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MOSQUITO GENETICS
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Malaria in South America remains a serious public health 
problem. Anopheles (Nyssorhynchus) darlingi is the most 
important malaria vector across tropical Latin America. Vector-
targeted disease control efforts require a thorough understanding 
of mosquito demographic and evolutionary patterns. We 
present and analyze whole genomes of 1094 An. darlingi 
(median depth 18x) from six South American countries. We 
observe deep geographic population structure, high genetic 
diversity including 13 putative segregating inversions, and no 
evidence for sympatric cryptic taxa despite high interpopulation 
divergence. Strong signals of selection are plausibly driven by 
insecticides, especially on cytochrome P450 genes. Our results 
will facilitate effective mosquito surveillance and control while 
highlighting ongoing challenges that a diverse vector poses for 
malaria elimination in the Western hemisphere.

There are approximately half a million confirmed symptomatic ma-
laria infections per year in the Americas, causing hundreds of deaths 
(1). The disease remains a stubbornly persistent health crisis in this 
region. Some locations have recently endured rapid upswings in case 
numbers (1, 2), such that case counts for the Americas overall have 
declined little over the past decade (1), dousing optimism for imminent 
malaria elimination in some countries. Furthermore, South America has 
been a hotspot for the emergence of drug resistance in the Plasmodium 
spp. parasites that cause malaria (3–5), threatening control efforts 
around the world. Successful elimination of neotropical malaria will 
require a greater understanding of its transmission determinants, 
including the population biology and adaptations of its most wide-
spread mosquito vector, Anopheles (Nyssorhynchus) darlingi. This species 
is the primary vector throughout the Guiana Shield and Amazon basin 
and an important vector across much of the rest of tropical Latin America, 
efficiently transmitting both Plasmodium vivax and P. falciparum 
and strongly influencing their highly variable transmission rates (6, 7).

There is deep evolutionary divergence between malaria vectors in the 
neotropics relative to the rest of the world. The Nyssorhynchus subge-
nus, which contains An. darlingi, is confined to the neotropics (8) and 
is arguably a distinct genus (9). It diverged from the Cellia subgenus, 
including the principal vector of malaria in Africa (An. gambiae), ~90 
million years ago (10). Despite extensive population genomic and eco-
logical analysis of malaria vectors in Africa and Asia (11–14), comparable 
work on neotropical anophelines has been restricted to relatively small 
population genetic datasets (15–17). Other anophelines show extreme 
genetic diversity tied to anthropogenic population expansions over thou-
sands of years (11), but genome-wide patterns of polymorphism and 
resultant demographic inferences are unknown for An. darlingi. It has 
also remained unclear whether An. darlingi is an assemblage of cryptic, 
morphologically identical species, as inferred in African anophelines 
from partial sterility in laboratory crosses and subsequently explored 
in genomic studies of the An. gambiae complex (18) and the An. funestus 
complex (19). Population genetic subdivisions occur in An. darlingi on 
either side of the Andes (15) and between the Amazon basin and southern 
Brazil (16, 17), raising the hypothesis that An. darlingi is a cryptic species 
complex (6, 17); however, no genomic investigation has been conducted 
to determine the existence of sympatric cryptic species (morphologically 
similar organisms in the same habitat showing partial or complete re-
productive isolation).

Cryptic species have complicated efforts to accurately measure insec-
ticide resistance phenotypes and to identify genotypic markers of in-
secticide resistance in African vectors since the advent of large-scale 
insecticidal control almost a century ago (20, 21). Whereas other anoph-
elines repeatedly evolve insecticide resistance through target site poly-
morphisms as well as metabolically acting factors such as cytochrome 
P450s (22–24), in An. darlingi, insecticide resistance alleles have not 
been detected by targeted genotyping (25), and observations of phe-
notypic resistance have been rare and restricted to certain geographic 
regions and classes of insecticide (26–29) (table S1).

