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Demography and adaptation of a species
specific pollinator associated with an
invasive fig tree

Check for updates

Li-Hua Wu1,11, Jie Zou1,11, Yu-Ting Jiang1,11, Ling Lu1, Kai Jiang 1,2, Kai-Jian Zhang3, Wei-Chao Liu1,
Wei-Min Xiang1, Gang Wang 4, Simon T. Segar5, Simon van Noort 6,7, Yuan-Yuan Li1,
Yuan-Ye Zhang 8, Xiao-Yong Chen 1, Stephen G. Compton 9 & RongWang 1,10

Some fig species introduced outside of their native range have become invasive when colonized by
their obligate pollinating wasps, but how these pollinators migrated and adapted to novel
environments are less studied.Here,we focusonEupristina verticillata, theobligatepollinatingwaspof
an invasive fig tree species (Ficusmicrocarpa), to uncover its demography and themolecular basis for
adaptations to novel environments. We find that only one of the three cryptic species colonized in the
sampling locations outside of its native range. This dominant cryptic speciesmigrated simultaneously
from the native range to the Americas and to theMediterranean c. 130 years ago. Moreover, selective
sweep analyses reveal several positively selected genes associatedwith adaptations to the nonnative
range. Genome-wide association detect a nonsynonymous substitution in a dopamine
N-acetyltransferase gene significantly linked with brood size. Our study outlines the route to
colonization and genetic adaptations of an invasive mutualism.

Invasive plants pose amajor threat to themaintenance of global biodiversity
and can cause severe economic damage1. Release from natural enemies and
competitors can lead to ecological domination by nonnatives and ecological
homogenization2. The field of invasion ecology seeks to determine the traits
and conditions that lead to expansion in the nonnative range3. Successful
establishment and invasion of introduced plants often depends on their
mutualistic organisms (e.g., pollinators, seed dispersers, and rhizobia), as
well as intrinsic factors including fast growth, self-compatibility, and
anemophily2,4,5. Plants with generalist mutualists are considered to have a
high risk of invasion due to their ability to form new interactions with local
species6,7. While the invasive potential of more specific or even obligate
interactions is generally considered to be lower, examples of obligate
mutualists facilitating the invasion of introduced plants have been reported
recently8. Little is known about how these obligate mutualists have expan-
ded beyond their native ranges and how have adapted to novel environ-
ments. This is unfortunate because these tight interactions are defined by

conserved and easily quantifiable traits, allowing straightforward tests of
ecological theory that can be scaled up to more diffuse interactions.

The introduction/migration of obligatemutualists (initially absent in
the introduced ranges of host plants) is likely to be uncoupled from their
host plants. This is because most host plants were deliberately introduced
outside their native ranges for human purposes (e.g., horticulture and
forestry)9, while pollinator introductions have been largely accidental. In
addition, in the absence of obligate mutualists, closely related species of
the obligate mutualists may switch hosts and facilitate plant invasion10.
Thus, precise identification of mutualistic organisms and analysis of
population demography using molecular markers are necessary to reveal
how introduced plants gainmutualists and become invasive (and howwe
might control them)11. An obligate mutualist species may disperse from a
single native population at a single time, leading to a strong founder effect
limiting its potential for adaptation12. Alternatively, introduction from
different populations and/or multiple times can cause genetic admixture,
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likely generating novel genotypes that may assist adaptation to nonnative
range13.

Two prevailing mechanisms are invoked to explain the adaptation of
an alien species to novel environments: rapid evolution and pre-
adaptation5,14. Heterogeneous environments across the nonnative range
generate strong and differentiated selection15. High genetic diversity, high
phenotypic plasticity, and frequent introgression byhybridizationwith local
relatives (though itmay also result inmaladaptive phenotypes) contribute to
rapid adaptation and genetically differentiated lineages16–18. In contrast, pre-
adaptation assumes that invasive species have already evolved functional
traits enabling their adaptation to a wide range of conditions found outside
of the native range. Under a scenario of pre-adaptation strong genetic dif-
ferentiationamongnonnative populations is not expected tooccur rapidly19.

Control of invasive species requires an understanding of how they
adapt to novel conditions through stress tolerance (e.g., drought, flooding,
climate, pathogens and natural enemies, and competition)20–22. Adaptation
frequently has a genetic basis23,24. However, the molecular basis of adapta-
tion to nonnative range is known for few invasive species25,26. In particular,
the adaptation of obligate mutualists relies on efficient utilization of their
hosts. Indeed, adaptationhas yet to be explored for the obligatemutualists of
invasive host plants. This is unfortunate because fitness and invasive
potential of introduced plants can increase dramatically upon the successful
integration of their obligate mutualists into the local ecosystem. As biology
has entered the genomics era, genomic data covering most/all functional
genes have made detection of key adaptation-related genes possible and
population genomic analyses can identify migration routes and adaptation
mechanisms.

The angiosperm plant genus Ficus (Moraceae; fig species; c. 800 spe-
cies) and their obligate pollinating wasps (Hymenoptera, Agaonidae) form
an obligate nursery pollination mutualism27. Each fig species produces
enclosed inflorescences (figs) that are pollinated by one or only a few pol-
linating wasp species. Wasps can only oviposit in the ovules growing inside
the figs of their obligate host plants. Therefore, introductions of fig species
without their specific pollinating wasps are considered low risk, though
mature treeswithfigs transported together have been recorded in a fewearly
introductions (e.g., introduction ofFicusmicrocarpa from the Philippines to
Hawaii8). Many fig species have been introduced as fruit crops28 and
ornamental plants29,30. However, with the emergence of specific pollinating
wasps in the introduced ranges, a few introduced fig species undergo sexual
reproduction and have become invasive31–33. In addition, host shifts have
also occurred in several introduced fig species, e.g., the introduced popu-
lations of Ficus macrophylla are pollinated by the pollinating wasps of Ficus
rubiginosa34.

