influenza A(H3N2)
Reassortant Viruses in Swine,
Southeast Mexico
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The genetic diversity of influenza A viruses circulating in
swine in Mexico complicates control efforts in animals
and presents a threat to humans, as shown by influenza
A(H1N1)pdm09 virus. To describe evolution of swine influenza A viruses in Mexico and evaluate strains for vaccine
development, we sequenced the genomes of 59 viruses
and performed antigenic cartography on strains from 5 regions. We found that genetic and antigenic diversity were
particularly high in southeast Mexico because of repeated
introductions of viruses from humans and swine in other
regions in Mexico. We identified novel reassortant H3N2
viruses with genome segments derived from 2 different viruses that were independently introduced from humans into
swine: pandemic H1N1 viruses and seasonal H3N2 viruses.
The Mexico swine viruses are antigenically distinct from US
swine lineages. Protection against these viruses is unlikely
to be afforded by US virus vaccines and would require development of new vaccines specifically targeting these diverse strains.

G

enetically diverse influenza A viruses (IAV) circulate in swine globally, complicating efforts to control
the virus and increasing the threat that a novel virus will
emerge in pigs with the capacity to infect humans. This
threat was exemplified by the influenza A(H1N1)pdm09
virus, which originated in swine in Mexico, most likely in
the west or central–north regions (1). Although IAVs have
been endemic in US swine herds since 1919 (2), there is no
evidence that IAVs circulated in swine in Mexico before the
1990s. The emergence of Mexico as a hub of swine IAV diversity with pandemic potential is a relatively recent event.
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During 1989–2015, >2 million hogs raised in the United States were transported to Mexico, representing >87% of
all US swine exports (Figure 1, panel A). During the 1990s,
≈100,000 live hogs were transported annually, on average,
from the United States to Mexico (Figure 1, panel B), thus
facilitating establishment of 2 major North American swine
IAV lineages in Mexico by the end of the decade: triple
reassortant swine H3N2 (TRswH3N2) viruses and classical
swine H1N1 (CswH1N1) viruses (1) (referred to as lineage
1A according to recently proposed H1 nomenclature [3]).
Avian-like Eurasian swine H1N1 (EAswH1N1, lineage 1C
[3]) viruses were also introduced into multiple regions of
Mexico from Europe. Previously, EAswH1N1 viruses had
only been detected in Europe and Asia (4–6), and Mexico
is the only country in the Americas where TRswH3N2,
CswH1N1, and EAswH1N1 lineages co-circulate and exchange genome segments by reassortment (1).
Increased surveillance of swine IAV in Mexico and
other understudied countries has elucidated how international trade of live swine drives the long-distance migration
of these viruses. For many decades, countries with less-established swine production have imported breeding stock
from North America and Europe, facilitating long-range
dissemination of swine IAV lineages to China and Southeast Asia (4,7,8). Swine movements between US regions
regularly facilitate long-range swine IAV migration across
the country (9), but long-distance movements of pigs between regions in Mexico are less frequent.
The 6 largest swine-producing states in Mexico are located in the west (Jalisco, ≈2.8 million swine), northwest
(Sonora, ≈1.7 million swine), east (Puebla, ≈1.6 million
swine and Veracruz, ≈1.5 million swine), central–north
(Guanajuato, ≈0.9 million swine), and southeast (Yucatan,
≈0.9 million swine) regions (Figure 2). During 1973–2009,
Mexico implemented a campaign to eradicate classical
swine fever virus (CSFV), including restrictions on animal
movements between CSFV-free areas and central regions
1
Current affiliation: Kansas State University, Manhattan,
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experiencing outbreaks (10) (Figure 2). Lifting of internal
movement controls during 2009 provided new opportunities for swine IAV to migrate between regions in Mexico.
To determine the genetic and antigenic diversity of
swine IAVs circulating in Mexico, we sequenced genomes of 59 swine IAV samples collected in northwest and
southeast Mexico (GenBank accession nos. MG836712–
831) (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/4/18-0779-App1.pdf). We also evaluated the relationship of Mexico swine IAVs to those used in existing
vaccines to determine whether new vaccine development
is necessary.
Materials and Methods
Collection of Swine IAV in Mexico

Respiratory tract samples were collected by veterinarians
and farm staff from pigs with clinical signs of respiratory
disease on farms in the northwest and southeast regions of
Mexico during 2010–2014. These samples were sent ad
hoc to the University of Minnesota Veterinary Diagnostic
Laboratory (St. Paul, MN, USA) for swine respiratory disease diagnostic investigations. This laboratory conducted
matrix gene testing for swine IAV by using a real-time reverse transcription PCR (RT-PCR) (11) and virus isolation
in MDCK cells (12) for swine IAV PCR-positive samples,
as requested by the submitting party. Hemagglutinin (HA)
and neuraminidase (NA) subtyping of RT-PCR–positive
samples was completed (13). Sequencing of the HA, but
not other segments, was performed previously (14).
We obtained whole-genome sequences from virus isolates or directly from the originally submitted respiratory
tract material. RNA was extracted from the original material or virus isolates as described (14). In brief, we extracted virus RNA from 50 µL of swab supernatant by using
a magnetic bead procedure and obtained segment-specific
PCR fragments by using the One-Step RT-PCR (QIAGEN,
https://www.qiagen.com) and IAV-specific primers for
each genome segment as described (15). We obtained 59
complete genomes, 37 from southeast Mexico and 22 from
northwest Mexico. All sequences were submitted to GenBank under accessions nos. MG836712–831.
Phylogenetic Analysis

We generated nucleotide alignments for each of the 8 segments of the virus genome (HA, matrix protein [MP], NA,
nucleoprotein [NP], nonstructural [NS], polymerase acidic
[PA], polymerase basic 1 [PB1], and polymerase basic 2
[PB2]) by using MUSCLE version 3.8.31 (16). We inferred
initial trees for each segment by using neighbor-joining
methods to identify major lineages, including pandemic (p),
TRswH3N2 (t), CswH1N1 (c), and EAswH1N1 (e): PB2t,
PB1p, PB1t, PAp, PAt, H1c, H1p, H3t + H3h, NPp, NPt,
692

Figure 1. Swine exportation to Mexico from the United States and
eradication of CSFV in Mexico. A) Hogs exported from the United
States to other countries globally during 1989–2015. Of ≈3.7 million
exported, ≈3.1 million (≈87%) were exported to Mexico. B) Since
1989, the number of hogs exported from the United States to Mexico
has experienced year-to-year variation. Data are available from the
US International Trade Commission (https://dataweb.usitc.gov).

N1c, N1e, N1p, N2t + N2h, MPe, MPp, MPt, NSp, and NSt.
For simplicity, we visualized human H3N2 (huH3N2) and
TRswH3N2 together on the H3 and N2 phylogenies. As
additional background data, we downloaded related human
and swine sequences from the Influenza Virus Resource
(17) that were studied previously, including swine viruses
from Mexico, which are indicated with the abbreviation
AVX (e.g., A/swine/Mexico/AVX-24/2012[H1N1]) (1).
For each pandemic H1N1 virus alignment, we inferred
the phylogenetic relationships by using the maximumlikelihood method in RAxML version 7.2.6 (18) and incorporated a general time-reversible model of nucleotide substitution with a gamma-distributed rate variation
among sites. To assess the robustness of each node, we
performed a bootstrap resampling process (500 replicates).
We used the high-performance computational capabilities
of the Biowulf Linux cluster at the National Institutes of
Health (Bethesda, MD, USA) (http://biowulf.nih.gov). For
TRswH3N2, EAswH1N1, CswH1N1, and huH3N2, we
inferred time-scaled phylogenies by using Markov chain
Monte Carlo (MCMC) methods available in the BEAST
package version 1.8.4 (19) and used a relaxed uncorrelated lognormal molecular clock, a constant population
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Figure 2. Swine exportation to
Mexico from the United States
and eradication of CSFV
in Mexico. The 32 states of
Mexico shaded according
to the year when CSFV was
declared to be eradicated by
the Secretariat of Agriculture,
Livestock, Rural Development,
Fishery and Food of the
government of Mexico.
International borders are
shaded between Mexico and
the United States (red), Belize
(blue), and Guatemala (violet).
The 8 regions of Mexico are
indicated, and their borders
are shaded orange. CSFV,
classical swine fever virus.

demographic model, and a general time reversible-model
of nucleotide substitution with a gamma-distributed rate
variation among sites. We ran the MCMC chain separately
3 times for each of the datasets for >100 million iterations,
with subsampling every 10,000 iterations.
We used the BEAGLE library (20) to improve computational performance. All parameters reached convergence,
as assessed visually by using Tracer version 1.6 in BEAST;
statistical uncertainty was reflected by values of the 95%
highest posterior density. The initial 10% of the chain was
removed as burn-in, runs were combined by using LogCombiner version 1.8.4 in BEAST, and maximum clade
credibility trees were summarized by using TreeAnnotator
version 1.8.4 in in BEAST. We classified H1 viruses by
using the H1 swine clade classification tool available at the
Influenza Research Database (http://www.fludb.org) (3)
(Appendix Table 1).
We inferred the timing of the introduction of human
seasonal H3N2 viruses into swine in southeast Mexico on
the basis of the time to the most recent common ancestor
of the clade of viruses identified in swine and the most
closely related human viruses, sampled in the mid-1990s.
Inferring the precise timing of human-to-swine transmission events that occurred many decades ago is complicated
by the lack of sequence data available from swine in previous decades, and the most parsimonious interpretation is
that long branch lengths indicate gaps in sampling in swine,
rather than humans, an approach that has been described in
detail (13).
Spatial Analysis

The 31 states of Mexico (plus the Federal District) are located within 8 defined regions (Figure 2). We conducted
phylogeographic analysis at a regional level to ensure deidentification for swine producers. Swine IAV sequences

were available for 5 regions in Mexico (northwest, west,
central–north, east, and southeast). To reduce complexity
for maximum clade credibility, we categorized viruses categorized as northwest region (NW), southeast region (SE),
or central-north (CN), east (E), or west (W) regions.
We categorized global background sequences as USA/
Canada, Asia, Europe, South America, and humans (globally). The location state was specified for each virus sequence, which enabled the expected number of location
state transitions in the ancestral history conditional on the
data observed at the 3 tips to be estimated by using Markov jump counts (21), providing a quantitative measure of
asymmetry in gene flow between regions. The location of
viruses in the pandemic H1N1 clade (pH1N1) was left uninformed, which enabled the reconstruction of the location
state of the common ancestor of pH1N1 to be unbiased by
human data. For computational efficiency we conducted
the phylogeographic analysis by using an empirical distribution of 1,000 trees (22), running the MCMC chain for
25 million iterations, and sampling every 1,000 steps. We
used a nonreversible diffusion model and Bayesian stochastic search variable selection to improve statistical efficiency for all datasets containing >4 location states. Heat
maps were constructed by using the R package to summarize Markov jump counts inferred over phylogenies for all
segments and swine IAV lineages (23).
Movements of Live Swine

We obtained the number of US live swine exports during
1989–2015 from the US International Trade Commission
(https://dataweb.usitc.gov/scripts/REPORT.asp) by using HS Code 0103. Data were cross-referenced against
the United Nations Commodity Trade Statistics Database
(http://comtrade.un.org), which provides the trade value
(in US dollars) for live swine trade between countries for
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the years 1996–2012. We obtained the estimated live swine
population size of Mexico from the Mexico Secretariat of
Agriculture, Livestock, Rural Development, Fisheries and
Food (https://www.siap.gob.mx). Information on movements of live swine between Mexican states is available
only for the relatively small number of pigs that go through
plants that pass official government inspections, known as
Tipo Inspección Federal plants.
Information on the year of CSFV eradication and opening of border restrictions in each state of Mexico was based
on reports of the Secretariat of Agriculture, Livestock,
Rural Development, Fisheries and Food. We corroborated
these data with reports from the Animal and Plant Health
Inspection Service of the US Department of Agriculture
(US National Archives) (https://www.federalregister.gov;
document nos. 02-11897, 02-24753, and E7-10641).
Antigenic Characterization

Representative H3N2 strains from the United States and
Mexico and a human seasonal strain (Appendix Table 2)
genetically related to the unique H3N2 swine virus introduced into Mexico were selected from sequence and motif
analyses and used for hemagglutination inhibition (HI) assays. The analysis included 5 swine influenza viruses from
Mexico reported by Mena et al. (1). Monovalent antiserum
against swine IAV H3N2 strains was prepared in swine as
described (24) and used for HI assays (25) with 5 H3N2
swine viruses from Mexico as antigens. HI data were used
to determine the antigenic relationships between swine
H3 from Mexico and the United States by using antigenic
cartography 3-dimensional maps (24). Antigenic distances
between viruses were calculated in antigenic units (AUs),
in which 1 AU is equivalent to a 2-fold loss in HI cross-reactivity (Appendix Table 3). Antigenic distances generated
in the 3-dimensional map between the H3N2 antigens were
plotted by using GraphPad Prism Version 7.03 (https://
www.graphpad.com).
Results
Genetic Diversity of Swine IAV in Mexico

Phylogenetic analysis of the 59 swine IAV whole-genome
sequences generated for this study showed that extensive
genetic diversity is circulating in the northwest and southeast regions of Mexico. This viral diversity was produced
by 3 evolutionary processes: human-to-swine transmission,
long-distance movements of swine, and genomic reassortment. We identified 15 genotypes, including 13 reassortant
genotypes with segments from multiple IAV lineages (Figure 3). Three IAV lineages were observed in swine in northwest Mexico: human-origin pH1N1 (1A.3.3.2), TRswH3,
and CswH1. These 3 lineages also were identified in southeast Mexico, along with 2 additional lineages: EAswH1N1,
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likely introduced from pigs in Europe, and huH3N2, which
appears to have been introduced from humans into swine in
the 1990s. Eight reassortant genotypes were identified that
were not identified in swine in Mexico in previous studies (1), including 1 triple reassortant (TRswH3N2/pH1N1/
EAswH1N1, genotype 6) (Figure 3).
Seven of the 8 reassortant genotypes identified in
northwest Mexico were generated by reassortment between
TRswH3N2 and pH1N1 viruses. Genotype 8 is similar to the
pH1N1 precursor viruses identified previously in the west
and central-north regions of Mexico (1) and represents the
first detection of the genotype outside of the west and centralnorth regions (Figure 3). Approximately 35% (13/37) of the
viruses identified in southeast Mexico were pH1N1/huH3N2
reassortants (Figure 3), in which internal genes were replaced
with internal genes of a pH1N1 virus. Seven viruses had possible evidence of co-infection, but only in the MP segment.
However, this finding requires further confirmation.

Figure 3. Genetic diversity of influenza A viruses (IAVs) circulating
in swine in southeast and northwest Mexico. Fifteen genotypes
were identified by surveillance in swine herds in Mexico during
2010–2014. Each oval represents 1 of the 8 segments of the
virus genome. The surface antigens HA and NA are listed first,
followed by the 6 internal gene segments. Shading of each
oval corresponds to 1 of 5 major genetic lineages of swine
IAV circulating in humans and swine globally. The rightmost
columns indicate the number of viruses from each genotype
collected from the northwest and southeast regions in Mexico.
Ovals shaded with 2 colors represent mixed infections. CswH1,
classical swine H1N1; EAswH1, avian-like Eurasian swine
H1N1; HA, hemagglutinin; huH3N2, human H3N2; MP, matrix
protein; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural;
NW, northwest; PA, polymerase acidic; PB, polymerase basic;
pH1N1, pandemic H1N1 clade; SE, southeast; SW, southwest.
TRswH3N2, triple reassortant swine H3N2.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Influenza A(H3N2) Viruses in Swine, Mexico
Genetic Diversity of HA and NA Segments

Overall, greater genetic diversity was observed in the HA
and NA antigens than in the 6 internal gene segments,
a pattern that has been observed in other countries (26).
CswH1N1-H1β (1A.2), pH1N1 (1A.3.3.2), and TRswH3N2
(cluster IV) viruses were identified in northwest Mexico.
Five HAs (CswH1N1-H1γ [1A.3.3.3], pH1N1 [1A.3.3.2],
TRswH3N2 [cluster IV], and huH3N2) (Figures 3, 4; Appendix Table 1) were identified in southeast Mexico. Five
NA lineages (EAswH1N1, pH1N1, huH3N2, TRswH3N2/
N2–1998, and TRswH3N2/N2–2002) (Figure 5) were identified in southeast Mexico. Given the high genetic diversity
of H3 viruses, including huH3N2 viruses that were not
phylogenetically related to any known US swine lineages
(Figure 4), we selected 10 representative H3 viruses from
Mexico on the basis of phylogenetic position (Figure 4) and
antigenic motif patterns (27) for antigenic characterization.
Antigenic Analysis of H3 Viruses

We generated an antigenic map from HI data to visualize
antigenic relationships among contemporary H3N2 swine

IAV from multiple regions in Mexico and the United States
(Figure 6, panel A). Antigenic distances were extracted
from the map to measure distance between H3N2 viruses
from Mexico and swine strains from the United States that
represent putative antigenic clusters contained in US commercial vaccines (Figure 6, panel B). Of the 10 viruses from
Mexico selected for antigenic characterization, 8 were antigenically clustered with H3N2 cluster IV strains from the
United States. Two viruses from the southeast region (A/
sw/Mex/985778/2013 and A/sw/Mex/84706352130/2015)
were more antigenically similar to the human seasonal vaccine strain WU/95 (<3 AUs). The most similar swine strain
is the cluster I TX/98.
Spatial Structure of Swine IAV in Mexico

We observed no evidence of viral migration between the
northwest and southeast regions of Mexico. Although certain clades of pH1N1 viruses from northwest and southeast
Mexico share a common ancestor, the low posterior probabilities supporting these nodes indicate that multiple independent human-to-swine transmission events of closely
Figure 4. Evolutionary relationships
between H3 segments of avian
influenza viruses collected in
humans and swine globally. Timescaled Bayesian maximum clade
credibility tree is inferred for the H3
segment. The tree includes newly
generated sequences from northwest
and southeast Mexico, along with
background sequences from swine
in Mexico, Asia, the United States,
and Canada, as well as seasonal
H3N2 viruses from humans. The
color of each branch indicates
the most probable location state.
Posterior probabilities for key nodes
are provided. Clades with viruses
from swine in Mexico obtained
for this study are highlighted in
yellow. *Major virus introductions
into a location, indicating direct
introductions from humans. CN,
central; NW, northwest; S, south;
SE, southeast; W, west. The 10
H3N2 viruses selected for antigenic
characterization (Figure 6) are
indicated by numbers 1–10 in red. A
more detailed phylogeny, including tip
labels and all posterior probabilities,
is provided in the Appendix Figure
(https://wwwnc.cdc.gov/EID/
article/25/4/18-0779-App1.pdf).
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related human pH1N1 viruses are more likely. There might
have been 4 independent introductions of pH1N1 virus
from humans into swine in southeast Mexico and 5 introductions into the northwest region (Appendix Figure). Similarly, there is no evidence of dispersal of huH3N2 viruses
from southeast Mexico to any other regions of Mexico.
TRswH3N2 and CswH1N1 viruses from swine in the United States were imported into the northwest region of Mexico, which is located near the US border (Figure 7, panel
A), reflecting the large number of live swine transported
from the southern United States into Mexico each year
(Figure 1). In contrast, TRswH3N2 and CswH1N1 viruses
were imported into the southeast region of Mexico primarily from the west region (Figure 7, panel B), an inference
that was observed with high support across all phylogenies
(Figures 4, 5; Appendix Figure).
The trees indicate that 3 independent introductions of
reassortant viruses, including EAswH1N1 segments (genotypes 6 and 8) (Figure 3), occurred during ≈2011–2013 on
the basis of estimated times to the most recent common
ancestor (Figure 8; Appendix Table 4). No additional reassortment events have been observed between genotype 6 or
8 viruses and huH3N2 and pH1N1 viruses also circulating
in southeast Mexico.
Discussion
The recent characterization of the origins of the influenza
A(H1N1)pdm09 virus in swine in Mexico underscored the
need for efforts to control the unexpectedly diverse swine
IAV populations circulating in large swine herds in this
country (1). Long-range animal movements between Europe, Mexico, and the United States established an exceptionally diverse population of swine IAV in the west and
central-north regions of Mexico, including EAswH1N1
reassortants, which have now disseminated onward into
southeast Mexico. Recognition of the genetic diversity of
swine IAV in Mexico, including lineages not found in US
herds, has stimulated interest from producers in Mexico in
developing new vaccines customized to protect against the
virus strains in this country, including huH3N2 viruses in
southeast Mexico that were introduced from humans in the
1990s and are highly divergent from all known US swine
virus strains. The huH3N2 viruses have recently reassorted
with pH1N1 viruses, generating novel reassortant genotypes that were identified frequently in southeast Mexico.
Eighty percent of H3N2 viruses in swine in southeast
Mexico had the HA from the huH3N2 lineage. Our analysis indicates that the huH3N2 viruses have been circulating in swine for many decades, consistent with being fit,
well-adapted viruses in pigs. However, the breadth of our
sampling is insufficient to draw strong conclusions about
whether these viruses are widespread in southeast Mexico,
and further surveillance is critical.
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Producers invest considerable time and resources into
efforts to control swine IAV through vaccination, particularly of sows (28). Influenza vaccines are licensed for
swine in Europe and North America, including multivalent
formulations targeting the genetically diverse virus populations found in these regions (29,30). Mexico uses some
vaccines made in North America, but relies heavily on
customized (autogenous) vaccines designed from strains
isolated in the field. US producers also frequently use autogenous vaccines because commercial vaccine formulations cannot keep up with the rapid emergence of antigenically novel swine IAV lineages. The H3N2 antigenic maps
demonstrate that swine IAV strains detected in most parts
of Mexico were antigenically more similar to older US

Figure 5. Evolutionary relationships between N2 segments of
avian influenza viruses collected in humans and swine globally.
Time-scaled Bayesian maximum clade credibility tree is inferred
for N2 segment. Labeling and shading is similar to that in Figure 4,
with the additional labeling of the N2–1998 and N2–2002 lineages.
NW, northwest; SE, southeast; W, west; W/C, west/central. *Direct
introduction from humans. A more detailed phylogeny, including tip
labels and all posterior probabilities, is provided in the Appendix
Figure (https://wwwnc.cdc.gov/EID/article/25/4/18-0779-App1.pdf).
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Figure 6. Antigenic relationships
between contemporary influenza
A (H3N2) viruses from Mexico
and representative strains from
the United States. A) Antigenic
map of contemporary swine H3N2
viruses from Mexico and the United
States. Antigenic clusters are
indicated by color as in Figures 4
and 5. CN, central; E, east; NW,
northwest; SE, southeast; W, west.
B) Antigenic distance between
H3N2 virus from Mexico and
representative swine strains from
the United States and a putative
ancestral human seasonal vaccine
virus strain (WU/95). The US swine
strains represent antigenic clusters
previously defined as TX/98
(cornflower), OH/04 and MN/09
(cyan), NY/11 (red), and IA/14
(green) (27,31).

cluster IV strains that circulated during 2004–2011 (31).
Two swine IAV strains from the southeast region of Mexico retained more cross-reactivity with the Wuhan/95 human seasonal H3N2 vaccine strain, compared with other
human virus strains and US cluster IV swine viruses, supporting the phylogenetic inference of a separate humanto-swine introduction in the 1990s in Mexico. Although
these 2 strains also demonstrated antigenic relatedness
to US cluster I swine virus TX/98, phylogenetic analysis

indicates that the introduction into Mexico was separate
from that into the United States, albeit from an antigenically similar human seasonal H3N2 ancestor. With such
long branch lengths on the phylogenetic tree, we cannot
exclude the possibility that human-to-swine transmission
occurred in a different country where surveillance of swine
is low and where movements of pigs into Mexico could
have introduced the virus (e.g., Guatemala), but at this time
there is no evidence for such a scenario.

Figure 7. Sources of influenza A viruses circulating in swine in northwestern and southeastern Mexico. Each region is shaded according
to the proportion of total Markov jump counts from that particular region (source) into A) northwest or B) southeast regions of Mexico
(destination). Red indicates high proportion of jumps (major source of viruses); light yellow indicates low proportion of jumps (not a
major source of viruses); black indicates destination; white indicates no jumps/no data available. Seven locations were considered in
the analysis: Canada, United States, Mexico (northwest), Mexico (central-west), Mexico (central-north), Mexico (east), and Mexico
(southeast). Scale bar indicates proportion of total Markov jump counts from a particular region.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019
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Figure 8. Introductions of influenza A
viruses into swine in southeast Mexico.
Introductions of these viruses from humans
and swine into southeast Mexico are
indicated as groups of 8 horizontal lines,
and each line represents 1 of 8 segments of
the virus genome. Segments are numbered
1–8, longest to shortest, according to
convention: 1, polymerase basic 2; 2,
polymerase basic 1; 3, polymerase
acidic; 4, hemagglutinin; 5, nucleoprotein;
6, neuraminidase; 7, matrix protein; 8,
nonstructural. The position of each shaded
circle along the x-axis represents the
estimated timing of virus introduction,
estimated directly from the maximum
clade credibility trees. Lines and circles
are shaded according to the virus lineage,
similar to that in Figure 2. *Reassortment
events. Introduction of genotype 8 viruses
is indicated. The blue dotted vertical line
represents the date of the declaration of
Secretariat of Agriculture, Livestock, Rural
Development, Fisheries and Food in Mexico
that classical swine fever virus had been
eradicated from all states in Mexico during
January 2009. The red dotted vertical line
represents the date of first isolation of
pH1N1 virus in humans. CSFV, classical
swine fever virus; CswH1, classical swine
H1N1; EAswH1, avian-like Eurasian swine
H1N1; huH3N2, human H3N2; pH1N1,
pandemic H1N1 clade; TRswH3N2, triple
reassortant swine H3N2.

Increased surveillance in swine in the years after the
2009 H1N1 pandemic (32) has enhanced our understanding
of swine IAV evolution. Whereas movements of humans
and wild birds tend to follow symmetric routes of workflows (33), flight patterns (22), and flyways (34), the movements of pigs are often asymmetric, inconsistent with standard gravity models, and driven by fluctuating economic
considerations. We demonstrated how genetic diversity that
evolved in regions of central Mexico has spread >1,000
miles to southeast Mexico and introduced new lineages, including those of Eurasian origin. Introduction of genotype
8 viruses into southeast Mexico is notable, given their role
in the genesis of the 2009 H1N1 pandemic in humans and
their complex evolutionary history involving multiple intercontinental migration events and interspecies transmission
events (Figure 9). Time-scaled phylogenies consistently
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indicate that the west region of Mexico is the original
source of the relatively recent (≈2011–2013) incursions of
reassortant viruses into the southeast region. Removal of
movement restrictions in 2009 might have facilitated virus flow between these regions because the final 3 states to
eradicate CSFV in 2009 (Chiapas, Oaxaca, and Tabasco)
are geographically situated between the southeast and west/
central-north regions of Mexico (Figure 2). However, as
is the case in most countries, there are no reliable data on
pig movements within Mexico, and our phylogeographic
methods cannot exclude the possibility of virus movement
through unsampled intermediary locations.
Trade volumes of live swine from the United States
into Mexico can fluctuate by orders of magnitude (Figure
1, panel B), driven by economic factors and disease-control
efforts, such as during the outbreak of porcine reproductive
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Figure 9. Evolutionary history
of genotype 8 influenza viruses
in southeast Mexico, showing
interspecies transmission events,
reassortment events, and virus
migration events leading to the
emergence of genotype 8 viruses
in swine in Mexico in the W
and CN regions and continued
spread into SE Mexico in ≈2011.
Within each pig, vertical lines
represent the 8 segments of
the influenza A virus genome,
ordered longest to shortest, which
are shaded according to virus
lineage. Arrows represent direct
transmission events between
hosts. Reassortment events are
indicated by multiple lines shaded
in different colors. Segments
donated from each lineage are
indicated. Birds are depicted
to reflect uncertainty about the specific avian species that transmitted influenza A viruses to swine in Europe and North America. CN,
central; E, east; HA, hemagglutinin; MP, matrix protein; NA, neuraminidase, NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic;
PB, polymerase basic; SE, southeast; W, west.

and respiratory syndrome virus in the United States (35).
However, it is difficult to explore temporal links with international virus movements given that no swine IAV sequence data for Mexico are available before 2009 (36). The
increase in swine IAV surveillance in Mexico since 2009
has been critical for evaluating potential vaccine effectiveness and catalyzing development of new vaccine formulations. Earlier detection of newly emergent strains and better predictions about whether new strains will increase in
prevalence will require deeper, population-based surveillance of IAV in swine. Given limited public funding available for surveillance, advances in vaccine effectiveness will
require a culture of greater transparency among producers,
and guarantees that data shared will not be used to target
individual producers or countries.
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Staphylococcus aureus Bacteremia
in Children of Rural Areas of
The Gambia, 2008–2015
Aderonke Odutola, Christian Bottomley, Syed A. Zaman, Jodi Lindsay, Muhammed Shah,
Ilias Hossain, Malick Ndiaye, Chidebere D.I. Osuorah, Yekini Olatunji, Henry Badji,
Usman N.A. Ikumapayi, Ahmad Manjang, Rasheed Salaudeen, Lamin Ceesay, Momodou Jasseh,
Richard A. Adegbola, Tumani Corrah, Philip C. Hill, Brian M. Greenwood, Grant A. Mackenzie

Staphylococcus aureus bacteremia is a substantial cause
of childhood disease and death, but few studies have described its epidemiology in developing countries. Using a
population-based surveillance system for pneumonia, sepsis, and meningitis, we estimated S. aureus bacteremia incidence and the case-fatality ratio in children <5 years of age
in 2 regions in the eastern part of The Gambia during 2008–
2015. Among 33,060 children with suspected pneumonia,
sepsis, or meningitis, we performed blood culture for 27,851;
of 1,130 patients with bacteremia, 198 (17.5%) were positive
for S. aureus. S. aureus bacteremia incidence was 78 (95%
CI 67–91) cases/100,000 person-years in children <5 years
of age and 2,080 (95% CI 1,621–2,627) cases/100,000 person-years in neonates. Incidence did not change after introduction of the pneumococcal conjugate vaccine. The casefatality ratio was 14.1% (95% CI 9.6%–19.8%). Interventions
are needed to reduce the S. aureus bacteremia burden in
The Gambia, particularly among neonates.

I

n 2016, invasive bacterial diseases accounted for one
quarter of the 5.6 million childhood deaths worldwide
(1). Most invasive bacterial diseases occur in sub-Saharan
Africa and other low- and middle-income countries (2).
Deaths caused by these diseases outnumber those caused
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by malaria among children <5 years of age (3). The main
bacteria implicated in invasive bacterial diseases has been
Streptococcus pneumoniae and Haemophilus influenzae (4).
However, after the widespread use of conjugate vaccines
against H. influenzae type b (Hib) and S. pneumoniae, Hib
disease has decreased considerably (5), and vaccine-serotype pneumococcal disease is declining (6). The decreased
disease incidence associated with these pathogens has led
to Staphylococcus aureus becoming a relatively more common cause of invasive bacterial disease (7). The clinical
spectrum of S. aureus disease ranges from life-threatening
invasive diseases, such as septicemia, pneumonia, osteomyelitis, endocarditis, meningitis, and brain abscess, to less
severe skin and soft tissue infections. S. aureus bacteremia
is often used as a marker of invasive S. aureus disease (8).
In high-income countries, S. aureus bacteremia is the
second most common cause of neonatal sepsis, after group
B Streptococcus (9). From the 1970s through the 2000s,
the incidence of S. aureus bacteremia among children <16
years of age increased in several countries (10), probably
because of the increased use of central venous catheters and
other factors (10). In the 2010s, the incidence of S. aureus
bacteremia remained stable (11) or decreased (10).
In Africa, S. aureus bacteremia is a common cause
of invasive bacterial disease in children. Before the introduction of the Hib vaccine and pneumococcal conjugate
vaccine (PCV), population-based studies in Kenya and
Mozambique showed that S. aureus was the most common gram-positive pathogen among neonates with sepsis
(4,12). Also, hospital-based studies showed S. aureus to
be the most common cause of invasive bacterial disease in
children <3 months of age in The Gambia (13) and one of
the main causes of invasive bacterial disease in children <5
years of age in Nigeria (14).
Few population-based studies have been conducted in
sub-Saharan Africa on the incidence of S. aureus bacteremia. In South Africa, a population-based study of children
<13 years of age in an area with a high HIV prevalence
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indicated an incidence of 26 cases/100,000 person-years
(15). A study in Kenya involving children admitted to a
secondary healthcare facility showed an incidence of 27
cases/100,000 person-years in children <5 years of age; the
highest incidence was in infants (89 cases/100,000 personyears) (4). However, variation in the age groups studied
and methods used preclude direct comparison of these
studies (4,12,13,15). After introduction of the Hib vaccine
and before the introduction of PCV, a hospital-based study
in The Gambia reported that S. aureus was the most common cause of bacteremia (16).
Given the paucity of population-based data on the epidemiology of S. aureus bacteremia in sub-Saharan Africa,
we studied the incidence, clinical characteristics, casefatality rate, and risk factors for S. aureus bacteremia in
young children in a rural region of The Gambia. We also
explored the association of S. aureus bacteremia with the
introduction of PCV.

was set up in the adjacent district of Fuladu West for all
residents <5 years of age during a similar time range (2012–
2014) through the Fuladu West Health and Demographic
Surveillance System (FWHDSS; Figure 1). The population
in Fuladu West is enumerated annually (population 92,464
in 2014, 18% <5 years of age). The FWHDSS is served by
Bansang Hospital (Bansang, The Gambia) and 2 satellite
clinics. Every resident in the areas surveilled by the BHDSS
and FWHDSS was assigned a unique identifier.
The conjugate vaccine for Hib was introduced into the
Gambian National Programme on Immunization in 1997,
and the vaccine for pneumococcus was introduced in 2009.
The 7-valent PCV (PCV7) was replaced by the 13-valent
vaccine (PCV13) in 2011. In 2012, vaccine coverage for
the third dose of the diphtheria-pertussis-tetanus vaccine in
these regions surveilled was 81.7% (17). In The Gambia,
transmission of Plasmodium falciparum is largely restricted to the short rainy season during July–November (18).

Methods

Surveillance Procedures

Study Site and Population

Surveillance for septicemia, pneumonia, and meningitis
was performed among children ≥2 months of age residing
in Basse in the Upper River Region of The Gambia through
the Basse Health and Demographic Surveillance System
(BHDSS) (Figure 1). We established the BHDSS in 2007,
and the population in this surveillance area (≈179,000 persons in 2015, 19% <5 years of age) is enumerated every 4
months. The BHDSS is served by 5 satellite clinics and the
Basse Health Centre (Basse, The Gambia), a primary and
secondary healthcare facility with 25 beds to care for children. During 2011–2015, surveillance was extended to include all residents <5 years of age, and a similar surveillance

During May 12, 2008–December 31, 2015, nurses screened
all children 2–59 months of age who arrived at a health center
participating in the surveillance and who had a unique identifier for septicemia, pneumonia, and meningitis, according to
standardized criteria (also referred to as referral surveillance)
(19). Children who were admitted and children who were
treated as outpatients were screened. Children who screened
positive were referred to clinicians who used standardized
criteria for assessment and investigation (19). Data collected
included age, sex, anthropometric measurements, signs and
symptoms, and suspected diagnosis. Blood was collected
for culturing, and depending on clinical presentation, cerebrospinal fluid, lung aspirate, or pleural fluid samples were
have also been collected for conventional microbiological

Figure 1. Regions surveilled for Staphylococcus aureus bacteremia among children <5 years of age through the Basse and Fuladu
West Health and Demographic Surveillance Systems, The Gambia, 2008–2015. Inset indicates location of The Gambia in Africa.
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tests (6). Rapid diagnostic tests for malaria (ICT Malaria P.f.
Antigen; ICT Diagnostics, http://www.ictdiagnostics.co.za)
were routinely performed during the rainy season and at
other times at the discretion of the clinician.
During March 1, 2011–December 31, 2015, surveillance was expanded in the BHDSS to include all children
0–59 months of age who were admitted with an acute medical problem from whom a blood sample was collected for
culture (also referred to as admission surveillance). During
September 12, 2011–December 31, 2014, a similar admission surveillance was conducted for children 0–59 months
of age admitted with an acute medical problem using the
FWHDSS. All S. aureus bacteremia cases were linked to
the Health and Demographic Surveillance System databases by using the unique identifier.
Laboratory Methods

We collected 1–3-mL blood samples from all patients with
suspected septicemia, pneumonia, or meningitis; inoculated blood samples into BACTEC bottles (Becton Dickinson,
https://www.bd.com); and incubated them in an automated
BACTEC 9050 Blood Culture System (Becton Dickinson)
for a maximum of 5 days. We subcultured positive cultures
on blood agar plates and confirmed isolates as S. aureus by
using catalase and coagulase tests. We classified cultures
that grew Bacillus spp., Corynebacterium spp., and coagulase-negative Staphylococcus as contaminated. We used
standard methods to investigate other body fluid samples
collected for microbiological tests (20). We used disc diffusion methods to determine antimicrobial drug susceptibility according to the Clinical and Laboratory Standards
Institute guidelines (21). We categorized all S. aureus isolates resistant to cefoxitin as methicillin-resistant.
We defined S. aureus bacteremia cases as clinically
suspected cases of septicemia, pneumonia, meningitis, osteomyelitis, septic arthritis, pyomyositis, or abscess identified by using standardized criteria (19) in patients from
whom S. aureus was isolated from their blood.
Statistical Methods

We used referral and admission surveillance data for statistical analyses. The unique identifier assigned to every
patient enabled us to avoid duplication of data in our data
set. We used the referral surveillance data to investigate
trends in incidence because these data covered a longer
period (2008–2015) than the admissions surveillance data
(2011–2015). We used both the admission and referral surveillance data to estimate age-specific incidence and the
case-fatality ratio (CFR).
We obtained incidence estimates by dividing the number
of S. aureus bacteremia cases by the number of person-years
at risk using the estimated midyear population. To account
for the shorter period of observation in 2008 (May 12–

December 31), we calculated person-years at risk as the midyear
population multiplied by 234/365. We calculated incidence in
neonates using 2 methods, first as cases per 1,000 live births
and second as cases per 100,000 person-years. We defined the
neonatal period as the time from birth to 28 days of age.
With the referral surveillance data, we assessed trends
in incidence over time and variation in incidence before
(pre-PCV period, May 12, 2008–May 11, 2010) and after
(PCV13 period, January 1, 2013–December 31, 2015) the
introduction of PCV7 using Poisson regression with robust
error variance to allow for overdispersion. To account for
the increased rate of eligible patients requiring blood culture
over time, we adjusted the number of S. aureus bacteremia
cases of each age group and year by multiplying by the
ratio of the annual rate of eligible children enrolled over
the mean rate of eligible children enrolled during the entire
study period (6). For the denominators of the pre-PCV and
PCV13 periods, we used the average of the corresponding
midyear populations indicated by the BHDSS.
We defined CFR as the number of patients with S. aureus bacteremia who died before discharge divided by the
total number of patients with S. aureus bacteremia. We
identified potential risk factors for death before discharge
using logistic regression, although surveillance was not designed to assess risk factors. We generated weight-for-age
and weight-for-height z-scores using the 2006 World Health
Organization child growth standards (https://www.who.int/
childgrowth/standards/technical_report). We considered
children with weight-for-age z-scores <3 SDs from the median weight-for-age as severely underweight and weight-forheight z-scores <3 SDs from the median weight-for-height
as severely stunted. We performed analyses using Stata 14.0
(https://www.stata.com/stata14) and considered p values
<0.05 as the criterion for statistical significance.
Ethics Statement

Ethics approval for this study was granted by The Gambia
Government/Medical Research Council Joint Ethics Committee and the London School of Hygiene and Tropical
Medicine Ethics Committee. We obtained written informed
consent from the parents or guardians of all patients.
Results
In total, 33,060 children met the criteria for investigation,
and 27,851 (84.2%) blood samples were collected and
cultured (Figure 2). Contaminants grew in the cultures of
2,539 (9.1%) blood samples; these samples were excluded
from analysis because contamination can mask an S. aureus bacteremia diagnosis.
Bacteremia

Bacteremia was identified in 1,130 children 0–59 months
of age (Table 1). S. aureus was isolated in 198 (17.5%)
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Figure 2. Flowchart of
participants included
and excluded in study of
Staphylococcus aureus
bacteremia incidence in children
<5 years of age, The Gambia,
2008–2015. Participants were
identified through the Basse
and Fuladu West Health and
Demographic Surveillance
Systems. In total, 521 cases
were identified through referral
surveillance and 418 through
admission surveillance.
*Reasons for not having
blood culture done included
unsuccessful venipuncture (n
= 487), declined consent for
venipuncture (n = 416), declined
consent to join study (n = 249), and unknown (n = 4,057). †In total, 76 children were identified through referral surveillance and 122
through admission surveillance. ‡Seven patients had polymicrobial bacteremia (S. aureus and a second bacterial pathogen).

children with bacteremia (76 identified through referral
surveillance and 122 admission surveillance) and was the
most common cause of bacteremia in neonates (46.4%,
84/181). Pathogens other than S. aureus were isolated from
932 children: S. pneumoniae (35.0%, n = 326), Salmonella
spp. (15.1%, n = 141), and Escherichia spp. (10.7%, n =
100). In 7 children with bacteremia, S. aureus and a second
bacterial pathogen were isolated.
Patient Characteristics

Using the combined admission and referral surveillance data,
we found that 18.2% (4,541/24,885) of all patients were severely underweight and 10.9% (2,658/24,405) were severely
stunted; 18.3% (4,183/22,902) of patients were admitted in
the 2 weeks before disease onset. Antimicrobial drug use in
the week before onset of signs and symptoms was uncommon.
Most patients had fever (≥37.5°C) and tachypnea (Table 1).
Among patients with S. aureus bacteremia, a diagnosis of suspected septicemia was made in 56.2%, suspected
pneumonia in 28.4%, and suspected meningitis in 6.7%.
The median duration of hospital stay was 5 (interquartile
range 2–6) days (Table 1).
Cough and difficult breathing were experienced more
often by patients without bacteremia or with bacteremia
caused by other pathogens than by patients with S. aureus
bacteremia (Table 1). S. aureus bacteremia patients were
more likely to have a diagnosis of suspected septicemia or
other focal sepsis and less likely to have a diagnosis of suspected pneumonia than patients without bacteremia or with
bacteremia caused by other pathogens (Table 1).
Incidence and Risk Factors for S. aureus Bacteremia

Using the combined referral and admission surveillance
data (2011–2015 in BDHSS and 2012–2014 in FWDHSS),
704

we found the incidence of S. aureus bacteremia to be 78
(95% CI 67–91) cases/100,000 person-years in children
0–59 months of age. The incidence was highest among
neonates (2,080 [95% CI 1,621–2,627] cases/100,000
person-years, 3.5 [95% CI 2.9–4.7] cases/1,000 live births)
and decreased in older age groups (Table 2). Incidence of
S. aureus bacteremia in the 1–11-month age group was 133
(95% CI 99–174) cases/100,000 person-years, and incidence in the 1–4-year age group was 27 (95% CI 20–36)
cases/100,000 person-years. Among the 84 S. aureus bacteremia cases in neonates, 13 (15.5%) presented in the first
week of life and 35 (41.7%) in the second. The incidence
of S. aureus bacteremia was higher in the wet season than
in the dry season (Table 2).
Trends in Incidence of S. aureus Bacteremia

Using referral surveillance data (2008–2015 in BDHSS),
we found the mean annual incidence of S. aureus bacteremia in children 2–59 months of age to be 22.3 (95% CI
16.7–29.2) cases/100,000 person-years. The incidence did
not change over this period (p value for trend = 0.28), although PCV vaccination coverage increased during this
period (Figure 3).
Using the referral surveillance data, we observed that
9 cases (10 cases after enrollment rate adjustment) of S.
aureus bacteremia occurred in the pre-PCV period and 26
cases (23 cases after enrollment rate adjustment) in the
PCV13 period. The crude S. aureus bacteremia incidence
was 16 cases/100,000 person-years in the pre-PCV period
and 26 cases/100,000 person-years in the PCV13 period
(incidence rate ratio 1.6, 95% CI 0.8–3.5; p = 0.19). With
the increasing size of the population and after adjusting
for increased enrollment of eligible children over time,
no significant increase in S. aureus bacteremia incidence
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Table 1. Characteristics of patients <5 years of age with suspected pneumonia, septicemia, or meningitis with or without
Staphylococcus aureus bacteremia identified through 2 surveillance systems, The Gambia, 2008–2015*
Patients with S. aureus Patients with bacteremia caused
Patients without
Patient characteristic
bacteremia, n = 198
by other pathogen, n = 932
bacteremia, n = 24,182
Age, mo
<1
84/198 (42.4)
97/932 (10.4)
1,911/24,177 (7.9)
1–11
61/198 (30.8)
310/932 (33.3)
8,675/24,177 (35.9)
12–23
33/198 (16.7)
265/932 (28.4)
7,505/24,177 (31.0)
24–59
20/198 (10.1)
260/932 (27.9)
6,086/24,177 (25.2)
Sex
M
97/198 (49.0)
532/932 (57.1)
13,740/24,177 (56.8)
F
101/198 (51.0)
400/932 (42.9)
10,437/24,177 (43.2)
Severely stunted†
20/109 (18.3)
216/884 (24.4)
3,425/21,736 (15.8)
Mid-upper arm circumference <11 cm
81/198 (40.9)
184/932 (19.7)
3,080/24,182 (12.7)
Admitted in previous 2 weeks
31/162 (19.1)
157/843 (18.6)
3,995/21,897 (18.2)
Hospital stay, d, median (IQR)
5 (2–6)
4 (3–6)
3 (2–4)
Disease onset during wet season‡
97/198 (49.0)
335/932 (35.9)
10,335/24,171 (42.8)
Died
28/198 (14.1)
161/932 (17.3)
860/24,182 (3.6)
Symptoms
Cough
103/198 (52.0)
675/928 (72.7)
19,523/24,148 (80.8)
Difficult breathing
89/197 (45.2)
535/927 (57.7)
14,280/24,102 (59.2)
Prostration
29/197 (14.7)
147/918 (16.0)
1,602/23,906 (6.7)
Diarrhea
38/190 (20.0)
271/861 (31.5)
5,798/22,772 (25.5)
Convulsion
8/198 (4.0)
72/927 (7.8)
1,174/24,127 (4.9)
Signs
Lower chest wall in-drawing
164/198 (82.8)
732/927 (79.0)
17,856/24,129 (74.0)
Meningism
1/192 (0.5)
34/867 (3.9)
174/22,841 (0.8)
Altered level of consciousness
124/193 (64.2)
407/873 (46.6)
9,590/23,518 (40.8)
Axillary temperature
<36.5°C
18/198 (9.1)
79/932 (8.5)
2,405/24,182 (9.9)
36.5°C–37.5°C
40/198 (20.2)
147/932 (15.8)
6,819/24,182 (28.2)
>37.5°C
140/198 (70.7)
706/932 (75.7)
14,958/24,182 (61.9)
Pulse rate, beats/min§
Increased for age
84/198 (42.4)
621/932 (66.6)
15,107/24,182 (62.5)
Respiratory rate, breaths/min¶
Increased for age
128/198 (64.6)
682/932 (73.2)
17,157/24,177 (71.0)
Oxygen saturation <92%
33/198 (16.7)
116/932 (12.4)
2,140/24,182 (8.8)
Suspected diagnosis#
Septicemia
109/194 (56.2)
434/896 (48.4)
8,549/23,068 (37.1)
Pneumonia
55/194 (28.4)
347/896 (38.8)
13,244/23,068 (57.4)
Meningitis
13/194 (6.7)
96/896 (10.7)
718/23,068 (3.1)
Other focal sepsis
17/194 (8.8)
19/896 (2.1)
557/23,068 (2.4)
Malaria positivity**
14/131 (10.7)
84/723 (11.6)
3,276/21,626 (15.1)

*Values are no. patients/total no. in category (%) except as indicated. Surveillance data are from the Basse Health and Demographic Surveillance System
and the Fuladu West Health and Demographic Surveillance System. IQR, interquartile range.
†Defined as weight-for-height z-score <3 SDs from median weight-for-height for the corresponding age group. We calculated weight-for-height using zscores from the 2006 World Health Organization child growth standards in Stata 14.0 (https://www.stata.com/stata14). Neonates were not included in
weight-for-height measurements.
‡The wet season occurs during July–November and the dry season during December–June.
§The reference ranges for pulse rates were 70–190 beats/min for children <1 month of age, 80–160 beats/min for children 1–11 months of age, 80–130
beats/min for children 1–2 years of age, 80–120 beats/min for children 3–4 years of age, 75–115 beats/min for children 5–6 years of age, 70–110
beats/min for children 7–9 years of age, and 60–100 beats/min for children >10 years of age.
¶Increased respiratory rate was defined as >60 breaths/min for children <2 months of age, >50 breaths/min for children 2–12 months of age, >40 breaths/
min for children >1–5 years of age.
#Surveillance diagnosis was categorized into mutually exclusive groups in order of severity; meningitis was considered more severe than septicemia,
which was considered more severe than pneumonia.
**Malaria was tested using a rapid diagnostic test (ICT Malaria P.f. Antigen, ICT Diagnostics, http://www.ictdiagnostics.co.za).

was found between the pre-PCV (18 cases/100,000 personyears) and the PCV13 (23 cases/100,000 person-years) periods (incidence rate ratio 1.3, 95% CI 0.6–2.7; p = 0.49).
CFRs and Risk Factors Associated with Fatality

In total, 28 deaths occurred among 198 S. aureus bacteremia patients before discharge (CFR 14.1%, 95% CI 9.4%–
20.4%) (Table 1). In comparison, the CFR among patients
without bacteremia was 3.6% (95% CI 3.3%–3.8%) and

among patients with bacteremia with other pathogens 17.2%
(95% CI 14.7%–20.1%). The S. aureus bacteremia CFR did
not vary by year (p value for trend = 0.75) or age group (p
value for trend = 0.99). Deaths associated with S. aureus bacteremia most often occurred on the day of admission (71.4%,
20/28). During 2011–2015, S. aureus bacteremia deaths
accounted for 7.0% (12/171) of all deaths in neonates and
3.6% (24/662) of all deaths in children <5 years of age. The
risk factors associated with death from S. aureus bacteremia

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

705

RESEARCH

Table 2. Factors associated with Staphylococcus aureus bacteremia in children <5 years of age identified through 2 surveillance
systems, The Gambia, 2011–2015*
No. cases/no. person-years
Incidence, cases/100,000
Variable
at risk
person-years
Incidence rate ratio (95% CI)
p value
Age, mo
24–59
18/128,994
14.0
1
12–23
29/44,433
65.3
4.70 (2.6–8.4)
1–11
53/39,969
132.6
9.50 (5.6–16.2)
<1
70/3,367
2079.0
148.99 (88.8–250.1)
<0.001
Sex
M
82/107,515
76.3
1
F
88/109,248
80.6
1.06 (0.8–1.4)
0.72
Season
Dry
85/144,508
58.8
1
Wet
85/72,255
117.6
2.00 (1.5–2.7)
<0.001

*Surveillance data are from the Basse Health and Demographic Surveillance System and the Fuladu West Health and Demographic Surveillance System

were prostration at clinical presentation and musculoskeletal
swelling with or without tenderness (Table 3).
Treatment and Susceptibility of Isolates

Among S. aureus bacteremia patients identified through
referral surveillance, 17.1% (13/76) received initial empiric therapy with cloxacillin, 23.7% (18/76) ampicillin,
31.6% (24/76) penicillin, and 50.0% (38/76) gentamicin;
50 (65.8%) of these patients received >1 antimicrobial
drug. The mortality rate did not differ by empiric therapy.
Among the 193 S. aureus isolates tested, 3.1% were methicillin-resistant (Table 4).
Discussion
We estimated the incidence and CFR of S. aureus bacteremia in a rural part of The Gambia using surveillance
data over a 5-year period and evaluated trends in incidence
over an 8-year period. The incidence was high, particularly
among neonates (3.5 cases/1,000 live births), but did not
increase with time (Figure 3). The CFR (14.1%) was substantial (Table 1).
The observed incidence of S. aureus bacteremia in
The Gambia among children 0–59 months of age (78.4
cases/100,000 person-years) was higher than that for industrialized countries (6.5–42.0 cases/100,000 personyears) (22,23) and some countries of Africa (4) and Asia
(24,25), although lower than that reported for Mozambique (12). S. aureus bacteremia incidence was reported
to be 27 cases/100,000 person-years in children <5 years
in Kenya (4) and 101 cases/100,000 person-years in Mozambique (12). In Thailand, a study that reviewed national hospital-based data on bacteremia reported a S. aureus
bacteremia incidence of 2.5 cases/100,000 person-years
(24), whereas a population-based study in Bangladesh
that focused on children 1–59 months of age with respiratory symptoms reported an incidence of 9.9 cases/100,000
person-years (25). The differences in incidence among
studies are likely related to the different selection criteria used in the various studies, nutritional status of the
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patients, presence of concurrent medical conditions, or
high levels of antimicrobial drug use without a prescription, especially in Asia (26).
During 2008–2015, we found no trend in S. aureus
bacteremia incidence in The Gambia. Researchers in industrialized countries have shown an increase in the proportion of all bacteremia cases caused by S. aureus after the
introduction of PCV (27). However, our data do not support an association between S. aureus bacteremia incidence
and the introduction of PCV. Further studies in different
settings could help confirm this finding.
The incidence of S. aureus bacteremia was highest
in neonates, 8 times that reported in Kenya (4), and S.
aureus was the most common cause of bacteremia in
this age group. This finding is similar to those of other
studies conducted in Africa (12,14), where S. aureus was
responsible for 39.0%–56.2% of isolates recovered from
neonates. S. aureus carriage, which is likely a prerequisite
for disease, is also highest during the neonatal period,
higher than the carriage of S. pneumoniae and H. influenzae
(28). In addition to high rates of acquisition of S. aureus

Figure 3. Unadjusted annual incidence of Staphylococcus aureus
bacteremia (cases/100,000 person-years) in children 2–59 months
of age, Basse, The Gambia, 2008–2015. Cases were identified by
referral surveillance through the Basse Health and Demographic
Surveillance System. Arrows indicate introduction of PCV7
and PCV13. PCV7, 7-valent pneumococcal conjugate vaccine;
PCV13, 13-valent pneumococcal conjugate vaccine.
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Table 3. Sociodemographic and clinical parameters associated with death from Staphylococcus aureus bacteremia among children <5
years of age identified through 2 surveillance systems, The Gambia, 2008–2015*
Parameter
Deaths/persons at risk (%) Unadjusted OR (95% CI) p value Adjusted OR (95% CI)† p value
Age, mo
<1
13/84 (15.5)
Referent
Referent
1–11
8/61 (13.1)
0.8 (0.3–2.1)
0.9 (0.4–2.6)
12-23
4/33 (12.1)
0.8 (0.2–2.5)
1.3 (0.4–4.6)
24-59
3/20 (15.0)
1.0 (0.3–3.8)
0.96‡
1.1 (0.3–4.6)
0.96
Sex
M
16/97 (16.5)
Referent
F
12/101 (11.9)
0.7 (0.3–1.5)
0.35
Severely stunted§
No
20/150 (13.3)
Referent
Yes
5/41 (12.2)
0.9 (0.3–2.6)
0.85
Axillary temperature
36.5°C–37.5°C
4/18 (22.2)
Referent
<36.5°C
4/40 (10.0)
0.4 (0.1–1.8)
>37.5°C
20/140 (14.3)
0.6 (0.2–2.0)
0.48
Pulse rate, beats/min¶
Within reference ranges
13/114 (11.4)
Referent
Increased for age
15/84 (17.9)
1.7 (0.8–3.8)
0.20
Respiratory rate, breaths/min#
Within reference ranges
8/70 (11.4)
Referent
Increased for age
20/128 (15.6)
1.4 (0.6–3.5)
0.41
Need for oxygen supplementation
No
21/165 (12.7)
Referent
Yes
7/33 (21.2)
1.9 (0.7–4.8)
0.22
Season
Dry
18/101 (17.8)
Referent
Wet
10/97 (10.3)
0.5 (0.2–1.2)
0.13
Cough
No
13/95 (13.7)
Referent
Yes
15/103 (14.6)
1.1 (0.5–2.4)
0.86
Difficult breathing
No
14/108 (13.0)
Referent
Yes
14/89 (15.7)
1.3 (0.6–2.8)
0.58
Prostration
No
17/168 (10.1)
Referent
Referent
Yes
11/29 (37.9)
5.4 (2.2–13.4)
0.0004
5.7 (2.2–14.8)
0.01
Admitted in previous 2 weeks
No
20/131 (15.3)
Referent
Yes
2/31 (6.5)
0.4 (0.1–1.7)
0.16

*Surveillance data are from the Basse Health and Demographic Surveillance System and the Fuladu West Health and Demographic Surveillance System.
OR, odds ratio.
†Adjusted for age only.
‡p value for trend.
§Defined as weight-for-height z-score <3 SDs from median weight-for-height for the corresponding age group. We calculated weight-for-height using zscores from the 2006 World Health Organization child growth standards in Stata 14.0 (https://www.stata.com/stata14). Neonates were not included in
weight-for-height measurements.
¶The reference ranges for pulse rates were 70–190 beats/min for children <1 month of age, 80–160 beats/min for children 1–11 months of age, 80–130
beats/min for children 1–2 years of age, 80–120 beats/min for children 3–4 years of age, 75–115 beats/min for children 5–6 years of age, 70–110
beats/min for children 7–9 years of age, and 60–100 beats/min for children >10 years of age.
#Increased respiratory rate was defined as >60 breaths/min for children <2 months of age, >50 breaths/min for children 2–12 months of age, >40 breaths/
min for children >1–5 years of age.

during the neonatal period, other reasons for the high risk
for S. aureus bacteremia might include an immature immune system (29).
In our study, only 16% of the S. aureus bacteremia cases in neonates presented within the first week of life, unlike
for group B Streptococcus disease, where 80% of parents
seek treatment for their neonates within this period (30).
Reasons for the difference in timing of treatment might relate to the age at and source of S. aureus acquisition.
We found S. aureus bacteremia to be more common
during the wet season. This seasonal variation might

relate to S. aureus colonization (a prerequisite for disease), which is highest during the wet season (31), or
seasonal differences in the incidence of viral infections,
which are known to disrupt mucosal epithelium, thereby
encouraging S. aureus invasion (32). In a study of US
adults (33), the peak incidence of S. aureus infection occurred during the winter months and coincided with the
peak incidence of viral infections. In Africa, the incidence of viral infections usually peaks during the wet
season (34), coinciding with the peak S. aureus bacteremia incidence.
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Table 4. Antimicrobial drug susceptibility of Staphylococcus aureus isolates from children <5 years of age identified through 2
surveillance systems, The Gambia, 2008–2015*
Antimicrobial drug
No. isolates tested
No. (%) sensitive
No. (%) intermediate
No. (%) resistant
Cefoxitin†
193
187 (96.9)
0
6 (3.1)
Chloramphenicol
186
176 (94.6)
2 (1.1)
8 (4.3)
Cotrimoxazole
180
119 (66.1)
21 (11.7)
40 (22.2)
Erythromycin
173
141 (81.5)
24 (13.9)
8 (4.6)
Gentamicin
177
174 (98.3)
0
3 (1.7)
Oxacillin
194
170 (87.6)
24 (12.4)
0
Tetracycline
180
128 (71.1)
2 (1.1)
50 (27.8)

*Surveillance data are from the Basse Health and Demographic Surveillance System and the Fuladu West Health and Demographic Surveillance System.
†Cefoxitin was used as a surrogate for methicillin-resistant isolates as recommended by the Clinical and Laboratory Standards Institute (21).

The CFR in our study was similar to (10) or greater
than that reported by others (12,23). Variation in CFRs
could be explained by differences between study populations in terms of age, quality of and access to healthcare,
focus of infection, antimicrobial drug resistance rates, severity of S. aureus bacteremia, or presence of concurrent
medical conditions. In our study, 71.4% of deaths occurred
on the day of admission, which might be a reflection of
severity of disease when care was sought. Even though age
is strongly associated with S. aureus bacteremia–related
death (10,11), in our study CFR did not vary with age.
The strengths of our study were that the surveillance was
population-based and uninterrupted and that blood culture
was performed on >84% of eligible patients. However, the
study also had some limitations. First, incidence might have
been underestimated because some persons with S. aureus
bacteremia never seek treatment at hospitals and the sensitivity of blood culture is <100%. Second, an increasing rate
of enrollment and investigation over time required adjustment of annual case counts. Third, prior use of antimicrobial
drugs, although uncommon in our study area, might have reduced the detection of S. aureus bacteremia by blood culture.
Last, our study was not specifically designed to evaluate risk
factors for S. aureus bacteremia. For example, S. aureus nasal carriage, hospitalization in the previous 6 months, and
HIV status were not systematically assessed.
In conclusion, we demonstrated that the incidence of
S. aureus bacteremia is high in rural Gambia, especially in
neonates and infants. Strategies are urgently needed to reduce the burden of S. aureus bacteremia and should target
children in their first month of life.
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Pneumonia-Specific
Escherichia coli with Distinct
Phylogenetic and Virulence
Profiles, France, 2012–2014
Béatrice La Combe, Olivier Clermont, Jonathan Messika, Matthieu Eveillard,
Achille Kouatchet, Sigismond Lasocki, Stéphane Corvec, Karim Lakhal,
Typhaine Billard-Pomares, Romain Fernandes, Laurence Armand-Lefevre, Sandra Bourdon,
Jean Reignier, Vincent Fihman, Nicolas de Prost, Julien Bador, Julien Goret, Frederic Wallet,
Erick Denamur, Jean-Damien Ricard, on behalf of the COLOCOLI group1

In a prospective, nationwide study in France of Escherichia
coli responsible for pneumonia in patients receiving mechanical ventilation, we determined E. coli antimicrobial
susceptibility, phylotype, O-type, and virulence factor gene
content. We compared 260 isolates with those of 2 published collections containing commensal and bacteremia
isolates. The preponderant phylogenetic group was B2
(59.6%), and the predominant sequence type complex (STc)
was STc73. STc127 and STc141 were overrepresented and
STc95 underrepresented in pneumonia isolates compared
with bacteremia isolates. Pneumonia isolates carried higher
proportions of virulence genes sfa/foc, papGIII, hlyC, cnf1,
and iroN compared with bacteremia isolates. Virulence factor gene content and antimicrobial drug resistance were
higher in pneumonia than in commensal isolates. Genomic
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(B. La Combe, O. Clermont, J. Messika, T. Billard-Pomares,
R. Fernandes, L. Armand-Lefevre, E. Denamur, J.-D. Ricard);
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and phylogenetic characteristics of E. coli pneumonia isolates from critically ill patients indicate that they belong to
the extraintestinal pathogenic E. coli pathovar but have distinguishable lung-specific traits.

