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studied 41 patients <20 years of age who had died of
pandemic (H1N1) 2009 through March 31, 2010. Data
were collected through interviews with attending physicians
and chart reviews. Median age of patients was 59 months;
one third had a preexisting condition. Cause of death was
categorized as unexpected cardiopulmonary arrest for 15
patients, encephalopathy for 15, and respiratory failure
for 6. Preexisting respiratory or neurologic disorders were
more frequent in patients with respiratory failure and less
frequent in patients with unexpected cardiopulmonary
arrest. The leading causes of death among children with
pandemic (H1N1) 2009 in Japan were encephalopathy and
unexpected cardiopulmonary arrest. Deaths associated with
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respiratory failure were infrequent and occurred primarily
among children with preexisting conditions. Vaccine use
and public education are necessary for reducing influenza-
associated illness and death.

Anovel reassortant strain of influenza A (HIN1) virus
containing swine, avian, and human elements (1)
emerged in Mexico in March 2009. The virus initially
spread within North America, causing severe respiratory
illnesses in Mexico (2) and the United States (3,4), and
then began to spread rapidly worldwide. On June 11, 2009,
the World Health Organization confirmed an influenza
pandemic.

In Japan, the first case of pandemic (HIN1) 2009 was
confirmed on May 16, 2009. The first outbreak occurred
in western Japan, where the number of cases increased
then decreased quickly. The second outbreak started in
early June and quickly spread to all parts of Japan. The
first death associated with pandemic (HIN1) 2009 in
Japan was confirmed August 15, and the first death of
a child occurred September 17. As of March 31, 2010,
the Ministry of Health, Labour, and Welfare (MHLW)
reported on its website (www.mhlw.go.jp/kinkyu/kenkou/
influenza/houdou.html) that 198 patients in Japan with
pandemic (HIN1) 2009 had died, of whom 41 were
children <20 years of age.

Several authors have reported that respiratory diseases
associated with pandemic (HIN1) 2009, including viral
pneumonia and acute lung injury, that required intensive
care occurred most often in children (5-16). In Japan,
hospitalizations of children because of severe pneumonia
or other respiratory complications increased (17). Concerns
were raised regarding deaths among children from acute
encephalopathy in association with pandemic (HIN1) 2009
because acute encephalopathy has been associated with
death from seasonal influenza in Japan (18,19). Neurologic
complications associated with pandemic (HIN1) 2009,
including acute encephalopathy, altered mental status,
and status epilepticus, also have been reported from other
countries (20-23).

Accurate data on the causes of death associated with
pandemic (HIN1) 2009 among children are necessary for
making a counterplan against future pandemic influenza.
We investigated detailed clinical data collected by MHLW
for children whose deaths were associated with pandemic
(HINT1) 2009. We focused on the direct cause of death and
clinical differences by cause of death.

Materials and Methods

After the first patient was identified in May 2009,
all medical professionals were required to report deaths
associated with pandemic (HIN1) 2009 to MHLW. Press
releases on patient deaths were provided on MHLW’s

1994

website. As of March 31, 2010, a total of 41 patients <20
years of age were listed.

Infection with pandemic (HINI) 2009 virus was
confirmed with nasal swab specimens or aspirates from
the nose, throat, or tracheal tube by using real-time
reverse transcription PCR (RT-PCR) at local public health
laboratories or the National Institute of Infectious Diseases
in Japan, according to the institute’s recommended protocol.
Samples for RT-PCR could not be obtained for 3 patients;
however, rapid antigen tests were positive for influenza A
for all 41 patients. Because influenza A viruses other than
pandemic (HIN1) 2009 virus were rarely isolated in Japan
during the study, these 3 patients were included in our
analysis.

Two research groups collaborated to collect detailed
data on deaths associated with pandemic (HIN1) 2009
among children. The collaborative study group comprised
3 chief members (A.O., S.N., and H.K.) and 6 assistant
members (T.M., O.S., J.F., C.T., SK,, and T.I.). During
February—June 2010, members of the collaborative study
group contacted the attending physician of each child who
died and visited the hospital to obtain detailed information.
We abstracted data from medical records by using a
structured report form and obtained demographic, clinical,
laboratory, and radiologic data from interviews with
attending physicians and chart reviews. Onset of influenza
was considered the time at which a temperature >38°C
was first recorded. The chief members of the study group
reevaluated chest radiographs; computed tomography
(CT) scan of the head, chest, and abdomen; and magnetic
resonance images of the head, including those obtained at
autopsy.

Cause of death (Table 1) for each patient was
categorized after the 3 chief members reviewed the detailed
clinical course and laboratory and radiologic data. At first,
each chief member independently presumed the cause of
death for each patient. When they agreed on the presumed
cause of death, it was adopted as a cause of death. When the
chief members disagreed, they reached a consensus on the
cause of death after discussion.

Because the study was considered to be a public health
activity entailing surveillance of deceased persons, approval
from an ethics committee or institutional review boards
at participating hospitals and informed consent were not
required. Anonymous data were collected retrospectively
and were kept confidential.

Statistical analyses were performed to identify
differences among patients by cause of death. Because
the number of patients who died of myocarditis and viral
sepsis was small, these cases were excluded from statistical
analyses. We also excluded 1 patient who died of presumed
incidental intracranial hemorrhage. The Kruskal-Wallis test
was used to compare numerical variables. When a p value

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 11, November 2011



Table 1. Causes of death for 41 patients <20 years of age with
pandemic (H1N1) 2009, Japan, May 2009—March 2010
Cause Definition
Unexpected Cardiopulmonary arrest without clear findings
cardiopulmonary of respiratory failure, cardiomyopathy, or
arrest encephalopathy
Respiratory Desaturation, need for oxygen
failure supplementation or mechanical ventilation or
both, associated with radiologic findings of
pneumonia or acute lung injury
Markedly reduced cardiac output, severe and
refractory arrhythmia, or severe circulatory
collapse
Refractory hypotension and rapidly
progressing multiorgan failure associated
with at least 2 of the following: tachypnea;
leukopenia <4000 cells/uL or leukocytosis
>12,000 cells/pL; tachycardia; body
temperature >38.0°C or <36.0°C; cold
extremities; and increased capillary refill time
At least 1 of the following: altered mental
state without profound respiratory and
cardiac failure or neuroimaging findings
consistent with encephalopathy such as
marked brain edema, focal lesions, and
blurred gray-white matter junction
Other findings that are not directly
attributable to influenza infection

Myocarditis

Viral sepsis

Encephalopathy

Incidental

<0.05 was obtained by Kruskal-Wallis test, post hoc testing
was performed by using the Tukey test. We compared
categorical variables by using the y? test. When the ¥ test
gave a p value <0.05, adjustment residual analysis was
performed. An absolute value of the adjustment residual >2
was considered significant.

Results

Study Population

Deaths included in the study were distributed almost
evenly throughout Japan. The timing of infection with
pandemic (HIN1) 2009 virus was concentrated primarily
during October 2009—January 2010 (Figure 1).

Median age of children was 59 months (range 7-206
months); 20 (49%) patients were 0—4 years of age and
12 (29%) were 5-9 years of age (Figure 1). Twenty-five
(61%) patients were boys. Fourteen (34%) patients had >1
preexisting conditions. Respiratory disorders (at least 1 of
asthma, chronic lung disease, or a disorder necessitating
tracheostomy) were present in 9 patients, none of whom
were receiving systemic corticosteroids. Neurologic
disorders (at least 1 of cerebral palsy, mental retardation,
epilepsy, or neuromuscular disease) were present in 11
patients, 9 of whom had >2 neurologic disorders, and 7 had
concurrent respiratory disorders. No patients had endocrine
or immunologic disorders or obesity. History of febrile
seizures was noted for 6 (15%) patients. One patient had
been vaccinated against pandemic (HIN1) 2009 virus and

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 17, No. 11, November 2011
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another 2 against seasonal influenza virus. The other 38 had
not been vaccinated against pandemic (HIN1) 2009 virus
or seasonal influenza virus. Close contact with a person
who had influenza within a few days before symptom onset
was reported for 15 (44%) of 34 patients for whom this
information was available.

Information about clinical signs and symptoms of
infection with pandemic (HIN1) 2009 virus was available
for all but 1 patient. Clinical signs included temperature
>38°C (40 [100%] patients), cough (20 [50%]), rhinorrhea
(12 [30%]), tachypnea (10 [25%]), dyspnea (12 [30%]), and
wheezing (6 [15%]). Vomiting was observed in 8 (20%)
patients; diarrhea (3 patients), tachycardia (3), headache
(1), and myalgia (2) were rare.

Influenza was diagnosed by rapid antigen test within
2 days after onset of fever for 39 (95%) patients. Before
the life-threatening event, 19 (46%) patients received
oseltamivir and 5 (12%) received zanamivir. These antiviral
drugs were prescribed soon after diagnosis of influenza by
rapid antigen test. Acetaminophen was administered to
13 (39%) of 33 patients for whom this information was
available.
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Figure 1. Timing of onset of pandemic (H1N1) 2009 in children and
patient age, Japan, May 2009—-March 2010. A) Date of iliness onset

for children >15 years of age compared with those <15 years of
age. B) No. patients at each age at time of iliness onset.
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For 34 (83%) children, a life-threatening event
occurred within 2 days after influenza onset (Figure 2).
Twenty-nine (71%) children died within 4 days after
influenza onset (Figure 2). Patient age, interval between
onset of fever and life-threatening event, or interval
between onset of fever and death did not differ by presence
or absence of preexisting conditions. Death was confirmed
in an emergency department for 14 patients, intensive care
unit for 13, inpatient ward for 12, outside of a hospital for
1, and outpatient clinic for 1.

Blood culture test results were positive for only 1 of
21 patients who had at least 1 blood culture; this patient
had had pneumonia associated with methicillin-resistant
Staphylococcus aureus (MRSA) before infection with
pandemic (HIN1) 2009 virus. Bacterial cultures from
respiratory tract samples were positive for 2 of 16 patients
(1 with MRSA and 1 with Streptococcus pneumoniae
infection). Information about pathologic findings was not
available for any of the 6 patients for whom postmortem
examinations were conducted.

Causes of Death

Cause of death was categorized as unexpected cardio-
pulmonary arrest (CPA) for 15 patients, encephalopathy for
15, respiratory failure for 6, myocarditis for 2, viral sepsis
for 2, and incidental for 1. Median age of patients who died
of unexpected CPA was 43 months. Only 1 of these patients
had a preexisting condition. For 13 patients, unexpected
CPA occurred outside the hospital; most patients were

A

20
15

10 -

No. patients

= |

o 1 2 3 4 5 & 7 8 9
Days from illness onset to life-threatening event

presumed to have been found several hours after CPA.
Two patients experienced unexpected CPA in the hospital,
1 in the outpatient clinic and 1 during hospitalization.
Chest radiographs and CT scans of the head and chest were
unremarkable for all children examined.

Encephalopathy was considered the cause of death
for 15 patients (median age 62 months). Five of these
patients had a preexisting condition, and 3 had preexisting
neurologic disorders. All 15 patients had altered mental
state or convulsions or both and marked brain edema
according to head CT scan or magnetic resonance images or
both, which suggests increased intracranial pressure. Nine
patients also had low-density areas in the bilateral thalami
or brainstem or both. Most patients had clinical brain
death within several hours after onset of encephalopathy
in association with multiple organ failure. For some
patients, mild infiltration was seen on chest radiograph, but
pulmonary involvement was not likely the cause of death.

Six patients were judged to have died of respiratory
failure; their median age was 78 months. Five of these
patients had preexisting neurologic conditions and had
radiologic findings consistent with severe pneumonia. Two
had been hospitalized because of pneumonia attributable
to other pathogens (MRSA for 1 and undetermined for the
other) before infection with pandemic (HIN1) 2009 virus;
their respiratory state markedly worsened after infection.
Nosocomial transmission was strongly suspected, and
influenza was diagnosed for both patients on the day after
fever onset. One previously healthy patient had severe and

Figure 2. Days from onset of pandemic
(H1N1) 2009 illness to A) life-threatening
event or B) death among patients <20
years of age, Japan, May 2009-March
2010.

6-10 11-15 16-20 21-25 26-30 31-35 36-40 41-45

9 -
8
7
2 6
=
.g 5
[1+]
2 4
23
2 -
1
) l | | | l
Days from iliness onset to death
1996

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 11, November 2011



rapidly progressive dyspnea and hypoxemia. Chest CT
scan performed at autopsy indicated severe infiltration in
the entire lungs, corresponding to acute lung injury.

Two patients died of myocarditis; both were >12
years of age and previously healthy. One had unexpected
circulatory collapse in a local pediatric clinic; the other
was found lying on the floor at home without preceding
respiratory or neurologic symptoms. At admission, both
patients had markedly elevated creatine kinase (>9,000
IU/L) and markedly reduced cardiac output on cardiac
ultrasonography; chest radiographs were unremarkable. In
the clinic patient, intensive resuscitation, including intra-
aortic balloon pumping and continuous hemodiafiltration,
was performed but was ineffective.

Viral sepsis resulting from pandemic (HINI) 2009
virus developed in 2 patients; 1 was severely disabled.
Tachypnea, cold extremities, and lethargy were noted
for both patients at the local pediatric clinic; shock was
diagnosed, and they were immediately transferred to
tertiary emergency hospitals. Both had rapidly progressive
multiple organ failure with refractory hypotension. For
both patients, chest radiographs were unremarkable.

Cause of death was presumed to be incidental to
pandemic (HIN1) 2009 virus infection for 1 patient.
This patient was hospitalized because of intracranial
hemorrhage, which neuroimaging suggested resulted from
rupture of an arteriovenous malformation. On day 12 of
illness, infection with pandemic (HIN1) 2009 virus was
confirmed by RT-PCR.

Comparisons by Cause of Death

We compared demographic and laboratory data
of 36 patients by cause of death (Table 2). Patients who
died of myocarditis, viral sepsis, or incidental intracranial
hemorrhage were excluded. Patients with unexpected
CPA were younger than other patients, although these
differences were not significant (p = 0.053). Respiratory or
neurologic disorders occurred significantly more often in
patients with respiratory failure and significantly less often
in patients with unexpected CPA. The interval between
influenza onset and life-threatening event did not differ
by cause of death. Most life-threatening events occurred
on the day of or 1 day after influenza onset. Although the
percentage of clinical signs and symptoms did not differ
by cause of death, tachypnea/dyspnea or wheezing were
frequent in patients with respiratory failure. Drugs taken
before a life-threatening event did not differ by cause of
death. Leukocyte and platelet counts did not differ by cause
of death. Alanine transaminase and creatine kinase levels
were significantly higher in patients with unexpected CPA
than in those with respiratory failure. Blood urea nitrogen
concentration was significantly higher in patients with
encephalopathy than in those with unexpected CPA or
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respiratory failure. Levels of aspartate aminotransferase,
lactate dehydrogenase, and creatinine did not differ by
cause of death.

Discussion

We investigated the causes of death associated with
pandemic (HIN1) 2009 among children in Japan. Most
cases were in young, previously healthy children who died
after a brief fulminant illness. Unexpected CPA and acute
encephalopathy were the leading causes of death. Children
who died of respiratory failure often had preexisting
conditions, whereas unexpected CPA occurred among
younger children without preexisting conditions.

Our finding that encephalopathy was a leading cause
of death associated with pandemic (HIN1) 2009 among
children in Japan differs from reports from other countries
that few children have died of neurologic complications
(5,24). Children with acute encephalopathy or encephalitis
associated with pandemic (HINI) 2009 have been
reported outside Japan (20-23), but most survived with
no or mild neurologic sequelac. Most children with acute
encephalopathy, such as acute necrotizing encephalopathy
(25) and acute encephalopathy with biphasic seizures
and late reduced diffusion (26), were of Japanese or east
Asian descent. Children in Japan are presumed to have an
underlying genetic predisposition for development of acute
encephalopathy (26). The median age of children who
died of encephalopathy (62 months) was older than that
of patients with encephalopathy associated with seasonal
influenza (median 2-3 years) (19,27). This difference in age
may be related to the age of infected patients; in Japan, more
patients 5-9 years or 10—14 years of age were infected with
pandemic (HIN1) 2009 than were those 0—4 years (28). A
fulminant clinical course and marked brain edema were
characteristic and common in the encephalopathy patients
in our study, irrespective of age, presence or absence of
preexisting conditions, and neuroradiologic findings.

Unexpected CPA was another leading cause of death
associated with pandemic (HIN1) 2009 among children
in Japan. Most cases of unexpected CPA occurred in
previously healthy children <5 years of age. The elevated
alanine transaminase and creatine kinase levels in these
children could be attributable to postmortem changes. The
direct cause of unexpected CPA is difficult to determine.
One possible explanation is severe brain damage resulting
in CPA; however, none of the patients in our study had
obvious neurologic signs or symptoms until CPA, nor did
they have any evidence of brain herniation. Abrupt onset of
CPA suggests a cardiogenic origin such as fatal arrhythmia
from wundetected myocarditis (29,30). Myocarditis
associated with pandemic (HIN1) 2009 has been reported
(31,32). Gdynia et al. reported an unexpected death of a
young adult caused by pandemic (HIN1) 2009—-associated
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Table 2. Comparisons by cause of death among patients <20 years of age, Japan, May 2009-March 2010*

Unexpected CPA, Encephalopathy, Respiratory failure,
Characteristic n=15t% n=15% n=6t p value
Median age, mo (range) 43 (7-164) 62 (17-200) 78 (45-206) 0.053
Male sex, no. (%) patients 9 (60) 10 (67) 2 (33) NS
Preexisting condition, no. (%) patients
Any 1(7)t 5(33) 5(83)§ <0.05
Respiratory disorders 0t 3 (20) 4 (67)§ <0.05
Neurologic disorders 1(7)% 3 (20) 5(83)§ <0.05
Previous history of febrile seizures 2(13) 3 (20) 0 NS
Days from influenza onset to life-threatening 1(0-9) 1(0-2) 1(0-9) NS
event (range)
Days from influenza onset to death (range) 1(0-9) 3 (0-45) 1.5 (1-11) <0.057
Clinical signs, no. (%) patients
Cough 5(36),n=14 11 (73) 3 (50) NS
Rhinorrhea 4(29),n=14 7 (47) 1(17) NS
Tachypnea or dyspnea 1(7),n=14 4(27) 3 (50) NS
Wheezing 1(7),n=14 1(7) 2 (33) NS
Vomiting or diarrhea 2(14),n=14 5(33) 0 NS
Drugs received before life-threatening event, no. (%) patients
Oseltamivir 7 (47) 6 (40) 5(83) NS
Zanamivir 1(7) 2 (13) 2(33) NS
Acetaminophen 3(30),n=10 7 (50),n =14 2 (40),n=5 NS
Leukocyte count, cells/uL, median (range) 6,600 (4,200-11,100), 9,350 (3,100-28,730), 10,500 (8,650—101,200), NS
n=11 n=14 n=5
Platelet count, x 10* cells/uL, median (range) 20.5(11.4-45.8), 15.1 (6.2-32.2) 11.5 (8.4-49.0), NS
n=11 n=5
Aspartate aminotransferase, IU/L, 248 (55-1,981), 233 (18-1,760) 52 (34-73), 0.060
median (range) n=12 n=4
Alanine transaminase, IU/L, median (range) 157 (32-845), 70 (9-1,058) 26 (16-57), <0.057
n=12 n=4
Lactate dehydrogenase, IU/L, median (range) 704 (215-4,801), 899 (160-3,610), 535 (222-1,022), NS
n=12 n=14 n=4
Creatine kinase, IU/L, median (range) 302 (136-10,612), 190 (63-1,026), 64 (16-211), <0.01#
n=12 n=14 n=4
Blood urea nitrogen, mg/dL, median (range) 11.2 (7.0-31.0), 22.5 (11.7-40.0), 10.0 (4.0-15.0), <0.01**
n=12 n=14 n=4
Creatinine, mg/dL, median (range) 0.65 (0.17-1.40), 1.01 (0.62-1.39) 0.25 (0.08-1.00), <0.05**
n=12 n=4

*CPA, cardiopulmonary arrest; NS, not significant.
tn is for all values unless indicated otherwise.

FPercentage significantly lower than for the other groups.
§Percentage significantly higher than for the other groups.

{Ip<0.05 unexpected CPA vs. encephalopathy.
#p<0.05 unexpected CPA vs. respiratory failure.

**p<0.01 unexpected CPA vs. encephalopathy; p<0.05 respiratory failure vs. encephalopathy.

myocarditis (31). The clinical course in this patient was
characterized by sudden collapse at home followed by fatal
arrhythmia. Viral sepsis may also be related to unexpected
CPA. Clinical signs of viral sepsis are nonspecific and may
be missed. Considering that most cases of unexpected CPA
occurred outside the hospital, rapid progression of viral
sepsis may have occurred. Unexpected CPA has also been
reported in some case series (5-7,24,33). Cardiac arrest
outside the hospital was observed for 67 of 270 children
who died in the United States (24). In a report from
England, 16 of 70 children who died were in CPA when
seen in an emergency department (7). Detailed postmortem
examinations are necessary to clarify the mechanism of
unexpected CPA.

1998

Respiratory failure was an uncommon cause of death
among children in Japan. In other countries, diffuse viral
pneumonia or pneumonitis with severe hypoxemia were
strongly associated with intensive care unit admission
associated with pandemic (HIN1) 2009 (8-13). Several
reports on cases of pandemic (HIN1) 2009 in children also
showed that respiratory distress is most common among
hospitalized children (5-7,14-16,24,34,35). In a study
of children in Argentina, refractory hypoxemia caused
62% of all deaths (14). A report from England described
predominantly respiratory symptoms when care was sought
in 53 of 70 children who died (7). Most children who died
of respiratory failure in Japan had preexisting neurologic
or respiratory disorders or both; this finding is similar to
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reports from other countries (5-7,10,12,14-16,24,34).
Children with preexisting neurologic or respiratory
disorders are at increased risk for severe illness or death
with influenza, and influenza vaccination should be a
priority for these children.

The infrequency of preexisting conditions appears to be
a feature of deaths associated with pandemic (HIN1) 2009
among children in Japan. Only one third of the participants
in our study had >1 preexisting conditions. In contrast,
research in Argentina showed that 9 of 13 patients who
died of pandemic (HIN1) 2009 had a preexisting condition,
including neurologic disorders and chronic lung disease (14).
In England, preexisting severe or incapacitating systemic
diseases were recognized in all deaths in children <5 years of
age and in most of those 5-14 years of age (15). According
to the US Centers for Disease Control and Prevention, 205
of 301 children in the United States whose deaths occurred
in association with pandemic (HIN1) 2009 had high-risk
medical conditions as defined by the Advisory Committee
on Immunization Practices (24).

The strength of our study is use of the detailed and
precise information obtained during interviews with
attending clinicians. Clinical course and demographic
data were accurate and detailed, and laboratory data,
chest radiographs, and other radiologic data were directly
assessed by the study team. Data were standardized by use
of a structured report form. In addition, cause of death was
determined on the basis of the consensus of the chief study
members rather than by the attending clinicians. We thus
consider that the data from our study are objective.

Nevertheless, our study has some limitations. First,
in some cases, infection might not have been confirmed
by PCR; thus, the number of deaths associated with
pandemic (HIN1) 2009 among children might have been
underestimated. Second, complete data on the number of all
children infected with pandemic (HIN1) 2009 virus were
not available. In Japan, data on the number of patients with
influenza-like symptoms are collected from ~3,000 sentinel
pediatric physicians and 2,000 sentinel internal medicine
physicians participating in the surveillance system. Because
an accurate number of all infected children could not be
obtained, the case-fatality rate could not be determined.

Several authors have suggested that neuraminidase
inhibitors will be effective for preventing severe illness in
patients with pandemic (HIN1) 2009 virus infection (36,37),
and the usefulness of early treatment with neuraminidase
inhibitors has been emphasized. However, neuraminidase
inhibitors did not appear to be effective in our patients,
even though the drugs had been used without delay,
which indicates the difficulty of improving the outcome
for children with the most severe illness. Prevention and
control of influenza with vaccine use and public education
is necessary for reducing illness and deaths associated
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with influenza not only in high-risk children but also in
previously healthy ones.
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Escherichia coli clonal group A (CGA) was first reported
in 2001 as an emerging multidrug-resistant extraintestinal
pathogen. Because CGA has considerable implications
for public health, we examined the trends of its global
distribution, clinical associations, and temporal prevalence
for the years 1998-2007. We characterized 2,210 E.
coli extraintestinal clinical isolates from 32 centers on 6
continents by CGA status for comparison with trimethoprim/
sulfamethoxazole (TMP/SMZ) phenotype, specimen
type, inpatient/outpatient source, and adult/child host; we
adjusted for clustering by center. CGA prevalence varied
greatly by center and continent, was strongly associated
with TMP/SMZ resistance but not with other epidemiologic
variables, and exhibited no temporal prevalence trend. Our
findings indicate that CGA is a prominent, primarily TMP/
SMZ-resistant extraintestinal pathogen concentrated within
the Western world, with considerable pathogenic versatility.
The stable prevalence of CGA over time suggests full
emergence by the late 1990s, followed by variable
endemicity worldwide as an antimicrobial drug—resistant
public health threat.

Extraintestinal infections caused by Escherichia coli
are a substantial source of illness, death, and increased
health care costs and have become increasingly challenging
to manage because of the rising prevalence of resistance to
first-line antimicrobial drugs (1). The resistance problem is
now recognized as having a prominent clonal component
attributable in large part to the emergence and dissemination
of specific antimicrobial drug-resistant clonal groups of
extraintestinal pathogenic E. coli (2-6).

One such emergent antimicrobial drug—resistant
extraintestinal pathogenic E. coli clonal group is clonal
group A (CGA) (2). Most traditionally recognized
extraintestinal pathogenic E. coli clonal groups derive from
E. coli phylogenetic group B2; however, CGA derives from
phylogenetic group D (7), and, according to multilocus
sequence typing (MLST), CGA corresponds with clonal
complex 69 (8,9).