Inmonoeciousfigs, the female pollinatingwasps lay eggs into ovules by
inserting their ovipositors into the styles of female florets with drastically
varying lengths (Fig. 1a). Pollinating wasps with longer ovipositors can lay
eggs into more female florets, increasing their brood size in the host figs.
Therefore, ovipositor length is considered as a key trait determining ovi-
position range and utilization efficiency of the resources from host figs,
important for optimizing fitness35. Exploring the genes associated with this
trait should improve our understanding of how pollinating wasps interact
with their hosts. However, in the presence of parasitoids, the advantage of
having a long ovipositor is greatly reduced. This is because female florets
with longer styles are generally located near the fig wall, where galled ovules
are under high risk of being attacked by parasitoids that lay eggs from the
outside of figs35. In the absence of parasitoids (e.g., in the introduced range),
selection on ovipositor length should be relaxed, and the host exploitation
potential of the pollinatingwasps is predicted to increase by evolving slightly
longer ovipositors.

F. microcarpa is a monoecious fig species found naturally in tropical
and subtropical areas ofAsia andnorthernAustralia (Fig. 1b).F.microcarpa
is only pollinated by an obligate pollinating wasp, Eupristina verticillata,
which is a complex containing at least three cryptic species36. In the last 200
years,F.microcarpahas beenwidely plantedas ornamental and street tree in
warm temperate and tropical areas (mainly covering theMediterranean and

the tropical areas in the Americas) outside of its native range8,33. Such
intentional planting has mostly used seeds or branch cuttings, preventing
the introduction of E. verticillata, though transportation of mature trees
with figs (e.g., from the Philippines to Hawaii8) has also been reported in a
few cases of introduction. However, E. verticillata has been recorded in
many introduced F. microcarpa populations since the 1970s, facilitating
sexual reproduction in introduced F. microcarpa trees. Though closely
related pollinating wasps might have switched hosts to F. microcarpa, all of
our field observations have detected E. verticillata as the unique pollinating
wasp species inside F. microcarpa figs in both the native and the nonnative
ranges37. With the help of long-distance seed dispersers like birds, the
population density of this stranglerfig tree has increased locally, threatening
biodiversity and damaging urban infrastructure8,33,38 (Fig. 1b). It is unclear
howE. verticillata emigrated from its native range and rapidly adapted to its
new cooler and drier climate. Moreover, while very common in the native
range of F. microcarpa, parasitoids are rare in the regions where the tree has
been introduced. The range of ovules used by female E. verticillata has
expanded significantly in the nonnative range35. These findings suggest that
the ovipositors of female E. verticillata are getting longer under directional
selection in the absence of parasitoids.

In this study, we conducted large-scale sampling and resequenced
individuals of E. verticillata in both the native and nonnative ranges of this
pollinating wasp (Supplementary Table 1; Fig. 1b). Based on the reference
genome of this species (diploid females and monoploid males, N chromo-
somes = 6 for monoploid genome, genome size = 387Mb, and
heterozygosity = 1.1%)39,40, we obtained single nucleotide polymorphism
(SNP) data and performed population genomic analyses (Fig. 2a). We
aimed to (1) determine the composition of cryptic species within E. verti-
cillata based on the previous study (Sun et al. 2011) (where three cryptic
species were detected); (2) explore colonization from the native range to the
nonnative range; and (3) reveal the genes potentially associated with
adaptation to thenonnative range.Given the centrality of introduced species
to the erosion of biodiversity, we believe that addressing these aims in a
tractable system like figs and wasps will enhance our general understanding
of invasive potential.

Results
Genome resequencing
Wecollected a total of 127mature females ofE. verticillata from21 sampling
locations worldwide, of which 76 and 51 individuals were sampled in its
native (11 sampling locations) and nonnative ranges (10 sampling loca-
tions), respectively (Fig. 1b; Supplementary Table 2). Using the Illumina
platform, we obtained 1.21 TB clean pair-end sequencing data from our
sampled 127 individuals (Supplementary Table 2). After mapping clean
reads to the reference E. verticillata genome39, we found extremely low
mapping ratio (< 30%) in 26 samples from 4 sampling locations (BK, CM,
KC, andTB) in the native range (due to the high genetic divergence between
these samples and the reference genome, see below) as well as low average
sequencing depth (< 10 ×) and 4 × genome coverage (<70%) in 6 samples
from 4 sampling locations (GZ, PZ, BM, and RJ) in both ranges. We
therefore removed these 32 samples for the analysis of genetic structure. For
the 95 samples retained, we detected high mapping ratio (mean ± S.E.:
96.1 ± 0.7%), average mapping depth (21.5 ± 0.4 X), and 4 × genome cov-
erage (88.4 ± 0.8%) (Supplementary Table 2). A total of 16,484,084 SNVs
(single nucleotide variants) were detected from these samples, from which
various sets of SNPs were generated for the following genomic analyses (see
Fig. 2a for the filtering conditions in each analysis).

Composition of cryptic species
To determine the composition of cryptic species, we uncovered the phy-
logenetic relationships among the 127 samples using their COI gene
sequences alongwith all the 24COI gene sequences reported in Sun et al.36 as
reference sequences (Supplementary Table 3). The phylogenetic tree con-
structed using the maximum likelihood (ML) approach showed that all our
samples were divided into three distinct clades, with all reference sequences
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from each reported cryptic species assigned into a single clade (Fig. 2b),
providing clear evidence for the presence of three cryptic species.We found
that one cryptic species (E. verticillata sp.3) contained only the 26 samples
with an extremely low mapping ratio, which diverged from the common
ancestors of the other two cryptic species (Fig. 2b; Supplementary Table 2).
Intriguingly, all samples from the nonnative range (51) belonged to a single
cryptic species (E. verticillata sp.1), which also included 37 samples from the
native range, and the remaining 13 samples (from BR, GZ, and XS) were
assigned to the other cryptic species (E. verticillata sp.2) (Fig. 2b; Supple-
mentary Table 2).

