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We detected malaria vector Anopheles stephensi mos-
quitoes in the Al Hudaydah governorate in Yemen by us-
ing DNA sequencing. We report 2 cytochrome c¢ oxidase
subunit | haplotypes, 1 previously found in Ethiopia, So-
malia, Djibouti, and Yemen. These findings provide in-
sight into invasive An. stephensi mosquitoes in Yemen
and their connection to East Africa.

alaria remains a major threat to global health

with 2247 million cases reported in 2021 (1).
An invasive malaria vector, Anopheles stephensi mos-
quito, has emerged in Africa; the first detection was
in Djibouti in 2012 and was followed by detections
in Ethiopia, Somalia, Sudan, Nigeria, Ghana, Kenya,
and Eritrea (2) (Appendix, https://wwwnc.cdc.gov/
EID/article/30/7/24-0331-Appl.pdf). With growing
evidence of An. stephensi mosquito resistance to mul-
tiple classes of insecticides (3,4), its association with
a recent malaria outbreak (5), and genomic evidence
that outbreak sites may also be central locations for
An. stephensi mosquito travel to new areas (6), con-
cerns are growing about the status and spread of this
mosquito species in the Mediterranean region.

In the Arabian Peninsula, the geographic distri-
bution of An. stephensi mosquitoes is unclear. Previ-
ous field investigations and predictive modeling in-
dicate native populations exist in the northeastern
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coastal region along the Persian Gulf and inland in
countries including Saudi Arabia (7,8). The status
of An. stephensi mosquitoes is important in Yemen,
where an increase in malaria cases was reported in
the city of Aden beginning in 2017, although a link
to An. stephensi mosquitoes has not been investigated
(9). The first report of An. stephensi mosquitoes in Ye-
men occurred in Aden in 2021 and was confirmed
with molecular analysis in 2023 (2,10). Recent retriev-
al of an unpublished entomological survey report in-
dicated An. stephensi mosquitoes were present within
the Al Zuhra district in the Al-Hudaydah governor-
ate in 2000 (World Health Organization Yemen, un-
pub. data). No documentation of An. stephensi mos-
quitoes before 2000 or in later entomological surveys
was found until the recent detection in 2021. Little is
known about the distribution and characteristics of
this vector in western governorates where the highest
prevalence of malaria in Yemen is documented (9).
An. stephensi mosquitoes were reported for the first
time in the Ad Dahi district in December 2021 and in
the Zabid district in March 2022, both within the Al
Hudaydah governorate (2). An. stephensi mosquitoes
have recently been found in multiple suburban areas
in the Tehama coastal plain region (11). In this study,
we characterize the genetic diversity of An. stephensi
mosquitoes found during vector surveillance in the
Al Hudaydah governorate.

The Study

We analyzed immature mosquitoes collected from 2
semiurban locations, Ad Dahi and Zabid districts (Fig-
ure 1,). We collected the Ad Dahi district specimens
over the course of a single day in December 2021 while
conducting Aedes surveillance during a dengue fever
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Figure 1. Locations in Yemen where invasive Anopheles stephensi mosquitoes were detected in 2021 and 2022 (yellow diamonds).

Map was created by using MapChart (https://www.mapchart.net).

outbreak. The Zabid district specimens were collected
during monthlong Amnopheles surveillance in March
2022. Potential breeding containers surveyed included
open concrete ponds and cement water tanks near block
factories, washing basins in mosques, and car wash-
ing sites. Mosquitos used in this study were collected
as immature specimens by using the dipping method.
We reared them to adults in field insectaries and then
identified them by using updated morphological keys
(12). The specimens we morphologically identified as
An. stephensi mosquitoes were preserved with silica gel.
We sent a subsample of specimens to Baylor University
(Waco, Texas, USA) for molecular analysis.

For species identification, we analyzed 2 loci,
cytochrome ¢ oxidase subunit 1 (COI) and internal
transcribed spacer 2 (ITS2), by using previously de-
scribed protocols (13). We used an An. stephensi-spe-
cific endpoint PCR as previously described (14). We
conducted ITS2- and COI-targeted DNA sequencing,
then used BLAST (https://blast.ncbi.nlm.nih.gov)
and conducted phylogenetic analysis to determine
species identification and evaluate the level of genetic
diversity (Appendix).

Most of the Anopheles larvae were collected from
cement water tanks found outside of homes, which
were like other invasive settings found in eastern
Ethiopia and Aden (4,10). We identified 41 mosqui-
toes morphologically as An. stephensi, 7 from Ad Dahi
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and 34 from Zabid City. Of the 41 specimens, all 7
Ad Dahi and 32 of the Zabid City specimens were
confirmed to be An. stephensi mosquitoes by ITS2
endpoint assay and by COI and ITS2 targeted DNA
sequence analysis (Appendix). We observed no dis-
crepancy between the endpoint assay and sequencing
assay for species identification. We did not report any
discrepancies with the ITS2 endpoint assay results
when compared with the DNA sequence results, but
incorrect identification with the endpoint assay for
other populations with unreported ITS2 variation is
possible. Sequencing should accompany initial im-
plementation of an endpoint assay in newly surveyed
populations to evaluate both false negatives and false
positives.