CGA first came to attention during the late 1990s as a
prominent cause of trimethoprim/sulfamethoxazole (TMP/
SMZ)-resistant urinary tract infections among otherwise
healthy women across the United States (2,10). Isolates
of CGA typically exhibit a fairly conserved virulence
genotype that includes P fimbriae (with the F16 structural
subunit variant), group 2 capsule (with the K52 capsular
antigen), and the aerobactin and yersiniabactin siderophore
systems. They also commonly exhibit resistance to
multiple antimicrobial agents other than TMP/SMZ,
including tetracycline, chloramphenicol, streptomycin, and
spectinomycin, with the corresponding resistance genes
carried either on a large conjugative plasmid (2) or within a
genomic resistance module (11).
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CGA has been recognized primarily as a cause of
community-acquired cystitis and pyelonephritis in adult
women mainly in the United States (2,10,12,13). It is
largely unknown to what extent CGA might have broader
pathogenic capabilities with respect to anatomic site of
infection (urine vs. nonurine), site of acquisition (hospital
vs. community), and host age (adult vs. child). Likewise,
although a global survey of E. coli clinical isolates from
2001 found CGA was significantly associated with the
United States (14), assessment of its distribution beyond the
United States has been limited (5). Furthermore, no recent
data are available regarding whether the overall prevalence
of CGA is rising, stable, or waning, as can occur on a
local level for CGA and other extraintestinal pathogenic
E. coli clonal groups (3,13). Therefore, because of the
major public health implications of CGA, we assessed the
prevalence of this E. coli clonal group during 1998-2007
in multiple locales in the United States and internationally,
paying specific attention to specimen type, inpatient versus
outpatient status of host, and host age.

Methods

Strains

Sets of unpublished human clinical extraintestinal E.
coli isolates were obtained from 32 clinical microbiology
laboratories and affiliated repositories worldwide (online
Technical Appendix, wwwnc.cdc.gov/EID/pdfs/11-0488-
Techapp.pdf). Submitters were asked to provide =25
consecutive  TMP/SMZ-resistant extraintestinal E. coli
isolates and 25 concurrent TMP/SMZ-susceptible
extraintestinal E. coli controls (1 per patient), or more, as
available. When possible, isolates were to be distributed
evenly by inpatient versus outpatient source and, within
each of these categories, by specimen type (urine vs. other).
Information was requested about the adult (age >18 years)
versus child (age <18 years) status of the hosts and the local
overall prevalence of TMP/SMZ-resistant E. coli.

Isolates were submitted to the research laboratory
(J.R.J.) in agar stabs and frozen at —80°C in 15% glycerol
pending further analysis. Selected isolates underwent
additional screening, by breakpoint agar dilution and disk
diffusion, for confirmation of TMP/SMZ phenotype.

Molecular Analysis

Major E. coli phylogenetic group (A, Bl, B2, D)
was defined by triplex PCR (15). Group D isolates were
assessed for CGA (i.e., clonal complex 69) status in a
staged fashion. First, all were screened by PCR for CGA-
associated single-nucleotide polymorphisms (SNPs) in
fumC (16). All fumC SNP-positive isolates (which included
all CGA isolates, plus any non-CGA isolates containing
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the same fumC SNPs) then underwent pulsed-field gel
electrophoresis (PFGE) analysis of Xbal-restricted total
DNA (17). Those with >94% PFGE profile similarity to a
known CGA isolate (determined on the basis of previous
fumC and gyrB SNP analysis or 7-locus MLST) (5) were
defined as CGA because this degree of PFGE similarity
reliably predicts identity by MLST (J.R. Johnson, unpub.
data). The fumC SNP-positive isolates without a PFGE
profile match of >94% to a known CGA isolate were
individually screened by PCR for CGA-associated SNPs
in gyrB. If the isolates were positive for gyrB SNPs and for
the CGA-associated fumC SNPs, which together provide
highly accurate identification of CGA isolates, they were
defined as CGA isolates (5,6,16).

Statistical Analysis

Unpaired and paired comparisons of proportions
were tested by using the Fisher exact and McNemar tests,
respectively. Selected variables were assessed as predictors
of CGA status by using generalized linear models based on
the generalized estimating equation (GEE; logistic GEE
regression) to account for clustering by locale, supplemented
by univariable and multivariable logistic regression analysis,
as needed. Statistical analyses were conducted by using
SPSS version 19.0 (IBM, Somers, NY, USA).

Results

Study Population

A total of 2,210 E. coli clinical isolates from 32
globally dispersed centers were studied (Table 1); the
isolates differed from those used in a prior global survey
(14). Each center provided a median of 54 isolates (range
24-320). All centers but 1 provided TMP/SMZ-susceptible
and TMP/SMZ-resistant isolates in approximately equal
numbers. The median year of isolation was 2002 (range
1998-2007). Seventeen centers provided isolates for the
first half of the study period only (1998-2002); 12 centers
provided isolates for the last half of the study period only
(2003-2007); and 3 centers provided isolates for both
halves of the study period.

The 32 centers were in 19 countries, each represented
by a single center, except the United States, which was
represented by 14 centers. The 6 inhabited continents were
each represented by multiple centers, as follows: Africa,
2; Asia, 4; Australia/New Zealand, 2; Europe, 5; North
America, 15; and South/Central America, 4. Of the 15
centers in North America, 1 was in Canada and 14 in the
United States (5 in Minnesota and 9 in other states).

Of the 32 centers, 31 reported the age (i.e., adult vs.
child) of the patients from whom the clinical specimens
were obtained. All 31 centers provided isolates derived
from specimens from adults (n=1,909), and 19 centers also
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provided isolates derived from specimens from children (n
=250). Of the 32 centers, 31 provided urine-source isolates
(n = 1,511); 28 centers also provided isolates from other
(nonurine) sources (n = 653). Outpatient versus inpatient
source for clinical samples was reported by 29 centers, all
of which provided isolates from outpatient specimens (n
= 1,135); 26 centers also provided isolates from inpatient
specimens (n = 926). As reported by 31 centers, the
prevalence of E. coli TMP/SMZ susceptibility, by center,
ranged from 36% to 90% (median 78%).

Phylogenetic Group and CGA Status
versus TMP/SMZ Phenotype

Within the total group of isolates, phylogenetic group
distribution was significantly associated with TMP/SMZ
phenotype (Table 2). Although the susceptible (n = 1,083)
and resistant (n = 1,127) populations exhibited the same
rank order for phylogenetic group prevalence (i.e., B2 >D
>A >B1), absolute prevalences differed greatly by TMP/
SMZ phenotype. That is, among susceptible isolates, group
B2 predominated overwhelmingly, being nearly 3% as
prevalent as group D. In contrast, among resistant isolates,
phylogenetic groups B2 and D were closely matched
(approximately one third of isolates each). Accordingly,
group D was strongly associated with TMP/SMZ resistance.

Molecular typing identified 144 CGA isolates (Table
1), which accounted for 6.5% of all isolates and 25.2% of
the group D isolates (Table 2). CGA was strongly associated
with TMP/SMZ resistance, accounting for 10.1% of
resistant isolates overall but for only 2.8% of susceptible
isolates (p<0.001) (Table 2). Even within phylogenetic
group D, CGA was nearly 2x as prevalent among resistant
as among susceptible isolates (29.8% [114/383] vs.16.0%
[30/188], p<0.001) (Table 2).

CGA Status in Relation to Geography

Of the 32 centers, 26 provided at least 1 CGA isolate
(Table 1). The prevalence of CGA by center varied greatly,
ranging from 0% to 34% (median 5%) for TMP/SMZ-
resistant isolates and from 0% to 9.4% (median 1.4%) for
TMP/SMZ-susceptible isolates. In all but 2 centers, CGA
was at least as prevalent among TMP/SMZ-resistant as
among TMP-SMZ-susceptible isolates; in 5 of the centers,
the difference in prevalence was statistically significant.
The 5 centers with the highest prevalence of CGA isolates
(2 in the United States, 3 in other countries) had >20%
CGA prevalence among resistant isolates, and another
5 (1 United States, 4 in other countries) had 10%-19%
prevalence. At the other extreme, 6 centers (3 in the United
States, 3 in other countries) had no CGA isolates.

The prevalence of CGA also varied substantially by
continent, in a resistance-dependent manner (Table 3).
Among TMP/SMZ-susceptible isolates the prevalence of
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Table 1. Origin and epidemiologic background of 2,210 extraintestinal Escherichia coli isolates from 32 globally distributed centers and

susceptibility to trimethoprim/sulfamethoxazole, 1998-2007*

Total Source, no. isolates No. CGA
Year(s) of no. Specimen type Setting isolates/total no. (%)
Continent, locationt isolation isolates S, % Urine  Nonurine In Out  Childt R S
Africa
lle-Ife, Nigeria 2004 41 NK 41 0 22 19 4 3/36 (8) 0/5 (0)
Lusaka, Zambia 2001 51 59 4 37 NK NK 0 0/31 (0)  0/20 (0)
Asia
Chandigarh, India 2006 50 60 37 13 34 16 9 0/36 (0)  0/14 (0)
Kitakyushu, Japan 2001-2005 56 80 37 19 36 20 7 1/29 (3)  0/27 (0)
Singapore 2002 50 60 43 7 NK NK 0 1/25(4)  0/25 (0)
Taiwan 1998-2004 320 46 256 64 66 254 73 8/161 (5) 8/159 (5)
Australia/New Zealand
Canberra, Australia 1998-2001 121 80 50 71 0 121 5 10/60 (17) 3/61 (5)
Palmerston North, New 2006 51 78 36 15 18 33 3 1/24 (4)  0/27 (0)
Zealand
Europe
Zagreb, Croatia 2001-2002 91 81 44 47 58 33 0 8/46 (17)  1/45(2)
Athens, Greece 2003-2005 149 66 96 53 92 57 3 15/75 (20) 1/74 (1)
Varese, Italy 2006 51 75 35 16 31 20 3 0/26 (0)  0/25(0)
Santander, Spain 2003 53 70 35 18 19 34 9 0/26 (0)  2/27 (7)
Bellinzona, Switzerland 2006 54 75 36 18 34 20 2 3/27 (11)  0/27 (0)
North America
Calgary, Alberta, Canada 2001 54 78 36 18 34 20 10 6/27 (22) 1/27 (4)
United States
Denver, CO 2001 100 78 50 50 50 50 0 17/50 (34) 3/50 (6)
West Haven, CT 2006 34 76 24 10 17 17 0 0/16 (0)  0/18 (0)
Chicago, Il 2001 60 74 40 20 37 23 0 0/30 (0)  0/30 (0)
Lexington, KY 2001 60 80 40 20 7 53 5 3/30 (10)  1/30 (3)
Petoskey, Ml 2001 45 89 NK. NK NK NK 0 5/21 (24)  0/24 (0)
Duluth, MN 2001 50 90 39 11 8 42 0 4/26 (15)  0/24 (0)
Minneapolis, MN} 2001 66 87 56 10 15 51 0 1/26 (4) 1/40 (3)
Minneapolis, MNT 2001 46 90 38 8 21 25 0 0/18 (0)  0/28 (0)
Northfield, MN 2001 24 95 24 0 0 24 0 112 (8)  0/12 (0)
St. Louis Park, MN 2001 64 83 64 0 0 64 7 9/32 (28)  3/32(9)
Fargo, ND 2001 54 90 49 5 5 49 11 1/127 (4) 1/27 (4)
Philadelphia, PA 2006 94 78 87 7 13 81 0 2/22(9) 0/72 (0)
Houston, TX 2001 60 65 40 20 35 25 9 1/30 (3) 1/30 (3)
Salt Lake City, UT 2001 47 85 31 16 24 23 4 1/21 (5) 1/26 (4)
South/Central America
Concepcion, Chile 2006 51 57 36 15 33 18 NK 5/24 (21)  1/27 (4)
Cali, Columbia 2005-2006 51 52 36 15 27 24 16 3/24 (13)  1/27 (4)
Panama City, Panama 2007 54 36 36 18 19 35 52 1/27 (4)  1/27 (4)
Lima, Peru 2002-2006 58 82 39 19 30 28 18 4/58 (7)  Not done

*S, susceptible to trimethoprim/sulfamethoxazole; in, inpatient; out, outpatient; CGA, clonal group A; R, resistant to trimethoprim/sulfamethoxazole; NK,

not known.

TA list of the 32 centers is provided in the online Technical Appendix (wwwnc.cdc.gov/EID/pdfs/11-0488-Techapp.pdf). Note that 2 centers were located

in Minneapolis.
1<18 y of age.

CGA was uniformly low, regardless of continent (median
prevalence 3.0%, range 0%—3.8%), whereas among TMP/
SMZ-resistant isolates it was substantially higher in the
Western world (Australia/New Zealand, Europe, North
America, and South/Central America; median prevalence
13.1%, range 9.7%—13.2%), compared with Africa and
Asia (4.2% and 4.0%, respectively) (Table 3).
Accordingly, data for Africa and Asia were combined
for comparison with data from other regions. Among TMP/
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SMZ-susceptible isolates, CGA was similarly prevalent
among the isolates from Africa and Asia combined and
the isolates from other areas (3.3% vs. 2.8%, p>0.10). In
contrast, among TMP/SMZ-resistant isolates, CGA was
significantly more prevalent among isolates from areas
other than Africa and Asia than it was among isolates
from Africa and Asia (12.5% vs. 4.0%, p<0.001) (Table
3). Likewise, CGA was significantly associated with TMP/
SMZ resistance among the isolates from areas other than
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Table 2. Phylogenetic group distribution and clonal group A status of extraintestinal Escherichia coli isolates from 32 globally

distributed centers, 1998-2007*

No. clonal group A isolates/total no. isolates (%)

Phylogenetic group and clonal group A

TMP/SMZ susceptible, TMP/SMZ resistant,

status Total, n = 2,210 n=1,083 n=1,127 p valuet
E. coli phylogenetic group
A 345 (15.6) 141 (13.0) 204 (18.1) 0.001
B1 223 (10.1) 121 (11.2) 102 (9.1)
B2 1,071 (48.5) 633 (58.4) 438 (38.9) <0.001
D 571 (25.8) 188 (17.4) 383 (34.0) <0.001
Clonal group A 144 (6.5) 30 (2.8) 114 (10.1) <0.001

*TMP/SMZ, trimethoprim/sulfamethoxazole.

1p values, by Fisher exact test, for TMP/SMZ-susceptible vs. -resistant isolates are shown where p<0.05; otherwise, p>0.10.

Africa and Asia (p<0.001) but not among the isolates from
Africa and Asia (p>0.10) (Table 3).

CGA Status versus Other Variables

We also examined the prevalence of CGA in relation to
other variables, after stratification for TMP/SMZ phenotype
(Table 4). For each variable (i.e., specimen type, host age
group, host inpatient/outpatient status, and year isolate was
obtained from patient specimen), CGA was significantly
more prevalent among TMP/SMZ-resistant than TMP/
SMZ-susceptible isolates. In contrast, for a given TMP/
SMZ phenotype, the prevalence of CGA varied minimally
in relation to the other variables. Specifically, CGA was
similarly (and, in some instances, slightly more) prevalent
among isolates from nonurine versus urine specimens,
children versus adults, inpatients versus outpatients, the
first half versus the second half of the study period (Table
4), and centers with isolates with a below-median versus
above-median prevalence of TMP/SMZ resistance (not
shown). This finding suggested that continent and TMP/
SMZ status were closely associated with CGA status,
whereas other study variables were not.

Logistic GEE Models and Multivariable Analysis
To account for possible confounding of these
associations because of clustering by center, we used

logistic GEE regression models to assess associations of
CGA with TMP/SMZ phenotype, continent (as Africa/
Asia vs. other), and the other nongeographic variables.
Univariable analyses identified the same significant
associations (or lack thereof) with CGA as noted initially;
only TMP/SMZ phenotype and continent were confirmed
as significant correlates of CGA status (Table 5).

Accordingly, we constructed a multivariable logistic
GEE regression model based on TMP/SMZ phenotype and
continent to assess the independent association of these 2
variables with CGA status. However, the model did not run
to completion, possibly because of small numbers in certain
cells (not shown). Univariable logistic regression analysis
yielded results for these 2 variables separately that were
similar to those obtained with the (univariable) generalized
linear models (Table 5), which provided evidence that
clustering by center had little effect on the associations.
Therefore, a multivariable logistic regression model was
constructed with TMP/SMZ phenotype and continent
as the candidate predictor variables. This model yielded
results similar to those of the univariable models, which
provided evidence that the associations of CGA with TMP/
SMZ phenotype and continent are largely independent of
each other (Table 5).

Table 3. Prevalence of clonal group A, by region and TMP/SMZ phenotype, among 2,210 extraintestinal Escherichia coli isolates from

32 globally distributed centers, 1998-2007*

No. clonal group A isolates/total no. (%)

Region Total TMP/SMZ susceptible TMP/SMZ resistant p valuet
Overall 144/2,210 (6.5) 30/1,083 (2.8) 114/1,127 (10.1) <0.001
Africa 3/92 (3.3) 0/21 (0) 3/71 (4.2)
Asia 18/476 (3.8) 8/225 (3.6) 10/251 (4.0)
Australia/New Zealand 14/172 (8.1) 3/88 (3.4) 11/84 (13.1) 0.025
Europe 30/398 (7.5) 4/198 (2.0) 26/200 (13.0) <0.001
North America 63/858 (7.3) 12/471 (2.5) 51/387 (13.2) <0.001
South/Central America 16/214 (7.5) 3/80 (3.8) 13/134 (9.7)
Africa/Asia combined 21/568 (3.7) 8/246 (3.3)% 13/322 (4.0)§
Not Africa/Asia 123/1,642 (7.5) 22/837 (2.6)f 101/805 (12.5)§ <0.001
*TMP/SMZ, trimethoprim/sulfamethoxazole.
1p values, by Fisher exact test, for TMP/SMZ-susceptible vs. -resistant isolates are shown where p<0.05; otherwise, p>0.10.
IFor Africa/Asia vs. other, p>0.10.
§For Africa/Asia vs. other, p<0.001.
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Table 4. Prevalence of clonal group A, by clinical/host variables, among 2,210 extraintestinal Escherichia coli isolates from 32 globally

distributed centers, 1998-2007*

Clinical/host variable and year isolate

No. clonal group A isolates/total no. isolates (%)t

obtained from patient clinical specimen Total TMP/SMZ susceptible TMP/SMZ resistant p valuet
Specimen type
Nonurine 48/653 (7.4) 9/318 (2.8) 39/335 (11.6) <0.001
Urine 88/1,470 (6.0) 21/739 (2.8) 67/731 (9.2) <0.001
Host age group, y
<18 16/250 (6.4) 4/118 (3.4) 12/132 (9.1) 0.08
>18 122/1,909 (6.4) 25/938 (2.7) 97/971 (10.0) <0.001
Host hospital status
Outpatient 84/1,135 (7.4) 17/573 (3.0) 67/562 (11.9) <0.001
Inpatient 54/926 (5.8) 13/434 (3.0) 41/488 (8.4) <0.001
Year isolated
1998-2002 95/1,330 (7.1) 21/661 (3.2) 74/669 (11.1) <0.001
2003-2007 49/880 (5.6) 9/422 (2.1) 40/458 (8.7) <0.001

*TMP/SMZ, trimethoprim/sulfamethoxazole.

tData for each clinical variable include only isolates for which status with respect to the particular variable was known.
1p values, by Fisher exact test, for comparisons of TMP/SMZ-susceptible vs. -resistant isolates within each subgroup. For all comparisons between
subgroups within a given category (whether overall or by TMP/SMZ phenotype), p>0.10.

Discussion

In this global survey for the recently recognized E.
coli lineage CGA among extraintestinal clinical isolates
from humans during 1998-2007, we identified strong
associations of CGA with TMP/SMZ resistance and with
regions other than Africa and Asia; this evidence indicates
that CGA is primarily a TMP/SMZ-resistant pathogen
concentrated within the Western world. In contrast, we
found no association of CGA with other epidemiologic
variables, which suggests that CGA is a similarly prominent
pathogen among children and adults, among inpatients
and outpatients, and within and outside the urinary tract.
Finally, the fairly stable prevalence of CGA throughout the
study period suggests that CGA had fully emerged by the
late 1990s and now is an endemic public health threat in
many centers worldwide.

The observed overall association of CGA with TMP/
SMZ resistance is consistent with the findings of multiple
studies (2,10,12-14,18-20). However, we did not find this
association in Africa and Asia. Overall prevalence of CGA
was also lowest in these regions. Taken together, these
findings suggest that the TMP/SMZ-resistant variants of
CGA had a selective advantage in the Western world but
not in Asia and Africa, which led to the lineage’s expansion
in Europe, the Americas, and Australia but not in Asia and
Africa. Why such an expansion seemingly has not occurred
in Africa and Asia is unclear. One possibility is that TMP/
SMZ-resistant CGA isolates emerged first in the Western
world and have had insufficient time to diffuse to and
expand within Africa and Asia. Alternatively, Africa and
Asia may already have had an abundance of successful
endemic TMP/SMZ-resistant clones competing with CGA
for the same niche, effectively excluding it, or conditions
in Africa and Asia may be somehow less permissive to
the dispersal and expansion of this clonal group. Further
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comparisons of the TMP/SMZ-resistant populations from
Africa and Asia versus other locales could be informative
in this regard.

Clear-cut variation in the prevalence of CGA was
evident at the continent level. However, marked differences
also were apparent even among closely located centers,
as noted in our smaller global survey (14). For example,
whereas 1 Minneapolis center had no CGA isolates, another
center had a high prevalence of CGA. To what extent these
differences are real, rather than a reflection of the inherent
imprecision of small samples, is unclear. However,
because different hospitals in the same locale often serve
different patient populations and may draw from different
catchment areas, the possibility of true variation by hospital
is plausible. The determinants of this local variation,
if real, would be potentially useful to discover as a step
toward developing preventive measures. The center with
the highest prevalence was in Denver, Colorado, USA,
which also was the site of a previous survey with a high
CGA prevalence; that survey involved different isolates
than those included here (12). This consistency across
studies suggests that Denver may be a focus of high-level
endemicity for CGA.

CGA has been reported primarily as a urine pathogen
among ambulatory women (2,10,13,19,20), which might
be interpreted as indicating that urine is the favored niche
or context of the clonal group. However, CGA has been
reported in other clinical contexts, including, for example,
as a cause of community-acquired pneumonia in a male
renal transplant recipient (21). We found no association of
CGA with urine versus nonurine (extraintestinal) source,
inpatient versus outpatient host status, and host age (child
vs. adult). This absence of discernible niche specialization
suggests that CGA is a generalist, able to cause different
types of infection in diverse host populations, in the hospital
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Table 5. Generalized linear modeling and logistic regression
analysis of TMP/SMZ phenotype and region as predictors of
clonal group A status among extraintestinal Escherichia coli
isolates from 32 globally distributed centers, 1998-2007*

Method, type of model,

variablet OR (95% Cl) p value
GEE%}
Univariable
TMP/SMZ resistance 3.90 (2.04-7.46) <0.001
Africa/Asia 0.39 (0.18-0.89) 0.02
Logistic regression
Univariable
TMP/SMZ resistance 4.14 (2.74-6.26) <0.001
Africa/Asia 0.43 (0.26-0.69) <0.001
Multivariable
TMP/SMZ resistance 3.95 (2.62-5.96) <0.001
Africa/Asia 0.47 (0.30-0.76) 0.002

*TMP/SMZ, trimethoprim/sulfamethoxazole; OR, odds ratio; Cl, confidence
interval; GEE, generalized estimating equation.

tUnivariable models, but not multivariable models, included the following
as candidate predictor variables, each of which yielded a p value >0.10:
specimen type (urine vs. nonurine), host age group (<18 vs. >18), host
hospital status (inpatient vs. outpatient), local prevalence of TMP/SMZ
resistance, and year isolate obtained.

IBecause the multivariable GEE model that used TMP/SMZ phenotype
and Africa/Asia as candidate predictor variables could not run to
completion, logistic regression analysis was used instead.

and community alike. In terms of niche specialization,
CGA is analogous to E. coli O18:K1:H7, which, although
best known as an agent of neonatal meningitis, is also a
prominent cause of acute cystitis in women (22,23). The
pathogenic versatility of CGA has no doubt contributed to
its epidemiologic success.

We found no evidence of a time trend for the
prevalence of CGA, even with locale taken into account,
which suggests that CGA had already emerged and
established widespread endemicity by 1998, the start of the
study period. Overall, CGA was not as prevalent in this
study as it was in the initial reports from the mid- to late
1990s (2,10). This discrepancy could reflect selection bias
rather than a true prevalence decrease by the time of the
present study (i.e., our study included all patient specimens
sent to clinical microbiology laboratories; the early studies
included specimens from women with acute cystitis and
uncomplicated pyelonephritis).

Even in regions in which prevalence was highest,
CGA accounted for only a minority of TMP/SMZ-
resistant isolates. This finding suggests that other resistant
clonal groups are likely present, some of which could
be similarly or more prominent compared with CGA
(3,5,6,13,20,24,25). Identification of such clonal groups
and investigation of their epidemiology could help clarify
the basis for the non-CGA component of TMP/SMZ
resistance in E. coli, which represents a major ongoing
public health threat.

Study limitations must be acknowledged. First, lack
of information regarding the infected host (e.g., clinical
symptoms, underlying health status, and sex) limits our
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understanding of the study population and precludes
assessment of these variables in relation to CGA status.
Second, variability by center in the completeness of
epidemiologic data reporting reduced power for analyses
involving those variables and may have introduced
unrecognized bias. Third, limited sampling of certain
geographic regions (especially Africa and Australia/
New Zealand) and host groups (children) constrained the
inferences that could be drawn about those variables. Fourth,
uncertainty regarding how closely each site followed the
requested selection criteria allowed for possibly biased
sample distribution by site.

Study strengths also must be acknowledged. First, the
large sample size enhanced statistical power and permitted
subgroup analyses that were not possible in previous studies.
Second, the broad geographic distribution and multicenter
design improved generalizability and allowed analyses
by region. Third, the availability of basic epidemiologic
data for most isolates enabled statistical analysis of
these variables. Fourth, the predominantly prospective,
consecutive sampling would be expected to provide a
more broadly representative sample than a sample limited
to a specific syndrome or host group. Fifth, the combined
use of univariable and multivariable modeling, including
adjustment for clustering, enabled optimal assessment of
associations between individual variables and CGA.

In summary, our global survey for CGA during 1998—
2007 identified strong associations of CGA with TMP/
SMZ resistance and non-African/Asian origin but not with
other epidemiologic variables—evidence that suggests
CGA is a similarly prominent extraintestinal pathogen
among children and adults, for inpatients and outpatients,
and within and outside the urinary tract. The fairly stable
prevalence of CGA through the 10-year study period
suggests that CGA had fully emerged by the late 1990s
and now is endemic worldwide as an antimicrobial drug—
resistant public health threat.