Moreover, we investigated the genetic structure using genomic SNP
data (6,512,835 SNPs, Dataset 1; of which 1,615,537 were found to be
heterozygous at least in one sample) to further test the assignment of the

95 samples (Fig. 2a). The ML phylogenomic tree revealed two major clades
that were completely consistent with the clade assignments using COI gene
sequences (82 and 13 samples belonging to E. verticillata sp.1 and sp.2,
respectively) (Fig. 2c). The first axis of principal component analysis (PCA)
accounted for 91.7%of genetic variations and also assigned the samples ofE.
verticillata sp.1 and sp.2 into two different groups (Fig. 2d). Genetic clus-
tering analysis using ADMIXTURE divided the samples from different
cryptic species into twodistinct clusterswhenK = 2 (Fig. 2e), consistentwith
the clade assignments using COI gene sequences and SNPs. Because the
cross-validation (CV) errors of differentK values (from3 to 7) did not differ
meaningfully (Supplementary Fig. 1a), we performed additional genetic
clustering analysis from K = 3 to K = 8. The results revealed the absence of
genetic admixture between the two clusters with increasing K value
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Fig. 1 | Spatial stratification in monoecious figs and sampling distribution.
Schematic spatial stratification of contents in monoecious figs (a), sampling loca-
tions and species/genetic composition (b). a Pollinator foundresses enter into the
lumen of a fig and lay eggs into the ovules of female florets (which become galls) by
inserting their ovipositors into the styles, and thus foundresses with longer ovipo-
sitors can utilize female florets with longer styles and leave more offspring (the left
figure). At the presence of parasitoids, this advantage will be weakened, because
femaleflorets with longer styles are generally located near thefigwall, where galls are
under high risk of being attacked by parasitoids that lay eggs from the outside of figs

(the right figure). This figure ismodified fromFig. 1 inWang et al.35. bThe sampling
locations in the native and the nonnative ranges are highlighted by different colors,
and composition of cryptic species and different genetic groups in E. verticillata sp.1
in each sampling location were illustrated by a pie chart (see Supplementary Table 2
for details); two photos show amature female E. verticillata and a F. microcarpa tree
destroying a house (photos were taken by Simon van Noort and Stephen G.
Compton); the map operations were performed using ArcGIS v10.8 (http://www.
esri.com/).
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(Supplementary Fig. 1b). Therefore, consistent with the results based on
COI gene sequences, the genetic structure of the 95 samples revealed the
presence of two cryptic species, of which E. verticillata sp.2 was only present
in the native range whereas E. verticillata sp.1 was found in both the native
and the nonnative (the Mediterranean and Americas) ranges. In addition,
we also conducted SNP calling using the genomic sequencing data from
121 samples (including the 26 samples assigned to E. verticillata sp.3), and a
total of 3,431,957 SNPswere identified (see Supplementary Fig. 1c).We then
constructed aML phylogenomic tree based on 133,039 fourfold degenerate
(4DTv) sites)) and found consistent clade assignmentswith those usingCOI
gene sequences, supporting the presence of three cryptic species (Supple-
mentary Fig. 1c).

The percentage of heterozygous sites per sample ranged from 0.04% to
4.81% (means ± S.E.: 1.10 ± 0.13%). The observed heterozygosity per site
ranged from 0.01 to 0.27, whichwas lower than the expected heterozygosity
(Supplementary Fig. 2), suggesting high level of inbreeding in E. verticillata,
consistent with the results from other pollinating wasp species41.

Genetic structure of E. verticillata sp.1
To explore the genetic structure of E. verticillata sp.1, we performed PCA,
genetic clustering, and phylogenomic analysis using Datasets 2 and 3
(Fig. 2a).Thefirst twoaxesofPCAassigned the 82 samples into threegroups
(Fig. 3a). The largest group (47 samples, genetic group I) contained all
samples from the sampling locations in the nonnative range except two
fromFlorida (FL) and two samples from the sampling locations in thenative
range (Manila (MN)), and the second largest group included 26 samples
from the sampling locations in the native range (genetic group II), with the
other 7 samples from the sampling locations in the native range (from the
Manila sampling locations) and 2 samples from FL assigned into the
smallest group (genetic group III) (Fig. 3a; Supplementary Table 2).

We found consistent results from the maximum likelihood phyloge-
netic tree, where the two major clades comprised the samples belonging to
genetic group I and the other two genetic groups (with samples of genetic
group III forming a subclade), respectively (Fig. 3b). As similar CV errors of
K values from 4 to 8 were detected (Supplementary Fig. 3a), we conducted
genetic clustering analysis using these different K values. When K = 4,
ADMIXTURE divided the samples of genetic group I into two clusters and
those of the other two genetic groups into two distinct clusters (Fig. 3c).
These results showed the presence of three distinct genetic groups within E.
verticillata sp.1. Our sampling locations in the nonnative range were
dominated by genetic group I that was rare in the sampling locations in the
native range (present only inMN), and only one nonnative sampling site in
Florida contained samples from both genetic groups I and II.

We found that 533,772 of the 562,253 SNPs in Dataset 2 were het-
erozygous at least in one sample, and the percentage of heterozygous sites
per sample ranged from 1.12% to 24.06% (means ± S.E.: 9.74 ± 0.60%). The
observed heterozygosity per site ranged from 0.02 to 0.50, which was lower
than expected heterozygosity (Supplementary Fig. 3b).

Demographic history and migration route of E. verticillata sp.1
Todetermine themost likely scenario of the emigration ofE. verticillata sp.1
from the sampling locations in the native range to those in the nonnative
range, we utilized the composite likelihood approach using Fastsimcoal
based on Dataset 2. We developed 10 demographic models (setting a single
ancestral population) with only population split events or the combination
of split and admixture events at the presence/absence of migration from
Asian to the Americas and theMediterranean populations (Supplementary
Fig. 4a; see Methods). By comparing the Akaike Information Criterion
(AIC) value of the best simulation run in eachmodel, we found thatmodel 1
(three modern populations derived from one population split event in the
ancestor population without migration among modern populations) was
the best-fitting model (Supplementary Table 4). Results of parameter esti-
mation showed that both theAmerican and theMediterranean populations
diverged in parallel from their common ancestor population 520.5 (95%CI:
482.3–558.7) generations ago, with similar effective population sizes that

were far smaller than those of theAsian population (Fig. 3d; Supplementary
Fig. 4b; SupplementaryTable 5). AsE. verticillatanormally experiences four
generations per year42, these two nonnative populations of E. verticillata
were estimated to be formed at c. 130 years ago (at c. 1880s), earlier than the
first record of this species in its nonnative range (at 1930s)8.

