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Abstract
The specificity of pollinator host choice influences opportunities for reproductive 
isolation in their host plants. Similarly, host plants can influence opportunities for re-
productive isolation in their pollinators. For example, in the fig and fig wasp mutual-
ism, offspring of fig pollinator wasps mate inside the inflorescence that the mothers 
pollinate. Although often host specific, multiple fig pollinator species are sometimes 
associated with the same fig species, potentially enabling hybridization between wasp 
species. Here, we study the 19 pollinator species (Pegoscapus spp.) associated with an 
entire community of 16 Panamanian strangler fig species (Ficus subgenus Urostigma, 
section Americanae) to determine whether the previously documented history of pol-
linator host switching and current host sharing predicts genetic admixture among 
the pollinator species, as has been observed in their host figs. Specifically, we use 
genome- wide ultraconserved element (UCE) loci to estimate phylogenetic relation-
ships and test for hybridization and introgression among the pollinator species. In 
all cases, we recover well- delimited pollinator species that contain high interspecific 
divergence. Even among pairs of pollinator species that currently reproduce within 
syconia of shared host fig species, we found no evidence of hybridization or intro-
gression. This is in contrast to their host figs, where hybridization and introgression 
have been detected within this community, and more generally, within figs worldwide. 
Consistent with general patterns recovered among other obligate pollination mutual-
isms (e.g. yucca moths and yuccas), our results suggest that while hybridization and 
introgression are processes operating within the host plants, these processes are rela-
tively unimportant within their associated insect pollinators.
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1  |  INTRODUC TION

Hybridization between species results in novel genetic combinations 
derived from divergent parental genomes and can lead to introgres-
sion, the transfer of genetic material between species. In many lin-
eages, strong pre-  and postzygotic barriers limit hybridization and 
reinforce species boundaries (e.g. Nosil et al., 2005). Evidence from 
next- generation sequencing, however, has revealed that hybridiza-
tion and introgression have occurred throughout the evolutionary 
history of the tree of life (Mallet et al., 2016; Taylor & Larson, 2019). 
The influx of genetic material into a lineage introduces new alleles 
and multilocus combinations that, depending on the situation, can 
be either harmful (Rhymer & Simberloff, 1996) or (Dowling & Secor, 
1997), and thus impact both the genetic diversity and evolutionary 
dynamics of a species (Payseur & Rieseberg, 2016).

In plant– insect interactions (pollination or herbivorous), higher 
levels of host specialization generally correspond to a reduction in 
the diversity of interspecific interactions, potentially limiting op-
portunities for plant or insect hybridization (de Medeiros & Farrell, 
2020). This is particularly true for brood pollination mutualisms (figs 
and fig wasps, yuccas and yucca moths, leafflowers and leafflower 
moths) that often exhibit relatively species- specific host– pollinator 
relationships (Hembry & Althoff, 2016; Pellmyr et al., 2020; 
Weiblen, 2002). Therefore, a general question in the evolutionary 
ecology of host– insect interactions involves identifying the ecolog-
ical processes that maintain or undermine species boundaries, and 
generating testable hypotheses concerning factors that affect the 
evolutionary importance of hybridization and introgression for both 
host and insect.

Figs (Ficus; ca. 800 species) and their obligately associated pol-
linating wasps (family Agaonidae) present evolutionarily diverse 
systems that vary in their potential for hybridization. Although 
most sympatric fig species appear to be pollinated by a single, dis-
tinct pollinator fig wasp species, there are many cases where fig 
species are pollinated by multiple, co- occurring pollinator species 
(e.g. Bronstein, 1987; Jackson et al., 2008; Kerdelhué et al., 1997; 
Machado et al., 2005; Molbo et al., 2004; Ramírez, 1970; Sutton 
et al., 2017; Wang et al., 2016; Wiebes, 1995a). For example, Yang 
et al. (2015) found that about 30% of fig species are pollinated by 
more than one wasp species. When wasps share the same host fig 
species— especially when different wasp species reproduce inside 
the same individual inflorescences— there are greater opportunities 
for hybridization between different pollinator species than when 
they are the sole pollinator of a host fig.

Fig syconia— urn- shaped, enclosed inflorescences— define the 
genus Ficus. Chemical, behavioural and morphological traits appear 
to be important for the female pollinating wasp to identify and lo-
cate a receptive fig tree, and enter a receptive fig syconia (Herre 
et al., 2008). In particular, receptive fig inflorescences produce com-
plex volatile chemical blends recognized by potential pollinators. 
Generally, the blends produced by different figs are sufficiently dis-
tinct for wasps to distinguish among potential hosts (Cornille et al., 
2012; Grison- Pigé et al., 2002; Hossaert- McKey et al., 2010; Van 

Noort et al., 1989; Wang, Yang, et al., 2021; Ware et al., 1993). When 
a female wasp arrives at a fig tree, she must enter a syconium through 
the ostiole (a small terminal pore) that excludes other insects. Once 
inside, the female wasp (the foundress) pollinates flowers, oviposits 
into a subset of them inducing gall formation and dies within the 
syconium (Janzen, 1979). Offspring then develop over several weeks 
inside the galled, univolute fig flowers (Galil & Eisikowitch, 1968). 
Male wasps emerge from their galls, locate galls that contain female 
wasps and chew holes in the galls to expose females for mating. 
Importantly, mating among offspring takes place inside the same 
syconium that was pollinated by the mother. After mating, female 
pollinators emerge from their galls, gather pollen from male flowers, 
exit the syconium and disperse. Female wasps routinely travel many 
kilometres to encounter another receptive fig inflorescence— on 
typically a conspecific fig tree— to reproduce (Ahmed et al., 2009; 
Nason et al., 1998).

There are approximately 120 described species of strangler figs 
(Ficus subgenus Urostigma, section Americanae) in the Neotropics 
(Berg, 1989). Figs in this group are pollinated by wasps from the 
genus Pegoscapus (family Agaonidae). Cophylogenetic studies of 
strangler figs and their pollinators— throughout the Neotropics (e.g. 
Cruaud et al., 2012) and within Panama (e.g. Jackson et al., 2008; 
Machado et al., 2005; Satler et al., 2019)— have identified highly dis-
cordant phylogenetic patterns. Although contemporary associations 
are predominantly species- specific, cophylogenetic studies indicate 
a dynamic evolutionary history punctuated by host- switching events 
and pollinators shared between host species, with these events cre-
ating opportunities for hybridization among both associated fig and 
pollinator species.

Pollinator host switching appears to be an important mechanism 
contributing to hybridization and introgression in the Panamanian 
strangler fig community (Jackson et al., 2008; Machado et al., 2005). 
In particular, using genome- scale data coupled with a model- based 
approach, Satler et al. (2019) demonstrated host switching to be the 
most important process generating phylogenetic patterns in the 
community of Panamanian strangler figs and pollinating wasps. The 
demonstration of pollinator sharing and an evolutionary history of 
host switching by the pollinators associated with the Panamanian 
strangler figs (Molbo et al., 2003, 2004; Satler et al., 2019) is consis-
tent with observed widespread hybridization and subsequent intro-
gression across most of the Panamanian figs (Jackson et al., 2008; 
Machado et al., 2005). Further, evidence suggests that hybridization 
occurs in figs more generally and that introgression is a potentially 
important process in the evolutionary history of Ficus (Bruun- Lund 
et al., 2017; Compton, 1990; Compton et al., 2009; Cornille et al., 
2012; Renoult et al., 2009; Van Noort et al., 2013; Wang et al., 2016; 
Wang, Zhang, et al., 2021; Wilde et al., 2020).

While conditions enabling opportunities for fig hybridization 
only require pollination of a receptive fig by a single wasp carry-
ing heterospecific pollen, conditions for fig wasp hybridization are 
more rigorous. Given the unusual reproductive biology of the fig 
and wasp mutualism, if a fig is visited by a single pollinator wasp, 
all pollinator wasp offspring within the syconium will be her direct 
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descendants— haploid sons and diploid daughters— and mating will 
be between siblings. In contrast, if two or more foundresses enter 
and oviposit within the same syconium, there are opportunities 
for nonsibling mating among their offspring. If these foundresses 
represent different species, there is the opportunity for hybridiza-
tion. Since figs vary substantially in their characteristic foundress 
numbers (Herre, 1985, 1989), opportunities for outcrossing and hy-
bridization in pollinator wasps vary among species. Thus, while fig 
hybridization only requires pollination by a single wasp carrying het-
erospecific pollen, to potentially have hybridization and interspecific 
gene flow between pollinators, multiple foundresses must occur 
within the same fig syconium, and those foundresses must represent 
different species.

In addition to evidence of hybridization and introgression in the 
host strangler figs, hybrid pollinator wasps have been detected be-
tween two species within the Panamanian community. For example, 
Molbo et al. (2003) sampled emerging pollinators from nine fig spe-
cies. Based on mitochondrial sequence data and microsatellite ge-
notyping, they identified successful F1 hybrids in four of 457 (0.9%) 
broods sampled from one fig host species, Ficus obtusifolia. These 
F1s occurred between the two frequently co- occurring wasp spe-
cies, Pegoscapus hoffmeyeri sp. A and P. hoffmeyeri sp. B, that locally 
pollinate F. obtusifolia. Further, Molbo et al. (2004) recovered two 
diploid males (out of 18 males sampled from four broods containing 
hybrid females) among hybrid pollinators associated with F. obtusifo-
lia. Therefore, although occasional wasp hybridization exists in this 
system, it is unclear whether successful introgression occurs and 
how it may affect the evolutionary history of these pollinator wasps. 
In this study, we address these questions across all pollinators 
(19 species) associated with the 16 strangler fig species co- occurring 
in the Panamanian community using genome- scale data generated 
through the application of next- generation sequencing technolo-
gies. This enables both the detection of recent hybridization, and 
more importantly, quantification of any signals of past introgression, 
placed within the context of an ecologically and evolutionarily well- 
characterized fig wasp community.

The Panamanian strangler fig community is characterized by a 
history of host switching and contains multiple examples that de-
viate from the one- to- one fig– pollinator association. Because host 
switching and host sharing have led to hybridization and introgres-
sion in the host figs, we ask if these processes have also shaped 
the evolutionary history of their pollinating wasps. Here, we use 
genome- wide sequence data representing ultraconserved element 
(UCE) loci to estimate phylogenetic relationships and test for hybrid-
ization and introgression among a diverse community of fig pollinat-
ing wasps. First, we estimate a phylogeny of these wasps and test if 
individuals sampled from the same host fig species cluster together 
in phylogenetic space. Next, we test for evidence of hybridization 
and introgression among five pairs of wasp species for which the 
opportunities for hybridization appear highest, as they have the 
potential to pollinate, develop and mate within syconia of the same 
host fig species. We then test for hybridization and introgression 
more broadly among all pollinator species. Finally, we consider the 

ecological and evolutionary processes shaping diversification dy-
namics in this community of pollinator wasps and how they compare 
with diversification dynamics in their associated host figs.

2  |  MATERIAL S & METHODS

2.1  |  DNA sampling and sequencing

Pollinator wasps were collected from strangler fig species in the 
vicinity of Barro Colorado Island Nature Monument in the Canal 
Zone of central Panama (Table 1). Wasps were allowed to emerge 
from mature figs in the laboratory and then stored in 95% ethanol 
or RNALater for DNA extraction and analysis. A single wasp was 
selected per fig infructescence for sequencing to ensure independ-
ence among samples. We also included four pollinator wasps from an 
undescribed Pegoscapus species associated with the Mexican stran-
gler fig Ficus petiolaris to serve as an outgroup (Cruaud et al., 2012). 
Including the outgroup, we generated sequence data from 176 wasp 
samples representing 20 pollinator species, with an average of 8.8 
individuals per species (Table 1, Table S1).

We used pollinator species names when applicable as described 
by Wiebes (1995a, 1995b). As several pollinators in this community 
are undescribed, we denote these species as Pegoscapus sp. followed 
by a unique identifier and their host fig species name. In addition, al-
though a single pollinator species (P. hoffmeyeri) was identified mor-
phologically as being associated with F. obtusifolia (Wiebes, 1995a), 
the pollinators comprise two cryptic sister species (Molbo et al., 
2003). Consistent with previous studies (Jackson et al., 2008; Molbo 
et al., 2003, 2004; Satler et al., 2019), we denote these two species 
as P. hoffmeyeri sp. A and P. hoffmeyeri sp. B.

Genomic DNA was extracted with a Qiagen DNeasy Kit (Qiagen 
Inc.). Illumina libraries were generated with a KAPA Hyper Prep kit. 
Samples were sheared to an average size of ~450 bp on a Covaris son-
icator. Following library construction described in Glenn et al. (2019), 
we grouped samples in sets of eight and hybridized biotinylated RNA 
probes to capture targeted loci. We used the hymenopteran probe 
v2 set of Branstetter et al. (2017) to target 2590 UCE loci. After 
probe hybridization and library amplification, size distributions were 
checked on a Bioanalyzer and libraries were combined in equimo-
lar concentrations for sequencing. Libraries were sequenced on an 
Illumina sequencer targeting 150 bp paired- end reads.