N

osocomial infections remain a major threat for patients
and a burden on healthcare institutions, hampering the
public health economy. In intensive care units (ICUs), the
most common life-threatening nosocomial infection is ventilator-associated pneumonia; the attributable mortality rate
is ≈13%, partly because of increased durations of mechanical ventilation and ICU stays (1,2), all of which generate
considerable additional costs (3).
Until the early 2000s, Enterobacteriaceae were not
considered as major pathogens responsible for ventilatorassisted pneumonia (2); as such, pathophysiological studies
focused mainly on Pseudomonas aeruginosa, Staphylococcus aureus, and Acinetobacter baumannii. However, recent
data have consistently shown that Enterobacteriaceae are
now frequent etiologic agents of ventilator-assisted pneumonia, more frequent than P. aeruginosa and S. aureus (4–6).
According to the World Health Organization, Enterobacteriaceae, including Escherichia coli, are among the critical
priority antibiotic-resistant bacteria (7). Therefore, to optimize patient management, in-depth epidemiologic knowledge of the phenotypic and genotypic characteristics of these
bacteria is warranted. Although most E. coli responsible for
symptomatic extraintestinal infections (8), including the
urinary tract (9), bloodstream (10,11), cerebral spinal fluid
(12,13), and peritoneum (14), have been extensively studied,
less is known about E. coli strains responsible for pneumonia
(15), especially in the context of highly virulent and resistant
clones such as sequence type (ST) 69 and ST131 (16).
1

Group members are listed at the end of this article.
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Our previous monocentric prospective study in France
found a predominance of B2 phylogenetic group (66%)
among E. coli pneumonia isolates, one third of which belonging to ST complex (STc) 127 (15). To obtain further
insights in the physiopathology of ventilator-assisted pneumonia, we conducted a multicentric prospective epidemiologic study of genomic and phylogenetic characteristics of
E. coli strains responsible for pneumonia across France.
Materials and Methods
Patients and E. coli Isolates

We conducted this prospective study in 14 ICUs throughout France, in collaboration with their hospital laboratories. We selected these ICUs to guarantee appropriate
geographic coverage of metropolitan France. The same
geographic selection was also applied to the ICUs in
the Paris area. The ethics committee of the French Intensive Care Society approved the study (SRLF-CE
12-388), which was registered at ClinicalTrials.gov
(NCT03303937). Formal consent was not required because of the observational, noninterventional study design (no change in practices, and all procedures already
routinely performed). Patients or family/relatives were
informed of the nature of the study and its purpose and
objectives and had the option of declining participation.
During a 38-month period (2012–2014), any E. coli
isolate responsible for pneumonia in a mechanically ventilated patient was collected, regardless of the method of
sampling (quantitative cultures of tracheal suctioning,
bronchoalveolar lavage, or protected telescoping catheter). Demographic and clinical data for the patient were
recorded. We defined ventilator-assisted pneumonia as
pneumonia occurring >48 hours after initiation of invasive ventilation, hospital-acquired pneumonia as pneumonia occurring >48 hours after hospital admission but
within the first 48 hours of invasive ventilation, and community-acquired pneumonia as pneumonia that occurred
either before or within the first 48 hours of hospitalization
(17). Each E. coli isolate was stored at –80°C in brain–
heart infusion broth containing glycerol 20% (the COLOCOLI collection).
E. coli Phylotyping, O-Typing, and Virulence Factor
Gene Content Determination

We used quadruplex PCR to determine the E. coli phylogenetic group (A, B1, B2, C, D, E, F) or belonging to clade
I (18). Among the strains, we determined the B1 clonal
complex 87 (CC87) (Institut Pasteur MLST schema nomenclature corresponding to the ST58 and 155 in the Achtman schema [19]), the 10 main B2 subgroups (20), and the
clonal group A (clonal group A) from the D phylogroup
(21). The exhaustive correspondence between this typing

approach and STc membership according to the currently
used Achtman MLST schema is available in (22).
We used PCR to determine the most anticipated serotypes in isolates from patients with extraintestinal infections (Table 1) (23). Multiplex PCR was used to detect
genes encoding for 11 frequently encountered extraintestinal virulence factors (sfa/foc, papC, papGII, papGIII,
fyuA, iroN, aer, traT, neuC, hlyC, and cnf1), which belong to the main classes of virulence factors (adhesins,
toxins, iron acquisition systems, and protectins) (11). For
each isolate, we calculated the virulence score, which was
defined by the number of virulence factors present among
the 11 tested.
Antimicrobial Resistance Phenotypes

We determined the antimicrobial susceptibility of each isolate by using the disk-diffusion method according to the
French Society of Microbiology (https://www.sfm-microbiologie.org) (Table 2). Resistance score was defined as
the sum of inactive in vitro antimicrobial agents for each
isolate. A score of 1 indicates resistant; 0.5, intermediary;
and 0, sensitive. A higher score indicates a more resistant
isolate. Detection of gene sequences coding for the TEM,
SHV, and CTX-M enzymes was performed by PCR with
genomic DNA. The oligonucleotide primer sets specific for
the β-lactamase genes used in the PCR assays have been
published (24,25).
Characteristics of Other E. coli Strain Collections

To learn more about E. coli pneumonia strains, we compared the isolates from the COLOCOLI collection with
Table 1. Characterization of the main Escherichia coli B2
phylogroup clones, by combination of subgroup and O-type,
among patients with extraintestinal infections, France,
2012–2014*
Subgroup and O-type
B2 clones, no. (%), n = 155
I-O25b
15 (62.5)
I-O6a
2 (8.3)
I-O16
3 (12.5)
II-O22
2 (5)
II-O2b
4 (10)
II-O6a
26 (65)
III-O6a
16 (100)
IV-O2b
19 (95)
VI-O4
13 (92.9)
VII-O18
2 (66.6)
VII-O75
1 (33.3)
IX-O1
7 (50)
IX-O18
3 (21.4)
IX-O2a
3 (21.4)

*Data are presented as no. (%) of each clone within the corresponding
subgroup. Roman numerals correspond to the B2 subgroup. The
correspondence with the Achtman multilocus sequence type schema is as
follows: subgroup I, sequence type complex (STc) 131; subgroup II,
STc73; subgroup III, STc127; subgroup IV, STc141; subgroup VI, STc12;
subgroup VII, STc14; subgroup IX, STc95 (22). The most anticipated
serotypes in extraintestinal infections were searched by PCR: O1, O2a,
O2b, O4, O6, O7, O12, O15, O16, O17, O18, O22, O25a, O25b, O45a,
O75, O78.
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Table 2. Resistance and virulence traits of the 260 Escherichia coli isolates responsible for pneumonia in patients receiving
mechanical ventilation, according to phylogenetic group, France, 2012–2014*
Phylogenetic group
Phylogenetic group
B2,
Non-B2,
A,
B1,
C,
D,
F,
Trait
n = 155
n = 105
p value
n = 22
n = 26
n = 20
n = 25
n = 11
iroN
130 (83.9) 52 (49.5)
<0.0001 10 (45.4)
13 (50)
16 (80)
6 (24)
6 (54.5)
sfa/foc
109 (70.3)
0
<0.0001
0
0
0
0
0
neuC
41 (26.4)
0
<0.0001
0
0
0
0
0
fyuA
152 (98.1) 51 (48.6)
<0.0001
7 (31.8)
9 (34.6)
16 (80)
10 (40)
8 (72.7)
hlyC
98 (63.2)
2 (1.9)
<0.0001
0
2 (7.7)
0
0
0
cnf1
91 (58.7)
1 (1)
<0.0001
0
1 (3.8)
0
0
0
aer
65 (41.9)
67 (63.8)
0.0006
14 (63.6) 15 (57.7)
14 (70)
15 (60)
8 (72.7)
papC
100 (64.5) 27 (25.7)
<0.0001
7 (31.8)
3 (11.5)
8 (40)
8 (32)
1 (9.1)
papGII
27 (17.4)
4 (3.8)
0.0007
0
0
0
4 (16)
0
papGIII
64 (41.3)
0
<0.0001
0
0
0
0
0
traT
70 (45.2)
82 (78.1)
<0.0001 15 (68.2) 20 (76.9)
17 (85)
20 (80)
9 (81.8)
Virulence score, median (IQR)†
7 (5–7)
3 (2–4)
<0.0001 2.5 (2–4)
3 (1–4)
4 (3–5)
3 (2–3)
3 (2.5–3)
Antimicrobial resistance
Amoxicillin
75 (48.4)
83 (79)
<0.0001 19 (86.4)
19 (73)
16 (80)
19 (76)
10 (90.9)
Amoxicillin/clavulanic acid
66 (42.6)
68 (64.8)
0.0006
18 (81.8)
13 (50)
15 (75)
14 (56)
8 (72.7)
Piperacillin/tazobactam
21 (13.5)
27 (25.7)
0.02
6 (27.3)
6 (23.1)
7 (35)
3 (12)
5 (45.4)
Cefotaxime
11 (7.1)
17 (16.2)
0.02
4 (18.2)
4 (15.4)
2 (10)
3 (12)
4 (36.4)
Ceftazidime
12 (7.7)
17 (16.2)
0.04
4 (18.2)
4 (15.4)
2 (10)
3 (12)
4 (36.4)
Imipenem
0
1 (1)
0.4
0
1 (3.8)
0
0
0
Gentamicin
4 (2.6)
10 (9.5)
0.02
3 (13.6)
1 (3.8)
2 (10)
1 (4)
3 (27.3)
Amikacin
3 (1.9)
1 (1)
0.6
0
0
0
0
1 (9.1)
Ofloxacin
15 (9.7)
28 (26.7)
0.0005
7 (31.8)
6 (23.1)
6 (30)
2 (8)
6 (54.5)
Ciprofloxacin
13 (8.4)
24 (22.9)
0.002
7 (31.8)
5 (19.2)
6 (30)
2 (8)
4 (36.4)
Resistance score, median (IQR)‡ 1.5 (0–4) 4.5 (2.5–7) <0.0001 5 (3.5–8)
4 (1–6)
4.5 (3.5–7.5) 4 (1.5–5.5) 7.5 (5–9)
ESBL phenotype
10 (6.4)
12 (11.4)
0.2
4 (18.2)
1 (3.8)
1 (4)
2 (8)
3 (27.3)
WT phenotype
84 (54.2)
24 (22.9)
<0.0001
4 (18.2)
7 (26.9)
6 (24)
7 (28)
1 (9.1)
*Values are no. (%) except as indicated. ESBL, extended-spectrum beta-lactamase; IQR, interquartile range; WT, wild type (susceptible to all tested
antimicrobials).
†Virulence score was calculated, defined by the number of present virulence factors among the 11 tested.
‡Resistance score was defined as the sum of inactive in vitro antimicrobial agents for each isolate. Tested antimicrobials were gentamicin, amikacin,
minocycline, nalidixic acid, ofloxacin, ciprofloxacin, fosfomycin, furans, trimethoprim, amoxicillin, amoxicillin-clavulanic acid, ticarcillin, piperacillin,
piperacillin-tazobactam, imipenem, cefotaxime, and ceftazidime. A score of 1 was attributed for a resistant, 0.5 for an intermediary, and 0 for a sensitive
isolate; a higher score thus indicated a more resistant isolate. For each antimicrobial, resistance is defined by the sum of resistant or intermediary
isolates.

those of 2 published collections, originating from the Paris
area in France. In 2010, a total of 280 E. coli strains were
isolated from fecal samples from community adults and
can be considered as commensal strains (COLIVILLE collection) (26). In 2005, a total of 373 E. coli strains were isolated from the blood of 373 in-patients in 14 hospitals during the course of bacteremia (COLIBAFI collection) (27).
Of note, 20.6% of isolates from patients with bacteremia
were nosocomial and 57% were of urinary origin. Among
patients with bacteremia, the portal of entry was pulmonary
for <2% (most patients were not in an ICU).
For these strains, we determined the phylogroup/subgroup membership, the presence of the 11 virulence factors
cited above, and the susceptibility to 6 antimicrobial drugs
(amoxicillin, amoxicillin/clavulanic acid, cefotaxime, amikacin, ofloxacin, and cefoxitin). For all strains, we calculated a virulence score.
Statistical Analyses

For our analyses we used GraphPad Prism7 software
(https://www.graphpad.com). For quantitative variables,
results are presented as the median and range, and for
712

categorical variables, as frequency and proportion. Variables were compared according to whether they were
nosocomial or community isolates and whether they were
of phylogenetic group B2 or not B2. As we compared the
virulence factor gene content of the 3 collections, we also
compared the proportion of phylogenetic groups and subgroups and of resistant strains. We used the Student t test
to compare continuous variables and the Fisher exact test
to compare categorical variables. Because of the observational design of the study and its exploratory aim, we did
not adjust for multiple testing (28). We considered p<0.05
to be significant.
Results
Host Characteristics

During the study period, we collected 260 E. coli isolates
from 243 patients with a median age of 64 years (interquartile range 52–73 years) (Table 3). Of these isolates,
117 were responsible for ventilator-assisted pneumonia, 61
for hospital-acquired pneumonia, and 82 for communityacquired pneumonia. The main reasons for ICU admission
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Table 3. Demographics and clinical characteristics of 243
pneumonia patients requiring mechanical ventilation, from whom
Escherichia coli was isolated, France, 2012–2014*
Characteristic
Value
Age, y, median (IQR)
64 (52–73)
Sex
M
183 (75.3)
F
60 (24.7)
SAPS II at admission, median (IQR)
57 (42–69)
Comorbid conditions
Chronic alcohol consumption
56 (23)
Diabetes mellitus
45 (18.5)
Neoplastic disease
43 (17.7)
Immunosuppression†
77 (31.7)
Cirrhosis
12 (4.9)
Chronic kidney disease
18 (7.4)
Dialysis
5 (2.1)
Chronic respiratory disease
33 (13.6)
Chronic heart failure
43 (17.7)
Reason for ICU admission
Acute respiratory failure
61 (25.1)
Coma
48 (19.8)
Septic shock
44 (18.1)
Cardiac arrest
28 (11.5)
Cardiogenic shock
14 (5.8)
Polytrauma
22 (9.1)
Postoperative care
8 (3.3)
Hemorrhagic shock
5 (2.1)
Exposure to antimicrobial drug therapy in
98 (40.3)
previous 3 mo
Amoxicillin
6 (2.5)
Amoxicillin/clavulanic acid
38 (15.6)
Third-generation cephalosporin
19 (7.8)
Aminoglycosides
29 (11.9)
Piperacillin/tazobactam
24 (9.9)
Quinolone
10 (4.1)
Carbapenem
11 (4.5)
Polymicrobial sampling
57 (23.5)
ICU length of stay, d (IQR)
17 (7–33)
Hospital length of stay, d (IQR)
24 (10–45)
Death
While in ICU
90 (37)
While in hospital
99 (40.7)
Associated with E. coli
27 (11.1)

article/25/4/18-0944-App1.pdf). The main phylogenetic
groups were B2 (n = 155, 59.6%), B1 (n = 26, 10%), and
D (n = 25, 9.6%). The most commonly identified lineages
were STc73 (subgroup II, n = 40, 25.8% of B2 isolates),
STc131 (subgroup I, n = 24, including 18 ST131), STc69
(clonal group A [29], n = 20), STc141 (subgroup IV, n =
20), and STc127 (subgroup III, n = 16). STc95 (subgroup
IX) encompassed 14 strains (9% of B2 isolates). Community and nosocomial isolates did not differ in terms
of phylogenetic group, except for C phylogroup isolates,
which had a community predisposition (14.6% community vs. 4.5% nosocomial; p = 0.01).
We identified the O-type of 163 strains. We identified
B2 phylogroup strains at the clonal level as having a combination of subgroup and O-type, as previously described
(27) (Table 1). Among B2 strains, clones II-O6a were predominant, followed by IV-O2b, I-O25b (which belongs to
ST131), III-O6a (which belongs to the highly virulent archetypal strain 536 [30]), and VI-O4.
Resistance and virulence traits of the 260 strains are
detailed in Table 2 and Appendix Table 2. B2 phylogroup
strains carried more virulence factor genes (virulence
score 7 [5–7]) than non–B2 phylogroup strains (3 [2–4];
p<0.0001). However, traT genes were significantly more
present in non-B2 (78.1%) than B2 phylogroup (45.2%)
isolates (p<0.0001), as were aer genes (non-B2 63.8% and
B2 41.9%; p = 0.0006). In nearly three quarters of strains,
mainly B2 strains, we found iroN (70%) and fyuA (78.1%).
Community and nosocomial isolates did not differ in terms
of virulence and resistance scores. A total of 22 (8.5%) isolates were producers of extended-spectrum β-lactamases,
including 13 CTX-M-1 group, 6 CTX-M-9 group, and 3
TEM. One isolate produced an OXA-48 carbapenemase,
28 (10.8%) isolates were resistant to cefotaxime, and 48
(18.5%) strains were resistant to piperacillin-tazobactam.
B2 phylogroup strains were more sensitive to antimicrobials
(resistance score 1.5 [0–4]) than were non-B2 phylogroup
strains (resistance score 4.5 [2.5–7]; p<0.0001).

were acute respiratory failure (n = 61, 25.1%), coma (n =
48, 19.8%), and septic shock (n = 44, 18.1%). A total of 98
(40.3%) patients had received antimicrobial drugs in the
previous 3 months.

General Comparisons of the COLOCOLI, COLIBAFI,
and COLIVILLE Collections

*Values are no. (%) except as indicated. ICU, intensive care unit; IQR,
interquartile range; SAPS II, Simplified Acute Physiology Score II.
†Defined by >1 immunosuppression factor among neoplastic disease,
hematologic malignancy, HIV infection, immunosuppressive therapy,
corticosteroids therapy.

E. coli Characteristics

E. coli alone was isolated from 76.5% of the respiratory
samples, whereas 23.5% of the samples were polymicrobial. The monomicrobial and polymicrobial samples
did not differ in terms of phylogroup, virulence factor
content, or antimicrobial resistance. We compiled classifications of the different phylogenetic groups/subgroups
(Table 4) and details about their community or nosocomial status (Appendix Table 1, https://wwwnc.cdc.gov/EID/

When comparing the pneumonia E. coli isolates with those
from the 2 other collections, we found strong differences
(Table 5; Figure). The B2 phylogroup was overrepresented
in pneumonia strains (59.6 %) compared with commensal
strains (32.1%; p<0.0001) but not with bacteremia strains
(52%; p = 0.06). Among B2 phylogroup pneumonia strains,
subgroup III (STc127) was significantly overrepresented
(10.3%) compared with the 2 other collections (bacteremia
4.1%, p = 0.03; commensal 2.2%, p = 0.02). The proportion
of subgroup IV (STc141) isolates was significantly higher
among pneumonia strains (12.9%) than bacteremia strains
(2.6%; p = 0.0002), whereas subgroup IX (STc95) isolates
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(9%) were underrepresented compared with the bacteremia B2 phylogroup strains (29.4%; p<0.0001). Within the
D phylogenetic group, the proportions of clonal group A
pneumonia isolates (80%) were greater than those of commensal isolates (40%; p = 0.001).
Virulence scores of pneumonia isolates (5 [3–7]) were
significantly higher than those of commensal isolates (3
[1–5]; p<0.0001) but not different from those of the bacteremia isolates (4 [2–7]; p = 0.3). However, some adhesins
(sfa/foc, papGIII), some toxins (hlyC, cnf1), and iroN were
significantly overrepresented in pneumonia E. coli strains
compared with strains in the 2 other collections.
Pneumonia E. coli isolates were more resistant than
commensal isolates to all tested antimicrobial drugs except amikacin. Pneumonia isolates and bacteremia isolates
did not differ in terms of antimicrobial drug susceptibility, except for resistance to cefotaxime (pneumonia isolate
resistance 10.8%) and cefoxitin (pneumonia isolate resistance 11.5%) compared with bacteremia isolates (5.1%; p
= 0.009 for cefotaxime, p = 0.004 for cefoxitin). Of note,
when the 260 pneumonia isolates were compared with the
220 bacteremia strains of urinary tract origin, they were
still distinguishable in terms of phylogroups/subgroups and
virulence factor content (Appendix).
Discussion
This prospective nationwide study provides data on E. coli
pneumonia isolates in critically ill patients. With regard to
the characteristics of E. coli pneumonia isolates, we found
the following: 1) a preponderance of phylogenetic group
B2 (59.6%); 2) a predominant STc73 (subgroup II) lineage
and threatening emergence of ST131 (within subgroup I),
STc69 (clonal group A ), and STc127 (subgroup III), along
with STc141 (subgroup IV); 3) a much lower proportion of
STc95 (subgroup IX) in B2 pneumonia than in bacteremia
isolates; 4) a specific virulence factor gene content in pneumonia versus bacteremia strains. Taken together, these
epidemiologic, phylogenetic, genotypic, and experimental
data argue for inclusion of E. coli pneumonia isolates in
the extraintestinal pathogenic E. coli (ExPEC) pathovar but
with distinguishable lung-specific traits.
In 2010, Croxen and Finlay reviewed the molecular
mechanisms of E. coli pathogenicity (31). Among ExPEC,
numerous pathovars were listed, including uropathogenic
and neonatal meningitis pathogenic E. coli, but none concerned the lungs. Pneumonia was not even cited as a possible disease caused by E. coli.
The situation is now clearly different. In 2012, Hamet
et al. reported that Enterobacteriaceae accounted for a
quarter of the 323 episodes of ventilator-assisted pneumonia occurring in their ICU (6). Our group showed that
over a 5-year analysis of ventilator-assisted pneumonia
episodes, finding Enterobacteriaceae as the responsible
714

Table 4. Phylogenetic groups/subgroups of Escherichia coli
isolated from 260 pneumonia patients requiring mechanical
ventilation, France, 2012–2014*
Phylogroup
No. (%)
A
22 (8.5)
B1
26 (10)
CC87†
11 (42.3)
Non-CC87
15 (57.7)
B2
155 (59.6)
I ST131†
18 (11.6)
I non-ST131
6 (3.9)
II
40 (25.8)
III
16 (10.3)
IV
20 (12.9)
V
1 (0.6)
VI
14 (9)
VII
3 (1.9)
IX
14 (9)
Unassigned
23 (14.8)
C
20 (7.7)
D
25 (9.6)
CGA†
20 (80)
Non-CGA
5 (20)
F
11 (4.2)
Clade I
1 (0.4)

*Nosocomial isolates encompass ventilator-associated pneumonia and
hospital-acquired pneumonia isolates. CC87, clonal complex 87
(sequence type complex [STc] 155) (19); CGA, clonal group A (STc69)
(21); ST131, sequence type 131.
The correspondence with the Achtman MLST schema is as follows:
subgroup I, STc131; subgroup II, STc73; subgroup III, STc127; subgroup
IV, STc141; subgroup V, STc144; subgroup VI ,STc12; subgroup VII,
STc14; subgroup IX, STc95. No isolate belonged to subgroup VIII
(STc452), X (STc372), or E phylogroup (22).
†Proportions of subgroups are reported as fractions of the respective
phylogroups.

pathogen increased significantly (5). In an international
multicenter study, Kollef et al. also confirmed that Enterobacteriaceae were the leading pathogens of ventilator-assisted pneumonia in the ICU (4). Among them, E. coli is
a major threat, recently highlighted by the World Health
Organization, because of its ever-increasing resistance to
antimicrobial drugs (7).
ExPEC are characterized by pathogenic virulence factor genes coding for various combinations of adhesins, toxins, iron-acquisition systems, capsule production, and toxins that enable them to cause disease once outside the host
gut reservoir (32). ExPEC virulence factors are encoded on
the bacterial chromosome, where they are usually located
within pathogenicity-associated islands (PAIs) or plasmids. Most ExPEC isolates belong to the B2 phylogroup
and, to a lesser extent, the D phylogroup. More in-depth
analysis of ExPEC strains has enabled characterization of
particular STs of ExPEC isolates including ST131, ST73,
and ST127 (33). Our most striking finding was the specificity of pneumonia E. coli strains, compared with bacteremia
ones, within the ExPEC family (Table 5). First, although
B2 phylogroup strains are preponderant in ExPEC (15,34),
we found a trend toward an even greater proportion of B2
isolates among pneumonia isolates (59.6%) than among
bacteremia isolates, whatever the origin (52%; p = 0.06)
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Table 5. Proportion of phylogenetic groups, B2 subgroups, D CGA, and B1 CC87 among pneumonia, bacteremia, or commensal
isolates*
Phylogenetic characteristics
Pneumonia isolates
Bacteremia isolates
Commensal isolates
A
–
+
++
B1
+
–
+
CC87†
+++
+++
+
B2
++++
++++
+++
I
+
+
+
II
++
++
++
III
+
–
–
IV
+
–
+
IX
–
++
+
C
–
–
–
D
–
+
+
CGA*
++++
++++
+++
E
–
–
–
F
–
–
–

*CGA, clonal group A (sequence type complex [STc] 69) (21); CC87, clonal complex 87 (STc155) (19); –, <10%; +, 10%–20%; ++, 20%–30%; +++ 30–
50%; ++++, >50% of isolates. Correspondence with the Achtman multilocus sequence typing schema is subgroup I = STc131; subgroup II = STc73;
subgroup III = STc127; subgroup IV = STc141; and subgroup IX = STc95 (22).
†Proportions of subgroups are calculated within each respective phylogroup.

(Table 3; Figure). This finding is in the range of what is observed in urosepsis isolates (62%) (11) but a little less than
in neonatal meningitis strains (68%) (13). Then, among
B2 phylogroup isolates (Table 4), if the predominance of
subgroup II (STc73) was expected, we found high proportions of specific phylogenetic group B2 clones among other
lineages, which could be worrisome (Table 1). The ST131
O25b:H4 clone represented 9.7% of the B2 phylogroup
isolates, 53.3% of them producing an extended-spectrum
β-lactamase. Subgroup IV (STc141) was significantly
more present among pneumonia strains than among bacteremia strains. Challenging the hypothesis of a commensal
character, with a low level of human invasiveness (27), this
finding indicates that subgroup IV isolates may have a high
affinity for the respiratory tract. Last, we must highlight
the greater proportion of subgroup III among pneumonia
isolates (namely STc127) compared with bacteremia and
commensal isolates, in agreement with previous findings
from our group (15). Contrary to isolates from the other 2
collections, pneumonia isolates were composed of fewer IX
subgroup strains (STc95). Whereas subgroup IX is usually
well represented among commensal and other pathogenic
E. coli strains (26,27,35), these data suggest that the respiratory tract is less suitable than other tissues for subgroup
IX implantation, a finding in agreement with our previous
report in which subgroup IX was not represented (15).
Among D phylogroup strains, the higher prevalence
of clonal group A (STc69) in pneumonia isolates than in
bacteremia and commensal isolates was unexpected. Among
571 D phylogroup E. coli responsible for extraintestinal
infection, Johnson et al. reported only 144 clonal group
A E. coli (25.2%) (29). The multidrug-resistant nature of
these pathogens is of increasing concern (29,36).
Regarding virulence factor gene content, the literature
suggests that PAIs involved in ExPEC causing pneumonia differ from those involved in urinary tract and blood-

stream infections (37,38). Using PAI deletion mutants in a
rat model of pneumonia, Phillips-Houlbracq et al. related
pneumonia pathogenicity to the presence of PAIs I and III
(37). In our study (Figure 1), pneumonia isolates differed
from bacteremia isolates because they significantly more
often carried sfa/foc, iroN (both belonging to PAI III), papGIII and cnf1 (belonging to PAI II), and hlyC (belonging to
PAI I and II). The role of α-hemolysin in experimentally
induced pneumonia in rats has been reported (15,39). Of
note, the virulence factor content of the pneumonia strains
still differs when we consider only the urosepsis isolates
(Appendix). Although additional studies are required to
confirm, these findings do suggest a coherent molecular
trait for the isolates’ lung specificity.
Consistent with data in the literature (15), we found that
pneumonia B2 isolates were less resistant to antimicrobial
drugs (B2 resistance score 1.5 [0–4] vs. non-B2 resistance
score 4.5 [2.5–7]; p<0.0001) but carried more virulence
factor genes (B2 virulence score 7 [5–7] vs. non-B2 virulence
score 3 [2–4]; p<0.0001) (Table 2). However, contrary to an
old belief, this trade-off does not mean that antimicrobial
drug resistance decreases with increasing virulence (40).
Indeed, virulence and antimicrobial-drug resistance were
both higher in pneumonia isolates than in commensal
isolates and the following were more highly represented:
sfa/foc, papC, papGIII, fyuA, iroN, hlyC, and cnf1.
Our study should be interpreted within the context of
its limitations. First, although our collection of E. coli pneumonia isolates is large, results regarding some subgroup
analyses will require confirmation because of their sample
size. Our choice of PCR rather than whole-genome characterization was governed by our wish to compare the 2 other
collections with the same type of data. Despite these limitations, our analysis based on 14 centers representing France
on a population and geographic level, its prospective design, and the comparison of our large number of isolates
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Figure. Comparison of Escherichia coli isolates among pneumonia patients with extraintestinal infections, France, 2012–2014, with
commensal E. coli (COLIVILLE collection) and E. coli bacteremia isolates (COLIBAFI collection). A) Proportions of E. coli phylogenetic
groups and subgroups; B) B2 subgroups, D CGA, and B1 CC87; C) virulence factors; and D) antimicrobial drug resistance. Roman
numerals correspond to the B2 subgroup. Correspondence with the Achtman multilocus sequence typing schema is as follows:
subgroup I, STc131; subgroup II, STc73; subgroup III, STc127; subgroup IV, STc141; subgroup VI, STc12; subgroup VII, STc14;
subgroup IX, STc95 (22). Proportions of subgroups are reported as fractions of the respective phylogroups. Asterisks indicate a
significant difference between respiratory isolates and strains responsible for bacteremia (COLIBAFI collection) or commensal strains
(COLIVILLE collection): *p<0.05; **p<0.005; ***p<0.0005. AMC, amoxicillin/clavulanic acid; AMK, amikacin; AMX, amoxicillin; CTX,
cefotaxime; FOX, cefoxitin; OFX, ofloxacin; STc, sequence type complex.

with those from recently published collections enable us to
draw valid conclusions. We did not assess the functionality
and expression of the encoded virulence factors in these
isolates. Our team has consistently demonstrated these
features in several murine models of infection (including
pneumonia) and observed a strong correlation between the
presence of these genes and death (15,34,37).
Our data raise the question of why certain clonal lineages were overrepresented in patients with respiratory
tract infection. Patients acquire E. coli infection from their
own digestive tract (41). This event implies an upward
retrograde motion of the bacterial cells to reach the oropharynx and the lung parenchyma and suggests particular
metabolic-adaptation and response-to-stress characteristics
(e.g., to overcome the acidity of the stomach). We have
previously shown that some E. coli strains are capable of
high growth capacities in relation to metabolic pathways
(42) while others are highly resistant to stress (43). For
both studies, however, no link to specific clones could be
716

established. The specific organ tropism therefore more
probably results from a combination of genetic background
and virulence factors.
In summary, we identified emerging pneumonia-causing pathogenic E. coli whose main characteristics define
them as ExPEC. Their specificities include a very strong
proportion of B2 phylogroup isolates; a high proportion
of subgroups II (STc73), I (STc131), IV (STc141), and III
(STc127); and consequent proportions of clonal group A
(STc69) isolates within the D phylogroup. Virulence factor gene content of pneumonia isolates also appeared to be
singular compared with that of bacteremia isolates, among
them urosepsis isolates. These epidemiologic data underline the specificity of pneumonia E. coli populations and
may help with the design of more targeted therapies.
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Symptoms, Sites, and Significance
of Mycoplasma genitalium in
Men Who Have Sex with Men
Tim R.H. Read, Gerald L. Murray, Jennifer A. Danielewski, Christopher K. Fairley, Michelle Doyle,
Karen Worthington, Jenny Su, Elisa Mokany, L.T. Tan, David Lee, Lenka A. Vodstrcil,
Eric P.F. Chow, Suzanne M. Garland, Marcus Y. Chen, Catriona S. Bradshaw

During 2016–2017, we tested asymptomatic men who
have sex with men (MSM) in Melbourne, Australia, for Mycoplasma genitalium and macrolide resistance mutations
in urine and anorectal swab specimens by using PCR.
We compared M. genitalium detection rates for those
asymptomatic men to those for MSM with proctitis and
nongonococcal urethritis (NGU) over the same period. Of
1,001 asymptomatic MSM, 95 had M. genitalium; 84.2%
were macrolide resistant, and 17% were co-infected with
Neisseria gonorrhoeae or Chlamydia trachomatis. Rectal
positivity for M. genitalium was 7.0% and urine positivity
was 2.7%. M. genitalium was not more commonly detected in the rectums of MSM (n = 355, 5.6%) with symptoms
of proctitis over the same period but was more commonly
detected in MSM (n = 1,019, 8.1%) with NGU. M. genitalium is common and predominantly macrolide-resistant in
asymptomatic MSM. M. genitalium is not associated with
proctitis in this population.

ycoplasma genitalium causes nongonococcal
urethritis (NGU) in men and is associated with
pelvic inflammatory disease (PID), spontaneous abortion, and premature labor in women (1,2). Most guidelines recommend azithromycin as a first-line treatment;

M
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however, macrolide resistance is widespread and increasing in many countries (3–5). In a recent study of M. genitalium urethritis in Melbourne, Victoria, Australia, 39%
of cases were in men who have sex with men (MSM);
macrolide resistance was detected almost twice as often
in MSM as in women or heterosexual men (76% of MSM
vs. 39% for women and heterosexual men combined; p =
0.005) (6). We hypothesized that this difference may have
arisen from frequent treatment of MSM for Chlamydia
trachomatis and Neisseria gonorrhoeae infections, resulting in exposure of asymptomatic M. genitalium infections
to azithromycin.
M. genitalium has been proposed as a cause of proctitis
in MSM, but few studies have examined this association.
Soni et al. found M. genitalium in 4.4% of rectal swabs from
438 MSM in England and found no association with rectal
symptoms (7). Francis et al. found M. genitalium in 5.4% of
rectal swabs from 500 MSM in the United States but found
only a weak association with rectal symptoms (8). Bissessor et al. reported that bacterial load of rectal M. genitalium
was higher in MSM with proctitis compared with those
with asymptomatic infection, and detection was more common in HIV-positive than HIV-negative MSM (21% vs.
8%; p = 0.006) (9). A meta-analysis in 2009 of 19 mostly
cross-sectional or case–control studies found an association
between M. genitalium and HIV infection, particularly in
studies from sub-Saharan Africa (10). Subsequently, M.
genitalium was detected twice as commonly in women who
seroconverted to HIV in a prospective study in Africa (11),
but no equivalent studies in MSM are available.
We aimed to determine the proportion of asymptomatic MSM who had M. genitalium in the urethra or rectum
and the prevalence of macrolide resistance and risk factors
for infection. We compared these data with the proportion
of tests positive for M. genitalium in MSM with symptoms
of proctitis and nongonococcal urethritis to further examine the contribution of M. genitalium to these syndromes
in MSM.
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Methods
This cross-sectional study was undertaken during August
23, 2016–September 27, 2017, at Melbourne Sexual Health
Centre (MSHC), the only public sexual health clinic in
Melbourne, a city of 4.5 million. MSM >18 years of age
who were asymptomatic at both triage and clinician consultations and reported receptive anal sex within the preceding
year were eligible to participate. To minimize the impact of
this study on clinical and laboratory services, recruitment
was restricted to 8 of 49 clinical staff members, who offered
the study to consecutive eligible clients. To determine how
representative participants were of all asymptomatic MSM
attending MSHC, we compared positivity for rectal C. trachomatis and N. gonorrhoeae in recruited and nonrecruited
MSM. We asked participants to complete a questionnaire
about recent sexual risk practices and to record any anogenital symptoms experienced in the preceding week. Participants provided urine and a rectal swab specimen (self- or
clinician-collected) for M. genitalium screening.
We agitated the rectal swabs in 0.6 mL of phosphatebuffered saline to release cellular material, vortexed them
briefly, and centrifuged them at low speed (8,000 rcf, 10
min) to remove PCR inhibitors. This step was required to
reduce inhibition that differentially affected rectal samples;
in early evaluations, the internal control failed in 9 (20.5%)
of 44 uncentrifuged rectal samples but in none of 106 samples subjected to centrifugation. We transferred 0.2 mL of
supernatant for nucleic acid isolation using the MagNA
Pure 96 DNA and viral small volume kit on the automated
MagNA Pure 96 system (Roche Diagnostics, https://www.
roche.com). We prepared urine samples as described previously (12). We detected M. genitalium and macrolide
resistance mutations in the 23S rRNA gene using the ResistancePlus MG test (SpeeDx Pty Ltd, Australia, https://
plexpcr.com). Published evaluations of this assay report
specificity for the detection of M. genitalium of 100% and
sensitivities of 94.9%, 98.5%, and 98.9% (13–15).
Participants provided additional samples for C. trachomatis and N. gonorrhoeae screening of the throat, urethra,
and rectum; we performed serologic testing for syphilis and
HIV as indicated. We tested samples for N. gonorrhoeae
and C. trachomatis by transcription-mediated amplification
(Aptima Combo 2, Hologic, https://www.hologic.com).
MSM who were recalled for treatment of M.genitalium
completed another questionnaire about antimicrobial drug
use. We also collected throat swab specimens from men
with rectal M. genitalium infection so we could perform
pharyngeal M. genitalium testing. Resources were not
available for testing all participants, particularly since published studies have rarely detected M. genitalium at this
site. However, we hypothesized that M. genitalium may be
more common in the pharynx in men with rectal M. genitalium. We agitated the throat swabs in 0.6 mL of phosphate720

buffered saline to release cellular material and performed
nucleic acid isolation as described for the other samples.
Statistical Methods

With a sample size of 1,000, a prevalence of M. genitalium
of 10% would provide 80% power (α = 0.05) to detect an
odds ratio of >1.9 for a characteristic present in 30% of those
who did not have M. genitalium. We assessed associations
between M. genitalium, C. trachomatis, and N. gonorrhoeae
and risk factors, as well as mild urethral and anorectal symptoms reported in the questionnaire, using logistic regression.
All patients attending MSHC who have symptoms of
nongonococcal urethritis or proctitis are tested for M. genitalium. During the 13-month study period, we also extracted test results from the clinic database for M. genitalium, C.
trachomatis, and N. gonorrhoeae from MSM who received
diagnoses of proctitis or urethritis (based on symptoms and
signs, not microscopic criteria). Using univariate logistic
regression, we then used corresponding test results from
the asymptomatic study population as controls to assess any
association between detection of each organism in the rectum and urine and diagnoses of proctitis and urethritis. For
men with M. genitalium detected, we compared risk factors
for macrolide resistance mutations using χ2 or Fisher exact
tests, where appropriate. We also recorded the proportions
of M. genitalium patients co-infected with C. trachomatis
or N. gonorrhoeae in the urethra and rectum. We compared
associations between the detection of M. genitalium and
that of C. trachomatis or N. gonorrhoeae in the rectum or
urine in the asymptomatic study population using logistic
regression, as we did with associations between M. genitalium and C. trachomatis in cases of nongonococcal urethritis diagnosed during the same period.
This project was approved by the ethics committee of
the Alfred Hospital in Melbourne (project no. 278/16). All
participants gave written informed consent.
Results
During August 23, 2016–September 27, 2017, a total of
1,028 MSM were triaged as asymptomatic and invited to
participate in the study. Of these, 17 declined: 3 declined
the additional rectal swab specimen collection, and 14 declined for reasons unrelated to the study (distress or being
unable to return to the clinic). Of the remaining 1,011, a
total of 6 rectal swabs were unassessable (internal control
failed), and 4 did not provide a urine sample. These 10 patients were excluded from the analysis, leaving 1,001 men
with assessable samples from both collection sites.
Participants had a median age of 28.8 (interquartile
range 24.3–34.1). A total of 107 (10.7%) were HIV positive, and 142 (15.9%) of the HIV-negative men were taking
or commencing HIV preexposure prophylaxis medication
(PrEP) (Table 1).
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Table 1. Characteristics associated with urethral or rectal Mycoplasma genitalium in asymptomatic men who have sex with men,
Australia*
M. genitalium not
M. genitalium
Crude OR (95%
Characteristic
All patients
detected
detected†
CI)
p value
Detected in urine, rectum, or both
Prevalence
1,001
906 (90.5)
95 (9.5, 7.7–11.5)
Median age, y (IQR)
28.8 (24.3–34.1) 28.9 (24.5–34.3)
27.4 (23.3–32.3)
0.96 (0.93–0.99)
0.006
HIV status‡
Negative
894
804 (88.7)
90 (94.7)
Positive
107
102 (11.3)
5 (5.3, 1.7–11.9)
0.44 (0.17–1.10)
0.08
On/commencing PrEP§
No
752
678 (84.3)
74 (82.2)
Yes
142
126 (15.7)
16 (17.8, 10.5–27.3)
1.16 (0.66–2.06)
0.60
Detected in urine only
Urine prevalence
974 (97.3)
27 (2.7, 1.8–3.9)
Insertive oral sex partners in previous 3 mo, n = 984¶
<4
431
421 (44.0)
10 (37.0)
>4
553
536 (56.0)
17 (63.0)
1.34 (0.61–2.95)
0.47
Insertive anal sex partners in previous 3 months, n = 941#
<2
428
418 (45.7)
10 (38.5)
>2
513
497 (54.3)
16 (61.5)
1.34 (0.60–3.0)
0.47
Condom use insertive anal sex in previous 3 mo
Always
287
280 (38.7)
7 (29.2)
Not always
460
443 (61.3)
17 (70.8)
1.53 (0.63–3.75)
0.35
Detected in rectum only
Rectal prevalence
931 (93.0)
70 (7.0, 5.5–8.8)
Receptive anal sex partners in previous 3 mo, n = 945#
<2
367
349 (39.8)
18 (26.1)
>2
578
527 (60.2)
51 (73.9)
1.88 (1.08–3.3)
0.026
Condom use receptive anal sex in previous 3 mo
Always
301
288 (37.1)
13 (20.0)
Not always
540
488 (62.9)
52 (80.0)
2.36 (1.24–4.81)
0.006
*Values are no. (%, 95% CI) except as indicated. This table should be viewed in conjunction with Table 2. IQR, interquartile range; OR, odds ratio; PrEP,
preexposure prophylaxis.
†In 2 of 97 infected men, M. genitalium was detected in both the urine and the rectum.
‡Includes 5 men with unknown HIV infection status. M. genitalium was detected in 4.7% of HIV-positive men vs. 10.1% of HIV-negative men (p = 0.08).
§HIV-negative men only.
¶Median 4.
#Median 2.

Of the 1,001 men, 95 (9.5% [95% CI 7.7%–11.5%])
had M. genitalium detected at any site. Twenty-seven (2.7%
[95% CI: 1.8%–3.9%]) had M. genitalium detected in the
urine and 70 (7.0% [95% CI 5.5%–8.8%]) in the rectum; 2
men were infected at both sites. C. trachomatis was detected
in 91 (9.6% [95% CI 7.8%–11.7%]) of 948 men tested at
both sites, and N. gonorrhoeae was detected in 64 (6.7%
[95% CI 5.2%–8.5%]) of 952 men tested at both sites (Table
2). For urine samples, M. genitalium was detected in 2.7%,
C. trachomatis in 1.7%, and N. gonorrhoeae in 0.7%. For
rectal samples, M. genitalium was detected in 7.0%, C. trachomatis in 8.5%, and and N. gonorrhoeae in 6.2%.
During the study period, 4,228 MSM were triaged
as asymptomatic at MSHC and not offered the study but
were tested for rectal C. trachomatis and N. gonorrhoeae
at least once. After excluding repeat tests, positivity for C.
trachomatis did not differ between nonrecruited (7.4%)
and recruited (8.5%) MSM (p = 0.25), but N. gonorrhoeae
was lower in nonrecruited (4.2%) than in recruited (6.2%)
MSM (p = 0.006).
Detection of M. genitalium was significantly associated with younger age (odds ratio [OR] 0.96 [95% CI

0.93–0.99]) per year of increasing age. Detection of M.
genitalium in the rectum was significantly associated with
receptive anal sex with >2 partners within the past 3 months
(OR 1.88 [95% CI 1.08–3.3]) and inconsistent condom use
for receptive anal sex (OR 2.36 [95%CI 1.24–4.81]). M.
genitalium was less common in HIV-infected men than in
uninfected men (4.7% vs 10.1%, p = 0.08) but was not associated with taking or commencing PrEP.
The study population of 1,001 asymptomatic MSM
completed a questionnaire about the presence of any anogenital or urethral symptoms in the week before presentation (all participants were asymptomatic at recruitment). Of
these, 8.7% reported any recent symptoms in the urethra
(itch, discomfort, discharge, or dysuria) and 25.5% in the
anorectum (itch, discomfort, pain, or bleeding). Recent
symptoms were not associated with detection of M. genitalium, C. trachomatis, or N. gonorrhoeae at either site (p>0.5
for all symptoms, individually or combined; Table 3).
We compared rectal test positivity for M. genitalium,
C. trachomatis, and N. gonorrhoeae in the asymptomatic
study population (n = 1,001) with rectal positivity in MSM
who had symptoms of proctitis (n = 355) during the study
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Table 2. Detection of urethral or rectal Chlamydia trachomatis or Neisseria gonorrhoeae in asymptomatic men who have sex with
men, Australia*
C. trachomatis not
C. trachomatis
N. gonorrhoeae
N. gonorrhoeae
Characteristic
All patients
detected
detected†
not detected
detected†
Detected in urine, rectum, or both
STI prevalence
1,001
857 (90.4)
91 (9.6, 7.8–11.7)
888 (93.3)
64 (6.7, 5.2–8.5)
Median age, y (IQR)
28.8 (24.3–34.1) 28.8 (24.3–34.0)
27.6 (23.8–35.2) 28.8 (24.3–34.1) 27.2 (24.1–33.1)
HIV status
Negative‡
894
782 (91.3)
72 (79.1)
801 (90.2)
55 (85.9)
Positive
107
75 (8.8)
19 (20.9)
87 (9.8)
9 (14.1)
On/commencing PrEP§
No
752
666 (85.2)
57 (79.2)
683 (85.3)
39 (70.9)
Yes
142
116 (14.8)
15 (20.8)
118 (14.7)
16 (29.1)
Detected in urine only
Urine prevalence
958
942 (98.3)
16 (1.7, 1.0–2.7)
951 (99.3)
7 (0.7, 0.3–1.4)
Insertive oral sex partners in previous 3 mo, n = 984¶
<4
431
407 (44.0)
4 (25.0)
408 (43.6)
2 (28.6)
>4
553
519 (56.0)
12 (75.0)
527 (56.4)
5 (71.4)
Insertive anal sex partners in previous 3 mo, n = 941#
<2
428
406 (45.9)
4 (25.0)
409 (45.8)
0
>2
513
479 (54.1)
12 (75.0)
485 (54.2)
7 (100)
Condom use insertive anal sex in previous 3 mo
Always
287
273 (39.1)
5 (31.3)
273 (38.6)
4 (57.1)
Not always
460
425 (60.9)
11 (68.7)
434 (61.4)
3 (42.9)
Detected in rectum only
Rectal prevalence
958–963
877 (91.5)
81 (8.5, 6.8–10.4)
903 (93.8)
60 (6.2, 4.8–7.9)
Receptive anal sex partners in previous 3 mo, n = 945#
<2
367
336 (40.8)
20 (24.7)
342 (40.1)
15 (26.3)
>2
578
488 (59.2)
61 (75.3)
511 (59.9)
42 (73.7)
Condom use receptive anal sex in previous 3 mo
Always
301
270 (37.1)
18 (23.4)
277 (36.7)
11 (20.0)
Not always
540
458 (62.9)
59 (76.6)
477 (63.3)
44 (80.0)
*Values are no. (%) or no. (%, 95% CI) except as indicated. This table should be viewed in conjunction with Table 1. All 1,001 men had urine and rectal
swabs tested for Mycoplasma genitalium, but only 948 were tested at both sites for C. trachomatis and 952 for N. gonorrhoeae. IQR, interquartile range;
PrEP, preexposure prophylaxis.
†Denominators varied based on numbers tested; 958 men had urine tests for both infections; 948 men were screened at both sites and 958 men had
rectal tests for C. trachomatis; and 952 men were screened at both sites and 963 men had rectal tests for N. gonorrhoeae.
‡Includes 5 men of unknown HIV infection status. M. genitalium was detected in 4.7% of HIV-positive men vs. 10.1% of HIV-negative men (p = 0.08).
§HIV-negative men only.
¶Median 4.
#Median 2.

period (Table 4). M. genitalium detection was similar in
MSM with proctitis and asymptomatic MSM (5.6% for
proctitis vs. 7.0% for asymptomatic; OR 0.79 [95% CI
0.45–1.35]; p = 0.38). However, rectal detection of both
C. trachomatis (21.3% vs. 8.5%, OR 2.93 [95% CI 2.05–
4.18]) and N. gonorrhoeae (28.4% vs. 6.2%, OR 5.97 [95%
CI 4.15–8.61]) was significantly more common in MSM
with symptoms of proctitis than in asymptomatic MSM.
We compared the urine test positivity for M.
genitalium and C. trachomatis in the asymptomatic
study population (n = 1,001) with the positivity in 1,019
MSM presenting with symptoms of NGU during the
study period. Both M. genitalium (8.1% vs. 2.7%; OR
3.20 [95% CI 2.03–5.18]) and C. trachomatis (14.5%
vs. 1.7%, OR 9.99 [95% CI 5.89–18.07]) were more
commonly detected in MSM with symptoms of NGU
than in asymptomatic MSM (Table 4).
We detected macrolide resistance mutations in 80
(84.2% [95% CI 75.3%–90.9%]) of 95 men who had positive M. genitalium tests (Table 5). We found no significant
association between resistance and site of infection, and
722

although these mutations were more common in MSM
reporting recent use of antimicrobial drugs, particularly
azithromycin, this difference was not significant. Macrolide resistance mutations were found in all HIV-negative
men taking or commencing PrEP (p = 0.06).
Table 6 shows the proportion of asymptomatic MSM
with M. genitalium who were co-infected with C. trachomatis and N. gonorrhoeae, by anatomic site. Rectal
C. trachomatis and rectal N. gonorrhoeae were detected
with similar frequency in MSM with rectal M. genitalium
compared with men without rectal M. genitalium (C. trachomatis, 9.2% vs. 8.4%, p = 0.82; N. gonorrhoeae, 6.1%
vs. 6.2%; p = 0.98). However, C. trachomatis and N. gonorrhoeae were detected significantly more often in the
urine of asymptomatic men with M. genitalium compared
with men without urethral M. genitalium (C. trachomatis,
7.4% vs. 1.5%, p = 0.03; N. gonorrhoeae, 7.4% vs. 0.5%,
p = 0.002).
In contrast, in MSM with NGU, detection of C. trachomatis was uncommon in men with urethral M. genitalium
(2.5%) compared with men without urethral M. genitalium
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Table 3. Detection of Mycoplasma genitalium, Chlamydia trachomatis, and Neisseria gonorrhoeae in asymptomatic men who have sex
with men according to reports of symptoms during the preceding week, Australia*
Urethral symptoms†
Anorectal symptoms‡
None, no.
Mild, no.
Odds ratio
None, no.
Mild, no.
Odds ratio
Characteristic
(%)
(%)
(95% CI)
p value
(%)
(%)
(95% CI)
p value
M. genitalium, n = 1,001
Not detected
889 (97.3) 85 (97.7)
692 (92.7) 239 (93.7)
Detected
25 (2.7)
2 (2.3)
0.84
0.81
54 (7.2)
16 (6.3)
0.86
0.60
(0.19–3.59)
(0.48–1.53)
C. trachomatis, n = 958
Not detected
861 (98.4) 81 (97.6)
657 (91.4) 220 (92.1)
Detected
14 (1.6)
2 (2.4)
1.52
0.59
62 (8.6)
19 (7.9)
0.92
0.75
(0.34–6.80)
(0.54–1.56)
Neisseria gonorrhoeae, n = 958
Not detected
868 (99.3) 83 (98.8)
675 (93.8) 228 (93.8)
Detected
6 (0.7)
1 (1.2)
1.74
0.61
45 (6.3)
15 (6.2)
0.99
0.97
(0.21– 14.65)
(0.54–1.80)
*All participants were triaged as asymptomatic. This table reports answers to a questionnaire about “any symptoms (even if mild) in the past week.”
†Urethral symptoms were any of the following: dysuria, discharge, urethral itch, or discomfort. No individual symptom was significantly associated with
any organism.
‡Anorectal symptoms were any of the following: anal pain, bleeding, itch, or discomfort. No individual symptom was significantly associated with any
organism.

(15.5%; p = 0.001). Overall, of 89 MSM with M. genitalium
infection detected at any site and tested for all 3 infections,
15 (16.9% [95% CI 9.7–26.3]) were co-infected with either
C. trachomatis or N. gonorrhoeae. Of 143 MSM with either C. trachomatis or N. gonorrhoeae, 15 (10.5% [95% CI
5.9%–16.7%]) were co-infected with M. genitalium.
Throat swabs were collected from 54 (77.1%) of 70
MSM with rectal M. genitalium, all 60 MSM with rectal N.
gonorrhoeae, and 37 (45.7%) of 81 MSM with rectal C. trachomatis (routine clinic testing for pharyngeal C. trachomatis commenced halfway through the study). Only 1 (1.9%
[95% CI 0.05–9.9]) of 54 MSM with rectal M. genitalium
had pharyngeal M. genitalium. In contrast, 8 (21.6% [95%
CI 9.8–38.2]) of 37 MSM with rectal chlamydia had pharyngeal chlamydia, and 21 (35% [95% CI 23.1–48.4]) of
60 MSM with rectal gonorrhea had pharyngeal gonorrhea.
Thus, dual pharyngeal and rectal infection with M. genitalium was significantly less common than was observed for C.
trachomatis (p = 0.002) and N. gonorrhoeae (p<0.001). Of

all men tested, 12 (3.0%) of 407 had pharyngeal chlamydia
and 62 (6.4%) of 963 had pharyngeal gonorrhea.
Discussion
Almost 1 in 10 asymptomatic MSM attending a sexual
health center in Melbourne, Victoria, Australia, during a
13-month period were infected with M. genitalium, and 84%
of these infections were macrolide resistant. M. genitalium
was detected in 7% of asymptomatic MSM at the rectum,
2.7% at the urethra, and only 0.2% at both sites. Overall, M.
genitalium was as common as chlamydia and more common
than gonorrhea in asymptomatic MSM. The proportion of
asymptomatic MSM with M. genitalium in the rectum was
no different from that in MSM with symptoms of proctitis
during the same period. Co-infection with C. trachomatis
or N. gonorrhoeae was common and present in 17% of M.
genitalium infections. Screening MSM for C. trachomatis
and N. gonorrhoeae will identify these infections, but if
they are treated, asymptomatic M. genitalium infections,

Table 4. Detection of Mycoplasma genitalium, Chlamydia trachomatis, and Neisseria gonorrhoeae in asymptomatic men who have sex
with men compared with clinic attendees diagnosed with proctitis or NGU, Australia*
Asymptomatic
Clinic
Asymptomatic
Clinic
men tested at attendees with
men tested at attendees with
the rectum for symptoms of
the urethra for symptoms of
Odds ratio
Odds ratio
Characteristic
STIs
proctitis
(95% CI)
p value
STIs
NGU
(95% CI)
p value
M. genitalium
Not detected
931 (93.0)
335 (94.4)
974 (97.3)
936 (91.9)
Detected
70 (7.0)
20 (5.6)
0.79
0.38
27 (2.7)
83 (8.1)
3.20
<0.0001
(0.45–1.35)
(2.03–5.18)
C. trachomatis
Not detected
877 (91.5)
277 (78.7)
942 (98.3)
878 (85.5)
Detected
81 (8.5)
75 (21.3)
2.93
<0.0001
16 (1.7)
149 (14.5)
9.99
<0.0001
(2.05–4.18)
(5.89– 18.07)
N. gonorrhoeae
Not detected
903 (93.8)
252 (71.6)
Detected
60 (6.2)
100 (28.4)
5.97
<0.0001
(4.15–8.61)
*Treated as NGU but not confirmed by urethral Gram stain. NGU, nongonococcal urethritis; STI, sexually transmitted infection.
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Table 5. Risk factors for detection of macrolide resistance mutations in anogenital Mycoplasma genitalium infections detected in men
who have sex with men, Australia
Category
Mutations not detected, no. (%)
Mutations detected, no. (%)
p value
Overall
15 (15.8)
80 (84.2)
Antibiotic in the preceding 3 months
None
13 (86.7)
54 (67.5)
Yes, not azithromycin
2 (13.3)
17 (21.3)
Yes, azithromycin
0
9 ( 11.2)
0.39
HIV status
Negative
15 (100.0)
75 (93.8)
Positive
0
5 ( 6.2)
1.0
Taking or starting PrEP*
No
15 (100.0)
59 (78.7)
Yes
0
16 (21.3)
0.06
Site of infection
Urine
4 (26.7)
23 (28.0)
Rectum
11 (73.3)
59 (72.2)
0.91
*PrEP, preexposure prophylaxis. HIV-positive men excluded.

present in 10% of these cases, may be inadvertently exposed to azithromycin, exerting selection pressure for macrolide resistance, which may explain the rapid escalation of
resistance in M. genitalium in MSM. The situation facing
clinicians is challenging, because the recommended treatment for macrolide-resistant M. genitalium, moxifloxacin,
is expensive, potentially toxic, and difficult to obtain and
may generate further antimicrobial resistance, all of which
should be considered before screening asymptomatic MSM
for M. genitalium.
The detection of M. genitalium in 9.5% of asymptomatic MSM contrasts with a recent meta-analysis finding
lower average prevalence estimates among MSM of 3.2%
(95% CI 2.1%–5.1%) in 5 community-based studies and
3.7% (95% CI 2.4%–5.6%) in 4 clinic-based studies (16).
This discrepancy may be because the meta-analysis included several studies that tested only urine, where M. genitalium is less common, or because of geographic or temporal

differences. A recent Sydney study reported M. genitalium
in 13.4% of MSM (rectum 8.9%, urine 4.7%) (17).
Rectal positivity for M. genitalium in men with symptoms of proctitis was no higher than in asymptomatic MSM.
Furthermore, a report of mild anorectal symptoms over the
preceding week was not associated with rectal M. genitalium and presumably reflected nonspecific self-limiting
symptoms. In contrast, rectal C. trachomatis and N. gonorrhoeae were significantly associated with current symptoms of proctitis (OR 3 and 6, respectively). Two previous
studies found no association between rectal M. genitalium
and symptoms, whereas 1 reported a weak association of
borderline significance (7,8,17). Other studies suggesting
that M. genitalium may cause proctitis have not compared
frequency of detection in symptomatic and asymptomatic
patients (18,19).
The high proportion of cases with macrolide resistance in this study (84%) is consistent with recent MSHC

Table 6. Mycoplasma genitalium detection in men who have sex with men co-infected with Chlamydia trachomatis or Neisseria
gonorrhoeae and are asymptomatic or have symptoms of NGU, Australia*
Rectal M. genitalium
Category
Not detected, no. (%)
Detected, no. (%)
Odds ratio (95% CI)
p value
Asymptomatic, n = 1,001
Rectal C. trachomatis
Not detected
818 (91.6)
59 (90.8)
Detected
75 (8.4)
6 (9.2)
1.10 (0.46–2.65)
0.82
Rectal N. gonorrhoeae
Not detected
842 (93.8)
61 (93.9)
Detected
56 (6.2)
4 (6.1)
0.96 (0.35–2.81)
0.98
Urine M. genitalium
Urine C. trachomatis
Not detected
917 (98.5)
25 (92.6)
Detected
14 (1.5)
2 (7.4)
5.24 (1.13–24.29)
0.03
Urine N. gonorrhoeae
Not detected
926 (99.5)
25 (92.6)
Detected
5 (0.5)
2 (7.4)
14.82 (2.74–80.07)
0.002
Men with NGU symptoms,† n = 1,001*
Urine M. genitalium
Urine C. trachomatis
Not detected
777 (84.5)
79 (97.5)
Detected
143 (15.5)
2 (2.5)
0.14 (0.03–0.57)
0.001
*Although there are 1,001 men in each dataset, these 2 groups are the same size only by coincidence. NGU, nongonococcal urethritis.
†All men in this group received a clinical diagnosis of urethritis.
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data. MSHC has been using the same resistance assay for
M. genitalium since June 20, 2016; by March 27, 2018,
a total of 943 patients with NGU, cervicitis, PID, proctitis, or contacts of infection had M. genitalium detected.
Macrolide resistance mutations were routinely detected in
265 (51.5% [95% CI 47.0–55.9]) of 515 heterosexual men
and women compared with 349 (81.5% [95% CI 77.5–
85.1]) of 428 MSM (p<0.0001). This difference between
MSM and heterosexuals was also seen in a recent study
in Spain, which reported macrolide resistance in 71% of
MSM compared with 13% of heterosexuals (p<0.001);
prior azithromycin exposure was a significant risk factor
for resistance (20). Other recent studies in MSM report
macrolide resistance in 74%–80% of M. genitalium infections (17,21). The high proportion of cases with resistance
reduced our ability to identify risk factors; we detected
resistance in 90% of infected men who recalled taking
any antimicrobial drug within the previous 3 months and
100% of those who recalled taking azithromycin, but this
difference was not significant.
Asymptomatic urethral co-infections with C. trachomatis and N. gonorrhoeae were significantly associated
with detection of M. genitalium, but this association was
not seen with rectal co-infections. Although the association between M. genitalium and urethral co-infections was
significant, we found only 4 cases of co-infection. Specific host factors might possibly lead some men to tolerate,
and therefore accumulate, urethral infections. The proportion of asymptomatic men with M. genitalium detected in
their urine was higher than for C. trachomatis and for N.
gonorrhoeae, again consistent with the hypothesis that M.
genitalium might be less pathogenic than C. trachomatis
or N. gonorrhoeae.
Pharyngeal M. genitalium is reported as rare (22–26),
so to optimize detection, we limited pharyngeal testing
to MSM with rectal infection because other pharyngeal
sexually transmitted infections (STIs) are commonly
concurrent with rectal infections. Of patients with rectal
M. genitalium, only 1.9% had pharyngeal M. genitalium,
which was much lower than for pharyngeal C. trachomatis (22%) and N. gonorrhoeae (35%) in MSM with these
rectal infections. However, C. trachomatis and N. gonorrhoeae were detected by transcription mediated amplification. A recent Sydney study using the ResistancePlus
PCR assay also found no pharyngeal M. genitalium infections in 508 MSM (rectal prevalence 8.9%), providing
further evidence that M. genitalium is rarely detected in
pharyngeal specimens (17).
Of concern, 17% of MSM with M. genitalium were
co-infected with C. trachomatis or N. gonorrhoeae, predominantly reflecting rectal infections. The rectum appears
likely to be a reservoir for asymptomatic M. genitalium,
and treatment of concurrent STIs promotes macrolide

resistance, which is estimated to develop de novo in 12%
of wild-type cases exposed to single-dose azithromycin
(6). The high proportion of macrolide-resistant M. genitalium in MSM may be caused by the combination of a
high background prevalence of asymptomatic rectal M.
genitalium, a high frequency of concurrent chlamydia
or gonorrhea, and the resulting use of azithromycin in
this population.
This study has limitations, including reliance on recall
of antimicrobial drug exposure, recruitment from a sexual
health center where findings may not reflect MSM elsewhere, and restricted testing for pharyngeal M. genitalium.
Centrifugation to remove PCR inhibitors was undertaken
on rectal samples because of higher levels of inhibition,
which could have reduced the sensitivity of rectal M. genitalium detection. Furthermore, we were unable to approach
all MSM attending the clinic. The study population had a
higher proportion with rectal gonorrhea, but not chlamydia, compared with those who were not recruited, possibly
because our inclusion criteria required receptive anal sex
in the previous year and the nonrecruited group included
MSM attending an express service for lower-risk men. This
difference suggests that the study population may have had
a slightly elevated risk of infection, which should be considered alongside our findings. Diagnoses of nongonococcal urethritis and proctitis were predominantly clinical,
based on symptoms and sexual risk, which is likely to lead
to a lower prevalence of STIs in these groups compared
with studies that required microscopic criteria for case definitions. However, clinical diagnoses are commonly used in
primary care and are supported by the strong associations
we observed between detection of C. trachomatis and N.
gonorrhoeae and the symptom-based definitions of proctitis and urethritis.
We detected M. genitalium in 9.5% of asymptomatic
MSM; although it was as common as chlamydia or gonorrhoea, 84% of these infections were macrolide resistant.
The high proportion of MSM with macrolide-resistant M.
genitalium might be considered a reason to screen for this
infection but would not meet the criteria for screening established by Wilson and Jungner (27). For example, the
natural history of M. genitalium infection, particularly in
the rectum, is poorly understood. Testing is not widely
available and the high prevalence of antimicrobial drug
resistance also limits the availability of treatment. If we
screened this population, 8% of MSM (84% of 9.5%)
would require moxifloxacin or a similar agent. Moxifloxacin is expensive, difficult to obtain in many parts of
the world, and associated with uncommon but concerning
toxicities. Resistance to quinolone antimicrobial drugs is
now detected in 16% of patients coming to MSHC (mixed
heterosexual and MSM population) in ongoing unpublished work (G.L. Murray, unpub. data). Increasing the

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

725

RESEARCH

use of moxifloxacin as a result of screening would be expected to generate more resistance.
Rectal M. genitalium infection may not warrant treatment. It was not associated with current anorectal symptoms in this study; most published literature suggests no
association or only a weak association. No prospective
studies have associated M. genitalium with increased risk
for HIV infection in MSM, in contrast to women; such an
association may become less critical when HIV PrEP and
treatment are widely used. Therefore, screening asymptomatic MSM for M. genitalium would result in considerable
expense and adverse events for uncertain benefit. Although
M. genitalium has been identified in cases of proctitis, it is
predominantly asymptomatic in the rectum, and there appears to be insufficient evidence to suggest that M. genitalium is a cause of proctitis.
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Differences in Neuropathogenesis
of Encephalitic California
Serogroup Viruses
Alyssa B. Evans, Clayton W. Winkler, Karin E. Peterson

The California serogroup of orthobunyaviruses comprises
a group of mosquitoborne viruses, including La Crosse
(LACV), snowshoe hare (SSHV), Tahyna (TAHV), Jamestown Canyon (JCV), and Inkoo (INKV) viruses, that cause
neurologic disease in humans of differing ages with varying
incidences. To determine how the pathogenesis of these viruses differs, we compared their ability to induce disease in
mice and replicate and induce cell death in vitro. In mice,
LACV, TAHV, and SSHV induced neurologic disease after
intraperitoneal and intranasal inoculation, and JCV induced
disease only after intranasal inoculation. INKV rarely induced disease, which correlated with less viral antigen in
the brain than the other viruses. In vitro, all viruses replicated to high titers; however, LACV, SSHV, and TAHV induced
high cell death, whereas JCV and INKV did not. Results
demonstrated that CSG viruses differ in neuropathogenesis
in vitro and in vivo, which correlates with the differences in
pathogenesis reported in humans.