Positively selected genes associated with adaptation to the
nonnative range
To further explore the genes likely contributing to the adaptation of genetic
group IofE. verticillata sp.1 to the sampling locations in thenonnative range
weperformed selective sweep analysis using four tests (FST,π ratio,XP-CLR,
and Tajima’s D) to screen the genes with signatures of positive selection in
genetic group Iwhen comparedwith the other two genetic groups (basedon
Dataset 2).Using standards for choosing the genomic regions falling into the
top 5%values for FST, π ratio, andXP-CLR, and negative values for Tajima’s
D, we found signals of positive selection in 946, 1060, 2626, and 496 genes,
respectively (Fig. 4a–d). A total of 75 positively selected genes were sup-
ported by all four statistics (Fig. 4e; Supplementary Table 6).

Among these 75 genes, we found three genes (spitz (spi), GATOR
complex protein WDR24 (wdr24)), and Protein E(sev)2B (drk) that were
relevant to the development of insect organs (as their functions have been
validated experimentally in Drosophila melanogaster and Leptinotarsa
decemlineata). Specifically spi plays an important role in the development of
insect genitals43, while wdr24 and drk participate in TOR signaling
pathways44,45 (Supplementary Table 6). These three genes are likely to be
linkedwith the longer ovipositors of genetic group I (Fig. 5a; Supplementary
Table 6). Moreover, three positively selected genes (glucose dehydrogenase
(Gld)), octopamine receptors (OctRs)), and peroxisome biogenesis factor
PEX14 (PEX14) participate in sperm storage and utilization in female D.
melanogaster46, maintenance of ovarian phenotype, and regulation of hor-
mone levels, ovarian development of female D. melanogaster47, and egg
numbers of female Nilaparvata lugens48 (Supplementary Table 6). Given
that the brood size (represented by the number of offspring) ofE. verticillata
was significantly higher in the nonnative range than in the native range
(Supplementary Fig. 5a; SupplementaryTable 6), these genesmay be related
to the change of brood size within E. verticillata sp.1.

As the mean monthly temperatures in the sampling locations in the
nonnative range are lower than the sampling locations in the native range
(Supplementary Fig. 5b), E. verticillata sp.1 in the nonnative range is
expected to suffer a degree of cold stress. We found two positively selected
genes (ionotropic receptor 25a (Ir25a)) that can mediate cool sensing of D.
melanogaster and regulate circadian clock reset by temperature49,50 (Sup-
plementary Table 6). Furthermore, three positively selected genes (perox-
isomal acyl-coenzyme A oxidase 3 (ACOX3), ATP synthase subunit O,
mitochondrial (ATPsynO), and organic solute carrier partner 1 (OSCP1))
involved in fatty acid metabolism of Caenorhabditis elegans51 and ATP
synthesis52, energy metabolism and ATP production of D. melanogaster53

(Supplementary Table 6). These four genes thus are likely to assist genetic
group I in achieving cold tolerance. Therefore, the genes mentioned above
revealed the molecular footprints likely contributing to the adaptation of
genetic group I to the nonnative range. To validate the annotation of
positively selected genes, we selected the gene Gld by synthesizing its
recombinant protein and conducted in vitro enzymatic activity assay (see
Methods). The product of the in vitro reactions identified by UPLC was
identical to the standards of D-glucono-1,5-lactone (Fig. 4f), confirming its
enzymatic function.

Genome-wide association study (GWAS) on ovipositor length
The ovipositor length of pollinating fig wasps is tightly related with their
ability to oviposit eggs into the ovules with various lengths of styles inside
figs (Fig. 1a). Variation in this trait has been considered to reflect howmany
ovules wasps can utilize and by association to be tightly associated with
brood size35. However, it is still unclear whether the ovipositor length of the
predominant genetic group was longer in comparison to the other groups.
Further, the molecular basis of variation in ovipositor length is unknown.
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Fig. 3 | Genetic structure and demographic history of E. verticillata sp.1. Genetic
structure of E. verticillata sp.1 based on whole-genome SNPs (a–c) and results of
demographic analysis (d). a PCA of genetic variance among all samples. b The
phylogenetic tree constructed using the maximum likelihood based on whole-
genome SNPs. c Genomic ancestry proportions of each sample from K = 2 to K = 6

using ADMIXTURE. d Demography under the best-fitting model. Parameter esti-
mations and 95% confidence intervals are shown for the effective population sizes of
the ancestral (NAnc) and the derived three populations (NAsian, NAmericas, and
NMediterranean) as well as the time when population split occurred among the derived
populations (TDIV (years)) (see Supplementary Table 5).
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Using linear mixed models, we found that the ovipositor length of samples
from genetic group I of E. verticillata sp.1 (638.53 ± 12.39 um,N = 47) were
significantly longer than those from the other two genetic groups
(580.10 ± 12.41 um;N = 35, Fig. 5a; SupplementaryTable 7). This difference
may explain the higher brood size of genetic group I when the parasitoids of
E. verticillata was rare, thereby facilitating its adaptation to the nonnative
range. The ovipositor lengths of our sampleswere independent of their body

lengths, the size of their natal figs, and the number of galled ovules in the
natal figs (Supplementary Table 7).