2.2  |  Data processing

We used Phyluce v1.6.7 (Faircloth, 2015) to process raw sequence 
reads and generate data sets for downstream analysis. Sequence 
reads were cleaned with illumiprocessor v2.0.9 (Faircloth, 2013), a 
wrapper around Trimmomatic v0.39 (Bolger et al., 2014). Cleaned 
reads were assembled into contigs with Trinity v2.0.6 (Grabherr 
et al., 2011). Contigs were then aligned to the hymenopteran v2 UCE 
locus set to filter nonspecific sequences. Loci were subsequently 
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aligned with MAFFT v7.407 (Katoh & Standley, 2013), and ambigu-
ously aligned sites were removed with Gblocks v0.91b (Castresana, 
2000) using default parameters. All loci sampled for a minimum of 
70% of individuals were retained in the final data set. Additionally, 
we generated a data set of phased alleles for certain downstream 
analyses following the outline provided by Andermann et al. (2018). 
For this, we took our aligned loci (before the use of Gblocks) and 
mapped cleaned sequence reads for each individual to the UCE locus 
set using BWA- MEM (Li, 2013) in bwa v0.7.17 (Li & Durbin, 2010). 
We then phased the data with samtools v1.9 (Li et al., 2009) using 
the phase command, calling two alleles per individual per locus. Loci 
were then realigned and cleaned as described above, with loci sam-
pled for a minimum of 70% of individuals retained for downstream 
analysis.

2.3  |  Phylogenetics

We used both concatenation and coalescent- based species tree 
methods to estimate phylogenetic relationships among the fig 
wasps. We first estimated a concatenated phylogeny using maxi-
mum likelihood (ML) in IQ- TREE v1.6.12 (Chernomor et al., 2016; 
Nguyen et al., 2015). This approach allows us to test species 

monophyly as individuals are treated as tips in the tree. The data set 
was partitioned by UCE locus, with each partition estimated under 
the GTR + γ substitution model. Nodal support values were gener-
ated through 1000 repetitions of the ultrafast bootstrap approxima-
tion (Hoang et al., 2018).

We used two coalescent- based approaches to estimate a species 
tree. Rather than assuming all genes evolved under the same tree 
topology, these methods allow for discordance between the gene 
histories and species tree by explicitly accounting for the biological 
process of incomplete lineage sorting. First, we used the program 
SVDQuartets (Chifman & Kubatko, 2014) as implemented in PAUP* 
v4.0a166 (Swofford, 2003). SVDQuartets uses site patterns in the 
nucleotide data to estimate a phylogeny under the multispecies 
coalescent model. We used SVDQuartets in two ways. We initially 
estimated a lineage tree (SVDQLT), where all individuals are repre-
sented as tips in the tree, to confirm species assignment and test 
species monophyly. We then assigned individuals to species a pri-
ori and estimated a species tree (SVDQST). For both SVDQuartets 
analyses, we evaluated all quartets and used standard bootstrapping 
to generate nodal support values. Second, we used the program 
ASTRAL- III v5.6.3 (Zhang et al., 2018) to estimate a species tree. 
Instead of using site patterns in the nucleotide data, ASTRAL- III uses 
gene trees as input to estimate a species tree. Maximum- likelihood 

Pollinator Wasp Host Fig N Foundresses

Pegoscapus gemellus Ficus bullenei and Ficus popenoei 21 1.980

Pegoscapus sp. 1 Ficus bullenei 7 1.410

Pegoscapus sp. 2 Ficus popenoei 11 2.550

Pegoscapus sp. 3 Ficus americana and Ficus colubrinae 16 1.005

Pegoscapus insularis Ficus americana 2 1.000

Pegoscapus orozcoi Ficus colubrinae 8 1.010

Pegoscapus hoffmeyeri sp. A Ficus obtusifolia 4 1.050

Pegoscapus hoffmeyeri sp. B Ficus obtusifolia 10 1.050

Pegoscapus baschierii Ficus turbinata 8 NA

Pegoscapus estherae Ficus costaricana 5 NA

Pegoscapus grandii Ficus crocata 17 4.530

Pegoscapus herrei Ficus paraensis 12 1.050

Pegoscapus longiceps Ficus dugandii 6 2.160

Pegoscapus lopesi Ficus aff. crocata 10 2.570

Pegoscapus piceipes Ficus nymphaeifolia 6 2.640

Pegoscapus silvestrii Ficus pertusa 7 NA

Pegoscapus tonduzi Ficus citrifolia 6 1.210

Pegoscapus sp. 4 Ficus aurea 8 NA

Pegoscapus sp. 5 Ficus sp. 1 8 NA

Note: Information includes pollinator species, host fig species, the number of individual wasps 
sequenced and the average number of foundresses per host fig.
Foundress information, when present, is from Herre (1989) and represents the average number of 
foundress wasps per host fig species. An average of 350 (±136) individual figs per fig species were 
sampled for estimating foundress numbers (see Table 2 in Herre (1989) for details). For figs that 
share a pollinator species, foundress numbers were averaged between the host figs. Lines separate 
the three host- sharing systems from the remaining species (with one- to- one fig– wasp association) 
found in this community.

TA B L E  1  Pollinator wasp sampling
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gene trees were first estimated in IQ- TREE. For each locus, IQ- 
TREE selected the substitution model of best fit with ModelFinder 
(Kalyaanamoorthy et al., 2017) using Bayesian Information Criteria 
(BIC). We assigned individuals to species a priori (Rabiee et al., 2019) 
and then used the ML gene trees as input to estimate a species tree. 
Nodal support values were quantified with local posterior probabil-
ity values (Sayyari & Mirarab, 2016).

Previous work in the Panamanian system has recovered polli-
nator species as monophyletic and has not brought into question 
species validity (Jackson et al., 2008; Machado et al., 2005; Satler 
et al., 2019). Given the typical pattern of small intraspecific diver-
gence coupled with large interspecific divergence for these wasps, 
we wanted to ask what proportion of loci recover each species as 
monophyletic. If the pollinators have been evolving in isolation over 
evolutionary time, we would expect the species to be monophyletic 
for all or nearly all sampled loci. In contrast, if interspecific gene flow 
has been an important process in the evolution of this system, we 
would expect interacting species to show a lack of monophyly for 
numerous loci. We used DendroPy v4.4.0 (Sukumaran & Holder, 
2010) to count the proportion of gene trees (as estimated above in 
IQ- TREE) for which a species was monophyletic. We required that at 
least two individuals were sequenced for a species for a given gene 
tree to assess monophyly.

2.4  |  Population genetics

In addition to estimating phylogenetic relationships and testing for 
monophyly, we were interested in understanding the population 
genetics of the pollinator species. In particular, we wanted to test 
whether genetic diversity within a pollinator species varied with 
average foundress number per host fig. If outbreeding is common 
in pollinator species that contain multiple foundresses per fruit, we 
would expect to see a positive correlation between genetic diversity 
and average foundress number. We used DendroPy to calculate nu-
cleotide diversity (π), number of segregating sites and Watterson's 
theta (per site) for all pollinator species. For species with foundress 
number data (see Table 1), we used Spearman's rank correlation test 
in r v3.5.2 (R Core Team, 2018) to test for a correlation between 
average number of foundresses and summary statistic.

2.5  |  Testing for monophyly with 
mitochondrial DNA

To complement analyses and inference with the genome- wide se-
quence data from the nuclear genome, we used mitochondrial DNA 
(mtDNA) to test whether pollinator species were monophyletic in 
the mitochondrial genome. Even when not targeted, mitochondrial 
DNA is often collected using sequence capture approaches (Barrow 
et al., 2017; do Amaral et al., 2015). We used NOVOPlasty v3.8.3 
(Dierckxsens et al., 2017) to identify mitochondrial reads and gen-
erate haplotypes from the sequencing files. Since no Pegoscapus 

mitochondrial reference genome is available, we used a P. hoffmeyeri 
(AY148119) cytochrome oxidase I (COI) mtDNA sequence as a seed 
with which to align the reads. We used default settings with an ini-
tial kmer value of 39. For samples that either did not generate any 
matches or produced obvious sequencing errors, we lowered the 
kmer value to 23. Using a lower kmer value can help with low cov-
erage data, appropriate here since we were only targeting regions 
of the nuclear genome. Finally, for samples that did not recover 
any mtDNA with the initial seed sequence, we aligned reads (using 
default settings) to a longer COI sequence of a different pollinator 
species (Pegoscapus sp., JN103329) to see whether a different seed 
sequence could recover mtDNA data.

We aligned the mitochondrial sequences with MAFFT and edge 
trimmed to match the primary seed sequence (AY148119) to reduce 
missing data. We used DendroPy to calculate several summary sta-
tistics (as described above) to characterize genetic variation within 
species. In addition, we used PAUP* to calculate GTR corrected ge-
netic distances for both within- species and between- species com-
parisons. Finally, we estimated a maximum- likelihood gene tree in 
IQ- TREE, using ModelFinder to select the substitution model and 
1000 repetitions of the ultrafast bootstrap approximation to gen-
erate nodal support. If patterns of monophyly differ between the 
nuclear and mitochondrial genomes, the cytonuclear discordance 
would suggest introgression or processes other than genetic drift 
generating these discordant patterns.

2.6  |  Testing for admixture and gene flow

Detailed studies of Neotropical strangler figs and their pollinators 
have revealed exceptions to the one- to- one association between 
fig and wasp species. Specifically, cases in which multiple different 
wasp species (based on COI and microsatellite loci) pollinate a single 
host fig, and some cases where the same wasp species pollinates 
more than one host, have been found (Machado et al., 2005; Molbo 
et al., 2003, 2004). Cases of host sharing, where multiple pollinator 
species are associated with the same host, are of particular inter-
est because they present clear opportunities for hybridization and 
introgression among these different wasp species, which range in 
their phylogenetic similarity from being closely related to being dis-
tantly related (Satler et al., 2019). Five cases of host sharing have 
been described in central Panama: (i and ii) Ficus americana and 
Ficus colubrinae share a pollinator, Pegoscapus sp. 3, which co- occurs 
with Pegoscapus insularis in F. americana and Pegoscapus orozcoi in 
F. colubrinae, resulting in two hosts each with two co- occurring pol-
linators, and (iii and iv) Ficus bullenei and Ficus popenoei share a pol-
linator, Pegoscapus gemellus, which co- occurs with Pegoscapus sp. 1 
in F. bullenei and Pegoscapus sp. 2 in F. popenoei, again resulting in 
two hosts each with two co- occurring pollinators, and (v) F. obtusifo-
lia is pollinated by two co- occurring species, P. hoffmeyeri sp. A and 
P. hoffmeyeri sp. B. We refer to these three systems as AC (i and ii), 
BP (iii and iv) and O (v) (see Figure 1). They include two pollinator 
species associated with two hosts each, and six pollinator species 



    |  2111SATLER ET AL.

that are host specific. It is the interaction of wasps within the same 
fig hosts that provide the greatest opportunities for hybridization 
and gene flow.

The five fig species with co- occurring pollinator species 
vary in their average number of foundress wasps per fig (Herre, 
1989). Variation in foundress number enables predictions about 

the pollinator taxa most likely to contain histories of hybridiza-
tion and gene flow. Ficus americana and F. colubrinae are nearly 
always single foundress (Table 1). Despite two pollinator species 
associated with each fig species, we expect little opportunity 
for hybridization since more than one foundress rarely occupies 
the same syconium. Ficus obtusifolia is mostly single foundress, 

F I G U R E  1  Maximum- likelihood phylogeny representing relationships among Pegoscapus wasps. Host fig species are displayed next 
to their associated wasp species, with average foundress number data included when available. See Herre (1989) for details. Node labels 
represent bootstrap support values. The insert shows the three systems with co- occurring pollinators, denoted by a circle (green), square 
(red) or triangle (blue). Two individuals (represented by asterisks) of Pegoscapus gemellus (hosts: Ficus bullenei/Ficus popenoei) were sampled 
from Ficus dugandii, not its normal host. The undescribed pollinator species associated with Ficus petiolaris was used to root the tree
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averaging 1.21 foundresses per fruit, although 16% of sampled 
fruits had between two and four foundresses (Herre, 1989). We 
expect intermediate opportunities for hybridization between the 
two pollinators associated with this host. Finally, F. bullenei av-
erages 1.41 foundresses per fruit and F. popenoei averages 2.55 
foundresses per fruit, providing frequent opportunities for polli-
nator co- occurrence and, potentially, hybridization between their 
two pairs of wasp species. Together, the five pairs of host- sharing 
pollinators vary substantially in their expected opportunities for 
hybridization and interspecific gene flow.