In this study, we present a population genomic analysis of An. darlingi, 
an animal with one of the greatest impacts on public health in the 
Americas. In addition to describing overall patterns of genetic diver-
sity, a major goal of this study has been to assess whether this species 
exhibits the characteristic evolutionary patterns of African and Asian 
anophelines that have been particularly vexing to vector control goals, 
including strikingly high diversity characterized by large segregating 
inversions, partially interbreeding cryptic taxa, and insecticide resis-
tance through target-site and metabolic mechanisms.

High genetic diversity partitioned into large haplotype blocks
We generated whole-genome sequences for 1094 adult females of An. 
darlingi from 16 locations in six South American countries (Fig. 1A 
and tables S2 and S3). Our sampling represents most of the species’ 
range with some exceptions (e.g., Central America and much of south-
ern Brazil). Excluding eight individuals with elevated heterozygosity 
indicative of contamination (fig. S1) and 62 individuals with median 
coverage ≤1x left 1024 mosquitoes from which allele frequencies were 
calculated [median (mean) ± standard deviation (min to max) coverage = 
20x (23x) ± 15x (2 to 80x)] with 99.5% of the genome accessible for geno-
typing (fig. S2 and table S4). Of these, 658 individuals had ≥14x coverage, 
and excluding 11 individuals displaying excessive kinship relationships 
(>0.1 corresponding to half-sibling or closer) left 647 “exemplar” 
individuals used in most analyses. Collection localities were diverse 
in land use (Fig. 1B). We detected DNA from multiple vertebrate species, 
including humans and domesticated animals, presumably deriving from 
recent blood meals, as well as DNA from P. falciparum and P. vivax, 
which was significantly more common within specimens positive for 
human DNA (P < 0.01; table S3 and fig. S3). Rates of disease transmis-
sion will depend on how often mosquitoes bite humans relative to 
other vertebrates, which is in turn influenced by ecological factors and 
human behavior.
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Nucleotide diversity (π, the proportion of pairwise sequence differ-
ences) is extremely high, with heterozygosity (per-individual π) >2% 
in most individuals (Fig. 2A). Synonymous-site nucleotide diversity 
(πS) is 3.2% on autosomes, which is comparable to the famously high 
nucleotide diversity of the An. gambiae complex (11), and 2.3% on the 
X (Fig. 2B), which is twofold higher than An. gambiae. X chromosome 
π is ~75% of autosomal π, reflecting the expected X/autosome effective 
population size ratio and suggesting that X diversity in An. darlingi 
is not affected by whatever factors may cause its further reduction in 
An. gambiae (11), such as sex ratio skew (an excess of breeding males 
reducing the X effective population size) or genetic draft (X-specific 
selective sweeps).

Site-frequency spectra (distributions of common and rare alleles) 
show largely stable population sizes with a few historical bottlenecks. 
Tajima’s D, a statistic that summarizes these patterns, is close to zero 
(median per population −0.06; fig. S4), suggesting relative stability in 
long-term population size and persistence. This contrasts with the very 
negatively skewed Tajima’s D value for An. gambiae (<−1.5), which is 
attributable to explosive population growth facilitated by human-modified 

habitats (11). Fitted demographic models (Fig. 2C) show 
that over the past 2000 years, six populations have changed 
little in size, while three (Cacao, La Césarée, and Loreto) 
experienced general declines in abundance, and three 
(Chocó, Sifontes, and Pará) have recovered from mild 
bottlenecks and retain lower-than-average diversity 
(Fig. 2A). Approximately 4 to 20 thousand years ago, 
most populations experienced bottlenecks of about one 
order of magnitude, which is consistent with restricted 
mosquito habitat in forest refugia after the Last Glacial 
Maximum (6). Linkage disequilibrium inferences of 
effective population sizes indicate large population 
fluctuations in recent decades (fig. S5), perhaps in re-
sponse to anthropogenic ecological and demographic 
changes (30–33), including deforestation, urbanization, 
expanding mosquito-friendly habitats through ongoing 
open-pit mining in the Guiana Shield (2), and mos-
quito control efforts followed by subsequent rebounds. 
However, human activity across Latin America has not 
resulted in an exponential increase in An. darlingi as 
similar changes have for African mosquitoes, likely be-
cause An. darlingi is less anthropophilic (30, 34).

