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G E N E T I C S

From sub-Saharan Africa to China: Evolutionary history 
and adaptation of Drosophila melanogaster revealed by 
population genomics
Junhao Chen1†, Chenlu Liu1†, Weixuan Li1†, Wenxia Zhang1, Yirong Wang2,  
Andrew G. Clark3*, Jian Lu1*

Drosophila melanogaster is a widely used model organism for studying environmental adaptation. However, the 
genetic diversity of populations in Asia is poorly understood, leaving a notable gap in our knowledge of the global 
evolution and adaptation of this species. We sequenced genomes of 292 D. melanogaster strains from various eco-
logical settings in China and analyzed them along with previously published genome sequences. We have identi-
fied six global genetic ancestry groups, despite the presence of widespread genetic admixture. The strains from 
China represent a unique ancestry group, although detectable differentiation exists among populations within 
China. We deciphered the global migration and demography of D. melanogaster, and identified widespread signals 
of adaptation, including genetic changes in response to insecticides. We validated the effects of insecticide resist
ance variants using population cage trials and deep sequencing. This work highlights the importance of popula-
tion genomics in understanding the genetic underpinnings of adaptation, an effort that is particularly relevant 
given the deterioration of ecosystems.

INTRODUCTION
The genetic mechanisms driving adaptation to diverse environ-
ments have been a central focus of evolutionary biology for decades. 
With increasing threats to biodiversity and habitat loss from human 
activities, understanding how organisms adapt to changing environ-
ments has become more critical than ever before. Population ge-
nomics has emerged as a powerful tool to identify the genetic 
variants responsible for adaptation to local conditions in humans 
(1) and a variety of other organisms [e.g., (2, 3)]. This approach in-
volves sequencing the genomes of many individuals within popula-
tions to identify the genetic variants associated with adaptive traits. 
However, identifying the causative loci underlying environmental 
adaptation is often complicated by population structure and demo-
graphic history, making it a challenge to distinguish between the 
effects of adaptation and other factors (4). Although functional and 
analytical tools in population genomics have improved consider-
ably, establishing causal relationships between candidate loci and 
phenotypes remains a challenging task.

Drosophila melanogaster is a model organism that has been used 
extensively in the study of the genetic basis of environmental adap-
tation. This species originated in sub-Saharan Africa and has since 
colonized a wide variety of habitats as a human commensal, making 
it a valuable system for studying environmental adaptation despite 
its complex demographic history. Recent studies, many of which 
have been conducted at the population genomic level, have remark-
ably improved our understanding of the demographic history and 
adaptation of D. melanogaster (5–16). These studies have revealed 
the genetic architecture of various adaptive traits in natural popula-
tions, including starvation resistance (14, 15), thermal tolerance (14, 

15, 17), insecticide resistance (13, 16), and pigmentation (18). Fur-
thermore, the impact of seasonal and clinal variation in allele fre-
quencies in response to changing environments has been established 
(19–21).

Despite these findings, previous studies have primarily focused 
on D. melanogaster in Europe, Africa, Oceania, and North America 
(5–12, 14–16, 22), leaving a notable gap in our knowledge of the 
evolution and adaptation of this species at the global level. East Asia, 
which boasts a rich resource of Drosophila species (23), is an area of 
particular interest for studying the genetic diversity and adaptation 
of D. melanogaster. Although early studies have identified pheno-
typic divergences between D. melanogaster in Asia and other conti-
nents (24) and conducted some genetic diversity analysis of certain 
loci or whole-genome sequencing of a limited number (n = 15) of 
D. melanogaster strains in China (9), these studies have provided 
limited or even conflicting information on the genetic diversity 
of D. melanogaster in China. Further investigations are, therefore, 
necessary to enhance our understanding of the genetic diversity and 
adaptation of D. melanogaster at the global scale.

China is renowned for its high levels of biodiversity compared to 
other countries at similar latitudes, owing to its diverse climate gra-
dient and rich geodiversity. In addition, rapid increases in human 
population, urbanization, and widespread insecticide usage, among 
other anthropogenic factors, have led to considerable changes in 
biodiversity patterns (25). Here, we present a large-scale sequencing 
of 292 D. melanogaster strains collected from 52 geographic loca-
tions across China, including regions such as Tibet and Xinjiang 
that are both geographically and ecologically distinct from other 
areas. This sampling approach provides a unique opportunity to ex-
plore the genetic diversity and local adaptation of D. melanogaster 
across a range of ecological settings. By combining our data with 
previously published genome sequences from other continents (5–
9, 14–16, 20, 26–31), we can investigate the population history, 
gene flow, and local adaptation of D. melanogaster to diverse envi-
ronments during its migration out of Africa. Our findings reveal 
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widespread signals of adaptation that are either population-specific 
or shared across populations, including signals of adaptation to 
insecticides, a substantial environmental pressure that has been in-
creasingly used to control agricultural pests. We further verified 
the effects of insecticide resistance variants that showed signals of 
adaptation. Our results shed light on the genetic mechanisms 
that underlie environmental adaptation and insecticide resistance 
in D. melanogaster and offer important insights into the impact of 
environmental changes on ecosystems.

RESULTS
Genetic variant discovery by whole-genome sequencing of 
292 D. melanogaster strains in China
We sequenced the genomes of 292 wild-derived iso-female strains of 
D. melanogaster collected from 52 geographic locations represent-
ing different ecological settings in China between 2017 and 2020 
(referred to as the CN population; Fig.  1A). Male adults of each 
strain were sequenced to a mean genome coverage of 26.2× (ranging 
from 21.9 to 30.3×) using Illumina NovaSeq 6000 technology 
(table S1). By integrating previously published genome sequences 
of D. melanogaster (5–9, 14–16, 20, 26–31), we analyzed genome 
sequences in a total of 1356 D. melanogaster strains, representing 
20 geographic populations from sub-Saharan Africa, northern 
Africa, Europe, North America, Oceania, and Asia (Fig. 1B, Table 1, 
and table  S1). We used the previously described approach (6) to 
identify heterozygous blocks in a strain (table S2). Iso-female lines, 
characterized by passive inbreeding, demonstrated a propensity for 
longer heterozygous blocks (e.g., average total length for strains: 
CN 113.69 Mb; CAS 124.74 Mb; STO 124.76 Mb) compared to 
full-sib inbreeding strains (e.g., FR 67.20 Mb; RAL 25.28 Mb; EG 
68.45 Mb). We excluded the strains sequenced using haploid em-
bryos (i.e., ZI and RG populations) in the heterozygous block analy-
sis because they are not expected to have genuine heterozygosity (6, 
8). We identified 10,488,937 biallelic single-nucleotide polymor-
phisms (SNPs) on autosomes and 2,383,127 biallelic SNPs on the X 
chromosome. Using D. simulans and D. yakuba as outgroups, we 
found that 87.7% of the SNPs had derived allele frequencies lower 
than 5%, and nonsynonymous SNPs showed even lower frequencies 
(fig. S1). We identified 3,019,941 autosomal and 360,412 X-linked 
SNPs in the 292 CN strains (table S3). The DFE-alpha (32) analysis 
revealed that when using fourfold degenerate sites as a neutral 
proxy, 66.9% and 71.8% of the nonsynonymous mutations were 
strongly deleterious (−Nes > 100) in autosomes and the X chromo-
some, respectively (fig. S2).

The autosomal genetic diversity (πA) in the CN population was 
0.320%, comparable to that in the other 10 cosmopolitan popula-
tions (πA ranging from 0.280% to 0.343%, with a median of 0.320%). 
Within CN, πA values were similar for strains collected in Xinjiang 
(CN_XJ, n = 25, πA = 0.322%), on the Qinghai-Tibet Plateau (CN_
QTP, n = 63, πA = 0.297%), and in other regions of China (CN_Oth-
er, n = 204, πA = 0.323%). The genetic diversity of the X chromosome 
(πX) was also comparable between CN (0.186%) and other cosmo-
politan populations (ranging from 0.150% to 0.215%, with a median 
of 0.187%). πX was substantially lower than πA in all the cosmopoli-
tan populations (Table 1), even after adjusting for the difference in 
effective population size (fig. S3). As expected (5, 8, 9), the popula-
tions in sub-Saharan Africa showed substantially higher genetic 
diversities than CN and other cosmopolitan populations (Table 1), 

and these patterns were observed for different functional categories 
of variants (fig. S4 and table S4). Overall, this expanded dataset pro-
vides a substantial genetic resource for decoding the genetic diver-
sity of D. melanogaster, enabling us to investigate both common and 
population-specific selective signals in various environmental set-
tings worldwide.

Population structure of D. melanogaster at the global scale
To determine the genetic structure of worldwide populations of 
D. melanogaster, we performed principal components analysis 
(PCA) using SNPs in the putative neutral regions [including short 
introns (33) and fourfold degenerate sites of protein-coding re-
gions]. Chromosomal inversions in the autosomes are a common 
occurrence within D. melanogaster populations (34). Using estab-
lished methodologies (35), we identified these inversions in each 
individual strain (table  S5 and fig.  S5). The PCA involving all 
strains separates those with inversions from those without, dis-
tinctly evident on a global scale (fig.  S6A), within cosmopolitan 
populations (fig. S6B), and even within CN populations (fig. S6C). 
These findings align with previous studies suggesting that inver-
sions play an important role in shaping genetic diversity and can 
vary within and between populations (34).

Next, for each chromosome arm, we considered only the strains 
without inversions in the PCA. The PCAs of autosomes (Fig. 1C 
and fig. S7) and the X chromosome (Fig. 1D) yielded very similar 
results. At the global scale, the cosmopolitan populations grouped 
together and were well distinguished from sub-Saharan popula-
tions by the first principal component (PC1), which captured 6.6 
to 7.6% of the variance on autosomes (Fig. 1C and fig. S7A) and 
9.5% of the variance on the X chromosome (Fig. 1D). PC2 sepa-
rated strains from sub-Sahara into three clusters, with strains from 
Ethiopia far from strains from southern Africa, and western and 
eastern Africa in between [the strains from western and eastern 
Africa were not well distinguishable on autosomes (Fig.  1C and 
fig. S7A) but clearly separated on the X chromosome (Fig. 1D)]. 
The PCAs split the cosmopolitan populations into three clusters 
(Fig. 1, C and D, and fig. S7B). PC1 separated strains from Asia 
(including CN and B) from the other populations, whereas PC2 
separated the strains in Europe and northern Africa from those 
in North America and Oceania (Fig.  1, C and D, and fig.  S7B). 
CN_QTP strains clustered together and were distinguishable from 
CN_Other or CN_XJ in both autosomes and the X chromosome 
(Fig. 1, C and D, and fig. S7C). The differentiation between CN_XJ 
and CN_Other strains varies across chromosomes, with no appar-
ent separation on 2L, a modest level of differentiation on 2R, 3L, 
and 3R (Fig. 1C and fig. S7C), and pronounced differentiation on 
the X chromosome (Fig. 1D).

The PCA results were well supported by the results from 
ADMIXTURE (36), which quantitatively estimates the composition 
and admixture of genetic ancestries of each strain. The best-fitting 
ADMIXTURE results were obtained when the number of ancestry 
groups K was 6 to 8, dependent on the chromosome analyzed (Fig. 1, 
E and F, and fig. S8). Although the six ancestry groups identified on 
chromosome 2L (K = 6) were broadly present across other chromo-
somes, some chromosome-specific ancestry groups were observed, 
contributing a minor portion to the genetic makeup. To be more 
specific, for chromosome 2R (K =  7), the seventh ancestry group 
dominated in European (N, STO, CAS), T, EG, and EA strains. On 
chromosome 3L (K = 8), the seventh ancestry group was detected in 
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Fig. 1. Sample locations and population structure of D. melanogaster. (A) Geographic locations of 292 strains collected in China (CN), including three subpopulations: 
Xinjiang (CN_XJ), Qinghai-Tibet Plateau (CN_QTP), and other parts of China (CN_Other), with the sample size shown in parentheses. (B) Sample locations of 1356 genomes 
of D. melanogaster involved in this study, with the names of 20 representative populations provided. The orange dots represent the strains collected and sequenced in this 
study, while the purple dots represent the genomes previously published. (C and D) PCA based on neutral SNPs on inversion-free chromosome arm 2R (C) and the X 
chromosome (D) for global strains, cosmopolitan strains, and strains in China. Similar results were obtained for other autosomal arms (fig. S7). The number of samples (n) 
labeled on the graph represents the remaining sample count after one round of outlier removal in PCA analysis. The proportion of variance explained by each correspond-
ing principal component is indicated in parentheses. (E and F) Admixture proportions inferred for each strain in these 20 populations, with subpopulations in CN shown 
separately. The results, based on neutral SNPs in inversion-free 2R (E) and X (F), are displayed. Strains are sorted by their geographic origin and represented by color-coded 
vertical columns that reflect the compositions of their ancestry. The optimal number of ancestries (K) was determined when the minimum CV error was reached (fig. S8A).
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European (N, STO), EG, EA, and GH strains, while the eighth an-
cestry group was detected in southern African strains (SD, SP, ZI, 
KF). Chromosomes 3R and X (both at K = 7) primarily displayed 
the seventh ancestry group within the SD and SP strains. Integrat-
ing the PCA and ADMIXTURE results, we proposed that the 
D. melanogaster populations examined here consist of six genetic 
ancestry groups: southern African (KF, ZI, SD, and SP), western 
and eastern African (RG, CO, and GH), Ethiopian (EA and EF), 
American and Australian (RAL, I, US_GA, and T), European and 
northern African (EG, FR, N, STO, and CAS), and Asian (CN and 
B). Although ADMIXTURE detected European and North American 
ancestries in the CN strains, the CN strains represent a unique ge-
netic ancestry (Fig. 1, E and F; fig. S8; and table S6). Furthermore, 
ADMIXTURE analysis showed no differentiation within CN strains 

on 2L (K = 1). However, across other chromosomes, ADMIXTURE 
revealed two distinct ancestries: CN_Other and CN_XJ displayed 
a similar level of mixed ancestry, while CN_QTP showed rela-
tively lower admixture (fig.  S9). Overall, ADMIXTURE analysis 
aligns with PCA results, indicating the genetic distinctiveness of 
D. melanogaster in China from other populations. Within CN 
strains, CN_QTP is clearly distinguished from the other two popu-
lations, and a moderate differentiation exists between CN_XJ and 
CN_Other strains.