Trans-Global
Analysis investigators who contributed data for this article:
Oladipo Aboderin (Obafemi Awolowo University, lle-Ife,
Osun-State, Nigeria), Jo-Ellen Abraham (Abbott Northwestern
Hospital, Minneapolis, Minnesota, USA), Leslie Baken
(Methodist Hospital, St. Louis Park, Minnesota, USA), Johan
Bakken (St. Luke’s Infectious Disease Associates, Duluth,
Minnesota, USA), Claudio Bravo (Universidad Catélica de la
Santisima Concepcion, Concepcion, Chile), Sheldon Campbell
(Yale University and VA Connecticut Healthcare System, West
Haven, Connecticut, USA), Karen Carroll (ARUP Laboratories,
Salt Lake City, Utah, USA), Therese Carson (Northern
Michigan Regional Hospital, Petoskey, Michigan, USA),
Elizabeth Castafio (Hospital del Nifio, Panama City, Panama),

Initiative for Antimicrobial Resistance

2007



RESEARCH

Jagdish Chander (Government Medical College, Chandigarh,
India), Osvaldo Cisternas (Hospital del Niflo, Panama City),
Adriana Correa (International Center for Medical Research and
Training, CIDEIM [Centro Internacional de Entrenamiento e
Investigaciones Médicas], Cali, Columbia), George L Daikos
(University of Athens Medical School, Athens, Greece), Julie
Fleming (Northfield Hospital, Northfield, Minnesota, USA),
Coralith Garcia (Instituto de Medicina Tropical Alexander von
Humboldt, Lima, Peru), Varsha Gupta (Government Medical
College, Chandigarh), Stuart Johnson (Loyola University and
Hines Veterans Affairs Medical Center, Chicago, Illinois,
USA), Luis Martinez-Martinez (Hospital Universitario Marqués
de Valdecilla, Santander, Spain), Tetsuro Muratani (University
of Occupational and Environmental Health, Kitakyushu, Japan),
James Mwansa (University Teaching Hospital, Lusaka, Zambia),
Lynn Nimmo (University of Colorado Medical Center, Denver,
Colorado, USA), Patricia Person (Merit Care Medical Center,
Fargo, North Dakota, USA), Jean-Claude Piffaretti (Istituto
Cantonale di Microbiologia, Bellinzona, Switzerland), Johann
Pitout (Calgary Laboratory Services, Calgary, Alberta, Canada),
Julie A. Ribes (University of Kentucky Hospital, Lexington,
Kentucky, USA), Lynn Rogers and Richard Squires (Massey
University, Palmerston North, New Zealand), Charles Stager
(Ben Taub General Hospital and Baylor College of Medicine,
Houston, Texas, USA), Paul Tambyah (National University
of Singapore, Singapore), Antonio Toniolo (University of
Insubria and Ospedale Varese, Varese, Italy), Dana Towle (VA
Connecticut Healthcare System, West Haven), Maria Virginia
Villegas (International Center for Medical Research and
Training, CIDEIM, Cali), and Mark Yuen (National University
of Singapore, Singapore)

Acknowledgments
We thank Susan Collins, I-Wen Huang, and Timothy T.
O’Bryan for providing invaluable laboratory assistance.

This material is based on work supported by Office of
Research and Development, Medical Research Service, US
Department of Veterans Affairs (J.R.J.). J.R.J. has received
research support (grant and contract) from Merck, Inc., and
Rochester Medical Group.

Dr Johnson is professor of medicine and associate director
of the infectious disease fellowship program at the University of
Minnesota and head of the molecular epidemiology laboratory
at the Minneapolis VA Medical Center. His research focuses on
the molecular epidemiology, ecology, evolution, and virulence of
extraintestinal pathogenic and antimicrobial resistant E. coli.

References
1. Russo TA, Johnson JR. Medical and economic impact of extraintes-

tinal infections due to Escherichia coli: an overlooked epidemic. Mi-
crobes Infect. 2003;5:449-56. doi:10.1016/S1286-4579(03)00049-2

2008

Manges AR, Johnson JR, Foxman B, O’Bryan TT, Fullerton KE,
Riley LW. Widespread distribution of urinary tract infections caused
by a multidrug-resistant Escherichia coli clonal group. N Engl J
Med. 2001;345:1007-13. doi:10.1056/NEJMoa011265

Manges AR, Naterajan P, Solberg OD, Dietrich PS, Riley LW. The
changing prevalence of drug-resistant Escherichia coli clonal groups
in a community: evidence for community outbreaks of urinary
tract infections. Epidemiol Infect. 2006;134:425-31. doi:10.1017/
S0950268805005005

Nicolas-Chanoine M-H, Blanco J, Leflon-Guibout V, Demarty R,
Alonso MP, Caniga MM, et al. Intercontinental emergence of Esch-
erichia coli clone 025:H4-ST131 producing CTX-M-15. J Antimi-
crob Chemother. 2008;61:273-81. doi:10.1093/jac/dkm464
Johnson JR, Menard M, Johnston B, Kuskowski MA, Nichol K,
Zhanel GG. Epidemic clonal groups of Escherichia coli as a cause
of antimicrobial-resistant urinary tract infections in Canada, 2002—
2004. Antimicrob Agents Chemother. 2009;53:2733-9. doi:10.1128/
AAC.00297-09

Johnson JR, Johnston B, Clabots C, Kuskowski MA, Castanheira
M. Escherichia coli sequence type ST131 as the major cause of seri-
ous multidrug-resistant E. coli infections in the United States (2007).
Clin Infect Dis. 2010;51:286-94. doi:10.1086/653932

Russo TA, Johnson JR. A proposal for an inclusive designation for
extraintestinal pathogenic Escherichia coli: EXPEC. J Infect Dis.
2000;181:1753-4. doi:10.1086/315418

Tartof SY, Solberg OD, Manges AR, Riley LW. Analysis of a
uropathogenic Escherichia coli clonal group by multilocus se-
quence typing. J Clin Microbiol. 2005;43:5860—4. doi:10.1128/
JCM.43.12.5860-5864.2005

Johnson JR, Owens KL, Clabots CR, Weissman SJ, Cannon SB.
Phylogenetic relationships among clonal groups of extraintesti-
nal pathogenic Escherichia coli as assessed by multi-locus se-
quence analysis. Microbes Infect. 2006;8:1702—13. doi:10.1016/].
micinf.2006.02.007

Johnson JR, Manges AR, O’Bryan TT, Riley LR. A disseminated
multidrug-resistant clonal group of uropathogenic Escherichia coli
in pyelonephritis. Lancet. 2002;359:2249-51. doi:10.1016/S0140-
6736(02)09264-4

Lescat M, Calteau A, Hoede C, Barbe V, Touchon M, Rocha E, et
al. A module located at a chromosomal integration hot spot is re-
sponsible for the multidrug resistance of a reference strain from
Escherichia coli clonal group A. Antimicrob Agents Chemother.
2009;53:2283-8. doi:10.1128/AAC.00123-09

Burman W1, Breese PE, Murray BE, Singh KV, Batal HA, MacK-
enzie TD, et al. Conventional and molecular epidemiology of
trimethoprim/sulfamethoxazole resistance among urinary Esch-
erichia coli isolates. Am J Med. 2003;115:358—64. doi:10.1016/
S0002-9343(03)00372-3

Smith SP, Manges AR, Riley LW. Temporal changes in the preva-
lence of community-acquired antimicrobial-resistant urinary tract
infection affected by Escherichia coli clonal group composition.
Clin Infect Dis. 2008;46:689-95. doi:10.1086/527386

Johnson JR, Murray AC, Kuskowski MA, Schubert S, Prére MF,
Picard B, et al. Distribution and characteristics of Escherichia coli
clonal group A. Emerg Infect Dis. 2005;11:141-5.

Clermont O, Bonacorsi S, Bingen E. Rapid and simple determina-
tion of the Escherichia coli phylogenetic group. Appl Environ Mi-
crobiol. 2000;66:4555-8. doi:10.1128/AEM.66.10.4555-4558.2000
Johnson JR. Owens, Manges A, Riley L. Rapid and specific detection
of Escherichia coli clonal group A by gene-specific PCR. J Clin Mi-
crobiol. 2004;42:2618-22. doi:10.1128/JCM.42.6.2618-2622.2004
Ribot EM, Fair MA, Gautom R, Cameron DN, Hunter SB, Swami-
nathan B, et al. Standardization of pulsed-field gel electrophoresis
protocols for the subtyping of Escherichia coli O157:H7, Salmonel-
la, and Shigella for PulseNet. Foodborne Pathog Dis. 2006;3:59-67.
doi:10.1089/fpd.2006.3.59

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 11, November 2011



20.

21.

22.

23.

Boczek LA, Rice EW, Johnston B, Johnson JR. Occurrence of
antibiotic-resistant uropathogenic Escherichia coli clonal group A
in wastewater effluents. Appl Environ Microbiol. 2007;73:4180-4.
doi:10.1128/AEM.02225-06

Colgan R, Johnson JR, Kuskowski M, Gupta K. Risk factors for
trimethoprim/sulfamethoxazole resistance in patients with acute un-
complicated cystitis. Antimicrob Agents Chemother. 2008;52:846—
51. doi:10.1128/AAC.01200-07

Manges AR, Dietrich PS, Riley LW. Multidrug-resistant Escherichia
coli clonal groups causing community-acquired pyelonephritis. Clin
Infect Dis. 2004;38:329-34. doi:10.1086/380640

Johnson JR, Russo TA. Uropathogenic Escherichia coli as agents
of diverse non—urinary tract extraintestinal infections. J Infect Dis.
2002;186:859-64. doi:10.1086/342490

Johnson JR, Delavari P, O’Bryan T. Escherichia coli O18:K1:H7
isolates from acute cystitis and neonatal meningitis exhibit com-
mon phylogenetic origins and virulence factor profiles. J Infect Dis.
2001;183:425-34. doi:10.1086/318086

Kunin CM, Hua TH, Krishman C, Van Arsdale White L, Hacker
J. Isolation of a nicotinamide-requiring clone of Escherichia coli
018:K1:H7 from women with acute cystitis: resemblance to strains
found in neonatal meningitis. Clin Infect Dis. 1993;16:412—6.
doi:10.1093/clind/16.3.412

24.

25.

E. coli Clonal Group A, 1998-2007

Cagnacci S, Gualco L, Debbia E, Schito GC, Marchese A. Euro-
pean emergence of ciprofloxacin-resistant Escherichia coli clonal
groups O25:H4-ST 131 and O15:K52:H1 causing community-ac-
quired uncomplicated cystitis. J Clin Microbiol. 2008;46:2605—12.
doi:10.1128/JCM.00640-08

Johnson JR, Stell AL, O’Bryan TT, Kuskowski M, Nowicki B, John-
son C, et al. Global molecular epidemiology of the O15:K52:H1
extraintestinal pathogenic Escherichia coli clonal group: evidence
of distribution beyond Europe. J Clin Microbiol. 2002;40:1913-23.
doi:10.1128/JCM.40.6.1913-1923.2002

Address for correspondence: James R. Johnson, Infectious Diseases
(111F), VA Medical Center, 1 Veterans Dr, Minneapolis, MN 55417, USA;
email: johns007@umn.edu

The opinions expressed by authors contributing to this

journal do not necessarily reflect the opinions of the Centers for

Disease Control and Prevention or the institutions with which
the authors are affiliated.

International Conference on
Emerging Infectious Diseases

SAVE the DATE:
MARCH 11-14, 2012

The International Conference on Emerging Infectious Diseases
was first convened in 1998; ICEID 2012 marks its eighth occurence.
The conference brings together public health professionals to en-
courage the exchange of scientific and public health information
on global emerging infectious disease issues. The program will
include plenary and panel sessions with invited speakers as well
as oral and poster presentations on emerging infections. Major
topics to be included are current work on surveillance, epidemiol-
ogy, research, communication and training, bioterrorism, and pre-
vention and control of emerging infectious diseases, both in the
United States and abroad.

Which infectious diseases are emerging?
Whom are they affecting?
Why are they emerging now?

What can we do to prevent and control them?

Hyatt Regency Atlanta
265 Peachtree Street NE
Atlanta, Georgia, USA 30303

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 17, No. 11, November 2011

2009



RESEARCH

Group A Streptococcus emm
Gene Types in Pharyngeal Isolates,
Ontario, Canada, 2002-2010
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Juan C. Martinez-Gutierrez, Hina A. Rehman, Monica Serrano-Gonzalez, Nahuel Fittipaldi,
Stephen B. Beres, Anthony R. Flores, Donald E. Low, Barbara M. Willey, and James M. Musser

Group A Streptococcus (GAS) is a human-adapted
pathogen that causes a variety of diseases, including
pharyngitis and invasive infections. GAS strains are
categorized by variation in the nucleotide sequence of the
gene (emm) that encodes the M protein. To identify the
emm types of GAS strains causing pharyngitis in Ontario,
Canada, we sequenced the hypervariable region of the
emm gene in 4,635 pharyngeal GAS isolates collected
during 2002-2010. The most prevalent emm types varied
little from year to year. In contrast, fine-scale geographic
analysis identified inter-site variability in the most common
emm types. Additionally, we observed fluctuations in yearly
frequency of emma3 strains from pharyngitis patients that
coincided with peaks of emm3 invasive infections. We
also discovered a striking increase in frequency of emm89
strains among isolates from patients with pharyngitis and
invasive disease. These findings about the epidemiology of
GAS are potentially useful for vaccine research.

roup A Streptococcus (GAS) is a gram-positive
bacterial pathogen responsible for ~600 million cases
of pharyngitis each year worldwide (1). The widespread
prevalence of this disease results in considerable costs,
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estimated to exceed $200 million annually in the United
States alone (2). In addition to acute pharyngitis, GAS
causes several other human diseases, ranging from
relatively mild to more severe, such as necrotizing fasciitis,
soft tissue infections, glomerulonephritis, acute rheumatic
fever, and streptococcal toxic shock syndrome. Thus,
infections caused by GAS are a major public health concern
in the United States and Canada and throughout the world.

GAS strains are classified mainly on the basis of
variation in a cell-surface molecule known as M protein,
encoded by the emm gene (3,4). M protein is a critical
virulence factor and a major site of the human antibody
response against GAS. M type—specific immunity develops
in persons recovering from some GAS infections (5,6).
As a result, the portion of the emm gene that encodes
the amino-terminal 100 residues of M protein is under
strong diversifying selection pressure, and this region is
hypervariable in terms of GAS types (7). Currently, >120
distinct emm types of GAS are recognized.

Despite the considerable diversity of emm types of
GAS isolates, epidemiologic studies have found that
relatively few emm types tend to predominate within a
local population; most isolates are composed of a small
number of emm types (8,9). In distinct geographic areas,
the predominant emm types often vary in frequency from
year to year for reasons not fully understood. In addition,
sizeable outbreaks can be caused by strains of a single
emm type or of a small number of emm types. Overall, this
combination of factors results in a complex epidemiologic
situation for GAS pharyngitis.

Recently, vaccine candidates have been identified
in an effort to reduce the prevalence of GAS disease and
the number of human deaths it causes (10). Some of these
experimental vaccines are based on the amino-terminus of
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M protein because of the type-specific immunity that may
develop after GAS infection. A multivalent vaccine has
been developed that exploits the amino-terminus of the M
protein from many different emm types (11). In principle,
the effectiveness of this type of M-protein vaccine may be
highly dependent on how well the M proteins selected for the
vaccine match the emm types of locally circulating strains.
Thus, a more complete understanding of geographic and
temporal variation in emm type may be useful for vaccine
design. Furthermore, the emergence of new variants of
known M types has been documented. Knowledge of the
rate and patterns of emergence of distinct emm types and
their alleles may be critical for understanding how GAS
may “escape” the immune response generated by a vaccine
based on the amino-terminus of M protein.

We investigated the distribution of GAS emm types
causing pharyngitis in Toronto, Ontario, Canada, during
2002-2010. We also examined the temporal change in emm
types in pharyngitis cases and compared this distribution
with data from a comprehensive population-based study
of GAS emm types that were causing invasive infections
in Ontario. Finally, we studied the emm types causing
pharyngitis in multiple geographic locations across the
province of Ontario in 2009 and 2010.

Materials and Methods

Collection of Isolates

Isolates collected from throat specimens of patients
with acute pharyngitis were identified as GAS from
primary media by a variety of standard methods. These
GAS isolates (hereafter also referred to as pharyngeal
isolates) were collected from 2002 through 2010 from
multiple Ontario laboratories. GAS isolates, stripped of
patient identifiers, were forwarded to Mount Sinai Hospital
in Toronto for confirmation of identity and shipped to The
Methodist Hospital Research Institute in Houston, Texas,
for emm gene typing. Basic demographic information,
including location where collected, age and sex of patient,
and specimen collection date, was provided for isolates.

Toronto Isolates

During the summers (May through September) of
2002-2003 and 2006-2010, =500 consecutive isolates
were collected each year from LifeLabs (formerly
MDS), a large, centralized, commercial laboratory on the
outskirts of Toronto. This facility primarily serves family
medicine practices and outpatient clinics within the
greater Toronto area but also acts as a catchment conduit
from the surrounding region. The following number
of isolates was obtained from this site per collection
year: 523 (2002), 619 (2003), 502 (2006), 510 (2007),
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522 (2008), 481 (2009), and 487 (2010). An additional
~520 consecutive throat specimen GAS isolates from the
Mount Sinai Hospital/University Health Network Clinical

Microbiology Laboratory were collected during January
2008—March 2010.

Geographically Diverse Ontario Strains

Additional isolates from outlying locations of LifeLabs
and Gamma Dynacare laboratory chains in London,
Sudbury, and Thunder Bay, Ontario, each provided 100
consecutive GAS isolates per center during July—September
2009. The Gamma Dynacare Ottawa laboratory provided
consecutive isolates up to 100 per month from July 2009
through July 2010, for a total 659 isolates. The Gamma
Dynacare London branch provided 219 isolates from July
through September 2009, and the distantly located North
Bay and Elliot Lake branches together provided 36 GAS
isolates from July through October 20009.

emm Type Assignment

GAS isolates were grown overnight at 37°C with 5%
CO, on trypticase soy agar plates containing 5% sheep
blood (TSAII; Becton Dickinson, Franklin Lakes, NIJ,
USA). Genomic DNA was obtained by boiling a sample
obtained by streaking from multiple colonies in 0.05 mol/L
NaOH for 2 min. The crude cell lysates were centrifuged for
2 min at 2,000 % g, and 2 pL of the lysate was used in PCRs.
The hypervariable region of the emm gene that encodes the
amino-terminus of M protein was amplified by PCR by using
primers emml 5-TATT(C/G)GCTTAGAAAATTAA-3'
and emm2 5-GCAAGTTCTTCAGCTTGTTT-3'. PCR
products were purified by using 96-well ultrafiltration
plates (EdgeBio, Gaithersburg, MD, USA), according to
the manufacturer’s instructions; products were suspended
in 100 pL distilled water. Cycle sequencing was performed
with the Big Dye version 3.1 dye-terminator kit (Applied
Biosystems, Foster City, CA, USA) by using primer
emm]l. Unincorporated fluorescent dye terminators were
removed with 96-well gel-filtration cartridges (EdgeBio).
Sequencing reactions were analyzed with a 3730x] DNA
sequencer (Applied Biosystems), and chromatograms were
analyzed with Sequencher version 4.9 (GeneCodes, Ann
Arbor, MI, USA). High quality sequences were trimmed
to 220 nt in length and compared with reference sequences
in the Centers for Disease Control and Prevention (CDC)
emm database (ftp:/ftp.cdc.gov/pub/infectious diseases/
biotech/tsemm) by using the BLAST algorithm (http://
blast.ncbi.nlm.nih.gov/Blast.cgi). Data analysis and
graphing were performed with the GraphPad software
package (Prism, La Jolla, CA, USA). The invasive index of
each emm type was calculated by dividing its frequency in
invasive infections by frequency in pharyngitis infections.
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Results

Overview of Pharyngitis Strains

We determined the emm type for 4,635 GAS isolates
that were causing acute pharyngitis in the province of
Ontario during 2002-2010. Of these, 3,209 isolates were
collected from the greater Toronto metropolitan region, and
1,426 isolates were obtained from 5 sites located throughout
Ontario (London, Ottawa, North Bay/Elliot Lake, Sudbury,
and Thunder Bay). The mean age of patients was 16.1 years
(range 8 months to 105 years).

Distribution of emm Types in Toronto
GAS Pharyngitis Strains

Consistent with findings from previous surveys
of GAS isolates that have caused pharyngitis in North
America, Europe, and elsewhere (8,9,12), we found that
a relatively small number of emm types dominated. For
example, the 6 most prevalent emm types collected in
Toronto during 2002-2010 were (in order of prevalence)
emml12, emml, emm4, emm28, emm2, and emmg89
(Figure 1). These 6 emm types came from 68.9% of the
pharyngeal isolates, whereas 29 emm types came from the
remaining 31.1% of the isolates. Analysis of the annual
change in emm type distribution indicated that, with few
exceptions, these 6 types were consistently the most
commonly collected. This finding suggests that the emm
type population dynamic is relatively stable. However,
emm89 strains were a key exception. The frequency of
emm89 isolates increased 5-fold over the study period,
increasing from 2.6% of isolates in 2002 to 14.7% in 2010
(Figure 2). In 2010, emm389 isolates were the second most
common emm type among pharyngitis specimens in our
sample. These data indicate a recent major expansion of
type emm89 strains among isolates causing pharyngitis in
Toronto.

16

Identification of New emm Alleles

We identified 20 allelic variants of 8 GAS emm types
that had not been previously described: emm1 (4 alleles),
emm3 (3 alleles), emm5 (3 alleles), emm6 (4 alleles),
emm8 (1 allele), emm11 (2 alleles), emm12 (2 alleles),
and stl06M (1 allele). Nucleotide sequences for these
alleles have been submitted to the CDC Streptococcus
pyogenes emm sequence database (designations listed in
Table 1). Seventeen of these alleles differed from the most
closely related reference sequence by 1 single-nucleotide
polymorphism (SNP); 2 allelic variants differed by 2
SNPs; and 1 isolate had a 6-bp in-frame insertion, resulting
in the addition of 2 amino acid residues. Of the 21 SNPs
identified, all but 1 resulted in a predicted amino acid
substitution in the translated M-protein sequence. This
excess of nonsynonymous mutations underscores the effect
of the strong diversifying selection pressure acting on the
emm gene.

Ontario emm Types in Relation to an
Experimental 26-Valent GAS Vaccine

Overall, 18 of 57 emm types found in the Toronto
pharyngeal isolates are represented in an experimental
26-valent GAS vaccine described elsewhere (11). These
18 emm types included 11 of the 12 most prevalent
emm types that represent strains causing 78.5% of the
pharyngitis cases we studied, a number similar to estimates
for the US population (11). Notably, the single most
commonly observed GAS emm type (emm4) not included
in the 26-valent experimental vaccine was very common in
Toronto. For example, during 2002-2010, emm4 was the
third most common emm type causing pharyngitis, and in
2007 and 2008, it was the most common emm type. This
finding is not entirely unexpected because emm4 has been
one of the most common serotypes identified by other
pharyngitis surveys (8,9,12,13).

Although a multivalent GAS vaccine based on the
amino-terminus of M protein has theoretical promise, a
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Figure 2. Annual frequency of emma89 isolates among patients
with group A Streptococcus pharyngitis, Toronto, Ontario, Canada,
2002-2010.

potential concernis the detrimental effects ofallelic variation
on vaccine efficacy. Virtually all new and previously
described emm alleles collected from pharyngitis patients
in Toronto contained nucleotide changes that resulted in
changes in amino acid sequence, with few alleles defined
only by silent nuclear polymorphisms. New emm alleles
generated by strong diversifying selection pressure acting
on the emm gene could provide the means by which GAS
strains evade a vaccine that includes only a single variant
of each M-protein serotype; that is, creating vaccine-escape
mutants.

To determine how common allelic variation was in
the Toronto GAS population, we examined the number
of alleles for each emm type found in specimens from
pharyngitis patients in Toronto. For the top 10 serotypes,
the most prevalent allele was found in 87.2% of the isolates
(range 100%—42.7%). Notably, several prevalent emm
types had an extensive number of alleles that would encode
variant M proteins. For example, of the 6 most common
serotypes, 4 had >6 allelic variants, and the most common
emm type (emm12) had 16 different alleles.

Comparison of emm Type Distribution in
Pharyngitis and Invasive GAS isolates

Previous studies have identified nonrandom
associations between specific emm types and an increased
risk for invasive infection (14-17) or increased severity of
invasive infection (18,19). Thus, we tested the hypothesis
that certain emm types were more prevalent in invasive
disease isolates than in pharyngitis isolates in the Toronto
region. Consistent with previous reports (9,20,21), we found
that emm1 and emm3 strains each had an invasive index
>1.0 (Table 2), which suggests that these emm types are
overrepresented among invasive infections. Additionally,
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Table 1. Newly identified emm allelic variants from group A
Streptococcus pharyngeal isolates, Ontario, Canada, 2002-2010

emm type Allele designation

emm1 emm1.56, emm1.57, emm1.58, emm1.59
emm3 emm3.63, emm3.64, emm3.65
emmb5 emm5.83, emm5.84, emm5.87
emm6 emme6.76, emm6.77, emm6.78, emm6.79
emm8 emm8.2

emm11 emm11.10, emm11.11

emm12 emm12.54, emm12.55

st106M st106M.5

emm49 strains had an exceptionally high invasive index
(16.7), largely because of the rarity of these strains among
the pharyngeal isolates.

Comparison of the annual change in emm type
frequencies in pharyngitis and invasive disease isolates
indicated that certain emm types had highly variable
frequencies, consistent with epidemic behavior. In
particular, emm3 pharyngitis strains peaked in frequency
in 2006 to become the fourth most common emm type
that year. This timing corresponds with the observed peak
in cases of invasive disease caused by emm3 strains in
2006 (Figure 3), which suggests a relationship between
abundance of pharyngitis cases and invasive infections.

Variability in Frequency Distribution of emm
Types from Diverse Localities

Several studies have reported that emm type distribution
can vary geographically. Generally, however, these
comparisons involved localities separated by large distances.
To test the hypothesis that emm type distribution varied
over a relatively small geographic distance, we analyzed
GAS isolates from pharyngitis patients at 5 additional areas
across Ontario (London, Ottawa, North Bay/Elliot Lake,

Table 2. Invasive indexes for emm types in group A
Streptococcus isolates from patients with invasive disease and
pharyngitis, Ontario, Canada, 2002-2010

Invasive disease Pharyngitis Invasive

emm type frequency frequency index
1 0.298 0.142 2.09
2 0.021 0.094 0.22
3 0.051 0.037 1.38
4 0.057 0.150 0.38
5 0.028 0.025 1.12
6 0.029 0.060 0.48
11 0.031 0.017 1.82
12 0.081 0.138 0.59
22 0.005 0.007 0.71

28 0.051 0.098 0.52
49 0.036 0.002 16.7
75 0.022 0.034 0.65
77 0.024 0.058 0.41
78 0.006 0.002 3.0

89 0.058 0.058 1.0

Others 0.202 0.078 2.59
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Figure 3. Frequency of emm3 strains among patients with group A
Streptococcus pharyngitis and invasive disease, Ontario, Canada,
2002-2010, excluding 2004—-2005. Black line indicates yearly
frequency of invasive emm3 isolates; red line indicates emm3
frequency among pharyngeal isolates.

