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ZIKA VIRUS
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he mosquito Aedes aegypti is found
throughout the tropics and subtropics,
and its range has been predicted to
further expand with climate change (1).
A. aegypti consists of two subspecies
originally described on the basis of morphological and ecological differences (2) and
subsequently supported by modern population genetics (3). The globally invasive subspecies A. aegypti aegypti (Aaa) thrives in
urban environments of Asia and the Americas,
where it oviposits in artificial containers and
preferentially bites humans. The African subspecies A. aegypti formosus (Aaf) inhabits
both urban and forest habitats of sub-Saharan
Africa and bites a variety of vertebrate animals
(4, 5). Coexistence of the two subspecies as
genetically distinct entities has been documented only along the coast of Kenya, whereas
in some locations of Senegal and Angola
A. aegypti populations consist of a genetic
blend of Aaa and Aaf (3, 6, 7).
The human-specialist Aaa is thought to have
evolved from generalist ancestors in western Africa ~5000 to 10,000 years ago (6, 8).
“Domestication” allowed the global expansion of Aaa during the slave-trading period
(17th to 19th centuries), and this expansion

in turn fueled the first global pandemics of
yellow fever and dengue (9). Today, A. aegypti
is the main global vector of arboviruses, including not only dengue virus (DENV) and
yellow fever virus (YFV) but also newly emerging arboviruses such as Zika virus (ZIKV) and
chikungunya virus (10). The high efficiency
of Aaa as an arbovirus vector is generally attributed to its strong preference for humans
and proclivity to lay eggs in human-made containers (9).
Despite ample evidence for variation in
flavivirus susceptibility within and between
A. aegypti populations (11), surprisingly little
attention has been paid to the consequences
of A. aegypti’s domestication and global expansion out of Africa for its innate ability to
acquire arbovirus infections and subsequently
become infectious. A few studies in the 1970s
and 1980s, motivated by the historical absence
of yellow fever in Asia, ruled out the hypothesis that Asian populations of A. aegypti were
inefficiently infected by YFV; however, the
researchers noticed that Aaf populations were
generally less susceptible to YFV than their
Aaa counterparts (12, 13). A similar conclusion
was made for DENV susceptibility (14), but
experimental variations in virus titers of the
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The drivers and patterns of zoonotic virus emergence in the human population are poorly understood.
The mosquito Aedes aegypti is a major arbovirus vector native to Africa that invaded most of the world’s
tropical belt over the past four centuries, after the evolution of a “domestic” form that specialized in
biting humans and breeding in water storage containers. Here, we show that human specialization and
subsequent spread of A. aegypti out of Africa were accompanied by an increase in its intrinsic ability to
acquire and transmit the emerging human pathogen Zika virus. Thus, the recent evolution and global
expansion of A. aegypti promoted arbovirus emergence not solely through increased vector–host contact
but also as a result of enhanced vector susceptibility.

artificial blood meals in these early studies did
not allow a formal worldwide comparison.
Here, we investigated the worldwide variation of A. aegypti susceptibility to ZIKV infection using a panel of 14 laboratory colonies
recently established (2 to 16 laboratory generations) from field-collected specimens (table
S1). ZIKV is a flavivirus (family Flaviviridae)
first isolated from a sentinel monkey in Uganda
in 1947 (15) and mainly transmitted among humans by A. aegypti. The first reported human
epidemic of ZIKV occurred in 2007 on the
Pacific island of Yap, Micronesia (16). Subsequent larger ZIKV outbreaks were recorded
in French Polynesia and other Pacific islands
during 2013 and 2014 (17). In 2015, ZIKV was
detected in Brazil, from where it rapidly spread
across the Americas and the Caribbean, causing
hundreds of thousands of human cases (18).
The factors underlying the explosiveness and
magnitude of ZIKV emergence in the Pacific
and the Americas are still poorly understood.
Reciprocally, the lack of major human epidemics of ZIKV in regions with seemingly favorable
conditions, such as Africa or continental Asia,
remains largely unexplained to date (18).
To compare ZIKV susceptibility between
our A. aegypti colonies, we generated empirical dose-response curves based on a standardized membrane feeding assay (fig. S1A).
Dose-response curves account for the strong
dose dependency of infection success (19, 20)
and provide an absolute measure of susceptibility, which can be summarized by the virus
dose infecting 50% of blood-fed mosquitoes
[50% oral infectious dose (OID50)]. Multiple
blood meals are known to enhance systemic
virus dissemination in ZIKV-infected A. aegypti,
but they do not affect initial infection prevalence (21); therefore, a single infectious blood
meal is adequate to obtain relevant OID50
estimates. Because ZIKV susceptibility is also
influenced by the virus strain (20, 22), we
used a panel of seven wild-type ZIKV strains
encompassing the current viral genetic diversity (table S2).
We first measured ZIKV susceptibility in a
worldwide panel of eight A. aegypti colonies
(table S1) originating from Africa (Cameroon,
Uganda, Gabon), the Americas (Colombia, Guadeloupe, French Guiana), and Asia (Thailand,
Cambodia). We individually scored the infection status of 3113 female A. aegypti after
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oral exposure to three different infectious
doses of six ZIKV strains. The infection status
depended on a three-way interaction between
infectious dose, ZIKV strain, and mosquito
population (multivariate logistic regression,