T

he California serogroup (CSG) of orthobunyaviruses
comprises a large group of closely related mosquitoborne, trisegmented, negative-sense RNA viruses in
the family Peribunyaviridae of the order Bunyavirales.
La Crosse virus (LACV), snowshoe hare virus (SSHV),
Tahyna virus (TAHV), Jamestown Canyon virus (JCV),
and Inkoo virus (INKV) are members of the CSG that
have been reported to cause neurologic disease in humans.
LACV, SSHV, TAHV, and INKV primarily cause neuroinvasive disease in children; however, the incidence differs
for each virus (1–3). LACV is the leading cause of pediatric viral encephalitis in the United States, responsible for
≈50–100 reported cases per year. SSHV and TAHV only
cause several reported cases of neuroinvasive disease annually (1,2,4–6), and TAHV disease most often manifests as
influenza-like symptoms and only rarely leads to encephalitis (2,7). INKV has caused the fewest cases of human disease. However, several confirmed neuroinvasive cases have
occurred in Finland, and children had more severe disease
Author affiliation: National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Hamilton, Montana, USA
DOI: https://doi.org/10.3201/eid2504.181016
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than adults (3). In contrast, JCV appears to preferentially
cause neuroinvasive disease in adults, and several cases occur every year in the United States and Canada (1,8). Because the number of reported cases increased substantially
in the 2010s, JCV is considered a potentially emerging arboviral disease (9).
The number of actual cases caused by these CSG viruses is likely underreported because of the difficulty of
diagnosing these viral infections. Patients who do not seek
medical treatment and those with less severe disease might
not be included in case reports. All 5 viruses have high reported seroprevalence rates in endemic regions: ≈1%–27%
for LACV, JCV, and SSHV; ≈24%–51% for INKV; and up
to 80% for TAHV (1,2,10–12).
These CSG viruses have differing but overlapping
geographic distributions (Figure 1, panel A). LACV, JCV,
and SSHV are all found in the United States; JCV and
SSHV extend into Canada; and SSHV extends into Russia (1,2,4,8,10,13–28). Although TAHV and INKV are
primarily found in Europe, TAHV extends into Africa
and Asia, and INKV is limited to northern Europe and
Russia (2,3,12,29,34–36). These CSG viruses use a variety of mosquito vectors, primarily in the Aedes and Ochlerotatus genera, and mammalian host species, including
small rodents (SSHV, LACV, and TAHV), hares (SSHV,
TAHV, and INKV), and deer (JCV) (Figure 1, panel B)
(1,2,12,22,29,31–33).
Despite their differing and widespread geographical distributions, the CSG viruses are genetically closely
related. The large segment encodes the viral RNA-dependent RNA polymerase, the medium segment encodes
2 envelope glycoproteins and a nonstructural protein,
and the small segment encodes the nucleocapsid and a
second nonstructural protein (NSs), which in LACV is
a type I interferon antagonist (37,38). Across all 3 segments, JCV and INKV are the most closely related to
each other, with 84%–92.4% nucleotide identity, followed by LACV and SSHV with 79.4%–89.1% nucleotide identity (30). TAHV has ≈72.5%–84.7% nucleotide
identity with LACV and SSHV and 69.2%–80.3% with
JCV and INKV (30).
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Figure 1. Global distribution, phylogenetic relationship, and vectors and hosts of the 5 California serogroup (CSG) viruses included in
study of neuropathogenesis. A) These viruses are found across the globe, primarily throughout North America, Europe, Asia, and Africa
(1,4,8,10,12–29). Several of these viruses have overlapping regions of distribution (as indicated by diagonal patterns), including in the
United States, where LACV, SSHV, and JCV are all present, and Europe, where TAHV and INKV are present. States and countries
indicated have evidence of these viruses from reported human cases, serologic surveys of humans and animals, or isolation of virus
from mosquitoes. B) Within these closely related CSG viruses, JCV and INKV are the most closely related, followed by LACV and
SSHV, and then TAHV (30). The CSG viruses use a variety of mosquito vectors, primarily in the Aedes and Ochlerotatus genera. Listed
are the most prominent vectors and additional genera the virus has been found in. Mammals implicated as reservoir or amplifying hosts
are listed for each virus; some hosts are shared among several CSG viruses (1,2,12,22,31–33). INKV, Inkoo virus; JCV, Jamestown
Canyon virus; LACV, La Crosse virus; SSHV, snowshoe hare virus; TAHV, Tahyna virus.
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In mouse studies of LACV, weanling C57BL/6 mice
were susceptible to neurologic disease after intraperitoneal inoculation, but adult mice were not, demonstrating
age-dependent susceptibility to disease that mimics clinical disease in humans (39). Certain strains of TAHV, but
not JCV, have been shown to cause neurologic disease in
weanling Swiss Webster mice after intraperitoneal inoculation, although both viruses were capable of replicating
in the brain after intracranial inoculation (40,41). In these
studies, only weanling mice were used, and thus, age-dependent susceptibility was not evaluated.
Determining how LACV, SSHV, TAHV, JCV, and
INKV differ in pathogenesis in animal and cell culture
models could help explain their differing disease outcomes
in humans. However, a direct comparison between these
viruses in their ability to invade the central nervous system
(CNS) and induce neuronal damage has not been investigated. In this study, we investigated age-related differences
in pathogenesis of LACV, SSHV, TAHV, JCV, and INKV.
We examined the ability of these viruses to enter the CNS
and cause disease in mice and their ability to replicate in
neurons and induce cell death in vitro.
Materials and Methods
Cells and Viruses

All mouse experiments were approved by the Rocky
Mountain Laboratories Animal Care and Use Committee
(Hamilton, Montana, USA) and performed in accordance
with National Institutes of Health guidelines under protocol
2016-061-E. We used C57BL/6 mice for all experiments.
We inoculated weanlings at 21–23 days of age, adults
at 6–8 weeks of age, and aged mice at 19–34 weeks of
age. We diluted the viruses in phosphate-buffered saline
(PBS). For intraperitoneal inoculations, we injected mice
with 105 or 103 PFU of virus in a volume of 200 µL. For
intranasal inoculations, we inoculated mice with 104 or
102 PFU of virus in a volume of 20 µL. We anesthetized
mice with isoflurane before inoculation. After inoculation, we checked mice twice daily for clinical signs of
neurologic disease, which primarily included ataxia, circling, limb paralysis and weakness, twitching, and seizures. Mice displaying signs of neurologic disease were
perfused transcardially with 100 U/mL heparin saline before removal of tissues. We humanely euthanized mice
that did not display any signs of neurologic disease by 30
days postinoculation (dpi).
RNA Isolation and Quantitative
Reverse Transcription PCR

All cell culture reagents were from Gibco (http://www.
biosciences.ie/gibco) unless otherwise specified. We maintained Vero cells in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum (Atlas Biologicals, https://atlasbio.com) and 1% penicillin/streptomycin
solution; C6/36 cells in minimum essential medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 1×
nonessential amino acids, and 1% penicillin/streptomycin;
the neuroblastoma cell line SH-SY5Y (American Type
Culture Collection [ATCC], https://www.atcc.org) in a 1:1
ratio of Eagle minimum essential medium (ATCC) and F12K (ATCC) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin; and H9 human embryonic
stem cell–derived human neural stem cells (hNSCs; Gibco, https://www.fishersci.com) in KnockOut DMEM/F-12
supplemented with 1× GlutaMAX-I Supplement, 20 ng/mL
basic fibroblast growth factor, 20 ng/mL epidermal growth
factor, 2% StemPro neural supplement, and 1% penicillin/
streptomycin. We seeded hNSCs on plates or flasks treated
with 20 µg/mL fibronectin in Dulbecco phosphate-buffered
saline for 1 h at 37°C. We passaged stocks of LACV (human 1978 strain), JCV (strain 61V2235), TAHV (strain
92 Bardos), SSHV (1976), and INKV (SW AR 83-161),
all kindly provided by Stephen Whitehead (Laboratory of
Infectious Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,
MD, USA), in Vero or C6/36 cells up to 3 times.
730

Inoculation of Mice

For RNA analysis, we flash-froze spleens and brain tissue
from infected mice in liquid nitrogen, then stored them
at −80°C. We performed mRNA analysis as previously
described (42). We amplified viral RNA from mouse
tissues using the following virus-specific primers: LACV
forward (5′-ATTCTACCCGCTGACCATTG-3′) and
reverse (5′-GTGAGAGTGCCATAGCGTTG-3′), SSHV
forward (5′-AGCATGATCAAAACGGAGGC-3′) and
reverse (5′-CATGCCAATCAGACACCAGC-3′), TAHV
forward (5′-AGGTCCTACATTGCCGTTCA-3′) and
reverse (5′-TGGTCTACAGGTGCTAGCTC-3′), JCV
forward (5′-′TATGGTTCCCCGGTAGTGTG-3′) and
reverse (5′-TAACATGGTGCTTCTCGTGC-3′), and
INKV forward (5′-AGTCCAAGATAAAGCCCCAGA-3′)
and reverse (5′-TCATGTTAGCCTGGCATCCA-3′). We
subjected primer sequences to BLAST analysis (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) and tested each primer
set on RNA from brains of mice infected with the 5 CSG
viruses that had neurologic disease to verify virus-specific
amplification by each primer set.
Immunohistochemistry

For immunohistochemistry studies, we transcardially perfused mice, removed tissues, and placed them in 10% neutral
buffered formalin. After fixation, we cryoprotected tissues in
30% sucrose in PBS, embedded them in Tissue-Tek O.C.T.
Compound (Sakura, https://www.sakura.eu) and froze them
on dry ice; then, 10-µm sections were cut on a cryostat
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and mounted on slides. We washed sections with PBS and
blocked for 30 minutes in blocking buffer (PBS with 5%
normal donkey serum, 0.1% triton-X, and 0.3 M glycine).
We diluted the primary antibody against viral antigens (inhouse polyclonal antibody raised in rabbits in response to
LACV infection, 1:100) and microtubule-associated protein
2 (mouse monoclonal antibody MAB3418, 1:200; Millipore,
http://www.emdmillipore.com) in blocking buffer, applied
these solutions to tissues, and incubated them overnight at
4°C. We washed tissue sections with PBS and incubated for
1 hour at room temperature with donkey anti-rabbit Alexa
Fluor 647 (1:1,000, Life Technologies, https://www.thermofisher.com) and donkey anti-mouse Alexa Fluor 594 (1:500,
Life Technologies). After washing sections again with PBS,
we stained with Hoechst (1:1,000) and mounted on slides
with ProLong Gold (Invitrogen, https://www.thermofisher.
com). We imaged entire brain sections using the Zeiss Axio
Scan.Z1 (https://www.zeiss.com) with the 40× objective
lens. We acquired high-resolution images on the Zeiss 710
laser scanning microscope with the 63× objective and processed images in Imaris version 8.4.1 (https://imaris.oxinst.
com) or Fiji (http://fiji.sc).

Cytotoxicity Assays

We coated 96-well plates with fibronectin as previously
described and seeded 5 × 104 SH-SY5Y cells or 2 × 104
hNSCs per well. The next day, cells were inoculated
with each virus in triplicate at multiplicities of infection (MOIs) of 0.1 and 0.01 for SH-SY5Y cells and 0.01
and 0.001 for hNSCs. We added Cytotox Green (Essen
Bioscience, https://www.essenbioscience.com) for a
final well volume of 100 µL and a final concentration
of 250 nM. Cells were then imaged with an IncuCyte
(Essen Bioscience) by taking 3 images per well with
the 20× objective every 3 hours during a 97-hour time
course. We measured confluence and fluorescent intensity using IncuCyte S3 software. We performed all
statistical analyses using Prism 7.0c (https://www.
graphpad.com).
Replication Kinetics

We plated and inoculated cells as described in the
previous section, except that plates seeded with SHSY5Y cells were not treated with fibronectin. We collected supernatants at 1, 6, 12, 24, 48, 72, and 96 hours

Figure 2. Neuroinvasiveness
of California serogroup
(CSG) viruses in weanling
C57BL/6 mice after
intraperitoneal inoculation in
study of neuropathogenesis.
We inoculated 5–15 mice
per group with 105 PFU of
each virus (A) and 6–13
mice per group with 103 PFU
of LACV, SSHV, or TAHV
(B). Brains and spleens of
mice were collected at the
experimental endpoint and
evaluated for viral RNA
by quantitative reverse
transcription PCR with
virus-specific primers. The
average of 3 mock controls
is reported for each primer
set. The viral RNA level in
each sample was calculated
as the difference in the
percentage in cycle threshold
(Ct): Ct for Gapdh mRNA
minus Ct for viral mRNA.
Viral RNA was plotted as
the percentage of gene
expression relative to that of
the Gapdh gene. Viral RNA
in brains of mice inoculated
with 105 PFU of each virus
(C) or 103 PFU of LACV,
SSHV, and TAHV (D). Viral RNA in spleens of mice inoculated with 105 PFU of each virus (E) or 103 PFU of LACV, SSHV, and TAHV (F).
Gapdh, glyceraldehyde 3-phosphate dehydrogenase; INKV, Inkoo virus; JCV, Jamestown Canyon virus; LACV, La Crosse virus; SSHV,
snowshoe hare virus; TAHV, Tahyna virus.
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postinoculation. We determined virus titers of supernatants by plaque assay using Vero cells as described
previously (43). We counted LACV, TAHV, and JCV
plaques at 5 dpi and SSHV and INKV plaques at 3 dpi.
We performed all statistical analyses using Prism 7.0c
(https://www.graphpad.com).

Results
Assessment of Neuroinvasive Disease in Mice after
Intraperitoneal Inoculation with CSG Viruses

To determine if these 5 CSG viruses differed in their ability to enter the CNS and cause neurologic disease (i.e.,
Figure 3. Neurovirulence of
California serogroup (CSG)
viruses in adult, aged, and
weanling mice after intranasal
inoculation in study of
neuropathogenesis. Groups of
adult (A, B) and aged (C, D)
mice (6–8 mice per group) were
inoculated with 104 PFU of each
virus; groups of adult (E, F) and
aged (G, H) mice (6–8 mice per
group) were inoculated with 102
PFU of LACV, SSHV, TAHV,
and JCV; and 5 weanling mice
were inoculated with 104 PFU
of INKV (I, J). E,G) Survival
rate differences between adult
and aged mice infected with 102
PFU of virus were calculated
for each virus by using the
Gehan-Breslow-Wilcoxon test.
LACV was the only virus with
a significant difference (p =
0.035). B, D, F, H, J) Viral RNA in
mouse brains was analyzed by
quantitative reverse transcription
PCR with virus-specific primers.
The average of 3 mock controls
is reported for each primer set.
The viral RNA level in each
sample was calculated as the
difference in the percentage in
cycle threshold (Ct): Ct for Gapdh
mRNA minus Ct for viral mRNA.
Viral RNA was plotted as the
percentage of gene expression
relative to that of the Gapdh
gene. Gapdh, glyceraldehyde
3-phosphate dehydrogenase;
INKV, Inkoo virus; JCV,
Jamestown Canyon virus;
LACV, La Crosse virus; SSHV,
snowshoe hare virus; TAHV,
Tahyna virus. A color version
of this figure is available online
(http://wwwnc.cdc.gov/EID/
article/25/4/18-1016-F3.htm).
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Figure 4. Viral antigen in
brains of adult and aged mice
exhibiting neurologic disease
after intranasal inoculation
of 104 PFU of California
serogroup (CSG) viruses in
study of neuropathogenesis.
We evaluated >4 brains from
mice infected with each CSG
virus, except INKV (where only 3
brains from mice with neurologic
disease were available), for
viral immunoreactivity. A, B)
Representative images showing
distribution of virus (white) and
virus merged with Hoechst
nuclear stain (blue) via full-section
brain scans. Scale bar indicates
1 mm. C) Maximum intensity
projections of 5-µm confocal
z-stacks (original magnification
×63) of brains of mice infected
with the indicated CSG virus,
labeled for virus (white) and the
neuronal marker microtubuleassociated protein 2 (MAP2; red).
Left panels demonstrate MAP2
staining alone, and right panels
are overlays of virus, MAP2, and
Hoechst nuclear stain (blue).
Yellow arrows indicate the soma
of neurons where both viral and
MAP2 immunoreactivity are found.
Scale bar indicates 10 µm. INKV,
Inkoo virus; JCV, Jamestown
Canyon virus; LACV, La Crosse
virus; SSHV, snowshoe hare virus;
TAHV, Tahyna virus.

neuroinvasive disease), C57BL/6 mice were inoculated intraperitoneally with a high dose (105 PFU) of each virus.
Because previous studies of LACV infection showed clear
age-dependent differences in disease susceptibility between
weanling and adult mice, we inoculated weanling, adult, and
aged mice with each virus and followed them for the development of clinical signs of neurologic disease. None of the
viruses induced neuroinvasive disease in adult or aged mice
after intraperitoneal inoculation (data not shown). However,
neuroinvasive disease developed by 5–6 dpi in all weanling
mice inoculated with 105 PFU of LACV (Figure 2, panel A),
consistent with previous reports (39,44). SSHV induced neuroinvasive disease in ≈70% of weanling mice and TAHV in
≈80% of weanling mice. Neurologic signs were primarily
observed at 6–7 dpi for SSHV and 5–6 dpi for TAHV. Neurologic signs were similar for LACV, SSHV, and TAHV
and included ataxia, circling, limb paralysis and weakness,
twitching, and seizures. JCV and INKV did not induce neuroinvasive disease in any weanling mice.

In previous studies with LACV, nearly 100% of weanling
mice were susceptible to neuroinvasive disease after intraperitoneal inoculation at a dose of 103 PFU (39). To determine if
TAHV and SSHV also maintain their pathogenicity at this low
dose, we inoculated weanling mice intraperitoneally with 103
PFU of LACV, SSHV, or TAHV. JCV and INKV were not
included in this experiment because they did not induce neuroinvasive disease at the high dose. Consistent with previous
studies, 103 PFU of LACV caused disease in 100% of mice
but with a slight delay in the onset of neurologic signs compared with the 105 PFU dose (Figure 2, panel B). At the low
dose, SSHV induced disease in a similar percentage of mice
as the high dose, whereas TAHV caused disease in only 1 of 9
mice at the low dose (Figure 2, panel B).
All weanling mice with neurologic disease had detectable viral RNA in the brain, whereas weanling, adult,
and aged mice without neurologic disease had no detectable virus in the brain compared with mock controls (Figure 2, panels C, D; data not shown). Regardless of disease
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Figure 5. Cytotoxicity and viral replication kinetics assays of California serogroup (CSG) viruses in SH-SY5Y cells and human neural
stem cells (hNSCs) for up to 96 hours postinoculation in study of neuropathogenesis. SH-SY5Y cells were infected at a multiplicity of
infection of 0.1 (A, E, I) or 0.01 (B, F, J), and hNSCs were infected at a multiplicity of infection of 0.01 (C, G, K) or 0.001 (D, H, L). A–D)
Confluence was measured over time on the IncuCyte (Essen Bioscience, https://www.essenbioscience.com) as the percentage of the
image covered by cells. Graphs show the percentage of confluence compared with that of uninfected control wells. E–H) Cell death was
measured over time with the IncuCyte and reported as the total integrated fluorescent intensity of the Cytotox Green (Essen Bioscience)
reagent. I–L) Supernatants were harvested from SH-SY5Y cells and hNSCs at 1, 6, 12, 24, 48, 72, and 96 hours postinfection and
titered on Vero cells by plaque assay. All error bars indicate SEM. PFU, plaque-forming units.

outcome, mice had little to no detectable viral RNA in the
spleen (Figure 2, panels E, F; data not shown), suggesting
clearance of virus from the periphery.
Overall, these results indicate that LACV, SSHV,
and TAHV can induce neuroinvasive disease in
weanling mice after intraperitoneal inoculation, whereas
JCV and INKV cannot. None of the CSG viruses caused
neurologic signs in adult or aged mice after intraperitoneal inoculation, suggesting an age-related susceptibility
of mice to LACV-, SSHV-, and TAHV-induced neuroinvasive disease.
Assessment of Neurovirulence of CSG Viruses
after Intranasal Inoculation of Mice

The inability of a virus to cause neuroinvasive disease after intraperitoneal inoculation could be due to a lack of virus replication in the periphery or an inability of the virus
to gain access to the CNS. These barriers can be bypassed
by intracranial or intranasal inoculation. For example,
LACV is not neuroinvasive in adult mice after intraperitoneal inoculation but does cause disease in adult mice
when inoculated intracranially or intranasally (39,44,45).
Because none of these CSG viruses caused disease in older mice after intraperitoneal inoculation, adult and aged
734

mice were inoculated intranasally with each virus to determine if they were neurovirulent (i.e., could replicate
in the brain) and neuropathogenic (i.e., could cause disease in the brain) after a more direct inoculation route and
to determine if neuropathogenesis was restricted by age.
Because of the low stock concentration of some viruses,
we could not inoculate mice with 105 PFU intranasally;
therefore, we used a high dose of 104 PFU and a low dose
of 102 PFU. At a dose of 104 PFU per mouse, all viruses
except INKV induced neurologic disease in nearly all
adult and aged mice (Figure 3, panels A, C). INKV was
less neuropathogenic than the other CSG viruses, inducing disease in only 1 of 6 adult mice and 2 of 7 aged mice.
Compared with the high dose, the low dose induced neurologic disease in a reduced percentage of mice for all viruses, except LACV in aged mice (Figure 3, panels E,G).
Viral RNA was readily detectable in the brains (Figure 3,
panels B, D, F, H) but not spleens (data not shown) of all
mice with neurologic disease.
Because INKV induced limited disease in adult mice,
we inoculated weanling mice intranasally with INKV to
determine if neuropathogenicity was age dependent. Neurologic disease developed in 3 (60%) of 5 mice and was
associated with viral RNA in the brain (Figure 3, panels A,

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Neuropathogenesis of California Serogroup Viruses

Table 1. Cell death and replication kinetics of 5 encephalitic California serogroup viruses in SH-SY5Y cells*
MOI 0.1
MOI 0.01
Difference in cell death†
Virus replication
Difference in cell death†
Virus replication
Replication Peak titer,
Range,
Replication Peak titer,
Virus
Range, hpi p value range
rate p value‡ PFU/mL hpi§
hpi
p value range
rate p value‡ PFU/mL
LACV
Ref
Ref
Ref
1.93 × 108 48
Ref
Ref
Ref
3.51 × 108
0.041
0.038
SSHV
NS
NS
4.36 × 109 72
NS
NS
4.82 × 109
TAHV
NS
NS
0.110
9.13 × 107 48
NS
NS
0.995
1.05 × 108
0.033
0.034
JCV
61–96
0.047–0.0001
1.33 × 108 72
67–96 0.022–0.0001
1.09 × 108
0.002
0.023
INKV
64–96
0.024–0.0001
8.72 × 107 72
67–96 0.023–0.0001
1.55 × 108

hpi§
96
72
48
96
96

*All statistical comparisons were made with LACV used as the reference. hpi, hour postinoculation; INKV, Inkoo virus; JCV, Jamestown Canyon virus;
LACV, La Crosse virus; MOI, multiplicity of infection; NS, not significant; Ref, referent; SSHV, snowshoe hare virus; TAHV, Tahyna virus.
†Cell death for >3 independent experiments analyzed by 2-way analysis of variance.
‡Replication rates from 3 independent experiments were analyzed via linear regression analysis of slopes during the log phase of viral growth (6–48 hpi).
Significant p values (<0.05) are in boldface.
§Time point at which the sampled peak titer was observed.

I). Thus, with a high dose and direct intranasal route to the
CNS, INKV was more neuropathogenic in young mice than
in adults (Figure 3, panels B, J).
Next, we examined the distribution of the CSG viruses in the brain using immunohistochemistry. In mice
inoculated intranasally with 104 PFU of LACV, SSHV,
TAHV, or JCV that had neurologic disease, virus was
widespread throughout the brains regardless of the day
after inoculation or severity of neurologic disease (Figure 4, panels A, B). In contrast, the brains of adults and
aged mice displaying neurologic disease after intranasal
inoculation of INKV showed only small, sporadic patches
of virus (Figure 4, panels A, B). All viruses co-localized
with the neuronal marker microtubule-associated protein
2, indicating that all CSG viruses primarily infected neurons within the CNS (Figure 4, panel C). Overall, these
results demonstrate that LACV, SSHV, TAHV, and JCV
are neurovirulent in mice when inoculated intranasally,
whereas INKV appears to be less neurovirulent and infects fewer neurons within the CNS.
Ability of CSG Viruses to Replicate in and
Kill Neurons in vitro

The differences in pathogenicity among the CSG viruses
observed in mice and humans could be related to differences in their ability to infect and kill neurons. Therefore,
we analyzed the ability of these viruses to replicate in and

kill neurons using the human neuroblastoma cell line SHSY5Y and hNSCs. We inoculated cells with each virus at
MOIs predetermined to provide a sufficient time frame to
measure virus replication before the onset of substantial
cell death with LACV (MOIs of 0.1 and 0.01 for SH-SY5Y
cells and MOIs of 0.01 and 0.001 for hNSCs). In SH-SY5Y
cells, LACV, SSHV, and TAHV induced substantial cell
death at both MOIs, whereas JCV and INKV induced little
cell death (Figure 5, panels A, B, E, F). However, JCV and
INKV replicated to similar titers as LACV (Table 1), albeit
with a delay in replication (Table 1; Figure 5, panels I, J).
In hNSCs, all 5 viruses induced cell death at both MOIs
(Figure 5, panels C, D, G, H); however, LACV had a more
pronounced cell death rate than the other viruses, indicating
that LACV may be more neurotoxic to hNSCs than the other 4 CSG viruses, most notably INKV (Table 2; Figure 5,
panels G, H). All viruses rapidly replicated to high titers at
both MOIs in hNSCs; however, JCV appeared to replicate
slower and reached a lower peak titer than the other CSG
viruses (Table 2; Figure 5, panels K, L). All CSG viruses
had significantly slower rates of growth in hNSCs with 1 or
both MOIs compared with LACV (Table 2).
Together, these results suggest that LACV, SSHV, and
TAHV are capable of replicating quickly to high titers in
neurons and inducing substantial cell death. In contrast,
INKV and JCV replicated more slowly but to similar titers.
INKV and JCV also induced less cell death than the other

Table 2. Cell death and replication kinetics of 5 encephalitic California serogroup viruses in human neural stem cells*
MOI 0.01
MOI 0.001
Difference in cell death†
Virus replication
Difference in cell death†
Virus replication
Range,
Replication Peak titer,
Range,
Replication Peak titer,
Virus
hpi
p value range
rate p value‡ PFU/mL hpi§
hpi
p value range
rate p value‡ PFU/mL
LACV
Ref
Ref
Ref
Ref
Ref
Ref
3.63  108 48
1.34  109
0.018
SSHV
34–49
0.042–0.013
49–94
0.044–0.001
0.091
4.48  107 48
3.82  108
0.042
TAHV
43–61
0.043–0.025
0.050
64–70
0.047–0.044
1.16  108 48
1.08  108
6
0.012
0.033
JCV
34–73
0.027–0.003
48
58–76
0.037–0.015
6.42  10
2.21  107
0.035
INKV
34–79
0.026–0.0001
0.075
46–96 0.045–0.0001
1.43  108 48
1.30  108

hpi§
48
48
48
96
96

*All statistical comparisons were made with LACV used as the reference. hpi, hour postinoculation; INKV, Inkoo virus; JCV, Jamestown Canyon virus;
LACV, La Crosse virus; MOI, multiplicity of infection; NS, not significant; Ref, referent; SSHV, snowshoe hare virus; TAHV, Tahyna virus.
†Cell death for >3 independent experiments analyzed by 2-way analysis of variance.
‡Replication rates from 3 independent experiments were analyzed via linear regression analysis of slopes during the log phase of viral growth (6–48 hpi).
Significant p values (<0.05) are in boldface.
§Time point at which the sampled peak titer was observed.
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CSG viruses, although the level of cell death varied by cell
type. The lower cell death associated with INKV infection
in vitro correlates with the low level of INKV infection
within the CNS in vivo.
Discussion
In our study, the CSG viruses differed in pathogenesis both
in mice and in vitro. Overall, LACV showed the highest neuropathogenicity and neurovirulence in vitro and in
vivo, whereas INKV was the least pathogenic. These results appear to be consistent with disease patterns observed
in humans, with LACV reported to cause the most neuroinvasive cases, and INKV only infrequent cases (3,4,14).
Only LACV, TAHV, and SSHV were capable of causing
neuroinvasive disease, a finding only observed in weanling
mice. The lack of disease in adult animals is consistent with
previous findings with LACV, where an age-dependent immune response in adult mice protects them from virus-induced neurologic disease (39,46).
LACV and SSHV maintained similar levels of neuroinvasiveness down to a dose of 103 PFU, whereas TAHV’s
ability to induce neuroinvasive disease was greatly diminished at this low dose (Figure 2, panels A, B). The difference in dose-dependent disease susceptibility suggests that
TAHV might be less virulent than LACV or SSHV. The
lower virulence of TAHV than LACV or SSHV correlates
with the low number of TAHV-induced neuroinvasive cases in humans, despite TAHV’s larger geographic distribution and higher rates of seroprevalence than LACV (1,2,4).
When the peripheral immune system was bypassed
and adult and aged mice were inoculated intranasally,
all viruses except INKV replicated extensively throughout the brain and caused neurologic disease (Figure 4).
However, INKV did cause disease in a few adult and
aged mice and 60% of weanling mice after intranasal inoculation, indicating INKV can be neuropathogenic under certain conditions, particularly in younger animals.
These results are consistent with human case reports
showing that INKV causes more severe disease in children than adults (3).
Less viral antigen was found in the brains of the 3 adult
and aged INKV-inoculated mice that developed neurologic
disease than in the brains from mice infected with the other CSG viruses (Figure 4). INKV induced less cell death
than LACV in SH-SY5Y cells, suggesting that the lack of
neuropathogenicity observed with INKV in vivo could be
due to low levels of INKV-induced neuronal cell death.
In addition, INKV also replicated slower than LACV in
SH-SY5Y cells, suggesting the limited spread of INKV in
the brains of mice might be due to inefficient replication of
INKV in neurons. Further studies are needed to determine
why INKV has a reduced ability to induce neuronal death
compared with other CSG viruses.
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In humans, JCV appears to be distinct from the other
CSG viruses in that JCV preferentially causes neuroinvasive disease in adults rather than in children. Although
we did not observe a similar age-dependent difference
in neuroinvasion of JCV in mice, this virus did differ
from the other CSG viruses. JCV (like INKV) was unable to invade the CNS, yet JCV (like LACV, SSHV,
and TAHV) was highly neurovirulent in brains of mice
when inoculated intranasally. However, the same high
level of neurovirulence was not observed in vitro. In
both SH-SY5Y cells and hNSCs, JCV induced less cell
death and replicated slower than LACV. These findings
suggest there might be underlying genetic differences or
complexities in JCV pathogenesis not shared by any of
the other CSGs.
Given that genetic variation exists within and between
these encephalitic CSG viruses (30), additional differences
in pathogenicity might exist for different isolates not tested
in our studies. However, overall these results show that,
despite being closely related, these CSG viruses differ substantially in their abilities to induce neurologic disease in
mice and replicate in neurons in vitro and in vivo. Further
characterization of the host and viral factors that contribute to the differences in CSG virus pathogenesis will help
determine why INKV is less neurovirulent than the other
CSG viruses and elucidate potential targets for CSG virus
encephalitis therapies.
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Klebsiella pneumoniae ST307 with
blaOXA-181, South Africa, 2014–2016
Michelle Lowe,1 Marleen M. Kock, Jennifer Coetzee, Ebrahim Hoosien, Gisele Peirano,
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Puneet Dhawan, Robert J. Donnelly, Liang Chen,1 Barry N. Kreiswirth, Johann D.D. Pitout

Klebsiella pneumoniae sequence type (ST) 307 is an
emerging global antimicrobial drug–resistant clone. We
used whole-genome sequencing and PCR to characterize
K. pneumoniae ST307 with oxacillinase (OXA) 181 carbapenemase across several private hospitals in South Africa during 2014–2016. The South Africa ST307 belonged
to a different clade (clade VI) with unique genomic characteristics when compared with global ST307 (clades I–V).
Bayesian evolution analysis showed that clade VI emerged
around March 2013 in Gauteng Province, South Africa, and
then evolved during 2014 into 2 distinct lineages. K. pneumoniae ST307 clade VI with OXA-181 disseminated over
a 15-month period within 42 hospitals in 23 cities across
6 northeastern provinces, affecting 350 patients. The rapid
expansion of ST307 was most likely due to intrahospital,
interhospital, intercity, and interprovince movements of patients. This study highlights the importance of molecular
surveillance for tracking emerging antimicrobial clones.

T

he World Health Organization recently identified global
spread of antimicrobial resistance (AMR) as one of the
most serious recent threats to human health (1). The emergence and spread of carbapenem resistance is a substantial
public health concern, because these agents are regarded as
one of the last effective therapies available for treating serious infections caused by gram-negative bacteria. Carbapenemases, the predominant cause of carbapenem resistance,
are commonly harbored on plasmids that are able to transfer
between members of the family Enterobacteriaceae (2). The
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most common carbapenemases among clinical Enterobacteriaceae are the Klebsiella pneumoniae carbapenemases
(KPCs; Ambler class A); the metallo-β-lactamases (IMPs,
VIMs, NDMs; Ambler class B); and oxacillinase 48 (OXA48)–like (Ambler class D) enzymes.
The OXA-48–like carbapenemases are identified
mostly in K. pneumoniae and Escherichia coli and include
the following enzymes: OXA-48, OXA-162, OXA-181,
OXA-204, OXA-232, OXA-244, OXA-245, and OXA-247
(3). They are active against penicillins and weakly hydrolyze carbapenems, with limited activities against broadspectrum cephalosporins and most β-lactam inhibitors.
The earliest reported case in South Africa of a K. pneumoniae that contained blaOXA-48 occurred in Johannesburg
in 2011; the case-patient had previously been hospitalized
in Egypt (4). The report also described OXA-181–producing K. pneumoniae from different Johannesburg and Cape
Town private hospitals. Laboratory surveillance reports
showed that OXA-48–like enzymes are the second most
common carbapenemase (after NDMs) in various healthcare centers across South Africa (5).
The molecular diagnostic reference center at Ampath
Laboratories (Ampath-MDRC) in Pretoria, Gauteng Province, South Africa, experienced a substantial increase of K.
pneumoniae with blaOXA-48-like during 2014–2016 from different private hospitals across northeastern South Africa. We
designed a study to investigate the underlying molecular
mechanisms associated with the increase of K. pneumoniae
with OXA-48–like enzymes. We obtained ethics approval
from the Conjoint Health Research Ethics Board at the University of Calgary (REB17-1010) and from the Research
Ethics Committee (REC), Faculty of Health Sciences, University of Pretoria (protocol nos. 240/2016 and 104/2017).
Materials and Methods
Setting and Workflow

We described South Africa’s health system and the role of
Ampath-MDRC (Appendix, https://wwwnc.cdc.gov/EID/
1

These authors contributed equally to this article.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

739

RESEARCH

article/25/4/18-1482-App1.pdf). We also summarized the
study workflow (Appendix Figure 1).
We screened all carbapenem-nonsusceptible K. pneumoniae at Ampath-MDRC using a PCR for blaNDM, blaKPC,
blaOXA-48–like, blaIMP, blaVIM, and blaGES. We performed
pulsed-field gel electrophoresis (PFGE) on 471 K. pneumoniae isolates positive for OXA-48–like enzyme to determine if some of the isolates were genetically related. We
identified 1 dominant pulsotype (pulsotype A) and a related
pulsotype (AR) and selected isolates representing them from
different geographic sites over various time periods. We
used these isolates for initial Illumina short-read sequencing
(n = 28) (Illumina, http://www.illumina.com) and PacBio
long-read sequencing (n = 1) (Pacific Biosciences, http://
www.pacb.com) to determine if they belong to the same sequence type and to identify the OXA-48–like enzyme.
We identified the pulsotypes as sequence type (ST)
307 containing OXA-181 on IncX3 plasmids. We then
compared this whole-genome sequencing (WGS) data
with the sequences from the US National Center for Biotechnology Information (NCBI) genome database (ftp://
ftp.ncbi.nih.gov/genomes) to design PCR primers for the
detection of ST307, IncX3, and OXA-181-IS3000 mobile
genetic element (MGE). We used previously characterized K. pneumoniae STs with different plasmid replicons
to verify these primers (Appendix Table 1). We screened
K. pneumoniae producing OXA-48–like enzyme (n = 471)
with PCR primers to identify ST307, IncX3 plasmids, and
OXA-181-IS3000 MGE. We selected additional K. pneumoniae ST307 isolates (n = 60) from different geographic
locations, time points, and specimens to undergo Illumina
short-read WGS to elucidate the evolution of ST307 in
South Africa.
Bacterial Isolates

During January 2014–December 2016, various Ampath regional clinical laboratories referred 1,247 unique clinical,
carbapenem (i.e., ertapenem, meropenem, or imipenem)
nonsusceptible K. pneumoniae isolates to Ampath-MDRC
for PCR confirmation of carbapenemases (Appendix Figure 1). We performed PCR screening for blaNDM, blaKPC,
blaOXA-48–like, blaIMP, blaVIM, and blaGES using LightMix
modular carbapenemase kits (TIB Molbiol, https://www.
tib-molbiol.com) on a LightCycler 480 II instrument
(Roche Diagnostics, https://www.roche.com). Details on
the identification and susceptibility testing of the bacterial
isolates are provided in the Appendix.
PFGE

We performed PFGE on the K. pneumoniae isolates with
OXA-48–like enzymes (n = 471) to determine if there was a
dominant pulsotype among them. The Appendix describes
the methodology used and results obtained with PFGE.
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PCR

We designed 3 sets of PCR primers for the detection of ST307,
IncX3 plasmid, and the IS3000-OXA MGE. We screened K.
pneumoniae isolates with OXA-48–like enzymes (n = 471)
using different primer sequences (Appendix Table 1).
WGS and Data Analysis

We sequenced the K. pneumoniae isolates that tested positive by PCR for ST307 (n = 88) using the Illumina NextSeq
platform (Appendix). We prepared libraries with the Illumina Nextera XT kit to produce paired end reads of 150 bp
for a predicted coverage of >75×. We chose K. pneumoniae
I72 (isolated from urine obtained in Benoni, Gauteng Province, during December 2014) that was positive for blaOXA-181
and blaOXA-48 for long-read WGS using the RSII platform
(Pacific Biosciences) to characterize plasmids.
We compared the South Africa genomes sequenced in
this study (deposited in the NCBI Bioproject database [https://
www.ncbi.nlm.nih.gov/bioproject] under accession no. PRJNA488070) with 620 ST307 genomes previously deposited in
the NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.
gov/sra) and the genome database. The global ST307 genomes
were from the United States (n = 488), the United Kingdom (n
= 45), Norway (n = 30), Italy (n = 10), Thailand (n = 9), Australia (n = 6), Brazil (n = 3), Colombia (n = 3), China (n = 3),
Nepal (n = 3), Cambodia (n = 2), France (n = 2), Nigeria (n =
2), Cameroon (n = 1), Guinea (n = 1), Iran (n = 1), Netherlands
(n = 1), Pakistan (n = 1), and other unspecified regions (n = 9).
We mapped all genomes to the ST307 reference genome NR5632 (GenBank accession no. CP025143) using
Snippy (https://github.com/tseemann/snippy). We predicted prophages using PHASTER (6), examined repeated
regions using MUMmer (7), and predicted putative regions
of recombination with Gubbins (8), followed by filtering
using vcftools. We generated a recombination-free singlenucleotide polymorphism phylogenetic tree, using a general time-reversible model of nucleotide substitution with
a gamma model of rate heterogeneity and 4 rate categories,
by using RAxML version 8.2.4 (9). We conducted hierarchical Bayesian analysis of population structure with 3
nested levels and 10 independent runs of the stochastic optimization algorithm with the a priori upper bound of 10–30
clusters varying across the runs to identify phylogenetic
clades. We defined clades using the first level of clustering
(10) and annotated the phylogenetic tree in iTOL (11).
We used BEAST version 2.4.7 (12) to estimate a timed
phylogeny with concatenated recombination-free core single-nucleotide polymorphism alignment. To increase the
accuracy of the time to most recent common ancestor, we
included 17 additional ST307 isolates from a Pretoria academic hospital in this analysis. We identified the blaOXA181
harboring IncX3 plasmids by de novo assembly using plasmidSPAdes (13) and manually investigated the findings
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using Bandage assembly graph viewer (14) and blastn
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), as well as S1PFGE in combination with Southern blotting (Appendix).
Results
Overview

Ampath-MDRC experienced an increase in OXA-48–like
K. pneumoniae isolates during July 2015–June 2016, especially from private hospitals in Gauteng Province. We
identified by PFGE a dominant pulsotype named A (and
a related pulsotype AR) among the OXA-48–like collection. Initial WGS on 28 isolates that belong to pulsotypes A
and AR identified them as ST307 with OXA-181 on IncX3
plasmid that was shown using PacBio long-read sequencing. Using WGS, we used PCR primers specific to ST307,
IncX3, and OXA-181-IS3000 MGE to screen the OXA48–like K. pneumoniae and showed that 74% belonged to
ST307 containing IncX3 plasmids.
WGS of an additional 60 PCR-positive ST307 illustrated, when compared with ST307 from other countries,
that the South Africa ST307 belonged to a different clade.
The South Africa clade emerged around March 2013 in
Gauteng Province, then evolved during 2014 into 2 distinct
lineages that spread across northeastern South Africa, affecting 350 patients.
Increase of OXA-48–Like Positive K. pneumoniae
across Northeastern South Africa

Overall, 574 carbapenemase gene PCR-positive K. pneumoniae were detected at Ampath-MDRC during January
2014–December 2016; the total included NDM (n = 58),
KPC (n = 10), VIM (n = 35), and OXA-48–like (n = 471)
carbapenemases (Appendix Table 2). The OXA-48–like
isolates from 2014 came mainly from different private hospitals in Johannesburg and Alberton, Gauteng Province.
The numbers of OXA-48–like K. pneumoniae increased
exponentially toward the end of 2015 and peaked during
the first 6 months of 2016 (e.g., we detected 349/471 [74%]
of OXA-48–like K. pneumoniae during July 2015–June
2016). This increase was especially evident in various hospitals across the province. Private hospitals from other areas in northern and eastern South Africa also experienced
increases during 2015–2016 (Appendix Table 2). Throughout the study period, the numbers of K. pneumoniae with
KPC, NDM, and VIM remained relatively low and stable
compared with OXA-48–like K. pneumoniae. PCR testing
did not detect IMP or GES during this period.
We obtained OXA-48–like K. pneumoniae from intraabdominal specimens (n = 78), urine (n = 196), skin
and soft tissues (n = 11), blood (n = 76), central venous
catheter tips (n = 8), respiratory specimens (n = 99), and
rectal specimens (n = 3). The isolates tested nonsusceptible

(intermediate or full resistance) to ampicillin, amoxicillin/clavulanic acid, piperacillin/tazobactam, cefotaxime,
ceftazidime, cefepime, and ertapenem. Most isolates were
also nonsusceptible to trimethoprim/sulfamethoxazole
(98%), gentamicin (98%), ciprofloxacin (92%), and meropenem (52%), whereas 44% of isolates were nonsusceptible to imipenem and 11% to amikacin. The tigecycline
(TGC) and colistin MICs were each <1 µg/mL, except for
4 isolates that had TGC MICs of 2, 4, 4, and 8 µg/mL.
Dissemination of ST307 across Private Hospitals

PCR screening of OXA-48–like K. pneumoniae showed
that 350/471 (74%) isolates were positive for ST307,
IncX3, and IS3000-OXA-181 (cited as ST307_X3OXA-181). ST307_X3-OXA-181 appeared in different
private hospitals in Johannesburg and Alberton during
January–June 2014 (Figures 1, 2). During July 2014–June
2016, ST307_X3-OXA-181 subsequently spread to other
private hospitals in Gauteng Province, especially in Pretoria, and to Mpumalanga, North West, Limpopo, Free State,
and Eastern Cape Provinces (Figures 1, 2). Gauteng Province was the epicenter of the dissemination of ST307_X3OXA-181, showing a substantial increase in numbers from
2014 (n = 18) to 2015 (n = 138) (Figure 1).
We isolated ST307_X3-OXA-181 mostly from urine
(41%), respiratory (20%), intraabdominal (18%), and
blood (16%) specimens; 96% of specimens were submitted from hospital settings. Ampath-MDRC receives ≈80%
of community, nursing home, and hospital specimens from
the private sector in Gauteng, Mpumalanga, North West,
Limpopo, Free State, and Eastern Cape Provinces. We
isolated ST307_X3-OXA-181 exclusively from hospital

Figure 1. Locations of Klebsiella pneumoniae with ST307
oxacillinase 48–like in South Africa during January 2014–
December 2016, as identified at Ampath Molecular Diagnostic
Reference Center (PTA). EC, Eastern Cape Province; FS, Free
State Province; GT-other, other cities in Gauteng Province; JHB,
Johannesburg, Gauteng Province; LP, Limpopo Province; MP,
Mpumalanga Province; NW, North West Province; PTA, Pretoria,
Gauteng Province; ST, sequence type.
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Figure 2. Geographic distribution
of Klebsiella pneumoniae
sequence type 307 with
oxacillinase 181 in northeastern
South Africa, January 2014–
December 2016. A) South Africa;
B) Gauteng Province; C) Limpopo
Province; D) Mpumalanga
Province. Map source:
http://d-maps.com.

specimens; therefore, it is unlikely that the community or
nursing home sectors were important reservoirs of ST307.
South Africa K. pneumoniae ST307 Clade

The overall characteristics of the ST307 sequences from
this study (n = 88) were similar to ST307 with blaKPC and
blaCTX-M-15 sequences obtained previously in Colombia,
Italy, and the United Kingdom, and those in this study
contained the capsular loci wzi-173, capsule 2, π-fimbrial
cluster, Type IV secretion system (15). The hierarchical
Bayesian clustering analysis of 88 South Africa ST307
and additional 620 genomes from publicly available databases divided ST307 into 6 distinct clades: clades I–IV,
from the United States (mainly Texas) (16); clade V, from
various countries (Australia, Brazil, Cambodia, Cameroon, China, Colombia, France, Guinea, Iran, Italy, Nepal,
Netherlands, Nigeria, Norway, Pakistan, Thailand, the
United Kingdom, and the United States); and clade VI,
which consisted of the isolates from South Africa (Figure
3). Clade V also includes a subset of isolates from Texas.
Sequence analysis of the mutations in the quinolone resistance–determining regions in chromosomal gyrA and
parC indicated that most of the isolates from clades V
and VI contained the ParC-80I and GyrA-83I mutations,
whereas isolates from clades I–IV harbored an additional
GyrA-87N mutation (Figure 3).
742

Genomic analysis revealed that clade VI isolates contained some unique characteristics when compared with
clades I–V. All of clade VI harbored the plasmid p72_
X3_OXA181 with blaOXA-181 that contained the IncX3 and
truncated ColKp3 replicons (Appendix Figure 2). Approximately 30% of isolates in clades I–V contained various carbapenemase genes, namely blaKPC-2 (n = 184), blaKPC-3 (n =
4), blaNDM-1 (n = 3), blaNDM-5 (n = 2), and blaOXA-48 (n = 2).
KPC-2 was distributed within clades I–V, whereas KPC-3,
NDM-1, ΝDΜ-5, and OXA-48 were restricted to clade V
(Figure 3). Most ST307 isolates in clades I–VI contained the
extended-spectrum β-lactamase gene blaCTX-M-15 (684/708,
96.6%) that was adjacent to ISEcp1 (682/684, 99.7%) situated on a FIB-like plasmid and showed high similarities to
the previously described pKPN3–307_type A plasmid (15).
We identified 5 prophages (72_phage 1–5) and 1 novel
integrative conjugative element (72_ICE) within the 88
sequenced ST307 that belonged to clade VI (Figure 3);
the 72_phages 2, 3, and 4 correlated with the previously
described ST307 phages 1, 3, and 4 (15). The 72_phage1,
72_phage5, and 72_ICE were mainly restricted in clade
VI; 72_ICE was unique to clade VI, whereas 72_phage1
was also present in 5 isolates and 72_phage5 in 23 isolates
from clade V. The 72_phage3 and 72_phage4 were found
in clade VI and a subset of clade V, and the 72_phage 2 was
part of ST307 isolates from clusters I–VI (Figure 3).
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Figure 3. Bayesian phylogenetic analysis of global Klebsiella pneumoniae sequence type (ST) 307 isolates. The ST307 genomes
included 88 from South Africa (this study) and 620 international isolates from 19 countries (downloaded from the US National Center for
Biotechnology Information whole genome shotgun database). ST307 has 6 distinct clades, as indicated on branches. CTX-M, active on
cefotaxime first isolated in Munich; KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-β-lactamases; OXA, active
on oxacillin; QRDR, quinolone resistance determinants.

Origin of ST307 Clade VI

Bayesian evolution analysis conducted with BEAST estimated the time to most recent common ancestor of clade VI
around March 2013, ≈2 months before the first isolate (C6)
that was collected in May 2013 from a Johannesburg hospital, J1 (Figure 4). We estimated the mean evolutionary rate
as 1.16 × 10−6 substitutions/site/year (95% highest posterior
density 7.7 × 10−7 to 1.6 × 10−6 substitutions/site/year), corresponding to 5.7 substitutions/genome/year among clade
VI. This analysis placed the outbreak node, from which all
outbreak isolates were derived, at April 2014 (95% highest
posterior density September 2013–September 2014).
Two distinct lineages evolved within Gauteng Province from the outbreak node. Lineage A originated in Johannesburg and lineage B in Alberton, and they spread to
different hospitals across Gauteng (both lineages), Mpumalanga (both lineages), Free State (lineage A), Eastern Cape

(lineage A), Limpopo (lineage A), and North West Provinces (lineage B) (Figure 4).
Dissemination by Movement of Patients

Genomics, combined with admission, discharge, and transfer
data, showed evidence of intrahospital spread. For example,
patient I51 in hospital P5 was transferred during December
2015 from the medical intensive care unit to the high-risk
unit. Subsequently a highly related ST307 was isolated during January 2016 from patient I68 in the high-risk unit (Figure 4). We also observed interhospital spread when patient
I14 was transferred from the surgical intensive care unit at
hospital P1 to hospital P4 during September 2016. In December 2016, a highly related ST307 was isolated at hospital
P4 from patient K43 (Figure 4). Intercity and interprovince
spread were illustrated by patient I2 from the city of Springs,
patient K61 from the town of Heidelberg, and patient K22

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

743

RESEARCH

from the North West Province, all with highly related ST307
isolates, having previously received medical care at hospital
J2 in Johannesburg (Figure 4).

Discussion
K. pneumoniae producing OXA-181 was first described
as isolated in hospitals in India during 2006–2007 (17),

Figure 4. Bayesian evolution analysis of Klebsiella pneumoniae sequence type (ST) 307 in South Africa hospitals, January 2014–December
2016. A and B indicate the 2 distinct lineages that evolved within Gauteng Province. Highlighted areas depict the provinces from which
isolates were obtained, and colored dots at the tips of areas represent the cities from which the isolates were obtained (e.g., for Gauteng
Province, Pretoria is red, Johannesburg is green). Dark blue dots at branch points indicate posterior probability >70%, and dot size is
proportional to posterior probability values. Hospital locations are indicated as follows; all are private except for Tshwane tertiary hospital:
A1, Alberton; J1–J10, Johannesburg; P1–P8, Pretoria; B1–3, Benoni; BO1, Boksburg; BR1, Brakpan; C1–C2, Centurion; EC1, Eastern
Cape Province; FS1, Free State Province; K1, Krugersdorp; K2, Kempton Park; LP1–2, Limpopo Province; MP1–6, Mpumalanga Province;
NW1, North West Province; S1, Springs; TTH, Tshwane (tertiary hospital). Box 1 shows intrahospital spread: highly related ST307 isolates
were obtained from patient I51 and patient I68 in hospital P5. Box 2 shows interhospital spread: patient I14 was transferred from hospital
P1 to hospital P4; 3 months later, highly related ST307 was isolated from patient K43 at hospital P4. Box 3 shows intercity and interprovince
spread: patient I2 from Springs, patient K61 from Heidelberg, and patient K22 from North West Province, all with highly related ST307
isolates, had previously received medical care at hospital J2 in Johannesburg. HPD, highest posterior density interval; POP, outpatient.
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with a subsequent report from Oman (18). OXA-181 has
a global distribution, is the second most common OXA48 derivative, and differs from OXA-48 by 4 amino acid
substitutions, while retaining the same spectrum of activity (3). Various K. pneumoniae clones with OXA-48–like
carbapenemases have been described from several localized hospital outbreaks in Africa, Europe, and the Middle
East (3). Previous studies have shown that blaOXA-181 are
present on ColE2-type (18), IncT (19), IncN (20), and
IncX3 (21) plasmids.
We describe the dissemination of a carbapenemase-producing clone, K. pneumoniae ST307 containing an IncX3
plasmid with blaOXA-181, across 23 cities and towns within 6
provinces in South Africa. The plasmid (p72_X3_OXA181)
was identical to other IncX3 plasmids with blaOXA-181 previously reported from China (21) and Angola (22). We tracked
(with PCR) and confirmed (with WGS) the presence of
ST307 within Gauteng, Mpumalanga, North West, Limpopo,
Free State, and Eastern Cape provinces. Genomics combined
with admission, discharge, and transfer data showed intrahospital, interhospital, intercity, and interprovince spread to
involve 350 patients in 42 private hospitals.
K. pneumoniae ST307 is a superclone that emerged
during the mid-1990s and was responsible for several
worldwide nosocomial outbreaks (23). The earliest published report was in 2013 from hospitals in Texas, USA
(24), and it has since been reported globally (23). ST307
is associated with several antimicrobial resistance determinants, including CTX-M-15 (25), KPC (26), OXA-48 (27),
NDM-1 (28), and mcr-1 (29). Recent reports from Texas
(16), Colombia (26), and Italy (30) have shown that ST307
is replacing ST258 as the most prevalent clone associated
with multidrug resistance. Certain characteristics of ST307
may lead to increased fitness, persistence, and adaptation to
the hospital environment and the human host (15).
K. pneumoniae ST307 belongs to 6 distinct clades: US
clades I–IV; an international clade, V; and South Africa
clade VI. The presence of 72_ICE, p72_X3_OXA181 is
unique to clade VI and, with other genetic changes, may
have played a role in the success of this clade. Bayesian
evolution analysis showed that clade VI emerged around
March 2013 and evolved during 2014 into 2 distinct lineages that spread across northeastern South Africa over a
15-month period.
In 2014, the World Health Organization reported
that key tools to tackle AMR, such as basic surveillance
systems to track and monitor the problem, do not exist in
many countries (1). This study highlighted the public health
and clinical utility of using WGS data to develop rapid,
reliable, and user-friendly molecular surveillance methods
such as PCR for tracking emerging AMR clones and plasmids
during outbreaks. We designed PCR primers for tracking
ST307 and p72_X3_OXA181 across northeastern South

Africa. From a global perspective, this study is an example
of a productive collaboration between resource-limited and
industrialized countries that rapidly generated cost-effective
PCR methodologies to track an emerging AMR clone.
K. pneumoniae ST307 clade VI spread rapidly between various private hospitals across South Africa. The
reasons for this are unclear, but the medical community
needs to know how and why this happened. The increase
in OXA-48–like bacteria occurred during a period of high
carbapenem usage in the private sector (J. Coetzee, unpub.
data). Patients often visit various private hospitals during
their treatment. Our results suggest that the intrahospital,
interhospital, intercity, and interprovince movements of
patients were responsible for the dissemination of ST307.
It is imperative that the medical community continues
to explore the reasons for the spread of ST307. Studies investigating the pathogenicity, fitness, adaptiveness, and
evolution of ST307 clade VI are currently in progress. The
South Africa clade VI has the potential to be introduced to
other countries and the ability to cause devastating countrywide outbreaks associated with substantial healthcare costs.
A recent report from the United Kingdom highlighted the
economic implications associated with a 10-month outbreak
of carbapenemase-producing K. pneumoniae affecting 40
patients from 5 hospitals across London, costing around €1.1
million (31). Clinical studies are also urgently required to
investigate the reasons for the high transmission rates of K.
pneumoniae ST307. Such projects will serve as models to
predict what could happen with the continuing emergence
of successful clones among clinically relevant bacteria (32).
Acknowledgments
We thank the Department of Medical Microbiology of Ampath
Laboratories and the National Health Laboratory Service for the
use of their facilities and for providing isolates. We also thank
Anthony Smith for the donation of the Salmonella enterica
subsp. enterica serovar Braenderup isolate (ATCC BAA-664).
This work was supported in part by research grants from Calgary
Laboratory Services (10015169; J.D.D.P.), National Institutes of
Health grants R01AI090155 (B.N.K.) and R21AI117338 (L.C.),
and the NHLS Research Trust (M.M.K.); and RESCOM,
University of Pretoria (M.M.K.). M.L. was supported by a
National Research Foundation grant. Opinions expressed and
conclusions arrived at are those of the authors and are not
necessarily to be attributed to the NRF. The funders of the study
had no role in the study design, data collection, data analysis,
interpretation, or writing of the report. The corresponding author
had full access to all the data and takes final responsibility for
this publication.
Declaration of interest: J.D.D.P. had previously received research funds from Merck and Astra Zeneca. Other authors have
nothing to declare.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

745

RESEARCH
About the Author
Ms. Lowe is a PhD student at the University of Pretoria. Her
research interests include the molecular epidemiology of
antimicrobial-resistant organisms.

15.

16.

References
1.

2.

3.

4.

5.

6.

7.

8.

9.
10.

11.

12.

13.
14.