Sudbury, and Thunder Bay) during 2009-2010. In the
aggregate, the emm types from the 5 geographically distinct
collection sites closely resembled those found in Toronto in
2009 and 2010. The same 6 most prevalent emm types were
found in 2009, and only 1 emm type differed in frequency in
2010. In general, emm types from individual collection sites
were consistent from year to year (Table 3). However, we
discovered striking inter-site variability in the distribution
of emm types. For example, in 2009, emm89 was the most
common emm type identified at 4 of the 6 localities, but
emm89 strains were not among the 6 most common emm
types found in Ottawa. Additionally, only 2 emm types were
shared among the 5 most common organisms collected in
North Bay and Sudbury, an unexpected result (p = 0.0007;
Fisher exact test), given that these locations are separated
by only =120 km.

We also observed apparent local outbreaks of certain
emm types in some locations. In 2009 and 2010, emm3
strains were among the 6 most prevalent emm types in
Ottawa but were rarely observed elsewhere. Most (33/43
[77%]) of the Ottawa emm3 strains had the emm3.53 allele,
which differs from the emm3.2 allele by a single nucleotide
change. Isolates with the emm3.2 allele are otherwise the
most abundant emm3 strains in Ontario. We note that 1
isolate with the emm3.53 allele was found in Toronto in
2009, where it had not been observed in previous years,
suggesting recent introduction. Subsequent studies will be
required to determine whether the emm3.53 strain expands
across Ontario and whether it has increased invasive
potential.

2014

Discussion

In this large study of emm type distribution among
GAS pharyngitis strains in Canada, we identified a similar
pattern of emm type distribution as reported in previous
surveys and also observed that strains of a relatively
few emm types dominate. The most abundant emm types
were similar to those reported in previous studies of
GAS pharyngitis strains from North America and Europe
(8,9,12).

Of note, we found that emm89 strains have recently
increased in frequency in Ontario. Specifically, over a
9-year period, emm89 strains increased 5-fold and in
2010 were the second most common emm type in the
Toronto sample. The increase in emmg&9 strains among
pharyngeal isolates paralleled an increase in the frequency
of emm89 strains among invasive GAS isolates from
2003 through 2010 (Figure 4). This finding suggests that
a marked expansion of emm89 strains has occurred in
Ontario. Regional outbreaks of emm8&9 strains have been
documented previously, including a clonal epidemic that
occurred in northern Italy (22). Surveillance conducted by
CDC also has reported similar increases in emmg89 strains
among invasive infections in New York and Maryland
during 2007-2009, and emm89 was among the top 5
invasive serotypes collected by CDC in 1998, 2001-2003,
and 2007-2009 (23). Thus, emm89 strains may commonly
contribute to local epidemics of pharyngitis and invasive
disease.

Although the fact that the frequency distribution of GAS
pharyngitis emm types varies across localities separated by
large distances has been well described, we have shown
that emm type distributions also can vary over relatively
small distances. This finding expands knowledge of GAS
epidemiology. Thus, GAS pharyngitis strains circulating in
Ontario are a collection of distinct populations, apparently
characterized by relatively limited transmission between
distant locations. Much of our understanding of GAS
epidemiology has been based on the characterization of

Table 3. Five most common M types of group A Streptococcus
from pharyngeal isolates, by location, Ontario, Canada, 2009—
2010*

North Bay/ Thunder

Year London Ottawa Elliot Lake Sudbury Bay
2009 M89 M4 M89 M89 M28
M4 M28 M75 M2 M12
M2 M1 M4 M11 M89

M1 M3 M1 M12 M6
M12 M12 M77 M75 M58
2010 NA M1 M89 NA M28
M3 M1 M59

M4 M118 M1
M28 M4 M12
M12 M75 M89

*NA, not available.
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Figure 4. Frequency of emm89 strains among patients with group A
Streptococcus pharyngitis and invasive disease, Ontario, Canada,
2002-2010, excluding 2004—-2005. Black line indicates yearly
frequency of emm89 among invasive disease isolates; red line

indicates frequency of emm89 among pharyngeal isolates.

strains causing local outbreaks of invasive disease and
large surveillance networks encompassing geographically
expansive catchment regions. This circumstance has led to
the belief that GAS exists mostly as large, homogeneous
populations. Our findings suggest that GAS populations
are much more complex. This conclusion is supported
by our previous genomewide analysis of invasive emm3
isolates from Ontario, which found that genetic distance
and geographic proximity were strongly correlated and that
groups of clonally related isolates were frequently limited
to discrete geographic locations (24).

Our longitudinal analysis of emm types in Toronto
indicated that several emm types (including emml,
emm2, emm3, and emm77) varied substantially in annual
frequency, which suggests features of epidemic behavior.
Comparison of yearly frequencies of emm types in emm3
isolates from patients with pharyngitis and invasive disease
showed a nearly superimposable pattern, with coincident
peaks of infection occurring in 2006 (Figure 3). This
finding is consistent with a model in which many invasive
GAS strains originate from the local pharyngitis strains
and that cyclical outbreaks of invasive infection coincide
or follow recent outbreaks of pharyngitis infections. A
similar conclusion was reported by Hoe et al. (25), whose
analysis of pharyngitis and invasive isolates from Finland
showed that a novel streptococcal inhibitor of complement
(sic) alleles first appeared in local pharyngitis strains before
their appearance in invasive isolates. Furthermore, a GAS
clone responsible for a local outbreak of invasive disease
in Minnesota was common among pharyngeal isolates
from school-aged children living in the outbreak area
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(26). Additional investigation into the genetic relationship
between pharyngitis and invasive disease strains conducted
at the full-genome level may provide useful information
about the molecular events that contribute to invasive GAS.

The large size and longitudinal nature of our strain
sample enabled us to obtain extensive information about
the level of emm allelic variation and the rate of emergence
of new emm alleles in Ontario. Previous experiments
conducted by Dale et al. on 3 serotypes included in the
26-valent GAS vaccine found that slight allelic variants
had little influence on bactericidal killing activity during
in vitro assays, leading the researchers to conclude that
variant subtypes might not affect vaccine efficacy (27).
However, this finding contrasts with several other reports
that observed a variable response to allelic variants (28,29).
Whether the findings of Dale et al. are applicable to all 26
serotypes included in the vaccine is unknown (27). Despite
its potential, albeit unproven, relevance to GAS vaccine
design, we have a relatively limited understanding about
this subject. We observed extensive emm allelic variation
in Ontario, with most common emm types possessing
>6 different alleles. We also found that strong selective
pressure was driving the emergence of new M-protein
variants, with all but one of the new alleles encoding amino
acid substitutions. The observed ratio of synonymous to
nonsynonymous nucleotide substitutions indicates that
allelic variation most likely is shaped by selective pressure,
perhaps immune mediated. Previous investigators have
also reported that the N-terminal regions of M proteins
possess functional domains in addition to opsonic epitopes
that might constrain the amount of variability within an
M type (30-33). Whether allelic variation may eventually
result in escape mutants in a population with high levels of
immunity, resulting from administration of an M-protein—
based vaccine, is not known but should be considered. We
believe this allelic variation might pose a challenge to GAS
vaccine designs that rely on recombinant portions of the
M-protein amino-terminus.

GAS M-protein serotypes are often regarded as
genetically homogeneous populations composed of a
single or relatively few clones. The remarkable level of
emm type allelic diversity we observed in Ontario contrasts
with this view. We found extensive diversity not only in
the distribution of GAS serotypes but also on the allelic
level and between geographic locations separated by short
distances. Our recent genomewide analysis of invasive
M3 isolates in Ontario revealed a strikingly complex
genetic structure (24). Given the relationship between
these populations, GAS pharyngeal isolates probably
harbor an additional layer of genetic diversity that remains
to be elucidated through whole-genome sequencing of a
population of pharyngeal isolates.
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infection (n = 106) were compared with sequences
amplified from swine livers collected in slaughterhouses (n
= 43). Phylogenetic analysis showed the same proportions
of subtypes 3f (73.8%), 3c (13.4%), and 3e (4.7%) in
human and swine populations. Furthermore, similarity of
>99% was found between HEV sequences of human and
swine origins. These results indicate that consumption of
some pork products, such as raw liver, is a major source of
exposure for autochthonous HEV infection.

I I epatitis E virus (HEV) is a causative agent of enterically
transmitted acute hepatitis in humans (1). It is a major
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public health issue in developing countries, where it causes
large waterborne epidemics (2). In industrialized countries,
it is an emerging problem, as an increasing number of
sporadic cases for which the origins are still unclear (3)
have been reported for patients who have not traveled to
HEV-endemic areas.

HEV is a nonenveloped virus with a single-stranded
positive RNA genome of 7.2 kb composed of 3 open
reading frames (ORFs). HEV is the sole member of the
family Hepeviridae (4) and has been classified into 4 major
genotypes and 24 subtypes. Genotype 1 is divided into 5
subtypes (la to le), genotype 2 into 2 subtypes (2a and 2b),
genotype 3 into 10 subtypes (3a to 3j), and genotype 4 into
7 subtypes (4a to 4g) (5). Although genotypes 1 and 2 are
endemic to developing countries, genotypes 3 and 4 are the
cause of sporadic cases. HEV is the only hepatitis virus that
is also found in a wide variety of animals (6). Genotype 3
can infect humans as well as swine, wild boar, deer, and
mongoose (7-10). It is generally agreed that swine are
widely infected all over the world (6). HEV seroprevalence
varies greatly depending on countries; 22.7% to 88.4% of
pigs are seropositive at 6 months of age (11,12). Among
pigs slaughtered at =25 weeks of age, the prevalence of
HEYV fecal excretion ranges from 4% to 41% (13,14). Viral
RNA sequences from pigs and humans can be closely
related (15,16), and cross-species infection of genotypes
3 and 4 from human to pig and pig to nonhuman primate
has been demonstrated experimentally (17). To date, only
2 cases of zoonotic transmission from consumption of raw
or undercooked sika deer and wild boar meat have been
clearly identified in Japan with near or 100% homology
between the sequences from the patient and the consumed
meat (7,8).

A few reports have shown close phylogenetic
relationships between sequences identified in swine and
in humans. However, these studies were based on limited
numbers of sequences with little geographic or temporal
data (18-21).

In France, HEV seroprevalence in the human
population ranges from 3.2% to 16.6%, depending on the
geographic regions studied (22,23). The number of reported
viral hepatitis E cases is increasing. Although only 38 cases
were reported in 2006, a total of 340 cases were diagnosed in
2010, of which 70% were declared autochthonous with no
recent history of patients traveling abroad (French National
Reference Laboratory, unpub. data). In the swine reservoir,
a recent nationwide survey performed at slaughterhouses
showed high prevalence of HEV. HEV seroprevalence in
swine ranges from 31% at the individual level to 65% at
the farm level. In that study, HEV prevalence in pig liver
was estimated at 4%, meaning that HEV-infected pig livers
can enter the food chain (24). Moreover, it has been shown
that regional products made from raw pig liver may contain
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HEV (25). In France, pork is the most widely eaten type of
meat (26) and could represent an HEV reservoir with a high
risk for zoonotic transmission.

To assess the zoonotic risk for transmission from
swine to humans in France, we studied HEV sequences in
both hosts. HEV sequences collected from every human
autochthonous case of hepatitis E infection and HEV-
positive pig livers collected at slaughterhouses, both within
18 months, were analyzed. Epidemiologic and spatial—
temporal data corresponding to phylogenetic analyses of
partial ORF2 sequences were used to investigate whether
swine are a major source of HEV contamination in France.

Materials and Methods

HEV Patients

Persons who had autochthonous hepatitis E virus
infection during May 2008—November 2009 and had no
travel history outside France were included in the study.
RNA was extracted from patient serum or fecal samples by
using a MagNA Pure LC RNA Isolation Kit (MagNA Pure
LC Instrument; Roche Diagnostics, Basel, Switzerland)
according to the manufacturer’s instructions. HEV RNA
was amplified by using a nested reverse transcription PCR
for the ORF2 gene as described (27). Sequencing was
performed on amplified strands with an automated DNA
sequencer (CEQ8000; Beckman-Coulter Inc., Fullerton,
CA, USA). Patients’ demographic and epidemiologic
features were collected anonymously from a questionnaire
on age, sex, recent travel (within the past 4 months), and
medical history.

Swine Sample Collection

As part of a national survey on the prevalence of swine
infected with HEV, 3,715 liver samples were collected at
slaughterhouses from May 2008 through November 2009.
Pig farms were selected through random sampling from
35 slaughterhouses accounting for 95% of the national pig
production. Herds were selected randomly from a database
table indicating dates and times of slaughter regardless of
the herd size, leading to a random distribution of small and
large types of farms (24). Thirty milligrams of liver was
excised with sterile surgical blades. Tissues were disrupted
in bead-milling tubes (FastPrep 24; MP Biomedicals,
Illkrish, France). RNA was extracted by using the RNeasy
Viral RNA extraction kit (QIAGEN, Courtaboeuf, France)
according to the manufacturer’s instructions.

HEV RNA was detected by nested reverse transcription
PCR with the same primers used for human HEV
amplification (27). Positive samples were sequenced by the
Sanger method (Cogenics, Grenoble, France or Eurofins
MWG Operon, Ebersberg, Germany).
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Phylogenetic Analysis

We deposited 106 HEV sequences from human patients
(1 sequence/patient) in GenBank under accession nos.
JF730329-JF730434 and 43 HEV sequences from swine
livers (1 sequence/farm) under accession nos. JF718787—
JF718829. Human and swine HEV RNA sequences of 204
to 306 nt were analyzed by using MEGA4 (28), with a set
of sequences available from GenBank (online Appendix
Table, wwwnc.cde.gov/ElD/article/17/11/11-0616-TA1.
htm), to determine genotypes and subtypes as described by
Lu et al. (5). Alignment was performed by using Clustal W
(MEGA4, www.megasoftware.net). Phylogenetic trees
were built by using the neighbor-joining method with a
bootstrap of 1,000 replicates.

Statistical Analyses

Statistical analyses were performed by using a >
distribution with 1 df and the Fisher exact probability test
to compare proportions between the 2 groups. Differences
were considered to be statistically significant when p<0.05.

Results

Epidemiologic Data

During May 2008—November 2009, hepatitis E was
diagnosed for 305 patients in France. Only the 106 patients
who had answered and returned the questionnaire and who
had no recent history of traveling abroad were included in
the study.

Of the 106 patients with HEV viremia, information on
sex and age was available for 103 patients, of whom 72%
were men; the mean age was 55 years (Figure 1). The 40—
69-year age group had a significantly predominant number
of male patients (81%). All patients had acute resolving
hepatitis E, except for 1 in whom chronic hepatitis E
developed after a liver transplant.

Geographic Distribution of Human Cases
and HEV-positive Swine Herds

Geographic data on place of residence were available
for 100 patients. Most human HEV cases were diagnosed
in southern France (67%), especially in the southeastern
region, Provence-Alpes-Cote-d’Azur, which accounted
for 30% of the cases (Figure 2) and contains 7.6% of
the national population. In northern France, where 33%
of the cases were observed, a high density of HEV cases
(11%) were clustered in the Paris region (Figure 2). The
Paris area, Ile-de-France, is the most populated region
and contains 18% of the total population (29). In contrast,
most of the HEV-positive swine herds were found in
northern France (77%), particularly in the western region,
Brittany, which is the largest swine-producing region,
accounting for 52% of national production (Figure 2).
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Figure 1. Distribution of age and gender for 103 hepatitis E virus
(HEV) viremic patients, France, May 2008—November 2009.

Fewer positive swine samples were found in southern
France (23%), where there is a lower density of pig herds
than in Brittany (24).

Human and Swine HEV Sequences

To characterize HEV circulating in humans and
swine from May 2008 through November 2009, we
subjected partial ORF2 HEV sequences, amplified for
both populations, to phylogenetic analysis. This ORF2
genomic region seems to match the classification of full-

Human=33%
Swine =T77%

Human = &7%
Swine = 23%
South

S— g Provence-Alpes- (
100 km '-H-kﬁf-. Al Céte-d'Azur 5 )
Figure 2. Geographic distribution of hepatitis E virus (HEV)
subtypes recovered from humans (n = 100) and swine (n = 43),
France, May 2008-November 2009. Black, human HEVs; red,
swine HEVs; triangles, subtype 3c; squares, subtype 3e; dots,
subtype 3f; diamonds, strains of undefined subtype. Regions with a

high density of HEV are named.
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length HEV sequences according to Lu et al. (5) and gives
similar phylogenetic topologies to the ORF1 region RdRp
(30). For each human case, a single HEV sequence was
retrieved (n = 106). One HEV RNA sequence from each
positive farm was included when the same sequence was
recovered from several pig livers from the same farm (n
= 43). To define genotypes and subtypes, we added 22
reference sequences of human and swine origins to the
analysis (online Appendix Table). Genotype 4 HEV was
used as the outgroup.

Human and swine strains were scattered homo-
geneously on the phylogenetic tree (Figure 3); no specific
cluster in relation to the host was considered. All sequences
belonged to genotype 3 and more specifically to subtypes
3f, 3c, and 3e. There was some difficulty in identifying
a specific subtype to a cluster of 12 sequences, 8 from
humans and 4 from swine. These sequences were close
to 7 subtypes (3a, 3b, 3c, 3d, 3h, 3i, and 3j) but shared
<90% homology with any of them (5). The term undefined
subtype was given to this cluster (Figure 3).

Subtype Proportions and Distribution

A comparison of subtype proportions in swine
and human populations did not reveal any significant
differences (p>0.05) (Table 1). Subtype 3f was the largest
cluster, accounting for 73.8% of the strains sequenced
(72.6% in humans and 76.7% in swine). Subtype 3¢ was
the second largest group, accounting for 13.4% of HEV
strains (15.1% in humans and 9.3% in swine). The set of
sequences of undefined subtype accounted for 8.1% of
the total strains and was also homogencously represented
(no statistical difference in proportion) between human
(7.6%) and swine strains (9.3%). Finally, the proportion
of subtype 3e was smallest, 4.7% in the swine and the
human groups.

Geographic distribution of subtypes showed that 3f
was found all over the territory; 3¢ seemed to be missing
in Brittany, where the largest number of samples was
collected (1,760 livers). Most sequences of the undefined
subtype originated from southern France (Figure 2).

Nucleotide Variations among Human
and Swine HEV Sequences

To investigate whether some nucleotide positions
would be host strain specific, a p-value was calculated
for each nucleotide position. No significant difference
(p<0.05) between human and swine HEV was obtained
for the short nucleotide sequence studied (data not shown).
The same observation was made at the amino acid level,
where there was no significant difference at any position
between human and swine HEV (data not shown).
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Figure 3. Phylogenetic tree of hepatitis E virus (HEV) detected in
human and swine constructed by the neighbor-joining method with
a bootstrap of 1,000 replicates based on the ClustalW alignment
(MEGA4, www.megasoftware.net) of 204- to 306-nt sequences
within open reading frame 2. The 106 HEV sequences recovered
from patients from France are displayed as black dots (GenBank
accession nos. JF730329-JF730434), the 43 HEV sequences
recovered from swine from France are displayed as red dots
(accession nos. JF718787-JF718829), and the 22 reference strains
from GenBank are displayed as white dots (GenBank accession
nos. in online Appendix Table, wwwnc.cdc.gov/ElID/article/17/11/11-
0616-TA1.). Genotype 4, subtypes 3f, 3c, and 3e, as defined by Lu
et al. (8), are encircled by a solid black line; undefined subtype
is encircled by a dashed black line. Bootstrap values >70% are
indicated on respective branches. Scale bar represents nucleotide
substitutions per site.

HEV Sequence Similarities

Human Sequence Similarities

The 106 sequences recovered from human patients
were compared with each other at the nucleotide level. The
percentage of nucleotide sequence identities ranged from
67.8% to 100% (Table 2). Four groups of 2-3 patients
had 100% nt similarity. These sequences were detected
in patients living in different regions, at intervals ranging
from 6 days to 6 months (Figure 4).
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Table 1. Proportions of subtypes of HEV strains identified in 106 humans and 43 swine, France, May 2008—November 2009*

No. (%) isolates

Sequences Subtype 3c Subtype 3e Subtype 3f Undefined subtype Total no.
Human HEV 16 (15.1) 5(4.7) 77 (72.6) 8(7.6) 106
Swine HEV 4(9.3) 2(4.7) 33 (76.7) 4(9.3) 43
Total HEV 20 (13.4) 7(4.7) 110 (73.8) 12 (8.1) 149

*HEV, hepatitis E virus.

Swine Sequence Similarities

First, to evaluate HEV within-farm homology,
we compared 10 sequences recovered on the same day
from 10 animals from the same farm. Similarities of
99% to 100% were found (Table 2). The 43 sequences
recovered from independent farms all over France were
then compared with each other. Similarities ranged from
71.7% to 99.3% (Table 2). Three pairs of sequences were
found with similarities of >99% (Figure 4). These pairs
of sequences originated from neighboring farms (Figure
4). Two pairs of sequences were sampled on the same day
(August 30, 2008 or November 18, 2009), and the third
pair was sampled at a 6-month interval (June 10, 2008,
and November 24, 2008).

Similarities between Human and Swine Sequences

Similarities ranged from 68.4% to 99.3% (Table
2). These minimum and maximum similarities do not
significantly differ from those found in each separate
population (p<0.05).

Two pairs of sequences were found to have >99%
similarity. In both cases, human and animal HEV sequences
were identified in different geographic regions at intervals
of 5 months (human, August 3, 2008; and swine, April 9,
2008) to 1 year (human, May 22, 2009; and swine, May 27,
2008). In both cases, swine sequences were sampled first,
before the onset of the disease in the patient.

Discussion

Although zoonotic transmission of hepatitis E virus
from swine to human has been well accepted, little
data are available on HEV sequences circulating in
human and swine populations within a country during a
restricted period. We investigated a large number of HEV
sequences, collected from 106 patients and 43 swine over
an 18-month period. The patients were mostly male (72%)

Table 2. Percentage nucleotide similarities of 204 to 306 HEV
nucleotide sequences from 106 humans and 43 swine, France,
May 2008—November 2009*

Sequences Minimum Average Median Maximum
Human HEV 67.8 85.2 87.7 100
Swine HEV
Same farm 99.0 99.7 99.7 100
Different farms 71.7 86.1 88.2 99.6
Human and swine HEV 68.4 85.4 87.6 99.3

*HEV, hepatitis E virus.
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and >55 years of age. This finding is in agreement with a
previous report on acute HEV infection in France, which
found that men accounted for 68% (36/53) of the cases
(31). The situation in industrialized countries contrasts
with that in regions where attack rates for waterborne
outbreaks of HEV genotype 1 are higher among young
adults (1540 years of age) (1). This observation suggests
that the 2 epidemiologic profiles may involve different
contamination routes. There are differences in hygiene
and meat consumption habits in these regions. Moreover,
no animal reservoirs have been yet described for the
genotypes involved in waterborne outbreaks (genotypes |
or 2) (6), suggesting that zoonotic transmission might be
limited in any HEV-endemic areas.

All 149 HEV sequences belonged to genotype 3
and were divided into at least 3 subtypes according to
the classification elaborated by Lu et al. (5). Sequences
sharing a minimum of 90% similarity were considered as
belonging to the same subtype. Among these sequences,
137 belonged to subtypes 3f, 3c, and 3e. For 12
sequences, 8 human HEV and 4 swine HEV, there was
some classification uncertainty because they were close
to 7 different subtypes but shared <90% homology. The
difficulty in classifying this undefined subtype might be
because of partial sequencing of the strains identified,
although Lu et al. showed that the 5 end of the ORF2
region matches the complete genomic sequence for HEV
classification better than other regions of the HEV genome
(5). Using the nucleotide BLAST database (http://blast.
ncbi.nlm.nih.gov/Blast), sequences from this undefined
subtype are close but share <90% homology to 3a and
3¢ sequences detected in the Netherlands or 3h and 3i
sequences detected in Germany. This undefined subtype
also clusters on its own (>90% homology) and could
be a new subtype that is specific to France. Comparison
of autochthonous HEV from France with HEV from
neighboring countries shows that the same main
subtypes are found: 3f is found all over Europe; 3c in the
Netherlands, Italy, and Hungary; and 3e in the UK, the
Netherlands, Germany, and Hungary (15,18,32-35). This
finding suggests that some subtypes may have emerged
and evolved locally through animal trading.

The proportion of each subtype in both species was
then estimated, and the proportions of subtypes 3f, 3c,
and 3e were found to be almost the same. Such a similar
distribution of subtypes suggests an active circulation
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of the virus between the 2 host species in France. In the
Netherlands, proportions of subtypes in human compared
with animals or environmental strains were found to differ
markedly, 6% versus 43% for 3f and 75% versus 35% for
3c (18), suggesting a limited number of contamination
events through these 2 possible contamination pathways in
this country.

Although HEV is widely distributed across France,
some geographic regions showed higher rates of infection
in humans. Most (67%) cases of autochthonous hepatitis
E were found in southern France and particularly in the
Provence-Alpes-Cote-d’ Azur region (30%). These results
are consistent with HEV seroprevalence in blood donors
being higher in southern (16.6%) than in northern France
(3.2%) (22,23). Furthermore, this observation correlates
with results of a previous national survey in France
showing an increasing north-to-south gradient of acute
hepatitis E (31). In contrast, in the animal reservoir, most
HEV sequences were detected in the main pig-producing
area located in northwestern France. Nevertheless, the low
number (only 2) of human cases observed in this region
with a high density of pig farms suggests that the number of
contamination events through the environmental pathway
is limited. In the Ile de France region (Paris area), a high
number (11%) of cases of hepatitis E was also reported.
This finding could be partially explained by the high
population density (18%) in this area; a few cases were
reported after traveling and eating uncooked pork products
in southern France.

To further analyze sequence similarities between
human and swine HEV strains, we determined the
similarities in nucleotides between human and swine
sequences. HEV has a high mutation rate because of its
error-prone  RNA-dependent RNA polymerase and is
probably present as a quasispecies in an infected host (36).
Thus, low (<1%) variability in nucleotides may correspond
to a unique strain. Analyzing human HEV sequences, 100%
nt similarity was found in 4 groups of 2—3 patients. These
patients were not related, but they may have been exposed
to an unknown common source of contamination.