P = 0.0238), indicating that the dose-response
curves differed significantly among viruspopulation pairs (Fig. 1A). When mosquito
populations were nested within their continent of origin (Asia, Africa, Americas) in the

statistical model, there was a strong effect of
the continent (P < 0.0001), which was mainly
driven by the significantly lower ZIKV susceptibility of the three African mosquito populations. Across the ZIKV strains, the OID50

Downloaded from http://science.sciencemag.org/ on January 25, 2021

Fig. 1. Native populations of A. aegypti in Africa are less susceptible to
ZIKV than globally invasive populations outside Africa. (A) Dose-response
curves of eight field-derived A. aegypti colonies challenged by six low-passage
ZIKV strains. The proportions of ZIKV-infected mosquitoes 7 days post–oral
challenge are shown as a function of the blood meal titers in log10-transformed
FFU per milliliter. Each box represents a different ZIKV strain, as labeled at the
top. The logistic regression lines are color-coded for the different mosquito
populations. (B) Geographical origins of the eight A. aegypti colonies and their
estimated OID50 values (expressed in log10-transformed FFU per milliliter) for the
Aubry et al., Science 370, 991–996 (2020)
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six low-passage ZIKV strains tested in (A). The pie charts show the six OID50
values estimated from the dose-response curves shown in (A) (clockwise
from the top: ZIKV_Senegal_2015, ZIKV_Cambodia_2010, ZIKV_Thailand_2014,
ZIKV_Philippines_2012, ZIKV_Puerto_Rico_2015, and ZIKV_F_Polynesia_2013)
and represented on a color scale (except for the undetermined OID50
values, which are shown in gray). The gray background indicates the
approximate distribution of A. aegypti (43). The light gray represents the
globally invasive subspecies Aaa, whereas the dark gray represents the
African subspecies Aaf.
2 of 6
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estimates (table S3) ranged from 6.3 to 8.1
log10 focus-forming units (FFU)/ml for the
three African populations and from 4.7 to
6.8 log10 FFU/ml for the five non-African populations (Fig. 1B). We confirmed that variation
in ZIKV susceptibility did not simply reflect
differences in colonization history between
the mosquito populations. We analyzed the
OID50 estimates as a function of the average
number of generations spent in the laboratory and found no statistical support for an
effect of the number of generations [analysis
of variance (ANOVA), P = 0.8236] or an interaction effect between the ZIKV strain and
the generation (ANOVA, P = 0.8618).