To explore the genes associated with ovipositor length, we performed
GWAS to link the ovipositor lengths of samples from E. verticillata sp.1
(which were normally distributed; Shapiro–Wilk test: W = 0.971, P = 0.06)
(Fig. 5b) with their genomic SNPs (Dataset 2 in Fig. 2a). The GWAS based
on ovipositor length (at the corrected threshold of -log10 (P) = 5.41) resulted

Fig. 4 | Results of selective sweep analysis and
functional validation of the Gld gene. Results of
selective sweep analyses (a–e) and in vitro functional
validation of the glucose dehydrogenase (Gld) (f).
a–d Manhattan plots showing the distribution of
XP-CLR, FST, π ratio and Tajima’s D values in each
contig. The non-overlapping windows with top 5%
values for XP-CLR, FST and π ratio (above the red
dashed lines) and negative values for Tajima’s D
were considered (below the red dashed line) as
regions under positive selection. The genes that are
supported by all the four statistics and relevant with
adaptation to the nonnative range are marked
(Supplementary Table 6). e Venn diagram of posi-
tively selected genes revealed by the four statistics
(Supplementary Table 6). f Standard of D-glucono-
1,5-lactone (at the concentration of 100 ng/ml) and
reaction products (treatments with enzyme added
for three replicates) are identified using UPLC (see
Methods).
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Fig. 5 | Results of Genome-wide association study (GWAS) using ovipositor
length. Distribution of ovipositor length in samples of E. verticillata sp.1 (a, b),
results of genome-wide association studies (GWAS) (c, d), and results of in vitro
functional assay of the variant dopamine N-acetyltransferase (Dat) (e). a Boxplot
showing the difference in ovipositor length between the samples from the native and
the nonnative range. The center lines, box edges, and whiskers represent medians,
the 25% and 75% quartiles, and the upper and lower distribution of 1.5 times of
quartile range. b Histogram illustrating the frequency distribution of ovipositor

length. c Manhattan plot showing the SNPs significantly associated with the var-
iation of ovipositor length in each contig (Supplementary Table 8). d Amino acid
sequences in the reference and the variant dopamine N-acetyltransferase. The
variant amino acid caused by the SNP located in exon is highlighted by a red frame.
e Standard of N-acetyldopamine (at the concentration of 100 ng/ml, the left plot)
and reaction products (treatments with enzyme added for three replicates, the right
plot) are identified using UPLC (see Methods).
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in a total of six associated SNPs (Fig. 5c; Supplementary Fig. 5c). Among
these SNPs, one was a nonsynonymous site located in the exon of a dopa-
mine N-acetyltransferase gene (Fig. 5d), which has been reported to parti-
cipate in modulating cuticle pigmentation and female fecundity54

(Supplementary Table 8). To validate the function of the variant, we con-
ducted in vitro enzymatic activity assay (see Methods). The product of the
in vitro reactions identified by UPLC was identical to the standards of
N-acetyldopamine (Fig. 5e), confirming its enzymatic function. The other
five SNPs were located in intergenic regions (Supplementary Table 8). No
functional geneswere in linkage disequilibriumwith these six SNPs because
r2 decreased rapidly with genomic distance (Supplementary Fig. 5d).

Discussion
Exploring the adaptation of obligate mutualists to novel environments can
improve our understanding of biological invasion2. Here, we focused on the
obligate pollinating fig wasp of an invasive Ficus species, finding that only
one of the three identified cryptic species of the pollinator successfully
colonized in the sampling locations in the nonnative range. Interestingly, a
single genetic group within this cryptic species occupied most of the non-
native range, most likely colonizing the Americas and Mediterranean
independently around 130 years ago. Furthermore, selective sweep analyses
revealed a fewpositively selected genes thatmay contribute to survival in the
nonnative range, and we identified a SNP located in the exotic region of a
gene (dopamine N-acetyltransferase) significantly linked with ovipositor
length, a key trait relatedwith pollinator brood size35 (Fig. 1a). Together, our
results illustrate how the mutualist dispersed from its native range and
pinpoint the molecular basis of adaptation.

Consistent with previous study36, our results support the presence of
three cryptic species within E. verticillata. The low mapping ratio to the
reference genome for the cryptic wasp speciesmainly found in Thailand is
probably due to the deep genetic divergence from the reference species
genome, which was sampled in Southeast China39 (likely to be E. verti-
cillata sp.1) (Fig. 1b). The fact that only one cryptic species was sampled in
the sampling locations in the nonnative range may be a consequence of
either founder effects caused by a limited number ofmigration events55, or
due to competitive exclusion of other species56. The presence of only two
genetic groups in E. verticillata sp.1 in the nonnative range, and limited
evidence for deliberate intentional introductions suggest that accidental
introductions by humans were the most likely translocation model.
Moreover, though the number of our sampling locations were not suffi-
cient to completely cover thenative range, the fact that thepopulation split
recoveredwas earlier than thefirst record ofE. verticillata in the nonnative
range suggests a very small initial population size. Therefore, our results
support the scenario that most translocated F. microcarpa trees did not
carry figs with pollinating wasps and that E. verticillata populations
sampled in the nonnative range likely came from a single part of the native
range. Meanwhile, much lower observed heterozygosity than expected
heterozygosity is likely due to low numbers of foundress wasps per fig
leading to high levels of inbreeding57.

The inferred migration route of E. verticillata sp.1 largely agrees with
the earliest reports ofF.microcarpa being introduced into theUSA from the
Philippines31, and its early presence in the Mediterranean might have been
overlooked. Moreover, frequent immigrations can effectively relieve foun-
der effects and form a large effective population size58, but as the nonnative
populations were established quite recently, it is difficult to measure gene
flow between the native and the nonnative populations based on our
genomic data.Nevertheless, becauseF.microcarpahas beenwidely usedas a
street tree, migrations of the pollinator were likely via international trade8.
Due to the host specificity of E. verticillata, prevention of introducing F.
microcarpa trees with figs should be an efficient measure to control further
invasion of this plant in its introduced areas far away from the invaded
places.