FST analysis supporting the isolation by distance theory of 
D. melanogaster
As in humans (37), a positive correlation was detected in D. melanogaster 
between the pairwise within-continental geographic distance and FST 

Table 1. Population IDs and diversity. 

Population Locality Number of genomes πA (%) πX (%) Reference

Asia

  CN China 292 0.320 0.186 This study

    CN_Other Other parts of China 204 0.323 0.187

    CN_QTP Qinghai-Tibet Plateau, 
China

63 0.297 0.168

    CN_XJ Xinjiang, China 25 0.322 0.188

  B Beijing, China 15 0.287 0.15 (9)

Europe and northern Africa

  FR Lyon and Montpellier, 
France

117 0.295 0.181 (7, 8, 26)

  STO Stockholm, Sweden 26 0.296 0.194 (16)

 N  Houten, Netherlands 19 0.291 0.176 (9)

  CAS Castellana Grotte, Italy 16 0.280 0.183 (16)

 E G Cairo, Egypt 35 0.343 0.182 (6, 8)

Oceania and North America

  RAL Raleigh, NC, United 
States

191 0.325 0.199 (14, 15)

 I  Ithaca, NY, United 
States

19 0.319 0.202 (9)

  US_GA Athens, GA, United 
States

15 0.338 0.215 (26)

 T  Sorell, TAS, Australia 18 0.336 0.201 (9)

Ethiopia

 E F Fiche, Ethiopia 69 0.342 0.324 (6, 8)

 E A Gambella, Ethiopia 25 0.386 0.359 (6, 8)

Western and eastern Africa

  GH Accra, Ghana 15 0.390 0.369 (26)

  CO Oku, Cameroon 12 0.367 0.35 (7)

  RG Gikongoro, Rwanda 25 0.406 0.423 (7)

Southern Africa

  ZI Siavonga, Zambia 189 0.459 0.455 (6, 7)

  SD Dullstroom, South 
Africa

81 0.431 0.437 (6, 8)

  SP Phalaborwa, South 
Africa

38 0.435 0.438 (7, 8)

  KF Kafue, Zambia 10 0.393 0.334 (27)
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(the fixation index) (38) using SNPs in autosomes (linear regres-
sion, r2 = 0.43, P = 3.88 × 10−8) or the X chromosome (r2 = 0.47, 
P = 4.21 × 10−9; fig. S10). This finding supports the theory of isolation 
by distance (39, 40). Although FST between the CN and other cosmo-
politan populations was comparable to that between two sub-Saharan 
populations (fig. S11), DXY (the absolute nucleotide divergence) (41) 
between CN and other cosmopolitan populations was much lower 
than that between two sub-Saharan populations (fig. S12). Since FST 
is sensitive to within-population diversity, while DXY is less affected, 
these data support a unique origin of the cosmopolitan populations. 
Furthermore, both FST and DXY analyses revealed modest differentia-
tion among the three CN subpopulations (CN_QTP, CN_XJ, and 
CN_Other).

The phylogenetic relationships between D. 
melanogaster populations
To decipher the phylogenetic relationships of these populations, we 
used TreeMix (42) to construct maximum likelihood (ML) trees 
while accounting for gene flow. Through testing multiple migration 
edges (m ranging from 0 to 10), we determined that the optimal m 
value was 1 for autosomes (2R and 3L) and 2 for the X chromosome 
(figs. S13 and S14). When the KF population from Zambia (27) was 
used as the root, the phylogenetic trees revealed a distinct separa-
tion between sub-Saharan and cosmopolitan populations (Fig. 2A 
and figs. S14 and S15A). Specifically, in the phylogenetic tree based 
on X-linked neutral SNPs (Fig. 2A), populations from southern and 
eastern Africa (KF, ZI, SD, SP, and RG) were situated near the root 
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of the tree, followed by populations from Ethiopia (EF and EA) 
and western Africa (GH and CO). The cosmopolitan populations 
grouped together and were more closely related to the populations 
from western Africa than to other sub-Saharan populations. Strains 
from North America and Oceania (RAL, I, US_GA, and T) are more 
closely related to sub-Saharan populations. Populations in these two 
regions are known to be established through secondary contact of 
European strains and sub-Saharan strains (21, 43, 44). Strains in 
Europe (FR, N, CAS, and STO) and strains in China (CN_XJ, CN_
QTP, CN_Other, and B) were clustered, respectively. Within the lat-
ter cluster, CN_QTP first clustered with B and then with CN_Other, 
and CN_XJ was more basal than the other three populations, pre-
sumably due to admixture with the strains in Europe (Fig. 2A). The 
phylogenetic tree based on autosomal sites was comparable to the 
X-linked tree except for a few topological deviations (Fig. 2A and 
figs. S14 and S15A). Notably, in the autosomal tree, CN_QTP first 
clustered with B and then with CN_XJ, and then with CN_Other. 
The difference between X-linked and autosomal topologies among 
the Chinese strains could potentially stem from differential gene 
flow across distinct chromosomes, as explored in more detail below.

Genetic admixture among populations
Admixture frequently occurred during D. melanogaster evolution 
(6, 7, 20, 21, 43, 44). We used ADMIXTOOLS2 (45) to build an 
admixture graph of the populations and estimated the proportion of 
admixture among them (Fig. 2B and fig. S15B). Consistent with the 
TreeMix results, the best-fitting graphical models indicated that 
the strains in southern Africa represented the ancestral state, af-
ter which the flies moved to western Africa, eastern Africa, and 
Ethiopia, and then to northern Africa (Egypt), Europe, and Asia. 
Five introgression events were inferred from the X chromosome 
admixture graph. Specifically, two introgression events were found 
in southern African populations: (i) SD resulted from the admixture 
of southern African (86%) and European (14%) ancestries, and (ii) 
SP resulted from the admixture of southern African (91%) and 
European (9%) ancestries. One introgression event was found in 
strains in North America and Australia, which resulted from the 
admixture of western African (8%) and European (92%) ancestries, 
corroborating previous results (20, 21, 44). Another two events were 
inferred in strains in China: (i) CN_Other resulted from the admix-
ture of Asian (86%) and American (14%) ancestries, and (ii) CN_XJ 
resulted from the admixture of Asian (65%) and European (35%) 
ancestries (Fig. 2B). These introgression events were corroborated 
by the admixture graph analysis of autosomes, with the exception of 
CN_XJ, possibly due to disparities in gene flow between autosomes 
and the X chromosome. Moreover, the autosomal analysis revealed 
that EA resulted from the admixture of Ethiopian (71%) and Asian 
(29%) ancestries (fig.  S15B), providing additional evidence that 
introgression occurred from cosmopolitan populations back into 
sub-Saharan populations of D. melanogaster (6, 7, 46).

To capture more comprehensively the introgression events across 
these populations, we calculated Patterson’s D (47) for the 1257 pop-
ulation trios that showed consistent TreeMix phylogenetic relation-
ships for both the X chromosome and autosomes, using D. simulans 
as an outgroup. Under the criteria of D > 0.05, z score > 3, and false 
discovery rate (FDR) < 0.05, 141 trio tests exhibited gene flow in 
the X chromosome, and 64 trio tests indicated gene flow in the 
autosomes (table  S7). Out of the 141 trio tests indicating gene 
flow in the X chromosome, 101 were in line with ADMIXTOOLS2 

results. Specifically, 52 trios signaled gene flow between SD and 
cosmopolitan populations, five trios showed gene flow between the 
SP and cosmopolitan populations, and 29 trios indicated gene flow 
from Europe to populations in North America and Oceania. More-
over, 15 trio tests underscored gene flow for the X chromosome be-
tween CN_XJ and strains from Europe, northern Africa, or North 
America, corroborating the ADMIXTURE result (Fig. 1F). Within 
the 64 trio tests revealing gene flow in the autosomes, 27 were in 
agreement with ADMIXTOOLS2 outcomes (13 trios supported 
gene flow between SD and cosmopolitan populations, 10 trios sup-
ported gene flow between populations in Europe and recently colo-
nized populations in North America and Oceania, and 4 trios 
supported gene flow between CN and EA). The remaining trio tests 
(40 for the X chromosome and 37 for autosomes) predominantly 
indicated gene flow between geographically adjacent populations 
within Africa (table S7).

Using Ancestry_HMM (48) and MultiwaverX (49), we further 
inferred three admixture events in the evolutionary history of 
CN_XJ (Fig.  2C). The first admixture wave, about 101 years ago, 
involved 43% Asian ancestry and 57% European ancestry, with 
female-dominant [female proportion: 77%, 95% confidence interval 
(CI): 73 to 81%] European contribution and male-dominant 
(male proportion: 86%, 95% CI: 80 to 91%) Asian contribution. The 
second wave, around 40 years ago, was female-dominant (female 
proportion: 93.5%, 95% CI: 87 to 99.3%) from Asian ancestry. 
The third wave, approximately 31 years ago, comprised an entirely 
female contribution from European ancestry. These findings suggest 
distinct autosomal and X-chromosomal admixture patterns in 
CN_XJ, possibly due to continuous female-biased introgression 
from European ancestry groups. Nonetheless, the possibility of 
selection favoring X-linked fragments introgressed from European 
strains cannot be ruled out. Our findings indicate that much like 
humans (50), Xinjiang serves as an east-west contact zone for 
D. melanogaster.

The global population migration and demography of 
D. melanogaster
The large-scale population genomic data enabled us to formulate a 
model of the possible range expansion and migration routes of 
D. melanogaster. The ancestral population of D. melanogaster 
evolved as a human commensal in the forests near Zambia (27). 
Among the populations we analyzed, the populations from south-
ern Africa represented the ancient state, and the flies expanded to 
western and eastern Africa, Ethiopia, and then northern Africa 
(Egypt), followed by spreading into Europe and Asia (Fig. 3A). On 
the basis of the moments (51) analysis on neutral SNPs, we esti-
mated that the ZI in sub-Saharan Africa diverged from the most 
recent common ancestor of the FR and CN about 9 (95% CI: 5.7 to 
33.3) thousand years ago (ka) (Fig. 3, A and B), which is congruent 
with the previous estimation that the strains in Europe and sub-
Saharan Africa separated 10 to 23 ka (27, 44, 52–55). We estimated 
that FR and CN diverged from the ancient cosmopolitan popula-
tions ~2.8 (95% CI: 0.36 to 9.85) to 4.4 (95% CI: 0.99 to 74.77) ka, 
and CN_QTP and CN_XJ diverged from CN_Other ~491 (95% 
CI: 34 to 893) and ~270 (95% CI: 71 to 1277) years ago, respec-
tively (Fig. 3B, fig. S16, and table S8). The colonization of North 
America and Australia occurred very recently (Fig. 3A) (20, 54, 56).

We applied Stairway Plot 2 (57) to infer the historical effective 
population size (Ne) of a D. melanogaster population. On the basis of 
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Fig. 3. Estimated evolutionary history of D. melanogaster. (A) Proposed range expansion and migration routes of D. melanogaster. Expansion routes are represented 
by solid arrows, and gene flow events are indicated as dashed lines. Time estimates were estimated from moments in this study (red) and previous studies (black). The 
out-of-Africa event occurred approximately 9 ka, followed by expansion to East Asia around 2.8 to 4.4 ka. D. melanogaster spread to Europe from the Middle East ap-
proximately 1.8 ka (27) and recently expanded to North America and Australia around 150 and 100 years ago, respectively (56, 85). Introgressions from strains in Europe 
and Asia back into strains in southern Africa and Ethiopia are observed, and continuous gene flow occurs between strains in Europe and China. (B) Best-fitting evolution-
ary models involving the CN population inferred by moments based on neutral SNPs in inversion-free 2R and 3L. Parameters such as effective population size (Ne), split 
time, and migration strength (2Nm) are shown. (C) Inferred demographic history of seven representative populations using the unfolded SFS of neutral sites on inversion-
free 2R, as analyzed by Stairway Plot 2. The EU population was created by merging CAS, FR, STO, and N. Historical effective population size changes from 0.4 to 100 ka are 
depicted. Solid lines represent the median of inferred population sizes, while light ribbons indicate the 95% CI. A mutation rate of 5.21 × 10−9 per site per generation and 
a generation time of 15 per year were used.
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the analysis of chromosome 2R, the Ne of ZI grew dramatically at 
approximately 6.2 ka and has since climbed to 1.5 × 106. Ancient 
bottlenecks were detected in both SP and EA [45.4 to 56.9 (95% CI: 
44.3 to 57.6) ka for the former and 32.4 to 44.1 (95% CI: 32.0 to 47.8) 
ka for the latter] (Fig. 3C). Nevertheless, caution is warranted when 
interpreting very ancient bottlenecks, as the Stairway Plot’s resolu-
tion may be compromised for ancient histories, possibly resulting 
in artificial bottlenecks, especially in scenarios involving intricate 
ancient demographic history (58). The cosmopolitan populations 
[CN, EU (combination of CAS, FR, STO, and N), and EG] experi-
enced a long bottleneck of 2 to 25 ka, which predated the divergence 
of the three populations and overlapped with the previous time esti-
mate (10 to 26 ka) of the out-of-Africa event after the Last Glacial 
Maximum (27, 52–55). The CN population showed a severe bottle-
neck [~9.4 to 11.2 (95% CI: 9.0 to 11.7) ka] during this long bottle-
neck (with Ne dropping to ~4 × 104). These cosmopolitan populations 
expanded 2 to 5 ka, with extant Ne values of 4.4 × 105, 4.7 × 105, and 
3.3 × 105 for CN, EU, and EG, respectively. The demographic history 
inferred from the CN_QTP strains resembled that of all CN strains, 
except that a population expansion around 2.5 ka was inferred using 
the entire CN dataset but not detected using the CN_QTP data 
alone (Fig. 3C). The analysis on chromosome 3L produced results 
akin to 2R, though with Ne and timing disparities (table  S9 and 
fig. S17). For instance, on chromosome 3L, unlike 2R, the EU popu-
lation experienced a bottleneck [~9.8 to 11.1 (95% CI: 9.3 to 11.8) 
ka], and CN_QTP underwent a recent population decline (~3.3 ka). 
These findings underscore the intricate demographic history across 
populations and chromosomes.