Swine sequences amplified from livers of animals
within the same herd were found to be homogeneous, with
a maximum difference of 3 nt along the 306 nt sequenced.
Except for 3 groups of 2 herds, all the sequences were
different (<99%). These 3 groups included herds that
were sampled at the same time or 5 months apart and that
were geographically close (a few kilometers). This high
similarity of partial sequences might be explained by a
possible exchange of animals between nearby herds, which
is a common practice. However, it cannot be excluded that
movements of farm workers and veterinarians or spreading
of infected slurry might contribute to HEV transmission
between herds. Swine HEV infection spreads easily within
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Figure 4. Geographic distribution and sampling date of human and
swine hepatitis E virus (HEV) sequences sharing >99% identities,
France, May 2008—November 2009.

a herd through the fecal-oral route (37). This geographic
clustering of HEV strains detected in animals was also
observed in Sweden (19).

Because animals from the same herd can have a
difference of 3 nt over the same amplified sequence, human
and porcine HEV sequences with >99% similarities may be
considered as coming from related strains. A comparison
of human and swine sequences showed that 2 pairs of
sequences were similar (99.3%). In both cases, swine and
human sequences were detected in different geographic
areas. The swine sequences were identified first and later
in humans. Pork meat is the most widely eaten meat in
France (34.7 kg/inhabitant/year), and it is distributed and
consumed throughout France (26). In our study, HEV
sequences were amplified from liver, but other meat might
be a vector for HEV infection because it has been shown
that other organs such as muscles can be HEV positive (38).
Considering the geographic distances and the detection of
these HEV sequences in animals first, it seems reasonable
to assume that foodborne infection may play a major role
in autochthonous cases of hepatitis E. The high similarity
observed suggests that these 2 cases could be the result of
zoonotic transmission. Furthermore, because since these
sequences are not geographically linked, contamination
through environmental exposure can be ruled out.
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In addition to the high degree of similarity observed
between human and swine sequences and the identical
proportion of each subtype in both hosts, no specific
nucleotide substitutions have been identified when
sequences from different host species were compared. These
results are in line with the possible absence of a species
barrier for HEV strains of genotype 3. However, before
concluding that there are no host restriction determinants,
further analysis of longer sequences is required.

This unique large-scale study on human and swine
sequences with spatial-temporal data suggests that zoonotic
transmission of HEV is involved in autochthonous cases.
The swine reservoir is widely infected with HEV, and
infected livers enter the food chain. Living in southern
France seems to be associated with more frequent exposure
to HEV (67% of cases). This observation might be linked
to cultural food habits specific to southern France and
frequent consumption of products made from raw swine
liver (25).

Slurry from swine is often spread onto local fields, but
there are few (only 2) cases reported in Brittany compared
with other regions. The spread of HEV into the environment
may not have major consequences but cannot be ignored.
Contact with animals; consumption of contaminated water,
vegetables, or shellfish; or unknown routes of transmission
need to be investigated. In conclusion, taken together, these
results confirm the major role played by the swine reservoir
of HEV in autochthonous cases of hepatitis E. This study
underlines the need for a surveillance and control plan,
either at the level of pig production or at the level of food
processing, to limit human exposure to HEV through
consumption of pork products.
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Dynamics of Cholera Outbreaks
In Great Lakes Region of Africa,
1978-2008

Didier Bompangue Nkoko, Patrick Giraudoux, Pierre-Denis Plisnier, Annie Mutombo Tinda,
Martine Piarroux, Bertrand Sudre, Stephanie Horion, Jean-Jacques Muyembe Tamfum,
Benoit Kebela llunga, and Renaud Piarroux

Cholera outbreaks have occurred in Burundi, Rwanda,
Democratic Republic of Congo, Tanzania, Uganda, and
Kenya almost every year since 1977-1978, when the
disease emerged in these countries. We used a multiscale,
geographic information system-based approach to
assess the link between cholera outbreaks, climate,
and environmental variables. We performed time-series
analyses and field investigations in the main affected areas.
Results showed that cholera greatly increased during
El Nifio warm events (abnormally warm EI Nifios) but
decreased or remained stable between these events. Most
epidemics occurred in a few hotspots in lakeside areas,
where the weekly incidence of cholera varied by season,
rainfall, fluctuations of plankton, and fishing activities.
During lull periods, persistence of cholera was explained
by outbreak dynamics, which suggested a metapopulation
pattern, and by endemic foci around the lakes. These links
between cholera outbreaks, climate, and lake environments
need additional, multidisciplinary study.

n Asia, the endemic and seasonal character of cholera
largely depends on human exposure to the aquatic
reservoirs of Vibrio cholerae (1). Culturable V. cholerae
as well as viable but nonculturable V. cholerae (i.e.,
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those that have entered into a dormant stage because of
conditions unfavorable for growth or reproduction) attach
to zooplankton and phytoplankton, especially in estuarine
areas (2). Intheseareas, the incidence of cholerais influenced
by local factors, such as rainfall and plankton blooms, and
by global climatic conditions, such as increased sea surface
temperatures linked to El Nifio Southern Oscillation events
(3,4). This link between cholera, the aquatic environment,
and climate, named the “cholera paradigm” by Colwell (5),
was highlighted by numerous studies in coastal areas.
Except for Haiti, where an epidemic of cholera began
in mid-October 2010 (6), the area experiencing the worst
cholera epidemics is sub-Saharan Africa. During 1995—
2005, a total of 632 cholera outbreaks were reported
worldwide; 66.0% of the total cases and 87.6% of fatal cases
were reported from sub-Saharan Africa (7). Specifically,
according to the World Health Organization (WHO), only
5 countries (Burundi, Cameroon, the Democratic Republic
of the Congo [DRC], Ghana, and Tanzania) have reported
cases of cholera every year since 1990 (8). Three of these
countries—Burundi, DRC, and Tanzania—are partially or
totally located in the African Great Lakes region (AGLR),
an area including Lakes Tanganyika, Victoria, Kivu,
Edward, and Albert. This region also includes Rwanda and
part of Kenya and Uganda, which have also reported cases
of cholera nearly every year since 1991 (except for 3 years
for Kenya and 2 years for Rwanda and Uganda). Except
for some limited epidemics, AGLR was long free from
cholera, which emerged in 1977-1978 when the 6 countries
were simultaneously affected (9). Since then, AGLR has
become one of the most active foci of cholera, declaring
322,532 cases during 1999-2008 (20% of all cholera cases
officially reported worldwide to WHO for these 10 years).
Nevertheless, these numbers are widely underestimated
because many patients cannot access health care facilities
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(10). This worrying evolution of cholera outbreaks in
AGLR went unnoticed in the scientific community, and
no serious attempts have been made to describe these new
endemic foci of a waterborne disease originating from
coastal marine environments.

Considering the established link between rainfall,
El Nifio events, sea surface temperature, plankton, and
cholera in the coastal areas, the emergence of cholera and
its spread in AGLR can be hypothesized to have been
facilitated by global climatic and local environmental
factors. However, the AGLR environment differs widely
from estuarine environments, which are known to harbor
favorable ecosystems for V. cholerae survival during
interepidemic periods (1-5). Our study aimed to describe
1) cholera outbreak dynamics in the AGLR, 2) the modes
of persistence of V. cholerae during lull periods, and 3)
the role of specific climatic conditions that might trigger
widespread epidemics.

Methods

Data Collection and Case Definitions

Annual reports of cholera cases during 1978-2008 in
Burundi, Rwanda, DRC, Tanzania, Uganda, and Kenya
were retrieved from a WHO website (8), but it provided
information only to the country level. To obtainmore detailed
information, we also referred to the ProMED website
(11), which compiles information about cholera outbreaks
reported by official government and international agencies,
print and online media, and local observers. However,
ProMED can miss some outbreaks and possibly bias the
spatial distribution toward areas with major outbreaks.
In addition, outbreak data on the website are not always
accurate. Therefore, with the help of local and national staff
of the DRC Ministry of Health, information about cholera
cases was collected weekly in each DRC health district
during 2002—-2008. Attack rates were calculated by using
population data provided by the Congolese Ministry of
Health. Cholera cases were diagnosed on the basis of the
WHO standard case definition (i.e., acute watery diarrhea,
with or without vomiting, in a patient >5 years of age).
In DRC, the national surveillance system lowers the age
limit to 2 years for case-patients associated with confirmed
cholera outbreaks. Samples for only a small percentage
of suspected cholera case-patients were submitted for
laboratory confirmation. Nevertheless, as recommended by
WHO, outbreaks are usually confirmed by culture results
and by identification of V. cholera O1 in fecal samples.
This confirmatory testing is performed by national health
staff, sometimes with the support of staff from WHO or
international nongovernmental organizations. For instance,
in 2009 WHO helped to confirm 38 cholera outbreaks in
Africa (12).
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Statistical Analysis and Geographic
Information System

Pearson correlations were computed between the
time series of annual data of cholera cases in the 6 AGLR
countries (13). Significance was estimated by computing
H, (the null hypothesis) probability using the Monte Carlo
method (999 replicates).

A geographic information system was established
on the basis of data collected in the 515 DRC health
districts during 2002-2008. Six health districts were
not included in the statistical analysis because >10%
of their weekly reports were missing. We examined the
relationship between the number of cholera cases in each
health district and the following variables: population,
presence or absence of railways, presence or absence of
roads, and lakeside location. Populations of each health
district were log-transformed, and log(population) was
included as an offset term in the model. Because of the
overdispersion of cholera incidence, several generalized
linear models belonging to the negative binomial family
were compared and checked for spatial structure. Stepwise
selection of variables was performed in each case, and
the best models were selected by using the Akaike index
criterion, following Venables and Ripley (14) and Rigby
and Stasinopoulos (15). We checked model residuals for
spatial structure by plotting an empirical variogram. A
variogram envelope was then computed by performing
1,000 permutations of the residual values on the spatial
locations (the health district centroids). All semivariances
that were observed were within the limits of the envelope,
indicating that no spatial correlation could be detected in
the residuals.

To investigate for case clustering, we used SaTScan
software (Kulldorf, Cambridge, UK) to analyze the case
numbers in each Congolese health district during 2002—
2008. To detect clusters, this software systematically moves
a circular scanning window of increasing diameter over
the studied region and compares observed case numbers
inside the window to the numbers that would be expected
under the null hypothesis (i.c., a random distribution of
cases) (16). The radius of the maximum allowed cluster
size was 200 km. The significance for each cluster was
obtained through Monte Carlo hypothesis testing (i.e.,
results of the likelihood function were compared with 999
random replications of the dataset generated under the null
hypothesis) (17,18).

Time series of cholera cases that occurred in the
health district belonging to the main clusters identified
by the Kulldorf method were decomposed into a trend, a
seasonal component, and a residual by using a seasonal-
trend decomposition procedure based on Loess regression
following the method of Cleveland et al. (19). Cross-
correlations between time series were computed, and
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health zones with synchronous patterns were grouped into
5 hotspots.

To investigate the possible link between cholera and
rainfall, we analyzed the rainfall time series obtained for
the 5 hotspots from January 1, 2002, through December 31,
2008, and decomposed the time series into trend, seasonal,
and residual components as explained by Venables and
Ripley (14). We then checked for a correlation between the
residual components of rainfall and cholera data. Rainfall
data were obtained from the International Research Institute
for Climate and Society IRI/LDEO Climate Data Library,
providing the estimated daily precipitation in Africa from
the National Oceanic and Atmospheric Administration
Climate Prediction Center (20). The daily estimated
precipitation from January 1, 2002, through December 31,
2008, was extracted for 5 areas, including the 5 hotspots,
and aggregated on a weekly basis. The areas were North
Kivu (28.7°-29.7°E, 1.2°-1.7°S), South Kivu (28.7°—
29.2°E, 1.7°-2.2°S), Uvira (28.6°-29.3°E, 2.6°-3.9°S),
Kalemie (28.1°-29.5°E, 5.6°-7.2°S), and Upper Congo
Basin (25.5°-26.6°E, 8.0°-9.9°S).

The link between dynamics of cholera and fluctuation
of phytoplankton in Lake Tanganyika was studied by
using remote sensing data of chlorophyll-a (in pg/L) and
field measurements from 2002 through 2006 (21-23).
This dataset, which was computed by using daily MODIS/
Aqua Level 1B images (http://oceancolor.gsfc.nasa.gov),
was specifically optimized for the monitoring of plankton
blooms in Lake Tanganyika (21). Chlorophyll-a is a usual
proxy for phytoplankton concentration (24). Whole-lake
chlorophyll-a data were specifically investigated near
Uvira (3°23'18" S, 29°12'27" E) and Kalemie (5°55'91"
S, 29°15'00" E) for this study. Computations were done
and graphical displays were made by using R 2.12.2 (25),
with MASS 7.3-11 and GAMLSS 4.0-8 (both from The
R Foundation for Statistical Computing, Vienna, Austria),
and by using ArcGIS 9.3 (Environmental Systems Research
Institute, Inc., Redlands, CA, USA). Finally, because
human activities may also influence the seasonal pattern
of cholera, we conducted field observations and systematic
interviews in each hotspot to understand the lifestyles of
fishermen, tradesmen, artisans, and other inhabitants of the
region.

Results

Temporal Dynamics of Cholera and
El Nifio Warm Events

The annual cholera cases for 1978-2008 for Burundi,
DRC, Tanzania, Uganda, and Kenya (but not for Rwanda)
were synchronized without a time lag (Table). We found
a large increase in cholera for 8 years (the numbers in
parentheses after the years show the increase over the
preceding year): 1982 (1.9x), 1991 (3.8x), 1992 (2.8x%),
1994 (25.8x), 1997 (6.1x), 1998 (1.9%), 2002 (5.0%), and
2006 (1.8x) (Figure 1). By extracting El Nifio southern
oscillation events indices from the National Oceanic and
Atmospheric Administration website (Www.cpc.ncep.
noaa.gov/data/indices/wksst.for), we found 7 warm events
(abnormally warm El Nifios). These events lasted >5 months
and corresponded to periods during which the monthly sea
surface temperature exceeded the expected sea surface
temperature by at least 0.5°C at the same time in the Nifio 3
and Nifio 4 regions. The 7 warm events peaked during the
last trimester of 1982; the third trimester of 1987; the first
trimester of 1992; and the last trimesters of 1994, 1997,
2002, and 2006, which exceeded the expected sea surface
temperature by 1.81°C, 1.28°C, 1.14°C, 1.01°C, 2.27°C,
1.26°C, and 1.16°C, respectively. All but 1 of these warm
events corresponded to the years cited above that had large
increases in cholera; thus, we tested the hypothesis that this
was a random occurrence but found that to be an unlikely
hypothesis (p = 0.0003, Fisher exact test).

Cholera Epidemics and Lakeside Area

Using the ProMED website, we identified and
localized 252 cholera epidemics for 1999-2008 (Figure 2)
(11). Of the outbreaks, 63.5% occurred in districts in lake
areas, mainly around Lakes Victoria, Kivu, Albert, and
Edward and the northern half of Lake Tanganyika. By
contrast, only 12% of outbreaks occurred in seaside areas
of Kenya and Tanzania. We then analyzed data provided
by DRC, which reported 159,086 cholera cases and 4,912
cholera-related deaths during 2002-2008, corresponding to
66% of the cases and 71% of the deaths reported to WHO
from the 6 AGLR countries. Using the type II negative
binomial model (lowest Akaike information criterion and

Table. Annual correlations for cholera cases between 6 countries in the African Great Lakes region, 1978-2008*

Correlation coefficient (p value)

Country Burundi DRC Kenya Rwanda Tanzania Uganda
Burundi

DRC 0.4937 (0.0048)

Kenya 0.4789 (0.0064) 0.3133 (0.0861)

Rwanda 0.1307 (0.4833)  0.2665 (0.1473) 0.168 (0.3665)

Tanzania 0.327 (0.0725) 0.1721 (0.3545)  0.4338 (0.0148) 0.2792 (0.1282)

Uganda 0.5631 (0.001)  0.7284 (0.00001) 0.4304 (0.0157)  0.2884 (0.1157)  0.5076 (0.0036)

*Values in boldface are significant. DRC, Democratic Republic of Congo.

2028

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 11, November 2011



Cholera, Great Lakes Region of Africa, 1978-2008

140,000

120,000

100,000

B0,000

60,000

Total no. cholera cases

40,000

20,000

1978 1980 1982 1984 1986 1988 1880 1882 1884 1996

Increase in cholera cases

<z 8

Cold climatic events

1998 2000 2002 2004

Warm climatic events

F 3 Figure 1. Yearly number of
cholera cases in the African
Great Lakes region (Burundi,
Democratic Republic of Congo,
Kenya, Rwanda, Tanzania,
and Uganda), 1978-2008. Red
bars indicate years with large
increases in cholera cases.
Numbers on arrows represent
the increase factor in cholera
cases. Warm climatic events
(indicated by light orange
background) had a duration of
>5 months and a sea surface
temperature increase of >0.5°C
simultaneously in Nifio 3 (eastern
Pacific, from 90°W-150°W and
5°S-5°N) and Nifio 4 (western
SiGe: e Pacific, from 160°E-150°W and
5°S-5°N) regions.
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sigma coefficient = §) and including the presence of roads
and lakeside location, we found that the number of cholera
cases in each health district in DRC was significantly higher
in areas with roads (risk ratio [RR] 1.4, 95% confidence
interval 1.1-1.9) and lakes (RR 7.0, 95% confidence
interval 4.9—10.0). Results of the SaTScan analysis showed
that the spatial clusters that were associated with significant
RRs were all located in eastern DRC (Figure 3). The 3
clusters with maximal RR (p<0.001) were 1) Kalemie, on
the shore of the Lake Tanganyika (RR 17.1); 2) the area
bordering lakes on the Upper Congo basin (RR 12.7); and
3) an area including the northern shore of Lake Tanganyika,
Lake Kivu, and the southern shore of Lake Edward (RR
6.0). These 3 clusters represented 28 health districts and

Central African Republic

Population density/km?
) 0.00-6.74

107,826 cases of cholera (68% of the total cases and <10%
of the total population of DRC). When considering these 3
clusters altogether, cholera cases were reported every week
during the 7-year period studied. The lowest incidence
was 8 cases per million inhabitants (week 24, 2004). By
contrast, outside of these 3 clusters, we identified numerous
periods with no or almost no cholera cases (<1 case/l
million inhabitants/week), many of them lasting >1 month
(weeks 24-30, 2002; weeks 19-28 and 3640, 2004; weeks
9-13, 20-34, and 44-49, 2005; weeks 16-25, 2006; and
weeks 23-27,2007).

By using time-series analysis to search for
synchronous patterns, we identified 5 hotspots within these
spatial clusters, accounting for 84,465 cholera cases. The
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Figure 3. Temporal-spatial evolution of cholera cases in 5 hotspots in the African Great Lakes region, 2002—-2008. A) Spatial distribution of
cholera in the provinces of Katanga, North Kivu, and South Kivu (Democratic Republic of Congo). Health districts are colored according
to the risk ratio of the cluster, as calculated by using SatSCan software (Kulldorf, Cambridge, UK). B) Evolution of the weekly number of
cholera cases in the 5 hotspots (B1-B5). B1) Goma and Kirotshe health districts; B2) Bukavu and Katana health districts; B3) Uvira health
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first hotspot was around Goma in North Kivu (including
Goma and Kirotshe health districts; Figure 3); the second
hotspot was around Bukavu in the north of South Kivu
(Bukavu and Katana health districts); the third hotspot
was in Uvira, in the south of South Kivu (Uvira health
district); the fourth hotspot was around Kalemie, near
Lake Tanganyika in Katanga (Kalemie and Nyemba health
districts); and the fifth hotspot was in the Upper Congo
River Basin in Katanga (Bukama, Butumba, Kinkondja,
Kabondo-Dianda, Malemba-Nkulu, Lwamba, Mukanga
and Mulongo health districts). In each of these hotspots,
cholera cases were reported almost every week except for a
few short interruptions (Figure 3).

Cholera Weekly Incidence by Season, Rainfall,
Plankton Abundance, and Fishing Activities

Seasonal patterns of cholera varied according to the
location of the hotspots (Figure 4). Around Goma, where
no dry season could be determined, time-series analyses
did not identify any seasonal component in the occurrence
of cholera. Around Bukavu and Uvira—2 hotspots
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characterized by a short dry season—a clear trend toward
a lull in cholera cases during the dry season was observed.
Further south, in Kalemie and the Upper Congo River
Basin, cholera outbreaks started before the end of the dry
season and worsened during the rainy season.

Cross-correlations  between residual components
of cholera and rainfall time series showed a significant
positive relationship in Uvira after a latency of 2—5 weeks
and in the Upper Congo River Basin after no latency. In
Kalemie and Bukavu, the link between rainfall and cholera
was supported only by the seasonal trend. Therefore, the
deleterious effect highlighted during the El Nifio years
might, at least partly, have resulted from excess rainfall in
the Great Lakes region.

We further studied the links between the dynamics
of cholera and the fluctuations of phytoplankton in
Lake Tanganyika by using chlorophyll-a concentration
estimates (in pg/L) derived from remote sensing. Cholera
epidemics and blooms of phytoplankton occurred almost
simultaneously in Uvira and Kalemie (Figure 5). However,
after removal of the seasonal components of the time series,
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Figure 4. Seasonal patterns/components of cholera outbreaks for
5 hotspots in the African Great Lakes region, 2002—2008. Hotspots
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no additional significant relationship was found between
these 2 phenomena.

In Kalemie and the Upper Congo River Basin,
which are among the main fishing areas in DRC, field
investigations and interviews focused on descriptions of
the behaviors of fishermen and of the seasonal variations in
trading and fishing activities. In Kalemie, fishing activities
peaked from mid-July to September (the dry season), when
fishermen move into settlements located on the shore of
Lake Tanganyika. In the Upper Congo River Basin, the
fishing season is slightly earlier (mid-June to September),
and fishermen crowd into camps on islands that emerge
during the dry season but are below water during the rainy
season. These fishing settlements are characterized by poor
sanitary conditions, which lack clean water and a system
for disposing of excreta (Figure 6). In both areas, the mild
increase in cholera cases during the dry season is associated
with the traveling of fishermen and traders between the
main towns and fishing camps.

Persistence of Cholera during Lull Periods
Because of the combined effects of seasonal patterns
and interannual trends of cholera, short lulls in cholera
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outbreaks occurred in the 5 hotspots. However, these
lull periods were not completely synchronous (Figure
3). Although the number of cholera cases fell to zero
in a given hotspot, neighboring hotspots were still
undergoing outbreaks and served as starting points for
cholera to recolonize other lakeside areas. The high and
still increasing density of population has resulted in less
frequent and shortened periods with complete interruption
of cholera transmission in Kalemie, Uvira, Bukavu, and
Goma, adding to the stability of this pattern of epidemics
(Figure 3). Therefore, spontaneous and simultaneous
extinction in every hotspot was never observed during this
7-year survey.

Discussion

Our findings show that cholera in AGLR greatly
increases during years of El Nifio warm events, and it
decreases or remains stable between these warm events.
In this region of Africa, which is located near the equator,
rainfall affects the epidemiologic patterns of cholera.
Therefore, the deleterious effect during El Nifio warm
event years might at least partly result from the excess of
rainfall during the corresponding years. Seasonal patterns
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Figure 5. Link between the number of cholera cases and fluctuations
in phytoplankton abundance (chlorophyll-a concentrations) in Lake
Tanganyika, Africa Great Lakes region, January 2002—December
2006. Two of 5 cholera hotspots in the region were tested, both
of which face Lake Tanganyika: Uvira (A) and Kalemie (B). Green
indicates median concentrations of chlorophyll-a in surface water;
red indicates cholera cases.
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Figure 6. Fishing camp on an island in Lake Upemba, upper Congo
River Basin. Fishermen and their families usually spend several
weeks every year in camps like this, in which the lake is the only
source of water. Because there is no firewood in such areas,
campaigns promoting the boiling of water are useless. (Photograph

by Didier Bompangue.)

of cholera and the effects of the rainfall shown by our results
corroborate the findings from a study performed in Zambia,
a country bordering the southern Katanga Province, DRC
(26). There, the risk for cholera epidemics increases when
the rainy season begins earlier and is preceded 6 weeks
earlier by a period of warm temperature.

Our results also show that a few lakeside areas play
a crucial role in maintaining endemic cholera in AGLR.
Two case-control studies, including 1 on Lake Tanganyika
(27), showed a statistical correlation between contracting
cholera and living on the shores of a lake or a river in
Africa (27,28). The link between high incidence of cholera
and presence of lakes has also been noted in DRC at the
provincial level (29,30). We addressed this issue through
a multiscale approach and obtained data suggesting that
lakeside areas were the source of the disease in the entire
AGLR. Indeed, lakeside areas were the only areas where
the disease persisted continuously during the study period.
Therefore, we believe that in the absence of lakeside areas,
the disease would have disappeared from AGLR.

Two hypotheses emerged to explain how cholera
took root in AGLR, an area far from the coastal marine
environments known to be the original biotope of V.
cholerae. The first hypothesis involves the possible
persistence of some cholera strains in the lakes of
AGLR. Weather conditions (i.c., seasonal rainfall and the
multiannual recurrence of El Nifilo warm events) might
promote plankton growth and V. cholerae multiplication,
similar to the epidemiology of cholera in South Asia (3).
Climatic changes have resulted in biological modifications
of the lakes. The temperature of the African Great Lakes
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has increased during the past 3 decades (31-33). Changes in
algal community structure have also occurred; for example,
the reported Lake Tanganyika cyanobacteria-chrysophytes-
chlorophytes community of 1975 was replaced by a
cyanobacteria-chlorophytes-diatom community (34). These
environmental changes, which were observed in Lakes
Victoria, Malawi (another African Great Lake, also known
as Lake Nyasa), and Tanganyika, could have affected
the dynamics of cholera. Although our results showed
a relationship between the abundance of phytoplankton
and the number of cholera cases, we acknowledge that we
did not demonstrate a causal relationship. Others causes,
such as seasonal rainfall, may explain increased plankton
bloom (because of an increase in nutrients) and increased
cases of cholera (due to fecal contamination of lake water).
Seasonal patterns of cholera around the lakes may also
be partly explained by the seasonal variation of human
exposure to aquatic reservoirs of V. cholerae, especially in
fishing settlements.