746

World Health Organization. Antimicrobial resistance: global report
on surveillance 2014. Geneva: The Organization; 2014 [cited 2019
Feb 8]. https://www.who.int/drugresistance/documents/
surveillancereport/en
Pitout JD, Nordmann P, Poirel L. Carbapenemase-producing
Klebsiella pneumoniae, a key pathogen set for global nosocomial
dominance. Antimicrob Agents Chemother. 2015;59:5873–84.
http://dx.doi.org/10.1128/AAC.01019-15
Mairi A, Pantel A, Sotto A, Lavigne JP, Touati A. OXA-48-like
carbapenemases producing Enterobacteriaceae in different
niches. Eur J Clin Microbiol Infect Dis. 2018;37:587–604.
http://dx.doi.org/10.1007/s10096-017-3112-7
Brink AJ, Coetzee J, Corcoran C, Clay CG, Hari-Makkan D,
Jacobson RK, et al. Emergence of OXA-48 and OXA-181
carbapenemases among Enterobacteriaceae in South Africa and
evidence of in vivo selection of colistin resistance as a consequence
of selective decontamination of the gastrointestinal tract.
J Clin Microbiol. 2013;51:369–72. http://dx.doi.org/10.1128/
JCM.02234-12
Perovic O, Britz E, Chetty V, Singh-Moodley A. Molecular
detection of carbapenemase-producing genes in referral
Enterobacteriaceae in South Africa: a short report. S Afr Med
J. 2016; 106:975–7. http://dx.doi.org/10.7196/SAMJ.2016.
v106i10.11300
Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, et al.
PHASTER: a better, faster version of the PHAST phage search
tool. Nucleic Acids Res. 2016;44(W1):W16–21. http://dx.doi.org/
10.1093/nar/gkw387
Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M,
Antonescu C, et al. Versatile and open software for comparing large
genomes. Genome Biol. 2004;5:R12. http://dx.doi.org/10.1186/
gb-2004-5-2-r12
Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA,
Bentley SD, et al. Rapid phylogenetic analysis of large samples of
recombinant bacterial whole-genome sequences using Gubbins.
Nucleic Acids Res. 2014;43:e15. https://doi.org/10.1093/nar/
gku1196
Stamatakis A. RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics.
2014;30:1312–3. http://dx.doi.org/10.1093/bioinformatics/btu033
Cheng L, Connor TR, Sirén J, Aanensen DM, Corander J.
Hierarchical and spatially explicit clustering of DNA sequences
with BAPS software. Mol Biol Evol. 2013;30:1224–8.
http://dx.doi.org/10.1093/molbev/mst028
Letunic I, Bork P. Interactive tree of life (iTOL) v3: an online tool
for the display and annotation of phylogenetic and other trees.
Nucleic Acids Res. 2016;44(W1):W242–5. http://dx.doi.org/
10.1093/nar/gkw290
Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu CH, Xie D, et al.
BEAST 2: a software platform for Bayesian evolutionary analysis.
PLOS Comput Biol. 2014;10:e1003537. http://dx.doi.org/10.1371/
journal.pcbi.1003537
Antipov D, Hartwick N, Shen M, Raiko M, Lapidus A, Pevzner PA.
plasmidSPAdes: assembling plasmids from whole genome
sequencing data. Bioinformatics. 2016;32:3380–7.
Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive
visualization of de novo genome assemblies. Bioinformatics.
2015;31:3350–2. http://dx.doi.org/10.1093/bioinformatics/btv383

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Villa L, Feudi C, Fortini D, Brisse S, Passet V, Bonura C, et al.
Diversity, virulence, and antimicrobial resistance of the KPCproducing Klebsiella pneumoniae ST307 clone. Microb Genom.
2017;3:e000110. http://dx.doi.org/10.1099/mgen.0.000110
Long SW, Olsen RJ, Eagar TN, Beres SB, Zhao P, Davis JJ, et al.
Population genomic analysis of 1,777 extended-spectrum betalactamase–producing Klebsiella pneumoniae isolates,
Houston, Texas: unexpected abundance of clonal group 307. MBio.
2017;8:e00489-17. http://dx.doi.org/10.1128/mBio.00489-17
Castanheira M, Deshpande LM, Mathai D, Bell JM, Jones RN,
Mendes RE. Early dissemination of NDM-1– and OXA-181–
producing Enterobacteriaceae in Indian hospitals: report from
the SENTRY Antimicrobial Surveillance Program, 2006–2007.
Antimicrob Agents Chemother. 2011;55:1274–8. http://dx.doi.org/
10.1128/AAC.01497-10
Potron A, Nordmann P, Lafeuille E, Al Maskari Z, Al Rashdi F,
Poirel L. Characterization of OXA-181, a carbapenem-hydrolyzing
class D beta-lactamase from Klebsiella pneumoniae. Antimicrob
Agents Chemother. 2011;55:4896–9. http://dx.doi.org/10.1128/
AAC.00481-11
Villa L, Carattoli A, Nordmann P, Carta C, Poirel L. Complete
sequence of the IncT-type plasmid pT-OXA-181 carrying the
blaOXA-181 carbapenemase gene from Citrobacter freundii.
Antimicrob Agents Chemother. 2013;57:1965–7. http://dx.doi.org/
10.1128/AAC.01297-12
McGann P, Snesrud E, Ong AC, Appalla L, Koren M, Kwak YI,
et al. War wound treatment complications due to transfer of an
IncN plasmid harboring blaOXA-181 from Morganella morganii
to CTX-M-27-producing sequence type 131 Escherichia coli.
Antimicrob Agents Chemother. 2015;59:3556–62. http://dx.doi.org/
10.1128/AAC.04442-14
Liu Y, Feng Y, Wu W, Xie Y, Wang X, Zhang X, et al. First report
of OXA-181-producing Escherichia coli in China and
characterization of the isolate using whole-genome sequencing.
Antimicrob Agents Chemother. 2015;59:5022–5. http://dx.doi.org/
10.1128/AAC.00442-15
Kieffer N, Nordmann P, Aires-de-Sousa M, Poirel L. High
prevalence of carbapenemase-producing Enterobacteriaceae
among hospitalized children in Luanda, Angola. Antimicrob
Agents Chemother. 2016;60:6189–92. http://dx.doi.org/10.1128/
AAC.01201-16
Wyres KL, Hawkey J, Hetland MAK, Fostervold A, Wick RR,
Judd LM, et al. Emergence and rapid global dissemination of
CTX-M-15-associated Klebsiella pneumoniae strain ST307. J
Antimicrob Chemother. 2018. http://dx.doi.org/10.1093/jac/dky492
Castanheira M, Farrell SE, Wanger A, Rolston KV, Jones RN,
Mendes RE. Rapid expansion of KPC-2-producing Klebsiella
pneumoniae isolates in two Texas hospitals due to clonal spread of
ST258 and ST307 lineages. Microb Drug Resist. 2013;19:295–7.
http://dx.doi.org/10.1089/mdr.2012.0238
Habeeb MA, Haque A, Nematzadeh S, Iversen A, Giske CG.
High prevalence of 16S rRNA methylase RmtB among CTX-M
extended-spectrum β-lactamase-producing Klebsiella pneumoniae
from Islamabad, Pakistan. Int J Antimicrob Agents. 2013;41:524–6.
http://dx.doi.org/10.1016/j.ijantimicag.2013.02.017
Ocampo AM, Chen L, Cienfuegos AV, Roncancio G, Chavda KD,
Kreiswirth BN, et al. A two-year surveillance in five Colombian
tertiary care hospitals reveals high frequency of non-CG258 clones
of carbapenem-resistant Klebsiella pneumoniae with distinct
clinical characteristics. Antimicrob Agents Chemother. 2016;
60:332–42. http://dx.doi.org/10.1128/AAC.01775-15
Novović K, Trudić A, Brkić S, Vasiljević Z, Kojić M, Medić D,
et al. Molecular epidemiology of colistin-resistant, carbapenemaseproducing Klebsiella pneumoniae in Serbia from 2013 to 2016.
Antimicrob Agents Chemother. 2017;61:e02550-16.
http://dx.doi.org/10.1128/AAC.02550-16

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

K. pneumoniae ST307 with blaOXA-181, South Africa
28.

Bocanegra-Ibarias P, Garza-González E, Morfín-Otero R,
Barrios H, Villarreal-Treviño L, Rodríguez-Noriega E, et al.
Molecular and microbiological report of a hospital outbreak of
NDM-1-carrying Enterobacteriaceae in Mexico. PLoS One.
2017;12:e0179651. http://dx.doi.org/10.1371/journal.pone.0179651
29. Saavedra SY, Diaz L, Wiesner M, Correa A, Arévalo SA, Reyes J,
et al. Genomic and molecular characterization of clinical isolates
of Enterobacteriaceae harboring mcr-1 in Colombia, 2002 to 2016.
Antimicrob Agents Chemother. 2017;61:e00841-17. http://dx.doi.org/
10.1128/AAC.00841-17
30. Bonura C, Giuffrè M, Aleo A, Fasciana T, Di Bernardo F,
Stampone T, et al.; MDR-GN Working Group. An update of the
evolving epidemic of blaKPC-carrying Klebsiella pneumoniae
in Sicily, Italy, 2014: emergence of multiple non-ST258 clones.
PLoS One. 2015;10:e0132936. http://dx.doi.org/10.1371/
journal.pone.0132936

31.

Otter JA, Burgess P, Davies F, Mookerjee S, Singleton J,
Gilchrist M, et al. Counting the cost of an outbreak of
carbapenemase-producing Enterobacteriaceae: an
economic evaluation from a hospital perspective. Clin
Microbiol Infect. 2017;23:188–96. http://dx.doi.org/10.1016/
j.cmi.2016.10.005
32. Mathers AJ, Peirano G, Pitout JD. The role of epidemic
resistance plasmids and international high-risk clones in the
spread of multidrug-resistant Enterobacteriaceae. Clin
Microbiol Rev. 2015;28:565–91. http://dx.doi.org/10.1128/
CMR.00116-14
Address for correspondence: Johann D.D. Pitout, Calgary Laboratory
Services, #9, 3535 Research Rd NW, Calgary, Alberta, Canada; email:
johann.pitout@cls.ab.ca

etymologia
Anaplasma phagocytophilum [anʺǝ-plazʹmǝ faʹgo-sītʺo-fī-lum]
Ronnie Henry

A

species of tickborne bacteria that causes human
granulocytic anaplasmosis, Anaplasma (from
the Greek an- [“without”] + plasma [“shape”])
phagocytophilum (named for its affinity for
growing in neutrophils: phagocyte + Latin phile
[“loving”]) has gone by many names. First it was
named Rickettsia (for Howard Taylor Ricketts)
phagocytophilum, then Cytoecetes (for its similarity
to Cytoecetes microti) phagocytophilum, and then
Ehrlichia (for Paul Ehrlich) phagocytophilum. More
recently, E. equi and the agent of human granulocytic
ehrlichiosis (now anaplasmosis) were combined
with E. phagocytophilum as A. phagocytophilum.

Source
1.

2.

Kim K-H, Yi J, Oh WS, Kim N-K, Choi SJ, Choe PG, et
al. Human granulocytic anaplasmosis, South Korea, 2013.
Emerg Infect Dis. 2014;20:1708–11.
Woldehiwet Z. The natural history of Anaplasma
phagocytophilum. Vet Parasitol. 2010;167:108–22.

Anaplasma
phagocytophilum
cultured in human
promyelocytic cells,
showing morulae
as basophilic and
intracytoplasmic
inclusions (arrows).
Wright-Giemsa stain.
Original magnification
x1,000. Image:
Emerg Infect Dis.
2014;20:1708–11.
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granulocytic anaplasmosis, South Korea, 2013. Emerg
Infect Dis. 2014;20:1708–11. http://dx.doi.org/10.3201/
eid2010.131680</
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Co-infections in Persons with Early
Lyme Disease, New York, USA
Gary P. Wormser, Donna McKenna, Carol Scavarda, Denise Cooper, Marc Y. El Khoury,
John Nowakowski, Praveen Sudhindra, Alexander Ladenheim, Guiqing Wang,
Carol L. Karmen, Valerie Demarest, Alan P. Dupuis II, Susan J. Wong

In certain regions of New York state, USA, Ixodes scapularis ticks can potentially transmit 4 pathogens in addition to
Borrelia burgdorferi: Anaplasma phagocytophilum, Babesia
microti, Borrelia miyamotoi, and the deer tick virus subtype
of Powassan virus. In a prospective study, we systematically evaluated 52 adult patients with erythema migrans,
the most common clinical manifestation of B. burgdorferi infection (Lyme disease), who had not received treatment for
Lyme disease. We used serologic testing to evaluate these
patients for evidence of co-infection with any of the 4 other
tickborne pathogens. Evidence of co-infection was found for
B. microti only; 4–6 patients were co-infected with Babesia
microti. Nearly 90% of the patients evaluated had no evidence of co-infection. Our finding of B. microti co-infection
documents the increasing clinical relevance of this emerging infection.

L

yme disease, caused by Borrelia burgdorferi, is the
most common tickborne infection in North America (1,2). The Lower Hudson Valley, in the US state of
New York, is a region of high risk for bites from Ixodes
scapularis ticks (3). I. scapularis ticks in this region,
and in certain other geographic areas in New York and
the northeastern United States, are responsible for transmission of 4 other pathogens besides B. burgdorferi:
Anaplasma phagocytophilum, the cause of human granulocytic anaplasmosis; Babesia microti; Borrelia miyamotoi; and the deer tick virus subtype of Powassan virus
(POWV) (4–9). The earliest and most common clinical
manifestation of Lyme disease is the lesion erythema migrans. To look for evidence of co-infection with these
4 tickborne pathogens, we tested the serum of 52 adult
patients with erythema migrans who had not received
treatment for Lyme disease.

Author affiliations: New York Medical College, Valhalla, New York,
USA (G.P. Wormser, D. McKenna, C. Scavarda, D. Cooper,
M.Y. El Khoury, J. Nowakowski, P. Sudhindra, A. Ladenheim,
G. Wang, C.L. Karmen); New York State Department of Health,
Albany, New York, USA (V. Demarest, A.P. Dupuis II, S.J. Wong)
DOI: https://doi.org/10.3201/eid2504.181509
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Methods
Patient Cohort

We enrolled adult patients with Lyme disease in a prospective study at the Lyme Disease Diagnostic Center, in
Westchester County in the Lower Hudson Valley region of
New York, to assess the outcome of this infection over 1
year, as described elsewhere (10). The Lower Hudson Valley region of New York is defined as Westchester, Putnam,
Dutchess, Rockland, Orange, Ulster, and Sullivan Counties. This report focuses on 52 persons who at the time of
study entry had erythema migrans but no treatment for
Lyme disease and no clinical evidence of a concomitant extracutaneous manifestation of Lyme disease. Each patient
had >1 expanding erythematous skin lesion that was >5 cm
in diameter (11,12).
For each of the 52 persons with erythema migrans,
baseline visits occurred from June 2, 2011, through July
30, 2015; blood was collected before antimicrobial drug
treatment began (baseline) and at the next follow-up visit.
The study was approved by the institutional review board
at New York Medical College.
Testing and Confirmation of Infection

Serologic testing to document co-infection was performed
retrospectively. Testing for antibodies to A. phagocytophilum was conducted by immunofluorescent assay at Focus
Diagnostics, Inc. (Cypress, CA, USA) (10). Testing for
antibodies to B. microti was done by immunofluorescent
assay at either Focus Diagnostics, Inc., or at the New York
State Department of Health Wadsworth Center (Albany,
NY, USA) (10).
Testing for antibodies to the glycerophosphodiester
phosphodiesterase (GlpQ) protein of B. miyamotoi was performed at the Wadsworth Center by using a microsphere immunoassay that detects total antibodies (IgG + IgA + IgM) to
recombinant GlpQ of B. miyamotoi. The recombinant GlpQ
was kindly provided by Sukanya Narasimhan and Erol Fikrig of Yale University (New Haven, CT, USA).
Testing for antibodies to POWV was also performed
at the Wadsworth Center (8). Serologic testing for POWV
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infection included a microsphere immunoassay to detect total antibodies (IgG + IgA + IgM) to recombinant deer tick
virus envelope protein and an IgM capture enzyme immunoassay to the LB strain of POWV (8). When the microsphere
immunoassay and the IgM capture enzyme immunoassay
were both reactive on acute- or convalescent-phase serum
specimens, plaque reduction testing for neutralization antibodies against the LB strain of POWV was also performed.
Serologic evidence of A. phagocytophilum co-infection required a 4-fold rise in IgG titer between the acuteand convalescent-phase samples to >1:512 (13). Serologic
evidence of B. microti infection required a 4-fold rise in
IgG titers between the acute- and convalescent-phase serum samples. Patients who had clinical evidence of A.
phagocytophilum or B. microti infections (e.g., new onset
of fever, characteristic hematologic abnormalities, or both),
or in whom such clinical evidence developed, were also
tested when these findings were observed, by blood smear,
PCR, or both, to detect these microorganisms, as described
elsewhere (13,14). Because a positive result on the acutephase sample is atypical for acute B. miyamotoi infection,
serologic evidence of B. miyamotoi infection required seroconversion in the convalescent-phase sample for antibody
to GlpQ (15). A diagnosis of possible POWV co-infection
required a finding of positive IgM and neutralizing antibodies to POWV for the same serum sample. A confirmed diagnosis of POWV co-infection, however, required a 4-fold
rise in neutralizing antibodies between the acute- and convalescent-phase serum samples; in addition, the neutralizing titer value had to exceed by >4-fold the neutralizing
antibody titers found by using the patient’s serum under
the same test conditions but using other flaviviruses, such
as West Nile virus.
Other Assessments

At each patient’s baseline visit, we collected demographic
and clinical data, including data on 12 somatic symptoms
(e.g., fatigue, headache, joint pain, muscle pain, and cognitive complaints), as described elsewhere (10,16). We performed serologic testing for Lyme disease at both the baseline and convalescent visits by using the C6 Lyme ELISA
kit (Immunetics, Inc., http://www.oxfordimmunotec.com)
according to the manufacturer’s recommendations.
Statistical Methods

For comparison of categorical variables, we used the Fisher
exact test or the exact McNemar test; for continuous variables, we used the Student t-test. All testing was 2-tailed.
We considered p<0.05 to be significant.
Results
At the time of the baseline visit, none of the 52 patients
with erythema migrans had received antimicrobial drugs;

31 (59.6%) patients had 1 erythema migrans lesion, and
21 (40.4%) patients had multiple erythema migrans lesions
(Table 1). Thirty-four (65.4%) patients were male, mean
age ± SD was 50.2 ± 15.7 years (range 20–86 years), and
39 (75.0%) patients had concomitant subjective symptoms
such as fatigue. All but 4 patients had been exposed to
ticks while in areas that included the Lower Hudson Valley
(Table 1).
Convalescent-phase blood samples, which were obtained at a mean of 16.7 days (range 7–30 days) after the
baseline visit, were screened for antibodies to the C6 peptide of B. burgdorferi and for antibodies to A. phagocytophilum, B. microti, GlpQ protein of B. miyamotoi, and
POWV. A total of 46 (88.5%) patients were seropositive by
the C6 Lyme ELISA, 32 (69.6%) on both the baseline and
convalescent-phase blood samples, and 14 (30.4%) on the
convalescent-phase sample only.
None of the 52 patients had evidence of A. phagocytophilum co-infection, although 4 had an IgG titer of 1:64 on
the convalescent-phase blood sample, which is regarded as
a nonspecific finding (13,17,18). Titers <1:64 were considered to be negative by the performing laboratory and thus
were not reported.
Of the 52 patients, 4 (7.7%, 95% CI 3%–18%) had
convincing evidence of B. microti co-infection (Table 2),
and active babesiosis was clinically suspected for 3 of these
patients. For 1 of the 3 patients who had clinical evidence
of active babesiosis and a single erythema migrans lesion,
fever developed on day 4 of amoxicillin therapy. Another
of these patients underwent diagnostic testing for babesiosis because of fever before development of a single erythema migrans lesion. The third patient, who was afebrile,
was tested for babesiosis 2 days after beginning antimicrobial drug treatment for a single erythema migrans lesion
because of thrombocytopenia and anemia that were documented at the time of study entry. These 3 patients were
positive for B. microti DNA by PCR, and 1 of the 3 also
had a positive blood smear. All 3 patients received a course
of treatment for babesiosis.
Table 1. Demographics and sites of potential tick exposure for 52
participants in study of co-infections in persons with Lyme
disease, New York, USA, June 2, 2011, through July 30, 2015*
Variable
No. (%)
Sex
M
34 (65.4)
F
18 (34.6)
Multiple erythema migrans skin lesions
21 (40.4)
Tick exposure
Potential exposure in at least LHV
48 (92.3)
Potential tick exposure in LHV alone
32 (61.5)
No tick exposure in LHV†
4 (7.7)
*Mean age 50.2  15.7 y, range 20–86 y. LHV, Lower Hudson Valley of
New York state, USA (includes Westchester, Putnam, Dutchess,
Rockland, Orange, Ulster, and Sullivan Counties).
†Two participants were exposed to ticks in Long Island, New York, and 2
in Connecticut.
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Table 2. Participants with evidence of Babesia microti co-infection in study of co-infections in persons with Lyme disease, New York,
USA, June 2, 2011, through July 30, 2015*
No.
Tick
Tick
Baseline B.
Convalescent-phase
PCR for
symptoms at exposure
exposure
microti
B. microti antibody
Blood
Babesia
Age, y
Fever
baseline visit
in LHV
outside LHV antibody titer
titer (timing, d)†
smear
DNA
69
Yes, but began 4 d
1
Yes
No
>1:1,024
>1:1,024 (12)
+
+
after baseline visit
while taking
amoxicillin for
treatment of Lyme
disease
58
Yes, began 1 or 2 d
10
Yes
Yes
<1:64
>1:1,024 (14)
–
+
before the baseline
visit
61
No
2
Yes
No
>1:1024
>1:1,024 (21)
–
+
45
No
1
Yes
No
<1:64
1:512 (18)
ND
ND
54
No
2
No
Yes
>1:1024
>1:1,024 (19)
ND
ND
32
No
4
Yes
No
>1:1024
>1:1,024 (14)
ND
ND
*LHV, Lower Hudson Valley of New York state, USA (includes Westchester, Putnam, Dutchess, Rockland, Orange, Ulster, and Sullivan Counties); ND,
not done; +, positive; –, negative.
†Time from baseline visit.

A fourth patient without a febrile illness had a convalescent-phase IgG titer of 1:512 and an acute-phase titer of
<1:64, consistent with co-infection with B. microti. In addition, 2 patients without clinical evidence of a febrile illness
had acute- and convalescent-phase IgG titers of >1,024
(Table 2). Because the exact titer for these serum specimens was not determined, it was not possible to determine
if the convalescent-phase sample demonstrated a 4-fold increase in titer. Although none of these 3 patients received
anti-Babesia drug therapy, all recovered fully from Lyme
disease during the 1-year follow-up period.
Therefore, up to 6 (11.5%; 95% CI 5%–23%) of the
52 patients may have been co-infected with Babesia; 3 of
these patients were known to have had fever, hematologic
findings consistent with active Babesia infection, or both.
All 6 had >1 nonspecific symptoms at study entry; mean
± SD was 3.3 ± 3.4 symptoms (range 1–10 symptoms). In
comparison, the mean number of symptoms for the other
46 patients at the baseline visit was 3.1 ± 3.3 (range 0–12
symptoms; p = 0.88). One additional patient had a convalescent-phase IgG titer of 1:128 and an acute-phase IgG
titer of 1:256, possibly indicative of a prior Babesia infection antedating the onset of Lyme disease.
None of the 52 patients met criteria for serologic evidence of B. miyamotoi co-infection, although 4 (7.7%)
were seropositive for antibodies to GlpQ on acute- and
convalescent-phase serum samples but without a discernible increase in values on the convalescent-phase sample.
In addition, none of the 52 patients met criteria for serologic evidence for possible or confirmed POWV coinfection; 1 serum sample was positive for IgM to the LB
strain of POWV but negative for neutralization antibodies
to both the LB strain and a deer tick virus subtype strain
of POWV. Therefore, more patients had laboratory evidence of co-infection with Babesia than with A. phagocytophilum, B. miyamotoi, or POWV (possibly as high as 6
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[11.5%] for Babesia vs. 0 for the other pathogens tested;
p = 0.031).
Discussion
In this study of 52 adult patients who had erythema migrans
but had not been treated for Lyme disease, conducted in the
Lower Hudson Valley of New York, the only documented
B. burgdorferi co-infection was with B. microti. Several
prior studies that used PCR have evaluated I. scapularis
ticks found in this region for co-infection with B. burgdorferi; these studies found values of up to 30% for coinfection with A. phagocytophilum (4,5,9,19), up to 24%
for B. microti (4,5,9,19), 1% for B. miyamotoi (4), and up to
3.9% for POWV (4,9). In general, lower rates of co-infection were associated with I. scapularis ticks in the nymphal
stage than in the adult stage; this finding is relevant to our
study because most cases of early Lyme disease in this region result from bites of ticks in the nymphal stage (20).
Extrapolating data on the rate of co-infections by
PCR testing of ticks to human co-infection rates should be
done cautiously. Confounding factors are the possible existence of nonpathogenic strains of Anaplasma or Babesia
in ticks and whether these organisms may have contributed to a portion of the positive PCR results for A. phagocytophilum (21) or B. microti. For example, B. odocoilei is
found in I. scapularis ticks but is not regarded as a human
pathogen (22). In addition, the potential tick exposure locations of participants in our study were not restricted to
the Lower Hudson Valley region of New York. Indeed,
tick exposure for 4 of the 52 study participants occurred
exclusively in Long Island or Connecticut (Table 1), and
1 of these 4 participants was among the 6 participants
with laboratory evidence of B. microti co-infection (Table
2). This participant had no clinical evidence of a febrile
illness but had acute- and convalescent-phase B. microti
IgG titers >1,024.
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We systematically evaluated adult patients with erythema migrans for co-infection with 4 I. scapularis tick–
transmitted pathogens. We used well-defined and highly
rigorous criteria for defining co-infection and focused on
consecutively enrolled patients with the most certain clinical marker of early Lyme disease; namely, an erythema
migrans lesion (12). Studies using less stringent case definitions may potentially detect higher numbers of putative
co-infections but with less certain validity and less clarity for differentiating sequential from simultaneous infections (13,23). Unlike a previous study of untreated Babesia
co-infections in patients considered to have Lyme disease
(24), patients in our study with evidence of Babesia co-infection at baseline evaluation were not more symptomatic
than those without this co-infection.
Limitations of our study are the relatively small sample size and the assumption that the convalescent-phase
serum samples were obtained at the appropriate time to reliably identify the co-infections assessed (mean time from
baseline visit to collection of the convalescent- phase blood
sample was 16.7 days [range 7–30 days]). Most (75%) of
the 52 patients in our study had received doxycycline,
raising the question of whether this treatment may have
affected the likelihood of seroconversion for antibodies
to A. phagocytophilum. However, patients with cultureconfirmed human granulocytic anaplasmosis regularly
produce high antibody titers within 2 weeks of symptom
onset despite receipt of doxycycline (17). Thus, the only
theoretical concern about whether doxycycline might have
reduced the observed frequency of A. phagocytophilum coinfection would have been for cases of incubating infection
that might have been prevented from becoming active.
Another possibility, however, is that we excluded patients whose fever or systemic symptoms were primarily
caused by human granulocytic anaplasmosis, rather than
Lyme disease, and thus had started antimicrobial drug
therapy before study entry. To address this question, we
separately looked at acute- and convalescent-phase antibody titers to A. phagocytophilum in 38 patients with
erythema migrans who were enrolled into the same study
but for whom antimicrobial drug therapy had been initiated before enrollment. For 1 (2.6%) of the 38 patients, we
found a 4-fold rise in antibody titers to A. phagocytophilum
between the acute- and convalescent-phase serum samples.
However, this finding did not differ significantly from what
we found for the 52 patients with erythema migrans (1/38
vs. 0/52; p = 0.42).
Another study limitation is our use of serologic testing
assays that were not approved by the US Food and Drug
Administration; consequently, their performance characteristics are uncertain. Last, our results pertain to a particular geographic area over a discrete time frame and may not
pertain to other locations or other periods.

In conclusion, we systematically and rigorously evaluated consecutively enrolled adult patients with erythema
migrans for co-infection with the 4 other I. scapularis tick–
transmitted pathogens found in parts of New York and in
other geographic areas in the northeastern United States.
Nearly 90% of the patients evaluated had no serologic evidence of co-infection. B. microti was the only co-infection
found, further documenting the clinical relevance of this
emerging infection. Similar studies in other geographic
areas, in addition to testing acute- and convalescent-phase
serum, should include direct diagnostic testing by use of
reliable PCR assays to detect potential co-infecting pathogens (particularly for A. phagocytophilum, B. microti, and
B. miyamotoi) at the baseline visit.
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nfection with Middle East respiratory syndrome (MERS)
coronavirus (MERS-CoV) results in a wide range of
clinical manifestations, from mild or asymptomatic illness
to severe respiratory failure (1–8); infection has a reported
mortality rate of 35% (9). Most MERS cases have been
reported in older adults with underlying medical conditions (4,7). Asymptomatic or mild infections are typically
reported in younger, healthy adults, including healthcare
personnel (2,4). MERS-CoV transmission is commonly associated with exposure to symptomatic patients in healthcare (1,2,10,11) or household (12) settings or with direct
exposure to dromedary camels (13).
Infection prevention and control guidance for MERSCoV in humans is partially based on severe acute respiratory
syndrome (SARS) coronavirus infection dynamics (14,15);
MERS-specific recommendations are incomplete. Investigations of virus shedding in MERS patients have demonstrated
that MERS-CoV RNA can be detected in the respiratory
tract for >1 month from illness onset (16,17); lower respiratory tract (LRT) specimens have higher (18–23) and often
more prolonged RNA levels (17,18) than upper respiratory
tract (URT) specimens; more severely ill patients typically
have higher (18,21) and more prolonged (18) RNA levels;
and MERS-CoV RNA is detected in the blood (17,22,24),
serum (18,19,24), plasma (22,25,26), stool (19,23,27), and
urine (17,19,23) of some patients. However, important
knowledge gaps remain, particularly regarding shedding in
association with clinical manifestations and host factors (4).
Serologic responses among MERS patients are incompletely understood; such data are critical for the development
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Middle East respiratory syndrome coronavirus (MERS-CoV)
shedding and antibody responses are not fully understood,
particularly in relation to underlying medical conditions, clinical manifestations, and mortality. We enrolled MERS-CoV–
positive patients at a hospital in Saudi Arabia and periodically
collected specimens from multiple sites for real-time reverse
transcription PCR and serologic testing. We conducted interviews and chart abstractions to collect clinical, epidemiologic,
and laboratory information. We found that diabetes mellitus
among survivors was associated with prolonged MERS-CoV
RNA detection in the respiratory tract. Among case-patients
who died, development of robust neutralizing serum antibody responses during the second and third weeks of illness
was not sufficient for patient recovery or virus clearance.
Fever and cough among mildly ill patients typically aligned
with RNA detection in the upper respiratory tract; RNA levels
peaked during the first week of illness. These findings should
be considered in the development of infection control policies, vaccines, and antibody therapeutics.
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of vaccines, antibody therapeutics, and diagnostics. Investigations of MERS survivors have demonstrated that antibody
titers are higher and longer-lived in more severely ill patients
than in mildly ill patients (28), some of whom do not develop a detectable response (28,29). Antibodies are usually
detected by day 21 after illness onset (30,31) and can persist
for >34 months after infection (32). Data on case-patients
who died, however, are limited (19,25,29).
To address gaps in viral and antibody kinetics, we longitudinally assessed 33 hospitalized MERS-CoV–infected
patients. Our aim was to characterize MERS-CoV infection
dynamics and antibody responses in relation to outcome,
clinical manifestations, underlying medical conditions, and
preillness exposures.
Methods
Patient Enrollment

The study population was drawn from a MERS referral
hospital in Riyadh, Saudi Arabia. All patients testing positive for MERS-CoV locally by real-time reverse transcription PCR (rRT-PCR) assay and admitted to this hospital
during August 1, 2015–August 31, 2016, were eligible for
participation. All enrolled patients provided informed written consent.
Data Collection

We reviewed epidemiologic interviews conducted at the
time of case identification to include patient demographics, symptom history, and relevant exposures during the 2
weeks before onset. After patient death or discharge, we
performed comprehensive medical chart reviews to collect
medical history; symptoms before hospitalization; and daily information regarding symptoms during hospitalization,
clinical course, treatments, medications, patient vital signs,
diagnostic tests, and clinical outcome.
To assess MERS-CoV infection status, we retrospectively reviewed 3 data sources (as available) containing
information on clinical diagnostic testing: 1) rRT-PCR request forms submitted to a regional testing facility; 2) hospital copies of corresponding results; and 3) if the hospital’s clinical series was incomplete, rRT-PCR results from
the Health Electronic Surveillance Network (33), a national
platform for reporting notifiable diseases in Saudi Arabia.
MERS-CoV clinical diagnostic testing had been performed
on URT or LRT specimens typically collected every other
day throughout hospitalization. Healthcare personnel collected LRT specimens from intubated patients and URT
specimens otherwise. MERS-CoV results were positive,
probable, or negative and, if available, cycle threshold (Ct)
values for MERS-CoV upstream of the envelope E (upE)
or open reading frame (ORF) 1a (34); a probable finding
indicated that only 1 of these 2 targets was detected.
754

Laboratory Investigation

In addition to retrospectively reviewing clinical MERS-CoV
test results, we periodically collected specimens throughout
hospitalization for molecular and serologic testing at the US
Centers for Disease Control and Prevention (CDC). Specimens were collected from respiratory and nonrespiratory
sites, frozen at <–70°C, and shipped on dry ice. Available
specimens were URT (nasopharyngeal, oropharyngeal swab,
or combined), LRT (sputum or tracheal aspirate), whole
blood, serum, stool, and urine. Specimens were collected
during days 1–42 postenrollment and additionally at 1 year
for serum.
Molecular Assays

Specimens were processed and screened by upE and N2
rRT-PCR. Specimens positive by only 1 RT-PCR were confirmed by N3 assay as previously described (35). MERSCoV isolation was performed as previously described (36).
We attempted full genome sequencing, as previously described (36), on the earliest available respiratory specimen
(or serum, if not available) for each patient.
Serologic Assays

Serum specimens with sufficient volume were tested using 4 CDC serologic assays: 1) microneutralization (MN)
assay (37); 2) spike (S)–specific pseudoparticle neutralization assay (VSV-MERS-S); 3) S ELISA (Ig-specific)
(38); and 4) nucleocapsid (N) ELISA (Ig-specific)
(37,38). Additional description is available in Appendix 1
(https://wwwnc.cdc.gov/EID/article/25/4/18-1595-App1.pdf).
Data Analysis
Definitions

We defined illness onset as the first day of reported symptoms consistent with MERS; for asymptomatic patients
identified through routine contact investigations, we used
the date of the first positive MERS-CoV test. We analyzed
data relative to the date of illness onset (day 0). Patients
were classified as having diabetes mellitus (DM) if there
was a documented medical history of DM. Patients with
multiple periods of hyperglycemia during hospitalization
(random glucose readings >200 mg/dL), but with no documented medical history of DM, were considered as possible DM status.
Cardiac disease included congestive heart failure, coronary artery disease, or a history of myocardial infarction;
reports of isolated hypertension were not included. Pulmonary disease included chronic obstructive pulmonary disease, asthma or reactive airway disease, or use of supplemental oxygen at home. Renal disease included reports of
chronic kidney disease. Secondary exposure was defined as
contact with MERS-CoV–infected persons in the 2 weeks
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before illness onset. Primary exposure was defined as either reported direct camel contact or no known contact with
MERS-CoV–infected persons.

on either URT or LRT specimens. Because mildly ill patients
did not provide LRT specimens, we only assessed detection
in URT specimens when comparing severity groups.

Illness Severity

Prolonged MERS-CoV Detection

We retrospectively categorized patients into 3 groups on
the basis of the need for supplemental oxygen, ventilation, and clinical outcome. Group 1 (G1) received room air
throughout hospitalization; group 2 (G2) required ventilator support (mechanical or nonmechanical) and survived;
and group 3 (G3) required ventilator support and died.
MERS-CoV Detection Period

To analyze duration of detectable MERS-CoV among survivors, we assessed the number of days from illness onset
to negativity in clinical respiratory specimens tested at the
regional testing facility, based on reports from the hospital or
the Health Electronic Surveillance Network. We defined the
day of MERS-CoV negativity as the first of >2 consecutive
negative tests before discharge. These variables were based

To assess prolonged MERS-CoV detection, we expressed
time to negativity as a binary variable: patients with time to
negativity <11 versus >11 days. We chose this cutoff to reflect the median time to negativity among survivors. Given
the low numbers of patients in our cohort, we also assessed
2 additional cut-offs for prolonged shedding to strengthen
statistically significant findings: <14 versus >14 days and
<21 versus >21 days.
Viral Load

To approximate viral load in clinical results, we assessed
MERS-CoV upE rRT-PCR Ct values determined at the regional testing facility. We used Ct values from LRT specimens to assess mechanically ventilated patients. We were
able to identify the minimum Ct value (or peak RNA level)

Figure 1. Timeline of clinical course and MERS-CoV detection, by patient, Saudi Arabia, August 1, 2015–August 31, 2016. Findings are
presented by time since illness onset (day 0). Patients are grouped by illness severity and outcome. For each patient, day of admission,
discharge or death, period of mechanical ventilation (if applicable), and MERS-CoV detection are depicted. For a subset of patients with
sufficient data, the peak RNA level (or the minimum upstream of the envelope cycle threshold value) is depicted. Peak RNA was based
on upper respiratory tract specimen results among group 1 patients and Pt 29, and lower respiratory tract specimen results in group 2
and group 3 patients. The date of death is shown for group 3 patients. Pt 11 and Pt 32 did not report any symptoms throughout their
hospitalization. Pt 30 was hospitalized and mechanically ventilated before MERS onset because of a road traffic accident; this patient
was excluded from severity and clinical course analyses. Pt 23 has been described previously (36). The first positive MERS-CoV rRTPCR for Pt 20 was collected 1 day before symptom onset. BiPAP, bilevel positive airway pressure; CoV, coronavirus; MERS, Middle
East respiratory syndrome; Pt, patient; rRT-PCR, real-time reverse transcription PCR.
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Table 1. Characteristics of MERS-CoV–infected patients, by clinical severity outcome, Saudi Arabia, August 1, 2015–August 31, 2016*
No. (%) patients
p value†
Group 1,
Group 2,
Group 3,
Mortality,
Ventilation support,
Characteristic
n = 13
n=7
n = 12
G1 and G2 vs. G3
G1 vs. G2
Demographics
Sex
M
7 (54)
6 (86)
7 (58)
0.724
0.329
F
6 (46)
1 (14)
5 (42)
Nationality
Saudi
5 (38)
6 (86)
10 (83)
0.139
0.070
Non-Saudi
8 (62)
1 (14)
2 (17)
Age group, y
25–44
10 (77)
4 (57)
0
<0.001
0.548
45–64
3 (23)
2 (29)
7 (58)
>65
0
1 (14)
5 (42)
Median age (range), y
33 (26–62)
41 (30–73)
62 (55–78)
<0.001
0.047
Underlying conditions
None reported
10 (77)
0
0
0.004
0.003
Any reported underlying condition
3 (23)
7 (100)
11 (92)
Unknown underlying condition
0
0
1 (8)
DM‡
3 (23)
4 (80)
11 (100)
0.001
0.047
DM and possible DM§
3 (23)
6 (86)
12 (100)
0.002
0.047
Hypertension
1 (8)
2 (29)
11 (100)
<0.001
0.270
Cardiac disease¶
0
0
6 (55)
0.001
NA
Pulmonary disease#
0
2 (29)
2 (18)
0.602
0.111
On oxygen at home**
0
1 (14)
1 (9)
1.000
0.350
Renal disease††
0
0
3 (27)
0.001
NA
Cardiac, pulmonary, or renal disease
0
2 (29)
9 (82)
<0.001
0.111
History of cerebrovascular accident
1 (8)
0
3 (27)
0.318
1.000
Cancer in previous 12 mo
0
0
1 (9)
0.355
NA
Possible preillness exposure
Secondary,‡‡ healthcare personnel
5 (38)
0
0
NA
NA
Secondary, household contact
4 (31)
1 (14)
1 (8)
NA
NA
Secondary, hospital visitor
2 (15)
1 (14)
2 (17)
NA
NA
Secondary, hospital inpatient
0
0
3 (25)
NA
NA
Any secondary exposure
11 (85)
2 (29)
6 (50)
0.249
0.022
Direct camel contact
0
0
2 (17)
Multiple possible exposures
0
1 (14)
0
No recognized risks§§
2 (15)
4 (57)
4 (33)
Primary vs. secondary exposure¶¶
Primary##
2 (15)
4 (67)
6 (50)
0.452
0.046
Secondary
11 (85)
2 (33)
6 (50)
Symptoms before admission
Absence of symptoms
4 (31)
0
0
NA
NA
Any reported symptom
9 (69)
7 (100)
12 (100)
NA
NA
Fever
8 (62)
6 (86)
11 (92)
0.212
0.354
Cough
7 (54)
6 (86)
10 (83)
0.422
0.329
Dyspnea
1 (8)
7 (100)
11 (92)
0.008
<0.001
Vomiting
4 (31)
2 (29)
2 (17)
0.676
1.000
Diarrhea
2 (15)
1 (14)
4 (33)
0.379
1.000
Sore throat
2 (15)
1 (14)
1 (8)
1.000
1.000
Rhinorrhea
1 (8)
1 (14)
1 (8)
1.000
1.000
*Group 1, on room air; group 2, ventilated but survived; group 3, died. CoV, coronavirus; DM, diabetes mellitus; MERS, Middle East respiratory syndrome;
NA, not applicable.
†p values are for Fisher exact or Kruskall–Wallis tests comparing long-term and short-term.
‡Based on documented medical history of DM; comparison excludes 3 patients with possible DM status; group 1, n = 13; group 2, n = 5; group 3, n = 11.
§Includes 18 patients with a documented history of DM and 3 patients with possible DM status who exhibited multiple periods of hyperglycemia (random
glucose readings >395 mg/dL) but who had no documented history of DM.
¶Cardiac disease includes congestive heart failure, coronary artery disease, a history of coronary artery bypass, or a history of myocardial infarction.
Reports of isolated hypertension were not included.
#Pulmonary disease includes chronic obstructive pulmonary disease, asthma or reactive airway disease, or use of supplemental oxygen at home.
**Patients who were on supplemental oxygen at home (both patients were on bilevel positive airway pressure) required mechanical ventilation when
hospitalized.
††Renal disease includes reports of chronic kidney disease.
‡‡Secondary exposure defined as reported contact with a known MERS case-patient.
§§No recognized risks defined as no reported contact with a known MERS case-patient or camel (direct or indirect contact).
¶¶Comparison excludes 1 patient with multiple exposures; group 2, n = 6.
##Primary exposure defined as no reported contact with a known MERS case-patient; includes direct camel contact and patients with no recognized risks.
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Table 2. Demographic and exposure characteristics of survivors with prolonged MERS-CoV detection, Saudi Arabia, August 1, 2015–
August 31, 2016*
Days to negativity
Characteristic
Total, N = 19
<11 d, n = 11
>11 d, n = 8
p value†
Demographics
Sex
M
13/19 (68)
6/11 (55)
7/8 (88)
0.177
F
6/19 (32)
5/11 (45)
1/8 (12)
Nationality
Saudi
10/19 (53)
5/11 (45)
5/8 (63)
0.650
Non-Saudi
9/19 (47)
6/11 (55)
3/8 (37)
Age group, y
25–44
14/19 (74)
9/11 (82)
5/8 (63)
0.262
45–64
4/19 (21)
1/11 (9)
3/8 (38)
>65
1/19 (5)
1/11 (9)
0/8
Median age, y (range)
36 (26–73)
30 (26–73)
40 (27–62)
0.083
Underlying conditions
None reported
10/19 (53)
8/11 (73)
2/8 (25)
0.070
Any reported underlying condition
9/19 (47)
3/11 (27)
6/8 (75)
DM‡
7/18 (39)
2/11 (20)
5/7 (71)
0.049
DM and possible DM§
8/19 (42)
2/11 (20)
6/8 (75)
0.024
Hypertension
3/19 (16)
1/11 (9)
2/8 (25)
0.546
Cardiac disease¶
1/19 (5)
1/11 (9)
0/8
1.000
Pulmonary disease#
1/19 (5)
1/11 (9)
0/8
1.000
On oxygen at home**
1/19 (5)
1/11 (9)
0/8
1.000
Possible preillness exposure
Secondary,†† healthcare personnel
5/19 (26)
4/11 (36)
1/8 (13)
NA
Secondary, household contact
5/19 (26)
3/11 (27)
2/8 (25)
NA
Secondary, hospital visitor
3/19 (16)
0/11
3/8 (38)
NA
Secondary, hospital inpatient
0/19
0/11
0/8
NA
Any secondary exposure
13/19 (68)
7/11 (64)
6/8 (75)
0.796
Direct camel contact
0/19
0/11
0/8
Multiple possible exposures
2/19 (11)
1/11 (9)
1/8 (13)
No recognized risks‡‡
4/19 (21)
3/11 (27)
1/8 (13)
Primary vs. secondary exposure§§
Primary¶¶
4/17 (24)
3/10 (30)
1/7 (14)
0.603
Secondary
13/17 (78)
7/10 (70)
6/7 (86)

*Values are no. (%) patients except as indicated. CoV, coronavirus; DM, diabetes mellitus; MERS, Middle East respiratory syndrome; NA, not applicable.
†p values are for Fisher exact or Kruskall–Wallis tests comparing long-term and short-term.
‡Based on documented medical history of DM; comparison excludes 1 patient with possible DM status; total, N = 18; prolonged shedding >11 days, n = 7.
§Includes 7 patients with a documented history of DM and 1 patient (of possible DM status) who had no documented history of DM but exhibited multiple
periods of hyperglycemia (>200 mg/dL) during hospitalization, with a maximum random glucose reading of 404 mg/dL.
¶Cardiac disease includes congestive heart failure, coronary artery disease, a history of coronary artery bypass, or a history of myocardial infarction.
Reports of isolated hypertension were not included.
#Pulmonary disease includes chronic obstructive pulmonary disease, asthma or reactive airway disease, or use of supplemental oxygen at home.
**Patient who was on supplemental oxygen (bilevel positive airway pressure) at home required mechanical ventilation when hospitalized.
††Secondary exposure defined as reported contact with a known MERS case-patient.
‡‡No recognized risks defined as no reported contact with a known MERS case-patient or camel (direct or indirect contact).
§§Comparison excludes 2 patients with multiple exposures; total, N = 17; shed <11 days, n = 10; shed >11 days, n = 7.
¶¶Primary exposure defined as no reported contact with a known MERS case-patient; includes direct camel contact and patients with no recognized risks.

in a subset of patients. For specimens submitted to CDC, we
estimated viral load on the basis of the upE Ct value (or N2
Ct value if upE testing was negative and N3 was positive).
Antibody Responses

We compared the proportion of serum specimens with detectable antibody responses between survivors and patients
who died. We assessed specimens collected <14, <21, and
<28 days after illness onset; during 28–56 days after onset;
and then at 1 year.
Statistical Analyses

We summarized patient characteristics by illness severity
and, among survivors, by time to MERS-CoV negativity.

We used Fisher exact, Kruskall–Wallis, or log rank tests to
compare groups and exact logistic regression for multivariable analysis. We compared antibody titers with estimated
viral load in different specimen types by using the Spearman test for correlation. All data were analyzed using Microsoft Excel 2016 (https://products.office.com) and SAS
version 9.4 (https://www.sas.com).
Results
Cohort Description

During August 1, 2015–August 31, 2016, a total of 33
MERS-CoV–infected patients were enrolled. Among
these, 4 were classified as asymptomatic on admission, and
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Table 3. Clinical features of survivors with prolonged MERS-CoV detection, Saudi Arabia, August 1, 2015–August 31, 2016*
Days to negativity
Clinical feature
Total, N = 19
<11 d, n = 11
>11 d, n = 8
p value†
Symptoms before admission‡
No symptoms
4/18 (21)
3/10 (30)
1/8 (13)
0.603
Fever
13/18 (72)
7/10 (70)
6/8 (75)
1.000
Cough
11/18 (61)
5/10 (50)
6/8 (75)
0.367
Dyspnea
6/18 (33)
2/10 (20)
4/8 (50)
0.321
Vomiting
5/18 (28)
2/10 (20)
3/8 (38)
0.608
Diarrhea
3/18 (17)
0/10
3/8 (38)
0.069
Clinical course‡
Room air
13/18 (72)
9/10 (90)
4/8 (50)
0.118
Ventilator support§
5/18 (28)
1/10 (10)
4/8 (50)
Abnormal chest radiograph
9/18 (50)
4/10 (40)
5/8 (63)
0.637
Medications¶
Ribavirin plus peg-IFNα
2/19 (11)
0/11
2/8 (25)
0.164
Oseltamivir
12/19 (63)
6/11 (55)
6/8 (75)
0.633
Antibiotics
15/19 (79)
8/11 (73)
7/8 (88)
0.603
Parenteral steroids
3/19 (16)
0/11
3/8 (38)
0.058
Group 2 only#
3/5 (60)
0/1
3/4 (75)
0.400
Inhaled steroids
2/19 (11)
0/11
2/8 (25)
0.164
Group 2 only#
2/5 (40)
0/1
2/4 (50)
1.000
Bronchodilators
5/19 (26)
2/11 (18)
3/8 (38)
0.603
Antipyretics
9/19 (47)
6/11 (55)
3/8 (38)
0.650
*Values are no. (%) patients except as indicated. Group 2, ventilated but survived; MERS-CoV, Middle East respiratory syndrome coronavirus.
†p values are for Fisher exact or Kruskall–Wallis tests comparing long-term and short-term.
‡Excludes patient no. 30, who was admitted and intubated before onset because of injuries sustained in a road traffic accident (N = 18).
§Includes mechanical or nonmechanical (i.e., bilevel positive airway pressure) ventilation.
¶Medication given during MERS-CoV detection period (on the basis of diagnostic testing in respiratory specimens).
#Assessing steroid use among G2 patients only.

9 reported symptoms but remained on room air during hospitalization (Figure 1; Appendix 1 Figure 1; Appendix 2
Table 1, https://wwwnc.cdc.gov/EID/article/25/4/18-1595App1.xlsx); 10 of these 13 patients were identified through
contact tracing (5 were healthcare personnel) and were
hospitalized to ensure isolation. Twenty patients required
ventilator support (1 bilevel positive airway pressure [BiPAP] and 19 mechanical ventilation), 12 of whom died. We
grouped 13 patients into G1, 7 into G2, and 12 into G3; 1
patient (patient [Pt] 30) was initially hospitalized and intubated after a road traffic accident, before MERS onset, and
was excluded from analyses regarding severity and clinical
course resulting from MERS-CoV infection.
Patient ages ranged from 26 to 78 years, and 63% were
male (Appendix 2 Table 1). Twenty-three (70%) patients
had >1 underlying medical condition, 19 of whom had documented DM; an additional 3 patients were considered of
possible DM status because they exhibited multiple periods
of hyperglycemia (random glucose readings >395 mg/dL)
but had no documented history of DM. Death was associated with older age (p<0.001), DM (p = 0.001), hypertension
(p<0.001), cardiac disease (p = 0.001), or renal disease (p =
0.001) (Table 1). Among survivors, ventilator support was
associated with DM (p = 0.047), older age (p = 0.047), or
preillness primary exposure (p = 0.046) (Table 1). Among
the 12 patients with a primary exposure, 8 had DM (Appendix 2 Table 1).
Clinical course and time to MERS-CoV negativity
(in clinical respiratory specimens) is depicted according
758

to date of illness onset (Figure 1; Appendix 2 Table 2).
Time to admission (median 4 days) did not differ between
groups. Time to MERS-CoV negativity among survivors
ranged from day 1 to day 44 after illness onset and was
typically longer among G2 than G1 patients. Twelve of 13
patients in G1 were discharged by day 21 after onset; the
mildly ill patient who was in the hospital until day 40 after onset (Pt 23) has been described previously (36). Duration of hospitalization for G2 patients was 19–70 days, and
duration of intubation was 14–31 days. G3 patients died
10–73 days after onset.
Daily Symptoms

Common symptoms before admission were fever (78%),
cough (72%), and dyspnea (59%) (Table 1). Dyspnea before admission was associated with a more severe outcome
(p<0.001). Among the 4 patients who reported no symptoms on admission, 2 were mildly symptomatic during hospitalization (Appendix 2 Table 3).
Among G1 patients, fever and cough were commonly reported, and the proportion of patients with
either symptom appeared to align with the proportion
who concurrently had detectable MERS-CoV in clinical respiratory specimens (Figure 2, panel A). Cough
persisted in 5 G1 patients for <4 days after MERS-CoV
negativity (Figure 2, panel B). Chest radiographs of 4
G1 patients were described as abnormal, typically with
unilateral findings (Appendix 2 Table 4). Oxygen saturation remained >92% in G1 patients. Among G2 patients,
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the proportion of patients mechanically ventilated appeared to align with the proportion who had detectable
MERS-CoV in the LRT (Figure 2, panel C); only 1 G2
patient (Pt 13, who had underlying pulmonary disease)
was MERS-CoV–positive for a short period but required
extended mechanical ventilation. Among the 12 G3 patients, 11 were MERS-CoV RNA–positive until death
(Figure 2, panel D).

MERS-CoV RNA in Respiratory Specimens

MERS-CoV upE Ct values from clinical diagnostic reports are
depicted in Figure 3. MERS-CoV RNA levels in the URT of
most G1 patients peaked in the first week after onset (Figure
3, panel D). Among patients who died, RNA levels peaked in
the LRT during weeks 2 and 3 (Figure 3, panel E), after which
RNA levels typically began to decrease (Figure 3, panel C); 4
patients died with negative or probable rRT-PCR results.
Figure 2. Symptom progression
and MERS-CoV detection during
hospitalization at a MERS referral
hospital, Saudi Arabia, August
1, 2015–August 31, 2016. Each
panel depicts the number of
patients hospitalized on a given
day for each category shown;
MERS-CoV detection is based
on the clinical diagnostic reports
in the upper or lower respiratory
tract. A, B) Number of group 1
patients with fever (measured
oral temperature >38.0°C or
measured axillary temperature
>37.5°C) and reported cough
during (A) and after (B) the
MERS-CoV detection period. C,
D) Number of patients intubated
(dashed lines) and the number
of patients who were positive
for MERS-CoV on a given day
for group 2 (C) and group 3 (D).
MERS, Middle East respiratory
syndrome; MERS-CoV, Middle
East respiratory syndrome
coronavirus. Group 1, on room
air; group 2, ventilated but
survived; group 3, died.
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We next assessed characteristics of survivors with prolonged MERS-CoV detection periods (on the basis of clinical
diagnostic reports of URT specimens) (Tables 2, 3; Appendix
2 Tables 5, 6). Patients who reached negativity >11 days after
onset were more likely to have DM than patients who cleared
the virus earlier (p = 0.049; when adjusting for severity group,
p = 0.061) (Tables 2, 3). This association was also observed in
patients who reached negativity >14 days after onset (p = 0.013)
and when adjusting for severity group (p = 0.030) (Appendix

2 Table 5). Evidence for this association was stronger when
patients with DM and possible DM were combined (Tables
2, 3; Appendix 2 Table 5). No other underlying medical conditions were associated with prolonged detection. Survivors
with prolonged detection (>14 or >21 days) were also more
likely to require ventilator support (Appendix 2 Table 5), but
this was not significant when adjusting for DM.
Based on respiratory specimens submitted to CDC
(Appendix 1 Figures 2, 3), full-genome sequences from 13

Figure 3. MERS-CoV RNA
detection in the respiratory tract,
based on clinical diagnostic
reports, among MERS-CoV
patients, Saudi Arabia, August
1, 2015–August 31, 2016.
A–C) UpE real-time reverse
transcription PCR Ct values of
group 1 (A), 2 (B), and 3 (C)
patients, by days since illness
onset (day 0). Panel A depicts
URT specimens, and panels B
and C depict LRT specimens
collected during MV; Pt 29 (a
G2 patient who received BiPAP
ventilation) is depicted in panel
A because only URT specimens
were collected for this patient.
The dashed line represents the
limit of detection, above which
specimens were considered
MERS-CoV–negative or not
detected. Probable results,
meaning that only 1 of 2 realtime reverse transcription
PCR assays were positive,
are depicted on the dashed
line for graphing purposes.
Patients with limited Ct values
or unknown specimen types are
not depicted. Patients 11 and
32 did not report any symptoms
throughout their illness. Pt 30 is
depicted alongside G2 patients.
Pt 23 reached negativity 37 days
after illness onset, as described
previously (36). *Indicates
patients with a documented
history of diabetes mellitus. D,
E) Minimum Ct values reported,
which was determined for a
subset of patients with sufficient
data. Panel D depicts URT
specimen results among group
1 patients and Pt 29; panel E
depicts LRT specimen results
in group 2 and 3 patients,
collected from the LRT during
MV. Group 1, on room air;
group 2, ventilated but survived; group 3, died. BiPAP, bilevel positive airway pressure; Ct, cycle threshold; CoV, coronavirus; LRT,
lower respiratory tract; MERS, Middle East respiratory syndrome; min, minimum; MV, mechanical ventilation; Pt, patient; URT, upper
respiratory tract; upE, upstream of the envelope.
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patients belonged to the NRC-2015 (39) clade (or lineage 5
[40]) (GenBank accession nos. MG520075 and MG757593–
MG757605). Viable MERS-CoV was isolated from 3 of 37
URT specimens; 2 specimens were from a mildly ill patient
(Pt 23) collected on days 13 and 15 after onset (described
previously [36]), and 1 specimen was collected on day 13
from a patient who subsequently died (Pt 8).
MERS-CoV RNA in Nonrespiratory Specimens

CDC received 252 nonrespiratory specimens for MERSCoV testing, collected from 31 patients <3 months after

onset; 7 patients (21 specimens, all MERS-CoV–negative)
were excluded because specimens were only collected after
the virus had been cleared from the respiratory tract. Fourteen of 24 patients had MERS-CoV RNA detected in whole
blood, 9/20 in serum, 5/10 in stool, and 3/16 in urine (Figure 4; Appendix 2 Table 2). In G1, MERS-CoV RNA was
detected in the whole blood or serum of 4/8 patients (<2.3 ×
103 copies/mL) for <13 days and in the stool of 3/5 patients
(<7.5 × 103 copies/mL) for <15 days; only 1 patient with
RNA-positive stool had concurrent gastrointestinal symptoms. Specimens were limited in G2, but MERS-CoV RNA

Figure 4. Estimated viral loads in non–respiratory tract specimens collected from hospitalized MERS-CoV patients, Saudi Arabia,
August 1, 2015–August 31, 2016, and submitted to the US Centers for Disease Control and Prevention. Specimen types are shown by
severity group. Estimated viral loads are based on upstream of the envelope (upE) real-time reverse transcription PCR cycle threshold
values, or N2 cycle threshold values if the upe real-time reverse transcription PCR was negative. The dashed line represents the limit
of detection, below which specimens were considered MERS-CoV–negative or not detected. Round data points represent specimens
collected during the MERS-CoV detection period (defined by clinical results from respiratory specimens). Diamond data points represent
specimens collected after the MERS-CoV detection period (defined by clinical results from respiratory specimens); no specimens were
positive for MERS-CoV after the detection period. *Patients with a documented history of diabetes mellitus. MERS-CoV, Middle East
respiratory syndrome coronavirus; Pt, patient.
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was detected in the blood of 2/4 patients (<1.3 × 103 copies/
mL) and the stool of 1/2 (3.5 × 105 copies/mL). In G3, high
viral loads were detected in the whole blood or serum of 9
patients, reaching as high as 2.1 × 106 copies/mL. All 3 patients with MERS-CoV RNA detected in urine died (<6.0 ×
104 copies/mL); 1 patient had chronic kidney disease. We
attempted but were unable to isolate live MERS-CoV from
5 stool specimens and 3 urine specimens with elevated
MERS-CoV RNA levels.

Serum Antibody Responses

CDC tested 74 serum specimens collected <56 days after
onset; 41 specimens were from 16 survivors, and 33 specimens were from 11 case-patients who died. Time between
onset and collection did not differ between patient groups
(survived, median 15 days, range 1–50 days; died, median 17 days, range 5–45 days). Four specimens from 4
survivors were collected ≈1 year after illness onset. Time
courses of antibody responses are shown by patient in Figure 5 and Appendix 1 Figures 4–6.
Among case-patients who died, 5/6 had detectable
neutralizing responses during the first 2 weeks of illness; by
week 3, all of these case-patients with available specimens
had detectable antibodies by MN (Table 4). Notably, 1 of
these case-patients exhibited a 9-day delay in the development of a detectable response by VSV-MERS-S pseudoparticle assay compared with MN (Appendix 1 Figure
7); the detectable S-specific response by ELISA was also
delayed for this patient. Overall, the 2 neutralizing assays
were better correlated in specimens from survivors than
from patients who died (Appendix 1 Figure 8).
Survivors and case-patients who died had responses
by N- and S-ELISA (Table 4), although detectable Nspecific responses preceded S-specific responses in 3 patients. By 1 year, N-specific responses had waned in 2 of
the 4 patients tested.
Co-detection of Antibodies and Viral RNA

We next compared neutralizing antibody titers to estimated
viral load in the same serum specimen and to estimated viral load in respiratory specimens collected on the same day
(Figure 6; Appendix 1 Figure 9). Among specimens with
detectable antibodies by MN (Figure 6), viral RNA was often co-detected in serum, URT, and LRT specimens, even
beyond 21 days after onset, when antibody titers were typically higher. Co-detection in serum (p = 0.032) and URT (p
= 0.003) specimens was observed more frequently among
patients who died than among those who survived.

Figure 5. MN antibody titers of serum collected from MERS-CoV
patients, by patient, severity group, and days since illness onset
(day 0), Saudi Arabia, August 1, 2015–August 31, 2016. A) Group
1 patients; B) group 2 patients; C) group 3 patients. The dashed
line represents the limit of detection, below which specimens were
considered not to have detectable antibodies. Pt 11 did not report
any symptoms throughout their illness. Pt 30 was hospitalized
and mechanically ventilated before MERS onset because of
a road traffic accident. *Patients with documented history of
diabetes mellitus. MERS-CoV, Middle East respiratory syndrome
coronavirus; MN, microneutralization assay; ND, antibodies not
detected; Pt, patient.
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Discussion
We characterized MERS-CoV infection dynamics by patient demographics, underlying medical conditions, exposure route, and symptom progression and antibody responses by clinical outcome. Our findings demonstrate a possible
association between DM and prolonged MERS-CoV RNA
detection in survivors, when adjusting for severity. The
prevalence of DM is high in Saudi Arabia; estimated national prevalence ranges from 14.4% (41) to 18.6% (42).
DM is frequently reported among MERS case-patients
(7,43), is a risk factor for illness among those with primary
exposures (13), and has been associated with increased severity (44) and mortality (26,44), as was observed in our
study. DM was less frequently reported in MERS patients

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

MERS-CoV, Saudi Arabia

Table 4. Specimens and MERS-CoV–infected patients with detectable Abs, by time since illness onset and outcome, Saudi Arabia,
August 1, 2015–August 31, 2016*
No. specimens with Abs detected/no. tested
No. patients† with Abs detected/no. tested
Days since
Outcome
onset
MN
VSV-MERS-S S ELISA
N ELISA
MN
VSV-MERS-S S ELISA
N ELISA
Survived
<14
3/17
4/16
5/17
7/17
3/11
4/10
4/11
5/11
14–20
4/8
4/8
4/8
6/8
3/5
3/5
3/5
4/5
21–27
6/6
5/5
6/6
6/6
3/3
3/3
3/3
3/3
28–55
10/10
10/10
10/10
10/10
4/4
4/4
4/4
4/4
1y
4/4
4/4
4/4
2/4
4/4
4/4
4/4
2/4
Died
<14
9/11
8/11
5/11
8/11
5/6
5/6
3/6
4/6
14–20
9/9
6/8
7/9
9/9
4/4
2/3
4/4
4/4
21–27
9/9
8/9
8/9
9/9
4/4
4/4
4/4
4/4
28–55
4/4
4/4
4/4
4/4
3/3
3/3
3/3
3/3
1y
NA
NA
NA
NA
NA
NA
NA
NA

*Abs, antibodies; MERS-CoV, Middle East respiratory syndrome coronavirus; MN, microneutralization assay; N ELISA, nucleocapsid ELISA; S ELISA,
spike ELISA; VSV-MERS-S, pseudoparticle neutralization assay; NA, not available.
†Number of patients represents those with available specimens for a given period. Specimens were not available from all patients during all periods.
Some specimens were not tested by VSV-MERS-S pseudoparticle assay because of insufficient volume.

from South Korea (5,45–47) in 2015, and its association
with increased severity in that setting was less clear (5,45).
In our investigation, factors affecting DM management before infection were unknown.
Information about MERS-CoV detection and antibody responses in case-patients who died has been limited
(19,24–26,29). In our study, patients who died had robust
neutralizing antibody responses during the second and third
weeks of illness, but this response was not sufficient for patient recovery. During this same period (weeks 2–3), RNA
levels peaked in the LRT of these case-patients, suggesting
that antibodies might not be sufficient for virus clearance.
Antibodies were more often co-detected with viral RNA in
the serum and URT of case-patients who died compared
with survivors. Co-detection of antibodies and RNA has
been described previously but not by patient outcome
(19,25). Six patients who died had MERS-CoV RNA in
their serum, despite the presence of neutralizing antibodies,
and 3 had RNA in urine. Detection of MERS-CoV in blood
or serum has previously been associated with need for supplemental oxygen (18), the need for mechanical ventilation
(24), and death (24,26). Although we detected RNA in the
blood or serum of all severity groups, estimated viral loads
might have been higher in patients who died than survivors;
this was difficult to assess statistically because of limited
specimen collection and variability in timing of collection. In 4/12 patients who died, RNA levels in the LRT
decreased to low or undetectable before death, suggesting
that viral replication in the respiratory tract might variably
or indirectly contribute to outcome.
Previous studies using MN tests (19) or S-specific assays (25,31) have suggested that some case-patients who
die might exhibit a delayed MERS-CoV–specific antibody
response. Although most patients in our study developed
early and concomitant MN and VSV-MERS-S (pseudoparticle assays) responses, 1 case-patient who died exhibited
a prominent delay in detectable VSV-MERS-S and S ELISA responses compared with MN. This finding warrants

further investigation and might suggest that the MN assay
targets antibodies functioning beyond S-specific viral entry. Although our neutralizing assays targeted 2 different
MERS-CoV strains, no variations exist within the receptor binding sites of these viruses (Appendix 1 Figure 10).
Compared with these 2 viruses, the virus strain used in our
S ELISA (EMC) differs in S by 2–3 aa, which is unlikely to
confer a notable difference in binding during a polyclonal
antibody response.
We further characterized virus shedding among mildly
ill patients (i.e., those who did not require supplemental
oxygen while hospitalized and who might typically be
isolated at home) and found that RNA levels in the URT
peaked during the first week of illness among this group,
not in the second week as previously suggested (18),
although LRT specimens were not available for included
patients. Similar to previous descriptions, we detected
MERS-CoV RNA in the blood or serum of some mildly ill
patients (18,25), but we also detected RNA in stool up to 15
days after illness onset; viable virus was not isolated from
these specimen types. MERS-CoV RNA has been reported
in stool previously (19), but the severity of illness and the
time since illness onset in these patients were unknown.
Replication in the intestinal tract has been postulated (27),
but its role in pathogenesis or transmission remains unclear.
We characterized symptom progression in mildly
symptomatic patients and found that fever and cough (when
present) typically aligned with MERS-CoV detection.
However, some patients remained febrile or reported
cough even after virus clearance from the URT. Given the
variability we observed in symptom progression during the
MERS-CoV detection period, testing for viral shedding
should continue to inform patient management, as stated in
current World Health Organization guidance (14).
Our investigation has several limitations. First,
the number of patients enrolled might have been insufficient to detect some associations, especially when adjusting for other variables. Second, testing data were not
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available before onset for all but 1 patients, and so we
used days from onset to MERS-CoV negativity to assess shedding duration; we also excluded fatal cases
from such analyses because time to death was not reflective of shedding duration, meaning that factors associated predominantly with mortality were not assessed for prolonged shedding. Third, the presence of
MERS-CoV RNA does not necessarily represent viable

virus. Fourth, serum specimen collection was deemed
too sparse to reliably assess antibody kinetics at the
patient level.
Prolonged shedding in those with DM and the detection of MERS-CoV RNA from nonrespiratory specimens,
including RNA-positive stool in mildly ill patients, should
be considered in infection prevention and control and when
determining whether home isolation is appropriate. The
Figure 6. Co-detection of
neutralizing serum antibodies
with RNA found in serum and the
upper and lower respiratory tracts
among Middle East respiratory
syndrome patients, by clinical
outcome, Saudi Arabia, August 1,
2015–August 31, 2016. For each
patient and specimen, MN titers of
serum specimens were compared
with estimated viral loads in the
same serum specimen (A) or in
URT (B) and LRT (C) specimens
collected on the same day from the
same patient. We defined RNA codetection as the detection of both
RNA and neutralizing antibodies
(MN) in the same specimen or in
respiratory specimens collected on
the same day from a given patient.
We only included specimens
from patients who were known to
develop neutralizing antibodies
at any point during or after their
illness. For the comparison in
serum specimens, we only included
specimens from patients who were
known to have RNA detected in
serum, at any point during their
illness. For each panel, the number
of patients included are indicated
above the panel. The number of
specimens with RNA co-detection
(indicated by X) among those with
detectable antibodies (indicated by
Y) are also indicated by numbers
(X/Y) above each panel. The blue
dotted lines indicate the detection
cut-offs for each assay. LRT, lower
respiratory tract; ND, not detected;
MN, microneutralization assay;
URT, upper respiratory tract.
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presence of detectable antibodies in case-patients who died
and the co-detection of antibodies with viral RNA might
also have implications for the development of vaccines and
antibody therapeutics. Our findings broaden our understanding of MERS-CoV natural history and provide evidence to inform surveillance strategies, diagnostics, therapeutic and vaccine development, and clinical and public
health management guidelines for MERS patients.