Natural selection and environmental adaptation in 
global populations
To detect adaptation signals, we performed Fay and Wu’s H (HFW) 
(59), Ohana (60, 61), and Population Branch Excess statistic (PBE) 
(62) analyses on all SNPs in the six populations (CN, FR, RAL, EF, 
SD, and ZI) with over 50 sequenced genomes. These methods detect 
positive selection events from distinct angles. HFW detects excessive 
high-frequency derived alleles within one or multiple populations. 
While Ohana and PBE both assess allele frequency differentiation 
among populations, they differ in crucial aspects. Ohana accounts 
for population stratification and admixture, focusing on SNP-level 
selection within specific lineages. In contrast, PBE excels in detect-
ing recent population-specific selection by comparing allele fre-
quencies across populations.

We divided the genome into 4-kb windows and subjected each 
window in every population to the HFW test. Using a threshold of 
HFW < −0.4 (typically below the lowest 1% of the lowest HFW values; 
fig. S18), we identified 588 genes potentially under positive selec-
tion in at least one of the six populations (Fig. 4A and table S10). 
These genes displayed enrichments in pathways such as “insecticide 
catabolic process” and “response to DDT” (fig. S19). Among them, 
550 genes were identified in at least one cosmopolitan population 
(430 in CN, 356 in FR, and 297 in RAL), 447 exclusively in the 
cosmopolitan populations, and 38 solely in the sub-Saharan popu-
lations (Fig. 4A).

We conducted Ohana analysis by assuming the global D. melanogaster 
consisting of seven ancestries (K = 7, as inferred from ADMIXTURE) 
(fig. S20). We identified 4654 X-linked and 24,250 autosomal SNPs 
potentially under positive selection by designating those within the 
top 1% of log-likelihood ratio scores (LLRSs). To attribute the selection 

signal to individual sites within a population, we required the se-
lected allele’s frequency to exceed 0.6 within a given ancestry and 
that this ancestry should have the highest proportion in the strains 
of that population. Using these criteria, we identified 1545 (RAL) to 
8337 (SD) sites potentially under positive selection in a population 
(fig. S21). Generally, cosmopolitan populations (CN: 307, FR: 310, 
and RAL: 205) had fewer genes with at least two positively selected 
sites compared to sub-Saharan populations (EF: 566, SD: 753, and 
ZI: 579) (Fig. 4B). However, caution must be exercised when com-
paring the counts of positively selected genes between cosmopolitan 
and sub-Saharan populations. This is because Ohana may not 
accurately pinpoint the selection event on the genealogy (60), 
potentially leading to some positive selection in the ancestor of cos-
mopolitan populations being erroneously attributed to sub-Saharan 
populations. Overall, the Ohana analysis revealed limited overlap 
of positively selected sites (fig. S21) or genes (Fig. 4B) between pop-
ulations. Genes under positive selection in at least one population 
were enriched in specific Gene Ontology (GO) terms such as 
“sensory perception of taste” or “detection of light stimulus involved 
in visual perception” (fig. S22), while those selected in a single pop-
ulation displayed enrichment in different GO terms, likely reflecting 
varied environmental selection pressures (fig. S23).

We conducted the PBE analysis based on the populations’ phy-
logeny to identify selection signals exclusively along each terminal 
branch, using a previously described method (63). Specifically, we 
used the subtree ((CN, (FR, RAL)), EF) to identify branch-specific 
selection in CN, FR, or RAL (Fig.  4C). For instance, to identify 
selection signals in a 4-kb window exclusively present in the CN 
branch, we required the window to appear within the top 1% of 
highest PBE values in the CN branch for both ((CN, FR), EF) and 
((CN, RAL), EF) trio tests. Furthermore, that window needed to 
lack selection signals (PBE within the top 1% highest PBE values) 
in both the FR and RAL branches during their trio tests. Similar 
tests were performed for the other two terminal branches within the 
subtree (Fig.  4C). Similarly, the subtree ((CN, EF), (SD, ZI)) was 
used to identify terminal branch–specific selection in populations 
ZI, SD, and EF (Fig. 4C).

The PBE analysis identified 796 genes potentially under positive 
selection in at least one of the six populations (Fig. 4D and table S10). 
These genes were enriched in pathways such as “sensory perception 
of touch” and “ribosomal small subunit assembly” (fig.  S24). The 
analysis further revealed 122 potentially selected genes in CN, 133 in 
FR, and 116 in RAL. Among the sub-Saharan populations, EF dis-
played the most abundant selection signals (401 genes), likely due to 
its colonization of high-altitude regions. In contrast, branch-specific 
selection signals were sparse in SD (21 genes) and ZI (32 genes).

Given that these methods identified positive selection events 
spanning different time frames, there was limited gene overlap 
among them within a given population. For instance, in CN, a total 
of 802 genes displayed positive selection signals when combining 
results from all three approaches. Specifically, 401 genes were unique-
ly identified by HFW, 258 genes solely by Ohana, and 90 genes exclu-
sively by PBE. Only 49 genes were shared by two methods, and four 
genes (Cyp6a17, shakB, Dora, and lncRNA:CR44997) were identified 
by all three methods (Fig. 4E and table S10). Similar trends were ob-
served in the FR (fig. S25), RAL (fig. S26), EF (fig. S27), SD (fig. S28), 
and ZI (fig. S29). Notably, GO analysis revealed significant enrich-
ment of pathways such as insecticide catabolic process among the 
802 genes in CN population (P < 0.01, fig. S30). For instance, Ace and 
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Cyp6a23 were identified by both PBE and Ohana, Cyp4d1 by both 
HFW and Ohana, and Cyp6a17 by all three methods (table  S10). 
Moreover, Cyp4d1 was identified by both HFW and Ohana in FR 
(table S10). Overall, these findings suggest that diverse positive selection 
events have occurred in distinct populations during D. melanogaster’s 
evolution, underscoring the complexity of its history and environ-
mental adaptation.

Population-specific selection among the 
populations in China
We conducted PBE analysis to identify population-specific positive 
selection within the three CN subpopulations (CN_QTP, CN_XJ, and 
CN_Other). Using arbitrary thresholds of PBE > 0.1 for autosomes 
and PBE > 0.2 for the X chromosome, we identified 146 putatively 
positively selected genes in CN_XJ, 54 genes in CN_QTP, and only  
1 gene (Myo81F) in CN_Other (Fig. 4, F and G; fig. S31; and table S11).

In CN_XJ, the 146 genes under positive selection showed sig-
nificant enrichment in the “response to oxidative stress” GO 
term (P < 0.01, fig. S32), including Pi3K92E, InR, Oamb, inaE, 
ben, and Atg18b. Furthermore, several identified genes were as-
sociated with stimulus responses, such as reactions to salt stress 
(NFAT, dpr1), light stimulus (shakB), chemical stimulus percep-
tion (dpr11, dpr3), and cellular response to sucrose stimulus 
(FASN2; fig. S33). Notably, a missense variant in NFAT (G585S) 

had a substantially higher frequency in CN_XJ than in other 
populations (fig. S34). These findings imply that the genes spe-
cifically selected in CN_XJ might be involved in adapting to en-
vironmental stresses.

In CN_QTP, the 54 genes potentially under positive selection 
were enriched in the GO term “carbohydrate metabolic process” 
(fig.  S35), including genes like Cht7, Gpdh3, and Pgm1. Further-
more, three genes [raptor, PRAS40, and Sik3 (fig. S36)] in the insu-
lin signaling pathway showed positive selection specifically in 
CN_QTP. Notably, two missense mutations (S1493T and G945S) in 
raptor were more commonly in CN_QTP than in other popula-
tions (fig. S37). Additionally, the gene sty, associated with hypoxia 
response, also showed a selection signal in CN_QTP. Overall, these 
findings suggest that the genes uniquely selected in CN_QTP may 
play roles in metabolism and adaptation to hypoxia.

Moreover, we conducted Ohana analysis by assuming that the  
CN population consists of two ancestries (K =  2), as inferred from 
ADMIXTURE (fig. S38). With a threshold of LLRS > 20, we identified 
239 genes potentially under positive selection. Among them, 11 genes 
overlap with those detected as positively selected by PBE (Table  2). 
However, due to the very recent differentiation among the three CN 
subpopulations and intricate gene flow between the CN_XJ and 
European strains, it is challenging to determine whether these events 
transpired before the divergence of the three populations or afterward.

Table 2. Genes with selection signals detected by both PBE and Ohana in CN_QTP and CN_XJ. Genes were ordered according to the highest PBE value of 
4-kb windows overlapping with the gene.

Population Gene Description Nonsynonymous SNPs Synonymous SNPs PBE

CN_QTP shtd Shattered, part of 
anaphase-promoting 

complex

0 42 0.249

CN_QTP CG11655 Predicted to be 
involved in sodium-
dependent organic 

anion transport

0 18 0.249

CN_QTP CG4666 Uncharacterized 
protein, orthologous 

to human THEM6 
(thioesterase superfam-

ily member 6)

0 13 0.213

CN_QTP Tsp5D Tetraspanin 5D, predict-
ed to be integral com-
ponent of membrane

0 0 0.213

CN_QTP fz3 Frizzled 3, involved in 
establishment or main-
tenance of cell polarity

0 0 0.210

CN_QTP raptor Part of TORC1 complex 2 13 0.201

CN_QTP Mipp2 Multiple inositol 
polyphosphate phos-

phatase 2

0 2 0.200

CN_XJ lncRNA:CR44997 Long noncoding 
RNA:CR44997

0 0 0.230

CN_XJ FASN2 Fatty acid synthase 2 0 24 0.137

CN_XJ dpr3 Defective proboscis 
extension response 3

0 1 0.101

CN_XJ Msp300 Muscle-specific protein 
300 kDa

0 2 0.101
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Signals of natural selection on insecticide 
resistance–related genes
Insecticide resistance is commonly observed in D. melanogaster (13, 
16, 64–66). We identified signals of positive selection in 26 genes 
or gene clusters that were associated with insecticide resistance 
(Fig. 5A). Notably, eight genes showed signatures of positive selection 
unique to a single population, including Cyp28c1 in CN, para in FR, 
Cyp310a1 in ZI, two genes (Cyp4ac3, Cyp4c3) in SD, and three genes 
(mtt, Cyp313a1, Cyp313b1) in EF. The Cyp6a22-​Cyp6a8 cluster 
exhibited positive selection signatures in both CN and RAL, and 
GstE10 showed positive selection signatures in both CN and 
FR. Three gene regions (Cyp318a1, Cyp308a1, and Cyp6v1) showed 
signatures of positive selection only in all three cosmopolitan popu-
lations (CN, FR, and RAL). Four regions (CHKov1, Cyp6t1, Mdr65, 
and the GstD10-​GstD9 cluster) showed positive selection signals in 
all three cosmopolitan populations (CN, FR, and RAL), as well as 
the EF population. The Cyp6g1-​Cyp6t3 cluster showed a positive 
selection signal in cosmopolitan populations and SD. Two genes 
(Ace and Cyp4d1) showed positive selection signals in all six popu-
lations. We observed higher frequencies of three missense variants 
in Ace (T3I, G303A, and F368Y) within the CN populations com-
pared to other populations, with similar variant frequencies across 
CN_QTP, CN_XJ, and CN_Other (fig. S39). In summary, we ob-
served a similar count of insecticide resistance–related gene regions 
displaying positive selection in cosmopolitan populations (CN: 14, 
FR: 15, and RAL: 11) as compared to EF (14 regions), with these 
counts surpassing those in SD (8 regions) and ZI (6 regions).

Of note, the Cyp6a22-​Cyp6a8 cluster encompasses eight poten-
tial insecticide-resistant genes, including Cyp6a17 and Cyp6a23, 
which have been linked to resistance against pyrethroid insecti-
cides like deltamethrin and permethrin (64). Previous studies 
identified two structural variants of Cyp6a17 in D. melanogaster 
(Fig.  5B and fig.  S40). One variant is a Cyp6a17 deletion allele, 
which disrupts this gene (67). The second variant is a fusion allele, 
Cyp6a17/23, formed by a deletion spanning the 3′ portion of Cyp6a17 
and the 5′ portion of Cyp6a23, resulting in an in-frame fusion 
gene (22, 64, 67). We assessed the frequencies of these two struc-
tural variants in each of the six populations using next-generation 
sequencing (NGS) reads and validated them using Sanger se-
quencing whenever required. The Cyp6a17 deletion allele was pri-
marily detected in SD, ZI, and RAL populations, with a frequency 
of 16.2%, 14.4%, and 19.3%, respectively. Besides the Cyp6a17/23 
fusion allele originally detected in the Drosophila melanogaster 
Genetic Reference Panel (DGRP) dataset (64) (denoted as “fusion 
1”), we uncovered another Cyp6a17/23 allele (called “fusion 2”) 
with nine SNPs different from fusion 1 (including five synony-
mous and four nonsynonymous SNPs; fig. S40). The frequency of 
the Cyp6a17/23 alleles varied across populations, with fusion 2 
as the dominant allele in CN (~74.8%) and FR (~57.5%). Overall, 
the cosmopolitan populations exhibited higher frequencies of the 
Cyp6a17/23 alleles, while the sub-Saharan populations had more 
intact alleles (Fig. 5B). The findings revealed the complicated evo-
lutionary history of the Cyp6a22-​Cyp6a8 cluster.