We used two approaches to test for hybridization and admix-
ture between co- occurring pollinator species. First, we used prin-
cipal components analysis (PCA). If sampled individuals are recent 
hybrids or backcrosses to parental lineages, we would expect to see 
individuals intermediate between clusters representing parental lin-
eages. Further, if introgression has been extensive, there should be 
little separation between these clusters in PCA space. PCA was con-
ducted with the dudi.pca function in the r package ade4 dray (Dray 
& Dufour, 2007). Missing data were replaced with mean values of 
allele frequencies within a given species. We plotted the first two 

TA B L E  2  Population genetic summary statistics for the pollinator wasp species

Pollinator Wasp Host Fig π SS θw Monophyly

Pegoscapus gemellus Ficus bullenei and Ficus popenoei 0.0005 
(±0.0014)

2.0410 (±2.9494) 0.0012 
(±0.0018)

0.82 (1502)

Pegoscapus sp. 1 Ficus bullenei 0.0005 
(±0.0025)

0.5179 (±1.4514) 0.0005 
(±0.0018)

0.92 (1482)

Pegoscapus sp. 2 Ficus popenoei 0.0013 
(±0.0021)

2.4979 
(±3.4233)

0.0016 
(±0.0022)

0.89 (1496)

Pegoscapus sp. 3 Ficus americana and Ficus colubrinae 0.0004 
(±0.0018)

0.8855 
(±2.4233)

0.0007 
(±0.0020)

0.91 (1499)

Pegoscapus insularis Ficus americana 0.0003 
(±0.0032)

0.1600 
(±1.5342)

0.0003 
(±0.0026)

0.98 (1337)

Pegoscapus orozcoi Ficus colubrinae 0.0024 (±0.0135) 2.3022 
(±2.6740)

0.0021 
(±0.0025)

0.94 (1484)

Pegoscapus hoffmeyeri 
sp. A

Ficus obtusifolia 0.0004 
(±0.0022)

0.3750 
(±1.7908)

0.0004 
(±0.0021)

0.93 (1479)

Pegoscapus hoffmeyeri 
sp. B

Ficus obtusifolia 0.0004 
(±0.0026)

0.6432 
(±1.7933)

0.0005 
(±0.0018)

0.87 (1493)

Pegoscapus baschierii Ficus turbinata 0.0005 
(±0.0024)

0.6733 (±1.6915) 0.0006 
(±0.0015)

0.95 (1484)

Pegoscapus estherae Ficus costaricana 0.0007 
(±0.0022)

0.8545 
(±2.5590)

0.0008 
(±0.0022)

0.99 (1467)

Pegoscapus grandii Ficus crocata 0.0029 
(±0.0029)

8.1135 (±7.9945) 0.0047 
(±0.0040)

0.96 (1501)

Pegoscapus herrei Ficus paraensis 0.0008 
(±0.0025)

1.4675 
(±2.4902)

0.0011 
(±0.0025)

0.91 (1499)

Pegoscapus longiceps Ficus dugandii 0.0009 
(±0.0026)

1.0470 
(±2.3325)

0.0009 
(±0.0023)

1.00 (1472)

Pegoscapus lopesi Ficus aff. crocata 0.0013 
(±0.0027)

2.1351 (±3.5987) 0.0015 
(±0.0024)

0.99 (1484)

Pegoscapus piceipes Ficus nymphaeifolia 0.0015 
(±0.0030)

1.8930 
(±3.1201)

0.0015 
(±0.0026)

0.99 (1476)

Pegoscapus silvestrii Ficus pertusa 0.0004 
(±0.0016)

0.4931 (±1.7470) 0.0004 
(±0.0017)

0.97 (1488)

Pegoscapus tonduzi Ficus citrifolia 0.0006 
(±0.0025)

0.7403 
(±2.2139)

0.0006 
(±0.0019)

0.99 (1467)

Pegoscapus sp. 4 Ficus aurea 0.0005 
(±0.0015)

0.7237 
(±2.0046)

0.0006 
(±0.0019)

0.99 (1490)

Pegoscapus sp. 5 Ficus sp. 1 0.0003 
(±0.0013)

0.4135 (±1.4957) 0.0004 
(±0.0015)

0.96 (1491)

Note: Summary statistics include nucleotide diversity (π), number of segregating sites (SS) and Watterson's theta per site (θw). Monophyly shows the 
proportion of gene trees for which a pollinator species is monophyletic. A gene tree was tested for monophyly when two or more sequences for a 
given species were sampled, with total trees tested per species in parentheses. Lines separate the three host- sharing systems from the remaining 
species (with one- to- one fig– wasp association) found in this community.
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axes of variation to visualize genetic clustering of individuals. Second, 
we used Structure v2.3.4 (Pritchard et al., 2000) to cluster individuals 
into genetic groupings. Structure clusters individuals by maximizing 
Hardy– Weinberg equilibrium within clusters and minimizing Hardy– 
Weinberg equilibrium among clusters. Evidence for recent hybridiza-
tion and introgression would be reflected by individuals containing 
multilocus genotypes sampled from multiple clusters. Our choice 
of the number of clusters (K) was informed by previous work iden-
tifying the wasp species within these systems (Jackson et al., 2008; 
Molbo et al., 2003). For the F. americana/F. colubrinae (AC) and F. bul-
lenei/F. popenoei (BP) host sharing systems, we used a K value of 3; 
for F. obtusifolia (O), we used a K value of 2. We used the admixture 
model and allowed allele frequencies to be correlated among popula-
tions. For each analysis, we used a burnin of 100,000 steps, followed 
by 500,000 MCMC reps, and completed 10 replicates. We processed 
results in the r package pophelper v2.2.7 (Francis, 2017).

Genetic data were processed independently for pollinators in 
each host sharing system to generate phased data sets. By process-
ing each system independently, we retained loci with a minimum 
of 70% of individuals for the taxa of interest only. We followed the 
same procedure as outlined above for generating the phased data 
sets and used unlinked SNPs for both the PCA and Structure analy-
ses. To generate these data sets, we first scanned our phased aligned 
taxon- specific UCE loci for variable sites. Within a locus, we then 
selected the SNP that had the highest sample coverage. If a locus 
had multiple SNPs with equal sample coverage, one of those SNPs 
was selected at random.

Tests of hybridization among co- pollinators provide biologically 
motivated hypotheses where opportunities for interspecific mating 
are most likely. If gene flow among these species has been recent or 
ongoing, we would expect to detect that signal and infer a history 
of hybridization. This approach, however, is limited to specific sets 
of taxa based on present- day associations. Given the history of host 
switching in this system, and accounting for a potential dynamic pro-
cess of host– pollinator associations through time, it would be useful 
to test for hybridization among all sampled taxa.

To test whether historical introgression has been an important 
process in this community of pollinators, we used TreeMix v1.13 
(Pickrell & Pritchard, 2012). TreeMix is a maximum- likelihood ap-
proach that uses allele frequency data to construct a population 
graph and places hybridization events on that graph for populations 
with the least fit to a tree model. Since the number of hybridization 
events is specified a priori, we can test models varying the number 
of hybridization events to determine a model of best fit. We used 
the total variance explained by the model to inform the number of 
hybridization events that best characterizes this community of polli-
nator species. We used allele frequency data representing unlinked, 
biallelic SNPs from the phased data set from all pollinator species. 
To remove effects of missing data, we first identified biallelic SNPs 
within each locus that were sampled for at least one individual per 
species. For loci with multiple SNPs, we selected a single SNP with 
the highest coverage. If a locus had multiple SNPs with equal sample 
coverage, one SNP was selected at random. We then estimated a 

maximum- likelihood population graph in TreeMix, allowing between 
zero and five migration events.

Although additional approaches are often used to test for hy-
bridization and introgression, they were not applicable for our data 
set. For example, D- statistics (Durand et al., 2011; Green et al., 
2010), often referred to as ABBA/BABA tests, have been widely 
used to infer a signal of introgression among numerous clades across 
the tree of life (e.g. Eaton & Ree, 2013; Hughes et al., 2020; Meier 
et al., 2017; Pulido- Santacruz et al., 2020; Streicher et al., 2014). 
D- statistics, however, cannot estimate gene flow between sis-
ter species, and our biologically informed hypotheses do not lend 
themselves well to the strict phylogenetic pattern (((P1,P2),P3),OG) 
typically required for testing if one species (P3) has hybridized with 
another (either species P1 or species P2). In addition, if we use an 
agnostic approach and test all possible combinations of taxa, that 
would require 969 tests (19 choose 3) and would potentially lead to 
artefacts from unsampled (‘ghost’) lineages given the subsampling 
approach (Pease & Hahn, 2015).

3  |  RESULTS

3.1  |  DNA sampling and sequencing

We generated 468,733,333 total sequence reads from the 176 fig 
wasp samples, resulting in an average of 2,663,258 (±1,273,010) 
reads per individual. Assembly in Trinity resulted in an average of 
139,295 (±80,671) contigs per individual. After filtering and retain-
ing contigs that matched UCEs in the probe set, we retained an aver-
age of 1590 (±179) UCE loci per individual. Filtering loci for those 
that contained at least 70% of individuals sampled, we retained 
1504 loci for the complete taxonomic data set. In the three systems 
(processed independently) with shared and unique pollinators, at 
70% sequencing threshold, we retained 1388 (AC), 1438 (BP), and 
1390 (O) loci for analysis.

3.2  |  Phylogenetics

When individuals are treated as tips in the tree, phylogenetic analy-
ses recover each pollinator species as monophyletic with strong sup-
port. We find this result with both concatenation (Figure 1) and the 
coalescent- based lineage tree analysis with SVDQuartets (SVDQLT, 
Figure S1). To further investigate, we tested species monophyly 
for each sampled UCE locus. All species were monophyletic for all 
or nearly all loci (Table 2). 58% of species were monophyletic in at 
least 95% of loci, while 84% of species were monophyletic in at least 
90% of loci. Only three species were monophyletic at fewer than 
90% of their loci, with the lowest proportion being 82% (P. gemellus 
[hosts: F. bullenei/F. popenoei]). For species with foundress data (see 
Table 1), there is no significant correlation between average foun-
dress number and proportion of monophyletic loci (Spearman's rank 
correlation test, ρ = .280, p = .333). Although we do not distinguish 



2114  |    SATLER ET AL.

the causes of nonmonophyly (deep coalescence, introgression and 
gene tree estimation error), the estimates of monophyly are very 
high and provide strong support for the validity of the wasp species 
and their isolation over evolutionary time.

Phylogenetic relationships are congruent across all three meth-
ods. For the concatenated tree, all nodes are strongly supported 
(most have a bootstrap value of 100), with a general pattern of 
small intraspecific divergence and large interspecific divergence 
(Figure 1). Two P. gemellus (hosts: F. bullenei/F. popenoei) individu-
als were sampled from Ficus dugandii, indicating an example of non-
host specificity. In the species tree analyses SVDQST (Figure 2) and 
ASTRAL- III (Figure S2), there is strong support for most relationships 
among species, although a few nodes in both trees are weakly sup-
ported. The minor differences in the phylogenetic analyses occur at 
nodes with low support or at short internal branches. For example, 
IQ- TREE supports Pegoscapus herrei (host: Ficus paraensis) sister to 
(Pegoscapus sp. 5 [host: Ficus sp. 1], P. sp. 2 [host: F. popenoei]), with 
P. insularis (host: F. americana) sister to this clade, while SVDQST and 
ASTRAL- III places P. herrei (host: F. paraensis) as sister to a clade of 
the other three species. In addition, IQ- TREE and SVDQST place 
Pegoscapus tonduzi (host: Ficus citrifolia) sister to Pegoscapus estherae 
(host: Ficus costaricana) with weak support, while ASTRAL- III places 

P. estherae (host: F. costaricana) sister to a large clade of fig wasps, 
with P. tonduzi (host: F. citrifolia) sister to them.

Phylogenetic relatedness varies for the three systems containing 
co- occurring (shared and host- specific) pollinators. The two polli-
nators (P. hoffmeyeri sp. A and P. hoffmeyeri sp. B) associated with 
F. obtusifolia are sister taxa in the phylogenies, while the three polli-
nator species associated with F. americana and F. colubrinae are phy-
logenetically distantly related (Figures 1 and 2, Figures S1 and S2). 
Pollinator species associated with F. bullenei and F. popenoei show 
phylogenetic relatedness intermediate to these two systems, where 
they are less divergent from one another than the pollinators associ-
ated with F. americana and F. colubrinae yet are not sister taxa within 
the tree. We find this result with both concatenation (Figure 1) and 
species tree approaches (Figure 2, Figure S2), highlighting a range 
of evolutionary relatedness among the systems containing co- 
occurring pollinator species.

3.3  |  Population genetics

Population genetic statistics were variable across pollinator species, 
with generally wide ranges and large variances (Table 2). There is 

F I G U R E  2  Species tree analysis with SVDQuartets (SVDQST). Nodal support is denoted with bootstrap support values. Host fig species 
are displayed next to their respective wasp species. Co- occurring pollinators are denoted by a circle (green), square (red) or triangle (blue). 
The undescribed pollinator species associated with Ficus petiolaris was used to root the tree
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a significant positive correlation between average number of foun-
dresses per species and genetic diversity (Figure 3). Spearman's rank 
correlation test recovered a statistically significant positive correla-
tion for nucleotide diversity (ρ = .687, p = .007), number of segre-
gating sites (ρ = .611, p = .020) and Watterson's theta (ρ = .604, 
p = .022) versus number of foundresses.