The three African colonies of our worldwide
panel were significantly less susceptible to
ZIKV infection than their non-African counterparts; however, they did not represent the
full extent of A. aegypti genetic diversity in
the ancestral range of the species (6). These
three colonies came from places expected to
harbor relatively pure Aaf populations, whereas
other African populations from the Sahelian
region show signatures of mixed ancestry with
globally invasive Aaa (7, 8). To expand our assessment of African A. aegypti populations,
we examined a panel of six additional mosquito
colonies (table S1) originating from Senegal
(NGO, KED), Ghana (KUM), Uganda (ENT),

and Kenya (KAK, RAB) (7). We measured the
ZIKV susceptibility of these colonies in our
standardized membrane feeding assay, and
the colonies from Gabon and Guadeloupe of
our worldwide panel were included as references (Fig. 2A). The six African colonies differed significantly in their dose-response to
the ZIKV_Cambodia_2010 strain (multivariate logistic regression excluding reference
colonies, P < 0.0001; n = 271) but not to the
ZIKV_Senegal_2011 strain (P = 0.0587; n =
363). The OID50 estimates (table S3) ranged
from 6.3 (NGO) to 7.9 (KED) log10 FFU/ml for
the ZIKV_Cambodia_2010 strain and from
4.9 (NGO) to 6.2 (KED) log10 FFU/ml for the
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Fig. 2. ZIKV susceptibility among African populations of A. aegypti
correlates positively with their proportion of domestic genetic ancestry.
(A) Dose-response curves of eight field-derived A. aegypti colonies challenged by
two low-passage ZIKV strains. The colonies from Gabon and Guadeloupe are the
same as in the worldwide panel shown in Fig. 1 and served as resistant and
susceptible references, respectively. The other six colonies were derived from a
panel of African populations sampled in a separate study (7) and abbreviated as
follows: NGO, Ngoye, Senegal; KED, Kédougou, Senegal; KUM, Kumasi, Ghana;
ENT, Entebbe, Uganda; KAK, Kakamega, Kenya; RAB, Rabai, Kenya. The
proportions of ZIKV-infected mosquitoes 7 days post–oral challenge are shown
as a function of the blood meal titers in log10-transformed FFU per milliliter. Each
box represents a different ZIKV strain, as labeled at the top. The logistic
regression lines are color-coded for the different mosquito populations.
(B) Geographical origins of the seven African A. aegypti colonies and their
Aubry et al., Science 370, 991–996 (2020)
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estimated OID50 values, expressed in log10-transformed FFU per milliliter, for the two
low-passage ZIKV strains tested in (A). The pie charts show the OID50 values
estimated from the dose–response curves (left, ZIKV_Cambodia_2010; right,
ZIKV_Senegal 2011) and represented on a color scale. The gray shading indicates
the approximate distribution of A. aegypti (43). (C) Relationship between ZIKV
susceptibility of the colonies and the average proportion of domestic genetic
ancestry of their wild-caught founders, inferred by ADMIXTURE analyses (7).
Note that ZIKV susceptibility is represented by OID50 estimates for ZIKV_Cambodia_2010 and by OID75 estimates for ZIKV_Senegal_2011 because of the higher
overall infectiousness of the latter strain. Each box represents a different ZIKV
strain, as labeled at the top. The black lines represent the square root regression
results for the ZIKV_Cambodia_2010 strain (R2 = 0.761; P = 0.0047) and the
ZIKV_Senegal_2011 strain (R2 = 0.519; P = 0.0437). The best-fit regression function
was obtained by comparing R2 values between various regression models.
3 of 6
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ZIKV_Senegal_2011 strain (Fig. 2B). There
was no evidence for an effect of the laboratory generation (ANOVA, P = 0.7399) or an interaction effect between the ZIKV strain and
the laboratory generation (ANOVA, P = 0.9236)
on the OID50 estimates. Although the ZIKV_
Senegal_2011 strain was more infectious overall, we noticed that for both virus strains the
most and least susceptible African colonies
were the same (NGO and KED, respectively).
These two colonies are expected to differ genetically according to the recent study that
analyzed the whole-genome sequences of their
wild progenitors (7). In that study, ADMIXTURE
analysis identified three genomic clusters (East
Africa, Central/West Africa, and globally invasive domestic ancestry components) and
detected a variable level of domestic ancestry in several African A. aegypti populations.
For instance, the average proportion of domestic ancestry in the wild progenitors was
37.4% for NGO and 0.86% for KED (7). We
thus analyzed ZIKV susceptibility as a funcAubry et al., Science 370, 991–996 (2020)

box represents a different intercross generation, as labeled at the top, and the
lines represent the logistic regression results. (B and C) QTL mapping results
obtained for the F4 generation of intercross 1 (B) and intercross 2 (C). The
statistical significance of the genotype-phenotype association, averaged by 5-Mb
moving windows, is shown along the three chromosomes. The horizontal red
lines indicate the 0.1% (B) and 5% (C) genome-wide FDR thresholds, calculated
with the Benjamini-Hochberg method implemented in QTLseqr (44).