Two non-An. stephensi mosquitoes were recov-
ered; 1 was identified as Anopheles culicifacies and 1 as
Aedes aegypti on the basis of ITS2 and COI sequence
BLAST analysis. This change from the initial morpho-
logical identification could be the result of sorting the
Anopheles and Aedes mosquitoes from the same habi-
tat or from the selection of specimens for molecular
analysis in the laboratory. Phylogenetic analysis con-
firmed the species identification of the An. stephensi
mosquito specimens (bootstrap = 100 for COI, boot-
strap = 100 for ITS2) (Figures 2, 3).

ITS2 sequences were all identical for the An.
stephensi mosquito specimens and BLAST analysis
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revealed a 100% sequence identification in GenBank. assist with delineating their relationship. Our find-
Sequence analysis of COI revealed 2 haplotypes. One ings provide information about the relative timing of

haplotype (n=35) was previously reported through-

the Yemen introduction of An. stephensi mosquitoes

out the Horn of Africa (HoA) (COIHap 3) with the relative to the HoA detection on the basis of several
highest frequency in northeastern Ethiopia, Somalil- observations. Fewer haplotypes were observed in the
and, and Djibouti (15). This haplotype was also noted Al Hudaydah region in comparison to northeastern
in a recent report on the detection of An. stephensi Ethiopia, Somalia, and Djibouti, which may indicate
mosquitoes in Aden, Yemen (10). The second haplo- a recent introduction into the Al Hudaydah region.
type (n=4), differing by a single nucleotide from COI- COIHap3 has a limited geographic range in com-

Hap3, has not previously been reported (designated
COIHapYem1).

parison to the HoA-wide Hap2, which suggests the
haplotype from our study could be associated with

These findings demonstrate the successful use of a later introduction in HoA and potentially Yemen.

ongoing vector surveillance activities for the initial

As for the HoA specimens and the study in Aden,

detection of An. stephensi mosquitoes. The detectionof no Saudi Arabian haplotypes were detected. Unlike
a common HoA COI haplotype raises questions about the HoA specimens, no South Asia haplotypes were
the relationship between the invasive An. stephensi detected. Further genomic analysis and extensive An.
mosquitoes in northern HoA and Yemen. It is pos- stephensi mosquito sampling in Yemen, Saudi Arabia,

sible they share a common origin or that movement

and other parts of the Arabian Peninsula are needed

of An. stephensi mosquitoes has occurred between to evaluate the hypothesis of a recent introduction in

the 2 regions. Sequencing of additional loci could Yemen relative to the HoA.

maliland
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JiERsosis zatia bar indicates the number of
nucleotide substitutions per site.

. indicate bootstrap values. Only
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1469



DISPATCHES

100

10

1470

AY702482_Anopheles_stephensi
AY365050_Anopheles_stephensi

EU346653_Anopheles_stephensi
EU346652_Anopheles_stephensi
AY842520 Anopheles_stephensi
AY365049_Anopheles_stephensi
AY702486_Anopheles_stephensi
KMO052589_Anopheles_stephensi
FJ154840_Anopheles_stephensi

DQ662406_Anopheles_stephensi
AY702483_Anopheles_stephensi
DQ662409_Anopheles_stephensi
MH650999_Anopheles_stephensi
AY842526 _Anopheles_stephensi
AY702484_Anopheles_stephensi
KF933379_Anopheles_stephensi
FJ011430_Anopheles_stephensi

S220017_Anopheles_stephensi_Yemen

AY157678_Anopheles_stephensi
AY702490_Anopheles_stephensi
FJ526599_Anopheles_stephensi

DQ662407_Anopheles_stephensi
EU359661_Anopheles_stephensi

Figure 3. Maximume-likelihood phylogenetic analysis of
internal transcribed spacer 2 DNA sequences for Anopheles
stephensi mosquitoes collected in Yemen. Only 1 sequence
(bold) is included as a representative of the single
haplotype observed in the Yemen An. stephensi specimens.
GenBank accession numbers are provided. Numbers

along branches indicate bootstrap values. Only values >70
are shown. Scale bar indicates the number of nucleotide
substitutions per site.
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Conclusions

Our findings provide insight into the genetic diversity
of An. stephensi mosquito populations in Al Hudaydah
governorate, Yemen. The findings also provide sup-
port for the need of long-term entomological and epi-
demiologic surveillance of An. stephensi mosquitoes on
malaria transmission in the region. With the detection
of An. stephensi mosquitoes in Yemen, concerns remain
related to the status of these mosquitoes in other areas
of Yemen and their relationship with the HoA An. ste-
phensi mosquitoes. Additional genomic analysis should
be conducted to further examine the relative timing of
the introduction of An. stephensi mosquitoes to Yemen.
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