3.4  |  Testing for monophyly with 
mitochondrial DNA

Including the outgroup, we were able to capture mitochondrial DNA 
of the COI region from 164 individuals. Following alignment and edge 
trimming, these data comprised 816 base pairs of the COI mtDNA 
gene, with an average of 8.42 sequences (±4.51) per in- group spe-
cies. Species had on average 10.74 (±7.01) segregating sites with an 
average nucleotide diversity of 0.0046 (±0.0027) and an average 
Watterson's theta of 0.0052 (±0.0029) (Table S2). We recover a tradi-
tional barcode gap, with species averaging 0.26% intraspecific genetic 
divergence versus 7.67% interspecific genetic divergence (Table S2). 
In the gene tree, all wasp species are recovered as monophyletic with 
strong support, with all but one species (Pegoscapus lopesi, bootstrap 
value of 99) having a bootstrap value of 100 (Figure S3). There is, 
however, little support for phylogenetic relationships among species, 
as most nodal support values are low. Consistent with how individu-
als cluster within species with the nuclear data, the same clustering 
of individuals within species is recovered with data from the mito-
chondrial genome, providing strong support for what we consider a 
pollinator species in this community. Given the low support values 
for interspecific relationships, we make no comparisons between the 
structure of the nuclear genome phylogeny and the mitochondrial 
gene tree. Comparing how individuals cluster within species in the 
nuclear phylogeny and mitochondrial gene tree, however, these data 
provide no evidence of recent cytonuclear discordance.

3.5  |  Testing for admixture and gene flow

There was no evidence of admixture or introgression in the three 
systems (AC, BP and O) containing co- occurring pollinator species. 
Distinct clusters corresponding to species are recovered in the PCA 
analyses, with no signal of hybridization (Figure 4). For both AC and 
BP, wasp species plot in distinct PCA space with little intraspecific 
variance— individuals within species appear as a single point— in com-
parison with the much larger interspecific variance (Figure 4a,b). The 
two wasp species in O are well differentiated in PC1, but show some 
intraspecific spread in PC2, although this axis only comprises 0.35% 
of the variance (Figure 4c). These results were further supported in 
Structure, as individuals were assigned to their respective species 
with no evidence of admixture (Figure 4). In contrast to seeing shared 
ancestry indicative of admixture and introgression, each individual 
maps unambiguously to its respective species. Thus, in systems where 
opportunity for hybridization is present, we detect none.

TreeMix estimated a population graph consistent with the other 
phylogenetic approaches (Figure S4). Some differences were seen, 
mainly at places with short internal branches and low support along 
the backbone of the tree. Adding migration events to the tree only 
incrementally improved the proportion of variance explained by the 
model (Table 3). For example, the population graph with no admix-
ture events explained 98.45% of the variation. Adding one hybrid-
ization event to the graph only increased the proportion of variation 
explained by the model to 98.62%. The minimal improvement in 
models including migration events suggests hybridization and intro-
gression are not important processes in this pollinator community.

4  |  DISCUSSION

We collected genome- wide ultraconserved element (UCE) loci from 
19 pollinator wasp species associated with all 16 sympatric host 
strangler fig species found in the vicinity of the Panama Canal Zone. 
We used these data to estimate phylogenetic relationships and con-
duct detailed tests for hybridization and introgression among all 19 
pollinator wasp species. We analysed the data within the context 
provided by this ecologically and evolutionarily well- characterized 
strangler fig (Herre, 1989; Machado et al., 2005). Specifically, this 
group of pollinators has exhibited frequent host switching through-
out their shared evolutionary history with their associated fig hosts 
(Satler et al., 2019), providing opportunities for hybridization in both 
host fig and pollinator wasp species. In the host figs, evidence sug-
gests ongoing hybridization and introgression (Jackson et al., 2008; 
Machado et al., 2005). In the pollinator wasps, F1 pollinator hybrids 
have been previously detected using a combination of COI and mi-
crosatellites in one pair of intensively sampled pollinators associ-
ated with one of the hosts in this community (Molbo et al., 2003, 
2004). Based on our sampling of genome- wide UCE data, we found 
all 19 pollinator species to be well- delimited genetically and show 
high interspecific divergence. Even among pollinator species with 
the potential for mating and reproducing within the same syconia 
of the same host fig species, we detected no evidence of hybrid in-
dividuals or introgression. In contrast to the host figs, our results 
suggest that hybridization and introgression play a negligible role in 
the evolutionary history of this community of Panamanian fig pol-
linator wasps.

Because reproduction for both fig and wasp occurs in the same 
structure (the syconium), there is considerable overlap in the con-
ditions that facilitate hybridization in both partners in this mutual-
ism. Opportunities for hybridization and introgression depend on 
physical access of heterospecific gametes (pollen and ovaries for the 
figs, sperm and eggs for the wasps). The conditions for successful 
hybridization in the host figs, however, are less restrictive. Although 
foundress wasps must be attracted to the floral volatiles of a differ-
ent host species and enter a syconium and pollinate receptive fig 
inflorescences, only a single wasp from a heterospecific host need 
enter a fig to unite heterospecific pollen and ovules. The resulting 
hybrid seeds must be viable, and introgression is only possible if the 
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hybrid seeds produce viable seedlings that survive to reproduce and 
backcross with one of the parental species. For example, Moe and 
Weiblen (2012) recovered seven hybrid individual figs (one F1, six 
backcrosses) among 300 trees sampled from six species of a com-
munity of New Guinea dioecious figs. Although experimental hybrid 
seeds germinated and grew at rates comparable with nonhybrid 
seeds, limited introgression in the system was attributed to low fre-
quencies of pollinator sharing, where only six of 372 foundresses 
visited non- natal host species (Moe et al., 2011).

Hybridization followed by successful introgression is strongly 
suggested to be a relatively frequent occurrence in the Panamanian 
fig hosts (Jackson et al., 2008; Machado et al., 2005). The processes 
of hybridization and introgression also appear to be more import-
ant for figs in general, as they have been detected in numerous 
fig systems (Compton, 1990; Compton et al., 2009; Cornille et al., 
2012; Van Noort et al., 2013; Wang et al., 2016; Wilde et al., 2020). 
In particular, cytonuclear discordance between plastid and nuclear 
genomes provides additional support that hybridization and intro-
gression have played an important role in shaping diversification 
patterns in Ficus (Bruun- Lund et al., 2017; Renoult et al., 2009). 
Moreover, Wang, Zhang, et al. (2021) analysed whole- genome se-
quence data and suggested extensive hybridization and introgres-
sion among all major lineages of Ficus. Thus, accumulated evidence 
suggests that host switching and mixed fig– pollinator associations 
leads to hybridization and introgression in the figs, which have 
been consequential in shaping the evolutionary history of this 
clade of plants.

Yet is the situation analogous for the pollinator wasps? One rea-
son to question this is that the conditions for wasp hybridization 
would appear to be much more stringent. Two or more foundress 
wasps representing different species must enter the same individual 
receptive fig syconium. After pollination and oviposition, hetero-
specific male and female wasp offspring must develop to maturity 
and mate, the mated females must successfully disperse to a new 
receptive fig tree and enter a syconium, and the resulting hybrid off-
spring must survive, develop, reproduce and disperse. Introgression 
requires that hybrid wasps contribute to successful backcrosses that 
also must take place in a fig syconium where other foundresses from 
either parental species have successfully oviposited. Because this 
all takes place inside a fig syconium, opportunities for hybridization 
among pollinators associated with single- foundress figs or nearly 
single- foundress figs will be severely restricted (Table 1).

Among the pairs of Panamanian wasp species that share the same 
host fig species, there appears to be no clear pattern to their degree 
of phylogenetic relatedness. Only P. hoffmeyeri sp. A and P. hoffmey-
eri sp. B associated with F. obtusifolia are recovered as sister species 
in our phylogeny (Figures 1 and 2, Figures S1 and S2), and these are 
the only two species with evidence supporting occasional F1 hybrid 
offspring (Molbo et al., 2003, 2004). The other co- occurring pollina-
tors span the phylogenetic breadth of our sampled community, with 
wasps associated with F. bullenei and F. popenoei being relatively 
closely related (but not sister taxa), while wasps associated with 
F. americana and F. colubrinae are distantly related (Figures 1 and 2, 
Figures S1 and S2). These Panamanian observations are consistent 

F I G U R E  3  Correlation between population genetic summary statistics and average foundress number per pollinator species. Summary 
statistics include (a) nucleotide diversity, (b) number of segregating sites and (c) Watterson's theta (per site). The Spearman's rank correlation 
was used to test significance. Fourteen wasp species were included for which we had average number of foundress information (see Herre, 
1989). If a wasp had multiple hosts, we used the average for the number of foundresses from the shared hosts
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with estimates that 32.1% of co- occurring pollinators of monoecious 
fig species are sister species (Yang et al., 2015). Importantly, despite 
previous evidence for occasional F1 hybridization events between 

the two F. obtusifolia pollinators (0.9%, Molbo et al., 2003, 2004), we 
found no evidence for F1 or backcrossed hybrids between these two 
species, or introgression in any of the species.

Because the number of wasp individuals we genotyped was 
between 2 and 21 per species, we only have modest statistical 
power to detect occasional first-  or second- generation hybridization 
events. For example, if the frequency of F1 hybrids between the two 
F. obtusifolia pollinators is 0.009 (as reported by Molbo et al., 2004), 
our sample size of 14 wasps would only provide an 11.9% chance of 
detecting one or more hybrids. At this hybrid frequency, 77 wasps 
would need to be assayed to have a 50% chance of sampling at 
least one F1 individual. Nonetheless, consider that if F1 hybrids are 
formed at a frequency of 0.009, and if this represents the rate of 
gene migration (m) between wasp species, then, with the large ef-
fective size of fig wasp populations (Ne > 1000, Xun et al., 2021), 
the rate of effective gene flow (Nem) between species would be >9 
and would be expected to greatly limit differentiation (FST < 0.03) 
between species (Wright, 1949). In fact, all of the wasp species in our 
study are highly genetically differentiated from each other (Figures 
1– 3). This indicates that if undetected F1 hybrids are being formed, 
they are not a bridge to effective gene migration between species.

While our power to detect recent hybrid formation may be 
limited by the number of wasps per species that we genotyped in 
this study, the large number of UCE loci we assayed gives us sub-
stantial power to detect historical introgression. If hybridization 
has occurred in evolutionary time, resulting in even low levels of 
recombination between parental species genomes, with our com-
prehensive data set of UCE loci and the statistical analyses we have 
employed, we should have been able to detect that signal. We did 
not. Given our observations, how might different processes that af-
fect prezygotic (host recognition andlikelihood of sharing individual 
fig inflorescences) and postzygotic (reproductive incompatibility be-
tween wasp species and hybrid breakdown) barriers limit hybridiza-
tion and introgression among pollinator species?

Host choice by the pollinator fundamentally influences patterns 
of gene flow for both the fig and the wasp, and the potential for 
hybridization within either lineage. The degree of affinity of a par-
ticular wasp species towards particular host floral volatile blends 
appears to be an important prezygotic barrier limiting encounter 
rates of heterospecific wasps (Hossaert- McKey et al., 2010; Wang, 
Yang, et al., 2021). In 17 of the 19 pollinator species sampled in 

FI G U R E 4 Principal components analysis (PCA) and Structure plots 
for the three systems where multiple pollinators interact with one or 
two fig species. Panel (a) represents three pollinator species associated 
with Ficus americana and Ficus colubrinae. Panel (b) represents three 
pollinator species associated with Ficus bullenei and Ficus popenoei. Panel 
(c) represents two pollinator species interacting with Ficus obtusifolia
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TA B L E  3  Proportion of variation explained by the different 
models in TreeMix

Model Admixture events
Percent 
variation

m0 0 98.45%

m1 1 98.62%

m2 2 98.76%

m3 3 98.81%

m4 4 98.90%

m5 5 98.96%
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the Panamanian community, wasps are predominately attracted to 
a single host fig species (Table 1). This high level of affinity for a 
particular host appears to be based on wasps recognizing consistent 
differences among the volatile chemical signal produced by host figs 
(A. Oldenbeuvingen, X. Florez, and E. A. Herre, unpublished data). 
Wasp species that share fig hosts, however, are often not sister spe-
cies, both in this community and more broadly across Ficus (Yang 
et al., 2015). The observation of multiple, phylogenetically divergent 
pollinator species attracted to the same host fig raises important 
questions: What processes have shaped the genetics and biochem-
ical pathways of host chemical signal production, of wasp chemo-
sensory detection and of wasp volatile preference? Addressing this 
series of questions will require studies that explicitly connect host 
volatile chemical composition with wasp preferences (antennogram 
and gene expression studies) within the context of detailed phylo-
genetic and ecological studies, preferably across multiple sites and 
fig– wasp taxa.

For the host figs, effective population sizes number in the 
hundreds of individuals (Nason et al., 1998), and individual fig 
fruit crops usually bear tens of thousands of figs (Korine et al., 
2000). Even if heterospecific wasps recognize the same host fig 
species, a precondition for pollinator hybridization is that two 
or more heterospecific foundress wasps oviposit successfully in 
the same individual fig syconium. In the Panamanian strangler fig 
species we studied, the average foundress numbers per syconium 
range between one and four- and- a- half (Herre, 1989). For species 
with syconia pollinated almost exclusively by a single foundress 
(F. americana and F. colubrinae; Table 1), the opportunities for wasp 
hybridization will be low to nearly nonexistent. In contrast, in fig 
species commonly having multiple foundresses per syconium, if 
heterospecific wasps are attracted, then the offspring of pollina-
tors have greater opportunities for interspecific mating. Higher 
mean foundress numbers will also determine wasp population 
structure which in turn will affect many aspects of these wasp 
species (sexual competition and sex ratios, heterozygosity) (Herre, 
1985, 1989, 1993; Molbo et al., 2003, 2004). Notably, we found 
a significant positive correlation between the average number 
of foundresses and genetic diversity of UCE loci across pollina-
tor species (Figure 3). Nevertheless, we detected no evidence of 
successful hybridization or introgression in any pollinator species, 
including those associated with fig hosts exhibiting higher average 
foundress numbers (Ficus nymphaeifolia, with 2.6 foundresses, or 
Ficus crocata, with 4.5 foundresses). Thus, when multiple found-
resses are present, outbreeding occurs within pollinator species, 
but heterospecific crosses— and subsequent introgression— do not 
occur between pollinator species.