tion of the level of domestic ancestry and
found that they were positively associated
(Fig. 2C), both for the ZIKV_Cambodia_2010
strain (square root regression, P = 0.0047; R2 =
0.761) and for the ZIKV_Senegal_2011 strain
(square root regression, P = 0.0437; R2 =
0.519). When we omitted the pure Aaa reference population from Guadeloupe, the relationship was still significant for the ZIKV_
Cambodia_2010 strain (linear regression, P =
0.0047; R2 = 0.824) but no longer for the ZIKV_
Senegal_2011 strain (linear regression, P =
0.1189; R2 = 0.414). These results provide further evidence for the higher ZIKV susceptibility of the domestic subspecies Aaa relative
to the African subspecies Aaf.
To investigate the genetic basis of A. aegypti
worldwide variation in ZIKV susceptibility,
we intercrossed the colony from Guadeloupe
(susceptible parent; 100% Aaa) with the colony
from Gabon (resistant parent; 7.3% Aaa) to
perform quantitative trait locus (QTL) mapping by bulk segregant analysis (fig. S2). In two
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reciprocal intercrosses, F1 hybrids displayed a
level of susceptibility to the ZIKV_Cambodia_
2010 strain that was intermediate but closer to
the resistant parent (Fig. 3A), suggesting that
resistant alleles were partially dominant. The
level of ZIKV susceptibility remained intermediate during the next five generations of
both intercrosses (Fig. 3A). After three generations of recombination, we genotyped phenotypic pools of the F4 progeny based on their
ZIKV-resistant (uninfected) or ZIKV-susceptible
(infected) phenotype (two replicate pools of
48 individuals per phenotype). We used a total
of ∼230,000 single-nucleotide polymorphisms
identified on a genome-wide scale by restriction site–associated DNA sequencing to detect
deviations in allele frequencies between
ZIKV-resistant and ZIKV-susceptible pools.
In the first intercross (Guadeloupe males ×
Gabon females), we detected a cluster of five
highly significant QTLs associated with infection status [false discovery rate (FDR) < 0.001]
located between 128.3 and 282.7 Mb on
4 of 6
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Fig. 3. Genetic analysis of intercrossed African and non-African mosquitoes identifies genomic regions underlying ZIKV susceptibility. (A) Doseresponse curves of the parental colonies and the F1, F2, F3, and F6 generations of
intercross 1 (Guadeloupe males × Gabon females) and intercross 2 (Gabon males ×
Guadeloupe females) orally challenged with the ZIKV_Cambodia_2010 strain.
The percentage of ZIKV-infected mosquitoes 7 days post–oral challenge is shown
as a function of the blood meal titers in log10-transformed FFU per milliliter. Each
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chromosome 2 (Fig. 3B; table S4). In the second intercross (Gabon males × Guadeloupe
females), we also detected four QTLs associated with infection status, albeit with lower
statistical support (FDR < 0.05), between 37.0
and 344.8 Mb on chromosome 2 (Fig. 3C;
table S4). For both intercrosses, there was a
complete lack of genotype-phenotype association signal on chromosomes 1 and 3 (Fig. 3,
B and C). The strongest QTL signals on chromosome 2 were distinct between the two
intercrosses, which could reflect incomplete
detection power and/or causative variants
that are not fixed differences between the
parental populations (23). Earlier genetic
mapping studies of DENV susceptibility in
A. aegypti also yielded different QTL sets in
separate crosses, including QTLs located at
different positions of chromosome 2 (24, 25).
Analyses of ancestry differences confirmed that
in both intercrosses the significant QTL corresponded to an enrichment of the resistant
parental genome in the resistant progeny
(fig. S3). Although our QTL mapping approach
had a relatively low resolution due to the limited number of unique recombination events
captured in only three generations, it provided
clear evidence that the difference in ZIKV susceptibility between the Gabon and Guadeloupe
colonies is governed by one or more genetic loci
on chromosome 2.
Aubry et al., Science 370, 991–996 (2020)