7.

Acknowledgments
We thank Holly M. Biggs for critical review of the manuscript,
Shifaq Kamili for specimen coordination, and Melvina Girvan
for assistance with data collection.

9.

8.

10.

This work was funded by the Ministry of Health in Saudi Arabia,
and the US Centers for Disease Control and Prevention.
The study was reviewed and approved by the Saudi Arabia
Ministry of Health institutional review board. Because CDC only
had access to deidentified data for secondary analyses, it was
determined this project was not human subjects research, and therefore CDC’s institutional review board approval was not required.

11.

About the Author
During this investigation, Dr. Al-Abdely was general director of
Infection Prevention and Control, Ministry of Health, Saudi
Arabia. He currently is professor of medicine at Alfaisal
University, Saudi Arabia, and a consultant in infectious diseases
for King Faisal Specialist Hospital and Research Centre, Saudi
Arabia. His research interests include infection prevention and
control, medical mycology, and microbial resistance.

13.

12.

14.

15.

References
1.

2.

3.

4.
5.

6.

Assiri A, McGeer A, Perl TM, Price CS, Al Rabeeah AA,
Cummings DA, et al.; KSA MERS-CoV Investigation Team.
Hospital outbreak of Middle East respiratory syndrome
coronavirus. N Engl J Med. 2013;369:407–16. http://dx.doi.org/
10.1056/NEJMoa1306742
Oboho IK, Tomczyk SM, Al-Asmari AM, Banjar AA, Al-Mugti H,
Aloraini MS, et al. 2014 MERS-CoV outbreak in Jeddah—a
link to health care facilities. N Engl J Med. 2015;372:846–54.
http://dx.doi.org/10.1056/NEJMoa1408636
Arabi YM, Al-Omari A, Mandourah Y, Al-Hameed F, Sindi AA,
Alraddadi B, et al.; Saudi Critical Care Trial Group. Critically ill
patients with the Middle East respiratory syndrome: a multicenter
retrospective cohort study. Crit Care Med. 2017;45:1683–95.
http://dx.doi.org/10.1097/CCM.0000000000002621
Arabi YM, Balkhy HH, Hayden FG, Bouchama A, Luke T,
Baillie JK, et al. Middle East respiratory syndrome. N Engl J Med.
2017;376:584–94. http://dx.doi.org/10.1056/NEJMsr1408795
Ko JH, Park GE, Lee JY, Lee JY, Cho SY, Ha YE, et al. Predictive
factors for pneumonia development and progression to respiratory
failure in MERS-CoV infected patients. J Infect. 2016;73:468–75.
http://dx.doi.org/10.1016/j.jinf.2016.08.005
Senga M, Arabi YM, Fowler RA. Clinical spectrum of the Middle
East respiratory syndrome coronavirus (MERS-CoV).
J Infect Public Health. 2017;10:191–4. http://dx.doi.org/10.1016/
j.jiph.2016.04.008

16.

17.

18.

19.

20.

Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, Al-Rabiah FA,
Al-Hajjar S, Al-Barrak A, et al. Epidemiological, demographic,
and clinical characteristics of 47 cases of Middle East respiratory
syndrome coronavirus disease from Saudi Arabia: a descriptive
study. Lancet Infect Dis. 2013;13:752–61. http://dx.doi.org/
10.1016/S1473-3099(13)70204-4
Saad M, Omrani AS, Baig K, Bahloul A, Elzein F, Matin MA,
et al. Clinical aspects and outcomes of 70 patients with Middle East
respiratory syndrome coronavirus infection: a single-center
experience in Saudi Arabia. Int J Infect Dis. 2014;29:301–6.
http://dx.doi.org/10.1016/j.ijid.2014.09.003
World Health Organization. Middle East respiratory syndrome
coronaviurs (MERS-CoV) fact sheet [cited 2017 Oct 30].
https://www.who.int/en/news-room/fact-sheets/detail/middle-eastrespiratory-syndrome-coronavirus-(mers-cov)
Assiri AM, Biggs HM, Abedi GR, Lu X, Bin Saeed A, Abdalla O,
et al. Increase in Middle East Respiratory syndrome-coronavirus
cases in Saudi Arabia linked to hospital outbreak with continued
circulation of recombinant virus, July 1–August 31, 2015. Open
Forum Infect Dis. 2016;3:ofw165.
Assiri A, Abedi GR, Bin Saeed AA, Abdalla MA, al-Masry M,
Choudhry AJ, et al. Multifacility outbreak of Middle East
respiratory syndrome in Taif, Saudi Arabia. Emerg Infect Dis.
2016;22:32–40. http://dx.doi.org/10.3201/eid2201.151370
Drosten C, Meyer B, Müller MA, Corman VM, Al-Masri M,
Hossain R, et al. Transmission of MERS-coronavirus in
household contacts. N Engl J Med. 2014;371:828–35.
http://dx.doi.org/10.1056/NEJMoa1405858
Alraddadi BM, Watson JT, Almarashi A, Abedi GR, Turkistani A,
Sadran M, et al. Risk factors for primary Middle East respiratory
syndrome coronavirus illness in humans, Saudi Arabia, 2014.
Emerg Infect Dis. 2016;22:49–55. http://dx.doi.org/10.3201/
eid2201.151340
World Health Organization. Infection prevention and control
during health care for probable or confirmed cases of Middle East
respiratory syndrome coronavirus (MERS-CoV) infection—interim
guidance [cited 2017 Oct 30]. https://www.who.int/csr/disease/
coronavirus_infections/ipc-mers-cov/en
World Health Organization. Management of asymptomatic persons
who are RT-PCR positive for Middle East respiratory syndrome
coronavirus (MERS-CoV) [cited 2018 Sep 20]. https://www.who.
int/csr/disease/coronavirus_infections/management_of_
asymptomatic_patients/en
Memish ZA, Assiri AM, Al-Tawfiq JA. Middle East respiratory
syndrome coronavirus (MERS-CoV) viral shedding in the
respiratory tract: an observational analysis with infection control
implications. Int J Infect Dis. 2014;29:307–8. http://dx.doi.org/
10.1016/j.ijid.2014.10.002
Poissy J, Goffard A, Parmentier-Decrucq E, Favory R, Kauv M,
Kipnis E, et al.; MERS-CoV Biology Group. Kinetics and pattern
of viral excretion in biological specimens of two MERS-CoV
cases. J Clin Virol. 2014;61:275–8. http://dx.doi.org/10.1016/
j.jcv.2014.07.002
Oh MD, Park WB, Choe PG, Choi SJ, Kim JI, Chae J, et al.
Viral load kinetics of MERS coronavirus infection. N Engl
J Med. 2016;375:1303–5. http://dx.doi.org/10.1056/
NEJMc1511695
Corman VM, Albarrak AM, Omrani AS, Albarrak MM, Farah ME,
Almasri M, et al. Viral shedding and antibody response in 37
patients with Middle East respiratory syndrome coronavirus
infection. Clin Infect Dis. 2016;62:477–83.
Memish ZA, Al-Tawfiq JA, Makhdoom HQ, Assiri A,
Alhakeem RF, Albarrak A, et al. Respiratory tract samples, viral
load, and genome fraction yield in patients with Middle East
respiratory syndrome. J Infect Dis. 2014;210:1590–4.
http://dx.doi.org/10.1093/infdis/jiu292

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

765

RESEARCH
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

766

Feikin DR, Alraddadi B, Qutub M, Shabouni O, Curns A,
Oboho IK, et al. Association of higher MERS-CoV virus load with
severe disease and death, Saudi Arabia, 2014. Emerg Infect Dis.
2015;21:2029–35. http://dx.doi.org/10.3201/eid2111.150764
Guery B, Poissy J, el Mansouf L, Séjourné C, Ettahar N,
Lemaire X, et al.; MERS-CoV study group. Clinical features and
viral diagnosis of two cases of infection with Middle East
respiratory syndrome coronavirus: a report of nosocomial
transmission. Lancet. 2013;381:2265–72. http://dx.doi.org/10.1016/
S0140-6736(13)60982-4
Drosten C, Seilmaier M, Corman VM, Hartmann W, Scheible G,
Sack S, et al. Clinical features and virological analysis of a case of
Middle East respiratory syndrome coronavirus infection. Lancet
Infect Dis. 2013;13:745–51. http://dx.doi.org/10.1016/
S1473-3099(13)70154-3
Kim SY, Park SJ, Cho SY, Cha RH, Jee HG, Kim G, et al. Viral
RNA in blood as indicator of severe outcome in Middle East
respiratory syndrome coronavirus infection. Emerg Infect Dis.
2016;22:1813–6. http://dx.doi.org/10.3201/eid2210.160218
Min CK, Cheon S, Ha NY, Sohn KM, Kim Y, Aigerim A,
et al. Comparative and kinetic analysis of viral shedding and
immunological responses in MERS patients representing a
broad spectrum of disease severity. Sci Rep. 2016;6:25359.
http://dx.doi.org/10.1038/srep25359
Shalhoub S, Farahat F, Al-Jiffri A, Simhairi R, Shamma O,
Siddiqi N, et al. IFN-α2a or IFN-β1a in combination with ribavirin
to treat Middle East respiratory syndrome coronavirus pneumonia:
a retrospective study. J Antimicrob Chemother. 2015;70:2129–32.
http://dx.doi.org/10.1093/jac/dkv085
Zhou J, Li C, Zhao G, Chu H, Wang D, Yan HH, et al. Human
intestinal tract serves as an alternative infection route for Middle
East respiratory syndrome coronavirus. Sci Adv. 2017;3:eaao4966.
Choe PG, Perera RAPM, Park WB, Song KH, Bang JH, Kim ES,
et al. MERS-CoV antibody responses 1 year after symptom onset,
South Korea, 2015. Emerg Infect Dis. 2017;23:1079–84.
http://dx.doi.org/10.3201/eid2307.170310
Shin HS, Kim Y, Kim G, Lee JY, Jeong I, Joh JS, et al. Immune
responses to MERS coronavirus during the acute and convalescent
phases of human infection. Clin Infect Dis. 2018.
http://dx.doi.org/10.1093/cid/ciy595
Park WB, Perera RA, Choe PG, Lau EH, Choi SJ, Chun JY, et al.
Kinetics of serologic responses to MERS coronavirus infection in
humans, South Korea. Emerg Infect Dis. 2015;21:2186–9.
http://dx.doi.org/10.3201/eid2112.151421
Ko JH, Müller MA, Seok H, Park GE, Lee JY, Cho SY, et al.
Serologic responses of 42 MERS-coronavirus-infected patients
according to the disease severity. Diagn Microbiol Infect Dis.
2017;89:106–11. http://dx.doi.org/10.1016/j.diagmicrobio.2017.07.006
Payne DC, Iblan I, Rha B, Alqasrawi S, Haddadin A, Al Nsour
M, et al. Persistence of antibodies against Middle East respiratory
syndrome coronavirus. Emerg Infect Dis. 2016;22:1824–6.
http://dx.doi.org/10.3201/eid2210.160706
Saeed AA, Abedi GR, Alzahrani AG, Salameh I, Abdirizak F,
Alhakeem R, et al. Surveillance and testing for Middle East
respiratory syndrome coronavirus, Saudi Arabia, April 2015–
February 2016. Emerg Infect Dis. 2017;23:682–5.
http://dx.doi.org/10.3201/eid2304.161793
Corman VM, Ölschläger S, Wendtner CM, Drexler JF, Hess M,
Drosten C. Performance and clinical validation of the RealStar
MERS-CoV kit for detection of Middle East respiratory

35.

36.

37.

38.

39.

40.

41.
42.
43.

44.

45.

46.

47.

syndrome coronavirus RNA. J Clin Virol. 2014;60:168–71.
http://dx.doi.org/10.1016/j.jcv.2014.03.012
Lu X, Whitaker B, Sakthivel SK, Kamili S, Rose LE, Lowe L, et al.
Real-time reverse transcription-PCR assay panel for Middle East
respiratory syndrome coronavirus. J Clin Microbiol. 2014;52:67–
75. http://dx.doi.org/10.1128/JCM.02533-13
Al-Abdely HM, Midgley CM, Alkhamis AM, Abedi GR,
Tamin A, Binder AM, et al. Infectious MERS-CoV isolated
from a mildly ill patient, Saudi Arabia. Open Forum Infect Dis.
2018;5:ofy111. http://dx.doi.org/10.1093/ofid/ofy111
Al-Abdallat MM, Payne DC, Alqasrawi S, Rha B, Tohme RA,
Abedi GR, et al.; Jordan MERS-CoV Investigation Team.
Hospital-associated outbreak of Middle East respiratory syndrome
coronavirus: a serologic, epidemiologic, and clinical description. Clin
Infect Dis. 2014;59:1225–33. http://dx.doi.org/10.1093/cid/ciu359
Trivedi S, Miao C, Al-Abdallat MM, Haddadin A, Alqasrawi S,
Iblan I, et al. Inclusion of MERS-spike protein ELISA in algorithm
to determine serologic evidence of MERS-CoV infection. J Med
Virol. 2018;90:367–71. http://dx.doi.org/10.1002/jmv.24948
Assiri AM, Midgley CM, Abedi GR, Bin Saeed A, Almasri MM,
Lu X, et al. Epidemiology of a novel recombinant Middle East
respiratory syndrome coronavirus in humans in Saudi Arabia.J Infect
Dis. 2016;214:712–21. http://dx.doi.org/10.1093/infdis/jiw236
Sabir JS, Lam TT, Ahmed MM, Li L, Shen Y, Abo-Aba SE, et al.
Co-circulation of three camel coronavirus species and
recombination of MERS-CoVs in Saudi Arabia. Science.
2016;351:81–4. http://dx.doi.org/1W0.1126/science.aac8608
World Health Organization. Diabetes country profile, Saudi Arabia
[cited 2017 Dec 26]. https://www.who.int/diabetes/country-profiles/
sau_en.pdf
International Diabetes Federation. Age-adjusted prevalence of
diabetes (20–79), Saudi Arabia, 2017 [cited 2017 Dec 26].
http://www.diabetesatlas.org/across-the-globe.html
Badawi A, Ryoo SG. Prevalence of diabetes in the 2009 influenza A
(H1N1) and the Middle East respiratory syndrome coronavirus:
a systematic review and meta-analysis. J Public Health Res.
2016;5:733. http://dx.doi.org/10.4081/jphr.2016.733
Banik GR, Alqahtani AS, Booy R, Rashid H. Risk factors for
severity and mortality in patients with MERS-CoV: analysis of
publicly available data from Saudi Arabia. Virol Sin. 2016;31:81–4.
http://dx.doi.org/10.1007/s12250-015-3679-z
Choi WS, Kang CI, Kim Y, Choi JP, Joh JS, Shin HS, et al.; Korean
Society of Infectious Diseases. Clinical presentation and outcomes
of Middle East respiratory syndrome in the Republic of Korea.
Infect Chemother. 2016;48:118–26. http://dx.doi.org/10.3947/
ic.2016.48.2.118
Kim ES, Choe PG, Park WB, Oh HS, Kim EJ, Nam EY, et al.
Clinical progression and cytokine profiles of Middle East
respiratory syndrome coronavirus infection. J Korean Med Sci.
2016;31:1717–25. http://dx.doi.org/10.3346/jkms.2016.31.11.1717
Kim KH, Tandi TE, Choi JW, Moon JM, Kim MS. Middle East
respiratory syndrome coronavirus (MERS-CoV) outbreak in South
Korea, 2015: epidemiology, characteristics and public health
implications. J Hosp Infect. 2017;95:207–13. http://dx.doi.org/
10.1016/j.jhin.2016.10.008

Address for correspondence: Claire M. Midgley or John T. Watson,
Centers for Disease Control and Prevention, 1600 Clifton Road NE,
Atlanta, GA, 30329-4027; email: ydk5@cdc.gov or acq4@cdc.gov

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Francisella tularensis
Transmission by Solid Organ
Transplantation, 20171
Christina A. Nelson, Christian Murua, Jefferson M. Jones, Kelli Mohler, Ying Zhang,
Landon Wiggins, Natalie A. Kwit,2 Laurel Respicio-Kingry, Luke C. Kingry, Jeannine M. Petersen,
Jennifer Brown, Saima Aslam, Melissa Krafft, Shadaba Asad, Hikmat N. Dagher, John Ham,
Luis H. Medina-Garcia, Kevin Burns, Walter E. Kelley, Alison F. Hinckley, Pallavi Annambhotla,
Karen Carifo, Anthony Gonzalez, Elizabeth Helsel, Joseph Iser, Michael Johnson, Curtis L. Fritz,
Sridhar V. Basavaraju, and the Tularemia in Transplant Recipients Investigation Team3

In July 2017, fever and sepsis developed in 3 recipients of
solid organs (1 heart and 2 kidneys) from a common donor
in the United States; 1 of the kidney recipients died. Tularemia was suspected only after blood cultures from the surviving kidney recipient grew Francisella species. The organ
donor, a middle-aged man from the southwestern United
States, had been hospitalized for acute alcohol withdrawal
syndrome, pneumonia, and multiorgan failure. F. tularensis
subsp. tularensis (clade A2) was cultured from archived
spleen tissue from the donor and blood from both kidney
recipients. Whole-genome multilocus sequence typing indicated that the isolated strains were indistinguishable. The
heart recipient remained seronegative with negative blood
cultures but had been receiving antimicrobial drugs for a
medical device infection before transplant. Two lagomorph
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carcasses collected near the donor’s residence were positive by PCR for F. tularensis subsp. tularensis (clade A2).
This investigation documents F. tularensis transmission by
solid organ transplantation.

T

ularemia, also known as rabbit fever, is a zoonotic
disease caused by the gram-negative bacterium Francisella tularensis. Natural transmission to humans occurs
through a variety of routes, including tick and deerfly bites,
direct handling of infected tissues, ingestion of contaminated water or tissues, or inhalation of infective materials
(1). Tularemia occurs throughout the northern hemisphere
in every US state except Hawaii. Each year in the United
States, ≈120 cases are reported (2).
F. tularensis is a Tier 1 bioterrorism threat because of
its low infective dose, ability to aerosolize, and history of
development as a bioterrorism agent. Several countries have
studied this organism or developed it as a bioweapon (3,4).
F. tularensis has also caused laboratory-acquired infections
(5); therefore, laboratory personnel must take specific
precautionary measures when handling clinical isolates (6).
Clinical manifestations of F. tularensis infection depend on route of exposure. Ulceroglandular and glandular tularemia, characterized by fever and tender regional
lymphadenopathy, are the most common forms and typically follow inoculation of the skin. Pneumonic tularemia,
the most lethal form, results from inhalation of F. tularensis or hematogenous spread from local infection. Pneumonic tularemia typically produces fever, chest pain, shortness
Results from this investigation were presented at the 9th
International Conference on Tularemia; October 16–19, 2018;
Montreal, Québec, Canada.
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of breath, and variable radiographic findings. Oropharyngeal, oculoglandular, and typhoidal tularemia occur less
frequently (7). The drugs typically recommended for treatment of tularemia are streptomycin, gentamicin, ciprofloxacin, or doxycycline (4).
In July 2017, the Centers for Disease Control and
Prevention (CDC) was notified that blood cultures from 2
solid organ transplant recipients in different US states, both of
whom had sepsis, yielded a small, gram-negative organism
suspected to be F. tularensis. The 2 recipients shared a
common organ donor, prompting a collaborative public health
investigation to characterize the source of transmission.
Patients
Transplant Recipients

In July 2017, septic shock developed in 2 patients who
had received a kidney and 1 patient who had received a
heart from a common donor. The clinical course of disease,
antimicrobial drug regimens, and immunosuppressive
medications for these patients are summarized in Figure 1.
Kidney Recipient 1

The patient was a middle-aged man who had received
a kidney transplant for IgA nephropathy and focal segmental glomerulosclerosis. Four days after transplantation, fever (39.4°C), hypoxemia, and wheezing developed. The next day, despite empiric treatment with
vancomycin and meropenem, disseminated intravascular
coagulation and septic shock developed, and the patient
died. The organ procurement organization was alerted
and immediately notified the physicians for the other 2
solid organ recipients.
Three days after the patient’s death, small gramnegative bacilli grew from a blood culture that had been
collected 4 days after transplantation (Figure 1). Isolate
characteristics subsequently suggested that it was a possible organism of bioterrorism (Select Agent); therefore,
in accordance with American Society for Microbiology
guidelines
(https://www.asm.org/Articles/Policy/Laboratory-Response-Network-(LRN)-Sentinel-Level-C), the
hospital laboratory discontinued identification procedures
and referred the isolate to the local public health laboratory,
a Laboratory Response Network (LRN) biological facility
(8). Using growth characteristics, biochemical testing, and
real-time PCR testing, the laboratory presumptively identified the organism as a Francisella species, notified CDC,
and sent clinical samples to CDC for characterization.
Kidney Recipient 2

This patient was a woman in her 60s who had received
a kidney transplant for diabetes mellitus–induced endstage renal disease. Four days after transplantation, she
768

experienced fever (39.4°C). Clinical samples were collected for culture, and treatment with vancomycin, ceftriaxone, and metronidazole was empirically initiated. She
remained febrile, anemia and thrombocytopenia (49,000
platelets/mm3) developed, and she required mechanical
ventilation and vasopressor support. Six days after transplantation, after the healthcare team was notified that the
other kidney recipient had died of sepsis, doxycycline
was added to the antimicrobial drug regimen. The patient
eventually recovered.
Seven days after transplantation, gram-negative bacilli
were isolated from blood and dialysate cultures (Figure
1). Gram-negative bacilli were also subsequently isolated
from culture of samples from the peritoneal dialysis catheter tip and biliary fluid. Clinical samples were transferred to
the local LRN biological facility and presumptively identified as a Francisella species (8). An isolate from the blood
sample was sent to CDC for characterization.
Heart Recipient

The heart recipient was a middle-aged man with a history
of nonischemic cardiomyopathy. Before transplantation,
he had received ciprofloxacin and ceftriaxone for recurrent Serratia marcescens bacteremia related to an infected
ventricular assist device. Ciprofloxacin was discontinued
1 day before transplantation and ceftriaxone the day of
transplantation. Several hours after transplantation, fever
(39.1°C), hypotension, and septic shock developed. He received vancomycin, meropenem, and cefepime, and fever
resolved 5 days after transplantation. Results for cultures
of blood collected during the septic episode, when the
patient was receiving systemic antimicrobial drugs, were
negative. Eleven days after transplantation, the clinical
team was notified that the organ donor possibly had tularemia. The patient was empirically administered a 10-day
course of oral ciprofloxacin and discharged home 27 days
after transplantation.
Organ Donor

In June 2017, a middle-aged alcoholic man was evaluated
at an emergency department for obtundation, bloody
emesis, fever (39.6°C), and respiratory distress. He had
abruptly ceased alcohol intake 5 days before admission
and experienced a nonproductive cough, nausea,
headache, and conjunctivitis 3 days before admission.
Chest radiographs revealed right upper and lower lobe
infiltrates (Figure 2). Platelet count was low (108,000/
mm3). Soon thereafter, the patient became hypoxic but did
not require mechanical ventilation.
The patient was admitted for presumed aspiration pneumonia, sepsis, and alcohol withdrawal and administered
piperacillin/tazobactam, vancomycin, and benzodiazepine.
Five days later, his fever and mental status temporarily
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Figure 1. Clinical disease course for Francisella tularensis–infected organ donor and organ recipients, United States, 2017.
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Figure 2. Radiographs (A, B) and computed tomography (C–E) images of chest of organ donor with Francisella tularensis infection,
United States, 2017. Computed tomography images were taken after brain death. A) Anteroposterior view with patient in upright position,
taken on day of admission; B) anteroposterior view with patient in supine position, taken on hospital day 10. C) Small bibasilar pleural
effusions with adjacent subsegmental atelectasis versus pneumonia in the lower lobes (arrows); D) 3-cm round focus of pneumonia in
the right lower lobe (arrow); E) 1-cm ill-defined nodule in the inferior right upper lobe (arrow).

improved, but thrombocytopenia (range 1,000–26,000
platelets/mm3), bloody emesis, and melena progressively
worsened. Over 7 days, he received 25 blood product transfusions. Chest radiographs demonstrated worsening interstitial opacities (Figure 2). During the next day, he experienced multiorgan failure and 2 cardiac arrests; 12 days after
admission, he was declared brain dead.
Results of cultures of the donor’s blood (collected in
blood culture bottles multiple times during hospitalization),
urine, endotracheal aspirate, and bronchoalveolar lavage
were all negative. Computed tomography of the chest
performed after brain death revealed focal consolidation
and a 1-cm nodule in the right perihilar region (Figure
2). Bronchoscopy indicated no abnormalities in the gross
appearance of the lungs. An autopsy was not performed.
Results of standard infectious disease testing for organ
donor eligibility were negative (9). Both kidneys and the
heart were procured for transplantation.
770

Methods
We reviewed medical records of the organ donor and recipients and interviewed families and the 2 surviving patients
about potential exposures to tularemia. In addition, we
asked the organ donor’s family about the donor’s course of
illness before hospitalization and illnesses of anyone who
had been in close contact with him.
Laboratory Testing

Recovered isolates were cultured at CDC on cysteine heart
agar with 9% chocolatized sheep blood and confirmed as
F. tularensis by direct fluorescent antibody (DFA) testing.
DNA was extracted from organ donor and kidney recipient
cultures and lagomorph bone marrow by using the QIAamp
DNA MiniKit (QIAGEN, https://www.qiagen.com) and
tested with real-time TaqMan PCR by using F. tularensis
multitarget type A and type B assays, then A1 and A2
subtyping assays (10,11). Serum samples were tested for
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antibodies to F. tularensis by using the microagglutination
assay (6); we considered a titer of >1:128 to be positive.
Pulsed-field gel electrophoresis (PFGE) typing
of isolates was performed with the PmeI restriction
enzyme (12) and clustered by using BioNumerics 6.64,
Dice coefficient, and UPGMA (unweighted pair group
method with arithmetic mean; Applied Maths, http://
www.applied-maths.com). Whole-genome sequencing
was performed by using Illumina V2 300 cycle reagents
(13,14). The genome of each isolate was sequenced
to an average depth of 311× coverage. To compare the
isolated strains, we used whole-genome multilocus
sequence typing (wgMLST) with the F. tularensis A2
strain WY96-3418 as a reference (GenBank accession
no. NC_009257·1) (15). In brief, we mapped pairedend reads from each isolate to the WY96-3418 genome
sequence and scanned 1,637 gene sequences (1,505,638
bp) representing 79% of the whole WY96-3418 genome
(1,898,476 bp) for nucleotide differences by using CLC
Genomics 10.0 (QIAGEN). Cluster analysis of alleles
was performed in BioNumerics 7.5 (Applied Maths) by
using categorical coefficient and UPGMA.
Blood Donor Traceback

blood donation. Donors who reported potential exposures
or febrile illness were tested for F. tularensis by serology.
Environmental Assessment

We investigated the organ donor’s community—including
the vicinity of the donor’s residence, neighboring homes,
nearby fields, and a river swimming area—to identify
animal carcasses or other evidence of recent rodent
or lagomorph die-off. Presence of potential arthropod
vectors such as deer flies was noted informally during the
assessment; however, arthropods were not systematically
collected as part of the investigation.
We also evaluated the residential water supply as
a possible source of infection. Records from standard
municipal water testing results were reviewed, and the
source well for the donor’s residence was examined for
evidence of compromise or animal contamination.
Results
Laboratory Tests
Culture, DFA, and PCR

To determine whether infection may have been transmitted from an asymptomatic blood donor to the organ donor,
we investigated the sources of all blood products transfused to the organ donor. Blood donors were asked about
any potential exposures to tularemia and whether they had
experienced febrile illness during the 2-week period after

Testing of archived organ donor blood (collected in acid
citrate dextrose and EDTA tubes 13 days after admission
and stored at room temperature) and frozen spleen and
lymph node tissues (collected 14 days after admission) produced the following results. Blood samples were negative
for F. tularensis by PCR and culture (Table). F. tularensis
was cultured from the spleen tissue; PCR genotyping of

Table. Culture and serology results for samples from Francisella tularensis–infected organ donor and organ recipients, United
States, 2017
Patient, outcome, samples tested
Results
Donor
Blood
Culture negative
Endotracheal aspirate
Culture negative
Urine
Culture negative
Bilateral bronchial washes
Culture negative
Lymph node, after brain death
Culture negative
Spleen tissue, after brain death
Culture positive for Francisella tularensis
Serum, after brain death
Serology positive (titer 1:128)*
Kidney recipient 1, died
Blood
Culture positive for F. tularensis
Cerebrospinal fluid, postmortem
Culture positive for F. tularensis
Kidney tissue, postmortem
Culture positive for F. tularensis
Bone marrow, postmortem
Culture positive for F. tularensis
Kidney recipient 2, discharged
Blood
Culture positive for F. tularensis
Dialysate
Culture positive for F. tularensis
Biliary fluid
Culture positive for F. tularensis
Peritoneal dialysis catheter tip
Culture positive for F. tularensis
Heart recipient, discharged
Blood
Culture negative†
Serum
Serology negative

*Antibody titer may be artificially low because of the large volume of blood products and other fluids that the patient received. Presence of a mounted
immune response, as evidenced by seropositivity, might have contributed to negative culture results in all specimens other than spleen tissue.
†Before transplantation, the patient received ciprofloxacin and ceftriaxone for bacteremia related to a colonized ventricular assist device. At the time of
sample collection, the patient had received a final dose of ciprofloxacin the previous day and a final dose of ceftriaxone that morning. Subsequent blood
cultures were collected while the patient was receiving antimicrobial drugs for presumed sepsis and were negative.
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the isolate revealed that it was F. tularensis subsp. tularensis (clade A2). Results of DFA and direct PCR testing
of spleen tissue were negative. No isolate was recovered
from lymph node tissue. Isolates from kidney recipients 1
and 2 were confirmed as F. tularensis by DFA testing and
determined to be F. tularensis subsp. tularensis (clade A2)
by PCR genotyping.
Serologic Findings

Organ donor plasma from the archived EDTA blood
specimen collected 13 days after admission was positive
for antibodies to F. tularensis (titer 1:128). A serum sample
from the heart recipient collected 11 days after transplant
was negative for F. tularensis antibodies (titer <1:4).
Strain Types

Molecular typing of the F. tularensis A2 strains from
the donor and both kidney recipients found all 3 to be
indistinguishable from one another by 2 methods (Figure
3). PmeI PFGE banding patterns for the 3 strains were the
same. Comparison of this banding pattern to a larger PFGE
database of PmeI patterns for A2 strains from throughout
the western United States (n = 30) demonstrated that the
pattern was unique. Genome sequencing followed by
wgMLST analysis revealed no nucleotide differences
across 1.5 megabases of compared genome sequences
between the 3 strains.
Blood Donor Traceback Findings

Two blood suppliers provided the blood products transfused to the organ donor. Further blood donation by the
donors who provided these products was temporarily
deferred until the traceback and further serologic testing were completed. We identified and interviewed 43
of the blood donors. A review of blood supplier records
confirmed that all blood donors met applicable regulations and standards at the time of donation. Telephone
interviews of donors asked 9 questions specific to F.
tularensis risk. One donor reported right-sided cervical
lymphadenopathy; follow-up commercial laboratory testing of blood from this donor was negative for antibodies
to F. tularensis.

Environmental Assessment Findings

Interviews and medical record reviews of the organ
recipients and their families revealed no known risk
factors for tularemia. The organ donor resided on tribal
lands in the southwestern United States. Family interviews
revealed no known contact with sick animals, arthropod
bites, household pets, or other noteworthy exposures. One
family member reported observing groundhogs and rabbits
near the donor’s residence but denied any apparent animal
die-offs. The donor was unemployed and had not traveled
outside the region for several months before his death.
No deer flies or other arthropod vectors were observed
near the organ donor’s residence. Two lagomorph
carcasses were found and collected ≈150 feet and 500 feet
from the donor’s residence. No organs or soft tissue from
the carcasses were available for testing; however, PCR
testing of DNA from femur bone marrow followed by
genotyping indicated that both lagomorphs were positive
for F. tularensis subsp. tularensis (clade A2).
Maintenance records of the community water source,
a municipal well and spring, did not indicate a breakdown
of the chlorination process. Investigation of the well site
revealed an intact well cover and functioning system with
no evidence of animal entry.
Discussion
We report human-to-human transmission of tularemia
by solid organ transplantation. All 3 recipients of organs
from a common donor with unrecognized tularemia became ill; 1 recipient died. F. tularensis infection in the
donor and both kidney recipients was confirmed. Use of
PFGE and wgMLST demonstrated that the F. tularensis
isolates recovered from the donor and both kidney recipients were indiscernible from each other and distinct
from other A2 strains, thereby corroborating transmission of F. tularensis A2 by solid organ transplant. Clinicians and organ procurement organizations evaluating
potential organ donors who died of an unknown febrile
illness should carefully assess risk factors for organ
transplant–transmissible infectious diseases, including
tularemia, and consider additional diagnostic testing if
indicated (6,16).

Figure 3. Pulsed-field gel electrophoresis (PFGE) and whole-genome multilocus sequence typing (wgMLST) comparisons of Francisella
tularensis A2 strains. PFGE banding patterns and PFGE and wgMLST cluster analysis are shown for isolates from the organ donor and
kidney recipients in relation to the F. tularensis A2 reference (strain WY96-3418). Dendrograms indicate percentage strain similarity for
PmeI PFGE (left) and wgMLST (right).
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The incubation period for naturally acquired tularemia
is typically 3 to 5 days but can range from 1 to 21 days (7).
For both kidney recipients, signs of infection developed 4
days after transplant, and the patients experienced rapidly
progressive illness. Kidney recipient 2 might have survived
because of empirically initiated ceftriaxone treatment.
Ceftriaxone in vitro activity against F. tularensis has been
demonstrated (17); however, in some cases ceftriaxone has
been associated with treatment failure (18).
Although sepsis developed in the heart recipient
several hours after transplantation, F. tularensis infection
was not identified by culture or serology and would not be
consistent with such a short incubation period. The episode
of septic shock shortly after transplant might have been
related to manipulation and removal of the infected medical
device. It is possible that pretransplant ciprofloxacin for
Serratia marcescens or posttransplant cefepime either
prevented isolation of the organism or prevented F.
tularensis infection altogether.
Human-to-human transmission of tularemia has been
clearly documented just one time, in a medical examiner
who accidentally cut her thumb during autopsy of a person
who had died of tularemia (19). Another unconfirmed
report from 1924 described a mother who contracted
glandular tularemia after pricking her thumb while tending
a tularemia ulcer on her son’s ear (20).
Two subspecies of F. tularensis can result in human
infection: subspecies tularensis (type A) and subspecies
holarctica (type B) (21). PFGE analyses have further
classified type A into 2 clades, A1 and A2, which differ in
geographic distribution and case-fatality rate. A2 infections
are known to occur only in the western United States,
including the arid region from the Rocky Mountains west
to the Sierra Nevada Mountains, matching the geographic
location of the residence of the organ donor and the F.
tularensis–positive lagomorph carcasses described in this
report (11,12).
The organ donor might have been at increased risk for
tularemia because of his residence on tribal lands. Native
Americans are disproportionately represented among
reported cases of tularemia; during 2001–2010, annual
incidence among Native Americans was nearly 10 times
higher than that of the general population (0.3 vs. 0.04
cases/100,000 persons) (2). Previous studies have estimated
that 7%–17.5% of Native Americans residing in the United
States and Canada have detectable F. tularensis antibodies
(22–26). In addition, several outbreaks of tularemia among
Native Americans have been reported, typically ascribed to
tickborne infections (26–29).
Clinical and laboratory diagnoses of tularemia
pose considerable challenges. Pneumonic tularemia,
in particular, has myriad clinical forms and can mimic
community-acquired pneumonia or other lung disorders

(1,7). F. tularensis is not often isolated from blood cultures
because it is fastidious and slow growing (5,12,21,30).
For the organ donor reported in this article, blood culture
sensitivity was probably further limited by neutralizing
antibodies, given his positive tularemia serology results
(31). Additional laboratory tests that may aid diagnosis
include PCR and DFA, although these tests are not
routinely performed unless disease is clinically suspected.
Serology may aid diagnosis, although antibody responses
are generally not detectable until 1–2 weeks after infection
(1,6). Clinical laboratories must promptly report suspected
F. tularensis infections to public health laboratories,
according to LRN guidelines (8).
These findings are subject to limitations. First, the extent
to which F. tularensis infection contributed to the donor’s
clinical syndrome or death is unclear. Pulmonary findings
may have resulted from aspiration pneumonia; gastrointestinal bleeding is not typically associated with tularemia but
could have been precipitated by sepsis-related disseminated
intravascular coagulation. In addition, we could not identify a
specific-exposure source for the donor. However, identification of lagomorph carcasses near the donor’s home suggested
a recent tularemia epizootic, and detection of F. tularensis A2
in the lagomorph carcasses confirmed presence of this organism near the donor’s residence.
Generally speaking, recipients’ risks for infection from
any pathogen must be balanced with the growing shortage
of organs (32). During the past 2 decades, several emerging
or uncommon pathogens have been identified as potentially
transmissible through solid organ transplantation (33,34),
highlighting the challenges of identifying potentially
transmissible pathogens in brain-dead organ donors (32).
These unusual transplant-transmitted infections have
prompted the addition of more questions on standard
interviews administered to donors’ next of kin (9) and the
performance of additional laboratory screening of donors
at the discretion of organ procurement organizations. Realtime nucleic acid–based testing and other methods show
promise for more rapidly and accurately identifying donor
infections (32). All suspected donor-derived diseases should
be reported to the Organ Procurement and Transplantation
Network (https://optn.transplant.hrsa.gov), as was done in
this investigation.
F. tularensis continues to affect public health because
of ongoing naturally acquired infections, potential to
cause laboratory-acquired infections, status as a Tier 1
bioterrorism threat, and newly described human-to-human
transmission. Clinicians should be aware of the possibility
of F. tularensis infection in patients receiving organ
transplants. When evaluating potential organ donors with
febrile illnesses, clinicians should consider risk factors for
tularemia such as recent contact with animal carcasses,
arthropod bites, landscaping activities, residence in a rural
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area, and white or Native American race (2). If tularemia
or other infectious diseases are suspected, this suspicion
should be clearly conveyed to recipient transplant clinicians
so that vigilant posttransplant clinical surveillance can be
conducted and timely treatment initiated should a donorderived infection occur.
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Streptococcus agalactiae
Sequence Type 283 in Farmed Fish, Brazil

Carlos A.G. Leal, Guilherme A. Queiroz,
Felipe L. Pereira, Guilherme C. Tavares,
Henrique C.P. Figueiredo
In 2016 and 2017, we characterized outbreaks caused by
Streptococcus agalactiae serotype III sequence type (ST)
283 in Nile tilapia farms in Brazil. Whole-genome multilocus
sequence typing clustered the fish isolates together with the
zoonotic ST283 and other STs related to cases in humans,
frogs, dogs, cattle, and dolphins.

S

treptococcus agalactiae (group B Streptococcus [GBS])
is a major etiologic agent of diseases in humans and animals (1). Episodes of bacteremia and meningitis in humans
associated with raw fish consumption were reported in
Singapore (2,3). Two case–control studies determined that
GBS serotype III sequence type (ST) 283 was associated
with disease in 9 (2) and 19 (3) patients in that country at
different times during 2015. This specific ST has been identified as a zoonotic agent to humans and already has been
detected in freshwater fish dishes from food stalls in Singapore (1); consumption of such fish dishes led to increased
cases during that year. In farmed fish, GBS serotype III
ST283 was detected in diseased tilapia (Oreochromis sp.)
in Thailand (4).
In Brazil, fish-pathogenic GBS has been isolated mainly from farmed Nile tilapia (Oreochromis niloticus) since
the 2000s. The predominant serotype in Brazil is serotype Ib
from ST260, ST927, and a nontypeable ST; all these STs are
reported as fish-adapted pathogens (5). Sporadic detection of
serotype Ia ST103 also was described in Brazil (6). However, since 2016, a new serotype, serotype III, has emerged in
the country. This serotype has been detected in different Nile
tilapia farms in the northeastern region (7). The genetic diversity and ST of these isolates have not yet been identified.
Our objective was to evaluate, by molecular and genomic approaches, the GBS serotype III isolates from outbreaks in Nile tilapia farms in Brazil. We also aimed to
study the genetic relationship between isolates from farmed
fish in Brazil, from foodborne isolates from humans in
Asia, and from cases in fish.

Author affiliation: Federal University of Minas Gerais, Belo
Horizonte, Brazil
DOI: https://doi.org/10.3201/eid2504.180543
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The Study
During July 2016–June of 2017, we followed 6 outbreaks
that led to Nile tilapia deaths at commercial farms in 4
Brazilian states: Piauí, Pernambuco, Ceará, and Bahia
(Figure 1). Disease outbreaks with high death rates (daily
rates >0.2% and total death rates in the herds of 25%–35%)
in fish vaccinated with a commercial inactivated vaccine
against GBS serotype Ib were reported. Diseased fish
showed signs of lethargy, melanosis, and exophthalmia.
We sampled 71 diseased fish and transported them on ice
to the laboratory (Table), where we immediately performed
bacteriologic analyses. Fish tissue sampling and the culture
conditions of the analyses were as described previously
(8). The isolates obtained from 64 fish were identified up
to the species level by matrix-assisted laser desorption ionization time-of-flight mass spectrometry analysis, using a
previously published method (9). We confirmed GBS as
the principal pathogen associated with the deaths during all
the outbreaks (Table).
We performed capsular polysaccharide typing for
all GBS isolates using a previously published multiplex
PCR (10). In addition, we conducted sequencing of housekeeping genes for multilocus sequence typing (MLST)
analysis (11). According to the GBS MLST database
(http://pubmlst.org/sagalactiae), 59 isolates belonged to serotype III ST283 and 3 to serotype Ib ST260.
For selected GBS isolates from each farm, we performed a PCR-based fingerprinting technique (ERIC-PCR
[enterobacterial repetitive intergenic consensus PCR]) described by Costa et al. (12) to evaluate genetic diversity
in comparison with MLST results. We observed nondistinguishable banding patterns between all GBS serotype
III ST283 isolates, regardless of their geographic origin
(data not shown), suggesting the possibility of a genetically
close relation.
To determine the genomic relationship between GBS
serotype III ST283 isolates from fish in Brazil and Asia
and foodborne cases in humans, we conducted whole-genome sequencing and whole-genome MLST (wgMLST)
analyses. In brief, 8 isolates (SA01AQUAVET, SA06AQUAVET, SA12AQUAVET, SA22AQUAVET, SA90AQUAVET, SA98AQUAVET, SApx2AQUAVET, and
SApx7AQUAVET), representing each outbreak case, and
3 isolates from outbreak 2, because the isolates of outbreak
2 were obtained from 3 different farms, were selected
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Figure 1. Location of the deaths of
farmed Nile tilapia (Oreochromis
niloticus) (shaded area) caused
by Streptococcus agalactiae
serotype III sequence type 283
(red diamonds), Brazil. BA, Bahia
state; CE, Ceará state; PE,
Pernambuco state; PI, Piauí state;
ST, sequence type.

(Appendix, https://wwwnc.cdc.gov/EID/article/25/4/180543-App1.pdf).
In the wgMLST analysis, GBS serotype III ST283 isolates formed 1 phylogenomic related group (Figure 2, panel
A). We compared 3,539 loci of the analyzed GBS isolates
based on pairwise comparisons of the numbers of homologous loci with distinct allele sequences and found that all
ST283 isolates (from fish and humans) displayed up to 505
distinct allele sequences. When we compared isolates from
Brazil with fish strains from Asia, we observed variations
ranging from 136 to 505 (3.84%–14.26%) (Figure 2, panel
B) in loci. Among isolates from humans and fish in Asia,
the variations were 31–240 (0.87%–6.78%), whereas for

isolates from humans in Asia compared with from fish in
Brazil, the variations were 272–415 (7.68%–11.72%). GBS
ST283 from Brazil showed loci variations ranging from 71
to 256 between each other. These levels of local diversities
within an ST were reported in a previous study that evaluated distinct STs obtained from fish in Brazil (5).
Finally, we conducted a phylogenetic analysis with
MLST loci concatenated (Figure 2, panels C, D). The 7
loci (i.e., adhP, pheS, atr, glnA, sdhA, glcK, and tkt) of
each of 1,193 STs, available in GBS MLST database)
were concatenated and aligned using CLC Genomics
Workbench (QIAGEN, https://www.qiagen.com). From
the alignment results, we generated a phylogenetic tree

Table. Characteristics of Streptococcus agalactiae outbreaks in Nile tilapia (Oreochromis niloticus), Brazil*
Outbreak
Date
State
No. fish tested
Diagnosis (no. fish)
1
2016 Jul
Piauí
8
S. agalactiae (7)
2
2017 Mar
Pernambuco
21
S. agalactiae (18)
S. agalactiae (3)
3
2017 Mar
Bahia
13
S. agalactiae (12), S. dysgalactiae (1)
4
2017 May
Ceará
7
S. agalactiae (4)
5
2017 May
Piauí
6
S. agalactiae (2)
S. dysgalactiae (1)
6
2017 Jun
Bahia
16
S. agalactiae (16)

*Capsular serotyping and MLST analyses were performed only for S. agalactiae isolates. MLST, multilocus sequence typing.
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III
III
Ib
III
III
III

MLST
283
283
260
283
283
283

III

283
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Figure 2. Phylogenetic analyses of Streptococcus agalactiae strains. A) Phylogenomic neighbor network of whole-genome multilocus
sequence typing data of 45 group B Streptococcus (GBS) strains. Scale bar measures 100 different alleles between the isolates.
B) Magnified image from panel A showing GBS ST283 phylogenomic splits. Isolates obtained from clinical cases of diseased fish in
Brazil (blue circle) and Thailand (gray circle) and isolates from foodborne outbreaks in Singapore (green circle). Scale bar measures
10 different alleles between the isolates. C) Phylogenetic relationship of all GBS STs concatenated using CLC Genomics Workbench
(QIAGEN, https://www.qiagen.com) and generated using UPGMA (unweighted pair group method with arithmetic mean). GBS strains
isolated exclusively from fish are genetically distant from ST283 cluster. Scale bar measures nucleotide substitutions per site. D) ST283
clade comprises multihost strains. ST, sequence type.

in the CLC Genomics Workbench using the UPGMA
(unweighted pair group method with arithmetic mean)
construction method, Jukes-Cantor as the nucleotide distance measure, and 1,000 replicates on bootstrap analysis.
ST283 formed a consistent (bootstrap 90%) clade with
other STs with different hosts other than fish (Figure 2,
panel D), such as humans, fish, and frogs, including some
with multihost range, among them humans, fish, cattle,
dolphins, dogs, and frogs.
Conclusions
We described the emergence of GBS ST (GBS serotype III
ST283) associated with the Nile tilapia infection in Brazil. ST283 had been previously detected in fish (with and
778

without clinical disease) only in Southeast Asia countries
(1,4). This report in Brazil indicates possible spread of this
pathogen genotype around the world. Based on import records of live Nile tilapia from Singapore to Brazil in 2014
and our analyses (ERIC-PCR, MLST, and wgMLST), it is
possible that this genotype was introduced into the country
with the recently imported fish.
GBS serotype III ST283 caused severe foodborne
outbreaks in Singapore in 2015, and these outbreaks have
been linked to raw fish consumption (2), indicating a zoonotic lineage for this serotype. Our results demonstrate that
GBS serotype III ST283 isolates from Brazil clustered in
the same network branch with GBS isolates from Asia,
from fish and human hosts; however, we observed genomic
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diversity that depicted a clonal expansion of this genotype.
The genomic diversity among GBS isolates from human
and fish hosts was also observed in a previous study (1),
which further reinforces the concept of a lineage that is
adapted to >1 host. This previous study on GBS suggested
that ST283 might not be pathogenic for fish (1). However, a previous study (4) found that it was associated with
disease in fish. After evaluating isolates of tilapia clinical
disease cases, we confirmed that this ST283 is associated
with multiple outbreaks in commercial tilapia farms. Thus,
it demonstrates the clear pathogenic behavior of this ST to
fish. Moreover, genomic analysis indicates it belongs to a
cluster with other STs from multiple susceptible hosts (Figure 2, panel D), such as the ST12, which was isolated from
humans, dogs, dolphins, and rats, corroborating the suggestion that the member of this clade affects multiple host species. ST283 was only isolated from diseased tilapia, which
cannot be used for human consumption. Future longitudinal noncasuistic study is needed to identify the occurrence
and prevalence of GBS infection by the ST283 lineage also
in asymptomatic fish before and after the outbreaks. In this
context, asymptomatic tilapia carriers might represent a serious public health concern.

2.
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Genomic Survey of Bordetella pertussis
Diversity, United States, 2000–2013

Michael R. Weigand, Margaret M. Williams,
Yanhui Peng, Dane Kania, Lucia C. Pawloski,
Maria L. Tondella, CDC Pertussis Working Group1
We characterized 170 complete genome assemblies from
clinical Bordetella pertussis isolates representing geographic and temporal diversity in the United States. These
data capture genotypic shifts, including increased pertactin
deficiency, occurring amid the current pertussis disease resurgence and provide a foundation for needed research to
direct future public health control strategies.

W

hooping cough (pertussis) remains a public health
challenge in the United States where, despite high
vaccine coverage, an increased number of cases have
been reported since the late 1980s. This resurgence has included >48,000 cases reported in 2012 and notable recent
statewide epidemics (1). Likely causes of the increase in
reporting include heightened awareness, expanded surveillance, improved laboratory diagnostics, and waning
protection conferred by acellular pertussis (aP) vaccine
formulations (1,2).
The United States exclusively uses aP vaccines composed of inactivated Bordetella pertussis immunogenic
proteins pertussis toxin (Pt), pertactin (Prn), and filamentous hemagglutinin (Fha), either with or without fimbria
(Fim) types 2 and 3. Genetic divergence of circulating B.
pertussis away from vaccine reference strains has led to allelic mismatch and the rapid emergence of Prn deficiency
(3). Although such recent genetic changes may be ascribed
to vaccine-driven immune selection (4), aP vaccines remain effective (5).
The chromosome of B. pertussis also undergoes frequent structural rearrangement (6) that presents unique
challenges to thorough investigation of genetic contributions to disease resurgence, limiting assessment of public
health strategies. Until recently, genomic data with sufficient resolution to study sequence and structural variation
were available only for vaccine and laboratory reference
strains. However, pathogen evolution must be explored
through multinomic characterization of circulating
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2504.180812
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genotypes. To address this gap, we developed a dataset of
complete, reference-quality genome sequence assemblies
from isolates representing the geographic and temporal diversity of B. pertussis circulating in the United States during 2000–2013.
The Study
The Centers for Disease Control and Prevention (CDC)
maintains a collection of B. pertussis isolates recovered by
state public health laboratories through routine surveillance
and outbreaks or the Enhanced Pertussis Surveillance/
Emerging Infections Program Network (7). We selected a
subset of isolates (n = 170) to account for potential geographic diversity. We stratified all isolates in the collection
by state and time period (2000–2002, 2003–2009, 2010,
2011, 2012, and 2013) chosen according to diversity indices
reported previously (8), with additional emphasis on more
recent sampling. We then randomly sampled the stratified
collection to maximize the number of source states (n = 34)
during each period with equal weighting (Figure 1, panel
A, B). Most isolates were characterized by existing molecular approaches, multilocus variable-number tandem-repeat analysis (MLVA), and pulsed-field gel electrophoresis
(PFGE), as described previously (9). The selected isolates
included 17 MLVA types, with type 27 the most prevalent, and 33 PFGE profiles, with profile CDC013 the most
prevalent (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/4/18-0812-App1.pdf).
We performed whole-genome shotgun sequencing
and assembly as described previously (10) (Appendix).
Genome assembly yielded a single circular contig for all
isolates, and we performed sequence-based molecular
typing (Appendix). Nearly all isolates (96%) were of the
predominant type prn2-ptxP3-ptxA1 with either fimH1
or fimH2, and few harbored alternate types such as prn1ptxP1-ptxA2-fimH1 (Figure 1, panel C). Prn deficiency has
been observed in >16 independent mutations to prn (6); we
observed 10 deficient alleles among 57/170 isolates in our
study, including missense substitutions, deletions, promoter disruption, and various IS481 insertions. The proportion
of isolates with Prn-deficient alleles increased rapidly beginning in 2010 (Figure 1, panel C), consistent with a larger
Additional members of the CDC Pertussis Working Group are
listed at the end of this article.
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Figure 1. Bordetella pertussis diversity, United States, 2000–2013. A) Geographic origin of B. pertussis isolates selected to maximize
the number of source states from each of 6 time periods. Pie chart diameter represents the number of isolates, as detailed in the key,
and colors indicate time periods, as shown in panel B. B) Isolate frequency by time period. C) Relative abundance of MLST types prn2ptxP3-ptxA1-fimH1 (gray), prn2-ptxP3-ptxA1-fimH2 (white), and other (black). Red line indicates frequency of pertactin-deficient alleles.
D) Abundance distribution of genome structures. Black bar indicates unique structures (singletons) and gray bars the 16 colinear groups.
MLST, multilocus sequence typing.

molecular survey of US isolates conducted previously that
included some used in this study (3). We also determined
MLVA type from genome assemblies using a custom bioinformatics pipeline (wgsMLVA) based on traditional PCR
primer sequences (11) (Appendix). None of the genomes
encoded known 23S ribosomal RNA mutation associated
with erythromycin resistance (12).
To determine variation in chromosome structure, we
performed exhaustive pairwise alignment of assembled
genomes as previously described (6). Of the 170 assemblies, 129 clustered into 16 groups of >2 colinear
genomes (lacking observable rearrangement or deletion >1,500 bp), whereas 41 assemblies (singletons) exhibited unique structures not shared with any others in
the dataset. Observed structures largely correlated with
PFGE, a proxy for chromosome structure, clustering isolates with shared PFGE profiles. The abundance of common structures reflected predominant PFGE profiles,
and the largest cluster corresponded to profile CDC013
(Figure 1, panel D). Differences between many common
structures could be attributed to large inversions flanked
by insertions of the multicopy IS481. Select singleton
structures resulted from tandem duplication of large regions (15.5–190 kbp) in the genomes of 5 isolates (D236,
D665, H624, J085, and J139) that were also flanked by
copies of IS481.

We reconstructed a maximum-likelihood phylogeny of
the isolate genomes from 840 core variable single-nucleotide
polymorphisms (SNPs) determined from the reference Tohama I (GenBank accession no. CP010964) (Appendix). The
resulting tree topology revealed deep divergence of lineages
bearing alleles ptxP1 and ptxP3, as well as clear distinctions
between clades of prn2-ptxP3-ptxA1-fimH1 and prn2-ptxP3ptxA1-fimH2 (Figure 2). Only certain prn-disrupting mutations (e.g., nonsense C1273T, promoter disruption) and
chromosome structures (e.g., cluster-4, cluster-6, cluster-7,
cluster-9) appeared phylogenetically linked, meaning isolates
sharing them were also related according to their SNP patterns.
However, each group of related isolates was recovered across
multiple states and time periods, suggesting that genotypes,
whether defined by gene sequence or chromosome structure,
were stable enough to be widely circulated. Prn deficiency due
to IS481 disruption has resulted from >7 independent events
among the isolates in this dataset, but related isolates with
these mutations were likewise geographically and temporally
distributed. These results are consistent with phylogenies of
circulating B. pertussis reported elsewhere (6,13).
Conclusions
We have developed a representative dataset of complete
genome sequence assemblies derived from B. pertussis
clinical isolates recovered in the United States that captures
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Figure 2. Phylogenetic reconstruction of all 170 isolates and the reference Tohama I (GenBank accession no. CP010964). Isolate
metadata and molecular characteristics are color coded, as detailed in the key. Scale bar indicates substitutions per site. CDC, Centers
for Disease Control and Prevention; fim, fimbria; fwd, forward insertion; rev, reverse insertion; PFGE, pulsed-field gel electrophoresis;
prn, pertactin; ptx, pertussis toxin.

shifting population genetics concurrent with disease resurgence. We selected isolates to maximize the geographic
diversity of circulating B. pertussis across 6 time periods
during 2000–2013 and to span the time period in which Prn
deficiency emerged as the predominant molecular type. Although the sparse sampling of individual states and regions
prohibited detailed analyses of geographic distribution, we
did recover isolates with shared SNP patterns and chromosome structures from disparate states. Our results illustrate
underlying challenges to the molecular study of pertussis
resurgence, including a circulating mixture of gene sequence (SNP) and chromosome structure variants.
The genomic data we provide will aid open research
toward improved vaccine development and disease control
strategies. Because little to no such high-quality data existed
previously, the contribution of genome evolution to pertussis resurgence has not been fully appreciated. A subset of
782

these data has already helped elucidate historical patterns of
chromosome rearrangement (6). However, comparative genomics alone is not sufficient to understand the resurgence
in pertussis. Further laboratory experimentation using in vitro and in vivo infection models is needed to link outcomes
with novel, bioinformatically determined genetic variation,
such as discrete rearrangements and tandem duplications.
Potential differences in antigen expression resulting from
these changes in gene organization, which may influence
the burden of disease, remain untested. Our results provide
needed context to guide such investigations by highlighting
representative, circulating genotypes as they continue their
divergence from existing laboratory and vaccine reference
strains. Data such as those presented here critically establish
the necessary foundation for collaborative development of
advanced diagnostics, novel molecular typing methods, and
improved vaccine formulations.
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Early Genomic Detection of
Cosmopolitan Genotype of Dengue Virus
Serotype 2, Angola, 2018

Sarah C. Hill, Jocelyne Neto de Vasconcelos,
Bernardo Gutierrez Granja, Julien Thézé,
Domingos Jandondo, Zoraima Neto,
Marinela Mirandela, Cruz dos Santos Sebastião,
Ana Luísa Micolo Cândido, Carina Clemente,
Sara Pereira da Silva, Túlio de Oliveira,
Oliver G. Pybus, Nuno R. Faria,
Joana Morais Afonso
We used portable genome sequencing to investigate
reported dengue virus transmission in Angola. Our results
show that autochthonous transmission of dengue serotype
2 (cosmopolitan genotype) occurred in January 2018.

I

n Africa, the prevalence of disease caused by Aedes mosquito–borne virus infections might be similar to that in
the Americas (1,2). However, the transmission and genetic
diversity of arthropodborne viruses (arboviruses) in Africa
remains poorly understood because of a paucity of systematic surveillance. Moreover, syndromic surveillance might
confound symptomatically similar illnesses, and serologic
diagnostic tests can be misleading because of cross-reactivity between related circulating flaviviruses (3). Improved
viral genomic surveillance can assist in better understanding viral transmission dynamics in Africa.
During 2013, Angola experienced a large dengue outbreak that was concentrated in Luanda Province (4). Cases
detected in travelers returning from Angola to other parts of
the world showed that the virus rapidly disseminated from
Angola to Europe, Asia, and the Americas (5). Although
infections were predominantly caused by dengue virus
(DENV) serotype 1 (6), all DENV serotypes were reported
in returning travelers from Angola (7).