Chromosomal inversion polymorphisms are common 
in other anopheline species and have been associated 
with adaptation (11, 14, 35). We detected 13 large (3 to 
19 Mb) segregating haplotype blocks—likely chromo-
somal inversions (36)—showing perfect linkage dis-
equilibrium among physically distant polymorphisms 
(fig. S6 and table S5). The two haplotype lineages (pre-
sumed opposite orientations) of an inversion typically 
show elevated sequence divergence from each other as 
well as substantial diversity within themselves (fig. S7). 
There are few examples of alternate inversion haplo-
types being fixed across populations, except in lower-
diversity populations such as Pará, in which genetic drift 
presumably plays a larger role (table S5). Heterozygosity 
varies considerably both among samples and across the 
genome, reflecting variation in selective constraints, 
genetic draft from selective sweeps, and wide peaks 
where individuals carry two divergent inversion haplo-
types (Fig. 2D and fig. S8). We also identified copy num-
ber variants overlapping 6425 genes (table S6), which 
vary by population (fig. S9).

Pronounced geographical population structure 
without sympatric cryptic taxa

We observed genetic divergence across populations, as seen in other 
widespread South American insects (37–40) and in studies of An. darlingi 
using fewer loci (17, 41). Ancestry analysis with ADMIXTURE pre-
dicted eight ancestral populations, closely corresponding to contem-
porary collection sites, with fewer than half of the locales displaying 
any substantial admixture (gene flow from multiple ancestral popu-
lations; Fig. 3A). Ancestry models with fewer than eight popula-
tions are suboptimal but indicate that the most fundamental splits 
[number of ancestral populations (K) = 2 or 3] are among an Amazon/
Atlantic cluster (French Guiana, Amapá, Mahdia, Rio de Janeiro, Pará, 
Amazonas, and Loreto), an Orinoco cluster (Sifontes, Atures, and 
Guainía), and a Chocó cluster west of the Andes (figs. S10 and S11). 
Principal components analysis also clusters samples in a manner con-
sistent with geography, with the largest split separating Colombian 
and Venezuelan mosquitoes from all others (Fig. 3B). Similar results are 
obtained for genomic partitions such as chromosome arms (figs. S12 
and S13) and for geographical subsets of samples (fig. S14). The results 
of AdmixtureBayes are consistent with these results and support a 
model with no admixture between any populations, dividing the Amazon/
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Fig. 1. Collection sites. (A) Collection localities with counts of usable specimens (coverage ≥2x/
coverage ≥14x) in six countries. Gray scale shading shows predicted distribution of An. darlingi (probability 
of presence from white = 0 to black = 1). Major rivers are colored by watershed. (B) Proportion of land 
cover and land use type in the surrounding 5-km area for all collection sites.
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Atlantic cluster from Orinoco/Chocó (Fig. 3C and fig. S15). Additional 
structure occurs among southern populations not sampled here (17, 41), 
suggesting that the species may comprise an even larger number of 
genetic clusters. The Andes represent an intuitive and frequently docu-
mented barrier to gene flow in many regional species (39), which is 
consistent with the isolation of Chocó An. darlingi (15). More notable 
is the distinction between the two main eastern clusters based around 
drainage basins that are not separated by obvious physical barriers 
preventing gene flow: Orinoco versus Amazon/Atlantic. These clusters 
split Sifontes, Venezuela, from Mahdia, Guyana, separated by only 270 km 
of low-elevation suitable habitat that nevertheless represents a strong 
barrier to gene flow within an estimated effective migration surface 
(fig. S16). Whether these or other geographically distinct populations 
show any reproductive isolation, or alternatively whether gene flow is 
or was historically simply restricted by the external environment, can-
not be determined with our data. However, within sampling locales 
there is no evidence of cryptic taxa occurring in sympatry; individuals 

from the same site are always genetically homogeneous with closely 
shared ancestry (Fig. 3, A and B) and do not depart systematically from 
Hardy-Weinberg equilibrium (fig. S17).