The second hypothesis explains the persistence of
cholera during the lull periods by outbreak dynamics
evoking a metapopulation pattern (cholera stability on
a regional scale originates from interactions between
asynchronous local foci prone to extinction) and by densely
populated endemic foci around the lakes. Most of these
foci are towns in which humans live in close proximity to
each other with poor hygiene conditions and little access
to clean water. In such situations, cholera could persist
during the dry season through a mix of human-to-human
and waterborne transmission. Even if the African Great
Lakes lack cholera strains that persist for extended periods,
sewage seeping into the lakes from the towns and camps
may result in transient but repetitive contamination of the
water, which many AGLR residents use for cooking and
drinking. In addition, cholera epidemics among fishing
communities help maintain a human reservoir of the
disease. At the end of the lull periods, the spread of cholera
is then favored by several factors, including rainfall, which
enhances water contamination, and commercial activities,
which facilitate the spread of the disease.

To further understand the mechanisms and
conditions that enabled cholera to take root in AGLR, an
interdisciplinary study will investigate the role of freshwater
environments and climatic factors in cholera dynamics in
this region of Africa. This study, named CHOLTIC, is just
beginning around Lake Tanganyika and involves specialists
in various topics, including epidemiology, microbiology,
limnology, hydrodynamics, phytoplankton, zooplankton,
fisheries, remote sensing, and modeling. Our initial results
support a link between cholera outbreaks, climate, and lake
environment, and provide an encouraging basis for further
investigation.
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International
Spread of MDR TB
from Tugela Ferry,

South Africa

Graham S. Cooke, R. Kate Beaton,
Richard J. Lessells, Laurence John,
Simon Ashworth, Onn Min Kon,

O. Martin Williams, P. Supply, P. Moodley,
and Alexander S. Pym

We describe a death associated with multidrug-
resistant tuberculosis and HIV infection outside Africa that
can be linked to Tugela Ferry (KwaZulu-Natal, South Africa),
the town most closely associated with the regional epidemic
of drug-resistant tuberculosis. This case underscores the
international relevance of this regional epidemic, particularly
among health care workers.

Multidrug—resistant (MDR) and extensively drug-
resistant (XDR) tuberculosis (TB) pose an increasing
challenge to international health (1), particularly in the
context of HIV infection. An outbreak of XDR TB around
a rural hospital in Tugela Ferry (KwaZulu-Natal Province,
South Africa) in 2006 received widespread international
attention, in part because of the high case-fatality rate.
More recent work has highlighted the risk for MDR TB
among health care workers (2) in South Africa. We report
a death outside of Africa associated with MDR TB that
can be directly related to the epidemic of drug resistance
in Tugela Ferry, the center most closely associated with the
epidemic.

The Study

A 42-year-old South Africa—born health care worker
was admitted to a regional hospital in the United Kingdom
with a 1-month history of fever, cough, and weight loss
associated with cervical lymphadenopathy, choroidal
tuberculoma (Figure), and pleural effusion. The patient
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had no history of TB treatment and no known family
contact with TB. He had moved to the United Kingdom
6 years earlier. Extrapulmonary TB diagnosis was based
on microscopic examination of a cervical lymph node
specimen, and co-infection with HIV was identified (CD4
count 5 cells/uL).

After arrival in the United Kingdom, the patient worked
as a temporary nurse in several health care facilities. Before
that, the patient worked at the Church of Scotland Hospital
in Tugela Ferry during 1996-2002 in general medical
wards. This facility was the focus of the 2006 report of
XDR TB, and most MDR isolates identified there during
2005-2007 were XDR TB (3).

A presumptive diagnosis of MDR TB was made 7
days after the patient sought care at the hospital. A line
probe assay (INNO-LiPA Rif.TB; Innogenetics, Ghent,
Belgium) performed on cervical lymph node aspirates
identified Mycobacterium tuberculosis and a hybridization
pattern consistent with rpoB gene mutation (associated
with rifampin resistance and a high risk for MDR TB).
Treatment was altered from weight-appropriate doses
of rifampin, isoniazid, pyrazinamide, and ethambutol
to include levofloxacin, amikacin, cycloserine, and
protionamide. Because of known sensitivity patterns
from isolates at Tugela Ferry and the possibility of XDR
TB, para-aminosalicylic acid and linezolid were added
to treatment, and intravenous amikacin was changed to
capreomycin. Treatment was subsequently changed on
the basis of culture results. The patient required 35 days
of mechanical ventilation for likely pulmonary immune
reconstitution syndrome after initiation of antiretroviral
treatment. Although discharged from intensive care
after successful treatment of TB, the patient remained
hospitalized and died 90 days after first seeking care.
Samples cultured from >1 site showed evidence of
widespread MDR TB. More than 500 potentially infectious
contacts were identified, but no secondary cases of TB
have been diagnosed.

Culture confirmed the M. tuberculosis isolate from the
patient to be resistant to rifampin, isoniazid, pyrazinamide,
and ethambutol but sensitive to amikacin, capreomycin,
moxifloxacin, para-aminosalicylic acid, and linezolid.
These resistance and sensitivity characteristics identified
the isolate as MDR TB rather than an XDR TB strain.
Automated sequencing of rpoB revealed the L533P mutation
previously associated with rifampin resistance (4—6) but not
the D516G mutation found in XDR TB strains previously
isolated from patients at Church of Scotland Hospital and
from other hospitals within KwaZulu-Natal (7).

To explore whether the patient’s isolate was related
to the FI5/LAM4/KZN strain genotypes associated with
the Tugela Ferry outbreak (8) and the broader population
of drug-resistant strains in the region, we performed
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Figure. Retinal image from patient with evidence of choroidal
tuberculosis.

mycobacterial interspersed repetitive units (MIRU)-
variable number tandem repeats (VNTR) typing and
spoligotyping (9). The isolate displayed a typical LAM4
spoligotype (111111111111111111110000111111110000
1110111), consistent with a F15/LAM4/KZN genotype. In
the absence of full MIRU-VNTR typing for Tugela Ferry
strains, the alleles of 15 loci were compared with those
inferred by in silico analysis of publicly available genome
sequences for five F15/LAM4/KZN strains from Tugela
Ferry or KwaZulu-Natal (7,10). The patient’s isolate
differed by only a single locus from the F15/LAM4/KZN
605 reference strain, whereas the 4 other strains of this
genotypic family varied by 1 to 3 loci (Table). Single-locus
variation is prognostic of a close relationship within a clonal
complex with confidence exceeding 99% (9). Furthermore,
the patient’s isolate genotype also specifically best matched
that of an F15 strain (also differing by 1 locus), in a database
of 209 South African isolates containing a large variety of
genotypic families (11).

Conclusions

The risk for TB among health care workers in
developing countries is well recognized (12) but has
become more of a public health concern with evidence of
the nosocomial transmission of MDR and XDR TB in South
Africa. Nosocomial transmission of drug-resistant TB has
been reported from well-resourced settings (13), but this
case highlights how migration of health care workers can
link the 2 settings.

When taken together, the clinical and molecular
epidemiologic data in this case support the hypothesis that
infection was acquired in South Africa and most likely
while the patient was based in Tugela Ferry. Health care
workers in South Africa are significantly more likely to
be admitted to a hospital with MDR or XDR TB than are
population controls (2), and this patient had prolonged
occupational exposure at a hospital strongly associated with
drug-resistant TB. Although F15/LAM4/KZN strains are
frequent in South Africa, MDR versions of this genotype
emerged in the KwaZulu-Natal Province in the mid-1990s,
at the same time that the prevalence of HIV was increasing
to hyperendemic levels and before antiretroviral therapy
was widely available (8). The fact that this patient’s isolate
and the XDR strains from Tugela Ferry have different rpoB
mutations suggests that these strains arose independently
from the locally circulating F15/LAM4/KZN strain pool,
as already suggested for other MDR F15/LAM4/KZN
strains (7).

Since this patient left South Africa, multidrug
resistance has continued to grow as a challenge to public
health, fueled in part by the HIV epidemic (14) and despite
greater availability of HIV treatment. Given the long latent
period between infection and the time when patients seek
care for symptoms, it is reasonable to expect that such cases
may become increasingly common outside Africa. If they
do become more common, this change has implications
for diagnostics, clinical management, and public health
policy. In settings where prevalence is low but availability
of resources is high, such as Europe and the United States,

Table. Locus typing for tuberculosis patient isolate according to standard nomenclature based on chromosomal locations*

Genotypic family and

Allele at MIRU-VNTR locus

strain or isolate 154 577 580 802 960

1644 2059 2165 2461

25631 2687 2996 3007 3192 4348

F15/LAM4/KZN
Patient isolate
605 (reference)
1435
R506
V2475
4207

- A A A
B A
NNDNNNW
W w ok~ b
W wh D
W WwWwwww

3+4 3+4

NNDNNDNDN
NNDNDNNDN
NNNNDNDDN
D oo Oo
A A A A A
> b oo o
W WwWwwww
W WwWwwww
NNMDNNDNDDN

4+5

F11/LAM
F11 2 4 2 3 3 3

2 2 2 6 1 4 3 3 2

*Patient’s isolate most closely matches F15/LAM4/KZN605 reference strain by a single locus variation, a genetic distance equal to or lower than that
separating other known F15/LAM4/KZN strains (i.e., 1-3 locus variations). MIRU-VNTR, mycobacterial interspersed repetitive units—variable number

tandem repeats.
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access to molecular diagnostic testing remains variable
despite recent advances (15). The INNO-LiPA Rif. TB assay
used here provided useful information with an indication
of potential multidrug resistance. However, despite early
molecular testing, identification of MDR or XDR TB still
depended on conventional methods of susceptibility testing.
Potentially toxic medications could have been avoided if
more extensive molecular testing for resistance to second-
line drugs (particularly quinolones and aminoglycosides)
were achievable in close physical proximity to the patient.

The poor outcome for MDR and XDR TB in HIV-
positive patients is well recognized in disease-endemic
settings (3), and this case confirms the high risk for death
even in well-resourced settings. This case also highlights
deficiencies in screening policies at national borders and
within occupational health, particularly for health care
workers not in permanent employment. Barriers to HI'V and
TB testing are multifactorial, and TB screening methods
have limitations; nonetheless, in this situation, there were
several missed opportunities for diagnosis of TB and HIV
that could have prevented this patient’s death.

This report serves as a reminder that XDR or MDR TB
and HIV in sub-Saharan Africa represent not just a regional
epidemic but also a challenge to international health.
Although this challenge has yet to fully emerge, this case
highlights the potential risk to health care workers in areas
of low and high transmission.
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Seasonal

Influenza A Virus

iINn Feces of
Hospitalized Adults

Martin C.W. Chan,! Nelson Lee,! Paul K.S. Chan,
K.F. To, Rity Y.K. Wong, Wing-Shan Ho,
Karry L.K. Ngai, and Joseph J.Y. Sung

In a cohort of hospitalized adults with seasonal influenza
A in Hong Kong, viral RNA was frequently (47%) detected
in stool specimens. Viable virus was rarely isolated. Viral
RNA positivity had little correlation with gastrointestinal
symptoms and outcomes. In vitro studies suggested low
potential for seasonal influenza viruses to cause direct
intestinal infections.

Ithough influenza predominantly causes respiratory

diseases, gastrointestinal signs such as diarrhea
and vomiting are not uncommonly reported, particularly
among young, hospitalized children (8%-38%) and
immunocompromised persons (1-3). Influenza virus RNA
has been detected in feces, but its role is unknown (4-7).
We investigated fecal viral RNA shedding in a large cohort
of hospitalized adults with seasonal influenza A in Hong
Kong Special Administrative Region, People’s Republic of
China. The potential of seasonal influenza viruses to cause
direct intestinal infections was examined.

The Study

We conducted a prospective, observational study
among adults hospitalized with laboratory-confirmed
seasonal influenza A infections during 2006-2009. Hospital
admission, diagnosis, and management procedures have
been described (8). Briefly, patients were admitted if severe
symptoms, respiratory or cardiovascular complications, or
exacerbations of underlying conditions developed. When
the patients sought care, nasopharyngeal aspirates (NPAs)
were collected for diagnosis by using immunofluorescence
assay or reverse transcription PCR. Patients with confirmed
influenza A were recruited if they were >18 years of age
and sought care within 1 week of illness onset. Patients with
pandemic (HIN1) 2009 virus infections were excluded and
reported separately (9).

After providing written, informed consent, patients
were asked to submit 1 stool specimen for viral

Author affiliation: The Chinese University of Hong Kong, Hong
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RNA detection during hospitalization, regardless of
gastrointestinal symptoms. Clinical information was
prospectively recorded (8). For comparison, fecal shedding
of respiratory syncytial virus (RSV) and parainfluenza
virus (PIV) were studied during a 10-month period by
using a similar approach. Ethical approval for the study
was obtained from the institutional review boards of The
Chinese University of Hong Kong.

All stool specimens were subjected to influenza viral
RNA detection by using quantitative real-time reverse
transcription PCR targeting the matrix gene (6). If positive,
virus subtyping was performed by using H1- and H3-
specific conventional PCRs. Freshly collected stool
specimens during 1 seasonal peak were simultaneously
subjected to viral RNA detection and virus isolation by
using MDCK cells. Detailed methods for fecal detection
of influenza viruses and RSV and PIV are provided in the
online Technical Appendix (wwwne.cdc.gov/EID/pdfs/11-
0205-Techapp.pdf).

Lectin histochemical analysis and double immuno-
fluorescence staining were used to study the distribution
of influenza virus receptors on human small and large
intestinal tissues. An in vitro virus binding study on
intestinal tissues was also performed by using inactivated
human virus isolates of subtypes HIN1 (A/HongKong/
CUHK-13003/2002) and H3N2 (A/HongKong/CUHK-
22910/2004) (online Technical Appendix).

Atotalof 119 hospitalized adults with seasonal influenza
A infections were studied (Table 1). Their median age was
71 years (interquartile range [IQR] 57-79 years), and most
(66%) had concurrent conditions; ~5% were profoundly
immunosuppressed. Vomiting and diarrhea were reported
by 15 (13%) and 7 (6%) patients, respectively. Influenza
A viral RNA was detected in 56 of 119 of stool samples,
collected at a median interval of 3 days (IQR 3-5 days)
from onset (detection rates by study year and virus subtype
are shown in Table 2). Detection rate by day from onset
ranged from 31% to 63% and showed a trend to decrease
toward the end of the week (Figure 1, panel A). Overall,
the mean + SD fecal viral RNA concentration was 4.4 +
0.8 log,, copies/g of feces and the median (IQR) was 4.2
(3.8-5.0) log,, copies/g of feces; concentrations tended to
decrease with longer time elapsed from onset (Figure 1,
panel B).

In most (77%) viral RNA—positive samples, further
H1- or H3-specific PCRs identified 7 cases as H1 and 36
cases as H3; unsuccessful amplification was associated
with lower viral (matrix gene) concentrations (median
[IQR]3.9[3.8-4.1] vs. 4.4 [3.8-5.1] log,, copies/g of stool;
p = 0.04). No discrepancy was found between these and the
subtyping results of the virus isolates from NPAs. Fecal

"These authors contributed equally to this article.
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Table 1. Comparisons of baseline clinical and laboratory variables between influenza patients with positive and negative fecal viral

RNA detection test results, Hong Kong, 2006—2009*

Fecal viral RNA—positive, Fecal viral RNA-negative,

Patient characteristics n =56 n =63 p value
Mean age, y (SD) 65.3 (18.6) 69.9 (13.4) 0.12
Age group, y, no. (%) 0.35t
18-49 7(13) 6 (10)
50-65 18 (32) 14 (22)
>65 31 (55) 43 (68)
Female sex, no. (%) 33 (59) 30 (48) 0.27
Interval from illness onset to sample collection <5 d, no. (%) 52 (93) 53 (84) 0.14
Concurrent condition, no. (%)
Any 36 (64) 43 (68) 0.65
Majorf 31 (55) 37 (59) 0.72
Virus isolation, nasopharyngeal aspirates 50 (89) 49 (77) 0.06
Signs and symptoms when care was sought, no. (%)
Fever 48 (86) 53 (84) 1.00
Cough and sputum 39 (74) 45 (76) 0.83
Sore throat 15 (28) 18 (31) 0.84
Rhinorrhea 21 (40) 21 (36) 0.70
Shortness of breath 18 (34) 27 (46) 0.25
Vomiting or diarrhea 10 (18) 9 (14) 0.63
Vomiting 7(13) 8 (13) 1.00
Diarrhea 5(9) 2(3) 0.25
Laboratory parameters when care was sought
Total leukocyte count, x 10° cells/L, median (IQR) 7.3 (5.9-8.9) 7.9 (6.1-10.3) 0.18
Neutrophil count, x 10° cells/L, median (IQR) 5.1 (4.2-7.0) 6.0 (4.1-7.7) 0.22
Lymphocyte count, x 10° cells/L, median (IQR) 0.8 (0.6-1.1) 0.9 (0.6-1.2) 0.20
Lymphocyte count <1.0 x 10° cells/L, no. (%) 37 (66) 29 (46) 0.03
Monocyte count, x 10° cells/L, median (IQR) 0.7 (0.5-0.9) 0.7 (0.5-0.9) 0.51
Platelet count, x 10° cells/L, median (IQR) 180 (142-228) 196 (156-248) 0.20
Alanine aminotransferase level, IU/L, median (IQR) 19 (13-32) 22 (15-36) 0.54
Antiviral treatment, no. (%)
Oseltamivir§ 35 (63) 42 (67) 0.70
Zanamivir 6 (11) 5(8) 0.75
Specimen collected after starting antiviral drugs, no. (%) 39 (70) 42 (67) 0.84
Complication, no. (%)
Any 39 (70) 44 (70) 0.98
Cardiorespiratoryq] 29 (52) 38 (60) 0.36
Clinical outcome, no. (%)
ICU admission 2(4) 0 (0) 0.22
Death 0 0 NA
Median duration of hospitalization, d (IQR) 6 (4-12) 5 (4-13) 0.50

*Univariate comparisons of categorical and continuous variables were performed by using Fisher exact test and Mann-Whitney U test or Student t test,
whenever appropriate. IQR, interquartile range; ICU, intensive care unit; NA, not applicable.

tFisher 2x3 exact test.

iDefined as congestive heart failure; cerebrovascular, neoplastic, chronic liver, and renal diseases; diabetes; ischemic heart disease; or use of
immunosuppressant drugs (8). Approximately 5% of patients were profoundly immunocompromised.

§Oseltamivir (standard oral regimen, 75 mg 2x/d for 5 d). Amantadine was coadministered to 7 patients during the 2008—09 influenza season.
{IDefined as pneumonia, acute bronchitis, acute exacerbation of chronic respiratory conditions (e.g., chronic obstructive pulmonary disease, asthma);
acute coronary syndrome, decompensated heart failure, arrhythmia, or acute cerebrovascular events (8).

viral RNA detection rate and concentrations were similar
between H1 and H3 subtypes (Table 2).

Thirty-eight stool samples from 1 seasonal peak were
subjected to virus isolation and viral RNA detection. In 10
cases, cytotoxicity occurred (procedure discontinued); in
the remaining 28 cases, 12 were viral RNA positive; only 1
showed virus growth. This sample was from an 82-year-old
man with dilated cardiomyopathy hospitalized for seasonal
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influenza A (HIN1) pneumonia and heart failure; diarrhea
was absent.

Among 25 confirmed RSV or PIV infections (median
[IQR] age 71 [55-79] years), viral RNA was detected in
5 fecal samples (collected at median [IQR] 4 [3—6] days
after onset); none was culture positive. Fecal viral RNA
positivity was lower compared with that of seasonal
influenza viruses (p = 0.01).
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Table 2. Fecal detection of seasonal influenza A viral RNA in stool samples, by year of study and virus subtype, Hong Kong, 2006—

2009*
Fecal viral RNA—positive by virus Fecal viral RNA concentration by virus subtype,

Year of No. fecal viral RNA—positive/ subtype, no. (%) log1o RNA copies/g stool, median (IQR)
study no. tested (%) H1 H3 H1 H3

2006 11/20 (55) 7/7 (100) 2/4 (50) 5.0 (4.6-6.0) NA

2007 19/35 (54) 0/0 19/31 (61) NA 4.2 (4.0-5.1)
2008 11/26 (42) 1/5 (20) 10/21 (48) NA 3.9 (3.74.4)
2009 15/38 (39) 5/10 (50) 10/27 (37) 3.9 (3.8-4.1) 3.9 (3.7-4.7)

All 56/119 (47) 13/22 (59) 41/83 (49) 4.6 (3.9-5.2) 4.2 (3.8-5.0)

*VVirus subtyping results were unavailable for 9 cases in 2006, 4 cases in 2007, and 1 case in 2009. IQR, interquartile range; NA, not applicable.

Patients with positive and negative fecal viral RNA
detection results were compared (Table 1). Positive fecal
viral RNA detection was associated with younger age,
shorter interval from illness onset to sample collection,
lymphopenia, and positive virus isolation. Multivariate
logistic regression showed that lymphopenia (adjusted odds
ratio 2.36, 95% confidence interval 1.02-5.47; p = 0.045)
and positive virus isolation in NPAs (adjusted odds ratio
3.76, 95% confidence interval 1.07-13.20; p = 0.039) were
significant explanatory variables. No significant association
was found between fecal viral RNA detection and clinical
outcomes. Fecal viral RNA concentrations were also
analyzed, and no association with clinical outcomes was
found (data not shown), except for a negative correlation
with lymphocyte count (Spearman p —0.37, p = 0.047).

Lectin histochemical analysis showed that sialic acid
a 2,6-Gal (human-like influenza virus receptor) was absent

A -
Hl PCR positive
[J PCR negative

40 -

No. tests performed for viral RNA detection

Days after illness onset

from epithelial surface of small and large intestines and was
found only in lamina propria cells. In contrast, sialic acid
a 2,3-Gal (avian-like influenza virus receptor) was found
on large intestinal epithelial cells and in lamina propria
cells. Virus-binding study showed that neither seasonal
influenza A (HIN1) nor A (H3N2) virus bind to small and
large intestinal epithelial surface, but they bind to a subset
of CD45+ leukocytes (Figure 2).

Conclusions

Direct intestinal infection by seasonal influenza
viruses seems an unlikely explanation for the frequent
fecal detection of viral RNA in the patients reported here.
No clinical correlation was shown for RNA positivity (but
was shown with lymphopenia and positive virus isolation
in NPA, indicating higher virus load), and culture positivity
is rare (4,5,10,11). Human-like influenza virus receptor is

7.00 =

6.00 <

5.00 =

Fecal viral concentration, log,, RNA copies/g

L]
] . L[]
. .
. . [ ] s .
400 @ .
L ]
s [ . : :
3.00 «
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1 2 3 4 5 [

Days afterillness onset

Figure 1. Fecal seasonal influenza A viral RNA detection rate and its concentration, by number of days after illness onset, Hong Kong,
2006-2009. A) Fecal viral RNA detection rate. Numbers in bars represent percentage of cases with positive viral RNA detection. B) Fecal
viral RNA concentration. Three outliers were omitted from the figure for better illustration. Fecal viral RNA concentration was determined
by using quantitative real-time reverse transcription PCR specific for the viral matrix gene and was expressed as log,, RNA copies/g of
stool. The lower detection limit of the assay was 3.7 log,, RNA copies/g of stool.
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not found to express on normal intestinal epithelial cells
(12). These findings agree with reports which showed that
intestinal cells and tissues do not support efficient replication
of seasonal viruses (12,13), thus their low potential to cause
direct intestinal infection. Alternatively, swallowing of
virus-containing nasopharyngeal secretions (although it
seems inadequate to explain the higher rate of detecting

A

Duodenum

Leukocytes
(CD45+)

Leukocytes
CD45+)

SAa 2,6-Gal Overlay SAa 2,3-Gal Overlay

Colon

H3N2

Leukocytes
(CD45+)

B H1N1

Viral Leukocytes Viral
nucleoprotein  (CD45+) y nucleoprotein

Overlay

Duodenum

Mucosa

Submucosa

Colon

Mucosa

Submucosa

Figure 2. Intestinal distribution of influenza virus receptors and
in vitro binding of inactivated seasonal influenza A (H1N1) and A
(H3N2) viruses to human duodenal and colonic tissues. Images in
the panels labeled Overlay show the green, red, and blue (nuclei
counterstain) color channels in the same view. Dotted lines outline
basal lining of intestinal epithelium. Arrowheads denote virus-
bound cells. Scale bars = 20 um. A) Double immunofluorescence
staining showing that human-like influenza virus receptor sialic acid
(SA) o 2,6-Gal; green) was not found on epithelial surface of small
and large intestines but in lamina propria cells. Avian-like influenza
virus receptor (SAa 2,3-Gal; green) was found on colonic epithelial
surface and in lamina propria cells. Part of receptor-positive cells
coexpressed CD45 (leukocyte common antigen; red), representing
leukocytes. B) In vitro virus binding showing that neither seasonal
influenza A (H1N1) nor A (H3N2) viruses bind to epithelial surface
of small and large intestines but only to a subset of intestinal CD45+
leukocytes interspersed in the lamina propria and submucosa.
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fecal viral RNA than RSV or PIV) and hematogenous
dissemination to organs through infected lymphocytes or
macrophages in severe influenza cases with high virus load
(spillover) are possible explanations for fecal viral RNA
detection (2,14). Our findings on virus receptor distribution
and in vitro virus binding to intestinal lamina propria
leukocytes lends support to the latter hypothesis. Notably,
viral RNA positivity in nonpulmonary tissues infiltrating
mononuclear cells without detectable viral particles or
antigens or tissue damage has been reported (15). Our study
does not reject the possibility of seasonal influenza viruses
causing occasional, disseminated infection in profoundly
immunosuppressed persons because receptor affinity is
not absolute (2). Conversely, highly pathogenic avian
influenza (HSN1) and pandemic (HIN1) 2009 viruses have
the ability to bind to avian-like influenza virus receptors on
colonic epithelium and to replicate efficiently in intestinal
cells and tissues (12). Their enhanced potential to cause
direct intestinal infections and fecal-oral transmission
deserve further investigation.
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Influenza B Viruses
with Mutation In
the Neuraminidase
Active Site,

North Carolina,
USA, 2010-11
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Susan Kilpatrick, Shikha Garg, Alicia M. Fry,
and Larisa V. Gubareva

Oseltamivir is 1 of 2 antiviral medications available for
the treatment of influenza B virus infections. We describe
and characterize a cluster of influenza B viruses circulating
in North Carolina with a mutation in the neuraminidase
active site that may reduce susceptibility to oseltamivir and
the investigational drug peramivir but not to zanamivir.