Author affiliations: University of Oxford, Oxford, United Kingdom
(S.C. Hill, B. Gutierrez Granja, J. Thézé, O.G. Pybus, N.R. Faria);
Instituto Nacional de Investigação em Saúde, Luanda, Angola
(J. Neto de Vasconcelos, D. Jandondo, Z. Neto, M. Mirandela,
C. dos Santos Sebastião, A.L.M. Cândido, J.M. Afonso);
Universidad San Francisco de Quito, Colegio de Ciencias
Biológicas y Ambientales, Quito, Ecuador (B. Gutierrez Granja);
Cligest, Luanda (C. Clemente, S.P. da Silva); University of
KwaZulu-Natal, Durban, South Africa (T. de Oliveira)
DOI: https://doi.org/10.3201/eid2504.180958
784

Although dengue is probably endemic in Angola, patterns of DENV transmission in the country outside the 2013
epidemic are poorly characterized. The lack of genomic
characterization restricts our understanding of DENV diversity within Angola and the frequency and directionality with which DENVs are exchanged with other countries.
Although enhanced viral genomic sequencing capacity can
improve outbreak detection and response, acquiring this
tool remains challenging for many public health laboratories because of the high startup costs of traditional benchtop sequencing (8). Recent technologic advances now
permit more affordable sequencing using the MinION portable sequencer (Oxford Nanopore Technologies, https://
nanoporetech.com). We used a combination of portable sequencing and genetic analysis to characterize the causative
lineage of a DENV outbreak in Luanda.
The Study
To investigate the timing and frequency of dengue occurrence in Angola, we conducted rapid diagnostic tests
by using the SD Bioline Dengue Duo kit (Alere, https://
www.alere.com) to detect the presence of dengue-specific
IgM, IgG, and, since January 2017, nonstructural protein
1 (NS1) (Appendix Figure, https://wwwnc.cdc.gov/EID/
article/25/4/18-0958-App1.pdf). During January 1, 2016–
May 15, 2018, we collected samples from 6,839 patients
(3,276 male, 3,563 female) in central Luanda for whom a
physician suspected dengue as the cause of an illness with
symptoms consistent with DENV infection. Samples were
originally obtained for routine diagnostic purposes from
persons visiting local clinics. Thus, we used residual samples without informed consent, with ethics approval from
the National Ethical Committee of the Angola Ministry
of Health.
We identified 80 DENV NS1–positive cases among
the tested samples (Appendix Figure). The first confirmed
infections were detected in May 2017, and the number of
cases appeared to peak around May 2018 (Figure, panel A).
We tested 153 randomly selected serum samples (IgG,
IgM, or NS1-positive) collected during July 21, 2017–January 31, 2018, for DENV RNA by using real-time quantitative reverse transcription PCR (qRT-PCR) at the Instituto Nacional de Investigação em Saúde (INIS) in Luanda,
Angola. We used the US Centers for Disease Control and
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Prevention’s DENV1–4 Real-Time RT-PCR assay kit on
an Applied Biosystems 7500 Fast Real-Time PCR System
(https://www.thermofisher.com), according to the manufacturer’s instructions (7). Of these 153 samples, 1 (isolate AO-1) yielded a qRT-PCR cycle threshold of 22.5 for
DENV serotype 2 (DENV-2). This sample was obtained
from a 48-year-old man living in Luanda who visited a
clinic on January 18, 2018. The patient reported traveling

to Mussulo Island, a resort 30 km from Luanda, during December 24, 2017–January 2, 2018.
We subjected the qRT-PCR–positive sample to viral
genomic amplification and sequencing by using a multiplex
PCR primer scheme designed to amplify the entire coding
region of DENV-2. We aligned published genomes of nonsylvatic DENV-2 and used them to generate a 90% consensus sequence that formed the target for primer design. We
Figure. Investigation of DENV
infections in Luanda, Angola,
January 1, 2016–May 15, 2018.
A) Number of DENV infections
(i.e., cases positive for DENV
NS1), Luanda, Angola, May 1,
2017–May 15, 2018. B) Midpoint
rooted maximum-likelihood
phylogeny of DENV-2 whole
genomes. Support for branching
structure is shown by bootstrap
values at nodes. On the right
side, the cosmopolitan genotype
clade containing the Angola
DENV-2 sequence is expanded.
Colors indicate geographic
location of sampling. The Angola
DENV-2 is shown in bold.
Support for branching structure
is shown by bootstrap values
at nodes (bootstrap scores
>70 shown). C) Geographic
distribution of available DENV-2
sequence data (>100 bp). Pie
chart radii are log-proportional
to the number of sequences
available in each country
and are colored according to
genotype DENV, dengue virus;
DENV-2, dengue virus serotype
2; NS1, nonstructural protein 1;
SE, Southeast; seq, sequences;
und, undefined.
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designed primers that generated overlapping amplicons 980
bp in length with an overlap of 20 bp as previously described
(9; Appendix Table). Details of cDNA synthesis, multiplex
PCRs, library preparation, sequencing, and generation of
consensus sequences are described in the Appendix.
We originally used the 90% consensus sequence as
a reference genome for mapping sequencing reads, but
we later refined this reference to a more appropriate reference genome (GenBank accession no. LC121816) by
using BLAST (http://www.ncbi.nlm.nih.gov/BLAST) to
identify DENV sequences with high identity to the provisionally mapped data. The median sequencing depth was
11,448 reads, and 75% of the genome had a depth of at
least 2,419 reads. In total, we sequenced 96% of the coding region of DENV-2 (isolate AO-1; GenBank accession
no. MH460898). Raw and processed data are available on
GitHub (Appendix).
We constructed phylogenetic trees to explore the relationship of the sequenced AO-1 genome to those of
other isolates. We retrieved 1,395 DENV-2 genome sequences with associated date and country of collection
from GenBank. From this dataset, we generated a subset that included all 35 identified sequences from Africa,
200 globally sampled sequences (randomly sampled from
the remaining 1,360 sequences), and the novel AO-1 sequence. We aligned these sequences by using MUSCLE,
as implemented in Geneious 9.0.5 (10). We constructed a
maximum-likelihood phylogenetic tree by using a general
time-reversible model with gamma distributed among site
rate heterogeneity (4 categories) in RAXML version 8.2.10
(11). We performed 500 nonparametric bootstrap replicates
to evaluate statistical support for phylogenetic nodes. We
also constructed a phylogeny that includes additional partial gene sequences (Appendix).
Phylogenetic estimation strongly supports placement
of the isolate from Angola in the cosmopolitan genotype of
DENV-2 (Figure, panel B). The Angola strain forms part
of a well-supported monophyletic clade that comprises genomes sampled in East Africa and is most closely related to
DENV isolated from a returning traveler from this region.
Viruses from this clade have been present in East Africa
since at least 2013 (Figure, panel B).
To explore the global distribution of the DENV-2 cosmopolitan genotype and identify geographic gaps in DENV
genomic surveillance that might bias phylogenetic interpretation, we generated maps of the distribution of currently available DENV sequence data. We downloaded from
GenBank all DENV sequences >100 bp of any serotype
with known location of sampling (including those from
returning travelers). We genotyped DENV-2 sequences
by using the Genome Detective online classification tool
(http://www.genomedetective.com). Most sequenced
DENVs in Africa belong to DENV-2 (49%), of which 70%
786

belong to the cosmopolitan genotype (Figure, panel C). We
found that although 16% of all global clinically apparent
dengue infections have been estimated to occur in Africa
(2), DENV serotype 1–4 sequences from Africa currently
represent <1% of the available global DENV sequence
data. No data exist from the Democratic Republic of the
Congo, which has been epidemiologically linked with Angola during past arbovirus outbreaks (12). Additional data
will help to address transmission dynamics of DENV-2 in
Angola and identify common routes of virus importation
into the country.
Conclusions
The DENV-2 portable sequencing approach we describe
represents a useful tool for genomic characterization and
molecular epidemiology of outbreaks in Africa and elsewhere. On the basis of phylogenetic evidence and the geographic distribution of detected genotypes, the DENV-2
cosmopolitan genotype detected in Angola is probably
endemic in Africa. The AO-1 genome we analyzed probably represents an early transmission event from an ongoing DENV-2 epidemic in Luanda. Further sequencing of
DENV in the region is required to determine whether the
cosmopolitan genotype is endemic to Angola or if it represents a more recent introduction from elsewhere (e.g., East
Africa or other unsampled locations).
Acknowledgments
We would like to thank all the patients involved and the staff
who assisted with sample collection.
This study was made possible by funding from the Wellcome
Trust and Royal Society Sir Henry Dale Fellowship (grant no.
204311/Z/16/Z), the Higher Education Funding Council for
England’s Global Challenges Research Fund (grant no. 005073),
and the John Fell Research Fund (grant no. 005166). Travel to
Angola by S.C.H. and N.R.F. was supported by Africa–Oxford
Travel Grants (grant nos. AfiOx-48 and AfiOx-60).
This work forms part of the ArboSPREAD project.
About the Author
Dr. Hill is a postdoctoral researcher at the University of Oxford,
United Kingdom. She studies the genomic epidemiology of
mosquitoborne viruses, including yellow fever virus, Zika virus,
and dengue virus.
References
1.

Gubler DJ. Dengue and dengue hemorrhagic fever. Clin Microbiol
Rev. 1998;11:480–96. http://dx.doi.org/10.1128/CMR.11.3.480
2. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW,
Moyes CL, et al. The global distribution and burden of dengue.
Nature. 2013;496:504–7. http://dx.doi.org/10.1038/nature12060
3. Rabe IB, Staples JE, Villanueva J, Hummel KB, Johnson JA,
Rose L, et al. Interim guidance for interpretation of Zika virus

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Genomic Detection of Dengue Virus 2, Angola, 2018

4.
5.

6.

7.

8.
9.

antibody test results. MMWR Morb Mortal Wkly Rep. 2016;
65:543–6.
Centers for Disease Control and Prevention (CDC). Ongoing
dengue epidemic—Angola, June 2013. MMWR Morb Mortal Wkly
Rep. 2013;62:504–7.
Schwartz E, Meltzer E, Mendelson M, Tooke A, Steiner F,
Gautret P, et al. Detection on four continents of dengue fever cases
related to an ongoing outbreak in Luanda, Angola, March to May
2013. Euro Surveill. 2013;18:20488.
Parreira R, Centeno-Lima S, Lopes A, Portugal-Calisto D,
Constantino A, Nina J. Dengue virus serotype 4 and chikungunya
virus coinfection in a traveller returning from Luanda, Angola,
January 2014. Euro Surveill. 2014;19:20730. http://dx.doi.org/
10.2807/1560-7917.ES2014.19.10.20730
Abreu C, Silva-Pinto A, Lazzara D, Sobrinho-Simões J,
Guimarães JT, Sarmento A. Imported dengue from 2013
Angola outbreak: not just serotype 1 was detected. J Clin Virol.
2016;79:77–9. http://dx.doi.org/10.1016/j.jcv.2016.04.011
Gardy JL, Loman NJ. Towards a genomics-informed, real-time,
global pathogen surveillance system. Nat Rev Genet. 2018;19:9–
20. http://dx.doi.org/10.1038/nrg.2017.88
Quick J, Grubaugh ND, Pullan ST, Claro IM, Smith AD,
Gangavarapu K, et al. Multiplex PCR method for MinION

and Illumina sequencing of Zika and other virus genomes
directly from clinical samples. Nat Protoc. 2017;12:1261–76.
http://dx.doi.org/10.1038/nprot.2017.066
10. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M,
Sturrock S, et al. Geneious Basic: an integrated and extendable
desktop software platform for the organization and analysis of
sequence data. Bioinformatics. 2012;28:1647–9. http://dx.doi.org/
10.1093/bioinformatics/bts199
11. Stamatakis A. RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics.
2014;30:1312–3. http://dx.doi.org/10.1093/bioinformatics/
btu033
12. Kraemer MUG, Faria NR, Reiner RC Jr, Golding N, Nikolay B,
Stasse S, et al. Spread of yellow fever virus outbreak in Angola
and the Democratic Republic of the Congo 2015–16: a modelling
study. Lancet Infect Dis. 2017;17:330–8. http://dx.doi.org/10.1016/
S1473-3099(16)30513-8
Address for correspondence: Joana M. Afonso, Instituto Nacional de
Investigação em Saúde Luanda, Angola; email: jmafonso.7@gmail.com;
Nuno R. Faria, University of Oxford, Department of Zoology, Peter
Medawar Building, Oxford OX1 3SY, UK; email: nuno.faria@zoo.ox.ac.uk

®

August 2017

Vectorborne
Infections
•A
 dded Value of Next-Generation Sequencing for
Multilocus Sequence Typing Analysis of a Pneumocystis
jirovecii Pneumonia Outbreak

•M
 olecular Characterization of Corynebacterium
diphtheriae Outbreak Isolates, South Africa,
March–June 2015

•B
 artonella quintana, an Unrecognized Cause of
Infective Endocarditis in Children in Ethiopia

•C
 linical Laboratory Values as Early Indicators of Ebola
Virus Infection in Nonhuman Primates

•C
 haracteristics of Dysphagia in Infants with Microcephaly
Caused by Congenital Zika Virus Infection, Brazil, 2015

• Maguari Virus Associated with Human Disease

•Z
 ika Virus Infection in Patient with No Known Risk
Factors, Utah, USA, 2016
•A
 cute Febrile Illness and Complications Due to Murine
Typhus, Texas, USA

•H
 uman Infection with Highly Pathogenic Avian
Influenza A(H7N9) Virus, China
•H
 uman Metapneumovirus and Other Respiratory Viral
Infections during Pregnancy and Birth, Nepal

•H
 igh Infection Rates for Adult Macaques after
Intravaginal or Intrarectal Inoculation with Zika Virus

•G
 lobal Spread of Norovirus GII.17 Kawasaki 308,
2014–2016

• Lyme Borreliosis in Finland, 1995–2014

•P
 reliminary Epidemiology of Human Infections with
Highly Pathogenic Avian Influenza A(H7N9) Virus,
China, 2017

•C
 haracterization of Fitzroy River Virus and Serologic
Evidence of Human and Animal Infection
•G
 enomic Characterization of Recrudescent Plasmodium
malariae after Treatment with Artemether/Lumefantrine

•R
 eal-Time Evolution of Zika Virus Disease Outbreak,
Roatán, Honduras

To revisit the August 2017 issue, go to:

https://wwwnc.cdc.gov/eid/articles/issue/23/8/table-of-contents
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

787

DISPATCHES

Enterovirus A71 Phenotypes Causing Hand,
Foot and Mouth Disease, Vietnam
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Truong Huu Khanh, Ho Lu Viet, Do Chau Viet,
Ha Manh Tuan, Nguyen Thanh Hung,
Du Tuan Quy, Do Quang Ha, Phan Tu Qui,
Le Nguyen Thanh Nhan, Guy Thwaites,
Nguyen Van Vinh Chau, Louise Thwaites,
H. Rogier van Doorn, Le Van Tan
We investigated enterovirus A71–associated hand, foot and
mouth disease in Vietnam and found that, after replacing
subgenogroup C4 in 2013, B5 remained the leading cause
of this disease. In contrast with previous observations, this
switch did not result in an explosive outbreak, and B5 evolution was driven by negative selection.

E

nterovirus A71 (EV-A71)–associated hand, foot and
mouth disease (HFMD) is a major problem in Asia.
With >1 million cases reported across the region annually,
HFMD is attributed to large numbers of hospitalized cases
(1). In addition, EV-A71 often is associated with high casefatality rates for those with severe HFMD disease (2,3).
EV-A71 outbreaks are usually associated with predominant subgenogroup switches (4). In Vietnam, a switch
from subgenogroup C5 to C4 in 2011 coincided with an
explosive outbreak, resulting 174,677 hospitalizations and
200 deaths (2). More recently, EV-A71 subgenogroup C4
was replaced by subgenogroup B5 in 2013, and subgenogroup C5 was sporadically detected (5–7). Yet, no comprehensive report about subgenogroup circulation, evolution,
and associated clinical phenotypes of EV-A71 in Vietnam
Author affiliations: Oxford University Clinical Research Unit,
Ho Chi Minh City, Vietnam (H.M.T. Van, N.T. Anh, N.T.T. Hong,
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has been generated since 2013. We investigated these subgenogroups to inform development of intervention strategies and guide public health authorities in response to
HFMD outbreaks.
The Study
We used clinical samples derived from patients enrolled
in a concurrent HFMD research program in southern Vietnam. In that program, patients with suspected HFMD of
all severities are enrolled from 3 major referral hospitals
in Ho Chi Minh City: Children’s Hospital 1, Children’s
Hospital 2, and the Hospital for Tropical Diseases (8). This
study was approved by the hospital institutional review
boards (document no. 73/BB-BVND1, Children’s Hospital
1; document no. 03EI/BVND2, Children’s Hospital 2; and
document no. 150/BVBND-KH, Hospital for Tropical Diseases) and the Oxford Tropical Research Ethics Committee
(document no. OxTREC reference 1005-13).
During July 2013–July 2015, we enrolled 1,547 patients. We performed PCR and identified EV-A71 as the
most common cause of HFMD (24.5%, 379). Of patients
with EV-A71, 91 (24%) had grade 2b1 HFMD or above
(Table 1), accounting for most (47.4%) of the 192 enrolled
patients who had severe HFMD.
We performed whole-genome sequencing on representatives of EV-A71–positive throat and rectal swab
specimens with sufficient viral load (9). We obtained 146
EV-A71 complete genomes spanning the sampling period
from July 2013 through April 2015. We removed 1 recombinant, a result of a recombination between 2 parental subgenogroup B5 strains, from our analysis (data not shown).
Phylogenetically, 136 isolates belonged to the B5 subgenogroup and 10 belonged to the C4 subgenogroup (Appendix
Figure 1, http://wwwnc.cdc.gov/EID/article/25/4/18-1367App1.pdf). The C4 subgenogroup was sporadically detected from September 2014 onward (Table 2).
To unravel the evolutionary history of subgenogroup
B5 in Vietnam, we used BEAST version 1.8.3 (10). The
results of our analyses for main discrete geographic locations in Vietnam showed high fluidity within southern
Vietnam, with Ho Chi Minh City being a likely source of
viral circulation (Figure 1; Appendix Figure 2), supporting previously observed phylogeographic patterns of EVA71 and other HFMD pathogens (8). Bayesian skyline
analyses indicated that the relative genetic diversity of

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Enterovirus A71, Vietnam

Table 1. Demographics and clinical severities of enterovirus A71 in patients with hand, foot and mouth disease, Vietnam, July 2013–
July 2015*
Total EV-A71 cases
EV-A71 cases included for
Subgenogroup C4 Subgenogroup B5
Characteristic
enrolled, n = 379
phylogenetic analysis, n = 146
cases, n = 10
cases, n = 136
Sex
M
213 (56.2)
89 (61)
8 (80)
81 (59.6)
F
166 (43.8)
57 (39)
2 (20)
55 (40.4)
Median age, mo (range)
21.9 (14.3–32.1)
19.4 (13.2–30.8)
13.9 (15.5–23.5)
19.6 (13–31.2)
Discharge grade†
1
168 (44.3)
78 (53.4)
0
78 (57.4)
2a
120 (31.7)
42 (28.8)
3 (30)
39 (28.7)
2b1
30 (7.9)
13 (8.9)
4 (40)
9 (6.6)
2b2
16 (4.2)
10 (6.8)
2 (20)
8 (5.9)
3
43 (11.3)
3 (2.1)
1 (10)
2 (1.5)
4
2 (0.5)
0
0
0
Death
0
0
0
0

*Values are no. (%) except as indicated. EV-A71, enterovirus A71.
†Grade 1, mouth ulcers or vesicles or papules on hands, feet, or buttocks, with or without mild fever (temperature <39°C). Grade 2a, central nervous
system involvement (myoclonus reported by parents or caregivers only, temperature >39°C or ataxia). Grade 2b1, myoclonus observed by medical staff
or history of myoclonus and lethargy or pulse >130 bpm. Grade 2b2, ataxia, nystagmus, limb weakness, cranial nerve palsies, persistent high fever, or
pulse >150 bpm. Grade 3, autonomic dysfunction with sweating, hypertension, tachycardia, and tachypnea. Grade 4, additional cardiopulmonary
compromise with pulmonary edema or shock syndrome.

subgenogroup B5 increased sharply in 2012. This diversity was then maintained at a high level with slight fluctuations from 2013 to 2015, coinciding with a complete
switch from subgenogroup C4 to B5 in 2013 (6) (Figure
2; Appendix Figure 3).
To estimate the rate of nonsynonymous (dN) and
synonymous (dS) substitution, we used estimate selection for each codon, Z-test of selection, and Fisher exact
test of selection methods available in MEGA5 (11). We
estimated the nucleotide substitution rates among wholegenome sequences of EV-A71 subgenogroup B5 at 3.9
Table 2. Distribution of enterovirus A71 subgenogroups detected
by month, Vietnam, July 2013–April 2015
Subgenogroup
Year and month
B5
C4
Total
2013
Jul
5
0
5
Aug
6
0
6
Sep
9
0
9
Oct
10
0
10
Nov
15
0
15
Dec
3
0
3
2014
Jan
2
0
2
Feb
0
0
0
Mar
3
0
3
Apr
6
0
6
May
2
0
2
Jun
5
0
5
Jul
4
0
4
Aug
6
0
6
Sep
5
2
7
Oct
16
4
20
Nov
16
1
17
Dec
11
1
12
2015
Jan
3
0
3
Feb
0
0
0
Mar
6
2
8
Apr
3
0
3

× 10–3 substitutions/site/year and for viral protein (VP) 1
sequences at 5.12 × 10–3 substitutions/site/year. Whereas
no data exist for nucleotide substitution rates of EV-A71
whole-genome sequences, the substitution rate we estimated for VP1 sequences is slightly higher than that from
previous reports (6,12).
Maximum-likelihood-based analysis revealed the estimates of mean dN:dS values were 0.0465 for VP1 and
0.0428 for complete coding regions, suggesting that EV-A71
subgenogroup B5 evolution was driven by strong negative
selection, which supports previous reports (6,12). In contrast
with findings from previous studies (6,12), our investigation
for dN:dS ratios of individual codons did not reveal any sites,
including VP1 residues 43 and 145, that underwent positive
selection pressure. Because of the small number of subgenogroup C4 sequenced in our study, in-depth C4 phylogenetic
analysis and comparison of associated clinical phenotypes
between C4 and B5 were deemed uninformative.
Conclusions
Because others have extensively described the evolutionary history of EV-A71 on a global scale, including subgenogroup B5 (5,6), we focused our analysis on EV-A71
obtained from a comprehensive HFMD research program
in Vietnam during July 2013–July 2015 (8) and the associated clinical phenotypes.
We showed that, after replacing subgenogroup C4 in
2013, subgenogroup B5 continued to circulate at a high
level of endemicity and transmissibility, as reflected in
our skyline plots (Figure 2; Appendix Figure 3) and phylogeographic patterns (Figure 1; Appendix Figures 1, 2),
and was the major cause of HFMD in Vietnam, including
cases with severe disease. However, compared with the
2011–2012 period, when subgenogroup C4 was circulating after replacing C5, the numbers of reported cases
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Figure 1. Maximum-clade
credibility tree illustrating results
of phylogeographic analysis of
enterovirus A71 subgenogroup B5
coding sequences, Vietnam, July
2013–April 2015. Black circles
indicate posterior probabilities
≥70% and state probabilities
≥70% at all nodes. Branch colors
represent sampling locations
from 5 discrete states in Vietnam
(inset map; https://mapchart.
net). Small sample sizes from
individual provinces precluded
phylogeographic analyses at a
finer spatial scale. Except for
Ho Chi Minh City, we grouped
provinces in Vietnam from which
we sampled viruses into discrete
locations, including southeast
(Ba Ria, Binh Duong, Binh
Phuoc, Dong Nai, Tay Ninh, and
Vung Tau Provinces), Mekong
Delta (Can Tho, Dong Thap,
Hau Giang, Kien Giang, Long
An, and Tien Giang Provinces),
and Central Highlands (Dac
Nong and Lam Dong Provinces).
We analyzed whole-genome
sequence data using general
time-reversible plus gamma 4 nt
substitution models suggested by
IQ-TREE version 1.4.3 (http://www.iqtree.org). Viral protein 1–based analysis yielded similar results (Appendix Figure 2, https://wwwnc.
cdc.gov/EID/article/25/4/18-1367-App1.pdf). Enterovirus A71 sequences generated in this study were submitted to GenBank under
accession nos. MH_716248–6393 and KP_691643–66.

decreased during July 2013–July 2015, as did the proportion of fatalities attributed to HFMD in Vietnam (http://
iris.wpro.who.int/handle/10665.1/14188). Of note, subgenogroup B5 exclusively circulates in the Asia-Pacific
region and has been responsible for large HFMD outbreaks in Malaysia, Brunei, Taiwan (13,14), and, more recently, Thailand (15), whereas C4 has been circulating in
China since 2008 and annually causes >1 million reported
cases. Epidemiologically, subgenogroup switches often
accompany large EV-A71–associated HFMD outbreaks
(4,6). However, existing evidence fails to demonstrate
the differences in terms of virulence and transmissibility
between EV-A71 subgenogroups. Collectively, the underlying mechanism and factor determining pathogen emergence and the scale and severity of HFMD outbreaks,
especially in specific localities, remains unknown, which
might be a consequence of a complex interplay between
cross-immunity, pathogen evolution, herd immunity, and
public health responses.
The extent to which EV-A71 may adapt to in vitro cell culture systems remains unknown. We did not
observe any specific amino acid residue that underwent
positive selection in our analysis of subgenogroup B5
790

sequences from Vietnam. However, a recent study of
subgenogroup B5 sequences from Vietnam generated by
VP1 sequencing of B5 culture isolates recovered in RD
and Vero cell lines worldwide showed that amino acid

Figure 2. Complete coding sequence–based Bayesian skyline
plot illustrating the relative genetic diversity of enterovirus A71
subgenogroup B5 in Vietnam over time. Black line indicates the
mean; gray shading shows the upper and lower 95% highest
posterior density values. Viral protein 1–based analysis yielded
similar results (Appendix Figure 3, https://wwwnc.cdc.gov/EID/
article/25/4/18-1367-App1.pdf).
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residues 43 and 145 of the VP1 protein are under positive selection (6). Because we obtained all EV-A71 genomes directly from clinical samples, our results could
more accurately reflect the genetic diversity of EV-A71
in human populations, which might explain a slight difference in the estimated nucleotide substitution rate for
VP1 sequences between our study and a recent report
(6). Research to explore the potential biases introduced
by the cell culture step on the observed genetic diversity of EV-A71 is urgently needed. Information obtained
through such work could have profound implications for
disease surveillance, which might also inform vaccine
development and implementation.
Our study has some limitations. Because we based our
surveillance only in southern Vietnam, the circulating viruses in the northern and central parts were not well represented. In addition, only EV-A71 samples with real-time
PCR crossing point values ≤30 were subjected to sequencing, which might have resulted in an underestimation of
EV-A71 diversity.
In summary, after replacing subgenogroup C4 in
2013, subgenogroup B5 EV-A71 continued to circulate
at a high level of endemicity and transmissibility and remained the leading cause of HFMD in Vietnam, including
cases with severe disease, during 2013–2015. However,
this subgenogroup replacement event did not result in an
explosive HFMD outbreak during the study period, and
subgenogroup B5 evolution was entirely driven by negative selection. The underlying mechanisms and factors
determining pathogen emergence, the scale and severity
of outbreaks, and the extent to which EV-A71 may adapt
to in vitro cell culture systems remain to be clarified.
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Distribution, Host-Seeking Phenology,
and Host and Habitat Associations
of Haemaphysalis longicornis Ticks,
Staten Island, New York, USA

Danielle M. Tufts,1 Meredith C. VanAcker,1
Maria P. Fernandez, Anthony DeNicola,
Andrea Egizi, Maria A. Diuk-Wasser
Haemaphysalis longicornis, an invasive Ixodid tick, was
recently reported in the eastern United States. The emergence of these ticks represents a potential threat for livestock, wildlife, and human health. We describe the distribution, host-seeking phenology, and host and habitat
associations of these ticks on Staten Island, New York, a
borough of New York City.

T

he invasive Asian longhorned tick, Haemaphysalis
longicornis, is rapidly becoming an agricultural and
epidemiologic concern in the United States. Native to eastern Asia, this tick is a major pest of domestic livestock
throughout its invasive range in Australia, New Zealand,
and surrounding islands (1,2) and also parasitizes wildlife
and humans (2,3). The Asian longhorned tick is a vector
of various pathogens infectious to humans (3,4), including severe fever with thrombocytopenia syndrome virus in
China, which can be transmitted transstadially and transovarially to other ticks and mice (5). It is unknown whether
these ticks also transmit pathogens endemic to the United
States, or could contribute to the galactose-α-1,3-galactose
meat allergy currently associated with Amblyomma and
Ixodes tick species (6).
Although H. longicornis ticks have been detected by
the US Department of Agriculture on quarantined horses
and livestock for several years, it only recently became a
health concern when high densities were found feeding on
a nonimported domestic sheep in New Jersey (7) and in
field collections in New York, New York (W. Bajwa, pers.
comm.). These ticks have also been detected in eastern and
Author affiliations: Columbia University, New York, New York, USA
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southern US states including New York, Pennsylvania,
Connecticut, New Jersey, Maryland, West Virginia, Virginia, North Carolina, and Arkansas (3).
Rapid emergence of H. longicornis ticks might be facilitated by their ability to reproduce parthenogenetically
(3,4,7,8) and tolerate a wide range of environmental temperatures (–2°C to 40°C), although they are most successful in moist, warm-temperate conditions (9). H. longicornis
ticks are a 3-host tick, similar to other Ixodid ticks (9), and
have variable phenology depending on latitude (9,10). The
phenology of H. longicornis ticks in the United States has
not been characterized.
H. longicornis ticks might feed on a wide range of
mammalian and avian hosts, which enables rapid geographic expansion (2,9). In New Zealand, H. longicornis
ticks prefer habitat with Dallas grass (Paspalum dilatatum)
and rushes (Juncus spp.) (9), plants abundant throughout
the Midwestern and southern United States that could provide suitable habitat. In New Jersey, H. longicornis ticks
were found in areas with unmowed grass (7), suggesting
that these ticks might occupy wider habitat ranges than Amblyomma and Ixodes ticks.
We aimed to assess the ability of H. longicornis ticks
to establish in the United States, their potential to acquire
endemic human pathogens, and possible exposure risk to
humans. We investigated the questing phenology and host
and habitat associations in public parks and peridomestic
environments of an emerging population of H. longicornis
ticks on Staten Island, New York, during 2017–2018.
The Study
All protocols and procedures were approved by the Institutional Review Board of Columbia University (protocol AAAR3750) and an Institutional Animal Care and
Use Committee (protocols AC-AAAX4454 and ACAAAS6470). Sampling efforts on public lands began in
June 2017 when 13 forest sites were surveyed for questing
ticks. During June 30–August 10, 2017, we removed avian-derived ticks from mist-netted birds at Freshkills Park
on Staten Island. During June 3–August 24, 2018, we
1
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Table 1. Sites surveyed for Haemaphysalis longicornis ticks, Staten Island, New York, USA, 2017 and 2018*
Year and location
Surveyed
Habitat
Density/1,000 m2
Adult
2017
Bloomingdale Park
Questing
Forest
3.1 (2)
0
Blue Heron Park
Questing
Forest
0.9 (2)
0
Clay Pit Ponds State Park Preserve
Questing
Forest
61.5 (2)
5
Clove Lakes Park
Questing
Forest
0.0 (2)
0
Conference House Park
Questing
Forest
7.4 (2)
7
Freshkills Park
Questing; host
Grassland
0.0 (2)
0
Great Kills Park
Questing
Grassland
0.0 (2)
0
High Rock Park
Questing
Forest
0.0 (2)
0
Latourette Park
Questing
Forest
1.3 (3)
0
Lemon Creek Park
Questing
Grassland
0.0 (2)
0
Silver Lake Park
Questing
Grassland
0.3 (2)
0
Willowbrook Park
Questing
Forest
0.8 (2)
0
Wolfe’s Pond Park
Questing
Forest
0.0 (2)
0
2018
Arden Woods Park
Questing; host
Forest
2.7 (6)
2
Bloomingdale Park
Questing
Forest
5.9 (3)
0
Blueberry Park
Questing
Forest
0.0 (1)
0
Blue Heron Park
Questing; host
Forest
0.3 (6)
0
Bunker Pond Park
Questing
Forest
1.4 (1)
1
Clay Pit Ponds State Park Preserve
Questing; host
Forest
146.2 (3)
26
Clove Lakes Park
Questing; host
Forest
0.0 (6)
0
College of Staten Island
Questing; host
Grassland
676.0 (1)
0
Conference House Park
Questing; host
Forest
509.7 (6)
128
Deere Park
Questing
Forest
0.0 (1)
0
Freshkills Park
Questing; host
Grassland
11.0 (1)
4
Goodhue Park
Questing; host
Forest
0.3 (6)
0
Great Kills Park
Questing
Grassland
0.0 (1)
0
High Rock Park
Questing
Forest
3.3 (1)
0
Hybrid Oak Woods Park
Questing
Forest
13.6 (3)
6
Ingram Woods Park
Questing
Forest
0.0 (1)
0
Jones Woods Park
Questing
Forest
0.0 (1)
0
King Fisher Park
Questing; host
Forest
0.0 (6)
0
Latourette Park
Questing; host
Forest
5.3 (6)
3
Lemon Creek Park
Questing
Grassland
0.0 (1)
0
Midland Field Park
Questing
Forest
0.0 (1)
0
Miller Field Park
Questing
Forest
0.0 (1)
0
Mount Loretto State Forest
Questing; host
Grassland
675.0 (1)
2
Ocean Breeze Park
Questing
Grassland
0.0 (1)
0
Reed's Basket Willow Swamp Park
Questing
Forest
0.0 (2)
0
Seidenberg Park
Questing
Forest
0.0 (1)
0
Silver Lake Park
Questing
Grassland
0.0 (1)
0
Wegener Park
Questing
Forest
0.0 (1)
0
Westwood Park
Questing
Forest
0.7 (1)
1
Willowbrook Park
Questing; host
Forest
1.0 (6)
0
Wolfe's Pond Park
Questing
Forest
0.0 (1)
0
Woodhull Park
Questing
Forest
1.7 (1)
0
*Adult, nymph, and larval counts include questing ticks only. Values in parentheses indicate no. visits per site.

surveyed 24 forest and grassland sites for questing ticks
and 8 forested grid sites for questing and mammal-derived
ticks. Questing ticks were obtained by dragging a 1-m2
corduroy cloth over the leaf litter, which was checked every 10 m or 20 m and all attached ticks were removed.
White-footed mice (Peromyscus leucopus) were trapped
biweekly for 2 consecutive nights in Sherman live traps
(https://www.shermantraps.com) separated by 10 m in 10
× 5 trap grids.
During August 5– 21, 2018, we anesthetized 16 male
white-tailed deer (Odocoileus virginianus) and groomed
them for ticks from 4 locations: College of Staten Island,
Clay Pit Ponds, Mount Loretto State Forest, and Freshkills

Nymph

Larvae

5
0
89
0
78
0
0
0
3
0
1
1
0

0
1
0
0
0
0
0
0
0
0
0
0
0

4
13
0
1
0
280
0
0
1,058
0
7
1
0
2
18
0
0
0
3
0
0
0
1
0
0
0
0
0
0
2
0
1

2
0
0
0
0
70
0
169
343
0
0
0
0
0
1
0
0
0
10
0
0
0
78
0
0
0
0
0
0
1
0
0

Park. Mount Loretto State Forest, and Freshkills Park
are dominated by grassland and wetland ecosystems, and
Clay Pit Ponds is characterized by dense forest. College
of Staten Island has manicured landscaping with grass and
forest (separated by fencing) along the perimeter. While
deer were anesthetized, we checked antlers, ears/head,
front legs, hind legs, and body for ticks. Each animal was
screened for 15 min to minimize time spent under anesthesia. Ticks were removed with forceps and stored in
100% ethanol for later identification.
During June 6–July 13, 2018, tick sampling was
conducted on residential properties, which were selected
by using a random cluster sampling strategy within areas
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tagged P. leucopus mice (190 individual captures), 2 eastern chipmunks (Tamias striatus), 14 northern short-tailed
shrews (Blarina brevicauda), and 1 brown rat (Rattus
norvegicus). All life stages were recovered from deer at
all 4 locations, and larvae were the most prevalent stage
collected (Table 2). These findings indicate that immature stages of these ticks might feed exclusively on whitetailed deer or unsampled medium-sized animals. The high
proportion of larvae on deer was probably caused by sampling during peak larval activity.
We surveyed 135 residential properties (average
size 1,455 m2) (total visited = 505), of which 80% were located adjacent to parks in south and central Staten Island
(Figure 2). Ticks were present at 34.1% of inspected properties. H. longicornis nymphs (n = 16) were found at 5 properties (in tall grass and shaded lawns), all located in the southern section of the island; no other life stages were found.
Figure 1. Seasonal activity of Haemaphysalis longicornis ticks
(adults, nymphs, and larvae), Staten Island, New York, USA.
Questing ticks were pooled by 2-week collection sessions during
June 3–August 23, 2018.

previously identified as high risk given their proximity to
parks (within 100 m). Houses were visited once, and questing ticks were collected along property edges by using the
same method as in public parks.
We found questing H. longicornis ticks at 7 of 13
parks surveyed in 2017 and 16 of 32 parks surveyed in
2018 (Table 1). Adult ticks were most active in late July
and nymphs were active from mid-June to mid-July,
similar to findings in South Korea (11). Larvae showed
highest proportional activity in late August (Figure 1).
We identified ticks primarily by morphology; a representative sample of specimens from deer and drag collections (n = 63) were confirmed as H. longicornis ticks
by DNA barcoding using the cytochrome c oxidase I locus (12).
In 2017, we processed 39 birds: 11 American robins
(Turdus migratorius), 1 common yellowthroat (Geothlypis trichas), 20 gray catbirds (Dumetella carolinensis),
2 house wrens (Troglodytes aedon), 1 indigo bunting
(Passerina cyanea), 3 northern cardinals (Cardinalis
cardinalis), and 1 American yellow warbler (Setophaga
petechia). We found no H. longicornis ticks of any life
stage. We found no H. longicornis ticks on 87 uniquely

Conclusions
The ability of H. longicornis ticks to feed on a wide range
of domestic and wildlife hosts, reproduce asexually, and
survive various environmental conditions likely contributed to their establishment throughout the eastern United
States. All 3 life stages were found feeding on whitetailed deer in August, together with 2 other established
tick species (A. americanum and I. scapularis). Pathogen
transmission by co-feeding has been documented in field
and laboratory studies (13,14) and could be a potential
mechanism for H. longicornis ticks acquiring pathogens
when feeding alongside infected A. americanum or I.
scapularis ticks.
We found no H. longicornis ticks on P. leucopus mice
or avian hosts even in sites with high densities of questing ticks, limiting the potential for this tick to acquire human pathogens. In New Zealand, immature life stages were
commonly found on hares and goats, and adults were frequently found on larger mammals; the brown hare (Lepus
europaeus) was touted as a major disseminator (9,15).
These findings indicate the need for extensive sampling of
other mammalian hosts. Finding H. longicornis ticks on
residential properties is a human health concern because
its potential as a vector of human pathogens in the United
States is unknown. The combination of suitable habitat
types, a plethora of host species, and high humidity make
most regions of the United States suitable for H. longicornis tick establishment and proliferation.

Table 2. Number of Haemaphysalis longicornis ticks removed from 16 deer on Staten Island, New York, USA
Location*
Adult
Nymph
Larvae
City University of New York College of Staten Island, n = 10
7
1
193
Clay Pit Ponds State Park Reserve, n = 3
56
63
217
Mount Loretto State Forest, n = 2
90
4
63
Freshkills Park, n = 1
15
6
140
Total, n = 16
168
74
613
*Values indicate no. deer screened at each location.
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Total
201
336
157
161
855

H. longicornis Ticks, Staten Island, New York, USA

Figure 2. Sampling site
locations and number of
Haemaphysalis longicornis
ticks collected on deer, in parks
(grids and transects), and during
household visits on Staten
Island, New York, USA.
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Aerosol Transmission of Aspergillus fumigatus
in Cystic Fibrosis Patients in the Netherlands

Tobias G.P. Engel, Ellen Erren,
Koen S.J. Vanden Driessche,
Willem J.G. Melchers, Monique H. Reijers,
Peter Merkus, Paul E. Verweij
We collected sputum samples and cough plates from 15
cystic fibrosis patients in the Netherlands who were colonized with Aspergillus fumigatus; we recovered A. fumigatus of the same genotype in cough aerosols and sputum
samples from 2 patients. The belief that transmission of
A. fumigatus from cystic fibrosis patients does not occur
should be reconsidered.

P

rogressive lung injury in cystic fibrosis (CF) patients
can lead to chronic colonization with bacteria and fungi (1,2). Different routes of patient-to-patient transmission
have been identified for various microorganisms (3). For
saprophytic molds, such as Aspergillus fumigatus, exposure
to aerosolized conidia in the environment is believed to be
the primary route leading to colonization of the airways (3).
Secretion of these fungi from the human lung into the environment is thought not to occur, and the general view is
that humans are dead-end hosts of filamentous fungi. However, some reports have provided information suggesting
that this belief might need to be revised (4). We set out to
examine whether aerosol formation of A. fumigatus occurs
in CF patients during coughing.
The Study
During 2017–2018, we invited 15 adult CF patients in the
Netherlands who were colonized with A. fumigatus to participate in a cough plate experiment. We defined A. fumigatus colonization as the recovery of A. fumigatus from >50%
of sputum samples collected over the course of the 2 previous years. To enable genetic comparisons among study
samples, we stored cultured fungal isolates from included
patients in the Radboud University Medical Center Medical Microbiology Department (Nijmegen, the Netherlands)
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fungal species bank. We performed sample collection
during 2 routine quarterly visits before or after routinely
performed spirometry. We instructed participants to take a
maximal inspiration and cough twice on each of 2 different
agar plates, Sabouraud dextrose agar and Columbia blood
agar, held at a 5-cm distance from the participant’s mouth.
In addition, we collected a sputum sample on the same day
or alternatively within a month if the participant was unable to produce sputum during the visit. We incubated Sabouraud dextrose agar cough plates at 28°C and Columbia
blood agar cough plates at 36°C for 3 weeks and inspected
daily for bacterial and fungal growth. We processed sputum samples according to CF guidelines (3). We collected
individual CFUs (up to a maximum of 20 CFUs per sample) from cough plates and sputum cultures and genotyped
A. fumigatus CFUs using microsatellite genotyping (5). We
considered the detection of identical A. fumigatus genotypes from cough plates and sputum samples as proof of
aerosolization of A. fumigatus from humans. We genotyped
up to 6 sputum cultures of stored A. fumigatus isolates from
each participant.
This study was reviewed by the institutional review
board, which considered the study exempt from further institutional review board oversight in accordance with the
law in the Netherlands on research with humans. All participants provided informed consent.
We cultured A. fumigatus from 18 (60%) sputum
samples collected from 11 different participants (Table).
A. fumigatus was also recovered from 3 (17%) of the 18
corresponding cough plate samples; these 3 samples were
from 2 different participants. In both cases, cough plates
had been acquired after the participant had undergone
spirometry. Genotyping of the A. fumigatus isolates from
sputum samples and cough plates from both participants
showed identical genotypes. One participant was colonized
with at least 10 different A. fumigatus genotypes (Figure).
In this participant, the genotype recovered from the cough
plate was not found in the sputum sample collected at the
same visit but in the sputum sample recovered at the next
visit. The second participant was colonized with a single
genotype, which was recovered from multiple cough plates
and sputum samples.
We also assessed for bacterial species present on
cough plates and in sputum samples to enable comparison
of transmission frequencies among pathogens. The cough
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Table. Characteristics of and growth of Aspergillus fumigatus, Pseudomonas aeruginosa, Staphylococcus aureus, and
Stenotrophomonas maltophilia in sputum samples and on cough plates from 15 cystic fibrosis patients, the Netherlands, 2017–2018*
Growth on first/second cough plates
Cultured from first/second sputum sample
FEV1, L
Peak
Pt. Age,
(%
flow, AB/AF
A.
P.
S.
S.
A.
P.
S.
S.
no. y/sex predicted)
L/s
use fumigatus aeruginosa aureus maltophilia
fumigatus aeruginosa aureus maltophilia
1
23/F
2.7 (85)
7.9 Yes/no
–/–
+/–
–/–
–/–
–/–
+/+
+/+
+/–
2
20/F
4.0 (101)
8.6 Yes/no
–/–
–/–
–/–
–/+
–/ND
–/ND
+/ND
+/ND
3
22/F
2.3 (74)
7.9 Yes/no
–/–
–/–
–/+
–/–
+/+
–/–
+/+
–/–
4
20/M
3.2 (61)
7.4 Yes/no
+/–
–/–
–/–
–/–
+/+
–/–
+/+
–/–
5
49/F
2.3 (74)
7.7
No/no
–/–
–/–
–/–
–/–
+/–
–/–
+/+
–/–
6
43/F
2.7 (82)
7.2 Yes/no
–/–
–/–
–/–
–/–
+/+
+/+
–/–
–/–
7
26/M 4.6 (106)
10.9 Yes/no
–/–
–/–
+/+
–/–
+/ND
–/ND
+/ND
–/ND
8
39/F
1.0 (33)
5.7 Yes/no
–/–
–/–
–/+
–/–
+/+
–/–
–/–
+/+
9
49/M
1.2 (31)
3.4 Yes/no
–/–
+/+
–/–
–/–
+/+
+/+
–/–
–/–
10 22/M
2.0 (41)
7.8 Yes/no
–/–
+/+
–/–
–/–
+/–
+/+
+/+
–/–
11 58/F
2.2 (79)
5.1 Yes/no
–/–
–/–
–/–
–/–
–/–
+/+
+/–
–/–
12 31/M
2.0 (41)
5.3 Yes/no
–/–
+/+
+/+
–/–
–/+
–/+
–/+
–/–
13 51/F
0.7 (26)
3.5 Yes/no
–/–
+/+
–/–
–/–
–/–
+/+
+/+
–/–
14 30/M
2.5 (50)
8.7 Yes/no
–/–
+/+
–/–
–/–
+/+
+/+
–/–
–/+
15 27/F
3.8 (102)
8.4 Yes/no
+/+
–/–
–/–
–/–
+/+
–/–
–/–
–/–
*AB, antibiotic; AF, antifungal; FEV1, forced expiratory volume in 1 second; ND, not done; Pt, patient; +, positive; –, negative.

secretion frequency for Pseudomonas aeruginosa was 67%
(10/15) and for Staphylococcus aureus was 19% (3/16)
(Table). No growth of Stenotrophomonas maltophilia on
cough plates was observed.
Our study demonstrates that A. fumigatus can be recovered from cough aerosols from colonized CF patients
with a similar frequency as S. aureus. This aerosolization is
strikingly occurring in CF outpatients without any cavitary
lesions or other serious complications. Cavitary lesions can
facilitate sporulation of A. fumigatus inside patient lungs
and thereby aids in fungal secretion.
By continuously monitoring indoor airborne fungal contamination with electrostatic dustfall collectors,
Lemaire et al. identified patient airways as the source of

A. fumigatus contamination in an intensive care unit (4).
Microsatellite genotyping showed that the airborne A. fumigatus and isolates from the patient’s respiratory samples
were identical. That observation and our study results indicate that the current consensus that transmission of A. fumigatus from colonized or infected patients does not occur
should be reconsidered.
Although CF patients are typically colonized with
unique A. fumigatus genotypes, several studies report the recovery of identical A. fumigatus genotypes from different CF
patients (6). These genotypes could not be linked to a common environmental source and thus remained unexplained,
but identical genotypes in different patients might point
toward patient-to-patient transmission (6). Patient-derived
Figure. Genotyping results of
Aspergillus fumigatus isolates
in sputum cultures and on
cough plates obtained from
2 participants with cystic
fibrosis demonstrating aerosol
formation of A. fumigatus, the
Netherlands, 2015–2018. For
samples collected after August
2017, a maximum of 20 isolates
per sputum culture were saved.
For samples collected earlier,
only 1 sputum sample isolate
was saved. Genotypes of the
isolates collected from patient
4 (A) and 15 (B) are indicated.
The superscript number
indicates the number of isolates
of that same genotype cultured
from the collected sample.

798

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

Aerosol Transmission of A. fumigatus

azole resistance mutations have been reported in CF patient (7) and environmental (8) isolates. The mechanism
for acquisition of azole resistance is unknown for environmental isolates, but resistance might have developed in
isolates during human infection or colonization and then
subsequently spread into the environment. Our observation
of A. fumigatus in cough aerosols suggests droplet or airborne transmission as potential routes of patient to patient
transmission. Traits such as azole resistance might spread
through cough aerosols from patient to patient or from patient to environment. Both participants with positive cough
plates had undergone spirometry before coughing, indicating that maximal inspiration and expiration might facilitate
the release of A. fumigatus.
Aerosolized A. fumigatus conidia from environmental sources could represent a greater and more continuous
burden for CF patients than potentially aerosolized conidia
from patients. However, some studies suggest that A. fumigatus in chronically infected patients undergoes an evolutionary trajectory resulting in strains with specific traits
that are better adapted to the lung environment (9,10). Endogenous and exogenous stress factors, such as host immunity or exposure to antifungal azoles, might result in the
selection of traits that are better able to resist these stress
factors (11). Isolates that are better adapted to the lung environment might have a greater propensity than environmental isolates to successfully colonize and persist in the
airways of CF patients. In CF, 42% of azole resistance is
derived through in-host selection and is thought to be associated with prolonged (prophylactic) use of anti-Aspergillus azoles (12,13). Passaging through the lungs of CF
patients conceivably could provide A. fumigatus isolates
the opportunity to acquire specific traits that increase their
ability to survive in different environments. Evolution experiments have confirmed the potential of A. fumigatus to
rapidly adapt to various environments (9).
Conclusions
In summary, our results show that A. fumigatus can be
recovered from cough aerosols of colonized CF patients.
These findings underscore the need for additional studies to further elaborate transmission dynamics of A. fumigatus, evaluate if patient-to-patient transmission occurs, and determine if additional infection prevention
measures are required.
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Pneumonic Plague in a Dog and
Widespread Potential Human Exposure
in a Veterinary Hospital, United States

Paula A. Schaffer,1 Stephanie A. Brault,1
Connor Hershkowitz,1 Lauren Harris, Kristy
Dowers, Jennifer House, Tawfik A. Aboellail,
Paul S. Morley, Joshua B. Daniels
In December 2017, a dog that had pneumonic plague was
brought to a veterinary teaching hospital in northern Colorado, USA. Several factors, including signalment, season,
imaging, and laboratory findings, contributed to delayed diagnosis and resulted in potential exposure of >116 persons
and 46 concurrently hospitalized animals to Yersinia pestis.

P

lague is rare in dogs, even in areas to which Yersinia pestis is endemic (1,2). We describe a case of canine pneumonic plague that resulted in >116 potential
human exposures.
The Study
A 3-year-old mixed-breed dog was brought to a veterinarian in Colorado, USA, during December 2017 for evaluation of lethargy and fever 4 days after the dog was observed
sniffing a dead prairie dog. Treatment with amoxicillin/
clavulanic acid was initiated before referral the next day
to the Colorado State University Veterinary Teaching Hospital (CSU-VTH; Fort Collins, CO, USA) because of progressive illness and development of hemoptysis. Imaging
demonstrated unilateral lung lobar consolidation and small
foci of parenchymal density in other lobes and intrathoracic
lymphadenopathy (Figure 1).
Plague was considered unlikely because of the animal
species, season, lack of peripheral lymphadenopathy, and
unilateral lobar imaging pattern consistent with an aspirated foreign body, which is common in dogs (3). Treatment with ampicillin/sulbactam and enrofloxacin was
initiated, and accessory lung lobectomy was performed to
remove the presumed source of sepsis. Consolidation of the
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Figure 1. Transverse computed tomography of dog with
pneumonic plague on day 2 of hospitalization, Colorado, USA.
Image shows accessory lung lobar consolidation.

accessory lobe and scattered dark red foci in other lung
lobes were noted intraoperatively. Histologically, the excised lobe was effaced by severe necrosuppurative pneumonia with hemorrhage and fibrinous pleuritis but no intralesional bacteria (Figure 2).
After 48 hours of aerobic incubation, a swab specimen of lung parenchyma yielded light and pure growth
of bacteria that we identified by using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Vitek-MS, https://www.biomerieux.com) with 91.1%
confidence as Yersinia pseudotuberculosis, although the
database of the instrument contained mass spectra for 5 Y.
pestis strains. Because signs were not consistent with Y.
pseudotuberculosis, there was concern about misidentification. We performed PCR of the isolate the next day (5 days
after admission) by using a Centers for Disease Control
and Prevention (Atlanta, GA, USA) Laboratory Response
Network protocol for Y. pestis (https://www.epa.gov/
homeland-security-research/sam-and-us-centers-diseasecontrol-and-prevention-cdc-laboratory-response).
1
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Figure 2. Histopathologic
analysis of accessory lung lobe
of dog with pneumonic plague
(hematoxylin and eosin stain),
Colorado, USA. A) Parenchyma,
which is diffusely effaced by
necrohemorrhagic pneumonia.
Scale bar indicates 500 µm. B)
Alveolar detail, which is obscured
by necrosis, hemorrhage, and
suppurative inflammation without
intralesional bacteria. Scale bar
indicates 20 µm.

The dog was humanely killed the same day because of
progression of pneumonia and poor prognosis. A limited
necropsy was performed by informed personnel and found
diffuse necrosuppurative and hemorrhagic pneumonia and
severe necrotizing tonsillitis. Only liver tissue was positive
for Y. pestis by PCR.
The dog had been transported throughout the hospital
and housed in an oxygen cage vented to the room, potentially exposing personnel from multiple clinical services.
Those handling specimens in the diagnostic laboratory were
also considered exposed to Y. pestis. Exposures during the
first 2 days of hospitalization were considered most critical because fluoroquinolone treatment was initiated after
admission, and guidelines from the Colorado Department
of Public Health and Environment (CDPHE) state that veterinary patients with Y. pestis have limited contagious risk
after 48 hours of appropriate therapy (4).
While PCR results were pending, paper sheets were
circulated to personnel to record contact with the dog. After
the positive PCR result, emails were sent to these persons,
followed by emails to all personnel. The delay between
suspicion and diagnosis of Y. pestis resulted in word of
mouth traveling faster than official communication, which
caused anxiety among personnel. Many expressed frustration that suspicion and diagnosis of plague did not occur
earlier. Two hospital-wide meetings were held for questions, discussion, and feedback. An online postincident
survey was conducted, and 52 respondents indicated that
they were aware of their potential exposure within 48 hours
of the diagnosis.
We found 116 documented potential human exposures
(Table 1). CDPHE recommendations were based on risk
assessments, and interventions were decided by potentially
exposed persons in consultation with healthcare providers
(Table 2). In addition, 46 hospitalized animals co-housed
in the same room were classified as potentially exposed.
Prophylactic antimicrobial drugs were recommended

because most of these animals were critically ill and had
decreased immune status. To our knowledge, there were
no cases of Y. pestis infection in potentially exposed humans or animals. A fever developed in 1 person, but this
fever was not determined to be caused by Y. pestis infection. One survey respondent reported adverse effects from
antimicrobial drugs.
Conclusions
Several factors delayed the diagnosis of pneumonic
plague, resulting in many potential exposures. Pneumonic
plague is uncommon in dogs; most dogs with plague have
bubonic or septicemic plague and signs of fever, lethargy,
and peripheral lymphadenopathy (1). The occurrence of
this case during December was outside the predominant
period of plague transmission in the Northern Hemisphere
(April–October) (5). Of 89 animals with plague reported
to CDPHE during 2008–2017, only 1 case (in a wild lynx)
occurred in December. The mild winter in Colorado during 2017 might have prolonged activity of flea vectors,
consistent with climate models that predict altered plague
seasonality (6). In humans, radiographic abnormalities
typically include bilateral lobar changes (7); in this dog,
the accessory lung lobe was primarily affected on initial
imaging, and this finding was interpreted as aspiration
pneumonia. Histologically, pneumonic plague usually
results in acute necrosuppurative, hemorrhagic pneumonia with obvious colonies of bacteria (8). In this case,
antibiosis might have resulted in the histologic absence
of bacteria.
Table 1. Number of potentially exposed persons by occupation to
dog with pneumonic plague, Colorado, USA*
Occupation
No. (%) persons
CSU-VTH employees
64 (55)
Veterinary students
35 (30)
Laboratory personnel
17 (15)
Total
116 (100)
*CSU-VTH, Colorado State University Veterinary Teaching Hospital.
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Table 2. Public health risk–based recommendations and interventions for persons exposed to dog with pneumonic plague,
Colorado, USA*
Level of interaction with dog
Recommended intervention
No. (%) contacts reporting intervention
Exposure (<6 feet) to dog with pneumonic
Antimicrobial drug prophylaxis
68 (59)†
plague; exposure to exudates, blood, or tissue
without barrier precautions; bite or scratch from
infected dog or flea
Presence in critical care ward where dog was
Fever and symptom watch
38 (33)
housed; exposure or contact after 48 h of
appropriate patient antimicrobial drug treatment
Persons who did not meet the above criteria
No action (awareness education only)
Remainder of employees, staff, and
students
*Ten (8%) of 116 listed contacts did not report chosen intervention.
†Of respondents who specified type of antimicrobial drug therapy received, 37 received doxycycline only, 2 doxycycline and gentamicin, 1 doxycycline
and ciprofloxacin, 1 doxycycline and trimethoprim/sulfamethoxazole, and 1 ciprofloxacin only.

Matrix-assisted laser desorption/ionization time-offlight mass spectrometry identified the isolate as Y. pseudotuberculosis with a high confidence score, but the specieslevel identification was considered suspicious. Y. pestis has
been previously misidentified as Y. pseudotuberculosis,
Pseudomonas luteola, and Acinetobacter lwoffii by automated systems (9) even when information for Y. pestis is
present in databases. This isolate produced a strong peak at
3,061 m/z, which was present in spectra of the 5 Y. pestis
isolates in the database and absent from Y. pseudotuberculosis spectra, likely corresponding to a Y. pestis biomarker
previously described at 3,065 m/z (10).
At the time of this incident, CSU-VTH infection control standard operating procedures stressed suspicion of
plague in cats and minimized the presence of this disease in
dogs. Criteria for designating patients as high-risk plague
suspects were opportunity for exposure (including geography and season), fever, and enlarged peripheral lymph
nodes. Although the dog was febrile and had interacted
with a prairie dog, the species, lack of peripheral lymphadenopathy, and nonseasonal presentation resulted in lowrisk designation. Standard operating procedures are being
updated to emphasize that dogs might be affected with
plague year round and that lymphadenopathy might not be
present. Isolation and plague testing for all dogs with pneumonia is not feasible, but increased suspicion of patients
with hemoptysis might be appropriate. A relatively rare
finding in dogs (11), hemoptysis was present in this dog,
as well as in 2 other previously reported cases of canine
pneumonic plague (12,13).
This unique case highlights the public health response
challenges in a large teaching institution. Veterinary workers are at increased risk for infection with zoonotic diseases
(14), and exposure to infectious agents is an occupational
stressor with potential emotional toll (15). Veterinary hospital administrations should educate staff about zoonotic
hazards, mitigate exposures, and communicate rapidly to
personnel when potential exposures occur. The communication process in place at the CSU-VTH for zoonotic exposures has historically been used in small-scale events. The
802

extensive potential exposures in this instance highlighted
the shortcomings of the process for reaching large numbers
of persons. These problems are being addressed through
development of frequently updated email listservs and
telephone lists. Computerized logs may also be useful for
documenting contact with patients with historical and syndromic factors consistent with potential zoonoses.
In summary, pneumonic plague, although rare, should
be considered in dogs that have fever and respiratory signs
with potential exposure in disease-endemic areas, regardless of season and lobar distribution. Efficient zoonotic disease communication and response plans should be prepared
for large-scale events.
About the Author
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Seroprevalence of Borrelia burgdorferi,
B. miyamotoi, and Powassan Virus in
Residents Bitten by Ixodes Ticks, Maine, USA

Robert P. Smith, Jr., Susan P. Elias,
Catherine E. Cavanaugh, Charles B. Lubelczyk,
Eleanor H. Lacombe, Janna Brancato,
Hester Doyle, Peter W. Rand,
Gregory D. Ebel, Peter J. Krause
We conducted a serosurvey of 230 persons in Maine,
USA, who had been bitten by Ixodes scapularis or I. cookei
ticks. We documented seropositivity for Borrelia burgdorferi
(13.9%) and B. miyamotoi (2.6%), as well as a single equivocal result (0.4%) for Powassan encephalitis virus.

R

eports of Lyme disease in Maine, USA, have increased
from a few cases in the late 1980s to 1,848 cases in
2017 (1), coinciding with range expansion of Ixodes scapularis ticks over the past 3 decades (2). The Maine Center
for Disease Control reported the first 2 cases of hard-tick
relapsing fever caused by Borrelia miyamotoi during 2016
and an additional 6 cases during 2017 (1). Hard-tick relapsing fever typically manifests as a nonspecific febrile
illness (3,4). Han et al. (5) found a B. miyamotoi infection
prevalence of 3.7% in adult I. scapularis ticks in Maine,
≈10-fold less than that for B. burgdorferi infection (50%,
range 32%–65%) (6).
Powassan virus (POWV) encephalitis can have devastating complications and has infected 10 residents of
Maine during 2000–2017. There are 2 variants of POWV
with distinct enzootic cycles and tick vectors. Lineage 1
is transmitted by I. cookei ticks and lineage 2, sometimes
referred to as deer tick virus, is transmitted by I. scapularis ticks (7). Both lineages are present in Maine (7), but
lineage 1 has a lesser risk for transmission because human
bites by I. cookei ticks are infrequent (8). One fatal Maine
Author affiliations: Maine Medical Center Research Institute,
Scarborough, Maine, USA (R.P. Smith, Jr., S.P. Elias,
C.B. Lubelczyk, E.H. Lacombe, P.W. Rand); Lincoln Health,
Damariscotta, Maine, USA (C.E. Cavanaugh); Colorado State
University, Fort Collins, Colorado, USA (G.D. Ebel); Yale School of
Public Health, New Haven, Connecticut, USA (J. Brancato,
P.J. Krause); Yale School of Medicine, New Haven (H. Doyle,
P.J. Krause)
DOI: https://doi.org/10.3201/eid2504.180202
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case was demonstrated to be caused by lineage 2 POWV
(7). Although POWV infection prevalence in Maine I.
scapularis ticks is low (0.7%–1.8%) (9), frequent exposure to I. scapularis bites (8) and rapidity of POWV
transmission (i.e., POWV can be transmitted to vertebrates after only 15 min from onset of the tick bite) (10)
raise concern.
Our objective was to determine the seroprevalence of
B. burgdorferi, B. miyamotoi, and POWV to clarify the
frequency of exposure to each of these pathogens in residents of Maine, USA, who had been bitten by I. scapularis
or I. cookei ticks. We also anticipated that a serosurvey
might provide evidence of asymptomatic POWV infection or self-limited illness in a few persons, as reported
elsewhere (11,12).
The Study
The Vector-Borne Disease Laboratory of the Maine Medical Center Research Institute provided a free, statewide tick
identification service during 1989–2013 to monitor exposure to I. scapularis ticks during range expansion of this
invasive vector of human and animal disease. Persons submitted ticks that they had removed from themselves, family members, and pets. As of 2014, 33,332 ticks representing 14 species were identified in Maine; I. scapularis ticks
were predominant.
During 2014, we used our tick identification service
database (2) to identify persons who had removed >1 attached I. scapularis or I. cookei tick(s) in the previous 5
years (2009–2013). We invited these persons to participate
in a serosurvey to assess past exposure to B. burgdorferi,
B. miyamotoi, and POWV. Family members who attended
the clinic with these persons and who reported being bitten by ticks were also invited to participate. The study was
approved by Maine Medical Center Institutional Review
Board (Protocol #4222). Participants provided informed
consent (assent for minors) and submitted 30 mL of blood.
Blood was centrifuged at 3,500 rpm for 15 min. Serum
aliquots were stored at –20°C and then shipped to testing
laboratories.
Serologic testing for antibodies to B. miyamotoi was
conducted at the laboratory of one of the authors (P.J.K.).
An ELISA and confirmatory Western blot assay were used
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to detect serum reactivity to B. miyamotoi GlpQ protein
(13). For the ELISA, serum samples were diluted 1:320 and
a signal >3 SD above the mean of 3 B. miyamotoi–negative
serum controls was considered positive for B. miyamotoi
antibody. Serum samples were considered B. miyamotoi seropositive if ELISA IgG and Western blot IgG tests yielded
positive results.
Serologic evidence of exposure to B. burgdorferi was
detected by the standard 2-step ELISA and Western blot
assay in the L2 Diagnostic Laboratory at Yale School of
Medicine by one of the authors (H.D.). A reactive serum
was defined as one that reacted to a dilution >1:100. All

borderline or reactive serum was further characterized by
Western blot immunoassay. Specimens were considered
positive for B. burgdorferi exposure if the IgG immunoblot
contained >5 of the 10 most common B. burgdorferi–associated bands (14).
Serologic testing for POWV was conducted by one
of the authors (G.D.E.) by using a plaque-reduction neutralization test (PRNT) and a POWV–West Nile virus
(WNV) chimeric virus (POWV–premembrane–envelope
[prME]/WNV) assay as described (15). The specificity
of the assay was determined by cross-neutralization studies, which demonstrated that antiserum raised against

Table 1. Characteristics of residents bitten by blacklegged (deer) ticks (Ixodes scapularis) during 2009 and 2013 who participated in a
serosurvey for antibodies against Borrelia burgdorferi, B. miyamotoi, and Powassan virus, Maine, USA, 2014*
Characteristic
No. (%) residents
Mailings and responses
No. persons mailed
1,253
No. persons attending a clinic
230
No. database persons
190
No. persons from families of database persons
40
Clinic information
Location
Biddeford clinics: April 23 and 26, 21 towns
31 (13.5)
Ellsworth clinics: Apr 18 and 19, 34 towns
94 (40.9)
Rockland clinics: Apr 5 and 18, 21 towns
32 (13.9)
Scarborough clinics: Apr 10 and 12, 36 towns
73 (31.7)
Tick bite history and demographics of persons in database
Year tick submitted
2009
27 (14.2)
2010
41 (21.6)
2011
47 (24.7)
2012
37 (19.5)
2013
38 (20.0)
Tick species/stage
Ixodes cookei nymph
1 (0.5)
Ix. scapularis female
164 (86.3)
Ix. scapularis nymph
25 (13.2)
Tick engorgement
Slight
82 (43.2)
Moderate
73 (38.4)
Heavy
35 (18.4)
Age, y, at time of bite
Adults, range 19–84
168 (88.4)
Children, range 6–18
22 (11.6)
Sex
M
88 (46.3)
F
102 (53.7)
Demographics of all persons at time of clinic visit
Age, y
Adults, range 18–90
215 (93.0)
Children, range 8–17
15 (7.0)
Race
Not reporting
3 (1.3)
American Indian/Alaska Native
0 (0.0)
Asian
2 (0.9)
Black or African American
0 (0.0)
Hispanic or Latino
1 (0.4)
Native Hawaiian/Pacific Islander
0 (0.0)
White
224 (98.7)
Sex
M
107 (46.5)
F
123 (53.5)
*Database persons refers to tick-bitten persons who had submitted their ticks to a tick identification program in Maine. Family of database persons were
database person family members who reported being bitten by a blacklegged tick during 2009–2013.
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Table 2. Seropositivity of tick-bitten persons for Borrelia burgdoferi, B. miyamotoi, and Powassan virus, Maine, USA, 2014*
No. (%) database persons,
No. (%) family of database
Pathogen, antibody test result
n = 190
persons, n = 40
No. (%) total, n = 230
B. burgdorferi
Positive
26 (13.7)
6 (15.0)
32 (13.9)
Negative
164 (86.3)
34 (85.0)
198 (86.1)
B. miyamotoi
Positive
4 (2.1)
2 (5.0)
6 (2.6)
Negative
186 (97.9)
38 (95.0)
224 (97.4)
B. burgdorferi/B. miyamotoi
Positive
2 (1.1)
0
2 (0.9)
Negative
188 (98.9)
40 (100.0)
228 (99.1)
Powassan virus
Positive
0
1 (2.5)
1 (0.4)
Negative
190 (100.0)
39 (97.5)
229 (99.6)

*Database persons refers to tick-bitten persons who had submitted their ticks to a tick identification program in Maine. Family of database persons were
database person family members who reported being bitten by a blacklegged tick during 2009–2013.