Finally, we evaluated the impact of the observed difference in ZIKV susceptibility between Aaa and Aaf on transmission potential
in a mouse model of ZIKV infection. Artificial
infectious blood meals are a convenient proxy,
but they do not necessarily recapitulate the
complexity of a blood meal taken on a live
host, which potentially contains host factors
and viral antigens that may influence virus
acquisition by mosquitoes (26–28). In addition, infection probability is only one component of the virus transmission process, which
also requires systemic dissemination and viral
release in mosquito saliva (11). To address the
limitations of artificial blood meals, we compared the cumulative amount of virus transmission between the Gabon and Guadeloupe
colonies when mosquitoes acquired infection
from a live host. Groups of mosquitoes from
both colonies were allowed to simultaneously
blood feed on the same ZIKV-infected mice
(fig. S1B). After intraperitoneal injection of
the ZIKV_Cambodia_2010 strain, immunocompromised mice (Ifnar1−/−) from two
genetic backgrounds (C57BL/6J and 129S2/
SvPas) developed viremia that peaked 2 to
3 days after infection and was detectable in
plasma for about 1 week (Fig. 4). Across the
mouse viremic period, the proportions of
infected (ZIKV-positive body) and infectious
(ZIKV-positive saliva) mosquitoes roughly

20 November 2020

followed the kinetics of plasma viremia but
were substantially lower for Gabon than for
Guadeloupe mosquitoes (Fig. 4). Accounting
for differences between replicate mice, the
infection rate was significantly lower (multivariate logistic regression, P < 0.0392) for the
Gabon mosquitoes at all time points, with the
exception of day 2 post–mouse infection in
the C57BL/6J strain (P = 0.0898) and day 5
post–mouse infection in the 129S2/SvPas strain
(P = 0.2976). Likewise, the proportion of infectious mosquitoes was significantly lower (P <
0.0176) for the Gabon colony on days 2 and 3
post–mouse infection in both mouse strains,
as well as on days 1 and 5 post–mouse infection (P < 0.0305) in the C57BL/6J strain.
Therefore, the large difference in ZIKV susceptibility previously observed with artificial
infectious blood meals translated into a substantially lower potential to transmit ZIKV of Aaf
relative to Aaa.
Together, our results indicate that domestication of A. aegypti about 5000 to 10,000 years
ago (6, 8) was accompanied by an increase in
its innate ability to acquire and transmit ZIKV.
Today, some African populations of A. aegypti,
such as NGO in western Senegal, display morphological, behavioral, and genetic features
typical of Aaa populations outside Africa (7),
as does their ZIKV susceptibility. This is consistent with an earlier study in Senegal that
5 of 6
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Fig. 4. African mosquitoes have
less potential than non-African
mosquitoes to acquire and
transmit ZIKV from a viremic
host. Mouse-to-mosquito transmission of ZIKV was evaluated in
immunocompromised (Ifnar1−/−)
C57BL/6J (A) and 129S2/SvPas
(B) mouse strains. The graphs
show the time course of mouse
plasma viremia (infectious titers
expressed in log10-transformed FFU
per milliliter) (top graph), mosquito
infection (percentage of ZIKVinfected mosquitoes 14 days post–
blood meal) (middle graph), and
mosquito infectiousness (percentage of mosquitoes with ZIKV-positive
saliva 14 days post–blood meal)
(bottom graph) during the mouse
viremic period. In all panels, each
line represents one of three
replicate mice, identified by different symbols. In the middle and
bottom graphs, each data point
represents a group of 2 to 20
(median, 11) mosquitoes. The blue
and red colors represent mosquitoes from Guadeloupe and Gabon,
respectively.
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tions of Africa and points to opportunities for
experimental confirmation with additional
mosquito samples. ZIKV was detected in Gabon
in 2007, but the vector was presumably another
mosquito species, Aedes albopictus (40). ZIKV
circulated during 2016 and 2017 in Angola (41),
but a recent study found that an A. aegypti
population from Luanda, Angola, consisted of a
genetic mixture of Aaa and Aaf (6). Possibly, a
similar situation could have facilitated the large
ZIKV outbreak that occurred in Cape Verde
during 2015 and 2016 (42), according to the
untested assumption that the local A. aegypti