Several postzygotic barriers potentially play a role in restrict-
ing successful hybridization and introgression among the pollinator 
wasps. Greater genetic divergence usually corresponds to greater de-
grees of reproductive isolation (Coyne & Orr, 1989, 1997). We expect 
that the considerable divergence among the 19 pollinator species in 
this community (Figure 1) might preclude successful hybrid forma-
tion due to functional incompatibilities among either nuclear– nuclear 

or nuclear– cytoplasmic components derived from different parental 
species in the genomes of hybrid individuals. For example, the pres-
ence of diploid males— reported in some hybrid pollinators associated 
with F. obtusifolia (Molbo et al., 2004)— suggests a breakdown in the 
haplodiploid sex determination mechanism. In a mating between the 
males of one species and the females of another species, only the 
diploid F1 daughters will be hybrid offspring; haploid males develop 
from unfertilized eggs, so will inherit only portions from their moth-
er's nuclear and cytoplasmic genomes and therefore will not repre-
sent genetic mixes of both parental species. If a hybrid F1 daughter 
is able to develop, mate, disperse and enter a new fig syconium and 
successfully oviposit, her F2 offspring will then almost certainly 
contain hybrid males with nuclear genetic components from both 
parental species. If the haploid recombinant genomes of these F2 
hybrid males are not functionally compatible, then we may expect 
increased mortality and increased sterility. For example, studies of 
hybridization in haplodiploid Nasonia, another chalcidoid wasp, show 
significant negative effects on viability and fecundity in F2 hybrid 
males (Breeuwer & Werren, 1995; Gadau et al., 1999; Koevoets et al., 
2012). Because co- occurring fig wasp pollinators are usually distantly 
related species (Satler et al., 2019; Yang et al., 2015), these effects 
could be exacerbated in hybrid individuals that would contain mixes 
of more divergent genomes. Importantly, when F1 hybrid females are 
single foundress, all potential subsequent matings between their sons 
and daughters will be between F2 hybrids. Thus, the ability of those 
F2 daughters to mate will be strictly determined by the development 
and reproductive capability of their F2 hybrid male siblings.

An additional potential postzygotic barrier to hybridization and 
introgression in the wasps is Wolbachia. These maternally inherited 
cytoplasmic bacteria are known to cause drastic reductions of hybrid 
formation in Nasonia wasps (Bordenstein et al., 2001). Wolbachia are 
commonly found across insect species (Werren, 1997) and are par-
ticularly common in fig wasps (e.g. Haine & Cook, 2005; Sun et al., 
2011). Pollinator and nonpollinator wasps associated with the fig 
community in central Panama show Wolbachia occurrence in 59% of 
wasp species (Shoemaker et al., 2002), including many of the species 
sampled in this study. In all fig species in which different wasp polli-
nators co- occur, at least one of the pollinator species shows partial 
or complete Wolbachia infection (Shoemaker et al., 2002), raising the 
possibility that these bacteria influence the chances of successful 
hybridization. So even though hybridization has been documented 
in hymenopterans (e.g. Beresford et al., 2017; Feldhaar et al., 2008; 
Linnen & Farrell, 2007), prezygotic and postzygotic barriers specific 
to the fig wasp mating system provide additional barriers limiting 
hybridization and introgression in these insects.

Our results are based on deep genomic sampling from 19 wasp 
species that pollinate a complete sympatric assemblage of 16 host 
fig species. Although few studies explicitly test for hybridization 
and introgression among a community of fig wasps, our findings 
are consistent with results from other studies of fig wasp genet-
ics. For example, Sutton et al. (2017) sampled three pollinator spe-
cies (Pleistodontes imperialis; ‘species 2’, ‘species 3’ and ‘species 4’) 
co- occurring with a single host fig species, Ficus rubiginosa. Using 
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mitochondrial DNA and nine microsatellite loci, they detected no ev-
idence of hybridization or introgression among the three wasp spe-
cies. Sutton et al. (2017) recovered this result even though 13.38% 
of syconium contained multiple pollinator species, demonstrating 
the opportunity for wasp hybridization was present. Thus, our re-
sults showing a lack of interspecific hybridization and introgression 
among fig wasps are consistent with previous studies in our system 
(Molbo et al., 2003, 2004) and across other fig wasp systems (Sutton 
et al., 2017) where these questions have been addressed.

Concerning interpopulation gene flow within a single fig wasp 
species, a recent study by Cooper et al. (2020) recovered evidence 
for historical gene flow between allopatric populations of the pol-
linator Pleistodontes nigriventris associated with Ficus watkinsiana. 
Specifically, using whole genome sequencing data from four male 
pollinator wasps (two each from two populations) of P. nigriventris, 
Cooper et al. (2020) recovered support for a model containing an 
instantaneous admixture event ~57 kya between the two geograph-
ically distinct populations. The findings from this intraspecific study 
provide an informative contrast to our multispecies interspecific re-
sults. First, Cooper et al. (2020) show that migration and gene flow 
are processes operating within pollinator wasp species. Second, the 
two allopatric populations of P. nigriventris are separated by over 
1000 km, reflecting the disjunct distribution of its host species, 
F. watkinsiana, and providing evidence for the long- distance disper-
sal capability of fig wasps (Ahmed et al., 2009; Nason et al., 1998; Yu 
et al., 2010). Third, Cooper et al. (2020) use whole- genome sequence 
data coupled with a model- based approach to generate their infer-
ence of a historical admixture event. The power and capability of 
whole- genome sequence data for revealing processes like admixture 
is becoming readily apparent (e.g. Taylor & Larson, 2019). Although 
we sampled over 1000 UCE loci spanning the genomes of pollinator 
species, these highly conserved gene regions may lack the sensitivity 
for detecting the genomic signals of certain processes, both because 
of their conserved nature and because they represent a small per-
centage of the genome. While we expect our results showing a lack 
of interspecific hybridization and introgression will hold with addi-
tional data, we may not be able to fully address this question without 
whole genome sequence data and population- level sampling.

Many studies of the associations of pollinating wasps with their 
host figs tend to focus on one or a few species interactions based 
on genetic data collected at one or a few locales. The coupling of 
geographic sampling with detailed genetic characterization of figs 
and their pollinators, however, often reveals that multiple pollina-
tors are associated with a single host fig across the range of the fig 
species (e.g. Bain et al., 2016; Darwell et al., 2014; Haine et al., 2006; 
Michaloud et al., 1996; Peng et al., 2008). For example, Yu et al. 
(2019) recovered nine parapatrically distributed pollinator species 
associated with Ficus hirta in South- East Asia. Multiple pollinator 
species in allopatric and parapatric distributions and associated with 
the same host suggests pollinator wasps speciate in allopatry before 
potentially coming back into sympatry. Souto- Vilarós et al. (2019) 
examined six species pairs of figs and wasps found along an eleva-
tional gradient in New Guinea and found an increased rate of genetic 

divergence with elevational distance among the wasps relative to 
their host figs. They suggest pollinators have an increased specia-
tion rate, with populations of wasps diverging in isolation faster than 
their hosts, effectively decoupling speciation processes in the two 
mutualist taxa (Compton et al., 2009; Machado et al., 2005; Peng 
et al., 2008; Satler et al., 2019; Van Noort et al., 2013).

Despite the ability of pollinating wasps to disperse many kilome-
tres (Ahmed et al., 2009; Nason et al., 1998), broad geographic sam-
pling suggests that multiple distinct pollinator species— in allopatric 
and parapatric distributions— characterize many, if not most, host fig 
species across their ranges. Molecular data also suggest a previously 
underappreciated prevalence of host switching in Neotropical stran-
gler figs, as well as figs in general (Cruaud et al., 2012; Jackson et al., 
2008; Satler et al., 2019; Wang, Zhang, et al., 2021; Yang et al., 2015). 
We suspect that combinations of pre-  and postzygotic barriers con-
tribute to the reproductive isolation of pollinator wasps (Molbo et al., 
2003, 2004; Satler et al., 2019). At the prezygotic level, the opportu-
nities for interspecific matings are fairly limited due to small chances 
that heterospecific foundress wasps oviposit successfully in the same 
individual fig syconium and due to possible unknown premating bar-
riers. At the postzygotic level, low hybrid fitness can result from in-
trinsic genetic incompatibilities that would limit not only the ability of 
hybrids to produce viable and fertile offspring, but could also affect 
the capacity of hybrid wasps to locate, enter, pollinate and oviposit in 
a receptive syconium. Furthermore, the prevalence of Wolbachia in fig 
wasps can also play a major role in postzygotic isolation. When polli-
nator species experience secondary contact, we suspect that, relative 
to their plant hosts, these barriers contribute to less fit hybrids and 
reinforce species boundaries (Nosil et al., 2003). We suggest that the 
still poorly understood processes of pollinator speciation and extinc-
tion play a more important role than hybridization and introgression 
in shaping evolutionary dynamics of fig pollinating wasps and their 
host associations in space and time. Future biogeographic, phyloge-
netic and population genetic analyses coupled with targeted exper-
imental studies are needed to determine the relative importance of 
different mechanisms in preventing interspecific mating, hybrid pro-
duction and introgression in pollinating fig wasps.

5  |  CONCLUSIONS

We have focused on detecting evidence for historical introgres-
sion across an entire Panamanian fig and wasp community with an 
evolutionary history of host sharing, pollinator sharing and host 
switching. Given the reproductive biology of fig pollinator wasps, 
multiple barriers appear to be important for maintaining species 
boundaries. Before there can be opportunity for hybridization, 
foundresses from different fig pollinator species need to locate, 
enter, and oviposit in the same fig syconium, with successful de-
velopment of offspring to maturity. Because in figs foundress 
numbers are related to the likelihood of the offspring of differ-
ent wasps encountering potential mates of other foundresses, 
we have sampled pollinators from hosts that ranged in number 
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of foundresses per syconium. Nonetheless, we find no evidence 
of successful hybridization leading to introgression among the 
wasps, even in those species with high foundress numbers and 
shared pollinator species. This lack of hybridization and intro-
gression strongly suggests the existence of strong reproductive 
isolation mechanisms in Panamanian fig pollinators. Our results 
suggest that, unlike their host figs, interspecific gene flow has not 
been important to the evolution of these fig pollinating wasps. 
More generally, we suggest that studies across host– pollinator 
mutualisms will support the suggestion that the evolutionary his-
tory of the host plants is relatively more influenced by successful 
hybridization and introgression than in their insect pollinators.

ACKNOWLEDG EMENTS
We thank Brant Faircloth and the Faircloth laboratory for generously 
providing time, space and resources for learning sequence capture ap-
proaches for generating UCE data. We thank Nick Davis, Charlotte 
Jandér, Devin Molnau, Finn Piatscheck and Kevin Quinteros for pro-
viding some of the pollinator specimens. We thank members of the 
Heath laboratory and Nason laboratory for discussion and comments. 
We also thank AE Jeremy Yoder, Jeff Feder, George Weiblen and three 
anonymous reviewers for comments that helped improve this manu-
script. Funding was provided by the National Science Foundation 
(DEB- 1556853) to JDN, TAH and EAH, and by the Smithsonian 
Scholarly Studies Grant to EAH. Computational resources were pro-
vided by ResearchIT and the College of Liberal Arts and Sciences at 
Iowa State University. Open access funding was provided by the Iowa 
State University Library. [Correction added on 17 May 2022, after 
first online publication: ISUL funding statement has been added.]

AUTHOR CONTRIBUTIONS
JDS, TAH, EAH and JDN designed the study. AGZ, EAH and CAM 
collected the fig wasp samples. JDS generated and processed the se-
quence data. JDS conducted all analyses. JDS, EAH and JDN wrote 
the paper, and all authors contributed to revised versions of the 
manuscript and approved of the final version.

DATA AVAIL ABILIT Y S TATEMENT AND 
BENEFIT- SHARING
Raw sequence data are available from the NCBI Sequence Read 
Archive (SRA) under BioProject ID: PRJNA789240 (BioSample ac-
cessions: SAMN23703750– SAMN23703925). NCBI BioSample ac-
cession numbers for individual wasps are included in Table S1. All 
data sets and custom scripts are available on Dryad (https://doi.
org/10.5061/dryad.fbg79 cnwk).

BENEFIT- SHARING
Benefits Generated: Benefits from this research accrue from the 
sharing of our data and results on public databases as described 
above.