POWV efficiently neutralized chimeric POWV–prME/
WNV but not WNV and that antiserum raised against
WNV did not neutralize POWV–prME/WNV (15). Use
of the chimeric POWV–prME/WNV assay virus enabled
PRNT testing to be conducted on African green monkey
kidney (Vero) cells according to standard procedures
by using a 90% neutralization cutoff to be considered
positive (15).
Of 230 enrolled persons, 190 were in our tick identification program database, and 40 were family members
(Table 1). Among the 190 persons, 1 tick bite was from
an I. cookei nymph, 13% of bites were from I. scapularis
nymphs, and 86% of bites were from I. scapularis adult
females. Engorgement of ticks ranged from slight (43%)
to moderate (38%) to high (18%). Among the study population, 32 (13.9%) were seropositive for B. burgdorferi, 6
(2.6%) were seropositive for B. miyamotoi, and 2 (0.9%)
were seropositive for both pathogens (Table 2). The serum
of 1 person (0.4%) neutralized POWV at a titer of 1:20 and
WNV at a titer of 1:10. We designated this serum as flavivirus positive. This person reported a history of neurologic
illness for >1 year and a tick bite within the study year.
Conclusions
Among residents of southern Maine with a history of I.
scapularis tick bites, the percentage who were seropositive for B. burgdorferi was 5 times greater than that for
B. miyamotoi (13.9% vs. 2.6%) and 35 times greater than
the percentage of deer ticks infected with POWV (0.4%).
Because our study population consisted of persons bitten
by I. scapularis ticks (with engorgement ranging from
slight to high), we expect seroprevalence to be greater in
this group than in that of the general population. The B.
burgdorferi seroprevalence of 13.9% in our study population was ≈1.5 times higher than the seroprevalence of
9.4% reported by Krause et al. (13) in healthy residents
of southern New England. In contrast, the B. miyamotoi
seroprevalence of 2.6% was comparable to the seroprevalence of 1%–3.9% reported by Krause et al. (4,13).
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Of 1,854 cases of infection with Borrelia spp. reported
in Maine in 2017, a total of 1,848 were attributed to Lyme
disease and only 6 (0.3%) were attributed to B. miyamotoi (1). On the basis of a seroprevalence of ≈2% in this
study and that B. miyamotoi might be transmitted by all tick
stages, we believe that this disease is underdiagnosed in
Maine (5). Our population was identified by history of tick
exposure, rather than by symptoms. Our results therefore
represent the relative frequency of exposure to these different agents rather than risk for illness.
Although the sensitivity and specificity of the 2-tier
antibody assay for B. burgdorferi is better validated than
those of the B. miyamotoi and POWV assays, the sensitivity and specificity of these assays are good (13–15).
Nonetheless, our findings might represent overestimates
or underestimates of actual exposure to these agents because of false-positive or false-negative results. These data
provide evidence that humans are exposed to B. burgdorferi, B. miyamotoi, and POWV in Maine and help define
the prevalence of human infection caused by each of these
tickborne pathogens.
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Prolonged Shedding of Zika Virus RNA
in Vaginal Secretions, Nicaragua

Yaoska Reyes,1 Natalie M. Bowman,1
Sylvia Becker-Dreps, Edwing Centeno,
Matthew H. Collins, Guei-Jiun Alice Liou,
Filemón Bucardo
Zika virus, an arthropodborne flavivirus pathogen in humans, is unusual because it can be sexually transmitted
and can be shed for prolonged periods in semen. We report
viral shedding in vaginal secretions for up to 6 months, indicating the potential for sexual and vertical transmission by
infected women.

Z

ika virus swept through the Americas beginning in
2014, with >1 million cases reported through December 2017 (Pan American Health Organization, https://www.
paho.org/hq/index.php?option=com_docman&task=doc_
view&Itemid=270&gid=43297&lang=en). Zika virus had
been considered relatively benign, but during the Americas
epidemic, several new pathogenic features were identified: association with severe birth defects in infants born to
women infected during pregnancy, transmission by sexual
contact, prolonged shedding in semen, and Guillain-Barré
syndrome (1–3). Shedding in the female genitourinary tract
has not been widely reported and remains a serious question because of the potential for sexual transmission or ascending fetal infection in a pregnant woman (4).
The Study
During October 2016–November 2017, we recruited women
>18 years of age with symptomatic Zika virus infection (any
combination of rash, fever, and conjunctivitis for <7 days)
at a public health center and Hospital Escuela Oscar Danilo
Rosales Argüello in León, Nicaragua. We enrolled 5 women
in a prospective cohort to characterize duration of viral shedding in the genital tract. We collected blood by venipuncture, and each woman provided urine and saliva samples.
We tested whole blood, urine, and saliva from each
woman for Zika virus RNA at enrollment with quantitative
reverse transcription PCR (qRT-PCR). If we detected Zika
Author affiliations: Universidad Nacional Autónoma de Nicaragua,
León, Nicaragua (Y. Reyes, E. Centeno, F. Bucardo); University of
North Carolina, Chapel Hill, North Carolina, USA (N.M. Bowman,
S. Becker-Dreps, M.H. Collins, G.-J.A. Liou)
DOI: https://doi.org/10.3201/eid2504.180977
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virus RNA in any fluid, we asked women to provide blood,
urine, saliva, and vaginal secretions at 7, 14, 21, 28, 60,
90, and 180 days postonset (dpo) of initial symptoms. We
collected vaginal fluid using the BBL Culture Swab Collection and Transport System (Becton Dickinson, http://
www.bd.com). Vaginal swabs were self-collected by the
woman, who inserted the swab ≈5 cm into the vagina, left
it in place for 5 minutes, removed it, and placed it into swab
transport media. Women did not provide samples during
menstruation to avoid contamination with blood. Study
staff transported the swab specimens at 4°C within 3 hours
to the Universidad Nacional Autónoma de Nicaragua-León
microbiology laboratory, where it was stored at 4°C for up
to 4 months until RNA extraction.
To elute Zika virus RNA, we incubated vaginal swabs
in 140 µL of phosphate-buffered saline at room temperature
for 10 min. We extracted Zika virus RNA from the eluent
using the QIAamp Viral RNA Mini Kit (QIAGEN, https://
www.qiagen.com) according to manufacturer instructions.
We detected Zika virus RNA by qPCR (AgPath-ID, Applied Biosystems, https://www.thermofisher.com) on an
ABI 7500 RT-PCR system (Applied Biosystems) using
published primers that detect all known Zika virus genotypes (Zika1087/1108FAM/1163c) and those that are specific to the Asian genotype (Zika4481/4507cFAM/4552c)
(5,6). We added 8 µL RNA to 12 µL 2X RT-PCR buffer, 1
µL (10 pmol) each forward and reverse primers, 1 µL (10
pmol) probe, 1 µL 25X RT-PCR enzyme mix, and 1.7 µL
detection enhancer to a final volume of 25 µL. We amplified Zika virus RNA at 50°C for 30 min and 95°C for 15
min, followed by 44 cycles of 95°C for 15 s and 60°C for
1 min. We used QIAGEN AVE buffer as negative RNA
purification control and DEPC water as no-template control. The positive control was cell culture supernatant of
the FP/2013 strain. We defined a positive sample as a cycle
threshold (Ct) <38 in either reaction.
The study was approved by the institutional review
boards of Universidad Nacional Autónoma de NicaraguaLeón (acta no. 86, 2016) and University of North Carolina
at Chapel Hill (protocol no. 16–0541). All subjects provided written informed consent at enrollment.
Five women with acute Zika virus infection provided
>1 sample of vaginal secretions. The median age of these
1

These authors contributed equally to this article.
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participants was 25 years (range 18–54 years). Four women were pregnant; gestational age at enrollment was 1–8
months. Infants of all 4 women were healthy at birth with
no obvious congenital anomalies. The 54-year-old subject
had hypertension; no other participants reported chronic
medical conditions. Symptoms started a median of 4 days
before enrollment (range 1–6 days).
No woman provided samples at all time points because
of menstruation or lack of follow-up. Of 18 vaginal fluid
specimens examined, 10 (56%) were Zika virus positive by
qRT-PCR with >1 of the primer sets, and 3 were positive
by both. Neither sample collected at 7 dpo was qRT-PCR
positive, but 2/3 (67%) were Zika virus positive at 14 dpo,
3/4 (75%) at 21 dpo, 1/3 (33%) at 28 dpo, 2/2 (100%) at 60
dpo, 1/2 (50%) at 90 dpo, and 1/2 (50%) at 180 dpo. Three
women had only 1 vaginal fluid sample positive for Zika
virus by qRT-PCR; 1 had 2 of 3 positive; and 1 woman,
who shed through 180 dpo, had Zika virus in 5 of 6 samples
tested (Table).
Conclusions
Detection of Zika virus RNA in vaginal secretions 60–
180 days after the onset of symptoms is a novel observation; the presence of Zika virus in vaginal secretions
for <6 months has crucial implications for couples planning pregnancy and for sexual transmission. In contrast to
our results, in a population-based study of patients with
symptomatic acute Zika virus infection followed for 6
months, only 1 of 50 women had Zika virus detectable in
vaginal secretions, in a single specimen collected 3 dpo
(4). The longest previously reported persistence of Zika
virus RNA in vaginal secretions was 37 dpo (7); no other
studies have detected Zika virus RNA in the reproductive

tract for >14 dpo (8). Shedding was intermittent in several patients in our study, so 1 negative specimen does not
necessarily signify viral clearance.
Most of our subjects were pregnant at enrollment;
pregnant women are known to shed Zika virus in blood for
up to 3 times longer than nonpregnant women, possibly because of fetal infection (9). Another study reported detection of Zika virus RNA in cervical cytology samples of 32
of 59 pregnant women compared with 18 of 109 nonpregnant women (10). Fetal tissue may act as a reservoir for
long-term infection, or pregnancy-related immunosuppression might delay viral clearance. One patient in our study
(A018) shed Zika virus RNA in the reproductive tract after
delivery, suggesting that there may be reservoirs of viral
replication in the female reproductive tract.
Our findings have implications for future pregnancies. Persistent Zika virus shedding in the reproductive
tract could be a source of fetal infection. Vaginal shedding
of Zika virus could result in ascending infection, as occurs with vaginal cervical herpesvirus 2 infections (11), or
transmission during delivery, as seen with other viral infections such as human immunodeficiency virus and hepatitis
B. Alternatively, transplacental infection may occur during
viremia occurring after sexual transmission. Although the
role of vaginal replication of Zika virus in fetal infection
is not well characterized, mouse models suggest that fetal
infection from vaginal sources of Zika virus replication can
occur (12,13).
Our findings also suggest that sexual transmission of
Zika virus from women to their sexual partners may be possible for up to 6 months after infection. Infectivity studies are warranted to investigate whether Zika virus shed in
vagina secretions is capable of replication and infection.

Table. Clinical characteristics and viral shedding in 5 women with acute Zika virus infection, Nicaragua, 2016–2017*
Characteristic
A013
A018
A020
A024
Age, y
54
18
25
19
Duration of symptoms at enrollment, d
1
3
4
6
Pregnant at enrollment
No
Yes
Yes
Yes
Estimated gestational age at enrollment, mo
NA
7
7
5
Timing of delivery, days after symptom onset
NA
39
61
149
Hematocrit, %, reference range 36–45
36
32
35
37
Leukocytes, cells/mm3, reference range 5,000–10,000
4,230
5,410
3,510
17,430
Sexual contact in the last 3 mo†
No
Yes
Yes
Yes
Previous infection with dengue virus†
Yes
No
No
No
Previous infection with chikungunya virus†
Yes
Yes
No
No
Fluid Zika-positive by qRT-PCR at baseline
Saliva
Blood, urine
Blood
Urine
Vaginal fluid PCR results, Ct1/Ct2,‡ at approximate days after symptom onset
7
NS
NS
NS
0/0
14
NS
31/0
32/33
NS
21
NS
35/0
34/36
0/0
28
33/0
0/0
NS
0/0
60
NS
34/36
NS
36/0
90
NS
35/0
NS
0/0
180
NS
37/0
0/0
NS
*Ct, cycle threshold; NA, not applicable; NS, no sample; qRT-PCR, quantitative reverse transcription PCR.
†By participant report.
‡Ct1 refers to pan-Zika primers; Ct2 refers to Asian-specific primers.
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A039
25
5
Yes
1
305
40
8,050
Yes
No
Yes
Blood, saliva
0/0
0/0
37/0
NS
NS
NS
NS
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Sexually acquired Zika virus, mainly by male-to-female
transmission, has been reported in >18 articles; however,
there is evidence of infectious Zika virus particles in vaginal fluids (14). We lacked sufficient sample volumes to perform viral culture to distinguish between vaginal shedding
of viral RNA and replication-competent virions, a limitation of our study. Only 1 report has documented the presence of culture-confirmed live Zika virus in vaginal secretions from an HIV-infected woman 3 dpo (14), and there is
1 reported case of likely female-to-male sexual transmission (15). Larger studies are needed to clarify the potential
of the female reproductive tract to transmit Zika virus.
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Self-Flagellation as Possible Route of Human
T-Cell Lymphotropic Virus Type 1 Transmission

Alice R. Tang, Graham P. Taylor, Divya Dhasmana
We report human T-cell lymphotropic virus type 1 infection
associated with self-flagellation in 10 UK residents. These
persons were heterosexual men from Pakistan, India, and
Iraq. One person showed seroconversion in adulthood; 1
was co-infected with hepatitis C virus. No other risk factors
for bloodborne virus acquisition were identified. Onward
sexual transmission has occurred.

H

uman T-cell lymphotropic virus type 1 (HTLV-1) is
transmitted sexually, by contaminated blood products, by organ transplantation, or from mother to child.
The estimate of 5–10 million global infections excludes
85% of the general population, for which testing has not
occurred, and is probably an underestimate (1). Disease
occurs in <10% of carriers. In 2%–6%, adult T-cell leukemia/lymphoma develops; this condition has a high
mortality rate and a median survival of 8–10 months despite therapy (2). In 0.25%–3.8 %, HTLV-1–associated
myelopathy develops; this condition has a high morbidity rate, and many other inflammatory conditions have
been reported (3).
Self-flagellation, one of several practices in which
piercing of the body occurs as part of religious practice,
typically involves beating the back with implements attached to ropes or chains, resulting in skin lacerations, as
part of a public or private religious practice. The implements might be knives or blades, as used by the Pakistani
Shia community, in which the practice is referred to as zanjeer, or may involve whips or rods. Alternatively, in tatbir, practiced predominantly by Shia communities in the
Middle East, the forehead is struck with a knife.
Self-flagellation has been practiced throughout history by different religious groups, usually only by men. It
is a controversial practice, even among some of the Shia
Islamic and Catholic communities that continue it. It occurs
worldwide but notably in Iraq, Lebanon, Afghanistan, and
India. Self-flagellation has also been documented to occur
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in Catholic communities (4). Although self-flagellation is
widely reported by the media, there are no statistics regarding its prevalence. We report HTLV-1 infection associated
with self-flagellation in 10 UK residents.
The Study
Case-patient A was given a diagnosis of HTLV-1 infection
during screening before he and his wife undertook in vitro fertilization (IVF). The patient was of Indian origin and
had lived in the United Kingdom since early adulthood. He
provided no history of receiving blood products, tattoos,
or injection drug use. No family history was suggestive of
HTLV-1 infection. In 2008, he donated blood in the United
Kingdom that was tested for HTLV-1; he was seronegative.
His wife of 10 years was also negative for HTLV-1. He had
engaged in zanjeer voluntarily during childhood outside the
United Kingdom and continued this practice. In the United
Kingdom, the blades were soaked in a bucket containing an
over-the-counter antiseptic solution, along with the blades
of other men conducting the practice simultaneously. In the
previous few years, his practice had also involved striking
his forehead with a knife, which was subsequently shared
by other men. Physical examination showed widespread
scarring on his back (Figure) and the superior aspect of his
scalp associated with self-flagellation.
We provide epidemiologic findings and HTLV-1 proviral load (HTLV-1 DNA copies/100 peripheral blood
mononuclear cells) for this case-patient and 9 other asymptomatic HTLV-1 carriers of similar demography who reported a history of self-flagellation in Iraq, Pakistan, India,
or the United Kingdom (Table). Most reported sharing of
blades. Some had required sutures abroad. Eight patients
had single lifetime sexual partners and no other risk factors for acquisition of bloodborne viruses. One man was
co-infected with hepatitis C virus (HCV); all others were
negative for HIV, hepatitis B virus, and HCV.
All 10 patients were given a diagnosis of infection
with HTLV-1 through screening programs since 2013.
Nine patients had strongly positive Western blot results
and positive PCR results. One patient had indeterminate
Western blot results and negative PCR results but an
HTLV-1/2 enzyme immunoassay sample/cutoff ratio >80,
which is consistent with HTLV infection (5). HTLV-1 proviral load is routinely measured in our center to monitor
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Figure. Back of case-patient A showing scarring from selfflagellation, United Kingdom.

HTLV-1–infected carriers. Eight of the 10 patients had a
low HTLV proviral load (<1%), which is typical of asymptomatic HTLV-1 infection and suggests a low risk for
development of HTLV-1–associated disease. Two of the
men had an HTLV-1 proviral load >1%, which is associated with a higher risk for complications.
Conclusions
We describe 10 cases of HTLV-1 infection in men in whom
the practice of self-flagellation was the only identifiable risk
factor. In 1 patient, co-infection with HCV was also found.
Mother-to-child transmission is difficult to exclude without
testing all mothers of the case-patient, not all of whom are
in the United Kingdom. However, the 1 screened mother
was seronegative for HTLV-1, and case-patient A was

uninfected when he donated blood 9 years earlier, which
excludes maternal transmission. It is likely that either sharing blood-stained blades, reusing personal equipment after
inadequate cleaning with a shared disinfectant, contact of
infected blood with open wounds, or contact with infected
medical equipment resulted in HTLV-1 transmission.
Self-flagellation has also been noted to result in pneumothorax (6). In addition, Ashura, the period during which
it is practiced, has been associated with increased medically reported injuries (7).
The contribution of self-flagellation to the transmission of bloodborne viruses is unknown. In the United Kingdom, clinics that screen for these viruses (antenatal and
sexual health settings) do not ask about the practice and
do not screen for HTLV. We propose that self-flagellation
be added to the list of risk factors that result in testing for
bloodborne viruses, including HTLV-1. Blood transfusion
services might screen for this practice when assessing potential blood donors; for 6 men in this study, blood donation was the route of diagnosis. However, screening blood
donors for HTLV-1 infection is not universal. Absence of
screening, particularly in regions where self-flagellation is
practiced, could accelerate dissemination of this infection.
The seroprevalence of HTLV in Pakistan is unknown, but
a recent study reported a prevalence of 0.19% among lowrisk blood donors (8).
Four men were given diagnoses of infection with
HTLV-1 as a result of Human Fertilization and Embryology Authority licensing regulations (9) on the basis of a
2015 European Union directive. The directive requires facilities storing and processing human reproductive tissue

Table. Characteristics of 10 case-patients infected with HTLV-1 who practice self-flagellation, United Kingdom*
HTLV-1 status
Age at
Country of birth HTLV-1 proviral
Route of
of regular
Sharing of
Case-patient diagnosis, y
or ethnicity
load %
diagnosis
sexual partner equipment
Characteristic
A
34
Indian
0.8
Screening for
Negative
Yes
Blood donor in UK 9 y
IVF
earlier, documented
HTLV negative
B
40
Pakistan
0.7
Cord blood
Positive
Yes
Hepatitis C virus codonor (partner)
infection now cured
C
47
Pakistan
0.8
Screening for
Negative
Yes
Multiple previous
IVF
blood donations in
Pakistan
D
25
Pakistan
0.79
UK blood donor
No current
Yes
Previous blood donor
partner
in Pakistan
E
37
Pakistan
2.11
Cord blood
Positive
Yes
None
donor (partner)
F
31
UK, Indian
0.14
UK blood donor
Negative
Yes
None
G
22
UK, Pakistani
0.4
UK blood donor
Positive
No
Received sutures in
Iraq; wife
seroconverted and
became pregnant
H
33
UK, Indian
2.69
UK blood donor
Negative
Yes
None
I
37
Pakistan
Undetectable UK blood donor
Negative
No
Sample/cutoff ratio
>80†
J
38
Iraq
0.001
UK blood donor
Unknown
Yes
None
*All case-patients were male. HTLV-1, human T-cell lymphotropic virus type 1; IVF, in vitro fertilization.
†For an enzyme immunoassay assay.
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to test for HTLV-1 in persons from areas of high prevalence, or with partners or parents from areas of high prevalence; that is, where infection is present in >1% of the
general population or >1 case/10,000 persons for first-time
blood donors (10).
Of the 7 couples for whom each partner’s diagnosis
was known, 4 couples were serodiscordant, despite unprotected sex over many years. Sexual transmission has been
associated with proviral load and duration of the relationship (11). One study reported an ≈1% per year risk for infection among serodiscordant couples (12), although further data are needed to quantify sexual transmission risk
in new relationships. During the 4 years since the first of
these 10 cases was diagnosed, there has been 1 case of sexual transmission (case-patient G) (Table), and the affected
woman is in her first pregnancy. She had negative results
for HTLV-1 on 2 previous occasions.
All 10 men had asymptomatic HTLV-1 infections,
but 2 men had a high proviral load (>1%), which places
them at risk for HTLV-associated disease. In all but 1 casepatient, HTLV-1 was the only bloodborne virus detected.
Within heterosexual populations, transmission of HCV is
commonly associated with using contaminated injection
equipment. HTLV-1 predominance in our cohort suggests
the presence of a pool of monoinfected persons and spread
within this international community.
All patients have been advised by medical practitioners not to share implements during self-flagellation and to
encourage fellow practitioners of flagellation to be tested
for bloodborne viruses. Our visits to communities in which
these practices occur to discuss risk elimination, raise
awareness, and promote testing facilities have been favorably received, and risk reduction has been implemented.
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Seroprevalence of Zika and
Dengue Virus Antibodies among
Migrant Workers, Taiwan, 2017

Guey Chuen Perng, Tzu-Chuan Ho, Hsin-I Shih,
Chia-Hua Lee, Pei-Wen Huang,
Chih-Huan Chung, Nai-Ying Ko,
Wen-Chien Ko, Yu-Wen Chien
A serosurvey of 600 workers newly arrived in Taiwan from
4 Southeast Asia countries showed that 18 (3%) were positive for Zika virus IgM; 6 (1%) fulfilled the World Health Organization criteria for laboratory-confirmed recent Zika virus
infection. The incidence of Zika virus infection in Southeast
Asia might be underestimated.

A

pproximately 690,000 migrant workers live in Taiwan; most are from 4 countries in Southeast Asia:
Indonesia, the Philippines, Thailand, and Vietnam. Although these migrants are valuable to the workforce,
they may also bring the risk of spreading mosquitoborne
diseases. Most imported cases of Zika virus and dengue
virus (DENV) infections in Taiwan come from Southeast
Asia. Although screening for fever at international airports was implemented in Taiwan in 2003 (1), most Zika
virus and DENV infections are inapparent and cannot
be detected.
For assessing the true disease burden of flavivirus infections, seroprevalence studies are effective. Recently,
several serosurveys of Zika virus infections were conducted in Africa, Oceania, Latin America, and the Caribbean
(2). Although small outbreaks of Zika virus infection have
been reported in Singapore, Vietnam, and Thailand (3–5),
seroprevalence in Southeast Asia countries remains largely unknown. To estimate the incidence of Zika virus and
DENV infections in Southeast Asia and to evaluate the risk
of importing these viruses into Taiwan, we investigated seroprevalence of IgM and IgG against these viruses among
newly arrived migrant workers in Taiwan.
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The Study
Migrant workers are required by law to undergo preemployment health examinations within 3 days of arrival in
Taiwan. For this study, we recruited 600 newly arrived
migrant workers from Indonesia, the Philippines, Thailand, and Vietnam (150 workers from each country) who
received preemployment examinations at a regional hospital in Tainan, Taiwan, during June–August 2017. Workers who were >20 years of age and willing to participate
were eligible without specific exclusion criteria. We used
commercial ELISAs (https://focusdx.com) to test for IgM
and IgG against dengue virus, anti-Zika virus IgG ELISA
(Euroimmun AG, https://www.euroimmun.com) to test
for IgG against Zika virus, and InBios Zika Detect IgM
Capture ELISA (http://www.inbios.com) to test for IgM
against Zika virus (because this assay seems to have higher
sensitivity) (6). All tests were performed and interpreted
according to manufacturers’ instructions. We performed
plaque reduction neutralization tests (PRNTs) on a subgroup of samples to detect neutralizing antibodies against 4
DENV serotypes (DENV-1, strain Hawaii; DENV-2, strain
16681; DENV-3, strain H87; DENV-4, strain H241) and 2
Zika virus strains (strain MR766 and 1 clinical isolate from
a patient who acquired infection in Thailand). We calculated titers required to reduce dengue and Zika viral plaques
by 50% (PRNT50) and 90% (PRNT90) (Appendix, https://
wwwnc.cdc.gov/EID/article/25/4/18-1449-App1.pdf). For
persons positive for Zika virus IgM, we used the interim
case definition of laboratory-confirmed cases of recent Zika
virus infection defined by the World Health Organization
to see whether they fulfilled these criteria: IgM antibody
against ZIKV positive and PRNT90 for ZIKV with titer ≥20
and ZIKV PRNT90 titer ratio ≥4 compared to other flaviviruses (7). This study was approved by the institutional
review board of National Cheng Kung University Hospital
(approval no. A-ER-106-045).
Most migrant workers were young adults 20–39 years
of age (Appendix Table 1). Of the 600 workers, 18 (3.0%)
were positive for Zika virus IgM and 233 (38.8%) were
positive for Zika virus IgG. Only 3 (0.5%) workers had
detectable DENV IgM, but 484 (80.7%) had DENV IgG.
Seroprevalence of IgG against Zika virus and DENV was
much lower in Vietnam than in the other 3 countries (Appendix Tables 2, 3).
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Table 1. Zika virus and DENV serostatus for 600 migrant workers from Southeast Asia, Taiwan, 2017*
No. (%) workers
Zika virus IgG+
Zika virus IgG–
Serostatus
Zika virus IgM+
Zika virus IgM–
Zika virus IgM+
Zika virus IgM–
DENV IgG+
DENV IgM+
0
3 (0.5)
0
0
DENV IgM–
11 (1.8)
213 (35.5)
6 (1.0)
251 (41.8)
DENV IgG–
DENV IgM+
0
0
0
0
DENV IgM–
0
6 (1.0)
1 (0.2)
109 (18.2)
Total
11 (1.8)
222 (37.0)
7 (1.2)
360 (60.0)
*DENV, dengue virus; +, positive; –, negative.

Among all workers, 227 (37.8%) had IgG against
both Zika virus and DENV, 6 (1.0%) had only Zika virus
IgG, 257 (42.8%) had only DENV IgG, and 110 (18.3%)
were negative for both (Table 1). All 18 workers positive
for Zika virus IgM were negative for DENV IgM, indicating that false-positive results from cross-reactivity with
DENV IgM or polyclonal B cell stimulation were unlikely. We found that 6 (1%) workers positive for Zika virus
IgM had Zika virus PRNT90 titers >20, and their Zika virus PRNT90 titer ratio was ≥4 compared with that of 4 serotypes of DENV (Table 2; Appendix Table 4). Although
we did not perform PRNT for flaviviruses other than Zika
virus and DENV, we assumed that these 6 workers fulfilled the World Health Organization criteria of confirmed
Zika virus infection. All 3 workers with positive DENV
IgM had detectable PRNT50 and PRNT90 titers against
single or multiple DENV serotypes; thus, the positive
ELISA results for DENV IgM were considered true positives. Among 6 participants with positive Zika virus IgG
but negative DENV IgG, 5 had a high PRNT50 titer against
Zika virus (Appendix Table 4).
Conclusions
Zika virus IgM persists for ≈12 weeks (8); therefore, our
results suggest that 1% of the workers had confirmed Zika
virus infection within 3 months before blood collection,

Total
3 (0.5)
481 (80.2)
0
116 (19.3)
600 (100)

implying that the incidence of Zika virus infection in
Southeast Asia might be severely underestimated. The median duration of viremia is 2 weeks (9); thus, some workers
might have entered Taiwan during their viremia period and
had the potential to spread Zika virus through Aedes mosquitoes in Taiwan. In addition, Zika virus can be detected
in semen up to 6 months after symptom onset (10); thus,
Zika virus transmission through sexual contact with these
workers, who are at a sexually active age, is also possible.
Furthermore, 3 female workers with confirmed Zika virus
infection were of childbearing age, raising concerns about
the risk for congenital infection.
The infectiousness of persons with asymptomatic Zika
virus infection remains unknown. However, a recent study
of DENV showed that asymptomatic persons could infect
mosquitoes despite their lower average level of viremia (11).
A recent modeling analysis estimated that 84% of DENV
transmission is attributable to persons with inapparent infections because these persons are more mobile (12). If the
infection characteristics of Zika virus are similar to those of
DENV, the ability of fever screening programs at international airports and ports to prevent importation of Zika virus
from migrant workers and travelers will be limited.
In this study, we may have overestimated Zika virus
IgG seroprevalence (38.8%) because of false positivity
resulting from cross-reactivity; nevertheless, the observed

Table 2. Serostatus and neutralizing antibody titers for Zika virus and DENV among 11 migrant workers from Southeast Asia who were
IgM and IgG positive for Zika virus, Taiwan, 2017*
ELISA
90% PRNT titer
Worker no., age,
Zika virus Zika virus
DENV
DENV
y/sex
IgM
IgG
IgM
IgG
DENV-1 DENV-2 DENV-3 DENV-4
Thai MR766
ID01, 21/F†
+
+
–
+
10
10
<10
<10
149
399
ID02, 37/F
+
+
–
+
609
1,401
40
<10
10
<10
ID03, 28/M
+
+
–
+
138
505
11
149
438
<10
VN01, 34/M†
+
+
–
+
<10
40
<10
<10
40
160
PH01, 28/F†
+
+
–
+
124
440
147
<10
1486 >2,560
PH02, 24/M†
+
+
–
+
<10
10
<10
<10
227
639
PH03, 24/F†
+
+
–
+
<10
<10
<10
<10
800
1279
TH01, 42/M
+
+
–
+
<10
40
<10
<10
107
143
TH02, 46/M†
+
+
–
+
<10
513
<10
<10
593
>2,560
TH03, 43/F
+
+
–
+
405
310
40
40
10
1,215
TH04, 31/M
+
+
–
+
>2,560
1,360
1,600
10
1,468 1,599
*DENV, dengue virus; DENV-1–4, DENV serotypes 1–4; MR766, African Zika virus strain MR766; PRNT, plaque reduction neutralization test; Thai, 1 Zika
virus isolate from a worker with an imported case acquired in Thailand.
†Six persons positive for Zika virus IgM fulfilled the criteria for laboratory confirmation of recent Zika virus infection adopted with definition according to the
World Health Organization (7).
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seroprevalence is comparable with that in Martinique
(42.2%) and French Polynesia (49%) but lower than that
in Brazil (63.3%) and Micronesia (73%) (2). It remains
unclear why only very few cases of Zika virus–related microcephaly have been reported in Southeast Asia (13) despite such high seroprevalence. Possible explanations are
differences in virus strains, differences in host factors, and
limitations of the surveillance system (14).
To our surprise, seroprevalence of DENV IgM was
lower than that of Zika virus IgM. In DENV-hyperendemic countries, children may have been exposed to multiple
DENV serotypes and then acquired immunity; therefore, the
incidence of dengue in adults is relatively low. Also of note,
we observed much lower seroprevalences of Zika virus and
DENV among workers in Taiwan from Vietnam, which may
be because most of these workers originally came from rural
areas in subtropical northern Vietnam, where the population
density and climate are not suitable for establishing endemic
transmission cycles of mosquitoborne viruses (15).
Our finding that 1% of migrant workers from Southeast Asia had laboratory-confirmed recent Zika virus infection suggests that the incidence of Zika virus infection in
this region is underestimated. Given the convenience of
flight for global travel, the risk for international dissemination of Zika virus by workers and travelers originating from
Southeast Asia cannot be neglected.
This work was partially supported by the Taiwan National
Health Research Institutes (grant no. NHRI-106A1MRCO-0517171 to Y.-W.C.), Ministry of Health and Welfare
(MOHW104-CDC-C-114-114901-H105002 to G.C.P.),
Taiwan Ministry of Science and Technology (MOST
106-2320-B-006-036 to Y.-W.C. and MOST-105-2321-B006-024 to G.C.P.), and National Cheng Kung University
Hospital (NCKUH-10702020 to Y.-W.C.).
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Anopheles sundaicus Mosquitoes as
Vector for Plasmodium knowlesi,
Andaman and Nicobar Islands, India

Pachalil Thiruvoth Vidhya, Ittoop Pulikkottil
Sunish, Anwesh Maile, Ali Khan Zahid
Using PCR and sequencing, we found Plasmodium knowlesi in the malaria vector Anopheles sundaicus mosquito collected from Katchal Island in the Andaman and Nicobar Islands, India. We cannot rule out natural transmission of this
parasite to humans through this mosquito species. An indepth investigation is needed to prevent disease outbreaks.

P

lasmodium knowlesi is a simian malaria parasite and
is recognized as the fifth human malaria parasite (1).
Natural infection in humans by P. knowlesi was first reported in Malaysian Borneo (2). Mosquitoes belonging to Leucosphyrus group were reported as vectors of P. knowlesi
in Southeast Asia countries. Among this group, Anopheles
latens mosquitoes were identified as a vector of P. knowlesi
in Malaysian Borneo (3). Similar vectors have been reported elsewhere, including An. dirus mosquitoes in Vietnam
(4); An. balabacensis mosquitoes in Sabah, Malaysia (5);
An. hackeri mosquitoes in Malaya (now Peninsular Malaysia) (6); and An. cracens mosquitoes in Kuala Lipis and
An. introlatus mosquitoes in Selangor, Malaysia (7). Experimental studies on the H strain of P. knowlesi showed
that An. balabacensis mosquitoes were the most competent
vector, followed by An. stephensi, An. maculatus, and An.
freeborni mosquitoes (8). However, no studies record isolation of P. knowlesi from An. sundaicus mosquitoes of the
Pyretophorus series. This anopheline species is a known
vector of malaria parasites in the Andaman and Nicobar
Islands, India.
In 1980, a simian malaria and P. vivax–like parasite,
P. cynomolgi, was isolated from An. sundaicus mosquitoes and from a subspecies of macaque, Macaca umbrosus, at Great Nicobar (9). In a later study, researchers sequenced 445 archival blood samples from human malaria
cases from the Andaman and Nicobar Islands and found
11.9% (53) were positive for P. knowlesi, both mono- and
Author affiliation: ICMR Regional Medical Research Centre, Port
Blair, Andaman and Nicobar Islands, India
DOI: https://doi.org/10.3201/eid2504.181668

co-infections. (10). Investigators also suspected earlier research might have mistakenly identified P. knowlesi as P.
cynomolgi because the species are difficult to distinguish by
light microscopy. In view of these findings, we conducted
an entomologic and parasitologic survey in selected islands
of Nicobar district to identify the role of anophelines in the
transmission of P. knowlesi.
The Study
The Nicobar district is an endemic area for malaria; annual parasitic incidence was 7.04–16.07/1,000 population/
year during 2013–2017. In the Nicobar district, Katchal
and Great Nicobar Islands are known for high malaria case
counts and for macaques that frequently come close to human habitations. Long-tailed macaques, Macaca fascicularis umbrosa, are the only nonhuman primates found on
Nicobar Islands (11). As yet, the malaria surveillance program has not reported human infection with P. knowlesi in
the district.
During 2016–2018, we selected 3 villages on Katchal Island (Mildera, Japan Tickrey, and Meenakshi Ram
Nagar) and 3 villages on Great Nicobar Island (Rajiv
Nagar, Govindnagar, and Sastrinagar). Our selection was
based on high numbers of malaria cases and prevalence of
macaques. Katchal Island, population 2,658, has a hilly terrain with an area of 146.5 km2 and has dense tropical rain
forest (Indian Census data, http://www.censusindia.gov.
in/2011). Great Nicobar, population 3,500, has both plains
and hilly terrain and is the largest island of Nicobar district
at 921 km2.
We collected adult mosquitoes by night landing and
light trap collections for 8 nights in each village from 5:30
pm through 5:30 am. We also collected adult mosquitoes by
indoor resting collection from 5:00 am to 8:00 am. We conducted night landing collections using human, bovine, and
caprine baits. We conducted resting collections with oral
aspirators in and around 16 sites in each village, including
human shelters and animal sheds. We installed 8 light traps
in each village. We used standard taxonomic keys for morphological identification (12). We collected blood slides of
microscopically confirmed P. falciparum and P. vivax (n
= 55) from the local primary health centers and conducted

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 4, April 2019

817

DISPATCHES
Figure 1. Phylogenetic relationship
of Plasmodium knowlesi from the
Andaman and Nicobar Islands,
India, to other strains from
Southeast Asia countries, inferred
by using the neighbor-joining
method. Isolates are identified by
GenBank accession number and
location; Plasmodium coatneyi
is used as outgroup. Triangle
indicates sequence of P. knowlesi
isolated in this study (accession no.
MK079654) that shares a similar
clade with a Myanmar sequence
(accession no. GU816246).
Isolates from Peninsular Malaysia
(accession no. JX870044) and
China (accession no. KX007957)
are also closer to the Andaman
isolate. Scale bar indicates
nucleotide substitutions per site.

assays for molecular confirmation, including for P. knowlesi. In addition, we tested filter paper blood spots (n = 106)
that were collected through active fever surveillance and
were positive by bivalent rapid diagnostic tests.
We tested 54 pools, 10 mosquitoes per pool, including 35 pools of An. sundaicus mosquitoes, 18 pools of
An. maculatus mosquitoes, and 1 pool with 2 specimens
of An. barbirostris mosquitoes. We extracted DNA from
each pool of anophelines, and from slides and filter paper
blood spots, using GeNei Whole Blood DNA Extraction
Kit solution (Genie, http://geneilabs.com), according to
the manufacturer’s instructions. We screened the DNA extracts for all 5 malaria parasites by nested PCR, as suggested by Singh et al. (13), amplifying the 18S small subunit
ribosomal RNA of P. knowlesi. We used Pmk8 and Pmk9
primers to amplify P. knowlesi. We used rPLU1 and rPLU5
primers for the first step and other primers, including
rFAL1 and rFAL2, rVIV1 and rVIV2, rOVA1 and rOVA2,
rMAL1 and rMAL2, for the second step of nested PCR. We
obtained positive control P. knowlesi blood spots from the
National Institute of Malaria Research (New Delhi, India).
Samples were visualized by agarose gel electrophoresis in 2% agarose and we excised bands of 153 bp from
the positive samples, then purified these using QIAquick
Gel Extraction Kit (QIAGEN, http://www.qiagen.com),
according to the manufacturer’s protocol. We performed
sequencing on an ABI 3730 DNA Analyzer (Applied

Biosystems, https://www.thermofisher.com). We checked
sequence identity with reference sequences obtained from
the NCBI database and submitted processed sequences to
GenBank (accession no. MK079654). We constructed the
phylogenetic tree with closely similar sequences using the
neighbor-joining method in MEGA7 (https://www.megasoftware.net) (Figure 1).
Of 855 mosquitoes captured, 532 were anophelines and
323 were culicines. Among anophelines, the An. sundaicus
mosquito was the predominant species collected, followed
by An. maculatus and An. barbirostris mosquitoes (Table).
One pool of 10 of An. sundaicus mosquitoes collected from
Mildera village on Katchal Island was found positive for
P. knowlesi by PCR and sequencing. Five blood slide samples, 1 identified as P. vivax and 4 identified as co-infection
with P. falciparum and P. vivax by microscopy, were found
positive for P. knowlesi by PCR with primers Pmk8 and
Pmk9 (Figure 2, panel A), but no sequences were obtained.
Subsequently, these samples showed no amplification with
a different set of primers, PKF1140 and PKR1550 (14)
(Figure 2, panel B). The false amplification may be due
to cross-hybridization of primers Pmk8 and Pmk9 with P.
vivax DNA. Therefore, we could not conclude that those
samples were positive for P. knowlesi. We found P. knowlesi DNA in An. sundaicus mosquitoes and confirmed our
findings by nucleotide sequence analysis. The nucleotide
sequences obtained from our study resembled P. knowlesi

Table. Adult mosquitoes collected using various methods, Andaman and Nicobar Islands, India
Light trap
Night landing, human bait
Night landing, animal bait
Serial
no.
Mosquito species
Indoor
Outdoor
Indoor
Outdoor
Caprine
Bovine
1
Anopheles sundaicus
10
52
0
15
150
123
2
An. maculatus
0
0
0
10
70
100
3
An. barbirostris
2
0
0
0
0
0
4
Armigeres sp.
0
2
10
25
15
7
5
Culex sp.
2
264
0
0
0
0
818
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Total
350
180
2
59
264

An. sundaicus Mosquitoes as Vector for P. knowlesi

Figure 2. Agarose gel (2%) electrophoresis of nested PCR products of amplified Plasmodium knowlesi DNA sequences taken from
mosquito samples (10 mosquitoes per pool) from Andaman and Nicobar Islands. A) Analysis of PCR products amplified with Pmk8
and Pmk9 primers. Lanes 1–4, pools of Anopheles sundaicus mosquitoes; lane 5, size marker DNA (100-bp DNA ladder); lanes 6
and 7, An. maculatus mosquito pools; lane 8, An. barbirostris mosquito pool (2 mosquitoes); lane 9, positive control; lane 10, negative
control. Arrows indicate positive sample from the An. sundaicus mosquito pool in lane 3, 500 bp marker in DNA ladder of lane 5, and
positive control in lane 9. B) Analysis of nested PCR products amplified with PKF1140 and PKR1550 primers. Lanes 1–5, An. sundaicus
mosquito pools; lanes 6–9, An. maculatus mosquito pools; lane 10, size marker DNA (100-bp DNA ladder); lane 11, An. maculatus
mosquito pool; lane 12, An. barbirostris mosquito pool; lane 13, positive control; lane 14, negative control. Arrows indicate An. sundaicus
mosquito pool with positive band at 410 bp in lane 3, 600-bp marker in DNA ladder in lane 10, and positive control of 410 bp in lane 13.
PC, positive control.

reference sequences retrieved from GenBank (accession
nos. GU816246, JX870044, and KX007957). We cannot
conclude that An. sundaicus mosquitoes are the vector of
P. knowlesi, but our results suggest the possibility of An.
sundaicus mosquitoes for transmission of this parasite and
indicated that further in-depth investigation is warranted.
Conclusions
Because P. knowlesi is an emerging and potentially lethal
malarial parasite, care and safety need to be taken to prevent the spread of infection. As van Hellemond et al. (15)
suggest, synergistic use of P. knowlesi–specific rapid diagnostic tests and microscopy could identify P. knowlesi
in health centers in inaccessible areas. An extensive parasitologic survey in humans and macaques could provide a
more precise picture on the prevalence of P. knowlesi in the
Andaman and Nicobar Islands.
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We tested the effect of prior vaccination on response to
communication strategies in a hypothetical news article
about an influenza pandemic. Vaccinated were more likely
than nonvaccinated participants to plan future vaccination,
and future vaccination intent was greater with certain communication strategies. Using these findings to target communication may increase vaccination rates.

V

accination rates for influenza remain surprisingly low
(1). Despite goals to vaccinate 75% of high-risk Europeans by 2010, <50% had been vaccinated in 2013 (2). The
reluctance of at-risk persons to receive vaccinations highlights the challenge of broadly vaccinating the general public.
Improving communication strategies that clinicians
and healthcare organizations use to increase vaccination
rates is cost-effective (3). Yet randomized trials to improve
influenza vaccination rates by improving physicians’ communication skills (4) or by using various public health
messages (5) have not succeeded. Several studies have examined the effect of various communication strategies to
improve vaccination rates for influenza (6–9). However,
the greatest predictor of future vaccination is prior vaccination, and these studies assessed participants in aggregate
(6). Guided by the Health Belief Model (10), we investigated whether experiences with prior vaccination might affect the effectiveness of certain communication strategies
(Appendix, https://wwwnc.cdc.gov/EID/article/25/4/171408-App1.pdf).
Our study is a secondary analysis of a randomized
experiment to test communication strategies and their effects on influenza immunization (6–9). After our study was
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deemed exempt from review by the University of Michigan
Institutional Review Board, we recruited a stratified random sample of adults from a panel of Internet users through
Survey Sampling International (https://www.survey
sampling.com) (Appendix). We recruited participants from
11 countries: Finland (n = 1,554), Norway (n = 764), Sweden (n = 1,539), Hungary (n = 998), Poland (n = 1,509),
Spain (n = 1,604), Italy (n = 1,509), Germany (n = 1,546),
the Netherlands (n = 1,938), the United Kingdom (n =
1,762), and the United States (n = 1,787).
Participants read a hypothetical news article that described the spread of influenza in their country. The article directly quoted hypothetical health experts and contained information about the influenza virus, its potential
symptoms, and a vaccine in development. Articles were
cross-randomized to provide participants with 5 varying
communication strategies: 1) graphics (heat map, DOT
map, picto-trendline) (6); 2) case severity (severe, typical, both) (9); confident language (scientific certainty,
uncertainty, uncertainty with normalizing language) (7);
4) influenza label (H11N3 influenza, horse flu, Yarraman
flu) (8); and 5) metaphor use (infectious disease, war, gardening). The Appendix contains more information about
communication strategies. Each news article contained all
5 communication strategies. The experiment used a 3 ×
3 × 3 × 3 × 3 between-subjects factorial design in which
participants were randomly assigned to each communication strategy. After reading the newspaper article, participants were asked their vaccination status (whether they
had received an influenza vaccination within the past 2
years) and intent to get vaccinated in the future (defined
by a discrete visual analog scale ranging from 1 [“Definitely would not get a vaccination”] to 7 [“Definitely
would get a vaccination”]).
We were interested in the main effect for an individual
communication strategy depending on a participant’s prior
vaccination status. For each communication strategy, we
conducted separate ordinal logistic regression models and
included an interaction term of prior vaccination and the
communication strategy of interest for each model. The
dependent variable was intent to get vaccinated. As covariates, we included the participant’s age, sex, and marital status and whether the participant was a healthcare worker.
We estimated robust SEs with clustering by the participant’s country of residence.
Of 20,138 participants, 16,401 (81%) completed the
survey; of these, 4,999 (30%) had received an influenza vaccination within the previous 2 years and 11,402
(70%) had not. The average age was 51.4 (SD ± 16.9)
for vaccinated and 44.9 (SD ± 15.4) for nonvaccinated
participants. Approximately 44.6% of vaccinated and
52.1% of nonvaccinated participants were female (Appendix Table 1).
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Table. Effect of communication strategies on intent for future influenza vaccination, by influenza vaccination status
Vaccination over previous 2 y, adjusted odds ratio (95% CI)*
Strategy
No
p value
Yes
p value
Graph type
Picto-trendline
Referent
Referent
DOT map
1.1 (0.9–1.2)
0.06
1.0 (0.9–1.1)
0.92
Heat map
1.1 (1.0–1.2)
0.01
1.1 (0.9–1.2)
0.08
Case severity
Both
Referent
Referent
Typical
1.0 (0.9–1.1)
0.78
0.9 (0.8–1.0)
0.07
Severe
1.1 (1.0–1.3)
0.02
1.1 (0.9–1.2)
0.43
Confident language
Uncertainty with normalizing language
Referent
Referent
Uncertainty
1.0 (0.9–1.1)
0.97
1.1 (0.9–1.2)
0.12
Scientific certainty
1.2 (1.1–1.3)
<0.001
1.3 (1.1–1.4)
<0.001
Influenza label
Horse
Referent
Referent
H11N3
1.0 (0.9–1.1)
0.62
1.4 (1.1–1.7)
0.001
Yarraman
1.1 (1.0–1.2)
0.001
1.2 (1.1–1.4)
0.001
Metaphor use
Infectious disease
Referent
Referent
War
1.0 (0.9–1.1)
0.78
1.0 (0.9–1.1)
0.60
Gardening
1.0 (0.9–1.1)
0.75
1.0 (0.9–1.1)
0.41

p value for
interaction†
<0.001

<0.001

<0.001

<0.001

<0.001

*Multivariable ordinal logistic regression adjusted for participant age, sex, marital status, occupation as healthcare worker, and country of residence.
†Interaction between vaccination status and communication strategy.

Our results showed that previously vaccinated participants were more likely than nonvaccinated participants
to plan for future vaccinations (adjusted odds ratio 5.8,
95% CI 4.8–7.0; p<0.001). We found significant interaction effects between prior vaccination and each communication strategy (p<0.001 for each strategy) (Table;
Appendix Table 2). However, this effect varied according to the type of communication strategy. Nonvaccinated
participants reported greater intent for future vaccination when heat maps, severe cases, confident language,
or exotic influenza labels were used (Table). Vaccinated
participants reported greater intent for future vaccination
when confident language or scientific/exotic influenza labels were used (Table). The use of metaphors had no effect on either group.
This study should be interpreted in the context of certain limitations. For instance, participants reviewed a hypothetical news article, which may be different than direct
communication with a healthcare provider or reading an
actual article during a pandemic.
Certain communication strategies, such as use of confident language or an exotic influenza label, were effective
regardless of prior vaccination status. Yet use of a scientific
influenza label was more effective than use of an exotic
influenza label among previously vaccinated participants.
Other communication strategies, such as use of heat maps
or describing severe cases, were effective among nonvaccinated but not previously vaccinated participants. Vaccination rates for influenza may be improved by targeting
healthcare communication based on prior vaccination experiences (11,12).
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We assessed Zika virus RNA and select cytokine levels in
semen, blood, and plasma samples from an infected patient in South America. Viral RNA was detected in semen
>2 months after viremia clearance; cytokine profiles differed
in semen and plasma. After viremia, Zika virus appears to
become compartmentalized in the male reproductive tract.

B

efore the 2015–2016 outbreak, Zika virus infection
had been associated with only mild symptoms. However, the outbreak revealed infection could cause severe
clinical manifestations, particularly for fetuses and newborns (1). Furthermore, detection of replicative virus in semen and sexual transmission of the infection resulted in a
paradigm shift in Zika virus virology (2,3). Several animal
models were developed to study these phenomena, and
studies revealed that Zika virus persistence within the male
reproductive tract (MRT) results in diminished testosterone
and oligospermia (4). However, because of complex ethics
considerations, the consequences of infection on the MRT
remain poorly understood (5).
To characterize infection in the MRT further, we conducted a longitudinal 6-month study examining Zika virus
load and immunologic profile in blood, plasma, and semen
in 1 man. The study patient was a 32-year-old immunocompetent white man with an asymptomatic Zika virus
infection acquired in South America in January 2016; the
control was a healthy 40-year-old white man without risk
factors for acute or chronic infection who lived in the same
area. We evaluated the concentrations of a select panel of
cytokines, including innate immune mediators (interferon
[IFN]–γ, interleukin [IL]–15, IFN-β); inflammatory factors (IL-6, IL-18, soluble intercellular adhesion molecule
1 [sICAM-1]); chemokines (CC-motif chemokine ligand
[CCL] 3, CCL-4, CXC-motif chemokine ligand [CXCL]
1, CXCL-8, CXCL-10); hematopoietic factors (granulocyte colony–stimulating factor [G-CSF], granulocyte-macrophage colony–stimulating factor); the angiogenic factor
vascular endothelial growth factor A (VEGF-A); and proteases (matrix metalloproteinase [MMP]–2, MMP-9). We
quantified cytokines using ProcartaPlex Multiplex Assay
(ebioscience, https://www.thermofisher.com).
At admission, the patient had moderate fever, maculopapular rash, myalgia, and arthralgia and recovered within
a few days. He was HIV negative; dengue and chikungunya
virus infections were ruled out using ELISA Diapro (Diagnostic Bioprobes Srl, https://www.diapro.it) and RealStar
Dengue and Chikungunya RT-PCR Kit 2.0 (Altona Diagnostics, https://www.altona-diagnostics.com). The patient
did not experience other genital or urinary tract infections
during the study.
Two days after symptom onset, viral RNA was higher
in semen (1.04 × 105 copies/mL) than in blood (9.4 × 103
copies/mL); RNA was detectable for up to 100 days in blood
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and 168 days in semen (Figure). Soluble factors secreted in
response to infection could be stratified into 3 profiles. The
first profile was a surge of proinflammatory cytokines in
semen (IL-6, IFN-γ, CCL-3, CCL-4) and plasma (CCL-3,
CXCL-10, VEGF-A) at early stages of infection. These cytokines returned to basal levels over time. The second profile (mainly observed in semen) involved decreased CXCL1, CXCL-8, CXCL-10, and VEGF-A production during
the first 50 days after infection, followed by a progressive
return to reference ranges coinciding with viral clearance.
The third profile involved sustained altered levels of factors
in semen (IL-18, sICAM-1, G-CSF, MMP-2) and plasma
(CCL-3, CXCL-1, sICAM-1, MMP-2, MMP-9), even after complete viral RNA clearance in plasma. Some factors
were undetectable in plasma and semen samples (IL-15,

IFN-β, granulocyte-macrophage colony–stimulating factor), and others were absent or barely detectable in plasma
(IL-6, IFN-γ, CCL-4, CXCL-8, G-CSF).
Our data revealed higher amounts of and more prolonged viral RNA shedding in semen than in blood. Zika
virus infection altered cytokine secretion and induced distinct profiles in the plasma and semen; changes in the semen were more prominent. The discrepancies in kinetics
and concentrations of cytokines and virus titers between
semen and plasma suggest virus compartmentalization.
Cytokines produced in the MRT reflect local immune
status, organ function, and tissue damage. The high levels
of proinflammatory factors in semen samples from this
patient illustrate an exacerbated local immune response
established to control Zika virus infection. This response

Figure. Kinetics of Zika virus replication and cytokine secretion in semen, blood, and plasma samples from a Zika virus–infected
patient, France, 2016. A) Kinetics of Zika virus RNA detection in whole blood and semen quantified by real-time reverse transcription
PCR. B) Quantification of soluble factors in the blood plasma and semen at 4, 11, 35, 82, 139, and 187 days after symptom onset.
Dashed lines represent baseline levels of soluble factors quantified in blood plasma and semen obtained from an age-matched
healthy donor. CCL, CC-motif chemokine ligand; CXCL, CXC-motif chemokine ligand; G-CSF, granulocyte colony–stimulating factor;
IFN-γ, interferon γ; IL, interleukin; MMP, matrix metalloproteinase; sICAM-1, soluble intercellular adhesion molecule 1; VEGF-A,
vascular endothelial growth factor A.
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might lead to recruitment of more host and inflammatory
cells that further amplify viral replication and organ injury
(6). Downregulation of several factors highlights the damage. For instance, the VEGF-A levels mirror the impairment of spermatogonia, primary spermatocytes, and Sertoli
cells upon Zika virus infection (4). However, the decrease
in CXCL-1, CXCL-8, and CXCL-10 levels in semen during infection could indicate a local immunosuppressive
state induced by infection, limiting immune cell infiltration
in the MRT and potentially virus dissemination throughout
the body.
The different kinetics of virus replication and cytokine secretion in semen samples raises questions about the
semen secretome in cases of couples aiming for conception and the necessity to extend the convalescence period
beyond Zika disease recovery. In fact, at high concentration, most of these factors might alter the integrity of the
mucosal barriers within the female reproductive tract and
increase a woman’s susceptibility to infection (7). They
might also promote peroxidation and affect sperm function,
potentially resulting in infertility (8).
The limitations of our study include small sample size.
Further investigations with a larger cohort of patients and
controls are warranted.
In summary, a profound disruption in the cytokine network is evident in plasma and semen starting at the earliest
stage of Zika virus infection and is maintained over time
even after viral clearance. Studies to characterize the mechanism involved in the establishment of compartmentalization and develop efficient antiviral therapies that interfere
with virus replication in the MRT are needed.
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During September 2016–February 2017, we detected epizootic hemorrhagic disease virus (EHDV) in ruminants in
Israel. BLAST and phylogenetic analyses of segment 2 in 6
EHDVs isolated from field samples indicated a close relationship to the EHDV serotype 1 strain in Nigeria. Affected
cattle had mostly mild or asymptomatic disease.

E

pizootic hemorrhagic disease is an infectious, noncontagious viral disease of ruminants, transmitted by
insects of the genus Culicoides; it mostly affects whitetailed deer and cattle. Epizootic hemorrhagic disease virus (EHDV) belongs to the genus Orbivirus within the
family Reoviridae and is closely related to bluetongue
virus (BTV) and African horse-sickness virus. At least
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7 EHDV serotypes are currently recognized worldwide
(1). (EHDV serotype 1 has been isolated from cattle in
the Northern Territory of Australia (2), Nigeria, Ecuador,
French Guyana, Réunion Island (in the Indian Ocean) (3),
and the United States, where it was also isolated from
white-tailed deer (4). In cattle in Israel, EHDV serotype 7
first was recognized in 2006, when it manifested in serious
clinical signs (5). EHDV serotype 6 caused an outbreak in
2015, when clinical signs were milder than those associated with EHDV serotype 7 (6). However, EHDV serotype
6 RNA was found in placenta and brains of aborted cattle
fetuses during the latter outbreak (6).
In the summer and fall of 2016, several arbovirus infections were registered simultaneously in diseased domestic and wild ruminants in Israel. Included were infections
with BTV serotypes 2, 3, 4, 8, and 15; Shuni and Akabane
viruses, belonging to the Simbu serogroup of genus Orthobunyavirus in the Peribunyaviridae family; and EHDV.
BTV serotype 8 caused a large outbreak that caused heavy
losses of livestock in some sheep and cattle farms.
During September 2016–February 2017, we routinely
tested 265 field samples by using specific EHDV real-time
reverse transcription PCR (rRT-PCR), as described previously (6). The tested field samples included 10 spleen samples from wild and zoo ruminants taken from 4 mountain
gazelles, 1 giraffe, 1 Arabian oryx, and 4 Nubian ibexes,
as well as 13 spleen samples and 242 whole-blood EDTA
samples from diseased cattle. We similarly tested 22 aborted
cattle fetuses. We obtained the first EHDV-positive whole-

blood sample from a diseased dairy cow on September 12,
2016, and the most recent one on February 26, 2017.
A total of 81 EHDV-positive field samples originated
from northern Israel (the Golan Heights, Galilee, the Sharon Plain, and the Jordan Valley) and central Israel (the
Coastal Plain). Positive samples included 1 spleen sample
from a wild mountain gazelle that was found dead as a result of a head wound near the Sea of Galilee and 2 spleen
samples and 78 whole-blood samples from infected cattle.
However, the deaths of EHDV-positive cattle probably
were not caused by EHDV. In 1 such case, in an adult dairy
cow, Escherichia coli from all tested internal organs was
isolated, and Babesia spp. were found during microscopic
examination. In another case, in a 4-month-old calf, we
identified BTV by using a BTV-specific rRT-PCR test (VetMAX BTV NS3 All Genotypes Kit, LSI; Thermo Fisher
Scientific, https://www.thermofisher.com), which led to
isolation of BTV serotype 8.
Among the EHDV rRT-PCR–positive samples, 18
were also rRT-PCR–positive for BTV and 1 was positive in
pan-Simbu rRT-PCR (7), showing Akabane virus infection.
All tested aborted cattle fetuses were EHDV-negative by
rRT-PCR. We attempted virus isolation on all EHDV- and
BTV-positive samples. We isolated 6 EHDV in embryonated chicken eggs, which consequently passed on BHK-21
cells, as previously described (6).
We sequenced 4 partial and 2 complete sequences of
segment 2 (encoding viral protein 2) by using the standard
Sanger method and submitted them to GenBank (accession
Figure. Phylogenetic analysis
based on full-length sequences
of segment 2 in 2 EHDV
serotype 1 isolates from Israel
with global EHDVs and BTV-8
from GenBank. We analyzed
24 nucleotide sequences and
inferred phylogenetic relationship
by using the neighbor-joining
method. Numbers below
branches indicate bootstrap
values. Recent isolates from
Israel are marked with black
circles. Viruses are identified by
GenBank accession number,
virus and serotype, 3-letter
code of country (and additional
information in some cases),
isolate identification (in most
cases), and year of isolates.
Evolutionary analyses were
conducted in MEGA7 (8).
Scale bar indicates number of
nucleotide substitutions per site.
BTV, bluetongue virus;
EHDV, epizootic hemorrhagic
disease virus.
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nos. MG808405–MG808410). BLAST (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) and phylogenetic analyses of the
segment 2 sequences showed that the EHDV recently isolated in cattle in Israel belongs to serotype 1 and is closely
related to the IbAr22619 strain from Nigeria, with which it
shares 95.72%–95.76% identity (Figure).
Retrospective analysis of clinical signs in EHDV-1–
infected cattle enabled us to conclude that in many farms
EHDV infection was asymptomatic or subclinical; milkyield reduction, fever, and recumbency were the only prominent clinical signs observed during the outbreak. However,
animals with BTV and EHDV co-infections showed more
severe clinical signs, including fever, abortion, lameness,
subcutaneous emphysema, and death.
During recent years, several new arboviruses have
been detected in Israel that were not identified previously. BTV serotype 3 was first identified in 2016 but probably was present in Israel since at least 2013 (9), EHDV
serotype 6 was identified in 2015 (6), EHDV serotype 1
was found in 2016, and Shuni virus was detected in 2014
(10). These findings showed that new introductions of arthropodborne viral infections into the Middle East region
had occurred. Molecular epidemiologic data indicate the
viruses originated in Africa, as ours and other studies (5,6)
have shown. Molecular diagnostics, vector-control strategies, and epidemiologic studies should be implemented in
Israel to mitigate potential risk for future outbreaks.
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A unique outbreak of Ross River virus (RRV) infection was
reported in Fiji in 1979. In 2013, RRV seroprevalence among
residents was 46.5% (362/778). Of the residents who were
seronegative in 2013 and retested in 2015, 10.9% (21/192)
had seroconverted to RRV, suggesting ongoing endemic
circulation of RRV in Fiji.