Inﬂuenza B viruses are responsible for sporadic
seasonal influenza illness and can be associated with
severe illness and death. In the United States, there are 2
classes of antiviral drugs licensed by the Food and Drug
Administration for treatment of influenza infections.
The adamantanes are ineffective against influenza B
viruses, which limits the available antiviral options to 2
neuraminidase inhibitors (NAIs), inhaled zanamivir and
oral oseltamivir. Influenza B viruses seem to have reduced
susceptibility to NAIs compared with influenza A viruses
on the basis of neuraminidase inhibition (NAI) assays (1,2).
Furthermore, in clinical studies, changes conferring either
resistance or reduced susceptibility to NAIs have been
identified in the neuraminidase (NA) of influenza B viruses
isolated from patients after treatment (3-6). Although the
use of an antiviral agent can lead to the development of
drug resistance, influenza B viruses with a reduced NAI
susceptibility have also been recovered from patients with
no history of exposure (5,7-10). It is therefore plausible
that such mutations may be naturally occurring within the
NA of influenza B viruses.
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During routine influenza antiviral susceptibility
surveillance,aninfluenzaBvirus, B/North Carolina/11/2010,
with reduced susceptibility to oseltamivir and the
investigational NAI peramivir was detected by using the
fluorescent NAI assay based on IC, values (amount of NAI
required to inhibit 50% of viral NA activity). According
to the current algorithm, viruses with elevated IC, values,
when compared with a drug-susceptible control reference
virus, are further investigated by using either conventional
sequencing or pyrosequencing. Sequence analysis for the
NA gene of B/North Carolina/11/2010 showed a novel
substitution, present as a mixed population, of isoleucine (I)
to valine (V) at position 221 (B NA numbering corresponds
to 222 in N2 NA amino acid numbering). A substitution
of I to threonine (T) at 221 has previously been associated
with reduced susceptibility to NAls in influenza B viruses
(1,5,9). Moreover, reduced susceptibility to oseltamivir has
been reported in viruses with variation at the corresponding
residue (223, N1 NA numbering) in the pandemic (HIN1)
2009 virus (11,12) and in influenza A/H5N1 (13) and A/
H3N2 viruses (14).

Subsequent fluorescent NAI testing of isolates
recovered during surveillance showed a cluster of 14
influenza B viruses from North Carolina with elevated
oseltamivir IC, values compared with reference wild-
type influenza B, wild-type pandemic (HIN1) 2009, and
wild-type A(H3N2) viruses; a similar trend was observed
for peramivir IC,  values (Table 1). When comparing
the pandemic (HIN1) 2009 virus with the oseltamivir-
resistance conferring H275Y substitution and an influenza
A (H3N2) virus with the oseltamivir-resistance conferring
E119V substitution, the North Carolina B viruses showed
intermediate susceptibility (Table 1). The influenza B virus
carrying the R152K substitution was resistant to all NAIs
compared with the influenza B viruses with 1221V (Table
1). In the chemiluminescent NAI assay, the oseltamivir
IC,, values for the 1221V variants were greater than that
for the E119V influenza A (H3N2) virus variant, which has
been associated with oseltamivir resistance (Table 1) (15).
Pyrosequencing analysis showed 1221V as well as wild-type
(I1221) in the propagated viruses used in the NAI assays. The
presence of wild-type variants is likely to reduce IC, values.

A total of 258 influenza B virus isolates from domestic
and foreign laboratories submitted to the Centers for
Disease Control and Prevention for routine surveillance
were screened for the 1221V substitution by using single-
nucleotide polymorphism (SNP) pyrosequencing analysis
(10). All viruses were wild type at this position, with the
exception of the 14 viruses from North Carolina with
reduced susceptibility in the NAI assay (Table 2). All 14
viruses were collected from patients in North Carolina
during November 2010 through February 2011.
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Table 1. Comparison of influenza virus susceptibility, North Carolina, USA, 2010-11 influenza season*

Fluorescent NAI assay, Chemiluminescent NAI assay,
Type/subtype and strain Virus NA ICso + SD, nmol/L ('fold) |C50 + SD nmol/L ('fold)
designation subset change Zanamivir  Oseltamivir Peramivir Zanamivir  Oseltamivir  Peramivir
Influenza B
B/North Carolina/11/2010 Test 1221V/1 8.58 (3) 20.39 (6) 2.77 (8) 5(2) 8.97 (5) 1.26 (5)
B/North Carolina/03/2011 Test 1221V 8.13 (3) 18.98 (6) 2.43(7) 6.37 (2) 4.98 (3) 1.19 (4)
B/North Carolina/13/2010 Test 1221V, 6.42 (2) 17.76 (5) 2.6(7) 3.67 (1) 4.84 (3) 1.29 (5)
K360E
B/North Carolina/07/2011 Test 1221V, 7.93 (3) 22.31(7) 2.95(8) 4.82 (2) 6.01 (3) 1.26 (5)
S283N
B/North Carolina/10/2011 Control WT 4.34 (2) 10.67 (2) 0.64 (2) 2.82 (1) 2.72 (1) 0.41 (1)
2010-2011 influenza B,  Surveillance =~ WT 3.31+091 8.33+0.28 0.61+ 248 + 277 + 0.38 +
n =39 1) (3) 0.18 (2) 0.89 (1) 0.79 (1) 0.20 (1)
B/Memphis/20/1996 Reference WT 259+050 3.25+0.9 0.35+ 2.96 + 1.88 + 0.28 +
(1) (1) 0.03 (1) 0.64 (1) 0.33 (1) 0.04 (1)
B/Memphis/20/1996 Reference  R152K 66.14 + 700.25 + 269.78 + 53.46 + 177.20 £ 62.83 +
28.45 (26) 61.06 (215) 38.21 11.59 (18) 36.72 (94) 38.02
(771) (224)
Pandemic (H1N1) 2009
AlCalifornia/07/2009 Reference WT 0.26 +0.02 0.22+0.08 0.08 + 0.24 + 0.21+0.03 0.07 +
(1) (1) 0.01 (1) 0.04 (1) 1) 0.01 (1)
A/Texas/48/2009 Reference  H275Y 0.37£0.04 16542+ 16.32 + 0.36 = 58.77 + 7.50 £
(1) 2415 (752) 2.12 (204) 0.06 (1)  10.99 (280) 1.30 (107)
Influenza A (H3N2)
A/Washington/01/2007 Reference WT 0.40£0.07 0.12+0.01 0.13 0.79 = 0.11 £0.02 0.13 £
1) (1) 0.01 (1) 0.08 (1) (1) 0.01 (1)
AlTexas/12/2007 Reference  E119V  0.40 £ 0.05 43.81+ 0.16 + 0.57 + 3.37 +0.63 0.16 +
(1) 1.90 (365) 0.02 (1) 0.09 (1) (31) 0.03 (1)

*NA, neuraminidase; NAI, neuraminidase inhibition; ICso, 50% inhibitory concentration; WT, wild type. Mean ICs, values for wild-type reference control
viruses for each type/subtype are in boldface and were used to calculate the -fold differences for their respective type/subtypes as indicated in
parentheses. Test, influenza B viruses from North Carolina study carrying the 1221V substitution. Control, influenza B virus with identical NA sequence as
B/North Carolina/11/2010 with the exception of being wild-type (l) at position 221. Surveillance, influenza B viruses collected in the US during October
2010-December 2010 tested in routine influenza surveillance activities in both the fluorescent and chemiluminescent NAI assays. Reference, susceptible
and resistant reference viruses used as controls in NAl assays. ICs, values for reference viruses represent the average taken from 5 replicates.

Because some susceptibility-altering NA mutations rule out cell culture selection. The 1221V substitution was
have been shown to arise from virus propagation in tissue identified in the 9 available matching clinical specimens
culture (15), pyrosequencing analysis at position 221 in (Table 2). Notably, most of the clinical specimens contained
available matching clinical specimens was performed to higher percentages of the V221 variant compared with the

Table 2. Percentage composition of isoleucine and valine at position 221 in the neuraminidase of virus isolates and clinical specimens
with reduced susceptibility to oseltamivir and peramivir, North Carolina, USA, 2010-11 influenza season*

Clinical specimen Virus isolate
Strain designation Date of collection % Isoleucine % Valine % Isoleucine % Valine
B/North Carolina/02/2010 2010 Nov 10 NA NA 20 80
B/North Carolina/11/2010 2010 No 29 5 95 38 62
B/North Carolina/06/2010 2010 Dec 6 NA NA 15 85
B/North Carolina/07/2010 2010 Dec 6 NA NA 19 81
B/North Carolina/08/2010 2010 Dec 7 NA NA 24 76
B/North Carolina/10/2010 2010 Dec 17 8 92 13 87
B/North Carolina/12/2010 2010 Dec 20 9 91 15 85
B/North Carolina/13/2010 2010 Dec 21 10 90 17 83
B/North Carolina/03/2011 2011 Jan 5 38 62 36 64
B/North Carolina/06/2011 2011 Jan 24 7 93 15 85
B/North Carolina/01/2011 2011 Feb 1 11 89 13 87
B/North Carolina/02/2011 2011 Feb 1 8 92 14 86
B/North Carolina/07/2011 2011 Jan 31 8 92 15 85
B/North Carolina/08/2011 2011 Feb 10 F F 12 88
B/Memphis/20/1996 NA NA NA 100 0

*NA, not available; F, failed in pyrosequencing analysis. 10% is the standard cutoff value for the presence of a single-nucleotide polymorphism because of
limitations of the pyrosequencing assay.
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matching virus isolates, which may indicate a potential
selective pressure for the wild-type variant (1221) in cell
culture.

An epidemiologic investigation and enhanced
surveillance was initiated in cooperation with the North
Carolina Department of Health and Human Services. Of
220 patients with influenza B virus infections in North
Carolina during November 2010 through March 2011,
specimens from 209 patients underwent pyrosequencing
analysis. Specimens from 45 (22%) patients from 13
counties contained the 1221V mutation based on SNP
pyrosequencing analysis; patient median age was 12 years
(range 6 months—60 years). Among 199 patients with
available antiviral treatment information, specifically for
oseltamivir use, none had documented exposure to the
virus before specimen collection. This finding may indicate
that influenza B viruses carrying the 1221V mutation are
co-circulating with wild-type influenza B viruses in North
Carolina.
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Conclusions

Although the NA change 1221V has been seen among
the N1 NA subtype of influenza A viruses (1,13), such a
change has not been reported in influenza B viruses. Amino
acid 221 is known to be a highly conserved residue of the
NA enzyme active site. To date, all influenza B viruses with
the 1221V substitution appear to be limited geographically;
however, monitoring is ongoing. Although oseltamivir IC,|
values obtained with the influenza B viruses carrying the
1221V substitution are similar to those seen with influenza
A(H3N2) viruses carrying the oseltamivir-resistance
conferring substitution E119V (Table 1), the clinical
significance of the altered susceptibility associated with
1221V in influenza B viruses is unknown at this time and
warrants further investigation. Furthermore, such variant-
dependent elevated IC, values highlight the need for
establishing a correlation between laboratory-determined
IC,, values and clinical resistance.

Phylogenetic analysis of the hemagglutinin gene of
the North Carolina B viruses carrying the 1221V change
in the NA is consistent with the B Victoria lineage (Figure,

Figure. Phylogenetic analysis of A) hemagglutinin
and B) neuraminidase genes of Victoria lineage
type B influenza viruses (n = 89). Red indicates the
2010-2011 Northern Hemisphere vaccine strain; blue

i’ indicates the cluster of influenza B viruses identified

in North Carolina carrying the 1221V substitution in
the neuraminidase; green indicates viruses collected
from North Carolina with wild-type sequence at
position 221 in the neuraminidase; black indicates
representatives of globally circulating influenza B
viruses. Month of collection is shown after virus
strain designation. Evolutionary distances were
computed by using the Tamura-Nei method (www.
megasoftware.net/WebHelp/part_iv___evolutionary
analysis/computing_evolutionary_distances/distance_
models/nucleotide_substitution_models/hc_tamura_
nei_distance.htm). Scale bars indicate number of base
substitutions per site.
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panel A). Similarly, phylogenetic analysis of the NA gene
demonstrated that the North Carolina B viruses with the
1221V change also belong to the B Victoria lineage and
form a cluster because of the 1221V substitution (Figure,
panel B). As of March 2011, of the 438 influenza B viruses
isolated in the United States, 94% were antigenically
characterized as B/Brisbane/60/2008-like (B-Victoria
lineage) (www.cdc.gov/flu/weekly). The cluster of North
Carolina influenza B viruses carrying the 1221V mutation
antigenically matched the current influenza B component
of the seasonal influenza vaccine. Data collected from an
ongoing epidemiologic and clinical correlation study will
be the subject of a more detailed future report.
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Hepatitis E
Virus in Rabbits,
Virginia, USA

Caitlin M. Cossaboom, Laura Cérdoba,
Barbara A. Dryman, and Xiang-Jin Meng

We identified hepatitis E virus (HEV) in rabbits in
Virginia, USA. HEV RNA was detected in 14 (16%) of
85 serum samples and 13 (15%) of 85 fecal samples.
Antibodies against HEV were detected in 31 (36%) of 85
serum samples. Sequence analyses showed that HEV from
rabbits is closely related to genotype 3.

epatitis E virus (HEV), the causative agent of

hepatitis E, is a major human pathogen and a public
health concern in many developing countries. Sporadic
cases of acute hepatitis E have also been reported in many
industrialized countries, including the United States (1).
In addition to humans, strains of HEV have also been
genetically identified from other animal species, including
pigs, chickens, rats, mongooses, and deer (2). A unique
strain of HEV was recently identified from farmed rabbits
in the People’s Republic of China (3,4), although its
prevalence in other regions is unknown.

At least 4 major genotypes of HEV that infect
mammals have been identified (5). Genotypes 1 and 2
are restricted to humans, and genotypes 3 and 4 have an
expanded host range and are capable of causing zoonotic
disease (6-10). Avian HEV from chickens likely represents
a new genus within the family Hepeviridae (1,2). More
recently, additional putative new genotypes of HEV were
identified in rats in Germany (11) and wild boars in Japan
(12). The objectives of this study were to determine if
farmed rabbits in the United States are infected by HEV,
and if so, to genetically identify these viruses from rabbits
in the United States.

The Study

Fecal swab specimens and serum samples were obtained
from 85 rabbits from 2 rabbit farms in Virginia, USA (25
rabbits from Farm A and 60 rabbits from Farm B). The 2
rabbit farms, 1 in eastern Virginia and 1 in southwestern
Virginia, raised rabbits for meat consumption, fur, and
pets. Ages of rabbits ranged from 3.9 to 36.8 months (mean
7.0 months) on Farm A and from 3.0 to 56.9 months (mean
10.8 months) on Farm B. Rabbits were of various breeds,
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including Californian, Flemish X, Lop, MiniRex, New
Zealand, New Zealand X, Rex X, Salitan, and TN Redback.
All rabbits appeared to be healthy.

Serum samples were tested for antibodies against
HEV by using an ELISA essentially as described (13).
A truncated recombinant genotype 1 HEV capsid protein
containing the immunodominant 452-617 aa region
(GenWay Biotech, Inc., San Diego, CA, USA) was used
as antigen. Horseradish peroxidase—conjugated goat
anti-rabbit IgG (Kirkegaard and Perry Laboratories,
Gaithersburg, MD, USA) was used as the secondary
antibody. Preinoculation serum and convalescent-phase
serum obtained from 2 rabbits experimentally infected
with rabbit HEV were included as negative and positive
controls, respectively. The ELISA cutoff was calculated as
the mean negative control optical density value plus 3 SD.
The prevalence of IgG against HEV was 36.5% (31/85):
52% (13/25) for Farm A rabbits and 30% (18/60) for Farm
B rabbits (Table 1).

All rabbit serum and fecal swab samples were tested
for HEV RNA by using a nested reverse transcription
PCR and a set of degenerate primers that amplify
a conserved region of the HEV capsid gene. These
primers were designed on the basis of multiple sequence
alignment of the 2 known rabbit strains of HEV from
China (3,4) and 75 other genotype 3 HEV strains.
Primers used for the first-round PCR were forward primer
RabdegF1 (5-GCMACACGKTTYATGAARGA-3") and
reverse primer RabdegRl (5'-ACYTTRGACCAATC
VAGRGARC-3"). Primers used for the second-round
PCR were forward primer RabdegF2 (5'-GCTGAYACRC
TTCTYGGYG-3') and reverse primer RabdegR2
(5-TGAMGGRGTRGGCYGRTCYTG-3").

HEV RNA was detected in 19 (22%) of 85 rabbits,
including 14 (16%) of 85 serum samples and 13 (15%) of
85 fecal samples (Table 1). Authenticity of amplified PCR
products was confirmed by sequencing. More rabbits were
positive for HEV RNA on Farm A (48% and 40% in serum
and fecal samples, respectively) than on Farm B (3% and
5% in serum and fecal samples, respectively) (Table 1). A
total of 42 (49%) of 85 rabbits on the 2 farms were infected
(fecal shedding, viremia, or seropositive): 20 (80%) of 25
on Farm A and 22 (37%) of 60 on Farm B (Table 1).

A 181-bp sequence within the capsid gene was
identified in all 27 PCR-positive samples amplified.
Sequence analyses identified 4 HEV isolates: USRab-14,
USRab-16, USRab-31, and USRab-52. The 4 rabbit HEV
isolates shared ~81.2%-97.8% nt sequence identity with
each other and 80.19%-95.6% nt sequence identity with
the 2 rabbit HEV isolates from China (GDC9 and GDC46)
(3). Small amounts of available clinical samples limited
our ability to perform extensive genetic characterization of
rabbit HEV isolates.
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Table 1. HEV in rabbits from 2 farms in Virginia, USA*

No. rabbits Mean age, No. (%) positive for No. (%) positive for HEV RNA No. (%) exposed to
Farm tested mo antibodies against HEV Serum Feces HEV
A 25 7.0 13 (52.0) 12 (48.0) 10 (40.0) 20 (80.0)
B 60 10.8 18 (30.0) 2(3.3) 3 (5.0) 22 (36.7)
Total 85 9.7 31 (36.5) 14 (16.5) 13 (15.3) 42 (49.4)

*HEV, hepatitis E virus.

However, we amplified a larger 765-bp sequence
within the capsid gene of isolate USRab-14 (Figure)
by using a set of heminested primers: first-round PCR
with primers RabdegF2 and RabOrf2R1 (reverse
5'-TTAAAACTCCCGGGTTTTACC-3") and second-
round PCR with primers RabOrf2F2 (forward 5-CAG
GTATTCTACTCCCGC-3") and RabOrf2R1. Analysis of
the 765-bp sequence (GenBank accession no. JN383986)
showed that the USRab-14 isolate shared ~87%—-89% nt
sequence identity with the 2 rabbit HEV strains from China
(Table 2). Phylogenetic analysis showed that the USRab-14
isolate grouped with the 2 rabbit HEV strains from China
(GDC9 and GDC46) (Figure), which are more closely
related to genotype 3 HEV than to any other known HEV
genotypes (Figure; Table 2). These results suggest that the
rabbit HEV is likely a distant member of genotype 3 (14).

Rat HEV (Genotype 57)

GL345043
GU345042

Genotype 3

AF0B2843  AF0G066S

ABOT3912

USRab-14

Wild boar HEV (Genotype 67)

ABGOZ2441

AJarzioe

EU366959

Genotype 4
Genotype 1
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Conclusions

We report that farmed rabbits in the United States are
naturally infected with antibodies against HEV and that
HEV RNA was detected in various breeds of rabbits from
2 farms in Virginia, USA. The prevalence of antibodies
against HEV and HEV RNA was higher on Farm A than
on Farm B. This variation may reflect differences in rabbit
housing practices on the 2 farms: rabbits on Farm A were
caged in groups of 2-9 and rabbits on Farm B were each
caged individually. Because HEV is transmitted by the
fecal—oral route, virus likely spreads between cage mates
on Farm A, thus increasing the numbers of HEV-positive
rabbits.

The overall prevalence of antibodies against HEV
(36%) among rabbits from the United States was lower
than that among rabbits from Gansu and Beijing, China
(57% and 55%, respectively) (3,4). The prevalence of HEV

Figure. Phylogenetic tree for the 765-bp
sequence of open reading frame 2 of the
capsid gene of rabbit hepatitis E virus
(HEV) isolate USRab-14 from the United
States, 2 rabbit HEV isolates (GDC9
and GDC46) from China, representative
genotype 1-4 HEV strains, avian HEV, rat
HEV, and novel wild boar HEV. GenBank
accession numbers are shown for each
HEV strain used in the phylogenetic
analysis.

Avian HEV

EF206601  AY535004

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 11, November 2011



HEV in Rabbits, Virginia

Table 2. Nucleotide sequence identities of a 765-bp capsid gene sequence among HEV strains from rabbits in China and the United

States and other HEV strains*

HEV strains, % identity

Virus isolate China Genotype 1 Genotype 2 Genotype 3 Genotype 4 Avian
USRab-14 87.2-89.0 78.3-79.3 74.8 80.1-82.3 78.9-81.0 34.9-35.9
China GDC9/GDC46 NA 77.2-78.6 74.5-75.5 78.7-83.1 78.0-82.0 35.3-36.0

*HEV, hepatitis E virus; NA, not applicable.

RNA in serum and fecal samples on rabbit farms in the
United States (16.5% and 15.3%, respectively) was higher
than that on farms in Gansu and Beijing, China (7.5% and
6.96%, respectively). Ages of rabbits, animal housing
practices, and hygienic conditions on rabbit farms may
explain the observed difference in HEV prevalence.

Sequence analysis of the 765-bp capsid gene showed
that HEV isolate USRab-14 from the United States is
genetically different from the 2 rabbit strains of HEV
from China (Table 2; Figure). Genetic variations were also
observed among the 4 rabbit HEV isolates from the 2 rabbit
farms in the United States. Rabbit HEV strains from the
United States and China clustered into a distinct branch
closely related to genotype 3 HEV.

Thus, similar to swine HEV in pigs (13) and avian
HEYV in chickens (15), rabbit HEV is also widespread in the
rabbit population in the United States. The fact that rabbit
HEV appears to be closely related to genotype 3 HEV
raises a potential concern for zoonotic infection because
genotype 3 HEV from other animal species is known to
infect humans (1,2). Therefore, cross-species infection
and zoonotic risk for infection with rabbit HEV should be
evaluated.
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Astrovirus MLB2
Viremia in Febrile
Child

Lori R. Holtz, Kristine M. Wylie, Erica Sodergren,
Yanfang Jiang, Carl J. Franz,
George M. Weinstock, Gregory A. Storch,
and David Wang

Astroviruses cause diarrhea, but it is not known
whether they circulate in human plasma. Astrovirus MLB2
was recently discovered in diarrhea samples from children.
We detected MLB2 in the plasma of a febrile child, which
suggests that MLB2 has broader tropism than expected and
disease potential beyond the gastrointestinal tract.

pproximately 10% of nonbacterial, sporadic diarrhea is

caused by infection with astroviruses (1). Until 2008,
astroviruses that infect humans were thought to be limited
to 8 closely related serotypes. However, 5 highly divergent
astroviruses (MLBI1, MLB2, VA1, VA2, and VA3) were
discovered recently in stool samples from patients with
(2-4) and without (5) diarrhea. No definitive disease
association has been established for these 5 astroviruses.

A few reports have described enteric viruses in blood
and other parts of the body, but none have described
astroviruses in human plasma. For example, rotavirus RNA
has been detected in serum (6), cerebrospinal fluid (7), and
throat swab specimens (7); and rotavirus viral protein 6 and
nonstructural protein 4 also have been detected in serum
(6,8). Norovirus RNA also has been reported in human
serum (9) and in cerebrospinal fluid (10), and enterovirus
RNA has been reported in human serum (11). We report a
case of astrovirus MLB2 viremia.

The Study

As part of a broad effort to define the human virome,
we performed high-throughput sequencing (Genome
Analyzer IIX; Ilumina Inc., San Diego, CA, USA) on
several plasma samples from children with febrile illness
(K.M. Wylie et al., unpub. data). The Human Research
Protection Office, Washington University (St. Louis, MO,
USA) approved this study. The case report in this article
describes results generated from study of a 20-month-old
boy with a history of transient and resolved neutropenia.
The child was evaluated in the emergency department of
St. Louis Children’s Hospital for petechial rash (3-day
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history), fever <40°C (1-day history), cough, and nasal
congestion. He did not have vomiting or diarrhea.

The evaluation included a leukocyte count, with results
(7.8 x 10* cells/mm?*) within the reference values and with
a differential count of 26% bands, 59% neutrophils, 8%
lymphocytes, 6% monocytes, and 1% atypical lymphocyte;
blood culture results were negative. Nasopharyngeal swab
specimen was negative for respiratory syncytial virus,
influenza types A and B, parainfluenza, and adenovirus
by fluorescent antibody testing, and culture results were
negative for respiratory viruses. Chest radiograph was
interpreted as showing mild peribronchial thickening,
which may represent a viral process. In addition, plasma or
blood samples from the patient were subjected to a battery
of PCR screenings for the following viruses, the results
of which were all negative: adenovirus; enteroviruses
(Enterovirus ASR; Cepheid Inc., Sunnyvale, CA, USA);
human herpesvirus 6 and 7; parvovirus B19 (RealStar
Parvovirus B19 PCR Kit 1.0; Altona Diagnostics,
Hamburg, Germany); human bocavirus; cytomegalovirus
(whole blood); Epstein-Barr virus (whole blood); and JC,
BK, WU, and KI polyomaviruses.

Total nucleic acid was extracted from 100 uL of the
patient’s plasma by using the Roche (Indianapolis, IN,
USA) MagNa Pure System and randomly amplified by
using a sequence-independent PCR strategy as described
(12). Amplicons were sheared and, following standard
library construction, were sequenced by using the
Genome Analyzer IIX (Illumina Inc.) according to the
manufacturer’s protocol. Sequencing resulted in 6,394,424
sequence reads of 100 nt. When present in the sheared
amplicons, the primer used for random amplification was
removed, resulting in 83-nt sequences. From all reads,
238 had >80% nt identity to the partial MLB2 sequence
in GenBank (GQ502192.1) when aligned by using Cross_
match  software  (www.phrap.org/phredphrapconsed.
html#block phrap). In addition, 374 sequence reads with
similarity to anelloviruses were detected in this sample
by alignment of the reads to the GenBank NT and NR
databases, using Cross match and Blastx (http://blast.
ncbi.nlm.nih.gov/Blast.cgi), respectively. Anelloviruses
are commonly detected in human blood (13) and have
no known disease association. No reads aligned with
any other viruses, except endogenous human retrovirus
sequences.

Given the number of sequence reads from the plasma
sample that could be aligned with the 3,280-nt sequence
of MLB2 (accession no. GQ502192.1) in GenBank, we
reasoned that additional reads were likely to be present
from parts of the MLB2 genome that had not yet been
sequenced. To provide a complete reference genome for
such an analysis, we sequenced the complete MLB2 genome
from a previously described isolate (GenBank accession
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no. GQ502192.1) (3) from a stool sample by using a
combination of reverse transcription PCR (RT-PCR), 3" and
5" rapid amplification of cDNA ends, and pyrosequencing
on a genome sequencer (Roche) as described (4). The
complete MLB2 genome of 6,119 nt, excluding the polyA
tail, was confirmed by Sanger sequencing of overlapping
RT-PCR amplicons and has been deposited in GenBank
(accession no. JF742759).