Though rare introductions may cause the predominance of genetic
group I in the sampling locations in the nonnative range, this genetic group
shows adaptation to local climatic conditions, and such adaptation is often

tightly linked with reproduction and responses to stresses59,60. Ovipositor
length is a key trait relevant to fig wasps’ brood size, and it determines
oviposition range of female pollinating wasps (i.e., howmany female florets
can be used inside host figs)35. Our results provide evidence that the longer
ovipositors in genetic group I are related to higher fecundity than other
genetic groups (Supplementary Fig. 5a). However, genetic group I was rare
in the sampling locations in the native range. Although this genetic group
may utilize more ovules using long styles, the ovules with longer styles are
normally closer to the figwall and larvae living in these galled ovules suffer a
higher risk of being attacked by parasitoids that lay eggs from the outside
surface of figs (Fig. 1a)35. Therefore, the fitness of genetic group I may be
restricted in the native range (where their parasitoidswere abundant) but far
increased in thenonnative range (whereparasitoidswere rare or even absent
in most areas)37. Notably, GWAS detected a nonsynonymous SNP in the
gene dopamine N-acetyltransferase, which has been considered to con-
tribute to organ development54. Our functional validation showed that the
variant did not change the function of this gene, and it is possible that this
genetic variation facilitates ovipositor growth by elevating the efficiency of
enzyme.

Seven positively selected genes supported by all selective sweep ana-
lyses were likely relevant to pollinating wasps’ reproduction, suggesting that
the utilization of host figs play a crucial role in the adaptation to the non-
native range, consistent with other insect species61,62. We also found four
positively selected genes likely to contribute to cold tolerance, reflecting the
cooler climate in the sampling locations in the nonnative range8. As other
climate and environment factors vary drastically among sampling locations,
it is difficult to evaluate the importance of other positively selected genes in
adaptation. Furthermore, the maintenance of genetic homogeneity across
different sampling locations in the nonnative range, and the short time of
immigration into the nonnative range, mean that the selected genes
underwent selection in advance of the global introduction of F. microcarpa,
supporting the hypothesis that pre-adaptation, rather than rapid evolution,
enables the colonization and expansion of genetic group I.

Whether a species adapts to dramatic environmental changes deter-
mines its fate in the Anthropocene63,64. Exploring the mechanisms under-
lying range expansions of alien species can provide not only insights into
how they survive under novel selection regimes, but also the genetic
resources that can be exploited for improving species’ resistance against
various stresses induced by global changes65–67. Our study unravels how the
obligate mutualists of invasive plants migrate and adapt to novel environ-
ments, highlighting the necessity of identifying key genes facilitating bio-
logical invasions.

Methods
Sampling
Between December 2010 and July 2018, we carried out field surveys to
samplemature females ofE. verticillata from21 locations in the tropical and
subtropical areas around the world (Fig. 1b). Given that E. verticillata is not
only indigenous to the natural distribution range of F. microcarpa (from
Asia toAustralia) but also cannaturally disperse to the adjacent planted sites
of this fig species8,33,36, we divided all sampling locations from Asia and
Australia into the native range of E. verticillata and allocated all sampling
locations (where F. microcarpa is introduced) from the Americas and the
Mediterranean into its nonnative range (Fig. 1b; Supplementary Table 2).

In each sampling location, we surveyed 5–10 F. microcarpa trees (with
the minimum interval being 50m) and collected at least 5 mature figs for
each surveyed tree. To ensure genetic independence among samples, we
only haphazardly selected one fig for each surveyed tree and collected all
matureE. verticillata individuals bydissecting all galled ovules in thisfig.We
then randomly chose one mature female of E. verticillata from this fig for
sequencing (i.e., one sample per tree) (Supplementary Table 1). To exclude
the possibility of collecting nonpollinating figwasps that are common in the
native range of F. microcarpa but are rare in its introduced range35, all
samples were carefully identified under a Nikon SMZ25 microscope
(Nikon, Japan).
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DNA extraction and high-throughput sequencing
We extracted the genomic DNA of our samples using the E.Z.N.A.® Tissue
DNAkit (OMEGA,USA) according to themanufacturer’s instructions.The
quality and concentration of extracted genomic DNA were then measured
via NanoDrop2000 Ultra Micro Spectrophotometer (Thermo Scientific,
USA), with the integrity of DNA being assessed by electrophoresis using a
1% agarose gel.

For each sample, an Illumina pair-end library with the insert size of
350 bp was prepared, and 150 bp paired-end sequencing (PE 150) was
performed using an Illumina HiSeq 4000 platform. The quality control of
raw data was performed using fastp v0.19.768, which first trimmed adapters
and then removed low-quality reads according to the following filtering
criteria: (1) the proportion of unidentified nucleotides (N) larger than 10%;
and (2) more than 50% nucleotides having a Phred score ≤ 5. The yielded
clean data (N = 127) were used for data mapping to the reference genome.

SNP calling and annotation
We mapped the clean reads of each sample (N = 127) to the high-quality
reference genome assembly of E. verticillata39 (GSA database (https://ngdc.
cncb.ac.cn) under the accession number GWHALOE00000000) using
BWA v0.7.869, setting “mem -t 4 -k 32 -M”. To ensure that sufficient
sequencing data were available for SNP calling, the samples with amapping
ratio lower than 70% were excluded from all the analyses of genetic struc-
ture. After the datamapping, we used SAMtools v1.970 for reads sorting and
the removal of duplicated reads to generate the Binary Alignment Map
(BAM) files. To guarantee the accuracy and the representativity of variation
detection, we removed the samples with average sequencing depth < 10 ×
and 4 × genome coverage < 70%. SNVs were called for the retained samples
(N = 95, and 32 samples were excluded) using the HaplotypeCaller tool in
GATK v4.171, based on the filtering criteria of QD > 2.0, FS < 60.0, MQ>
40.0, MQRankSum > −12.5, and ReadPosRankSum > −8.0 (Fig. 2a). In
addition, the SNVs within 5 bp of an indel were also removed. We further
identified SNPs according to the standards of 7 ≤DP ≤ 120, MISS < 0.1,
MAF > 0.05, and QUAL > 20.0. All genes with SNPs were functionally
annotated using ANNOVAR72. Using the same approach of SNP calling,
various datasets of SNPs were generated for different analyses (N = 95 for
identification of cryptic species, andN = 82 population genomic analysis for
E. verticillata sp.1) (see Fig. 2a).