Soft sweeps on the insecticide resistance variants
To estimate the age of insecticide resistance variants, we per-
formed Relate (68) analysis, which simultaneously reconstructs 
the local tree near the target SNP and infers historical allele 
trajectories.

Considering 15 generations per year, the SNPs linked to insecti-
cide resistance and displaying positive selection in the CN popula-
tion (HFW: 126 SNPs, Ohana: 21 SNPs, and PBE: 19 SNPs) exhibited 
ages spanning 946 to 42,872 years, with an average of 15,946 and a 
median of 14,581 years (Fig. 5C). Notably, two Ace missense variants 
(G303A and F368Y), known to affect insecticide resistance (66), 
exhibited notably higher frequencies in CN (0.70 and 0.58, respec-
tively) compared to other populations (e.g., in FR, the correspond-
ing frequencies were 0.16 and 0.07, respectively; fig. S39). G303A 
and F368Y were estimated to be 2117 and 946 years old, respective-
ly. The allele age of another Ace missense variant (T3I, frequency: 
0.92 in CN, 0.51 in FR) was approximately 5699 years. Four mis-
sense mutations (P727Q, G844D, R661Q, and E654D) in Mdr65 
arose approximately 3438 to 32,964 years ago. The 21 SNPs that 
showed signals of positive selection in the Cyp6a22-​Cyp6a8 gene 
cluster in the CN population were estimated to have arisen 4944 to 
37,341 years ago. Overall, the insecticide resistance variants appear 
substantially older than the widespread adoption of synthetic pesti-
cides (initiating around 1940), suggesting the role of soft sweeps on 
standing genetic variations in shaping the evolution of insecticide 
resistance (65, 69).

Verifying insecticide resistance variants by combining 
population cage testing and deep sequencing
To verify the effects of the insecticide resistance variants and to 
identify other variants associated with insecticide resistance in natu-
ral strains in China, we pooled 2000 male adults from 200 strains 
collected from 20 geographic locations in China (10 males from 
each strain) into a population cage and treated the flies with lambda-
cyhalothrin, one of the most commonly used pyrethroid insecti-
cides. We sequenced the genomes of the flies that survived after 
48 hours of treatment using the Illumina platform to a depth of 
~100× for each replicate (101 and 36 individuals survived and were 
sequenced in the two biological replicates, respectively). In parallel, 
we pooled and sequenced the 200 strains (five males for each strain) 
to estimate the background frequency of each variant (two replicates 
were sequenced, each to a depth of ~400×). We compared the 
frequency of each variant in the insecticide-resistant versus the 
background sample to identify the variants that were associated 
with insecticide resistance. We tabulated the NGS reads that encom-
passed both the reference and alternative alleles in these samples 
for each SNP. Subsequently, we used the Cochran-Mantel-Haenszel 
(CMH) test to determine the likelihood of association between 
the variant and insecticide resistance. We selected a threshold of 
P <  1 ×  10−9, which is more stringent than the common P value 
threshold of P  <  5  ×  10−8 used in human genetic genome-wide 
association studies (GWASs) (70), resulting in an approximate 
equivalent FDR of 1 × 10−7. We identified 7202 candidate SNPs (out 
of 1,028,409 tested SNPs) under this criterion (fig. S41) and com-
puted the allele frequency difference for each SNP between back-
ground samples and those resistant to lambda-cyhalothrin (Fig. 6A).

The associated SNPs were located in 2320 genes, and 164 of these 
genes overlapped with genes under positive selection in the CN 
population as detected by HFW, Ohana, or PBE analysis (Fig. 6B and 
table S10). Notably, significantly associated SNPs were identified in 
five genes (Cyp6a20, Cyp6a8, Cyp6a21, Cyp6a19, and Cyp6a9) in 
the Cyp6a22-​Cyp6a8 cluster (Fig.  6A). Moreover, the Cyp6a17/23 
fusion 2 showed significantly higher frequencies in the insecticide-
resistant samples than in the background samples (0.86 versus 0.75, 
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Fig. 5. Positive selection signals and allele age of genes related to insecticide resistance. (A) Selection signals detected by HFW, Ohana, and PBE for insecticide 
resistance–related genes or gene clusters in six major populations. (B) Structural variations at Cyp6a17 and Cyp6a23, including a Cyp6a17 deletion and two Cyp6a17/23 
fusions (for details, see fig. S40). The frequency of deletion and fusion alleles varied among the six major populations, with Cyp6a17/23 fusion 2 as the dominant allele in 
CN and FR. (C) Ages of insecticide resistance–related mutations potentially under positive selection. The age of each mutation was calculated as the mean of the lower 
and upper ends of the branch length estimated by Relate. The ages of three missense mutations in Ace (G303A, F368Y, T3I) and four missense mutations in Mdr65 (P727Q, 
G844D, R661Q, E654D) are highlighted (red dots), as they are under positive selection in CN.
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P = 2.76 × 10−6; CMH test), providing further evidence that this fu-
sion allele contributes to insecticide resistance (64). Thus, our as-
sociation tests based on the population cage experiment and deep 
sequencing corroborated the population genetic analysis result that 
the selection signals in the Cyp6a22-​Cyp6a8 cluster were caused by 
the usage of the insecticide. The associated SNPs were also identified 
in other insecticide resistance genes, such as Cyp4ac2, Cyp28a5, 
Cyp4p2, Cyp4p1, Cyp4p3, Cyp317a1, Cyp6v1, GstE11, LRR, and nico-
tinic acetylcholine receptors such as nAChRalpha1, nAChRalpha6, 
and nAChRbeta1 (Fig. 6A). These genes were previously reported 
to be associated with resistance to multiple insecticides (64, 71).

To mitigate false positives stemming from linkage disequilibrium 
(LD) or other potential confounding factors, we focused on genetic 
regions enriched with candidate SNPs. We consolidated signals from 
adjacent SNPs and tallied the count of candidate SNPs within a slid-
ing window of 50 kb, using a step size of 5 kb. We conducted 1000 
permutations by shuffling the coordinates of candidate SNPs, there-
by establishing the distribution of candidate SNP counts in 50-kb 
windows. According to this permutation analysis, windows with a z 

score larger than 6 and housing over 22 candidate SNPs were regard-
ed as significantly enriched for these candidates (details in Materials 
and Methods and fig. S42). Through the merging of overlapping win-
dows, we identified 25 genomic regions demonstrating an excess of 
SNPs compared to expectation (Fig. 6C). In total, these regions en-
compassed 1234 candidate SNPs located within 224 genes (table S12). 
Eleven of these candidate genes were found to overlap with genes 
undergoing positive selection in the CN population, as identified 
through HFW, Ohana, or PBE analysis. These genes include Egfr (epi-
dermal growth factor receptor), Pcf11 (involved in regulation of RNA 
splicing), Kank (involved in negative regulation of actin filament 
polymerization), CG7888 (involved in amino acid transmembrane 
transport), CG30287 (involved in proteolysis), CG33506 (integral 
component of membrane), CG43693 (involved in amino acid trans-
membrane transport), ABCB7 (involved in cellular iron ion homeo-
stasis), CG13917 (unknown function), CG32264 (actin binding 
activity), and aPKC (involved in morphogenesis of an epithelium).

The region encompassing the Cyp6a22-​Cyp6a8 gene cluster 
(2R:14,790,001–15,040,000) emerged as one of the most enriched 
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Fig. 6. Genes associated with lambda-cyhalothrin resistance in the population cage experiments. (A) Allele frequency difference of SNPs associated with 
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regions for candidate SNPs. Furthermore, our data revealed numer-
ous previously unreported candidate genes within these regions 
(Table 3). For instance, the region 3R:30,466,050–30,648,551, which 
is enriched with candidate SNPs, featured 10 genes (PH4alphaEFB, 
PH4alphaSG2, PH4alphaNE1, PH4alphaNE2, CG31021, PH4alphaPV, 
CG31013, CG31016, PH4alphaNE3, and CG34041) that are enriched 
in the “peptidyl-proline hydroxylation to 4-hydroxy-L-proline” GO 
term (Fig. 6D), which may be involved in stress response (72). An-
other candidate region contains CG5568 and CG18586, both of 
which are predicted to have long-chain fatty acid–CoA (coenzyme 
A) ligase activity. CG5568 has four potential missense variants, while 
CG18586 has two detected missense variants. Given that cuticle 
composition affects insecticide resistance by limiting insecticide 
penetration (73), these two genes might be linked to lambda-
cyhalothrin resistance through the hydrocarbon biosynthetic path-
way, potentially altering long-chain fatty acyl–CoA biosynthesis (74). 
Several other genes, such as Eglp2 (involved in renal system process-
es), shep (associated with neuron remodeling and metamorphosis), 
CG7601 (with nicotinamide adenine dinucleotide–retinol dehydro-
genase activity), alph (involved in response to oxidative stress and 
paraquat), CG9747 (related to lipid metabolic processes), and 
CG15533 (participating in sphingomyelin catabolic processes), are 
within windows enriched for candidate SNPs. These genes could in-
directly influence insect response to insecticides by affecting various 
biological processes, such as responding to reactive oxygen species 
(ROS) triggered by insecticides (75) or driving developmental 
changes in the nervous system, tracheal system, and muscles. Further 
research is required to elucidate their roles in insecticide resistance.

DISCUSSION
Here, we sequenced 292 D. melanogaster strains from natural popu-
lations in China and examined them with more than 1000 genomes 

from previous studies. This extensive dataset enabled us to obtain a 
global perspective on the evolution and adaptation of D. melanogaster, 
and this work enhances our comprehension of how the population 
history and natural selection shape the genetic diversity of this 
model organism. Additionally, the incorporation of these strains 
and the genomic dataset presents prospects for further investigation 
into numerous fundamental questions in evolutionary biology, such 
as the genetic architecture of complex traits.

The influence of variant calling strategies on the detection 
of polymorphisms
In previous Drosophila population genomic studies, variant calling 
methods varied, including joint variant calling by JGIL (14) or 
GATK HaplotypeCaller and GenotypeGVCFs (16), as well as indi-
vidual variant calling using GATK UnifiedGenotyper (6, 9). These 
different approaches can introduce disparities in identified variant 
sites due to variations in sensitivity and specificity, potentially affect-
ing downstream analyses. For instance, while individual calling 
might result in high false positives for singleton detection, joint call-
ing could lead to a biased false-negative rate in singleton detection 
(76). Here, we combined our generated data with previously se-
quenced D. melanogaster genomes and used the joint calling meth-
od using freebayes software (77) for SNP calling. Heterozygosity was 
called with a minor allele threshold greater than 25% for each strain, 
aligning with the default setting of the GATK pipeline. The joint 
calling approach we used could potentially lead to the omission of 
certain singletons or low-frequency SNPs, and this omission might 
subsequently diminish growth signals during demographic infer-
ence and result in an underestimation of the proportion of deleteri-
ous variants in DFE-alpha. Nonetheless, it is important to note that 
despite these considerations, the joint calling method is generally 
recommended for variant calling (78) due to its capacity to distin-
guish reference homozygous sites from those with missing data. 

Table 3. Examples of genes associated with resistance to lambda-cyhalothrin revealed by the population cage experiments. The gene ID, number of 
candidate SNPs, number of missense candidate SNPs, description, the maximum allele frequency change (df ), and FDR of the most significantly associated SNPs 
in a gene in the population cage experiments were shown.

Gene/cluster Total SNPs Missense SNPs Description df FDR

Cyp6a22-​Cyp6a8 5 4 Insecticide metabolic 
process

0.23 6.55 × 10−18

Eglp2 7 0 Water channel activity 0.25 5.73 × 10−21

shep 12 0 Response to stimulus 0.23 3.11 × 10−15

CG5568 9 4 Long-chain fatty acid 
metabolic process

0.35 1.36 × 10−13

CG18586 9 2 Long-chain fatty acid 
metabolic process

0.31 3.56 × 10−18

CG43897 5 0 Mesoderm 
development

0.25 1.65 × 10−15

alph 10 0 Response to oxidative 
stress

0.28 6.30 × 10−17

CG7601 5 1 Putative 
oxidoreductase

0.30 6.81 × 10−19

CG9747 4 0 Lipid metabolic process 0.21 3.18 × 10−19

CG15533 7 0 Sphingomyelin 
catabolic process

0.17 4.42 × 10−17
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Furthermore, this approach enhances sensitivity for low-frequency 
variants (excluding singletons) and improves false-positive filtering 
by capitalizing on information from all samples despite its computa-
tionally intensive nature.