We observed strong population structure through pairwise FST 
(a metric of allele frequency divergence), especially between the 
major genetic clusters (median 0.18), exceeding FST observed in An. 
gambiae and An. coluzzii (11, 12) (Fig. 3D, fig. S18, and table S7), in 
which relatively low divergence (FST < 0.01) is typical between conti-
nental populations separated by vast physical distance up to 4500 km. 
FST between the An. darlingi major clusters even surpasses FST 
between African species (<0.15). Although adaptive alleles in the An. 
gambiae complex can quickly travel >1000 km (11), perhaps facilitated 
by high-altitude wind dispersal (42), it is unknown whether An. darlingi 
can utilize similar mechanisms. Plausibly, long-range migration has 
been more adaptive in Africa than in South America owing to increased 
aridity and seasonality of wetlands, in contrast to the more stable and 
continuous forest habitat of An. darlingi. This or other life history 

Fig. 2. Genetic diversity. (A) Median heterozygosity per individual, arranged by population. (B) Synonymous and nonsynonymous nucleotide diversity (π) per gene. Solid line = 
πN/πS (ratio of nonsynonymous to synonymous diversity) of 1. Crosses show mean values for X and autosomal genes, both for An. darlingi (Adar) and for the An. gambiae 
complex (Agam) as a comparison. (C) Stairway Plot results (range of three replicate runs per population) showing population size (Ne) changes over time. (D) Heterozygosity 
per individual in sliding 1-Mb windows. Individuals are colored by population. Tan rectangles (bottom) indicate inversions, designated by capital letters. Peaks of elevated 
heterozygosity in some individuals typically overlap inversions and represent heterozygotes for the two haplotype lineages, with heterozygosity often up to twofold higher than in 
homozygotes. Occasionally, otherwise diverse individuals have regions of near-zero heterozygosity for more than a megabase, especially where indicated by the gray arrow, 
indicating homozygosity along a long haplotype due to selection.
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differences could produce the distinct population genetic patterns on 
each continent.

The deep population structure we observed across South America 
has both positive and negative consequences for mosquito-focused 
interventions. Mitochondrial DNA has suggested the Amazon River 
as a barrier to gene flow in An. darlingi (16), but populations in 
Amapá and Pará on opposite sides of the Amazon Delta, although 
genetically distinct, are not as divergent as some other population 
pairs without a riverine border (Figs. 1 and 3). Similar close relation-
ships are seen in An. aquasalis across the same range (43) and in 
An. darlingi populations separated by the Orinoco River. Instead of 
rivers as barriers, we observed the opposite: Boundaries between 
watersheds demarcate the major genetic divisions. Gene flow may 
be facilitated by waterways owing to the dependence of An. darlingi 
on aquatic breeding sites, including as refugia during ancient peri-
ods of population contraction and secondary expansion (Fig. 2C). 
Interpopulation connectivity may also be enhanced by anthropo-
genic activity along rivers, including deforestation leading to favor-
able disturbed habitat (33, 40), or transport in vehicles or boats. If 
a population were to be extirpated as reported in Suriname (44), 
there could be a long delay before the habitat is recolonized through 
migration from neighboring countries, unless enabled by human 
activity. Limited gene flow also indicates that a new insecticide re-
sistance allele is less likely to spread quickly beyond its population 
of origin.