population there harbors a large proportion
of domestic ancestry, similar to the nearby
populations of western Senegal. We conclude
that the evolution of human specialization
and subsequent spread of A. aegypti out of
Africa may have promoted arbovirus emergence not solely through increased vector–
host contact but also as a result of enhanced
vector permissiveness.
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reported a cline in the relative abundance of
Aaa and Aaf (based on morphological features) that correlated with variation in DENV
susceptibility (29). Whether the differential
ZIKV susceptibility between Aaa and Aaf extends to other flaviviruses than ZIKV remains
to be ascertained. Experimental infections of
the A. aegypti colonies from our worldwide
panel with YFV (fig. S4) and DENV (fig. S5)
showed a similar pattern as for ZIKV. These
data are consistent with a higher genetic resistance of Aaf against flaviviruses in general; however, without a broader panel of YFV
and DENV strains, we cannot rule out the existence of strain-specific interactions (30). It is
unlikely that the increased ZIKV susceptibility of the globally invasive Aaa subspecies
was driven by relaxed natural selection, because
arboviruses apparently do not represent a
meaningful selective force on mosquito populations (31). Moreover, ZIKV usually circulates
in sylvatic cycles that involve other mosquito
species than A. aegypti (32), reducing opportunities for natural selection to act. We speculate
that increased susceptibility was a by-product
of adaptation to the domestic lifestyle due to
genetic drift and/or genetic linkage between
domestic genes and susceptibility genes, but
this remains to be tested. This hypothesis is
supported by the overlap between the most
significant ZIKV susceptibility QTL spanning
from 128 to 189 Mb on chromosome 2 and a
previously identified genomic hotspot for
human specialization between 133 and 168 Mb
on the same chromosome (7). For example, the
human-preferring NGO population showed
higher levels of genetic differentiation from
animal-preferring populations and elevated
levels of domestic ancestry in this genomic
region (up to 50% versus the 37.4% genomewide average).
Regardless of the underlying evolutionary
mechanism, the marked difference in ZIKV
susceptibility between Aaa and Aaf may help
to explain one puzzling aspect of Zika epidemiology. Although ZIKV was first isolated in
Uganda and is known to be present across
most of Africa, it has yet to cause large-scale
human outbreaks on that continent (33, 34).
Arbovirus emergence is primarily driven by
urbanization, globalization, and the failure of
prevention measures, and the risk is further
modulated by region-specific factors such as
the immune and genetic background of human populations (35, 36). The low seroprevalence of neutralizing antibodies against ZIKV
typically observed in Africa (37–39) makes it
unlikely that herd immunity is the main factor
preventing ZIKV outbreaks. Our findings suggest that instead the lower transmission
potential of Aaf could have hindered ZIKV
emergence on the African continent. This
explanation is consistent with the few examples of ZIKV circulation in human popula-
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Domesticating Zika virus
Why hasn't Zika virus (ZIKV) disease caused as much devastation in Africa, its continent of origin, as it has in the
Americas? Outside of Africa, this flavivirus is transmitted by a ubiquitous mosquito subspecies, Aedes aegypti aegypti,
which emerged from the African forerunner subspecies A. aegypti formosus and acquired a preference for human blood
and a peridomestic lifestyle. Now, this subspecies colonizes many intertropical cities, aided by climate change and
human trash. Aubry et al. tested 14 laboratory mosquito colonies for their relative susceptibility to ZIKV. Quantitative trait
locus mapping showed differences on chromosome 2 between mosquitoes from Gabon and Guadeloupe. Mouse
infection experiments revealed that African mosquitoes transmitted a smaller virus inoculum than the South American
insects. Increased susceptibility coupled with the ability of A. aegypti aegypti to breed in any discarded object containing
water has amplified the problematic nature of this virus as it has circumnavigated the world.
Science, this issue p. 991