R

oss River virus (RRV) is an Alphavirus of the family
Togaviridae and is transmitted to humans by Aedes
and Culex mosquitoes (1). Marsupials are considered important reservoirs of RRV (1). Clinical manifestations of
RRV infections include fever, rash, and arthralgia. RRV
is endemic to Australia, where it causes ≈5,000 cases of
epidemic polyarthritis annually (1). Outbreaks of RRV
infection were reported during 1979–1980 in Fiji, the
Cook Islands, American Samoa, New Caledonia, and
Wallis and Futuna (1–3). Subsequently, RRV infections
were detected in travelers returning from Fiji during
1997–2009 (3) and in patients with suspected dengue in
Fiji in 2005 (4).
The Republic of the Fiji Islands comprises 322 islands
distributed among 4 administrative divisions (Central,
Western, Eastern, and Northern) and has a population of

≈830,000. Apart from RRV, the 4 serotypes of dengue virus
were the only mosquitoborne viruses known to circulate in
Fiji until the recent emergence of Zika and chikungunya viruses (5). We report evidence of endemic RRV circulation
in Fiji on the basis of serologic analysis of blood samples
collected in 2013 and 2015.
Our study included 778 participants recruited during
September–November 2013 from the Central, Western,
and Northern divisions for a community-based serosurvey
for leptospirosis and typhoid (6). Among the residents from
the Central division who had participated in the 2013 survey, 333 had blood drawn again during October–November 2015, including 311 whose serum sample collected in
2013 was available for testing. We tested all blood samples
for RRV IgG by using a recombinant antigen-based microsphere immunoassay (7). We analyzed the data with GraphPad Prism 6.03 using the Fisher or χ2 test. We considered p
values <0.05 to be significant.
The prevalence of RRV antibodies among participants in 2013 was 46.5% and was lower in the Central
(38.1%) than the Western (58.6%; p<0.0001) and Northern (55.9%; p = 0.0108) divisions (Table). The prevalence
of RRV antibodies among the participants sampled in the
Central division in 2015 (37.2%) was similar to results
from this division in 2013 (38.1%). In 2013, a total of
37.4% of the participants born after 1982 (postoutbreak)
had RRV antibodies, and this rate in 2015 (26.9%) was
not significantly different (p = 0.0685). The prevalence of
RRV antibodies increased with age (p<0.0001 in 2013, p
= 0.0020 in 2015) and was higher in rural than in urban
(p<0.0001 in 2013, p = 0.0197 in 2015) and periurban
areas (p = 0.0060 in 2013). No difference by sex was observed. Among the 311 participants with available serum

Table. Prevalence of Ross River virus antibodies in a representative subset of the population of Fiji sampled during September–
November 2013 (n = 778) and October–November 2015 (n = 333)*
No. seropositive/mo. tested (% [95% CI])
Variable
2013
2015
Birth year
<1982
197/336 (58.6 [53.4–63.9])
68/144 (47.2 [39.6–55.7])
>1982
165/441 (37.4 [32.9–42.1])
56/189 (29.6 [23.2–36.7])
1982–1990
58/117 (49.6 [41.1–58.9])
17/38 (44.7 [31.4–61.4)
1991–2000
66/146 (45.2 [37.7–53.6])
20/66 (30.3 [21.3–42.9])
2001–2010
40/170 (23.5 [18.1–30.7])
19/83 (22.9 [15.8–33.5])
>2011
1/8 (12.5 [0.3–52.7])
0/2 (0.0 [0.0–84.2])
Sex
F
195/423 (46.1 [41.5–51.0])
73/190 (38.4 [32.1–45.8])
M
167/354 (47.5 [42.2–52.5])
51/143 (35.7 [28.6–44.1])
Division
Central
172/451 (38.1 [33.9–42.8])
124/333 (37.2 [32.4–42.7])
Northern
33/59 (55.9 [44.1–68.7])
ND
Western
157/268 (58.6 [52.8–64.5])
ND
Zone
Rural
189/344 (54.9 [49.8–60.3])
52/113 (46.0 [37.5–55.6])
Periurban
55/135 (40.7 [33.2–49.5])
27/77 (35.1 [26.0–46.8])
Urban
117/298 (39.3 [34.1–45.1])
45/143 (31.5 [24.8–39.8])
Total
362/778† (46.5 [43.1–50.1])
124/333 (37.2 [32.4–42.7])

*ND, no data (participants were not recruited from the Northern and Western divisions in 2015).
†For 1 participant, information about age and sex were not available; for another participant, information about the zone of residence was not available.
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samples collected in both 2013 and 2015, a total of 21
(10.9%) of the 192 participants who had no detectable
RRV antibodies in 2013 had seroconverted to RRV by
2015 (data not shown).
A serosurvey conducted after the RRV outbreak
in Fiji in 1979 detected RRV antibodies in 92% of the
participants from the Western division (2). In our study,
which was conducted in 2013, RRV antibody prevalence
in the Western, Central, and Northern divisions ranged
from 38.1% to 58.6%, and 37.4% of persons born after
1982 had RRV antibodies, suggesting that RRV circulated
in all 3 divisions after the 1979 outbreak. The report of
RRV infection in travelers or inhabitants from Fiji during
1997–2009 (3,4), the observations that 10.9% of the seronegative participants in our study seroconverted to RRV
during 2013–2015, and the increase in the prevalence of
RRV antibodies with age, strongly suggest endemic RRV
transmission in Fiji.
The finding that RRV seroprevalence was higher in
rural than in urban and periurban environments suggests
increased transmission risks in the rural areas, potentially because of higher-risk occupations of rural residents
(including farming and outdoor work), greater exposure
related to rural housing or other environmental factors,
greater animal reservoir density, the possibility that nondomestic mosquito species in Fiji such as Aedes vigilax,
Ae. polynesiensis, Ae. pseudoscutellaris, Ae. albopictus,
and Culex annulirostris might be more competent vectors of RRV than peridomestic mosquito species such as
Ae. aegypti (8).
Serosurveys conducted in American Samoa in 2010
(1), in French Polynesia during 2011–2013 (9) and 2014–
2015 (7), and our study in Fiji during 2013–2015 suggest
that endemic circulation of RRV in the Pacific region continued, or recommenced, after 1979–1980. These data provide further evidence for endemic transmission of RRV in
areas where marsupials are absent (10). Because of extensive travel between Australia and the Pacific Islands, it is
plausible that RRV is repeatedly seeded into the Pacific
region. Whether this plays an important role in perpetuating local transmission in the Pacific Islands is unknown. As
previously illustrated with Zika and chikungunya viruses,
a risk exists for emerging arboviruses to be imported from
the Pacific to other parts of the world, and RRV could be
the next unexpected threat.
This work was part of ISID-Pacific and R-ZERO Pacific
programs funded by the French Ministry for Europe and Foreign
Affairs (Pacific Funds nos. 06314-09/04/14, 12115-02/09/15,
03016-20/05/16, and 04917-19/07/17). The study also received
support from the Embassy of France in the Republic of the Fiji
Islands. The study was supported by the French Government’s
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We report a case of malignant otitis externa with jugular
vein thrombosis caused by Aspergillus flavus. Magnetic
resonance imaging revealed an unusual ink smudge pattern deep in a cervical abscess. The pattern was consistent
with mycetoma and may be important for diagnosing these
life-threatening infections.

A

73-year-old male patient sought care from the otorhinolaryngology department at University Hospital,
Marseille, France. He had a 5-month history of malignant otitis externa (MOE), which was worsening despite
4 months of treatment with intravenous ceftazidime, oral
ciprofloxacin, and topical neomycin, polymyxin B, dexamethasone, and thiomersal combination. The patient had a
history of high blood pressure, treated with perindopril and
nicardipine, and diabetes mellitus, inadequately controlled
(hemoglobin A1c 7.7%) with metformin and sitagliptin.
The patient was admitted, and otoscopic examination
found otorrhea, inflammation, and stenosis of the right
830

external auditory canal; we could not see the tympanic
membrane. Examination of the cranial nerve was normal.
Pure-tone audiogram showed a right mixed hearing loss
with air-bone gap at 15 dB and symmetric bone curve by
presbycusis. Laboratory testing showed elevated erythrocyte sedimentation level (42 mm at 1 h, 82 mm at 2 h) and
leukocytosis (11 g/L); C-reactive protein results were within reference range. A computed tomography (CT) scan of
the head showed thickening of the ear skin; focal tympanal
bone osteolysis; partial right mastoid air cells and middleear cavity opacification; and osteolysis of the occipital, styloid, and mastoid bones consistent with MOE (Appendix
Figure, https://wwwnc.cdc.gov/EID/article/25/4/18-0710App1.pdf). Magnetic resonance imaging (MRI) with contrast media confirmed skull base osteomyelitis, evidenced
by bone lysis and marrow enhancement of the clivus (Figure, panels A–C). Both MRI and CT showed a right jugular
vein thrombosis and cellulitis and abscess in the carotid and
perivertebral spaces. Abscess content had an unusual aspect: T2-weighted imaging signal void foci surrounded by
a hypersignal rim.
We treated the right jugular vein thrombosis with
enoxaparin. The patient underwent surgical debridement
with facial nerve monitoring; we collected transmastoid
biopsy samples and pus for microbiological analysis and
inserted a transtympanic aerator. Direct microscopic examination of the samples showed hyaline septate hyphae
consistent with hyalohyphomycosis. Biopsy samples grew
2 bacteria, Corynebacterium striatum and Enterococcus
faecalis, and 1 filamentous fungus, Aspergillus flavus, that
we identified by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (Microflex LT, https://
www.bruker.com) against an in-house database described
by Normand et al. (1). Etest antifungal susceptibility testing (bioMérieux, https://www.biomerieux.com) showed
that the A. flavus strain was sensitive to voriconazole
(MIC 0.380 mg/L) and resistant to amphotericin B (MIC
12 mg/L). We stopped administration of auricular drops,
continued intravenous ceftazidime (1.5 g/d) and oral ciprofloxacin (1.5 g/d), and started voriconazole therapy (6
mg/kg/12 h intravenously, followed by 400 mg/d orally).
Otalgia, otorrhea, and inflammatory external auditory canal
symptoms were relieved, and the patient recovered after 6
weeks. No further follow-up was available.
Fungi cause ≈10% of MOE (2). The 3 leading species,
by decreasing frequency, are A. fumigatus, A. flavus, and
A. niger (3). A. flavus is more frequently involved in MOE
than is A. niger (3,4).
Jugular vein thrombosis (JVT) was previously reported
in MOE (5) and other conditions such as Lemierre syndrome,
invasive fungal infection, or any inflammatory process including otitis media. Various pathogens can cause JVT, especially Fusobacterium necrophorum and zygomycetes.
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Figure. Magnetic resonance
imaging (MRI) of a patient
with malignant otitis externa,
France. Cross-sectional imaging
demonstrates a central skull
base osteomyelitis in patient’s
temporal bone. A) T1-weighted
imaging; B, E) 3-dimensional
T1-weighted imaging with
gadolinium enhancement and
fat saturation; C, F, G) T2weighted imaging; and CT with
iodine enhancement (D). Single
asterisks (*) indicate jugular
bulb thrombosis (panels B, D);
double asterisks (**) indicate
deep-spaces cellulitis (panels
A–C). Arrowheads indicate
parapharyngeal abscess at right
(panels A–D); parapharyngeal
abscess is also visible as a gray
layer (panels E, G). The content
of the abscess has an unusual
“ink smudge” pattern with no
signal in T2-weighted imaging,
visible as a black layer (panels
F, G). This pattern is consistent
with a mycetoma surrounded by
granulation tissue.

Data on JVT in MOE are scarce; we could find no previously
reported case of JVT related to A. flavus MOE. Postcontrast
CT with soft tissue algorithm is considered the first-line imaging modality to diagnose JVT (5). In our case, both CT and
MRI confirmed the diagnosis.
Osteomyelitis and abscess showed on MRI but were
hardly visible on CT (Appendix Figure). High-signal T2weighted imaging is typical in purulent content of abscesses (6). In contrast, this case exhibited an unusual lack of
T2-weighted imaging signal. This characteristic pattern is
known in various mycetoma locations as paranasal fungus
balls (7) or maduromycosis, for which the T2-weighted
imaging dot-in-circle sign is specific (8). Most authors explain the signal void as a magnetic susceptibility behavior
on T2-weighted imaging resulting from accumulation of
iron and other magnetic atoms (9). This case introduced
a new T2-weighted imaging signal void pattern we refer
to as an “ink smudge” appearance. A bone sequestrum is

a differential diagnosis, yet this lesion lacked calcification
in CT. We hypothesize that the ink-smudge sign we identified could be specific to fungal infection. This report should
prompt careful assessment by MRI of deep-space abscess
in patients with MOE.
The standard treatment for fungal MOE is a combination of surgical debridement, systemic antifungal therapy,
and control of concurrent conditions. There is no consensus for the duration of the antifungal treatment; patients
usually receive 6–8 weeks of antifungal therapy, more if
clinical examination or imaging follow-up supports extending treatment (10).
We highlight the potential use of an MRI ink-smudge
pattern to identify fungal infection in MOE. Furthermore, because we saw JVT on both postcontrast CT and
MRI scans, our findings and these images may be crucial for improving patient prognosis through timely and
adequate treatment.
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Epizootic hemorrhagic disease affects wild and domestic
ruminants and has recently spread northward within the
United States. In September 2017, we detected epizootic
hemorrhagic disease virus in wild white-tailed deer, Odocoileus virginianus, in east-central Canada. Culicoides spp.
midges of the subgenus Avaritia were the most common
potential vectors identified on site.

E

pizootic hemorrhagic disease viruses (EHDVs) and
bluetongue viruses (BTVs) are Culicoides spp. midge–
transmitted orbiviruses that represent an imminent threat to
the health of ruminant livestock and wildlife. For susceptible ruminants, EHDV and BTV infections can result in
high rates of illness and death, leading to severe economic
hardship to the agricultural sector (1). These viruses have
a historical geographic range of 40°N–50°N and 35°S, following the distribution of the Culicoides vectors. However,
the epidemiology of these pathogens is changing, with
decades of northward expansion into areas of Europe and
North America with immunologically naive hosts (1–3).
In Canada, EHDV has rarely and sporadically been detected in the southern portions of British Columbia, Alberta, and Saskatchewan (4). We report the detection of EHDV
in white-tailed deer, Odocoileus virginianus, in east-central
Canada, providing further evidence of the northern range
expansion of orbiviruses within North America.
On September 7, 2017, two wild white-tailed deer
carcasses were found in a seminatural area adjacent to a
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river and ravine in London, Ontario, Canada (42.9849°N,
81.2453°W). The carcasses were submitted for diagnostic
investigation to the Ontario-Nunavut region of the Canadian Wildlife Health Cooperative. Both deer had gross
lesions consistent with epizootic hemorrhagic disease, including multiorgan petechial and ecchymotic hemorrhages
on serosal surfaces (5). Spleen, lung, and liver samples
from both deer were submitted to the National Centre for
Foreign Animal Diseases in Winnipeg. All samples were
positive for EHDV genomes by reverse transcription
PCR (RT-PCR) (6). The serotype of the virus was identified by serotype-specific conventional RT-PCR followed
by Sanger sequencing. EHDV-2 was isolated from spleen
samples of both deer. Two additional deer carcasses were
identified in the area but were not submitted for diagnostic
testing. Tissues from an additional 14 deer carcasses that
originated in southern Ontario during September 23–November 28, 2017, showed negative results for EHDV by
RT-PCR, as part of enhanced surveillance conducted by the
Ontario Ministry of Natural Resources and Forestry and the
Canadian Wildlife Health Cooperative.
In addition, we conducted serosurveillance across
southern Ontario in the fall of 2017 with samples collected
by private veterinarians. All live animal samples were collected by using protocols approved by the Animal Care
Committee, University of Guelph (approval no. 3529).
Cattle were from Chatham-Kent County, adjacent to Middlesex County, and were born and had lived their whole
lives in Canada. Results revealed 15 cattle with antibodies
to EHDV-2 by ELISA and serum neutralization tests (S.E.
Allen, unpub. data).
We also conducted a targeted survey for adult Culicoides midges in the area of the white-tailed deer deaths
by using four 2770 UV LED CDC light traps (BioQuip
Products, http://www.bioquip.com) for 16 trap-nights during September 9–13, 2017. We taxonomically identified 31
individual Culicoides spp. midges (7), including subgenus
Avaritia (n = 22), C. haematopotus (n = 5), C. stellifer (n =
2), C. venustus (n = 1), and C. crepuscularis (n = 1) midges.
The northern expansion of EHDV and BTV in the
midwesterm and northeastern regions of the United States
in recent years (1,8) has increased the likelihood of incursion into eastern Canada. The EHDV occurrence in
white-tailed deer in Ontario we report supports the need
to maintain vigilance. Although this initial occurrence
was limited spatially and temporally, future cases may be
more widespread in wildlife and livestock. Furthermore,
this localized EHDV-2 occurrence was within 72 km of
the US border of Michigan and coincided with concurrent
and widespread EHDV-2 and EHDV-6 outbreaks across
much of the eastern United States during July–October,
2017 (D.E. Stallknecht, University of Georgia, pers.
comm, 2018 Jan 10).

EHDV may have been introduced to Ontario through
the movement of infected vectors or ruminants, and its detection in Ontario may represent the northern edge of the
EHDV outbreak in the eastern United States. Alternatively,
low levels of previously undetected EHDV transmission
may have been transient or ongoing across a wider region,
including Ontario, for an unknown period. In either case,
this event may preclude a much more widespread and higher impact EHDV outbreak, such as occurred with BTV in
Europe and with EHDV in the United States (2,8).
We identified numerous Culicoides spp. midges at the
site where the EHDV-infected white-tailed deer carcasses
were recovered. However, C. sonorensis midges, the only
confirmed EHDV vector species in North America (1,9),
was not among these. This species was recently identified
in Ontario (10), but the density and distribution of this species in the province, as well as its role in regional EHDV
transmission, is currently unknown. Culicoides spp. composition within areas of past EHDV outbreaks varies widely; therefore, additional Culicoides spp. midges may serve
as competent EHDV vectors. However, this possibility
has not been confirmed (1,9). In addition to vector competence, the climatic limitations for the survival and successful breeding and establishment of current Culicoides spp.
populations in the region remain to be investigated (1,8).
These factors indicate the need for ongoing Culicoides spp.
midge and deer mortality surveillance in the region.
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Mass migration from Venezuela has increased malaria resurgence risk across South America. During 2018, migrants
from Venezuela constituted 96% of imported malaria cases
along the Ecuador–Peru border. Plasmodium vivax predominated (96%). Autochthonous malaria cases emerged
in areas previously malaria-free. Heightened malaria control
and a response to this humanitarian crisis are imperative.

M

alaria is a vectorborne parasitic infection caused
by Plasmodium spp. and transmitted by Anopheles
mosquitoes, characterized by fever and hemolysis with
chronic and fatal potential (1). Despite substantial strides
toward elimination in the Americas, malaria remains a major concern; ≈975,700 cases occurred and 138 million persons were at risk in 2017 (2). Most malaria cases in South
America occur in the Amazon region, and P. vivax is more
common than P. falciparum (3).
P. vivax and P. falciparum malaria were historically
endemic to the Ecuador–Peru coastal border region. During 1990–2012, a total of 62,000 malaria cases were reported from El Oro Province, Ecuador, and 85,605 from
Tumbes Region, Peru (4). Through vector control and active case surveillance and response, malaria was eliminated from El Oro Province in 2011 and Tumbes Region
in 2012 (4). However, malaria cases elsewhere in Ecuador increased from 378 in 2013 (5) to 1,279 in 2017 (6).
Peru and other countries in the region also reported increased malaria in 2017, indicating a major risk for reintroduction to elimination areas (2). In 2017, Venezuela
alone accounted for more than half of all malaria cases in
the Americas (2).
The public health sector in Venezuela is struggling
with infectious disease epidemics, including malaria (7),
despite a historically successful malaria control program
(3). The worsening social and economic crisis has led to
large-scale migration from and within Venezuela. The
shortage of antimalarial drugs and lax in-country control
efforts have exacerbated the situation, affecting countries
throughout South America (8). Many people from Venezuela are migrating through Colombia and Ecuador to reach
Peru and the southern cone of South America, stopping at
various locations along the way (Figure). We report a series
of imported malaria cases in migrants from Venezuela and
the first autochthonous cases of malaria in the Ecuador–
Peru border region since local elimination.
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Figure. Probable migration route of
imported malaria cases described in
study of effects of political instability
in Venezuela on malaria resurgence
at the Ecuador–Peru border, 2018.
A) Locations of the 4 countries
along the migration route in South
America; B) El Oro Province and
Tumbes Region on the Ecuador–
Peru border. The city of Huaquillas,
Ecuador, is 70 km southwest of
Machala, the location of the single
autochthonous malaria case in this
province. Huaquillas is the primary
border crossing from Ecuador into
Peru. Tumbes, the source of the
3 autochthonous cases in Peru, is
the capital of Tumbes Region and
is 22 km from the border. Dashed
line in panel B broadly denotes
the migration route taken from
Venezuela through Colombia and
Ecuador to Peru. Note the proximity
of these countries and additional
potential malarial resurgence
through migration to Central
America, the Caribbean, and the
United States.

During February–November 2018, seven malaria
cases (6 P. vivax, 1 P. falciparum) were detected in adults
in El Oro Province and reported to the Ecuadorian Ministry of Health (Appendix, https://wwwnc.cdc.gov/EID/
article/25/4/18-1355-App1.pdf). Five cases occurred in recent migrants from Venezuela, and 1 was imported from
Peru. The most recent case (no. 7), reported in November
2018, was autochthonous. Plasmodium spp. infection was
confirmed at the national reference laboratory in Guayaquil, Ecuador. Active surveillance within 1 km of each
case-patient’s residence revealed no acute cases, and collateral thick blood smears were negative. Entomologic teams
documented Aedes aegypti and Culex spp. mosquitoes in
the homes but no Anopheles mosquitoes. The residences
all had basic infrastructure and no history of malaria since
local elimination in 2011.
During May–October 2018, a total of 20 P. vivax malaria cases were detected in adults in Tumbes Region and
reported to the Peruvian Ministry of Health (Appendix).
Seventeen cases occurred in Venezuelan migrants now

living in the province, and 3 were autochthonous cases in
persons residing in Tumbes. An epidemiologic investigation revealed that the autochthonous case-patients had no
history of travel outside of Tumbes Region.
We cannot definitively state whether the migrants from
Venezuela were exposed to malaria in Venezuela or during transit. Regardless, this population represents a highly
vulnerable group with complex treatment issues. Malaria
should be considered in the differential diagnosis for febrile
patients from Venezuela and for local populations in nearby
parts of South America. The transience of the migrant population presents treatment follow-up issues. The incubation
period for P. vivax malaria is 12–18 days and, for P. falciparum malaria, 9–14 days. Case-patients (Appendix) often
exhibited inadequately or untreated malaria. Imported cases are the likely source of the locally transmitted cases in
Tumbes Region and El Oro Province because the primary
mosquito vectors (An. albimanus and An. punctimacula)
remain abundant in this area (9). Another concern is relapse
of dormant P. vivax hypnozoites, which can occur up to
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several years after initial infection (1). Issues with primaquine (i.e., CYP2D6-poor metabolizers or hemolysis risk
in patients with glucose-6-phosphate dehydrogenase deficiency) complicate treatment of dormant hypnozoites that
cause relapse (1). A new treatment, tafenoquine, which still
causes hemolysis in glucose-6-phosphate dehydrogenase
deficiency, was recently approved in the United States as a
single dose for prevention of P. vivax malaria relapse (10),
although this medication might not reach at-risk groups in
South America. Ecuador and Peru currently follow the Pan
American Health Organization guidelines regarding primaquine use (https://www.paho.org/hq/dmdocuments/2011/
TreatmentGuidelines-2nd-ed-2010-eng.pdf).
Local ministries of health responded quickly to these
cases and implemented case surveillance. However, reductions in resources after elimination of local malaria transmission in 2011–2012 severely limited malaria control efforts in Ecuador and Peru. Imported cases of malaria at the
Ecuador–Peru border region pose a serious threat of continued resurgence in local transmission. We urge international
solutions for Venezuela’s humanitarian crisis and augmentation of infectious disease surveillance and control along
migration routes and in surrounding regions.
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We report Rickettsia parkeri and Candidatus Rickettsia
andeanae in ticks of the Amblyomma maculatum group
collected from dogs in Sonora, Mexico. Molecular characterization of these bacteria was accomplished by DNA amplification and sequence analysis of portions of the rickettsial genes gltA, htrA, ompA, and ompB.
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R

ickettsia parkeri, a member of the spotted fever group
Rickettsia (SFGR), was initially identified in Amblyomma
maculatum ticks in 1937, but not until 2004 was the first confirmed human infection reported (1). Through 2018, at least
9 cases of R. parkeri rickettsiosis have been identified across
several mountainous locations in southern Arizona close to the
US–Mexico border, and ticks of the A. maculatum group infected with R. parkeri have been collected from this region (2).
Epidemic levels of Rocky Mountain spotted fever
(RMSF), a severe and frequently fatal spotted fever rickettsiosis, have been identified throughout regions of northern Mexico, including the state of Sonora (3). R. rickettsii
(the agent of RMSF) is the only SFGR species linked with
spotted fever rickettsiosis in Sonora; nonetheless, a unique
lineage of R. parkeri associated with the Dermacentor parumapertus tick was reported recently from northern Mexico
(4). Sonora shares an international border with Arizona; the
recent identification of R. parkeri in Amblyomma ticks in
southern Arizona (2) prompted our investigation during July
2016 for ticks in northern Sonora to determine whether another pathogenic SFGR species could also exist in Mexico.
The study area comprised 3 localities in Sonora (Yecora, 28°22′16″N, 108°55′32″W; Matarachi, 28°73′54′′N,
108°95′87′′W; and Mulatos, 28°65′85′′N, 108°74′78′′W)
(Figure), each with a humid subtropical climate situated at
≈1,500 m, with vegetation comprising predominantly oak
forests and grasslands (Appendix Figure, panel A, https://
wwwnc.cdc.gov/EID/article/25/4/18-1507-App1.pdf).
During August 2016 and September 2017, we inspected
free-roaming dogs (Canis lupus familiaris) for attached or
crawling ticks (Appendix Figure, panel B). We identified
ticks using morphological characteristics (5).

For ticks collected in 2016, we dissected a portion
of the posterolateral idiosoma from each specimen and
extracted DNA using a DNeasy Blood and Tissue Kit
(QIAGEN, https://www.qiagen.com). We screened DNA
extracts using a Rickettsia genus–specific real-time PCR
with primers PanR8_F and PanR8_R, probe PanR8_P (6),
and 5 μL of DNA template. Samples with cycle threshold values <40 were tested by a PCR targeting a segment
of the ompA gene using primers Rr190.70p and 190–701
(7). We also tested 1 positive sample using a nested PCR
to amplify a segment of the 17-kDa antigen gene with
primers R17122 and R17500 (8) in the primary amplification and TZ15 and TZ16 (9) in the nested amplification.
Specimens collected in 2017 were processed similarly;
however, we screened DNA extracts using a conventional
PCR to amplify a segment of the gltA gene (4). We subsequently tested positive samples by conventional PCRs
targeting fragments of the ompA and ompB, genes using
primers and conditions described elsewhere (4). PCR
products were sequenced using an ABI 3500 genetic analyzer with a BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, https://www.thermofisher.com).
Sequences were assembled using Geneious R10 (Biomatters Ltd., https://www.geneious.com) and compared with
GenBank data using blastn analysis (http://blast.ncbi.nlm.
nih.gov/Blast.cgi).
We collected a total of 31 A. maculatum group ticks
from northern Sonora (14 specimens from Yecora in 2016
and 17 from Matarachi and Mulatos in 2017). Three ticks
collected in 2017 were deposited as voucher specimens in
the Colección del Laboratorio de Acarología, Universidad
Nacional Autónoma de México (Mexico City, Mexico).
Figure. Locations where ticks
of the Amblyomma maculatum
group were collected (diamonds)
in a study of Rickettsia parkeri
and Candidatus Rickettsia
andeanae, Sonora, Mexico. A
layer of Google Maps was used
to construct the figure.
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We amplified a sequence demonstrating complete
identity to the homologous 590-bp segment of the ompA
gene of R. parkeri strain Maculatum 20 (GenBank accession no. U43802) from 1 (7%) of 14 ticks collected
in 2016. We further amplified sequences demonstrating
complete identities to the homologous segments of the
ompA (590 bp) and 17-kDa antigen (208 bp) genes of
Candidatus Rickettsia andeanae (GenBank accession nos.
KF179352 and KY402193, respectively) from another
tick in this group and sequences revealing complete identity to each other and to the homologous segments of the
gltA (760 bp), ompB (760 bp), and ompA (490 bp) genes
of R. parkeri strain Portsmouth (GenBank accession no.
CP003341.1) from 10 (71%) of 14 ticks evaluated from
the 2017 collection.
We identified DNA of R. parkeri and Candidatus
Rickettsia andeanae in A. maculatum group ticks in northern Sonora. R. parkeri causes a disease less severe than
RMSF and should be suspected in patients with an eschar, rash, and lymphadenopathy (1). The results of this
investigation suggest that R. parkeri could contribute
to at least some of the cases of spotted fever rickettsiosis described in Sonora and possibly in other regions
of Mexico where A. maculatum group ticks are found.
Differentiation between these 2 diseases is important,
principally because there are no reports of fatal disease
caused by R. parkeri. Nonetheless, clinical suspicion of
any SFGR requires immediate treatment with doxycycline. Candidatus Rickettsia andeanae, a SFGR of undetermined pathogenicity, has been detected in the United
States and Central and South America (2,10). Our findings highlight the need for specific diagnostic tests for
SFGR in Mexico that can identify other potential SFGR
of public health concern in this country.
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We identified an influenza B isolate harboring a Gly407Ser
neuraminidase substitution in an immunocompromised patient in Canada before antiviral therapy. This mutation mediated reduced susceptibility to oseltamivir, zanamivir, and peramivir, most likely by preventing interaction with the catalytic
Arg374 residue. The potential emergence of such variants
emphasizes the need for new antivirals.

N

euraminidase inhibitors (NAIs) are recommended for
the control of severe influenza A and B infections (1).
Nevertheless, antiviral resistance may emerge in immunocompromised persons, with major clinical implications (2).
In 2017–18, influenza B/Yamagata/16/88-like strains
accounted for 50% of seasonal infections in Canada (3).
In March 2018, we identified an influenza B/Yamagata/16/88–like variant containing a Gly407Ser NA substitution conferring reduced susceptibility to various NAIs.
This variant was recovered from an immunocompromised
patient before NAI therapy.
The 62-year-old woman, who had non-Hodgkin
lymphoma, underwent an autologous stem cell transplant in February 2017. In March 2018, she developed
therapy-related acute myeloid leukemia that failed to
respond to cytarabine treatment. During hospitalization,
she had influenza-like symptoms, with confirmed influenza B detection by RT-PCR. Oseltamivir (75 mg 2×/d)
was administered during March 27, 2018–April 4, 2018.
Because the patient’s respiratory symptoms worsened
and influenza B persisted despite treatment, we replaced
oseltamivir with intravenous zanamivir (600 mg 2×/d)
but switched back to oseltamivir because of respiratory
distress episodes. Ultimately, the patient opted to stop
treatment and died a few days later.
We sequenced the viral hemagglutinin (HA) and
NA genes from nasopharyngeal swab specimens using the ABI 3730 analyzer (Thermo Fisher, https://
www.thermofisher.com). The HA (GenBank accession no. MH450013) and NA (GenBank accession no.
MH449670) sequences from the March 27, 2018, specimen (pretherapy: B/Quebec/1182C/2018) were identical

to the April 4, 2018, specimen (day 9 of oseltamivir therapy), sharing 99.5% aa identity with the HA
(GenBank accession no. EPI544262) and 98.7% with
the NA (GenBank accession no. EPI544263) of the B/
Phuket/3073/2013 vaccine strain. Both clinical samples
contained a Gly407Ser NA substitution, a marker of NAI
resistance (4). We cloned the NA gene from pre– and
post–oseltamivir therapy viruses into pJET cloning plasmid and sequenced 15 clones per virus. All NA clones
contained the Gly407Ser mutation.
We used an unrelated 2018 isolate (B/Quebec/88855/2018; GenBank accession nos. MH450019 for
HA, MH450017 for NA) as a wild-type control for further
in vitro characterization. B/Quebec/88855/2018 (wildtype) and B/Quebec/1182C/2018 (Gly407Ser) shared
99.8% aa HA and 99.4% aa NA identities.
We determined NAI 50% inhibitory concentrations
(IC50s) of isolates using fluorometric-based NA inhibition
assays (5) and evaluated their NA activity (Vmax [maximum
velocity of substrate conversion]) by performing enzyme
kinetics experiments (6). B/Quebec/1182C/2018 demonstrated reduced inhibition (RI; 5- to 50-fold increases in
IC50 over wild-type) (4) to oseltamivir, zanamivir, and
peramivir, showing 5.97-, 32.44-, and 38.34-fold increases in IC50s, respectively, over B/Quebec/88855/2018 WT
(Table). The last 2 isolates had similar NA activity (Vmax)
(Table). To confirm the role of the Gly407Ser mutation,
we expressed the recombinant wild-type and Gly407Ser
mutant proteins (obtained by PCR-mediated mutagenesis)
in 293T cells (7) and found that Gly407Ser also increased
oseltamivir, zanamivir, and peramivir IC50levels by 4.16-,
10.07- and 16.36-fold, respectively (Table).
We next evaluated replication kinetics of the wild-type
and Gly407Ser isolates in ST6GalI-MDCK cells. Mean
viral titers obtained with wild-type isolates were higher
than the mutant at 24 and 48 h postinfection (p<0.01);
comparable titers were obtained at 72 and 96 h postinfection (Appendix Figure 1, http://wwwnc.cdc.gov/EID/
article/25/4/18-1554-App1.pdf). To assess genetic stability, we sequenced the HA/NA genes after 4 passages in

Table. Susceptibility profiles and NA activity of influenza B virus isolates and susceptibility profiles of recombinant influenza B NAs
determined by assays using the fluorescent MUNANA substrate, Canada*
IC50 in nM + SD (fold increase) [phenotype]†
NA activity,
Sample type
Oseltamivir
Zanamivir
Peramivir
Vmax‡
Clinical isolate
B/Phuket/3073/2013, vaccine
18.98 + 3.89
0.70 + 0.17
0.74 + 0.02
ND
B/Québec/88855/2018, WT
17.47 ± 1.43 (1) [NI]
0.85 ± 0.09 (1) [NI]
0.92 ± 0.09 (1) [NI]
2.24 ± 0.3
B/Québec/1182C/2018, Gly407Ser
104 + 14.62 (5.97) [RI] 27.58 + 2.56 (32.44) [RI] 26.08 + 0.1 (38.34) [RI]
2.18 + 0.47
Recombinant neuraminidase
B/Quebec/88855/2018, WT
11.16 + 5.25 (1) [NI]
0.97 + 0.27 (1) [NI]
0.76 + 0.19 (1) [NI]
ND
B/Quebec/88855/2018, Gly407Ser
46.52 + 12.58 (4.16) [NI] 9.77 + 0.90 (10.07) [RI] 12.44 + 5.47 (16.36) [RI]
ND

*Values are from a representative experiment performed in duplicate. IC50, 50% inhibitory concentration; MUNANA, 2 '-(4-methylumbelliferyl)-α-D-Nacteylneuraminic acid; NA, neuraminidase; NAI, neuraminidase inhibitor; ND, not done; NI, normal inhibition (<5-fold increase in IC50 over WT); RI,
reduced inhibition (5- to 50-fold increase in IC50 over WT); Vmax, maximum velocity of substrate conversion; WT, wild type.
†The phenotype of susceptibility to NAI following the World Health Organization guidelines.
‡Numbers indicate mean Vmax values (U/sec) ± SD of a kinetics experiment performed in triplicate.
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ST6GalI-MDCK cells and found that Gly407Ser was conserved with no additional sequence alterations, suggesting
genetic stability of the NA mutant.
Finally, we performed molecular dynamics simulations
for deciphering the mechanism of cross-RI displayed by
Gly407Ser (Appendix). Our model suggests that Gly407Ser
affects interaction networks involving a key arginine residue
within the NA active site (Arg374) (8) and neighboring residues (Appendix Figure 2). In the wild-type protein, Arg374
forms hydrogen bonds with NAIs (Appendix Figure 2, panels
A–C). There is a hydrogen bond between the Gly407 amine
and the Arg374 carbonyl, and between the Trp408 amine and
the Glu428 carbonyl, in addition to hydrophobic interactions
between Trp408 and Val430 side chains. In the Gly407Ser
variant, the orientation of Arg374 prevents hydrogen bond
formation with NAIs (Appendix Figure 2, panels D–F). A hydrogen bond exists between the Ser407 amine and the Arg374
carbonyl and between the Ser407 side chain hydroxyl and the
Glu428 carbonyl, in addition to hydrophobic interactions between the Trp408 and the Arg374 side chains.
In 2007, a Gly407Ser influenza B variant was recovered from a child after 3 days of oseltamivir therapy
(9). That variant displayed 4- and 7-fold increases in oseltamivir and zanamivir IC50levels, respectively, with an
unexplained mechanism (9). Here, we identified a contemporary Gly407Ser influenza B variant in a patient before NAI therapy and propose a molecular mechanism for
such a cross-RI phenotype. We cannot exclude nosocomial transmission of this virus despite evidence for some
alteration in replication kinetics. The Gly407Ser mutation
was detected in the absence of NAI constituting 100% of
sequenced clones, did not affect NA activity, and was conserved after in vitro passages. Thus, such a variant may
retain efficient transmissibility. Nevertheless, the effect of
this mutation in a suitable animal model (ferrets) remains
to be assessed. The potential for emergence of variants
with cross-RI to available NAIs in the absence of treatment emphasizes the need for novel antiviral strategies
(including combinations) against influenza B viruses.
This work was supported by a Canadian Institutes of Health Research (CIHR) foundation grant to G.B. (grant No. 229733) for a
research program on the pathogenesis, treatment, and prevention
of respiratory and herpes viruses.
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Current standard therapies for toxoplasmic encephalitis often
cause severe adverse events. A 57-year-old HIV-positive man
in Japan who had toxoplasmic encephalitis but was intolerant
to trimethoprim/sulfamethoxazole, pyrimethamine, sulfadiazine, and atovaquone was successfully treated with the combination of clindamycin and azithromycin. This drug combination
can be an alternative treatment for this condition.

C

urrent treatment guidelines for toxoplasmic encephalitis (TE) (1) recommend either pyrimethamine plus
sulfadiazine or pyrimethamine plus clindamycin; trimethoprim/sulfamethoxazole is also known to have comparable potency (2). However, kidney, liver, and hematologic
toxicity, as well as hypersensitivities, often have been reported (2), and few alternatives are available. We report a
TE patient who experienced severe toxicity after all standard regimens but was successfully treated with a combination of clindamycin and azithromycin.
A 57-year-old man sought care at the National Centre
for Global Health and Medicine (Tokyo, Japan) with fever
and mild disorientation. On examination, he was febrile
and drowsy with slurred speech. He did not exhibit any apparent focal neurologic deficits.
Blood laboratory test results (reference ranges) were
as follows: hemoglobin, 10.4 g/dL (13.7–16.8 g/dL); total leukocyte count, 6.81 × 103 cells/L (3.3–8.6 × 103
cells/L); platelet count, 2.43 × 105/L (1.58–3.48 × 105/L);
β-d-glucan, 118.4 pg/mL (<20.0 pg/mL); CD4+ count, 58
cells/µL (500–1,500 cells/µL); and HIV RNA, 5.1 × 105
copies/mL (undetected). Brain magnetic resonance imaging results indicated 3 lesions with high intensity on T2weighted images and irregular ring enhancement. The lesions were in the right frontal lobe (diameter 15.6 mm),
left globus pallidus (diameter 17.5 mm), and body of the
caudate nucleus extending to the left thalamus (diameter
16.2 mm; Figure, panel A). For cerebrospinal fluid (CSF),
laboratory test results (reference ranges) were as follows:
leukocyte count 0.3 cells/mm3 (0–5 cells/mm3); protein, 39

mg/dL (15.8–52.6 mg/dL); glucose, 54 mg/dL (47–69 mg/
dL); and adenosine deaminase, 2.2 U/L (0–20 U/L). Results of real-time PCR were negative for Mycobacterium,
Epstein–Barr virus, cytomegalovirus, herpes simplex virus,
and JC virus in CSF. Despite mild elevation of β-d-glucan,
results of cryptococcal antigen testing were negative. No
brain biopsy was performed. Although serum toxoplasma
IgM and IgG titers were initially negative, IgG seroconversion was observed in serial tests 6 months (9.2 IU/mL) and
12 months (39.7 IU/mL) later. Toxoplasma nucleic acid in
CSF was detected using a loop-mediated isothermal amplification technique (LAMP) with previously validated
methods (3).
Trimethoprim/sulfamethoxazole (10 mg/kg/d trimethoprim) was first initiated because of limited availability
of pyrimethamine plus sulfadiazine at the time, but acute
liver toxicity developed on treatment day 6 (increases in
levels of aminotransferase/alanine aminotransferase from
24/20 IU/L to 127/145 IU/L[(reference 10–42 IU/L]). Pyrimethamine plus sulfadiazine was started on treatment
day 7. However, on day 9, acute renal failure developed
because of obstructive urolithiasis caused by sulfadiazine
crystals. After the patient was switched to pyrimethamine
plus clindamycin, his renal function persistently worsened,
and a drug-induced lymphocyte stimulation test suggested
that pyrimethamine was responsible for the acute renal failure. A switch to atovaquone on treatment day 12 resulted in
thrombocytopenia by day 17.
After switching to the combination of clindamycin
(2,400 mg/d) and azithromycin (1,200 mg/d), the patient
did not experience any apparent adverse effects or show
abnormal laboratory values. He successfully started antiretroviral therapy for his HIV infection during week 6.
Repeated brain magnetic resonance imaging performed 1,
3, and 8 months after presentation showed all lesions had
substantially decreased, and only a residual nonenhancing
lesion was observed 12 months after presentation (Figure,
panels B–D). The patient has continued maintenance therapy with the same dose of clindamycin and azithromycin
without any symptoms of relapse or immune reconstitution
inflammatory syndrome.
Several reports have documented the high prevalence of various adverse events associated with the
aforementioned standard therapies for TE (2,4), but little
information is available regarding the efficacy of alternative drugs. Although atovaquone is the only safe alternative agent for which efficacy and safety have been
relatively well established, it has been proven to be less
potent than standard therapies (5).
Clindamycin has in vitro activity against Toxoplasma
gondii, inhibitory effects in vivo at lower concentrations (6),
and the ability to penetrate into CSF (7), suggesting that it is a
promising alternative agent for TE treatment. More important,
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Figure. Serial brain magnetic resonance imaging results for a 57-year-old man with Toxoplasma gondii encephalitis, Tokyo, Japan.
A) All 3 lesions were evident when the patient first sought care. B) Chronologic changes are shown of the lesion in the right frontal lobe
in response to antitoxoplasmic therapy after 1 (left), 3 (center), and 12 (right) months.

clindamycin causes far fewer adverse events than sulfadiazine (2,4). Although the potency of clindamycin monotherapy has not been assessed, some case reports suggested its
effectiveness (8). Therefore, a clindamycin-containing combination with potent agents other than pyrimethamine may
be a reasonable treatment option for TE treatment.
Macrolides also have displayed substantial in vitro efficacy against T. gondii (9). A phase I/II dose-escalation study
of oral azithromycin in combination with pyrimethamine revealed the relative efficacy and safety of the regimen (10).
Azithromycin combined with a potent agent other than pyrimethamine, such as clindamycin, can be theoretically expected to be a safe and effective option. Further study should
be conducted to establish safer treatment options for TE.
The continuous reduction in the size of the lesion in
the patient we report was partly explained by his good immune recovery. Our results suggest that the combination
of clindamycin and macrolides could be a safer and potent
alternative therapy for patients who are intolerant of current standard regimens.
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W

ell-written and inspirational,
The Task Force for Child
Survival: Secrets of Successful Coalitions is a firsthand perspective on
the creation and history of one of the
most successful coalitions in global
health. An expert authority on vaccine programs and global health,
author William H. Foege, former
director of the US Centers for Disease Control and Prevention, was
the lead architect of the Task Force.
Formed in 1984, the goal of the Task Force was to facilitate
the work of the World Health Organization and UNICEF to
improve global immunization coverage in children. At that
time, 4.3 million deaths occurred per year, >12,000 children per day, from vaccine-preventable diseases measles,
tetanus, and pertussis alone. To increase vaccine coverage,
the Task Force had to overcome several complicated logistical issues, have an optimistic outlook despite the reality
of what was feasible, and have the dedication of passionate
individuals working as a team. Increasing vaccination coverage was a daunting task, yet they achieved success where
other organizations had failed.
The Task Force also worked to increase access to Mectizan, a preventive medicine for onchocerciasis, also known
as river blindness. Previous programs sought to control the
black flies that transmit the disease-causing parasitic worm
Onchocerca volvulus, without much success. The historical description of the Mectizan program, including how the
drug was developed and donated free of charge by Merck
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until the disease is eliminated, is captivating reading. The
Task Force worked alongside Merck and became a crucial
partner in the distribution and oversight of the drug, including surveillance for side effects. The program grew as the
drug was shown to be safe and effective, reaching 6 million
people within 4 years, and eventually 20 million people per
year, with assistance from the World Bank.
A chronological account of the Task Force is the first
aim of the book, which will be fascinating reading for
those training or already working in global health, public
health, infectious diseases, or immunization programs. The
author’s second purpose is to describe how successful coalitions develop and function. His insights are instructive
reading for anyone currently a member of or tasked with
creating a coalition or a collaborative endeavor. The short
chapter “How Productive Coalitions Begin” and another,
“Lessons Learned,” contain crucial messages for building
and sustaining functional coalitions, such as obtain commitment of partner agency leaders; have a shared, well-defined, and attainable goal (in this case 80% of the world’s
children would receive at least 1 vaccine by 1990); get input
from those in the trenches on major barriers; prioritize good
communications with all stakeholders; and emphasize the
need for “ego suppression.” Dr. Foege stresses that “guarding turf, seeking credit or becoming the spokesperson is
hazardous to the health of the coalition.” His description of
great leadership and how successful coalitions and collaborations function underscores how vital both are to solving
future problems in public health.
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Untung Yuli Prastiawan (aka Wawan Geni) (1982–). The Little Time, 2017 (detail). Burning techniques applied to canvas,
35.4 in × 27.6 in/90 cm × 70 cm. Wawan Geni Collection. Digital image courtesy of Wawan Geni.

Finesse and Fire, Creativity and Combustion
Byron Breedlove

T

he Republic of Indonesia is the world’s fourth most
populous country, the largest archipelago nation, one
of the world’s most biodiverse regions, and the country
with the most active volcanoes. Vectorborne infections
spread by mosquitoes pose a significant health burden for
this equatorial nation. For Indonesia, World Health Organization data indicate that the incidence of malaria in 2015
was 26.10 new cases of malaria per 1,000 population at
risk, 41st among all countries. Indonesia also has one of the
highest burdens of dengue fever, and Japanese encephalitis
and chikungunya are endemic there. Small wonder that a
May 2014 article in the Business Nikkei Asian Review reports, “Some 4 billion mosquito coils are sold annually in
the tropical archipelago.”
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2504.AC2504

Indonesian artist Untung Yuli Prastiawan, also known
as Wawan Geni (“geni” in Javanese means fire), has purchased more than his fair share of those coils―but not for
warding off mosquitoes. He uses them to create detailed
works of art. Prastiawan is from Magelang in Central Java,
Indonesia, and is a graduate of the Indonesian Institute of
the Arts. He started his career as an oil painter. In 2003, he
had the idea of creating images by burning them on drawing paper. Initially, he worked with incense, burnt sticks,
and blackened firewood as his “brushes.” Dissatisfied with
those results, he continued experimenting and discovered
that the glowing embers from mosquito coils and cigarettes
accorded him the precision and control he was seeking from
a combustible medium. His unusual painting technique has
garnered Prastiawan many awards, including special recognition by the Indonesian World Records Museum in 2006.
Videos available on the Internet offer a glimpse of Prastiawan at work. He starts with a blank canvas or sheet of
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thick drawing paper, a stack of mosquito coils, and numerous cigarettes piled pell-mell. After soaking the coils in water, Prastiawan snaps them apart, lights a section, and darkens the canvas by using the smoldering tip of the coil like a
charcoal pencil and the cigarette like a miniature blowtorch
on the tip of the coil. As he blows on an ember, he balances
finesse and fire until detailed sepia-tinged shapes and images emerge. The artist cautiously and continually gauges
how much heat he is applying and even heeds subtle shifts
in wind direction throughout the process.
Completing each drawing, depending on its size and
complexity, typically requires months of work, thousands
of exhales, and, according to the artist, typically around 18
packages of mosquito coils. In a sense, Prastiawan’s unusual approach to art embodies the notion of surrealist painter
and sculptor Joan Miro that “the works must be conceived
with fire in the soul but executed with clinical coolness.”
According to Prastiawan, “The Little Time,” this
month’s cover image, is “about my daily life when I was
a child” (pers. comm., 2019 Feb. 14). In this drawing, he
pays homage to his traditional culture by portraying a group
of barefoot boys unfurling their kites and gazing toward the
sky. More children can be seen near the fence that separates
the field from a strip of forest. The temple visible on the
hilltop before a low range of mountains is actually Borobudur, the 9th century Buddhist temple in Magelang that
was built from volcanic stones and designated a UNESCO
World Heritage Site. Prastiawan fills the canvas with delicately rendered textures of trees, grasses, and clouds, the
interplay between light and shadow, and even a miniature
scene on the pant leg of the boy on the right. “The Little
Time” is an idyllic image, free from irony, save the fact that
the artist said that it took him 5 months to finish.
It seems a safe assumption that Japanese entrepreneur
Eiichiro Ueyama, who invented the spiral mosquito coil,
never envisioned it could also be an instrument for creating art. For more than a decade, Ueyama persistently experimented with mixtures of pyrethrum powder and other
ingredients and with various manufacturing techniques but
failed to create a long-lasting combustible insect repellent.
Early prototypes included sticks and bars, neither of which
worked as he envisioned. His wife, Yuki, suggested the spiral shape, and Ueyama then spent 7 years perfecting the
product, finally marketing the first coils in 1902.
Despite their widespread use, mosquito coils have not
been demonstrated to prevent malaria infection, though
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evidence indicates that they reduce nuisance bites from
mosquitoes. To decrease the global health burden of disease caused by vectorborne infections, researchers and
public health experts continue to develop and evaluate
inventive approaches, including enhanced surveillance,
smart mosquito traps, biotechnology tactics, and new and
improved vaccines. Those endeavors will be aided by
the blend of creativity, finesse, and tenacity exhibited by
Prastiawan in his novel, painstaking approach to his art
and by Ueyama in his unrelenting drive to create a viable
mosquito repellent.
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NEWS AND NOTES

Upcoming Infectious
Disease Activities
April 13–16, 2019

Upcoming Issue

• Outbreak of Nontuberculous Mycobacteria Joint Prosthesis Infections,
Oregon, USA, 2010–2016
• Novel Sequence Type in Bacillus cereus Strains Associated with
Nosocomial Infections and Bacteremia, Japan
• Formaldehyde and Glutaraldehyde Inactivation of Bacterial Tier I
Select Agents in Tissues
• Infectious Dose of African Swine Fever Virus When Consumed
Naturally in Liquid or Feed
• Serologic Prevalence of Ebola Virus in Equatorial Africa
• Management of Central Nervous System Infections, Vientiane, Laos,
2003–2011
• Recurrent Cholera Outbreaks, Democratic Republic of the Congo,
2008–2017
• Lassa Virus Targeting of Anterior Uvea and Endothelium of Cornea and
Conjunctiva in Eye of Guinea Pig Model
• Neonatal Conjunctivitis Caused by Neisseria meningitidis of US
Urethritis Clade, New York City, New York, USA, August 2017
• Estimating Risk to Responders Exposed to Avian Influenza A H5 and
H7 Viruses in Poultry, United States, 2014–2017
• Genetic Characterization of Middle East Respiratory Syndrome
Coronavirus, South Korea, 2018
• Anthrax Epizootic in Wildlife, Bwabwata National Park, Namibia, 2017
• Analysis of Francisella tularensis Group A.II Isolates from 5 Human
Tularemia Cases, Arizona, USA, 2015–2017
• Value of PCR, Serology, and Blood Smears for Human Granulocytic
Anaplasmosis Diagnosis, France
• Population-Based Estimate of Melioidosis, Kenya
• Severe Myasthenic Manifestation of Leptospirosis Associated with a
New Sequence Type of Leptospira interrogans
• Lassa and Crimean-Congo Hemorrhagic Fever Viruses, Mali
• Nipah Virus Infections among Patient Contacts, India
• Nipah Virus Sequences from Humans and Bats during Nipah
Outbreak, Kerala, India, 2018
Complete list of articles in the May issue at
http://www.cdc.gov/eid/upcoming.htm

European Congress of Clinical Microbiology
and Infectious Diseases
29th Annual Congress
Amsterdam, Netherlands
http://www.eccmid.org/

April 16–18, 2019

International Conference on
One Health Antimicrobial Resistance
Amsterdam, Netherlands
https://www.escmid.org/ICOHAR2019/

May 5–9, 2019

ASM Clinical Virology Symposium
Savannah, GA, USA
https://10times.com/clinical-virologysymposium

June 20–24, 2019

ASM Microbe 2019
San Francisco, CA, USA
https://www.asm.org/index.php/
asm-microbe-2018

June 23–28, 2019

Biology of Vector-borne Diseases
Six-Day Training Course
Moscow, ID, USA
https://www.uidaho.edu/cals/center-forhealth-in-the-human-ecosystem/education/
vector-borne-diseases

July 14–17, 2019

STI and HIV 2019 World Congress
Vancouver, BC, Canada
http://stihiv2019vancouver.com

July 20–24, 2019

American Society for Virology
Minneapolis, MN, USA
http:// www.asv.org

July 21–24, 2019

International Aids Society 2019
Mexico City, Mexico
http:// www.ias2019.org

August 12–23, 2019

16th International Course on Dengue, Zika
and other Emergent Arboviruses
Havana, Cuba
http://instituciones.sld.cu/ipk/
16th-international-course-on-dengue-zikaand-other-emergent-arboviruses/

Email announcements to EIDEditor
(eideditor@cdc.gov). Include the event’s
date, location, sponsoring organization,
and a website. Some events may appear
only on EID’s website, depending on
their dates.
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Earning CME Credit

To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the
following, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn
continuing medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained
for tests completed on paper, although you may use the worksheet below to keep a record of your answers.
You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org,
please click on the “Register” link on the right hand side of the website.
Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition
Award (AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on
this award, please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who
participate in this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made
with agencies in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you
are not licensed in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it
to your national medical association for review.

Article Title
Clinical Manifestations and Molecular Diagnosis of Scrub Typhus
and Murine Typhus, Vietnam, 2015–2017
CME Questions
1. You are advising a hospital in Hanoi, Vietnam,
regarding anticipated needs for management of
rickettsioses. According to the prospective, hospitalbased study at 2 national referral hospitals in Hanoi
by Trung and colleagues, which of the following
statements about the epidemiological features of
scrub typhus and murine typhus in northern Vietnam
from 2015 to 2017 is correct?
A.
B.
C.
D.

Murine typhus was the predominant rickettsial disease
diagnosed among hospitalized patients with acute
undifferentiated fever in northern Vietnam
Scrub typhus was confirmed in 5.5% of patients
Rickettsioses peaked during the summer rainy
season when vector populations are most abundant
and active
Average age of quantitative PCR (qPCR) (+) scrub
typhus cases and eschar (+)-qPCR (−) cases in this
study was 20.3 years

2. According to the prospective, hospital-based study
at 2 national referral hospitals in Hanoi by Trung and
colleagues, which of the following statements about
the clinical characteristics of scrub typhus and murine
typhus in northern Vietnam is correct?
A.
B.

848

20% of patients with scrub typhus had eschars
Cough, vomiting, and diarrhea were the most common
symptoms among patients with qPCR positivity

C.
D.

Patients with murine typhus had a higher frequency of
lymphadenopathy
Complications of scrub typhus include jaundice,
meningoencephalitis, myocarditis, acute respiratory
distress syndrome, and renal failure; case-fatality rate
was 4.9%

3. According to the prospective, hospital-based study
at 2 national referral hospitals in Hanoi by Trung and
colleagues, which of the following statements about
laboratory findings of scrub typhus and murine typhus
in northern Vietnam is correct?
A.

B.

C.
D.

Prevalence of IgG against scrub typhus orientiae
(STGO), typhus group rickettsiae (TGR), and
spotted fever group rickettsiae (SFGR) among
patients with suspected rickettsiosis was 5.0%, 1.7%,
and 0.8%, respectively
Prevalence of IgG against STGO, TGR, and SFGR
in this study was highly similar to that previously
reported among healthy persons in a rural and urban
area of Hanoi
Liver function test results were elevated in
patients with scrub typhus but not in patients with
murine typhus
The diagnosis of scrub typhus can be serologically
confirmed using only acute samples
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reemerging infectious diseases around the world and improve the understanding of factors involved in disease emergence, prevention, and elimination.
The journal is intended for professionals in infectious diseases and related sciences. We welcome contributions from infectious disease specialists in
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Summary of Authors’ Instructions
Authors’ Instructions. For a complete list of EID’s manuscript guidelines, see the
author resource page: http://wwwnc.cdc.gov/eid/page/author-resource-center.
Manuscript Submission. To submit a manuscript, access Manuscript Central from
the Emerging Infectious Diseases web page (www.cdc.gov/eid). Include a cover letter
indicating the proposed category of the article (e.g., Research, Dispatch), verifying the
word and reference counts, and confirming that the final manuscript has been seen and
approved by all authors. Complete provided Authors Checklist.
Manuscript Preparation. For word processing, use MS Word. Set the document
to show continuous line numbers. List the following information in this order: title page,
article summary line, keywords, abstract, text, acknowledgments, biographical sketch,
references, tables, and figure legends. Appendix materials and figures should be in
separate files.
Title Page. Give complete information about each author (i.e., full name, graduate
degree(s), affiliation, and the name of the institution in which the work was done). Clearly
identify the corresponding author and provide that author’s mailing address (include phone
number, fax number, and email address). Include separate word counts for abstract and text.
Keywords. Use terms as listed in the National Library of Medicine Medical
Subject Headings index (www.ncbi.nlm.nih.gov/mesh).
Text. Double-space everything, including the title page, abstract, references, tables,
and figure legends. Indent paragraphs; leave no extra space between paragraphs. After
a period, leave only one space before beginning the next sentence. Use 12-point Times
New Roman font and format with ragged right margins (left align). Italicize (rather than
underline) scientific names when needed.
Biographical Sketch. Include a short biographical sketch of the first author—both
authors if only two. Include affiliations and the author’s primary research interests.
References. Follow Uniform Requirements (www.icmje.org/index.html). Do not
use endnotes for references. Place reference numbers in parentheses, not superscripts. Number citations in order of appearance (including in text, figures, and tables).
Cite personal communications, unpublished data, and manuscripts in preparation or
submitted for publication in parentheses in text. Consult List of Journals Indexed in
Index Medicus for accepted journal abbreviations; if a journal is not listed, spell out
the journal title. List the first six authors followed by “et al.” Do not cite references in
the abstract.
Tables. Provide tables within the manuscript file, not as separate files. Use the MS
Word table tool, no columns, tabs, spaces, or other programs. Footnote any use of boldface. Tables should be no wider than 17 cm. Condense or divide larger tables. Extensive
tables may be made available online only.
Figures. Submit editable figures as separate files (e.g., Microsoft Excel, PowerPoint).
Photographs should be submitted as high-resolution (600 dpi) .tif or .jpg files. Do not embed
figures in the manuscript file. Use Arial 10 pt. or 12 pt. font for lettering so that figures, symbols, lettering, and numbering can remain legible when reduced to print size. Place figure
keys within the figure. Figure legends should be placed at the end of the manuscript file.
Videos. Submit as AVI, MOV, MPG, MPEG, or WMV. Videos should not exceed 5
minutes and should include an audio description and complete captioning. If audio is
not available, provide a description of the action in the video as a separate Word file.
Published or copyrighted material (e.g., music) is discouraged and must be accompanied
by written release. If video is part of a manuscript, files must be uploaded with manuscript submission. When uploading, choose “Video” file. Include a brief video legend in
the manuscript file.

Types of Articles
Perspectives. Articles should not exceed 3,500 words and 50 references. Use of
subheadings in the main body of the text is recommended. Photographs and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence summary, and
biographical sketch. Articles should provide insightful analysis and commentary about
new and reemerging infectious diseases and related issues. Perspectives may address
factors known to influence the emergence of diseases, including microbial adaptation and
change, human demographics and behavior, technology and industry, economic development and land use, international travel and commerce, and the breakdown of public
health measures.
Synopses. Articles should not exceed 3,500 words in the main body of the text
or include more than 50 references. Use of subheadings in the main body of the
text is recommended. Photographs and illustrations are encouraged. Provide a short
abstract (not to exceed 150 words), a 1-line summary of the conclusions, and a brief

biographical sketch of first author or of both authors if only 2 authors. This section
comprises case series papers and concise reviews of infectious diseases or closely
related topics. Preference is given to reviews of new and emerging diseases; however, timely updates of other diseases or topics are also welcome. If detailed methods
are included, a separate section on experimental procedures should immediately follow the body of the text.
Research. Articles should not exceed 3,500 words and 50 references. Use of subheadings in the main body of the text is recommended. Photographs and illustrations are
encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical
sketch. Report laboratory and epidemiologic results within a public health perspective.
Explain the value of the research in public health terms and place the findings in a larger
perspective (i.e., “Here is what we found, and here is what the findings mean”).
Policy and Historical Reviews. Articles should not exceed 3,500 words and 50 references. Use of subheadings in the main body of the text is recommended. Photographs
and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical sketch. Articles in this section include public health policy or historical reports that are based on research and analysis of emerging disease issues.
Dispatches. Articles should be no more than 1,200 words and need not be divided
into sections. If subheadings are used, they should be general, e.g., “The Study” and
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or illustrations (not to exceed 2); tables (not to exceed 2); and biographical sketch. Dispatches are updates on infectious disease trends and research that include descriptions
of new methods for detecting, characterizing, or subtyping new or reemerging pathogens.
Developments in antimicrobial drugs, vaccines, or infectious disease prevention or elimination programs are appropriate. Case reports are also welcome.
Research Letters Reporting Cases, Outbreaks, or Original Research. EID
publishes letters that report cases, outbreaks, or original research as Research Letters.
Authors should provide a short abstract (50-word maximum), references (not to exceed
10), and a short biographical sketch. These letters should not exceed 800 words in the
main body of the text and may include either 1 figure or 1 table. Do not divide Research
Letters into sections.
Letters Commenting on Articles. Letters commenting on articles should contain a
maximum of 300 words and 5 references; they are more likely to be published if submitted
within 4 weeks of the original article’s publication.
Commentaries. Thoughtful discussions (500–1,000 words) of current topics.
Commentaries may contain references (not to exceed 15) but no abstract, figures, or
tables. Include biographical sketch.
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issues related to science, medical practice, and human health. Topics may include science and the human condition, the unanticipated side of epidemic investigations, or how
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compassion for human suffering and to expand the science reader’s literary scope.
Manuscripts are selected for publication as much for their content (the experiences they
describe) as for their literary merit. Include biographical sketch.
Books, Other Media. Reviews (250–500 words) of new books or other media on
emerging disease issues are welcome. Title, author(s), publisher, number of pages, and
other pertinent details should be included.
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illustrations, references, and links to full reports of conference activities.
Online Reports. Reports on consensus group meetings, workshops, and other activities in which suggestions for diagnostic, treatment, or reporting methods related to
infectious disease topics are formulated may be published online only. These should not
exceed 3,500 words and should be authored by the group. We do not publish official
guidelines or policy recommendations.
Photo Quiz. The photo quiz (1,200 words) highlights a person who made notable
contributions to public health and medicine. Provide a photo of the subject, a brief clue
to the person’s identity, and five possible answers, followed by an essay describing the
person’s life and his or her significance to public health, science, and infectious disease.
Etymologia. Etymologia (100 words, 5 references). We welcome thoroughly researched
derivations of emerging disease terms. Historical and other context could be included.
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our readers. Announcements may be posted online only, depending on the event date.
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