Positive selection signals may reflect emerging 
insecticide resistance
Numerous signals of positive selection are apparent across these popula-
tions (tables S8, S9, and S10). In particular, a region centered at chromo-
some 2RL:8.425 to 8.575 Mb within Inversion B is the top outlier in 
multiple populations under multiple distinct selection tests, including 
genome-wide FST scans between adjacent populations, G1 and G123 
statistics that identify extended haplotype homozygosity, and scans for 
locus-specific divergent selection effects while accounting for linkage 
using Flink (Fig. 4A). This region shows exceptional allele frequency 
divergence between populations as well as overlapping windows of low 
heterozygosity, which is consistent with selective sweep expectations 
(Fig. 2D and Fig. 4B). It overlaps 20 genes, including a cluster of six 
cytochrome P450 genes (Fig. 4C). Even a single incidence of this selec-
tion signal would be notable, as in Loreto, Peru (Fig. 4B), or Guainía, 
Colombia (fig. S19A), yet this window is among the top outliers in ap-
proximately half of our populations by at least one metric (Fig. 4D). In 
some populations, the selection signal is clearly concentrated on the 
P450 genes, with a strong signal at CYP6AA1 (ADAR2_008159), which 
is tied to pyrethroid resistance in An. funestus (45) and An. gambiae 
(46). Various derived alleles within Inversion B have been selected, 
rather than the entire inversion haplotype, and these alleles are not 
closely related across populations (fig. S19B), suggesting parallel evolu-
tion across distinct genetic backgrounds rather than a single species-
wide hard sweep of a novel adaptive allele.
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Given the well-established link between cytochrome P450 genes and 
toxin resistance (23, 45), we assessed whether the observed selection 
signals could be tied to land use practices near our collection sites that 
might expose mosquitoes to insecticides. Runoff of agricultural pesticides 
into Latin American aquifers (47) could be the main source of ex-
posure, as hypothesized for resistance in African anophelines (48) and 
possibly other nontargets of pesticides (49). We ranked the 2RL: 
8.425-to-8.575-Mb window against all autosomal 150-kb windows based 
on FST and G1 to generate empirical P values (Fig. 4D). The lowest em-
pirical P values (P < 0.001 for both FST and G1) were observed in Loreto 
(Peru), which also had the highest proportion of land dedicated to 
“mosaic of farming uses” (Fig. 1B). Strong signals were also observed 
in other populations with some farming activity, such as Cacao (French 
Guiana) and Guainía (Colombia). Thus, there is an intriguing trend 
linking farming land use and selection signals, although this correlation 

is not significant (P > 0.1). A bottle assay in Cacao identified a correlation 
between deltamethrin resistance and the CYP6AA1 genotype (P < 0.05; 
fig. S20), although our small (n = 16) and geographically restricted da-
taset precludes drawing general conclusions about phenotypic effects.

Other regions of the genome show selection signals beyond this 
window, although not as strong or as consistently across populations 
(Fig. 4A, figs. S21 to S24, and tables S8 to S10). FST for Cacao versus 
other French Guiana was highest in a different cluster of P450 genes 
at 2RL:79.3 Mb (fig. S24A), peaking at CYP6M2 (ADAR2_008623), 
which is tied to pyrethroid resistance in An. gambiae (50), and also 
overlapping a peak in G1. This double P450 signal strengthens our 
conclusion that the P450s themselves, and not unrelated linked genes, 
are the targets of selection. A window at 2RL:93.635 to 93.785 Mb, con-
taining a set of seven adenosine triphosphate–binding cassette subfam-
ily G genes, is an FST outlier in two independent pairwise comparisons: 
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Fig. 4. Signals of selection in a P450-dense genomic region. (A) Genome-wide scans of FST (top), G1 (middle), and the false discovery rate for a positive locus-specific effect 
(q) from Flink (bottom), all in 100-kb windows. The cluster of cytochrome P450 genes at 2RL:8 Mb is a consistent outlier among metrics and among populations. Other outliers 
include Keap1 and a second P450 cluster at 2RL:79 Mb. The green box indicates the region examined in (B). (B) Selection signals in Loreto, Peru, all peak at the P450 cluster 
(light green). (Top) Loreto-Amazonas FST (dark green), Loreto G1 (light blue), and Loreto G123 (dark blue). (Middle) Regions of low heterozygosity (dark blue). (Bottom) Flink q in 
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between French Guiana sites and between Amazonas, Brazil sites 
(figs. S21 and S22 and table S8). A strong selection signal centered on 
2RL:49.950 to 50.050 Mb is implicated by FST, G1, and G123 in Barcelos, 
Brazil (fig. S23), where pyrethroid resistance was recently reported 
(29). The top genome-wide FST for this comparison occurs in Keap1 
(ADAR2_006983), which also shows positive selection signals in sev-
eral African anophelines (51, 52), plausibly because of its role in a 
metabolic insecticide resistance pathway (22).