Comparison of the high-throughput sequencing reads
from the plasma to the complete genome yielded an
additional 199 reads with >80% nt identity. Assembly of
all reads yielded 10 contigs, with an average length of 305
bp, which aligned throughout the MLB2 genome (Figure).
Conventional RT-PCR and quantitative TagMan RT-
PCR independently confirmed the presence of MLB2 in
the plasma sample. The complete sequence of the capsid
(open reading frame 2) of this plasma-derived MLB2
strain was obtained by RT-PCR (GenBank JF742760)
by using primers designed from the stool-derived MLB2
strain. The capsid of the plasma-derived MLB?2 strain has
99% nt identity with the stool-derived MLB2 strain. Of
the 27 nt substitutions, 25 were synonymous. Because of
limited quantities of the plasma sample, we were unable
to sequence the complete genome of the plasma-derived
MLB2.

To quantify the MLB2 virus load in the plasma
specimen, we developed a quantitative RT-PCR TaqMan
assay targeting the capsid (forward primer LGO0169
5'-ACAACTGGCCCTACATTGAATTC-3’, reverse
primer LGO170 5'-CCGACACGCACATCTCGAT-3,
and probe FAM-TCGGGTCTTGGCGCGCGAT-tam).
We used the MAXIscipt Kit (Ambion, Austin, TX, USA)
to generate in vitro—transcribed RNA from a plasmid
containing the region of interest to establish a standard
curve for the assay. On the basis of the results of this
assay, this sample has 4.5 x 10° copies of MLB2 per mL
of plasma.

To evaluate how frequently astroviruses may be
present in human plasma, we screened archived plasma
samples from 90 children with fever and 98 afebrile
controls by using an astrovirus consensus RT-PCR (3).
Total nucleic acid was extracted as described above. All

Stool-derived MLB2 strain (6,119 bp)

Astrovirus Viremia in Febrile Child

188 plasma samples were negative, which suggests that
astrovirus MLB2 viremia is relatively rare, at least in the
cohort analyzed.

Conclusions

The role of novel astrovirus MLB2 in human health
and disease and the clinical consequence of MLB2 viremia
are not yet known. This case report raises the possibility
that astrovirus MLB2 may be a cause of febrile illness.
In addition, the finding of MLB2 viremia suggests that
astrovirus MLB2 may have effects outside the enteric
system. These data, combined with the recent detection of
an astrovirus in brain tissue of an immunocompromised
patient (14) and the brain tissue of mink with shaking
mink syndrome (15), demonstrate a broader distribution
of astroviruses in the body than previously recognized.
The possibility that additional disease states may be
linked to astrovirus infection is intriguing. For example,
no other known pathogen was detected in the patient
in this case report, and he had mostly upper respiratory
signs, raising the possibility that MLB2 may play a role in
respiratory illness. These new hypotheses warrant further
investigation.
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New Dengue Virus
Type 1 Genotype In
Colombo, Sri Lanka

Hasitha A. Tissera, Eng Eong Ooi,

Duane J. Gubler, Ying Tan, Barathy Logendra,
Wahala M.P.B. Wahala, Aravinda M. de Silva,
M.R. Nihal Abeysinghe, Paba Palihawadana,

Sunethra Gunasena, Clarence C. Tam,
Ananda Amarasinghe, G. William Letson,
Harold S. Margolis, and Aruna Dharshan De Silva

The number of cases and severity of disease associated
with dengue infection in Sri Lanka has been increasing
since 1989, when the first epidemic of dengue hemorrhagic
fever was recorded. We identified a new dengue virus 1
strain circulating in Sri Lanka that coincided with the 2009
dengue epidemic.

engue virus (DENV) is a flavivirus transmitted

by Aedes spp. mosquitoes. There are 4 distinct
DENV serotypes (DENV-1-4). Infection with a single
serotype leads to long-term protective immunity against
the homologous serotype but not against other serotypes
(1). Globally, dengue is an emerging disease that causes
an estimated 50—-100 million infections, 500,000 dengue
hemorrhagic fever (DHF) cases, and 22,000 deaths
annually (2,3).

Epidemiologic and other studies indicate that risk
factors for severe dengue include secondary infection with
a heterologous serotype, the strain of infecting virus, and
age and genetic background of the host. Studies are under
way to further explore the role of these factors in severe
disease (1,4).

In Sri Lanka, serologically confirmed dengue was first
reported in 1962 (5), but although all 4 virus serotypes were
present and there were cases of DHF, only since 1989 has
DHEF been considered endemic to Sri Lanka (5). Dengue
was made a reportable disease in Sri Lanka in 1996, and the
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largest epidemic (35,008 reported cases, 170 cases/100,000
population, and 346 deaths) occurred in 2009 (6). DHF
epidemics in 1989 and 2002-2004 were associated with
emergence of new clades of DENV-3 (7,8). We report a
new DENV-1 genotype introduced to Sri Lanka before the
2009 epidemic.

The Study

The study was approved by the Ethical Review
Committee of the Faculty of Medicine, University of
Colombo, Sri Lanka, and the Institutional Research
Board of the International Vaccine Institute, Seoul, South
Korea. Serum samples were obtained in 2009 and early
2010 from patients as part of a Pediatric Dengue Vaccine
Initiative (PDVI) fever surveillance study in Colombo,
Sri Lanka. Samples were originally tested for dengue by
reverse transcription PCR at Genetech Research Institute
(Colombo, Sri Lanka). A random subset of dengue-
positive samples of all 4 serotypes was sent to the Program
in Emerging Infectious Diseases Laboratory at Duke—
National University of Singapore Graduate Medical
School, Singapore, for virus isolation and sequencing.

RNA was extracted from virus isolates, subjected to
standard reverse transcription PCR to confirm the presence
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Figure. Phylogenetic tree of dengue virus 1 (DENV-1) serotype
viruses from Sri Lanka (SL), 2009-2010, and other DENV-1
viruses. The tree is based on a 498-bp (nt 2056-2554) fragment
that encodes portions of the envelope protein and nonstructural
protein 1. Phylogenetic analysis was conducted by using MEGAS5
(10). Percentages of replicate trees in which the associated taxa
clustered in the bootstrap test (1,000 replicates) are shown next to
the branches. Genotype | (Asia) includes SL isolates from 2009-
2010; genotype Il (South Pacific) includes SL isolates from the
early 1980s; genotype IV (Africa/Americas) includes SL isolates
from the 1990s and early 2000s. Classification and naming of
DENV-1 genotypes are based on the report by Rico-Hesse (11).
DV, dengue virus. Scale bar indicates nucleotide substitutions
per site.
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of dengue virus, and serotyped as described (7). Samples
processed at Duke—National University of Singapore
underwent whole-genome sequencing as described (9).
Using DENV-1 isolates from Sri Lanka obtained from
dengue cases in 1983, 1984, 1997, 2003, and 2004 (7) and
representative DENV-1 sequences for the 4 genotypes, we
constructed a phylogenetic tree by using MEGAS software
(10) (Figure; Table).

The 4 DENV serotypes found in Sri Lanka have been
classified into genotypes according to the nomenclature
described by Rico-Hesse (11). The earliest isolates found
in 1983 and 1984 belong to South Pacific genotype IIL
More recent isolates obtained during surveillance efforts
during 1997-2004 belong to Africa/America genotype IV,
indicating that at some point between the early 1980s and the
mid 1990s, there was a DENV-1 genotype shift. Analysis of
viruses isolated in 2009 indicated that another Asia genotype
I of DENV-1 has been introduced into Sri Lanka (Figure)
(7). This Asia genotype I virus appears to be responsible for
the 2009 epidemic of dengue fever and DHF.

Conclusions

A feature of the epidemiology of dengue in Sri
Lanka was the lack of DHF in the early 1980s and the
increase in the number of severe dengue cases since 1989,
more so after 2000. This finding was observed despite
seroprevalence rates remaining largely the same over time
as reported in a previous study (12) and in the current
PDVI study (13).

Previous epidemics (1989 and 2002-2004) showed
a correlation with evolution of DENV-3 genotype III in

Sri Lanka, where emergence of new clades of DENV-3
genotype 3 showed a correlation with large increases in the
number of reported cases and the geographic range of the
virus (7,8). A similar observation was reported for Puerto
Rico by Bennett et al., who compared data for DEN2
and DEN4 over 20 years and found that dominant clades
were replaced by viral subpopulations existing within the
population (14) and in the South Pacific region for DENV-
2, where a similar clade replacement occurred (15). These
clade changes were accompanied by positive selection in
the nonstructural protein 2A (NS-2A) gene for DENV-4
and the envelope, premembrane, NS-2A, and NS-4A genes
for DENV-2.

Our results indicate that introduction of a new DENV-
1 genotype coincided with the 2009 dengue epidemic in Sri
Lanka. Studies are underway to determine if the proportion
of DENV-1 cases in 2009 was greater than in previous
years and to assess the role of this new DENV-1 genotype
in the severe epidemic of 2009. Further studies are needed
to determine if this new genotype has spread to other
countries in the region.
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Table. Dengue virus type 1 strains used in analysis of new dengue virus genotype, Colombo, Sri Lanka

Virus strain® Location Subtype Year isolated GenBank accession no.
DV1_Aust_1983 Australia 1 1983 AB074761
DV1_West_Pacific_1974 Western Pacific I 1974 u88535
DV1_Brazil_1990 Brazil \Y 1990 AF226685
DV1_China_1980 People’s Republic of China | 1980 AF350498
DV1_Japan_43 Japan | 1943 AB074760
DV1_Malaysia_72 Malaysia Sylvatic 1972 EF457905
DV1_Seychelles_2004 Seychelles 1] 2004 DQ285561
DV1_SL_1983a Sri Lanka I} 1983 FJ225443
DV1_SL_1984 Sri Lanka 1 1984 FJ225444
DV1_SL_1992a Sri Lanka \Y 1992 FJ225445
DV1_SL_1997a Sri Lanka \Y 1997 FJ225446
DV1_SL_2003a Sri Lanka \Y 2003 FJ225447
DV1_SL_2004a Sri Lanka \Y 2004 FJ225448
DV1_SL_2004b Sri Lanka \Y 2004 FJ225449
DV1_SL_2004c Sri Lanka \Y 2004 FJ225450
DV1_Thailand_64 Thailand Il 1964 AF180818
DV1_SL_2009a Sri Lanka | 2009 HQ891313
DV1_SL_2009b Sri Lanka | 2009 HQ891314
DV1_SL_2009c Sri Lanka | 2009 HQ891315
DV1_SL_2009e Sri Lanka | 2009 JN054256
DV1_SL_2010b Sri Lanka | 2010 JN054255

*Strains are indicated as genotype_location_year.
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interests are the epidemiology, virology, surveillance, and control

of dengue.
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Ultrastructural
Characterization of
Pandemic (H1N1)
2009 Virus
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We evaluated pandemic influenza A (H1N1) 2009
virus isolates and respiratory tissues collected at autopsy
by electron microscopy. Many morphologic characteristics
were similar to those previously described for influenza
virus. One of the distinctive features was dense tubular
structures in the nuclei of infected cells.

n April 2009, a novel influenza A (HIN1) virus was first

detected in 2 children in California; the same virus was
found to be circulating in Mexico and then spread rapidly
worldwide (1). The virus became known as pandemic
(HINT) 2009 and generally caused a mild-to-moderate
illness, although severe and fatal cases were reported.

Influenza A virus is a member of the family
Orthomyxoviridae and contains a genome that is composed
of single-stranded negative-sense RNA that, with the viral
nucleoprotein, is formed into 8 separate ribonucleoprotein
segments (2). The pandemic (HIN1) 2009 virus contains
a unique combination of RNA segments from North
American and Eurasian swine lineages and is capable of
human-to-human transmission (3).

The pathologic features of fatal cases of pandemic
(HIN1) 2009 have been described (4,5). Notably, in
addition to infection of the tracheobronchial epithelium,
as is seen with seasonal influenza, pandemic (HIN1) 2009
virus also extensively infects the lower respiratory system.
The most common histopathologic finding was diffuse
alveolar damage comprising intraalveolar edema, hyaline
membranes, fibrin, and hemorrhage. Immunohistochemical
examination detected influenza virus antigens in type II
pneumocytes, in epithelial cells in the upper airways, and
in submucosal glands.

In this study, we examined the morphologic properties
of pandemic (HIN1) 2009 virus in cultured cells and in
human tissues obtained at autopsy. Immunogold labeling
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was used to further analyze various aspects of the
morphogenesis of this novel influenza virus.

The Study

Infected and uninfected MDCK cells were embedded
for standard electron microscopy or immunogold electron
microscopy in a mixture of Epon-substitute and Araldite
or in LR White resin (Ted Pella, Inc., Redding, CA,
USA), respectively, as described (6). The immunogold
electron microscopy protocol used a goat antibody raised
against the matrix protein of influenza A virus as a primary
antibody and a donkey anti-goat antibody conjugated to
12-nm colloidal gold particles as a secondary antibody. In
addition, lung tissues were obtained from the upper and
lower respiratory tracts of 2 patients who died of pandemic
(HINT) 2009. Samples from each patient were negative
for parainfluenza viruses and respiratory syncytial virus by
PCR. Areas for examination were selected on the basis of
strong immunohistochemical labeling for influenza virus.
Sections for light microscopy sections were cut from the
electron microscopy blocks, and areas were selected for
either bronchus with submucosal glands or lung with alveoli.

Pandemic (HINI) 2009 virus isolates grown in
MDCK cells were morphologically similar to those of other
influenza A viruses. In negative stain preparations, virions
appeared mostly spherical (average diameter 104 nm) with
some filamentous particles (up to 3.3 pum in length) and
contained surface projections of the hemagglutinin and
neuraminidase glycoproteins (Figure 1, panel A). By thin
section electron microscopy, infected cells showed virus
particles being assembled mostly at the plasma membrane.
Extracellular virions, averaging 86 nm in diameter, were
mostly ovoid or filamentous (Figure 1, panel B). The
virions were surrounded by the glycoprotein spikes, and
the individual nucleocapsids inside the virions were seen
as thin threads (when cut longitudinally) or dark dot-like
figures (when cut in cross-section) and measured ~8 nm in
diameter (Figure 1, panels B and C).

The nuclei of some infected cells contained dense
tubular structures, which had a rough outer edge and
averaged 37 nm in width (Figure 1, panel D). Immunogold
electron microscopy labeling that used an anti—matrix
protein goat antibody detected matrix (M) proteins on the
dense tubular structures (Figure 1, panel E) as well as on
virions (C. Goldsmith et al., unpub. data).

Lung tissues from patients with fatal cases of pandemic
(HIN1) 2009 were examined by electron microscopy.
Infected cells and virions were observed in the alveolar
spaces and in the submucosal glands (Figure 2, panels A,
B, and C). Spherical or ovoid extracellular viral particles,
which may represent cross-sections through filamentous
particles, were seen in respiratory tissues. Dense,
amorphous material was associated with the virions. In
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Figure 1. Electron microscopy of pandemic (H1N1) 2009 virus. A) Negatively stained virions grown in MDCK c
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particles with distinct surface projections. Scale bar = 100 nm. B) Filamentous and ovoid particles assembling at the plasma membrane.
Scale bar = 100 nm. C) Extracellular particles showing internal nucleocapsids, seen in cross-section, surrounded by an envelope with
prominent spikes. Note all 8 nucleocapsids present in 1 virion (arrow). Scale bar = 100 nm. D) Dense tubules (arrow), which were found in
the nuclei of some MDCK-infected cells. Arrowhead, nuclear envelope. Scale bar = 100 nm. E) Immunogold labeling of the nuclear tubules

by using an antibody against the matrix protein. Scale bar = 100 nm.

addition, intranuclear dense tubules, similar to those seen
in tissue culture—infected cells, were recognized in infected
cells (Figure 2, panel D).

Conclusions

This study shows that the morphologic features of
pandemic (HINT1) 2009 virus in infected cells were similar
to other members of the family Orthomyxoviridae (7).
Enveloped particles, either spherical or filamentous, were
surrounded by a fringe of surface projections and enclosed
viral nucleocapsids. As is typical for influenza viruses,
virions assembled and budded at the plasma membrane.
In addition, inclusions consisting of dense tubules were
seen in the nuclei of some infected cells in cell culture and
tissues collected during autopsy. Although intranuclear
dense tubules have been previously reported for other
influenza A-infected cells, these were either smooth or
helical (8,9). Of note, the dense tubules in the nuclei of
pandemic (HIN1) 2009—infected cells were much larger
(37 nm vs. 8 nm) and did not resemble the more thread-like
nucleocapsids of influenza virus.

Of particular interest is the labeling of the nuclear
dense structures in pandemic (HIN1) 2009—infected cells

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 17, No. 11, November 2011

by an antibody directed against the matrix protein. M1
serves as the matrix protein during the formation of viral
particles. The M1 protein is also transported from the
cytoplasm into the nucleus during viral replication and, in
conjunction with nonstructural protein 2, is involved in the
export of the ribonucleoproteins out of the nucleus (10,11).
The immunolabeling of the dense tubular structures seen
in the pandemic (HIN1) 2009—infected cells reported here
confirms the presence of matrix protein in the nuclei of
infected cells.

Generally, freshly isolated viruses from human
tissues are predominantly filamentous, whereas
laboratory-adapted strains are predominantly spherical
(12). This study and other recent reports of early isolates
of pandemic (HINI) 2009 revealed both spherical and
filamentous forms (4,13). Similarly, in this study, mostly
spherical particles were found in lung autopsy tissues,
whereas filamentous particles were as described by
Nakajima et al. (4). The determinants of influenza virus
morphology, i.e., spherical versus filamentous, have been
evaluated by many researchers and found to be influenced
by the M1 and M2 proteins and by polarization of the
host cell (14,15). The biological relevance of finding both
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Figure 2. Spherical and ovoid
extracellular  pandemic ~ (H1N1)
2009 virus particles in human lung
tissue found in the alveolar space
(A) and in a submucosal gland
(B). Nucleocapsids and surface
projections are visible on some
virions. Note the dense material
(arrows) associated with  the
particles. Scale bars = 100 nm. C)
Low-power magnification of the
aggregation of virus particles seen
in panel B, showing virions (box) in
the mucus of the submucosal gland.
Scale bar = 1 um. D) Dense tubules
(arrow) found in the nucleus of an
infected cell in alveolar space. Scale
bar =100 nm.

spherical and filamentous particles in autopsy tissues and
in early isolates of pandemic (HIN1) 2009 virus requires
further studies.

Another distinctive feature of pandemic (HINI)
2009 virus was infection of the lower respiratory tract, as
evidenced by the presence of viral particles in the alveoli.
This finding helps explain the diffuse alveolar damage
associated with hyaline membranes seen in severe cases
of infection. Pandemic (HIN1) 2009 virus particles were
also found in the mucus of the submucosal glands and may
play a major role in human-to-human transmission through
aerosolization of respiratory secretions.

Pandemic (HIN1) 2009 virus was the causative agent
of the first influenza pandemic since 1968, and much has
been learned since the pandemic began. However, there
is still much to be elucidated about this emerging virus,
and electron microscopic studies have revealed distinctive
features of the pandemic (HIN1) 2009 virus that may help
in understanding its morphogenesis and pathogenesis.
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A cholera outbreak in Laos in July 2010 involved 237
cases, including 4 deaths. Molecular subtyping indicated
relatedness between the Vibrio cholerae isolates in this and
in a 2007 outbreak, uncovering a clonal group of V. cholerae
circulating in the Mekong basin. Our finding suggests the
subtyping methods will affect this relatedness.

holera is a major public health concern in countries

where access to safe water and adequate sanitation
cannot be guaranteed for all residents. Vibrio cholerae
serogroups O1 and O139 are the causative agents of cholera
(1). A major virulence factor is cholera toxin (Ctx) encoded
by the CtxAB gene and located on the Ctx prophage. V.
cholerae O1 is classified into 2 biotypes, classical and El
Tor. The El Tor biotype is responsible for the ongoing
seventh pandemic of cholera (2). Since the early 1990s,
the El Tor variant strains, which are biotypes of El Tor but
carry the classical type of ctxB, have emerged and prevail
in multiple regions where cholera is endemic (1,3-6).

The Study

In July 2010, a cholera outbreak began in Attapeu
Province in southern Laos along the Cambodian border.
Onset dates were July 5-September 16. The outbreak
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spread to 17 villages of the province and involved 237
persons, including 4 who died. To isolate the suspected
V. cholera colonies, we screened specimens on thiosulfate
citrate bile salt sucrose agar with or without enrichment in
alkaline peptone water. Suspected colonies were examined
by conventional biochemical tests and PCR amplification
of ctx (7,8). Of the 42 fecal specimens tested, 9 were
culture positive. The isolates were toxigenic V. cholerae
O1 serotype Ogawa with features of the El Tor variant,
according to the ctxB-typing method of Morita et al. (9).

We analyzed the 9 V. cholerae isolates from the
Attapeu outbreak. We performed pulsed-field gel
electrophoresis (PFGE) according to the PulseNet protocol
(10) and multilocus variable number tandem repeat analysis
(MLVA) using the 7 loci, as described (5,11).

The isolates of the Attapeu outbreak had almost
indistinguishable PFGE profiles and MLVA repeat copy
numbers. In PFGE analysis, 8 of the 9 isolates showed
indistinguishable profiles (PFGE-A). The profile of the
remaining isolate differed from the dominant isolates by 2
bands (PFGE-B) (Figure). In MLVA, 8 isolates showed the
same MLVA type (MLVA-I), and 1 isolate showed another
MLVA type that differed from the major MLVA type by
being a single-locus variant of MLV A-I with only 1 locus
and 1 repeat copy number (MLVA-II) (Table). Seven of
the MLVA-I and 1 of the MLVA-II isolates showed the
PFGE-A profile, and 1 of the MLVA-I isolates showed
the PFGE-B profile. Although the source of contamination
remains unknown, these results indicate that all isolates
were indistinguishable from or similar to each other and
that the outbreak could have been caused by a single source
of contamination.

For comparison, we also examined 19 isolates from
an outbreak that occurred in Xekong Province in 2007.
These isolates also were toxigenic V. cholerae O1 serotype
Ogawa of the El Tor variant (12). MLVA results clearly
indicate that the isolates of the Attapeu outbreak in 2010
differed from those of the Xekong outbreak in 2007. The
isolates from the Xekong outbreak comprised 3 MLVA
types; 17 isolates were MLVA-IIIL, 1 was MLVA-IV, and
1 was MLVA-V. MLVA-IV and MLVA-V were single-
locus variants of MLVA-III (Table). Of the 7 loci tested,
3 or 4 displayed different repeat copy numbers than did
those of the Attapeu and Xekong outbreaks. In PFGE
analysis, however, the profiles were similar to each other;
the isolates from the Xekong outbreak showed a PFGE-B
profile (Figure).

These results suggest that strains with a specific PFGE
type and the related strains have been circulating in the area
for at least 3 years. Nguyen et al. suggested that another
cholera outbreak in Vietnam that occurred from the end

"These authors contributed equally to this article.
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Table. MLVA types identified in study of cholera, Laos, 2010*

Cholera Outbreak, Laos, 2010

MLVA No. Outbreak Vibrio cholerae repeat copy no. PFGE profile
type isolates location 1 2 3 5 6 7 8 (no. isolates)
I 8 Attapeu 8 6 NA NA 7 17 17 A(7),B(1)
I 1 Attapeu 8 6 NA NA 7 18 17 A(1)
1l 17 Xekong 10 6 NA 4 7 16 16 B (17)
\Y 1 Xekong 10 6 NA 4 7 16 17 B (1)
\ 1 Xekong 9 6 NA 4 7 16 16 B (1)

*MLVA, multilocus variable number tandem repeat analysis; PFGE, pulsed-field gel electrophoresis; NA, no PCR products amplified.

of 2007 to the beginning of 2008 was associated with the
Xekong outbreak (13). Choi et al. also studied isolates from
Vietnam in 2007 and 2008 by using MLVA, wherein they
used 5 loci that are in common with those in this study
(VC-1, -2, -6, -7, and -8) (14). The MLVA results obtained
in our study indicated that the repeat copy numbers of
the compatible loci of the Xekong outbreak isolates were
the same as those of some of the isolates described in the
study by Choi et al. This finding strongly suggests that the
causative agents of the Xekong outbreak of Laos and the
Vietnam outbreak in 2007-2008 were the same. Moreover,
the strains were speculated to circulate widely in the
Mekong basin, although the similarity between the PFGE
profiles of the isolates from Laos and Vietnam remain to
be studied.

Recently, another ctxB type of V. cholerae O1 biotype
El Tor serotype Ogawa was reported in Orissa in eastern
India (15). Representatives of the Xekong and Attapeu
isolates also were subjected to sequence analysis of CtxB.
The results showed that their CtxB sequences were identical

\

Xekong

FPFGE-B 2007

Vs

I IR IERARIE AR

Altapeu
2010

S i)

Figure. Notl-digested pulsed-field gel electrophoresis (PFGE)
profiles of Vibrio cholerae isolates, Laos, 2010. The names of the
profiles and the sources of the isolates are shown on the right.
A dendrogram was created with BioNumerics software (Applied
Maths, Kortrijk, Belgium) by using the Dice coefficient, unweighted
pair-group method with arithmetic means, and a band-position
tolerance of 1.2%. Arrowheads at bottom indicate location of bands
differing in PFGE-A and PFGE-B.
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with that of the original classical type, which suggests that
the clonal group in the Mekong basin differs from the new
Orissa type of V. cholerae in India.

Conclusions

Our study clearly indicates that the 2010 cholera
outbreak at Attapeu was caused by 1 source of
contamination. Furthermore, isolates from the Attapeu
outbreak and the 2007 Xekong outbreak showed similar
PFGE profiles, but they were differentiated by MLVA,
consistent with their origin. This study suggests that PFGE
analysis is useful for identifying the kinds of V. cholerae
clones circulating in a specific geographic region and
might be useful for determining a long-term framework of
the region-specific V. cholerae because PFGE profiles are
probably more stable than the MLVA types. By contrast,
MLVA is useful for investigating and discriminating short-
term individual outbreaks in a region. Another cholera
outbreak in Cambodia in 2010 also might be related to
the Attapeu outbreak. Combined use of both molecular
subtyping methods would indicate the relatedness of
cholera in the 2010 Cambodian outbreak and the others in
the Mekong basin.
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