ORCID
Jordan D. Satler  https://orcid.org/0000-0003-0156-2147 

R E FE R E N C E S
Ahmed, S., Compton, S. G., Butlin, R. K., & Gilmartin, P. M. (2009). Wind- 

borne insects mediate directional pollen transfer between desert 
fig trees 160 kilometers apart. Proceedings of the National Academy 
of Sciences Untied States of America, 106, 20342– 20347. https://doi.
org/10.1073/pnas.09022 13106

Andermann, T., Fernandes, A. M., Olsson, U., Töpel, M., Pfeil, B., 
Oxelman, B., Aleixo, A., Faircloth, B. C., & Antonelli, A. (2018). Allele 
phasing greatly improves the phylogenetic utility of ultraconserved 
elements. Systematic Biology, 68, 32– 46.

Bain, A., Borges, R. M., Chevallier, M.- H., Vignes, H., Kobmoo, N., Peng, 
Y. Q., Cruaud, A., Rasplus, J. Y., Kjellberg, F., & Hossaert- Mckey, 
M. (2016). Geographic structuring into vicariant species- pairs in a 
wide- ranging, high- dispersal plant– insect mutualism: The case of 
Ficus racemosa and its pollinating wasps. Evolutionary Ecology, 30, 
663– 684. https://doi.org/10.1007/s1068 2- 016- 9836- 5

Barrow, L. N., Soto- Centeno, J. A., Warwick, A. R., Lemmon, A. R., & 
Moriarty Lemmon, E. (2017). Evaluating hypotheses of expan-
sion from refugia through comparative phylogeography of south- 
eastern coastal plain amphibians. Journal of Biogeography, 44, 2692– 
2705. https://doi.org/10.1111/jbi.13069

Beresford, J., Elias, M., Pluckrose, L., Sundström, L., Butlin, R., Pamilo, 
P., & Kulmuni, J. (2017). Widespread hybridization within mound- 
building wood ants in Southern Finland results in cytonuclear mis-
matches and potential for sex- specific hybrid breakdown. Molecular 
Ecology, 26, 4013– 4026. https://doi.org/10.1111/mec.14183

Berg, C. (1989). Classification and distribution of Ficus. Experientia, 45, 
605– 611. https://doi.org/10.1007/BF019 75677

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible 
trimmer for Illumina sequence data. Bioinformatics, 30, 2114– 2120. 
https://doi.org/10.1093/bioin forma tics/btu170

Bordenstein, S. R., O’Hara, F. P., & Werren, J. H. (2001). Wolbachia- 
induced incompatibility precedes other hybrid incompatibili-
ties in Nasonia. Nature, 409, 707– 710. https://doi.org/10.1038/ 
35055543

Branstetter, M. G., Longino, J. T., Ward, P. S., & Faircloth, B. C. (2017). 
Enriching the ant tree of life: Enhanced UCE bait set for genome- 
scale phylogenetics of ants and other hymenoptera. Methods 
in Ecology and Evolution, 8, 768– 776. https://doi.org/10.1111/ 
2041-  210X.12742

Breeuwer, J. A., & Werren, J. H. (1995). Hybrid breakdown between two 
haplodiploid species: The role of nuclear and cytoplasmic genes. 
Evolution, 49, 705– 717. https://doi.org/10.1111/j.1558- 5646.1995.
tb023 07.x

Bronstein, J. L. (1987). Maintenance of species- specificity in a neotrop-
ical fig– pollinator wasp mutualism. Oikos, 48, 39– 46. https://doi.
org/10.2307/3565686

Bruun- Lund, S., Clement, W. L., Kjellberg, F., & Rønsted, N. (2017). First 
plastid phylogenomic study reveals potential cyto- nuclear discor-
dance in the evolutionary history of Ficus L. (Moraceae). Molecular 
Phylogenetics and Evolution, 109, 93– 104. https://doi.org/10.1016/j.
ympev.2016.12.031

Castresana, J. (2000). Selection of conserved blocks from multiple align-
ments for their use in phylogenetic analysis. Molecular Biology and 
Evolution, 17, 540– 552. https://doi.org/10.1093/oxfor djour nals.
molbev.a026334

Chernomor, O., Von Haeseler, A., & Minh, B. Q. (2016). Terrace aware 
data structure for phylogenomic inference from supermatrices. 
Systematic Biology, 65, 997– 1008. https://doi.org/10.1093/sysbi o/
syw037

Chifman, J., & Kubatko, L. (2014). Quartet inference from SNP data under 
the coalescent model. Bioinformatics, 30, 3317– 3324. https://doi.
org/10.1093/bioin forma tics/btu530

Compton, S. G. (1990). A collapse of host specificity in some African fig 
wasps. South African Journal of Science, 86, 39– 40.

https://doi.org/10.5061/dryad.fbg79cnwk
https://doi.org/10.5061/dryad.fbg79cnwk
https://orcid.org/0000-0003-0156-2147
https://orcid.org/0000-0003-0156-2147
https://doi.org/10.1073/pnas.0902213106
https://doi.org/10.1073/pnas.0902213106
https://doi.org/10.1007/s10682-016-9836-5
https://doi.org/10.1111/jbi.13069
https://doi.org/10.1111/mec.14183
https://doi.org/10.1007/BF01975677
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/35055543
https://doi.org/10.1038/35055543
https://doi.org/10.1111/2041-210X.12742
https://doi.org/10.1111/2041-210X.12742
https://doi.org/10.1111/j.1558-5646.1995.tb02307.x
https://doi.org/10.1111/j.1558-5646.1995.tb02307.x
https://doi.org/10.2307/3565686
https://doi.org/10.2307/3565686
https://doi.org/10.1016/j.ympev.2016.12.031
https://doi.org/10.1016/j.ympev.2016.12.031
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/sysbio/syw037
https://doi.org/10.1093/sysbio/syw037
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1093/bioinformatics/btu530


    |  2121SATLER ET AL.

Compton, S., Grehan, K., & Van Noort, S. (2009). A fig crop pollinated by 
three or more species of agaonid fig wasps. African Entomology, 17, 
215– 222. https://doi.org/10.4001/003.017.0212

Cooper, L., Bunnefeld, L., Hearn, J., Cook, J. M., Lohse, K., & Stone, G. N. 
(2020). Low coverage genomic data resolve the population divergence 
and gene flow history of an Australian rain forest fig wasp. Molecular 
Ecology, 29, 3649– 3666. https://doi.org/10.1111/mec.15523

Cornille, A., Underhill, J., Cruaud, A., Hossaert- McKey, M., Johnson, S., 
Tolley, K., Kjellberg, F., Van Noort, S., & Proffit, M. (2012). Floral 
volatiles, pollinator sharing and diver sification in the fig– wasp mu-
tualism: Insights from Ficus natalensis, and its two wasp pollinators 
(South Africa). Proceedings of the Royal Society of London B: Biological 
Sciences, 279, 1731– 1739.

Coyne, J. A., & Orr, H. A. (1989). Patterns of speciation in Drosophila. 
Evolution, 43, 362– 381. https://doi.org/10.1111/j.1558- 5646.1989.
tb042 33.x

Coyne, J. A., & Orr, H. A. (1997). “patterns of speciation in Drosophila” 
revisited. Evolution, 51, 295– 303.

Cruaud, A., Rønsted, N., Chantarasuwan, B., Chou, L. S., Clement, 
W. L., Couloux, A., Cousins, B., Genson, G., Harrison, R. D., 
Hanson, P. E., Hossaert- Mckey, M., Jabbour- Zahab, R., Jousselin, 
E., Kerdelhué, C., Kjellberg, F., Lopez- Vaamonde, C., Peebles, 
J., Peng, Y.- Q., Pereira, R. A. S., … Savolainen, V. (2012). An 
extreme case of plant– insect codiversification: Figs and fig- 
pollinating wasps. Systematic Biology, 61, 1029– 1047. https://doi.
org/10.1093/sysbi o/sys068

Darwell, C. T., al- Beidh, S., & Cook, J. M. (2014). Molecular species delimi-
tation of a symbiotic fig- pollinating wasp species complex reveals ex-
treme deviation from reciprocal partner specificity. BMC Evolutionary 
Biology, 14, 189. https://doi.org/10.1186/s1286 2- 014- 0189- 9

de Medeiros, B. A., & Farrell, B. D. (2020). Evaluating insect- host inter-
actions as a driver of species divergence in palm flower weevils. 
Communications Biology, 3, 1– 9. https://doi.org/10.1038/s4200 3- 
020- 01482 - 3

Dierckxsens, N., Mardulyn, P., & Smits, G. (2017). Novoplasty: De novo 
assembly of organelle genomes from whole genome data. Nucleic 
Acids Research, 45, e18.

Dowling, T. E., & Secor, C. L. (1997). The role of hybridization and intro-
gression in the diversification of animals. Annual Review of Ecology 
and Systematics, 28, 593– 619. https://doi.org/10.1146/annur 
ev.ecols ys.28.1.593

Dray, S., & Dufour, A.- B. (2007). The ade4 package: Implementing the du-
ality diagram for ecologists. Journal of Statistical Software, 22, 1– 20.

Durand, E. Y., Patterson, N., Reich, D., & Slatkin, M. (2011). Testing for 
ancient admixture between closely related populations. Molecular 
Biology and Evolution, 28, 2239– 2252. https://doi.org/10.1093/
molbe v/msr048

Eaton, D. A., & Ree, R. H. (2013). Inferring phylogeny and introgression 
using RADseq data: An example from flowering plants (Pedicularis: 
Orobanchaceae). Systematic Biology, 62, 689– 706. https://doi.
org/10.1093/sysbi o/syt032

Faircloth, B. C. (2013). Illumiprocessor: A trimmomatic wrapper for parallel 
adapter and quality trimming. https://doi.org/10.6079/J9ILL

Faircloth, B. C. (2015). PHYLUCE is a software package for the analysis 
of conserved genomic loci. Bioinformatics, 32, 786– 788. https://doi.
org/10.1093/bioin forma tics/btv646

Feldhaar, H., Foitzik, S., & Heinze, J. (2008). Lifelong commitment to the 
wrong partner: Hybridization in ants. Philosophical Transactions of 
the Royal Society B: Biological Sciences, 363, 2891– 2899. https://doi.
org/10.1098/rstb.2008.0022

Francis, R. M. (2017). pophelper: An R package and web app to analyse 
and visualize population structure. Molecular Ecology Resources, 17, 
27– 32.

Gadau, J., Page, R. E. Jr, & Werren, J. H. (1999). Mapping of hybrid in-
compatibility loci in Nasonia. Genetics, 153, 1731– 1741. https://doi.
org/10.1093/genet ics/153.4.1731

Galil, J., & Eisikowitch, D. (1968). On the pollination ecology of Ficus 
sycomorus in east Africa. Ecology, 49, 259– 269. https://doi.
org/10.2307/1934454

Glenn, T. C., Nilsen, R. A., Kieran, T. J., Sanders, J. G., Bayona- Vásquez, N. 
J., Finger, J. W., Pierson, T. W., Bentley, K. E., Hoffberg, S. L., Louha, 
S., Garcia- De Leon, F. J., del Rio Portilla, M. A., Reed, K. D., Anderson, 
J. L., Meece, J. K., Aggrey, S. E., Rekaya, R., Alabady, M., Belanger, 
M., … Faircloth, B. C. (2019). Adapterama I: Universal stubs and 
primers for 384 unique dual- indexed or 147,456 combinatorially- 
indexed illumina libraries (iTru & iNext). PeerJ, 7, e7755.

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., 
Amit, I., Adiconis, X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, 
Z., Mauceli, E., Hacohen, N., Gnirke, A., Rhind, N., di Palma, F., 
Birren, B. W., Nusbaum, C., Lindblad- Toh, K., … Regev, A. (2011). 
Full- length transcriptome assembly from RNA- Seq data without a 
reference genome. Nature Biotechnology, 29, 644– 652. https://doi.
org/10.1038/nbt.1883

Green, R. E., Krause, J., Briggs, A. W., Maricic, T., Stenzel, U., Kircher, M., 
Patterson, N., Li, H., Zhai, W., Fritz, M.- H.- Y., Hansen, N. F., Durand, 
E. Y., Malaspinas, A.- S., Jensen, J. D., Marques- Bonet, T., Alkan, C., 
Prüfer, K., Meyer, M., Burbano, H. A., … Pääbo, S. (2010). A draft se-
quence of the Neandertal genome. Science, 328, 710– 722. https://
doi.org/10.1126/scien ce.1188021

Grison- Pigé, L., Bessière, J.- M., & Hossaert- McKey, M. (2002). 
Specific attraction of fig pollinating wasps: Role of volatile com-
pounds released by tropical figs. Journal of Chemical Ecology, 28, 
283– 295.

Haine, E. R., & Cook, J. M. (2005). Convergent incidences of Wolbachia 
infection in fig wasp communities from two continents. Proceedings 
of the Royal Society B: Biological Sciences, 272, 421– 429.