Modest population stratification observed in the CN strains 
of D. melanogaster
Our analysis identified the presence of six distinct major genetic an-
cestry groups across global populations of D. melanogaster. Strains 
within China (CN and B) constituted a distinct group despite exhib-
iting detectable levels of admixture. While there was slight differen-
tiation within the CN strains, this differentiation varied across 
different chromosomes, indicating a complex interplay of multiple 
forces shaping their genetic makeup. On the basis of the PCA and 
ADMIXTURE results, we categorized these strains into three sub-
populations: CN_QTP, CN_XJ, and CN_Other. It is important to 
note that the strains in the CN_Other category come from diverse 
geographic locations. Two lines of evidence suggest the existence of 
population structure within CN_Other: first, strains in CN_Other 
exhibited varying proportions of ancestries (Fig.  1, E and F, and 
figs. S8 and S9); second, the first two principal components of each 
strain in CN_Other correlated with latitude or longitude, with a 
generally higher correlation observed with longitude (fig.  S43). 
This observed structure within CN_Other might be attributed to 
multiple factors, such as uneven gene flow from Europe or North 
America, undetected inversions, and local adaptation. To assess 
this stratification within CN_Other, we compared the cumulative 
variance distribution from PCA across various datasets, including 
global strains, cosmopolitan strains, CN (comprising CN_Other, 
CN_QTP, and CN_XJ), CN_Other, and RAL datasets (fig.  S44). 
While CN demonstrated a relatively steep cumulative distribution 
curve for PCA explained variance, indicating mild population 
structure within CN, the distribution of cumulative variance in CN_
Other closely resembled that of the RAL dataset, which originates 
from a single location and lacks notable population structure (14).

To evaluate the possible effect of population structure on demo-
graphic inference, we performed comparative demographic analysis 
across the Lhasa population (CN_LS) and broader Chinese datasets 
(CN and CN_QTP) using Stairway Plot 2. The CN_LS data com-
prises 57 strains exclusively from Lhasa and minimizes the effect of 
population structure. Our analysis reveals consistent historical 
patterns, confirming a severe bottleneck across all datasets with 
minor differences in the timing (fig. S45). For instance, the analysis 
of SNPs in 2R suggests the 95% CIs for the bottleneck ranged from 
9.0 to 11.7 ka for CN, 9.0 to 12.0 ka for CN_QTP, and 7.2 to 10.1 ka 
for CN_LS. A similar trend is observed for 3L, with the bottleneck 
ranging from 8.2 to 10.7 ka for CN, 7.5 to 10.4 ka for CN_QTP, and 
6.4 to 8.8 ka for CN_LS. These overlapping timelines indicate no 
substantial statistical discrepancy among the datasets despite small 
variances, possibly due to minor population structure or the vari-
ability in sample sizes used in the analysis. Complementary mo-
ments analysis with the strains in Lhasa (CN_LS) aligns closely 
with the divergence times obtained for CN_QTP and the overall 
strains in China (CN), with the CN_LS and FR split time estimated 
at 2155 years ago (95% CI: 311 to 3791) (fig. S46A) and the CN_
QTP and FR divergence at 2239 years ago (95% CI: 1140 to 7781) 
(fig. S46B), both consistent with the CN and FR split time (Fig. 3B). 
In summary, the analysis of CN_LS data shows that the popula-
tion structure within D. melanogaster strains in China does not 

substantially bias our demographic inferences. Nonetheless, we rec-
ognize that population structure can influence demographic analy-
sis, and additional sequencing data in future studies could help 
clarify any remaining uncertainties. Furthermore, pooling strains 
across different geological locations may reduce the detectability of 
positive selection, as suggested by the reduced number of selected 
genes in CN_Other versus CN_XJ or CN_QTP; however, the full 
impact of this aggregation on identifying signals of local adaptation 
across different environments warrants further investigation.

Temporal dynamics of the CN strains of D. melanogaster and 
the possible influencing factors
Our study fills the gap in the evolutionary history of D. melanogaster 
in East Asia. Our moments results showed that the ancestor of FR 
and CN split from sub-Saharan populations around 9 ka, and CN 
and FR diverged about 2.8 to 4.4 ka. This timeline broadly aligns 
with findings from another study that used fastsimcoal2 to infer a 
recent out-of-Africa expansion, with the estimated Saharan crossing 
occurring around 10 ka (27). We observed an extended duration 
(~6000 years) during which the ancestor of CN and FR persisted 
after branching from sub-Saharan populations, preceding the even-
tual split between CN and FR. This span coincides with the emer-
gence and flourishing of agriculture and winemaking in the Middle 
East. It is plausible that the ancestral cosmopolitan populations 
remained in the Middle East before further dispersing into Europe 
and East Asia. Within the CN strains, our moments analysis indi-
cated recent expansions (200 to 500 years ago) in the CN_XJ and 
CN_QTP subpopulations. This finding corresponds to previous evi-
dence suggesting the ongoing expansion of D. melanogaster over the 
past several hundred years. For example, the colonization of North 
America and Australia occurred within the past 200 years (56), and 
the split among populations within Europe occurred several centu-
ries ago (average divergence for western-eastern: 1013 years ago, 
western-western: 648 years ago, eastern-eastern: 294 years ago) (11). 
We offer a possible explanation for these recent expansions, consid-
ering the challenging cold and dry climate in Xinjiang and the 
Qinghai-Tibet Plateau, which affects both D. melanogaster and 
human populations. As D. melanogaster expansion is closely tied to 
human activities, initial colonization might have been hindered 
until specific conditions were met, including (i) increased human 
migration, (ii) growth in local human populations, and (iii) adapta-
tion to the local environment.

Extensive gene flow between D. melanogaster populations 
revealed by multi-methods analysis
Our analysis, which used a variety of methods, reinforced the pres-
ence of extensive introgression between D. melanogaster populations. 
It is noteworthy that our TreeMix analysis might have potentially 
underestimated migration, as the chosen optimal m by OptM 
accounted for approximately 98.6% and 99.4% of the variation for 
autosomes and the X chromosome, respectively (fig.  S13), slightly 
below the 99.8% anticipated from the original paper’s simulations 
(42). Conversely, ADMIXTOOLS2 and Dsuite revealed more com-
plex patterns of gene flow. These findings align well with previously 
reported secondary contact history of populations in North America 
and Australia, and cosmopolitan admixture in Southern Africa (SD 
and SP) from Europe (6, 7). Our investigation highlights extensive 
admixture related to strains from Asia. For instance, cosmopolitan 
admixture identified in Ethiopia lowland (EA) likely originated from 
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ancient Asian strains, potentially facilitated by maritime routes. A 
previous study reconstructed a two-pulse admixture model of EA 
using FR as an introgression donor (46), and further research using 
strains from Asia as the source of introgression will be needed.

We also observed an unexpected increase in X-linked gene flow 
from European strains to CN_XJ. This is surprising given that previ-
ous studies have typically reported lower levels of introgression on 
the X chromosome (7, 20, 21, 43). The heightened X-linked admix-
ture might arise from female-biased gene flow from European 
strains, although the precise mechanism remains elusive. Alterna-
tively, this pattern could be influenced by selective processes favor-
ing the incorporation of X-linked fragments from Europe into 
CN_XJ. Further research holds the potential to elucidate the con-
nection between adaptation and introgression.

The potential influence of chromosomal inversions 
on gene flow
Chromosomal inversions are associated with reduced recombina-
tion and substantially affect polymorphism patterns and population 
stratification (fig. S6). In D. melanogaster, inversions are commonly 
observed, with their frequencies varying among different popula-
tions. Nevertheless, the extent to which these inversions affect gene 
flow patterns remains uncertain. When strains with autosomal in-
versions were included in Patterson’s D calculations, we detected 
gene flow meeting the criteria (z score > 3 and FDR < 0.05) in 605 
of 1044 trios within the autosomes. Conversely, excluding strains 
with inversions led to 463 of 1257 trios exhibiting gene flow. More-
over, applying an additional criterion (D > 0.05) resulted in a similar 
pattern (90 of 1044 with inversions versus 64 of 1257 without inver-
sions). These data suggest that more gene flow signals were detected 
when considering strains with inversions. These observations do not 
align with the conventional belief that chromosomal inversions are 
associated with reduced introgression rates (79). Several explana-
tions might account for this phenomenon: (i) gene flow involving 
chromosomal inversions might genuinely occur neutrally or under 
selection and (ii) the substantial LD introduced by ancient inversion 
polymorphisms might violate Patterson’s D assumptions (47), po-
tentially leading to misidentification of gene flow between popula-
tions with similar inversion frequencies. Here, we chose to exclude 
inversions when calculating Patterson’s D to mitigate possible biases 
stemming from them. However, it is important to note that our ap-
proach might result in an underestimation of gene flow across popu-
lations. As a result, further research or methodological advancements 
are imperative to comprehensively elucidate the interplay between 
chromosomal inversions and gene flow among populations.

Evidence for faster-X evolution in D. 
melanogaster populations
The “faster-X evolution” theory (80) posits that both positive and 
purifying selection operate more efficiently on the X chromosome 
compared to autosomes in species with a heterogametic sex deter-
mination system, such as Drosophila. Supporting this theory, our 
DFE-alpha analysis indicated that approximately 66.9% and 71.8% 
of the polymorphic nonsynonymous mutations were strongly dele-
terious in autosomes and the X chromosome, respectively (fig. S2). 
This pattern supports the notion that purifying selection is more 
effective at removing harmful mutations from the X chromosome 
compared to the autosomes. Furthermore, our study revealed stron-
ger adaptive signals on the X chromosome than on the autosomes. 

For instance, the HFW tests showed that windows in the X chromo-
some overall exhibited lower HFW values than autosomes across all 
populations (fig.  S47). Additionally, the PBE values tended to be 
higher for the X chromosome compared to the autosomes in the 
cosmopolitan populations (fig. S48). These data overall support the 
faster-X evolution effect that positive selection is more efficient on 
the X chromosome than autosomes. We also found lower genetic 
diversities on the X chromosome than on autosomes in cosmopoli-
tan populations, even after adjusting for differences in effective pop-
ulation size. This may indicate stronger selective sweeps on the 
X chromosome driven by adaptation to new environments. How-
ever, at this moment, we cannot exclude the possibility that this 
pattern was influenced by bottleneck effects following the migration 
out of Africa.

The effect of low-recombination regions on genetic 
adaptation of D. melanogaster
The Hill-Robertson effect posits that natural selection is less effective 
in genomic regions with low recombination rates (81). To investigate 
this theory using our data, we compared selective pressures in auto-
somal regions with high recombination (recombination rate  >   
0.5 cM/Mb; 10,813 genes) and low recombination (recombination 
rate < 0.5 cM/Mb; 3718 genes). To mitigate the faster-X effect, we 
only focused on the autosomes in this analysis. We found that the 
cosmopolitan populations generally exhibited more selection signals 
in high-recombination regions compared to low-recombination 
regions (fig. S49), supporting the Hill-Robertson effect. Specifically, 
the HFW test revealed a significantly higher proportion of genes 
(1.48%, 160 of 10,813 genes) in high-recombination regions than in 
low-recombination regions (0.699%, 26 of 3718 genes) if all popula-
tions were considered (P = 0.00018, Fisher’s exact test). This pattern 
was similarly observed in the HFW test for CN strains (0.795%, 86 of 
10,813 genes in high-recombination regions versus 0.350%, 13 of 
3289 genes in low-recombination regions; P = 0.0036, Fisher’s exact 
test). The Ohana analysis also indicated that LLRS scores tended 
to be higher in high-recombination regions compared to low-
recombination regions (fig. S50), suggesting that positive selection 
signals were more abundant in high-recombination regions. Fur-
thermore, the PBE analysis in CN strains revealed a significantly 
higher proportion of genes (0.916%, 99 of 10,813 genes) in high-
recombination regions than in low-recombination regions (0.296%, 
11 of 3718 genes; P = 6.38 × 10−5, Fisher’s exact test). Additionally, 
high-recombination regions showed significantly higher genetic 
diversity (π) than low-recombination regions (P < 0.01, Wilcoxon 
test, fig. S51), likely due to the effects of hitchhiking or background 
selection (82). We observed that absolute nucleotide divergence 
(DXY) was higher in high-recombination regions than in low-
recombination regions (fig.  S52), which might result from a faster 
accumulation of divergence in beneficial variants or a reduced 
number of neutral mutations removed by background selection in 
the high-recombination regions.

Notably, distinct patterns emerged between recombination and 
adaptation signals in sub-Saharan populations, with HFW values 
tending to be lower in low-recombination regions than in high-
recombination regions (fig. S49). This suggests possible differences 
in selective pressures between cosmopolitan and sub-Saharan popu-
lations. Cosmopolitan populations may face higher selective pres-
sures as they adapt to new environments after migrating out of 
Africa, while diversity in sub-Saharan populations is likely influenced 
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by selection effects at linked sites, especially background selection 
(83). In line with this notion, we found more abundant adaptive 
selection signals in cosmopolitan populations compared to sub-
Saharan populations. In summary, these findings underscore the 
role of recombination in shaping genetic adaptation in cosmopoli-
tan populations during their adaptation to new environments 
and provide insights into population-specific adaptive evolution 
through differences in selection signals between low- and high-
recombination regions.

Effect of low-recombination regions on 
demographic analysis
By examining whether to incorporate low-recombination regions 
or not in our demographic analysis, we found that this factor has a 
minimal impact on our ability to infer population structure, gene 
flow patterns, and demographic history. Here, we primarily focused 
on autosomes for this analysis to avoid other factors that may 
confound the comparison on the X chromosome.

Regarding population structures, we observed that whether we 
included or excluded low-recombination regions, it did not notably 
alter the overall patterns of PCA (Fig. 1C and figs. S7 and S53) and 
ADMIXTURE (Fig. 1E and figs. S8 and S54). In both cases, the six 
major ancestral components remained consistent in ADMIXTURE, 
although the optimal value of K for 3L varied (K = 8 when including 
low-recombination regions; K = 7 when excluding them). In terms 
of tree topology and gene flow patterns, the results from the Tree-
Mix analysis were consistent for autosomes, regardless of whether 
we included or excluded low-recombination regions (figs. S14A and 
S55). The ADMIXTOOLS2 analysis showed similar results when 
including or excluding low-recombination regions. The only differ-
ence is that when excluding low-recombination regions, the gene 
flow from North America into CN_Other was not detected, but 
another gene flow from cosmopolitan populations into GH was 
detected (figs. S15B and S56).