Identification of cryptic species based on COI gene sequences
To test whether multiple cryptic species within E. verticillata existed within
our samples and uncover the composition of cryptic species, we adopted the
mitochondrial gene cytochrome c oxidase I (COI), which is widely
employed as a DNA barcoding gene in species identification of obligate
pollinating wasps73. The COI gene of each sample was amplified using the
universal primer LepF1 and LepR174. Bidirectional Sanger sequencing of the
amplified products was performed using an ABI 3730 Genetic Analyser
(Applied Biosystems™, Foster City, California). To identify cryptic species
basedon thepublishedDNAsequences,wehaphazardly chose theCOI gene
sequences of three individuals belonging to each of the three previously
characterized cryptic species36 (a total of 24 COI gene sequences were
selected) (Supplementary Table 3). After sequence alignment, we con-
structed a phylogenetic tree using the maximum likelihood (ML) approach
in IQ-TREE v2.3.675 with the TIM3+ F+G4 model and 1000 bootstraps.
To determine the evolutionary relationships among different cryptic spe-
cies, three COI gene sequences from Eupristina altissima76, a closely related
species to E. verticillata, were selected as the outgroup (Supplementary
Table 3).

Genetic structure based on genomic SNP data
As COI gene alone may not accurately reflect species boundaries due to the
possibility of pseudogenes, the chance of introgression and the fact that
mitochondrialDNAdoes not recombine, it is necessary to use genomic data
to provide additional evidence for species delimitation.We investigated the
genetic structure based on genomic SNP data of all retained samples

(N = 95) after the filtering mentioned above (Fig. 2a). An ML tree was
constructed to unravel the phylogenetic relationships among samples using
IQ-TREE75with theTVMe+I+R5model and setting 1000 bootstraps. The
phylogenetic treewas visualizedusing Figtree v.1.4.We carriedout principal
component analysis (PCA) using GCTA v1.24.277 to calculate eigenvectors
and eigenvalues, and the top two principal components were extracted for
the assignment of our samples. Genetic clustering analysis was performed
using ADMIXTURE v1.2378. The optimal number of clusters (K) was
determinedby runningADMIXTUREfromK = 1 toK = 8andchoosing the
K value with the minimum cross-validation error.When assigning samples
into different genetic clusters, the standard errors of parameters were cal-
culated using bootstrapping (bootstrap = 200). The percentage of hetero-
zygous, the expected and observed heterozygosity were calculated using
Plink v1.0779.

For the dominant cryptic species within E. verticillata, we used phy-
logenetic analysis (following the parameters: TVM+ F+R9 model, and
bootstraps = 1000), PCA, and genetic clustering analysis (with the same
parameter settings as mentioned above) to delineate genetic structure for
determining the comparisons in selective sweep analyses. We measured
linkage disequilibrium (LD) using PopLDdecay v3.4080. We then used
PLINK to remove SNPs with linkage disequilibrium coefficient (r2) larger
than 0.2, with the nonoverlapping slide window size of 10 kb and the step
size of 1 SNP. The filtered SNPs were used for PCA and genetic clustering
analysis, and the phylogenetic analysis was based on all SNPs (Fig. 2a).

Demographic history and migration route
To determine themost likely demographic history of E. verticillata sp.1 and
its migration route from the sampling locations in the native range to those
in the nonnative range, we employed the composite likelihood approach
using Fastsimcoal v.2.881. This analysis included all SNPs detected in this
cryptic species (Dataset 2 in Fig. 2a). TheVCFfiles were used to generate the
site frequency spectrum (SFS) using easySFS.py (https://github.com/
isaacovercast/easySFS#easysfs), with ‘-i -p --preview’ first and then ‘-i -p
--proj 60, 24, 54’ for maximizing the number of segregating sites during the
convert from the VCF to SFS. The SFS files were used as the observed data
for Fastsimcoal simulations. We then designed 10 candidate demographic
models to elucidate the evolutionary process forming the three modern
populations (Asia, the Americas, and theMediterranean populations) from
their common-ancestor population (Supplementary Fig. 4a). Inmodel 1, we
assumed that all three modern populations were derived from one
common-ancestor population with a splitting event at the same time
without post-divergence migration among modern populations. In models
2–5, we assumed that the modern populations were generated by two
population split events or one admixture event after an ancient population
split. Models 6–10 kept the same settings as the first five models, but with
additional parameters considering the migration from Asian to the Amer-
icas and the Mediterranean populations (6–8) and migration from source
populations to admixture populations (9–10).

Weconducted simulationsby running eachmodel for 100 times tofind
the best run (the smallest difference between the maximum possible like-
lihood and the obtained likelihood) using the code ‘-m -o -C 10 -n 2000000
-L 60 -s0 -M -c 48 -B 48 -q’. The best-fitting model was determined
according to the Akaike Information Criterion (AIC)82 values with the best
run of each model. Then, bootstrap parameters with 95% confidence
intervals were estimated according to the 100 simulations based on the *. pv
file using the parameters from the best-fitting model. We set the mutation
rate as 2.8 × 10–8 per site per year83 and the generation time of 0.25 year42.
Specific parameters were set for effective population sizes, time of splitting/
admixture event, and migration rate between populations (Supplemen-
tary Fig. 4a).

Measurement of key traits and climate data extraction
Wemeasured theovipositor lengths (ovipositor sheathswere removedprior
tomeasurement) and body length of all samples (N = 127) using a dissecting
microscope (SMZ-25 (Nikon, Japan)) following the approach used inNefdt
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and Compton84. The lengths and widths of the natal figs (N = 127) where
our samples were collected were measured to the nearest 0.2mm using a
dissectingmicroscopewith an eyepiece graticule, and the volumes of thefigs
were calculated using the formula for an ellipsoid, which was their
approximate shape8. In addition, we counted the number of female florets
and galled ovules in each fig. For the samples belonging to the dominant
cryptic species (N = 82), we tested if ovipositor length in the predominant
genetic group in the sampling locations in the nonnative range was sig-
nificantly different from that in other genetic groups. We also examined if
ovipositor length was independent of body length, fig size, and number of
galled ovules. In addition, we tested the correlation between the number of
galled ovules and the number of female florets. All statistical analyses were
performed using linear mixed models (LMMs) in R package ‘nlme’ v3.185

setting sampling locations as the random effect.
We then tested whether or not the brood size of E. verticillata females

varied between the sampling locations in the native and the nonnative
ranges. We selected figs fromWang et al., (2019) (where all galled ovules in
each fig were dissected and all fig wasps (both pollinating wasps and non-
pollinating fig wasps) were identified) following the standards: (1) figs only
containing E. verticillata offspring; and (2) figs including remains of only a
single E. verticillata foundress. We obtained a total of 94 figs (52 and 42 in
the native and the nonnative ranges (Supplementary Table 1)) with only E.
verticillata offspring and only one E. verticillata foundress. As a proxy for
brood size,we counted the number ofE. verticillataoffspring in these 94figs,
and tested the difference between sampling locations in different ranges
using LMMs.