Haine, E. R., Martin, J., & Cook, J. M. (2006). Deep mtDNA divergences 
indicate cryptic species in a fig- pollinating wasp. BMC Evolutionary 
Biology, 6, 83. https://doi.org/10.1186/1471- 2148- 6- 83

Hembry, D. H., & Althoff, D. M. (2016). Diversification and coevolution 
in brood pollination mutualisms: Windows into the role of biotic 
interactions in generating biological diversity. American Journal of 
Botany, 103, 1783– 1792. https://doi.org/10.3732/ajb.1600056

Herre, E. A. (1985). Sex ratio adjustment in fig wasps. Science, 228, 896– 
898. https://doi.org/10.1126/scien ce.228.4701.896

Herre, E. A. (1989). Coevolution of reproductive characteristics in 12 
species of New World figs and their pollinator wasps. Experientia, 
45, 637– 647. https://doi.org/10.1007/BF019 75680

Herre, E. A. (1993). Population structure and the evolution of virulence in 
nematode parasites of fig wasps. Science, 259, 1442– 1445. https://
doi.org/10.1126/scien ce.259.5100.1442

Herre, E. A., Jandér, K. C., & Machado, C. A. (2008). Evolutionary 
ecology of figs and their associates: Recent progress and out-
standing puzzles. Annual Review of Ecology, Evolution, and 
Systematics, 39, 439– 458. https://doi.org/10.1146/annur ev.ecols 
ys.37.091305.110232

Hoang, D. T., Chernomor, O., Von Haeseler, A., Minh, B. Q., & Vinh, L. 
S. (2018). Ufboot2: Improving the ultrafast bootstrap approxi-
mation. Molecular Biology and Evolution, 35, 518– 522. https://doi.
org/10.1093/molbe v/msx281

Hossaert- McKey, M., Soler, C., Schatz, B., & Proffit, M. (2010). Floral 
scents: Their roles in nursery pollination mutualisms. Chemoecology, 
20, 75– 88. https://doi.org/10.1007/s0004 9- 010- 0043- 5

Hughes, L. C., Cardoso, Y. P., Sommer, J. A., Cifuentes, R., Cuello, M., 
Somoza, G. M., González- Castro, M., Malabarba, L. R., Cussac, V., 
Habit, E. M., Betancur- R, R., & Ortí, G. (2020). Biogeography, hab-
itat transitions and hybridization in a radiation of South American 
silverside fishes revealed by mitochondrial and genomic RAD 
data. Molecular Ecology, 29, 738– 751. https://doi.org/10.1111/
mec.15350

Jackson, A. P., Machado, C. A., Robbins, N., & Herre, E. A. (2008). Multi- 
locus phylogenetic analysis of neotropical figs does not support 

https://doi.org/10.4001/003.017.0212
https://doi.org/10.1111/mec.15523
https://doi.org/10.1111/j.1558-5646.1989.tb04233.x
https://doi.org/10.1111/j.1558-5646.1989.tb04233.x
https://doi.org/10.1093/sysbio/sys068
https://doi.org/10.1093/sysbio/sys068
https://doi.org/10.1186/s12862-014-0189-9
https://doi.org/10.1038/s42003-020-01482-3
https://doi.org/10.1038/s42003-020-01482-3
https://doi.org/10.1146/annurev.ecolsys.28.1.593
https://doi.org/10.1146/annurev.ecolsys.28.1.593
https://doi.org/10.1093/molbev/msr048
https://doi.org/10.1093/molbev/msr048
https://doi.org/10.1093/sysbio/syt032
https://doi.org/10.1093/sysbio/syt032
https://doi.org/10.6079/J9ILL
https://doi.org/10.1093/bioinformatics/btv646
https://doi.org/10.1093/bioinformatics/btv646
https://doi.org/10.1098/rstb.2008.0022
https://doi.org/10.1098/rstb.2008.0022
https://doi.org/10.1093/genetics/153.4.1731
https://doi.org/10.1093/genetics/153.4.1731
https://doi.org/10.2307/1934454
https://doi.org/10.2307/1934454
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1126/science.1188021
https://doi.org/10.1126/science.1188021
https://doi.org/10.1186/1471-2148-6-83
https://doi.org/10.3732/ajb.1600056
https://doi.org/10.1126/science.228.4701.896
https://doi.org/10.1007/BF01975680
https://doi.org/10.1126/science.259.5100.1442
https://doi.org/10.1126/science.259.5100.1442
https://doi.org/10.1146/annurev.ecolsys.37.091305.110232
https://doi.org/10.1146/annurev.ecolsys.37.091305.110232
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1007/s00049-010-0043-5
https://doi.org/10.1111/mec.15350
https://doi.org/10.1111/mec.15350


2122  |    SATLER ET AL.

co- speciation with the pollinators: The importance of systematic 
scale in fig/wasp cophylogenetic studies. Symbiosis, 45, 57– 72.

Janzen, D. H. (1979). How to be a fig. Annual Review of Ecology 
and Systematics, 10, 13– 51. https://doi.org/10.1146/annur 
ev.es.10.110179.000305

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K., von Haeseler, A., & 
Jermiin, L. S. (2017). Modelfinder: Fast model selection for accurate 
phylogenetic estimates. Nature Methods, 14, 587– 589. https://doi.
org/10.1038/nmeth.4285

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence align-
ment software version 7: Improvements in performance and us-
ability. Molecular Biology and Evolution, 30, 772– 780. https://doi.
org/10.1093/molbe v/mst010

Kerdelhué, C., Hochberg, M. E., & Rasplus, J.- Y. (1997). Active pollination of 
Ficus sur by two sympatric fig wasp species in West Africa. Biotropica, 
29, 69– 75. https://doi.org/10.1111/j.1744- 7429.1997.tb000 07.x

Koevoets, T., Niehuis, O., Van De Zande, L., & Beukeboom, L. (2012). 
Hybrid incompatibilities in the parasitic wasp genus Nasonia: 
Negative effects of hemizygosity and the identification of trans-
mission ratio distortion loci. Heredity, 108, 302– 311. https://doi.
org/10.1038/hdy.2011.75

Korine, C., Kalko, E. K., & Herre, E. A. (2000). Fruit characteristics and 
factors affecting fruit removal in a panamanian community of 
strangler figs. Oecologia, 123, 560– 568. https://doi.org/10.1007/
PL000 08861

Li, H. (2013). Aligning sequence reads, clone sequences and assembly 
contigs with BWA- MEM. arXiv preprint arXiv:1303.3997.

Li, H., & Durbin, R. (2010). Fast and accurate short read alignment with 
Burrows- Wheeler transform. Bioinformatics, 26, 589– 595.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, 
G., Abecasis, G., & Durbin, R. (2009). The sequence alignment/map 
format and SAMtools. Bioinformatics, 25, 2078– 2079. https://doi.
org/10.1093/bioin forma tics/btp352

Linnen, C. R., & Farrell, B. D. (2007). Mitonuclear discordance is caused by 
rampant mitochondrial introgression in Neodiprion (Hymenoptera: 
Diprionidae) sawflies. Evolution, 61, 1417– 1438. https://doi.
org/10.1111/j.1558- 5646.2007.00114.x

Machado, C. A., Robbins, N., Gilbert, M. T. P., & Herre, E. A. (2005). 
Critical review of host specificity and its coevolutionary implica-
tions in the fig/fig- wasp mutualism. Proceedings of the National 
Academy of Sciences of the United States of America, 102, 6558– 
6565. https://doi.org/10.1073/pnas.05018 40102

Mallet, J., Besansky, N., & Hahn, M. W. (2016). How reticulated are spe-
cies? BioEssays, 38, 140– 149. https://doi.org/10.1002/bies.20150 
0149

Meier, J. I., Marques, D. A., Mwaiko, S., Wagner, C. E., Excoffier, L., & 
Seehausen, O. (2017). Ancient hybridization fuels rapid cichlid fish 
adaptive radiations. Nature Communications, 8, 1– 11. https://doi.
org/10.1038/ncomm s14363

Michaloud, G., Carriere, S., & Kobbi, M. (1996). Exceptions to the one:one 
relationship between African fig trees and their fig wasp pollina-
tors: Possible evolutionary scenarios. Journal of Biogeography, 23, 
513– 520. https://doi.org/10.1111/j.1365- 2699.1996.tb000 13.x

Moe, A. M., Rossi, D. R., & Weiblen, G. D. (2011). Pollinator sharing in dioe-
cious figs (Ficus: Moraceae). Biological Journal of the Linnean Society, 
103, 546– 558. https://doi.org/10.1111/j.1095- 8312.2011.01669.x

Moe, A. M., & Weiblen, G. D. (2012). Pollinator- mediated reproductive 
isolation among dioecious fig species (Ficus, Moraceae). Evolution, 
66, 3710– 3721.

Molbo, D., Machado, C. A., Herre, E. A., & Keller, L. (2004). 
Inbreeding and population structure in two pairs of cryptic fig 
wasp species. Molecular Ecology, 13, 1613– 1623. https://doi.
org/10.1111/j.1365- 294X.2004.02158.x

Molbo, D., Machado, C. A., Sevenster, J. G., Keller, L., & Herre, E. A. 
(2003). Cryptic species of fig- pollinating wasps: Implications for the 
evolution of the fig– wasp mutualism, sex allocation, and precision 

of adaptation. Proceedings of the National Academy of Sciences of the 
United States of America, 100, 5867– 5872. https://doi.org/10.1073/
pnas.09309 03100

Nason, J. D., Herre, E. A., & Hamrick, J. L. (1998). The breeding struc-
ture of a tropical keystone plant resource. Nature, 391, 685– 687. 
https://doi.org/10.1038/35607

Nguyen, L.- T., Schmidt, H. A., Von Haeseler, A., & Minh, B. Q. (2015). 
IQ- TREE: A fast and effective stochastic algorithm for estimating 
maximum- likelihood phylogenies. Molecular Biology and Evolution, 
32, 268– 274. https://doi.org/10.1093/molbe v/msu300

Nosil, P., Crespi, B., & Sandoval, C. (2003). Reproductive isolation 
driven by the combined effects of ecological adaptation and re-
inforcement. Proceedings of the Royal Society of London. Series B: 
Biological Sciences, 270, 1911– 1918. https://doi.org/10.1098/
rspb.2003.2457

Nosil, P., Vines, T. H., & Funk, D. J. (2005). Reproductive isolation caused 
by natural selection against immigrants from divergent habitats. 
Evolution, 59, 705– 719. https://doi.org/10.1111/j.0014- 3820.2005.
tb017 47.x

Payseur, B. A., & Rieseberg, L. H. (2016). A genomic perspective on 
hybridization and speciation. Molecular Ecology, 25, 2337– 2360. 
https://doi.org/10.1111/mec.13557

Pease, J. B., & Hahn, M. W. (2015). Detection and polarization of intro-
gression in a five- taxon phylogeny. Systematic Biology, 64, 651– 662. 
https://doi.org/10.1093/sysbi o/syv023

Pellmyr, O., Kjellberg, F., Herre, E. A., Kawakita, A., Hembry, D. H., 
Holland, J. N., Terrazas, T., Clement, W., Segraves, K. A., & Althoff, 
D. M. (2020). Active pollination drives selection for reduced pollen- 
ovule ratios. American Journal of Botany, 107, 164– 170. https://doi.
org/10.1002/ajb2.1412

Peng, Y.- Q., Duan, Z.- B., Yang, D.- R., & Rasplus, J.- Y. (2008). Co- occurrence 
of two Eupristina species on Ficus altissima in Xishuangbanna, SW 
China. Symbiosis, 45, 9– 14.

Pickrell, J., & Pritchard, J. (2012). Inference of population splits and mix-
tures from genome wide allele frequency data. PLoS Genetics, 8, 
e1002967. https://doi.org/10.1371/journ al.pgen.1002967

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-
tion structure using multilocus genotype data. Genetics, 155, 945– 
959. https://doi.org/10.1093/genet ics/155.2.945

Pulido- Santacruz, P., Aleixo, A., & Weir, J. T. (2020). Genomic data re-
veal a protracted window of introgression during the diversification 
of a Neotropical woodcreeper radiation. Evolution, 74, 842– 858. 
https://doi.org/10.1111/evo.13902

R Core Team (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R- proje 
ct.org/

Rabiee, M., Sayyari, E., & Mirarab, S. (2019). Multi- allele species recon-
struction using ASTRAL. Molecular Phylogenetics and Evolution, 130, 
286– 296. https://doi.org/10.1016/j.ympev.2018.10.033

Ramírez, W. (1970). Host specificity of fig wasps (Agaonidae). Evolution, 
24, 680– 691. https://doi.org/10.1111/j.1558- 5646.1970.tb018 
04.x

Raposo do Amaral, F., Neves, L. G., Resende, M. F. R., Mobili, F., Miyaki, 
C. Y., Pellegrino, K. C. M., & Biondo, C. (2015). Ultraconserved 
elements sequencing as a low- cost source of complete mito-
chondrial genomes and microsatellite markers in non- model am-
niotes. PLoS One, 10, e0138446. https://doi.org/10.1371/journ 
al.pone.0138446

Renoult, J. P., Kjellberg, F., Grout, C., Santoni, S., & Khadari, B. 
(2009). Cyto- nuclear discordance in the phylogeny of Ficus 
section Galoglychia and host shifts in plant- pollinator as-
sociations. BMC Evolutionary Biology, 9, 248. https://doi.
org/10.1186/1471- 2148- 9- 248