For demographic history, the moments results obtained from 
data with or without low-recombination regions revealed similar 
evolutionary models, albeit with slight differences in estimations of 
split time, effective population size, and migration strength. For 
example, the split time estimations between CN and FR were consist
ent between the analyses with or without low-recombination 
regions [2750 (95% CI: 363 to 9850) versus 2335 (95% CI: 266 to 
3874) years ago]. Moreover, when analyzing the dataset without low-
recombination regions, we estimated that CN_QTP and CN_XJ 
diverged from CN_Other approximately 244 (95% CI: 46 to 1095) 
and 181 (95% CI: 70 to 2095) years ago, respectively (fig. S57). These 
estimates did not notably differ from those based on the dataset that 
included low-recombination regions [~491 (95% CI: 34 to 893) years 
ago for CN_QTP and ~270 (95% CI: 71 to 1277) years ago for CN_
XJ]. In the case of Stairway Plot 2, while the overall population size 
trends were very similar between datasets that included or excluded 
low-recombination regions (fig. S58), there were slight variations in 
the time estimations for population size changes. For instance, the 
most severe bottleneck in the CN population on 2R was inferred to 
be approximately 9.4 to 11.2 (95% CI: 9.0 to 11.7) ka using data that 
included low-recombination regions, which was similar to the esti-
mate of ~10.8 to 12.9 (95% CI: 10.0 to 14.0) ka obtained when ex-
cluding these regions (fig. S58 and Fig. 3C). These minor differences 
in time estimations may be due to differences in genetic diversity and 
divergence across regions with differing recombination rates.

Soft sweep contributes to the adaptation to 
insecticide resistance
Here, we identified numerous signals of positive selection in 
insecticide-resistant genes. Despite D. melanogaster not being the 
primary target of insecticides, our findings emphasize the poten-
tial of fruit flies as ecological indicators for assessing the impact of 
chemical exposures. Furthermore, this adaptation to insecticides 
offers an excellent opportunity to explore the tempo and mecha-
nisms of adaptation. The relative contributions of hard sweeps and 
soft sweeps to adaptation remain subjects of debate in evolution-
ary biology (69, 84). In the hard sweep model, a new advantageous 
mutation arises and quickly spreads to fixation due to natural 
selection. In contrast, the soft selective sweep model involves 
selection acting on either standing genetic variation or recurrent 
de novo mutations, and adaptive alleles can be found on multiple 
haplotypes. Previous studies have uncovered soft sweeps on the 
Ace gene, primarily driven by the recurrent emergence of the 
I199V mutation in different populations (65, 69). Our Relate 
analysis also supported the independent emergence of the I199V 
mutation in multiple phylogenetic lineages of D. melanogaster. 
Furthermore, we found the G303A and F368Y variants in Ace, 
which are associated with resistance to organophosphate insecti-
cides (66), exhibited considerably higher frequencies in CN com-
pared to other populations (fig. S39). Our Relate analysis, based on 
variation in the CN strains, estimated the ages of these mutations 
to be 2117 and 946 years old, respectively. These ages predate the 
use of insecticides (which began around 1940), suggesting adapta-
tion through standing genetic variation. We also estimated the 
allele ages of other insecticide-associated SNPs in CN strains, and 
the results consistently suggest a scenario of soft selective sweep on 
standing genetic variation. Consequently, our study provides evi-
dence that soft sweeps on standing genetic variation and recurrent 
de novo mutations have both played crucial roles in the rapid 
adaptation to insecticide resistance.

Evaluation of the association study by population cage
Our population cage experiment combined with insecticide resist
ance sorting and deep sequencing confirmed that variants in the 
Cyp6a22-​Cyp6a8 cluster and other insecticide resistance genes are 
associated with lambda-cyhalothrin resistance. Furthermore, we 
also identified several previously unreported candidate genes, which 
may contribute to insecticide resistance through multiple mecha-
nisms, such as changes in epithelium, sensory organs, and develop-
ment. Our method can be essentially used to dissect architectures of 
other phenotypes, since it is cost-effective and provides a homoge-
neous environment for different strains to be screened in the same 
environment and excludes the possible confounding effects on test-
ing environments, which often confounded the GWAS tests by 
assaying individual strains. However, two caveats should be kept in 
mind with the population cage experimental approach.

First, as selection was done in one generation and no recombina-
tion occurred, SNPs linked with the causal SNPs may also show an 
association with the phenotype, generating false positives. To cope 
with the linkage, we combined the candidate SNPs in sliding 
windows with the assumption that background SNPs that are more 
adjacent to causal SNPs are more likely to be linked and identified as 
candidates, forming a cluster of SNPs surrounding the real signals. 
We tested windows of different lengths and found that 50-kb 
windows best revealed the enrichment of candidate SNPs, and no 
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improvements were obtained by further increasing the window size 
(Fig. 6C and fig. S59). This approach effectively identified 25 regions 
with enriched association signals, which is consistent with the com-
mon architecture of insecticide resistance, where a few loci with 
large effects contribute to the phenotype. Second, population struc-
ture in strains from different geographic regions is another con-
founding factor. If local adaptation occurs in the phenotypes of 
interest, an association can be detected between the phenotypes and 
the local genetic components. In our study, the population structure 
is generally very weak in CN population, especially for autosomes 
(Fig. 1C and fig. S6C). The differentiation on the X chromosome will 
have very limited influence because the male sequencing strategy 
leads to lower depth and lower statistical power in detecting associa-
tions in the X chromosome, and most of the candidate SNPs are 
located in autosomes. Besides, the LD decays quickly (down to 
r2 < 0.2) within 1 kb in the CN population (fig. S60), suggesting a 
well-mixed genetic background. Although this window-based 
approach effectively reduces false positives, identifying the true 
targets within these windows can still be difficult. Another notewor-
thy issue is that there might be some other traits associated with the 
lambda-cyhalothrin resistance, due to either the co-occurrence of 
selective pressures in nature or the experimental design of mixing 
individuals from structured populations. As a result, the candidate 
SNPs identified in the cage experiment may contribute to other phe-
notypes instead of lambda-cyhalothrin resistance. Further studies 
are required for functional validation of these candidate variants.

Overall, the population cage experiment, coupled with pheno-
type sorting and deep sequencing, is a promising method for identi-
fying the candidate variants that are associated with insecticide 
resistance. We expected that it would improve the cage experiment 
with more replications and more individuals in pooled samples in 
future studies.

For most of the history of population genetics, D. melanogaster 
has been a widely used model organism for analyzing how evolution-
ary forces of mutation, drift, and selection shape patterns of variation 
in the genome. The perspective we want to emphasize is that this 
same species can also be used as a sensitive measure of the impact of 
environmental changes (10, 85). This is particularly important given 
the current deterioration of ecosystems, mediated by both climate 
change and other human activities. Since D. melanogaster is a human 
commensal, it is anticipated that incorporating additional genome 
sequences of D. melanogaster sampled from other geographic locales 
will not only advance our knowledge of fundamental issues related 
to environmental adaptation but also provide insights into human 
evolution and migration.

In summary, our study offers insights into the evolutionary 
history and adaptive potential of D. melanogaster in China and globally. 
It demonstrates the power of population genomic analysis in deci-
phering the genetic underpinnings of environmental adaptation 
and gene introgression and provides a valuable resource for under-
standing the global evolution and adaptation of this important model 
organism.

MATERIALS AND METHODS
Sample collection
Flies were collected in orchards and parks from 52 cities throughout 
China in the summers of 2017 and 2020 (table S1). We used natu-
rally rotten fruits or set up traps made of fruit (bananas, grapes, or 

other native fruits) and baker’s yeast to attract flies and caught flies 
with a sweep net. Every female individual was transferred into a new 
vial and kept alone to establish an iso-female strain. For the 292 
sequenced strains, 261 of these strains were collected in 2017 and 
maintained in vials with an Ne of 50 to 100 for 3 years (about 45 
generations) before sequencing, while the other 31 strains (mel259 
to mel292) were collected in 2020 and maintained in vials with an 
Ne of 50 to 100 for 6 months (about 7.5 generations) before sequenc-
ing. D. melanogaster was distinguished from D. simulans and other 
Drosophila species using the morphology of the male offspring of 
each iso-female strain. All strains were kept in vials containing stan-
dard cornmeal medium at 25°C with a 12:12-hour light/dark cycle.

Genome sequencing and variant calling
Genomic sequence data for the CN population were collected from 
292 wild-derived iso-female strains from 52 cities (19 provinces) in 
China, including 25 strains from Xinjiang (CN_XJ), 63 strains from 
the Qinghai-Tibet Plateau (CN_QTP), and 204 strains from other 
parts of China (CN_Other). The genomic DNA for each strain was 
extracted from 20 to 25 males with a TIANamp Genomic DNA Kit 
(DP304). DNA library preparation and genomic sequencing were 
performed by Annoroad Gene Technology (Beijing, China) accord-
ing to the DNA Sample Preparation Guide (Illumina, 15026486 
Rev.C) and with the Illumina NovaSeq 6000 platform as paired-end 
fragments with a read length of 150 base pairs (bp). On average, 
5 Gb of clean data for each strain was obtained, resulting in an aver-
age sequencing depth of 26.2×.

We also included 1147 genomes derived from global populations 
previously sequenced in multiple projects (5–9, 14–16, 20, 26–31). To 
integrate these genomes, we downloaded the sequencing reads in 
Sequence Read Archive (SRA) format from the National Center 
for Biotechnology Information (NCBI)–SRA database and extracted 
fastq files using SRAtoolkit v2.11.0. Read quality control was per-
formed by fastp v0.19.5 (86). A read was removed if it contained more 
than five undetermined (N) bases, was shorter than 50 bp, or had a 
quality score below 20 for more than 50% of its bases. Low-quality 
bases (mean quality below 20 in a 4-bp sliding window) were 
trimmed from both ends. After quality control, reads were mapped 
to the D. melanogaster reference genome (dmel_r6.24, FlyBase) by 
BWA-MEM v0.7.15 (87) using the default parameters. Optical dupli-
cates were discarded by Picard v2.20.5. Variants were jointly called by 
freebayes v0.9.21 (77) with a minimum mapping quality of 20, a min-
imum base quality of 20, a haplotype length of 0, and no more than 4 
best alleles (-m 20 -q 20 --haplotype-length 0 --use-best-n-alleles 4), 
while other parameters remained the default. Strains are considered 
heterozygous at an SNP if the fraction of minor allele is larger than 
25%. This threshold is commonly applied in Drosophila population 
genomics studies (6, 16). Complex mutations and multiple-nucleotide 
polymorphisms (MNPs) were decomposed by vcflib v1.0.0 (88).

For each strain, the genotype was considered missing if the depth 
of this site was below 4. Samples that showed a low sequencing depth 
or mapping rate were excluded from further analysis. Genomes with 
a genotype missing rate exceeding 20% or identified as PCA outliers 
in relation to all other genomes based on either autosomes or the 
X chromosome were also removed from further analysis. All 16 
genomes from Winters, CA (29) were excluded due to their high 
missing rate or PCA outlier status (the PCA is described in detail 
below). Finally, the global cohort in our study consisted of 1356 
genomes, including 14 populations with sample sizes ranging from 
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10 to 50 and 6 major populations with more than 50 genomes. For 
information on sequencing and sample origin, please see table S1. 
To obtain high-quality variants, the multisample VCF file was fil-
tered to remove (i) variants with a quality below 20 and alternate 
allele counts below five, (ii) SNPs within 3 bp of indels or other com-
plex mutations, (iii) SNPs falling in the repetitive or low-complexity 
regions annotated by RepeatMasker (89) or UCSC Genome Browser 
(http://genome.ucsc.edu/), and (iv) SNPs with a missing genotype 
rate higher than 10%. These filters are used for all analyses.

Inferring the functional consequences of mutations
Functional consequences of SNPs were annotated by SnpEff (90) us-
ing the BDGP6.86 database. We applied DFE-alpha v2.163 (32) to 
estimate the distribution of fitness effects (DFEs) for deleterious 
mutations occurring in different functional categories of SNPs in 
autosomes and the X chromosome separately in CN. A randomly 
sampled allele for each strain was extracted and used to generate the 
site frequency spectrum. The folded site frequency spectra were gen-
erated by the Spectrum.from_data_dict function in ∂a∂i v2.1.1 (91) 
for seven categories, including zerofold degenerate, 3′ untranslated 
region (UTR), 5′ UTR, intergenic, long intronic, short intronic, 
and fourfold degenerate SNPs. Using fourfold degenerate sites as the 
neutral reference, we ran a two-epoch model in DFE-alpha to esti-
mate the DFEs for each category of SNPs, allowing variable mutation-
effect sizes and shape parameters for the gamma distribution.

Heterozygous block identification
Heterozygous blocks were identified using the method outlined in 
the previous study (6). We computed the proportion of heterozy-
gous sites within windows of 100-kb length and 5-kb steps for each 
genome, based on all SNPs. This proportion was then compared 
with the genetic diversity (π) within the corresponding population. 
The weighted average of π for each population was computed using 
pixy v1.2.4.beta1 (92) for all SNPs in the population. The process 
involved initiating heterozygosity blocks when the ratio of heterozy-
gous proportion to diversity exceeded 0.2, and these blocks were 
extended in both directions until the ratio dropped below 0.05. The 
average total length of heterozygous blocks was calculated for each 
population, and the details of heterozygous block tracks for each 
strain were provided in table S2. It is important to note that when 
calculating allele frequencies, homozygous sites were counted twice 
for the respective allele, while heterozygous sites were counted once 
for each of their two different alleles. We excluded the strains se-
quenced using haploid embryos since they are not expected to have 
genuine heterozygosity (6, 8).