To compare the temperature between the sampling locations in the
native and the nonnative ranges (which may be associated with the adap-
tation of the dominant cryptic species), we downloaded the climate data
from 1970 to 2000 with a resolution of 2.5min (~4.5 km2) from the climate
database WorldClim v2.1 (https://www.worldclim.org/data/worldclim21.
html) and extracted the mean monthly temperatures of all sampling loca-
tions using the R package ‘raster’.

Selective sweep analyses
To screen for positively selected genes likely associated with adaptation of
the dominant cryptic species within E. verticillata, we compared the
dominant genetic group (N = 47) in the nonnative range with other genetic
groups (N = 35) using four selective sweep statistics (FST, π ratio, Tajima’sD
and the cross-population composite likelihood ratio (XP-CLR)).FST,π ratio,
and Tajima’s D were calculated using VCFtools v0.1.1486, with the sliding
window size of 50 kb and the step size of 10 kb. Regions that with the top 5%
values forFST andπ ratio andnegative values forTajima’sDwere considered
as outliers. Analysis of XP-CLR was performed using XP-CLR87, with the
parameter setting of “ld0.95, phased, maxsnps1000, size50000, and step
10000”. The windows with the top 5% values of XP-CLR score were con-
sidered as regionsunder selection.To reduce the false positives,weonlyused
thewindows containing at least 20 SNPs and kept the genes supported by all
four statistics as the positively selected genes. We identified the function of
these genes based on their annotation information.

Genome-wide association studies (GWAS) on ovipositor length
To identify the SNPs associated with ovipositor length, we carried out
GWAS based on the SNPs from all samples of the dominant cryptic species
(N = 82) using GEMMA v0.98.588. We first tested the normality of data of
two quantitative traits using Shapiro–Wilk test. Then, GWAS was per-
formed under a linear mixedmodel setting relatedness among samples (the
matrix of relatedness reflected by results of the phylogenomic analysis
(Fig. 2b)) as the random effect.

To reduce false positive results, a significant P-value threshold was
assessed and corrected using the Benjamini–Hochberg method in GEC
(Genetic Type I error calculator) v1.089. Manhattan Plot and Quantile-
Quantile Plot (Q-Q plot) were drawn using R, and the model fit of GWAS
was assessed according to the Q-Q plot. We then identified the position

types of the significantly associated SNPs (intergenic region, intron, exon,
and upstream and downstream of a gene). Functional annotation of these
candidate geneswasperformedusingmultiple databases (SwissProt,KEGG,
GO, and NR) using BLASTP with the threshold of e < 10−5.

In vitro functional assay of key genes
The full lengths of the ORFs of two selected genes (the variant dopamine
N-acetyltransferase (Dat) and the glucose dehydrogenase (Gld)) were fur-
ther confirmedby reverse transcriptionPCRs and Sanger sequencing.These
two genes were then synthesized and cloned into pET-22b (+) plasmids
(MilliporeSigma), expressed in E. coli strains BL21 (DE3). The produced
recombinant proteins were purified (purity > 90%) using modified nickel-
nitrilotriacetic acid agarose (Thermo Fisher Scientific).

For enzymatic activity assays of the two genes, we used the reaction
system (500 μl) mainly composed of 200mM potassium phosphate buffer
(pH 6.5), 0.01% (g/ml) bovine serum albumin (BSA), 0.5mM substrate(s)
(Supplementary Table 9), and 10 μl of purified recombinant protein
(0.4mg/ml). After 5min of incubation and 30min of reaction at 35 °C, the
reaction products were collected by extraction using methyl alcohol. The
products were stored at −20 °C overnight and centrifuged with 13,523 g
(12,000 rpm) using Centrifuge 5424 R (Eppendorf, Germany). All detec-
tions were performed on a UPLC instrument combined with a QTRAP®
6500+MS system equipped with an electrospray ionization (ESI) source
(AB SCIEX). For, a Kinetex C18 column (2.6 µm, 2.1 × 100mm, Phe-
nomenex) and an ACQUITY UPLC® BEH Amide column (1.7 µm,
2.1 × 100mm, Waters) were used to separate N-acetyldopamine and D-
glucono-1,5-lactone, respectively. The instrument parameters were opti-
mizedby infusion experimentswith standards.TheoptimizedESIoperating
parameters for negativemodewere: ion spray voltage, 4500 V; heated probe
temperature, 400 °C, curtain Gas, 35 psi; cone temperature, 550 °C; probe
gas flow, 55 psi; nebulizing gas, 55 psi. All analytes were detected using
multiple reaction monitoring, and Analyst 1.6.3 software (AB SCIEX) was
used for data acquisition and analysis. For each gene, the enzymatic activity
assay was repeated three times, and three replications of negative controls
(only adding the substrates and BSA into buffer) were conducted.

Data availability
The source data underlying the graphs in the main figures are uploaded as
Supplementary Data 1. The resequencing data used in our population
genomic analysis are in the GSA database (China National Center for
Bioinformation) under accession ID CRA027798, and all COI gene
sequences are deposited in the GenBank [GenBank accession numbers
PX106244-PX106370].

Code availability
The code for the 10 custom candidate demographic models are available in
the Figshare public repository (https://doi.org/10.6084/m9.figshare.
29432987.v2).
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