Rhymer, J. M., & Simberloff, D. (1996). Extinction by hybridization and 
introgression. Annual Review of Ecology and Systematics, 27, 83– 109. 
https://doi.org/10.1146/annur ev.ecols ys.27.1.83

https://doi.org/10.1146/annurev.es.10.110179.000305
https://doi.org/10.1146/annurev.es.10.110179.000305
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1111/j.1744-7429.1997.tb00007.x
https://doi.org/10.1038/hdy.2011.75
https://doi.org/10.1038/hdy.2011.75
https://doi.org/10.1007/PL00008861
https://doi.org/10.1007/PL00008861
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1111/j.1558-5646.2007.00114.x
https://doi.org/10.1111/j.1558-5646.2007.00114.x
https://doi.org/10.1073/pnas.0501840102
https://doi.org/10.1002/bies.201500149
https://doi.org/10.1002/bies.201500149
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1111/j.1365-2699.1996.tb00013.x
https://doi.org/10.1111/j.1095-8312.2011.01669.x
https://doi.org/10.1111/j.1365-294X.2004.02158.x
https://doi.org/10.1111/j.1365-294X.2004.02158.x
https://doi.org/10.1073/pnas.0930903100
https://doi.org/10.1073/pnas.0930903100
https://doi.org/10.1038/35607
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1098/rspb.2003.2457
https://doi.org/10.1098/rspb.2003.2457
https://doi.org/10.1111/j.0014-3820.2005.tb01747.x
https://doi.org/10.1111/j.0014-3820.2005.tb01747.x
https://doi.org/10.1111/mec.13557
https://doi.org/10.1093/sysbio/syv023
https://doi.org/10.1002/ajb2.1412
https://doi.org/10.1002/ajb2.1412
https://doi.org/10.1371/journal.pgen.1002967
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1111/evo.13902
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.ympev.2018.10.033
https://doi.org/10.1111/j.1558-5646.1970.tb01804.x
https://doi.org/10.1111/j.1558-5646.1970.tb01804.x
https://doi.org/10.1371/journal.pone.0138446
https://doi.org/10.1371/journal.pone.0138446
https://doi.org/10.1186/1471-2148-9-248
https://doi.org/10.1186/1471-2148-9-248
https://doi.org/10.1146/annurev.ecolsys.27.1.83


    |  2123SATLER ET AL.

Satler, J. D., Herre, E. A., Jandér, K. C., Eaton, D. A. R., Machado, C. A., 
Heath, T. A., & Nason, J. D. (2019). Inferring processes of coevolu-
tionary diversification in a community of Panamanian strangler figs 
and associated pollinating wasps. Evolution, 73, 2295– 2311. https://
doi.org/10.1111/evo.13809

Sayyari, E., & Mirarab, S. (2016). Fast coalescent- based computation of 
local branch support from quartet frequencies. Molecular Biology 
and Evolution, 33, 1654– 1668. https://doi.org/10.1093/molbe v/
msw079

Shoemaker, D. D., Machado, C. A., Molbo, D., Werren, J. H., Windsor, D. 
M., & Herre, E. A. (2002). The distribution of Wolbachia in fig wasps: 
Correlations with host phylogeny, ecology and population struc-
ture. Proceedings of the Royal Society of London. Series B: Biological 
Sciences, 269, 2257– 2267.

Souto- Vilarós, D., Machac, A., Michalek, J., Darwell, C. T., Sisol, M., 
Kuyaiva, T., Isua, B., Weiblen, G. D., Novotny, V., & Segar, S. T. 
(2019). Faster speciation of fig- wasps than their host figs leads 
to decoupled speciation dynamics: Snapshots across the specia-
tion continuum. Molecular Ecology, 28, 3958– 3976. https://doi.
org/10.1111/mec.15190

Streicher, J. W., Devitt, T. J., Goldberg, C. S., Malone, J. H., Blackmon, 
H., & Fujita, M. K. (2014). Diversification and asymmetrical gene 
flow across time and space: Lineage sorting and hybridization in 
polytypic barking frogs. Molecular Ecology, 23, 3273– 3291. https://
doi.org/10.1111/mec.12814

Sukumaran, J., & Holder, M. T. (2010). DendroPy: A Python library for 
phylogenetic computing. Bioinformatics, 26, 1569– 1571. https://
doi.org/10.1093/bioin forma tics/btq228

Sun, X.- J., Xiao, J.- H., Cook, J. M., Feng, G., & Huang, D.- W. 
(2011). Comparisons of host mitochondrial, nuclear and en-
dosymbiont bacterial genes reveal cryptic fig wasp spe-
cies and the effects of Wolbachia on host mtDNA evolution 
and diversity. BMC Evolutionary Biology, 11, 86. https://doi.
org/10.1186/1471- 2148- 11- 86

Sutton, T. L., DeGabriel, J. L., Riegler, M., & Cook, J. M. (2017). Local 
coexistence and genetic isolation of three pollinator species on 
the same fig tree species. Heredity, 118, 486– 490. https://doi.
org/10.1038/hdy.2016.125

Swofford, D. L. (2003). PAUP*: Phylogenetic analysis using parsimony (*and 
other methods). Sinauer Associates.

Taylor, S. A., & Larson, E. L. (2019). Insights from genomes into the evo-
lutionary importance and prevalence of hybridization in nature. 
Nature Ecology & Evolution, 3, 170– 177. https://doi.org/10.1038/
s4155 9- 018- 0777- y

Van Noort, S., Wang, R., & Compton, S. G. (2013). Fig wasps 
(Hymenoptera: Chalcidoidea: Agaonidae, Pteromalidae) associated 
with Asian fig trees (Ficus, Moraceae) in southern Africa: Asian fol-
lowers and African colonists. African Invertebrates, 54, 381– 400.

Van Noort, S., Ware, A., & Compton, S. (1989). Pollinator- specific volatile 
attractants released from the figs of Ficus burtt- davyi. South African 
Journal of Science, 85, 323– 324.

Wang, G., Cannon, C. H., & Chen, J. (2016). Pollinator sharing and gene 
flow among closely related sympatric dioecious fig taxa. Proceedings 
of the Royal Society B: Biological Sciences, 283(1828), 20152963. 
https://doi.org/10.1098/rspb.2015.2963

Wang, G., Zhang, X., Herre, E. A., McKey, D., Machado, C. A., Yu, W.- 
B., Cannon, C. H., Arnold, M. L., Pereira, R. A., Ming, R., Liu, Y.- F., 
Wang, Y., Ma, D., & Chen, J. (2021). Genomic evidence of prevalent 
hybridization throughout the evolutionary history of the fig- wasp 
pollination mutualism. Nature Communications, 12, 1– 14. https://
doi.org/10.1038/s4146 7- 021- 20957 - 3

Wang, R., Yang, Y., Jing, Y., Segar, S. T., Zhang, Y., Wang, G., Chen, J., 
Liu, Q.- F., Chen, S., Chen, Y., Cruaud, A., Ding, Y.- Y., Dunn, D. W., 
Gao, Q., Gilmartin, P. M., Jiang, K., Kjellberg, F., Li, H.- Q., Li, Y.- Y., 
… Chen, X.- Y. (2021). Molecular mechanisms of mutualistic and 

antagonistic interactions in a plant– pollinator association. Nature 
Ecology & Evolution, 5, 974– 986. https://doi.org/10.1038/s4155 9- 
021- 01469 - 1

Ware, A. B., Kaye, P. T., Compton, S. G., & Van Noort, S. (1993). Fig vola-
tiles: Their role in attracting pollinators and maintaining pollinator 
specificity. Plant Systematics and Evolution, 186, 147– 156. https://
doi.org/10.1007/BF009 40794

Weiblen, G. D. (2002). How to be a fig wasp. Annual Review of 
Entomology, 47, 299– 330. https://doi.org/10.1146/annur 
ev.ento.47.091201.145213

Werren, J. H. (1997). Biology of Wolbachia. Annual Review of Entomology, 
42, 587– 609.

Wiebes, J. (1995a). Agaonidae (Hymenoptera Chalcidoidea) and 
Ficus (Moraceae): Fig wasps and their figs, xv (Meso- American 
Pegoscapus). Proceedings of the Royal Netherlands Academy of Arts 
and Sciences, 98, 167– 183.

Wiebes, J. (1995b). The new world Agaoninae (pollinators of figs). 
North- Holland.

Wilde, B. C., Rutherford, S., van der Merwe, M., Murray, M. L., & Rossetto, 
M. (2020). First example of hybridisation between two Australian 
figs (Moraceae). Australian Systematic Botany, 33, 436– 445. https://
doi.org/10.1071/SB19048

Wright, S. (1949). The genetical structure of populations. Annals of 
Eugenics, 15, 323– 354. https://doi.org/10.1111/j.1469- 1809.1949.
tb024 51.x

Xun, X., Bao- Sheng, W., & Hui, Y. (2021). Intraspecies genomic diver-
gence of a fig wasp species is due to geographical barrier and ad-
aptation. Frontiers in Ecology and Evolution, 9, 764828. https://doi.
org/10.3389/fevo.2021.764828

Yang, L.- Y., Machado, C. A., Dang, X.- D., Peng, Y.- Q., Yang, D.- R., Zhang, 
D.- Y., & Liao, W.- J. (2015). The incidence and pattern of copollinator 
diversification in dioecious and monoecious figs. Evolution, 69, 294– 
304. https://doi.org/10.1111/evo.12584

Yu, H., Nason, J. D., Ge, X., & Zeng, J. (2010). Slatkin’s Paradox: When 
direct observation and realized gene flow disagree. A case 
study in Ficus. Molecular Ecology, 19, 4441– 4453. https://doi.
org/10.1111/j.1365- 294X.2010.04777.x

Yu, H., Tian, E., Zheng, L., Deng, X., Cheng, Y., Chen, L., Wu, W., Tanming, 
W., Zhang, D., Compton, S. G., & Kjellberg, F. (2019). Multiple para-
patric pollinators have radiated across a continental fig tree dis-
playing clinal genetic variation. Molecular Ecology, 28, 2391– 2405. 
https://doi.org/10.1111/mec.15046

Zhang, C., Rabiee, M., Sayyari, E., & Mirarab, S. (2018). ASTRAL- III: 
Polynomial time species tree reconstruction from partially resolved 
gene trees. BMC Bioinformatics, 19, 153. https://doi.org/10.1186/
s1285 9- 018- 2129- y

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Satler, J. D., Herre, E. A., Heath, T. A., 
Machado, C. A., Zúñiga, A. G., & Nason, J. D. (2022). Genome- 
wide sequence data show no evidence of hybridization and 
introgression among pollinator wasps associated with a 
community of Panamanian strangler figs. Molecular Ecology, 31, 
2106– 2123. https://doi.org/10.1111/mec.16373

https://doi.org/10.1111/evo.13809
https://doi.org/10.1111/evo.13809
https://doi.org/10.1093/molbev/msw079
https://doi.org/10.1093/molbev/msw079
https://doi.org/10.1111/mec.15190
https://doi.org/10.1111/mec.15190
https://doi.org/10.1111/mec.12814
https://doi.org/10.1111/mec.12814
https://doi.org/10.1093/bioinformatics/btq228
https://doi.org/10.1093/bioinformatics/btq228
https://doi.org/10.1186/1471-2148-11-86
https://doi.org/10.1186/1471-2148-11-86
https://doi.org/10.1038/hdy.2016.125
https://doi.org/10.1038/hdy.2016.125
https://doi.org/10.1038/s41559-018-0777-y
https://doi.org/10.1038/s41559-018-0777-y
https://doi.org/10.1098/rspb.2015.2963
https://doi.org/10.1038/s41467-021-20957-3
https://doi.org/10.1038/s41467-021-20957-3
https://doi.org/10.1038/s41559-021-01469-1
https://doi.org/10.1038/s41559-021-01469-1
https://doi.org/10.1007/BF00940794
https://doi.org/10.1007/BF00940794
https://doi.org/10.1146/annurev.ento.47.091201.145213
https://doi.org/10.1146/annurev.ento.47.091201.145213
https://doi.org/10.1071/SB19048
https://doi.org/10.1071/SB19048
https://doi.org/10.1111/j.1469-1809.1949.tb02451.x
https://doi.org/10.1111/j.1469-1809.1949.tb02451.x
https://doi.org/10.3389/fevo.2021.764828
https://doi.org/10.3389/fevo.2021.764828
https://doi.org/10.1111/evo.12584
https://doi.org/10.1111/j.1365-294X.2010.04777.x
https://doi.org/10.1111/j.1365-294X.2010.04777.x
https://doi.org/10.1111/mec.15046
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1111/mec.16373

	Genome-wide sequence data show no evidence of hybridization and introgression among pollinator wasps associated with a community of Panamanian strangler figs
	Abstract
	1|INTRODUCTION
	2|MATERIALS & METHODS
	2.1|DNA sampling and sequencing
	2.2|Data processing
	2.3|Phylogenetics
	2.4|Population genetics
	2.5|Testing for monophyly with mitochondrial DNA
	2.6|Testing for admixture and gene flow

	3|RESULTS
	3.1|DNA sampling and sequencing
	3.2|Phylogenetics
	3.3|Population genetics
	3.4|Testing for monophyly with mitochondrial DNA
	3.5|Testing for admixture and gene flow

	4|DISCUSSION
	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT AND BENEFIT-SHARING
	Anchor 22
	Benefit-Sharing


	REFERENCES