Ancestral state inference
The ancestral state of each SNP was inferred by est-sfs (93) using 
two outgroup species, D. simulans and D. yakuba. Homologous 
sequences of D. melanogaster, D. simulans (dsim_r2.02, FlyBase), 
and D. yakuba (dyak3, UCSC Genome Browser) were obtained by 
LiftOver based on reciprocal-best chain files from UCSC Genome 
Browser. The probabilities of the inferred ancestral state were calcu-
lated using the R6 model in est-sfs. Only sites with ancestral state 
probabilities greater than 0.9 were used for further analysis.

Inversion genotyping
The frequencies of seven common inversion polymorphisms, In(2L)
t, In(2R)NS, In(3L)P, In(3R)C, In(3R)K, In(3R)Mo, and In(3R)Payne, 

were characterized based on a previously published set of diagnostic 
SNP markers that were in tight LD with the corresponding inver-
sions (35). For each strain, we inferred the genotype of each inver-
sion by calculating the mean frequencies of inversion-specific SNP 
markers. Strains were regarded as heterozygous if the frequency was 
between 0.1 and 0.9, while strains with a frequency smaller than 0.1 
or larger than 0.9 were considered homozygous for standard 
chromosomes or inverted chromosomes, respectively. The inversion 
genotypes of each CN strain and the inversion frequencies of global 
populations are given in table S5. The inversion genotypes of other 
populations can be found in the Drosophila Genome Nexus (8). The 
inversion genotype of In(3L)Ok, which was exclusively found with-
in African populations, was also obtained from the Drosophila 
Genome Nexus (8).

Measuring genetic diversity and population differentiation
Genetic diversity (π) for each of the 22 populations listed in Table 1 
was computed using pixy v1.2.4.beta1 (92). This calculation was 
based on all SNPs and all strains within each respective population. 
The calculation was based on 200-kb nonoverlapping windows. The 
weighted average of π was calculated as the total number of differ-
ences divided by the total number of comparisons. To compare π 
between autosomes and the X chromosome, the genetic diversity of 
all autosomes (2L and 2R, 3L and 3R, and 4) was combined as πA, 
and πX was corrected by multiplying by 4/3 (πXC) to account for the 
difference in Ne. We also calculated π for different genomic func-
tional categories, including 5′ UTR, 3′ UTR, missense variant, and 
synonymous variant, using a pipeline similar to that for all sites.

Genetic differentiation among populations was quantified using 
the fixation index (FST) and the absolute divergence (DXY). The Weir 
and Cockerham FST and DXY based on all SNPs were calculated by 
VCFtools (94) and pixy (92) for pairwise comparisons between the 
22 populations. These calculations were performed separately for 
autosomes and the X chromosome. To test for the isolation by dis-
tance pattern, linear regression was carried out by using the weight-
ed averages of FST or DXY as the genetic distance and the great-circle 
distance as the measure of geographic distance. The longitude and 
latitude of Urumqi were used to represent CN_XJ, the longitude and 
latitude of Lhasa were used to represent CN_QTP, and the longitude 
and latitude of Beijing were used to represent CN_Other. To avoid 
the confounding effect of recent long-range dispersal along with 
human activities, the analysis was limited to comparisons within 
continents.

Population stratification
To analyze the population structure of D. melanogaster, we conduct-
ed PCA using the smartpca implemented in EIGENSOFT v7.2.1 
(95). To minimize the influence of natural selection, we used bial-
lelic SNPs with a minor allele frequency (MAF) greater than 0.01 in 
neutral regions, which included short introns (8 to 30 bp) (33) and 
fourfold degenerate sites within coding regions. PCA outliers in 
1439 samples were identified using all neutral SNPs of all samples on 
autosomes or the X chromosome with two rounds of outlier detec-
tion. The final dataset for PCA comprised 185,521 SNPs (2L: 40,553, 
2R: 38,789, 3L: 36,849, 3R: 41,555, X: 27,775). Given that inversions 
can affect genetic diversity across entire chromosome arms (34), we 
performed separate PCAs for each chromosome arm, considering 
both all genomes and genomes without inversions (inversion-free 
genomes). The analysis was conducted using default parameters, 
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along with one round of outlier detection across three scales: (i) all 
1356 strains, (ii) cosmopolitan strains, and (iii) only CN strains.

We used ADMIXTURE v1.3.0 (36) to estimate the genetic ances-
try composition in each strain. This analysis was conducted across 
all strains or exclusively within the CN strains. The input SNP data-
set was identical to that used for PCA, which included neutral loci 
and excluded chromosome arms with inversions. To determine the 
optimal number of ancestries (K), we performed the analysis 10 
times, each time using different random seeds for K values ranging 
from 1 to 10. The selection of the best-fitting K was based on the 
lowest cross-validation (CV) error. The results of different runs 
were aggregated using pong v1.4.9 (96) with the parameter “--greedy 
-s.95.” This approach combined redundant runs with a similarity 
threshold exceeding 95% for each K, or it used the greedy algorithm. 
The representative run for the best-fitting K was identified by pong 
and visualized.

Phylogeny and patterns of introgression
We used TreeMix v1.13 (42) to construct ML trees with consider-
ation for gene flow, using allele frequencies across the 22 popula-
tions. This analysis was conducted separately for autosomes and the 
X chromosome, using neutral sites from chromosomal arms that 
were devoid of inversions. Specifically, for autosomes, we included 
only 2R and 3L, as 2L and 3R contained inversions in all GH strains, 
and 3R had inversions in all CO strains. The analysis was executed 
using blocks of 50 SNPs (-k 50), with KF as the root (-root KF), and 
incorporating migration events (m) spanning from 0 to 10. Each m 
value underwent 100 independent runs, and the optimal number of 
m was determined by evaluating the second-order rate of change in 
likelihood (Δm) using the R package OptM (97). The run with the 
highest likelihood and the optimal m value was visualized using the 
plotting_funcs.R script in TreeMix.

We further inferred the admixture graph of the 22 populations 
based on the f-statistics using the R package ADMIXTOOLS2 (45). 
The dataset analyzed here was the same as the one used in the Tree-
Mix analysis, with the addition of D. simulans as the outgroup. We 
first applied the extract_f2 function to compute the f2-statistics with 
a block size of 4000 bp (blgsize = 4000) for the 22 populations. Then, 
the find_graphs function was used to find the best-fitting graph to-
pologies for the given set of f-statistics for autosomes and the X 
chromosome. During this process, a random topology was initially 
formed, with the number of admixture events ranging from 0 to 6 
for different runs. The analysis for each number of admixture events 
was run 20 times. In each run, the topology underwent automatic 
optimization for up to 200 iterations, halting if no enhancement was 
observed after 20 iterations, assessed through the likelihood score. 
The optimal graph topology was determined by comparing the out-
of-sample scores and the fitness of a graph using SNP blocks boot-
strapped with the compare_fits function (nboot = 100). If a model 
with more admixture events demonstrated a lower score and a P 
value of less than 0.01, it was considered the better model.

Patterson’s D statistic was used to analyze introgression patterns 
within three-population phylogenies (trios), with D. simulans used 
as the outgroup. All SNPs were used in the analysis, and chromo-
some arms containing inversions were excluded from the analysis. 
Trios that consistently displayed the same topologies on both auto-
somes and the X chromosome, as observed in both TreeMix and 
Dsuite (98), were retained for the calculation of D statistics. In 
total, 1257 trios were considered (details in table S7). Gene flow in 

a trio was considered significant if D  >  0.05, z score  >  3, and 
FDR < 0.05.

Modeling the introgression history of CN_XJ
To reconstruct the introgression history of CN_XJ, which is a mix-
ture of European and Asian ancestries, we applied Ancestry_HMM 
(48) to infer the ancestral tracks of all inversion-free chromosome 
arms in CN_XJ. Inversion-free chromosome arms from CN_QTP 
and FR were used as reference populations for European and Asian 
ancestry, respectively. SNPs separated by at least 100 bp and with a 
minimum allele frequency difference of 0.1 between CN_QTP and 
FR were used to distinguish different ancestries by vcf2ahmm.py in 
Ancestry_HMM. The genetic map of these SNPs was generated 
using D. melanogaster Recombination Rate Calculator (RRC) v2.3 
(99) based on Comeron et al. (100). Then, local ancestry inference 
for each CN_XJ strain was performed robustly by a one-pulse mod-
el using the parameter “-a 2 0.7 0.3” to specify the number of ances-
tral populations and overall ancestry proportions of 70% and 30% 
from Asia and Europe, respectively, and the parameter “-p 0 1000000 
0.7 -p 1 -3000 0.3” to indicate 70% CN_QTP ancestry and 30% FR 
ancestry entering the population through a single pulse with an ini-
tial time estimate of 3000 generations. On the basis of the distribu-
tion of homozygous ancestral tracks from autosomes and the X 
chromosome, we used MultiWaverX (49) to infer the best-fitting 
model from four types of admixture models, including the multiple-
wave model, the hybrid-isolation (HI) model, the gradual admix-
ture (GA) model, and the continuous gene flow (CGF) model. We 
carried out this analysis with default parameters and 100 bootstrap-
ping repeats to provide the support level of the models and the CI of 
the parameters, including the number of admixture events and the 
time, proportion, and sex ratio of each admixture event.

Demographic inference with moments
It is worth noting that variations in time estimations can arise from 
differences in mutation rate and generation time parameters. In all 
demographic analyses, we used a mutation rate of 5.21 × 10−9 per 
site per generation, which was derived from mutation accumulation 
experiments (101) and consistent with previous studies (27). Addi-
tionally, we adopted a generation time of 15 per year based on a 
previous study (43).

We used the Python package moments (51) to infer the evolu-
tionary history of D. melanogaster in China. Demographic models 
were fitted for three trios independently, including ((CN, FR), ZI), 
((CN_Other, CN_QTP), FR), and ((CN_Other, CN_XJ), FR). For 
((CN, FR), ZI), we compared six demographic models: (1) symmet-
ric migration and constant population sizes (OOA_SyM); (2) asym-
metrical migration and constant population sizes (OOA_AsyM); (3) 
symmetric migration, constant population sizes for the sub-Saharan 
population, and population growth in cosmopolitan populations 
(OOA_BG_SyM); (4) similar to model 3 but allowing for asymmet-
rical migration (OOA_BG_AsyM); (5) symmetric migration and 
population growth in all populations (OOA_BG2_SyM); and (6) 
similar to model 5 but allowing for asymmetrical migration (OOA_
BG2_AsyM) (fig. S16, models 1 to 6). For ((CN_Other, CN_QTP), 
FR) and ((CN_Other, CN_XJ), FR), we compared another six de-
mographic models: (7) symmetric migration and constant popula-
tion sizes after the divergence of the populations in Europe and 
Asia with a bottleneck in the ancestor (COS_SyM), (8) similar to 
model 7 but allowing for asymmetrical migration (COS_AsyM), (9) 
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similar to model 7 but allowing for population size changes (COS_
BG_SyM), (10) similar to model 9 but allowing for asymmetrical 
migration (COS_BG_AsyM), (11) similar to model 9 but allowing 
for population growth before the divergence of the populations in 
Europe and Asia (COS_BG2_SyM), and (12) similar to model 
11 but allowing for asymmetrical migration (COS_BG2_AsyM) 
(fig. S16, models 7 to 12). We fit these models with moments_pipe-
line (102) using the three-dimensional joint site frequency spec-
trum (SFS), which was generated using neutral SNPs from 2R and 
3L. To reduce the computational cost, the sample sizes of ZI, FR, 
CN, CN_Other, and CN_QTP were projected down to 20. Accord-
ing to this pipeline, we performed four rounds of model optimiza-
tion (replicates = 100, 100, 100, 100; maxiter = 100, 100, 100, 100; 
fold = 3, 2, 2, 1) with the Nelder-Mead method (optimize_log_fmin) 
and estimated the log-likelihood by a multinomial approach. The 
replicate with the highest log-likelihood for each model was used to 
calculate Akaike weights. The model with the highest Akaike weight 
was selected as the best-fitting model. The summary of model choice 
and detailed parameters outputted for each model are available in 
table S8. We generated 100 simulated datasets with msms (103) 
according to the best-fitting models and re-estimated the demo-
graphic parameters for each of the simulated datasets. The mutation 
and recombination rates were set to 5.21 × 10−9 per site per genera-
tion (101) and 1 cM/Mb, respectively, in the simulation. The CIs 
were calculated using the 2.5th and 97.5th percentiles for all param-
eters estimated from the simulated data.

Stairway Plot 2
We inferred demographic history with the unfolded SFS by Stairway 
Plot 2 (57) to investigate the changes in population size of three sub-
Saharan populations (EA, SP, and ZI) and three cosmopolitan popu-
lations (CN, EU, and EG), while EU was merged from CAS, FR, 
STO, and N to obtain a larger sample size. CN_QTP was also used 
to be compared with CN. Neutral SNPs from 2R and 3L were used 
in the analysis separately because inversion frequencies were low on 
these two arms, while we further excluded genomes with inversions 
[In(2R)Ns, In(3L)P, and In(3L)Ok] for a specific chromosome arm 
in consideration of distinct histories of inversions. The ancestral 
state was inferred as described above. We randomly sampled one 
allele from each sequenced genome to avoid the effect of inbreeding 
and generated the unfolded SFS for each population using ∂a∂i 
v2.1.1 (91) with a sample size chosen by the project function to max-
imize the number of SNPs. The mutation rate was set to 5.21 × 10−9 
per site per generation according to the mutation accumulation 
lines (101), and a generation time of 15 per year was applied accord-
ing to research on the strains in North America (43).