No notable positive selection is observed at orthologs of genes con-
ferring target-site resistance in other anophelines. Target codons Leu995 
in vgsc (site of the kdr mutation), Ala296 in rdl, and Gly280 in ace1 (24) 
exhibit no nonsynonymous variation (fig. S24B), which is consistent 
with previous results (25). P450s and Keap1 underlie metabolic resis-
tance, suggesting that this mechanism has been favored in An. darlingi 
over target-site resistance. Although the specific adaptive polymor-
phisms remain unidentified, there is very little evidence that gene 
duplications of P450 or Keap1 are selection targets, as hypothesized 
for An. gambiae (46) and An. funestus (53). Copy number variants in 
CYP6AA1, CYP6M2, and adjacent P450 genes (table S6 and fig. S9A) 
are rare and not associated with the selected alleles. Some populations 
with selection signals had no or very few P450 duplications, and these 
were uncommon in specimens homozygous for the selected allele at 
high-FST variants. We observed no Keap1 duplicates. Thus, resistance 
may depend on point mutations in metabolic resistance genes, poten-
tially including nonsynonymous variants. We saw no strong selection 
signals on potential Plasmodium-interacting genes such as TEP1 and 
APL1A, possibly because parasite-imposed selection is weak in low-
transmission settings.

Our results have several implications for vector control across Latin 
America. Although we are unaware of plans to modify An. darlingi 
with gene drives as is being attempted on other species (54), a future 
gene-drive implementation in these mosquitoes may require repeated 
launches in several geographic locations, potentially requiring regional 
coordination. An. darlingi is extremely diverse and likely harbors latent 
potential to adapt to novel interventions. Signals of positive selection 
suggest that this may already be occurring and indicate that broad con-
tinuing assays for emerging insecticide resistance across the continent 
are warranted. Although long-distance gene flow is limited, that may 
not matter because resistance can evolve in parallel on different ge-
netic backgrounds across habitats, as has seemingly occurred with 
P450s. Continued population genomic monitoring can inform disease 
control efforts and lead to broad insights about ecological and evolu-
tionary diversity in neotropical vectors.
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Population genomics of Anopheles darlingi, the principal South American malaria
vector mosquito
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Science 391 (6792), .  DOI: 10.1126/science.adw9761

Editor’s summary
Malaria is a major burden in South America and is spread mainly by the mosquito Anopheles darlingi. However,
genetic studies of this species have so far been limited, leaving many questions about insecticide resistance and
even population structure. Tennessen et al. sequenced the genomes of 1094 mosquitos collected across six South
American countries. They found no evidence of cryptic taxa but did identify 13 large inversions, some with signs of
positive selection. Additionally, they found that insecticide resistance in A. darlingi may be based more in metabolic
genes such as those coding for cytochrome P450 enzymes than in gene targets that are common in other mosquito
species. These results have important implications for public health measures and potential future gene drive efforts.
—Corinne Simonti
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