Detecting selection signals
Three methods, Fay and Wu’s H (59), Ohana (60, 61), and PBE (62), 
were used to detect selection signals in the six populations with a 
sample size larger than 50 (three sub-Saharan populations: EF, SD, 
and ZI and three cosmopolitan populations: CN, FR, and RAL).

The Fay and Wu’s H (HFW) tests were conducted using all SNPs 
containing ancestral allele information and all individuals from the 
six populations. Initially, the multisample VCF file was transformed 
into the diploid hapmap format using tassel v5.2.40-3 (104), with 
inferred ancestral states added through est-sfs (93). Using this mod-
ified file, we computed HFW values for nonoverlapping 4-kb win-
dows for each of the six populations with Variscan v2.0 (105). 

Windows containing fewer than 50 segregating sites were excluded. 
Normalization of HFW was performed based on the number of seg-
regating sites within each 4-kb window. Genes potentially under 
selection were identified using the following criteria: (i) situated in a 
4-kb window with HFW value less than −0.4 and (ii) containing the 
SNP with a derived allele frequency larger than 0.2 in the gene region.

The Ohana suite (60, 61) was used following its standard pipe-
line. The selection scan for autosomes and the X chromosome was 
performed separately. To determine the admixture proportions re-
quired for the selection scan, we used neutral SNPs across all ge-
nomes. We further refined the dataset by excluding variants and 
samples with a missing rate exceeding 0.1. Subsequently, SNPs with-
in 50-kb windows that displayed an LD with an r2 value exceeding 
0.2 were removed. Ultimately, the analysis was conducted on datas-
ets consisting of 94,834 SNPs for autosomes and 19,475 SNPs for the 
X chromosome. Given the ADMIXTURE results indicating an opti-
mal K value of 6 to 8 for distinct chromosome arms (K = 6 for 2L, 
K = 8 for 3L, and K = 7 for 2R, 3R, and X), we proceeded with K = 7 
for the structure analysis. This choice aimed to effectively distin-
guish CN, FR, RAL, EF, and the two southern African populations 
(SD and ZI). The structure analysis involved 20 replication runs, 
with optimization iterations set to 30 (-mi 30). The run that yielded 
the highest log-likelihood was used for subsequent analyses. Utiliz-
ing the outcomes of the structure analysis, we used all SNPs with 
a minor allele frequency (MAF) greater than 0.01 to generate 
admixture-corrected allele frequencies for subsequent selection 
scans. To identify potential outliers subject to positive selection, we 
applied a threshold based on the top 1% of LLRSs. For the SNPs 
identified as under-selection, we assigned them to a specific ances-
try if the f-pop value for that ancestry exceeded 0.6. Subsequently, 
the determined ancestry was linked to a particular population if the 
average proportion of that ancestry was the highest in the strains of 
that population (visualized in fig.  S20). Genes with at least two 
selected sites were identified as positively selected genes, and candi-
date SNPs in these genes were used for GO enrichment. A similar 
analysis was done for strains in CN with the K = 2. A more stringent 
threshold of LLRS > 20 was used to identify SNPs under positive 
selection. Because of the very recent differentiation, the SNPs under 
selection were not assigned to a specific subpopulation in CN.

To compute the PBE statistic, we initiated by calculating the Weir 
and Cockerham FST using VCFtools within 4-kb windows with a 
step size of 1 kb. Subsequently, the PBE was computed using the 
formula outlined in previous studies (62). Windows containing 10 
or fewer segregating sites were excluded. The identification of selec-
tion signals was executed on each terminal branch as per the phylo-
genetic tree topology (63). The subtree (CN, (FR, RAL), EF) was 
used to identify terminal branch–specific selection in populations 
CN, FR, and RAL. Briefly, a 4-kb region that resides within the top 
1% of PBE values for both the ((CN, FR), EF) and ((CN, RAL), EF) 
trios but not for the ((FR, CN), EF), ((RAL, CN), EF), ((FR, RAL), 
EF), or ((RAL, FR), EF) trios (with the focal population as the first 
in the trio) would be recognized as specifically selected in CN 
(Fig. 4A). The second subtree, encompassing ((CN, EF), (SD, ZI)), 
was used to detect terminal branch–specific selection in populations 
ZI, SD, and EF, following a similar methodology. We carried out 
PBE scans on the trio (CN_QTP, CN_XJ, CN_Other) to detect 
population-specific selection occurring in the three subpopulations. 
To enhance the robustness of our results and minimize false-positive 
signals, we identified the putatively positive selected regions in each 
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focal subpopulation by requiring PBE  >  0.1 for autosomes and 
PBE  >  0.2 for the X chromosome. In these regions putatively 
under positive selection, SNPs that exhibited high differentiation 
(FST > 0.1) between the focal population and any other population 
within the subtree were annotated, narrowing down the potential 
genes under selection.

To compare the effect of recombination on adaptation, we com-
pared the selection signals in both low- and high-recombination 
regions. High-recombination regions were defined as regions with a 
recombination rate of >0.5 cM/Mb (100).

Insecticide-resistant genes
The list of genes associated with insecticide resistance was obtained 
from FlyBase (www.flybase.org) using the GO terms “insecticide 
metabolic process,” “insecticide catabolic process,” and “response to 
insecticide.” Additionally, we conducted a literature search to iden-
tify genes linked to insecticide resistance. Notable examples include 
Ace (66), CHKov1, para, the Delta and Epsilon groups of glutathione 
S-transferases (GSTs), members of the cytochrome P450 gene fam-
ily categorized as involved in “the breakdown of synthetic insecti-
cides” by UniProtKB, and genes encoding subunits of the nicotinic 
acetylcholine receptor.

Estimate the frequency of structural variations at Cyp6a17 
and Cyp6a23
We used Pindel v0.2.5b9 (106) to identify the breakpoints of the 
deletions at Cyp6a17 and Cyp6a23 with the options set to “-x 6 
-d 20.” Deletion calls supported by at least three reads were accepted. 
We confirmed the breakpoints by polymerase chain reaction (PCR) 
and Sanger sequencing in CN strains and manually constructed se-
quences of four alleles for genotyping and frequency estimation, 
including the intact allele, the Cyp6a17 deletion allele, Cyp6a17/23 
fusion 1, and Cyp6a17/23 fusion 2 (fig. S40). To infer the genotype of 
each strain, we first calculated the ratio of the average depth within 
the deletion and the average depth of the whole chromosome arm. 
Strains with a ratio greater than 0.8 are regarded as homozygous for 
the intact allele, while strains with a ratio between 0.3 and 0.8 were 
considered to be heterozygous for deleted alleles and the intact al-
lele. Strains with a ratio less than 0.3 were considered homozygous 
for deleted alleles. To distinguish different deleted alleles (e.g., the 
Cyp6a17 deletion allele, the Cyp6a17/23 fusion 1, and the Cyp6a17/23 
fusion 2), reads were mapped to the 200-bp flanking region of the 
breakpoint by BLAT (107). A certain allele is present in a strain if 
three or more reads span across the breakpoint and are 100% identi-
cal to the allele-specific sequence. Strains were excluded from 
frequency estimation if three or more alleles were detected. For 
pool-seq samples, the frequency of Cyp6a17/23 fusion 2 was calcu-
lated using the formula n/[n + (x + y)/2], where n, x, and y are 
the number of reads specifically mapped to Cyp6a17/23 fusion 2, 
Cyp6a17, and Cyp6a23, respectively.

Estimate the allele age
For SNPs that showed signals of positive selection in CN and 
were located in genes related to insecticide resistance, we used a 
genealogy-based approach in Relate v1.1.8 (68) to estimate their 
allele ages. The genetic map was obtained as described above. The 
phased vcf files required by Relate were obtained by Beagle v5.3 
(108) with a window size of 0.5 cM and a step size of 0.4 cM based 
on all SNPs of all genomes. During phasing, the number of model 

states is twice the number of individuals. To exclude the influence of 
inbreeding, we randomly selected one phased chromosome from 
each strain of CN and reconstructed pseudodiploid genomes. The 
ancestral and derived states of each SNP were obtained as described 
above. Then, Relate was conducted for all SNPs with the standard 
pipeline (https://myersgroup.github.io/relate). Detailed information 
for each SNP was extracted from the mut file. The age of a mutation 
was equal to the mean of age_begin and age_end, assuming 15 gen-
erations per year.

Population cage association study
We combined phenotype sorting by population cage and pool se-
quencing to identify SNPs associated with insecticide resistance. In 
this experiment, 200 strains from 20 geographic locations in China 
were used to represent the natural population. Parents for each 
strain were transferred into a new vial containing standard corn-
meal medium and allowed to lay eggs for 24 hours. For the offspring 
raised under the low-density condition, 10 male adults of each strain 
(2000 individuals in total) were collected at the age of 3 to 5 days 
after eclosion and pooled into a population cage with a food supply 
to acclimate for 1 day. Then, an emulsion of lambda-cyhalothrin 
(200 μl/liter) was added to the surface of the food. The food with 
lambda-cyhalothrin was replaced every 24 hours. The individuals 
that survived for 48 hours were pooled and sequenced using the 
Illumina platform to a depth of ~100×. The experiments were per-
formed for two replicates, and the resistant samples were labeled 
insA (101 individuals) and insB (36 individuals). We also sequenced 
two background samples (BgA and BgB) to a depth of ~400×, each 
containing 5 males of each strain (1000 males in total).

The sequencing reads were aligned competitively to the reference 
genomes of both D. melanogaster (dmel_r6.24) and D. simulans 
(dsim_r2.02) using BWA-MEM. To prevent potential contamina-
tion, reads mapped to the D. simulans reference genome were dis-
carded. Variants were called using freebayes with the parameters 
“--haplotype-length 0 -m 20 -q 20 -F 0.01 -C 1 --pooled-continuous.” 
We filtered out polymorphic sites with depths lower than 50. Our 
focus remained on common SNPs, which displayed an average MAF 
exceeding 5% in the background samples. We used the CMH test to 
uncover associations between lambda-cyhalothrin resistance and 
allele counts across the four samples. This process was followed by 
applying the Benjamini-Hochberg method to ascertain adjusted 
P values (FDR) for each variant. In accordance with common prac-
tice in human GWAS (70), we adopted a threshold of P < 1 × 10−9 
(approximate equivalent to FDR < 1 × 10−7) as the cutoff. We also 
analyzed adjacent signals by calculating the count of candidate SNPs 
within sliding 50-kb windows, with a 5-kb step. To assess the enrich-
ment of candidate SNPs along the genome, we randomly chose 7202 
SNPs (the observed number of associated SNPs) from the total 
1,028,409 SNPs detected in the population-cage sequencing to serve 
as candidate associates. We then calculated the number of associat-
ed SNPs in a sliding 50-kb window with a step size of 5 kb. We re-
peated the permutation process 1000 times. For each window i, we 
calculate the mean (Ei) and standard deviation (sdi) of the candidate 
SNPs across the 1000 replicates. We then calculated the z score (Zi) 
for the actual observed candidate SNPs in that window using the 
formula Zi = (Oi − Ei)/sdi, where Oi represents the count of observed 
associated SNPs in that window. Only windows with a z score ex-
ceeding 6, which represent approximately 4% (640 of 15,515) of all 
analyzed windows, were considered significant. This distribution is 
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illustrated in fig. S42A. Furthermore, we summarized the number 
of candidate SNPs in each sliding window and found that, in the 
permutations, the maximum count of candidate SNPs within any 
window is 22 (fig. S42B). We then identified candidate windows ful-
filling both criteria: a z score over 6 and more than 22 candidate 
SNPs. We found 244 windows that met these conditions for the ob-
served associated SNPs. In contrast, no permutations met these 
stringent criteria (fig.  S42C), indicating a significant enrichment 
with a P value less than 0.001. Overlapping windows were merged to 
ensure a coherent analysis of SNP enrichment. Our analysis ensures 
that our findings of SNP associations are not due to random chance 
but represent a statistically significant enrichment. Furthermore, we 
investigated the influence of LD on the outcomes by estimating 
LD r2 in CN using PopLDdecay v3.41 (109) for SNPs with a MAF 
above 0.05.

Functional enrichment analysis
We conducted functional enrichment analyses using Gowinda (110). 
For the analysis of genes under natural selection, we used a set of 
candidate SNPs that met the aforementioned filtering criteria as 
input. As a background dataset, we used 12,873,602 SNPs that 
exhibit polymorphism across the six focal populations (CN, FR, 
RAL, ZI, SD, and EF). In the context of analyzing genes identified 
through the lambda-cyhalothrin resistance experiment, we used 
all candidate SNPs situated in windows containing more than 
22 SNPs (totaling 1234 SNPs) as input. As the background data-
set, we used 1,028,409 SNPs with a MAF exceeding 0.05 and a 
depth greater than 50.

GO terms and their associated genes were sourced from FlyBase 
(http://ftp.flybase.net/releases/current/precomputed_files/go/gene_
association.fb.gz, accessed on 6 June 2023). The functional enrich-
ment analysis primarily focused on the Gene Ontology biological 
process (GO BP) category. We configured Gowinda to execute 
10,000,000 simulations, with the parameters “gene-definition” and 
“mode” set to “gene” (--gene-definition gene --mode gene).

Statistical analyses
All statistical analyses were performed using R (www.r-project.org).

Supplementary Materials
This PDF file includes:
Figs. S1 to S60
Legends for tables S1 to S12

Other Supplementary Material for this manuscript includes the following:
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