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The fig and pollinator wasp obligate mutualism is diverse (~750 described species), ecologically important, and ancient (~80 Ma).

Once thought to be an example of strict one-to-one cospeciation, current thinking suggests genera of pollinator wasps codiversify

with corresponding sections of figs, but the degree to which cospeciation or other processes contribute to the association at

finer scales is unclear. Here, we use genome-wide sequence data from a community of Panamanian strangler figs and associated

wasp pollinators to estimate the relative contributions of four evolutionary processes generating cophylogenetic patterns in this

mutualism: cospeciation, host switching, pollinator speciation, and pollinator extinction. Using a model-based approach adapted

from the study of gene family evolution, our results demonstrate the importance of host switching of pollinator wasps at this

fine phylogenetic and regional scale. Although we estimate a modest amount of cospeciation, simulations reveal the number of

putative cospeciation events to be consistent with what would be expected by chance. Additionally, model selection tests identify

host switching as a critical parameter for explaining cophylogenetic patterns in this system. Our study demonstrates a promising

approach through which the history of evolutionary association between interacting lineages can be rigorously modeled and

tested in a probabilistic phylogenetic framework.

KEY WORDS: Ficus, host switching, obligate mutualism, Pegoscapus, RADseq, ultraconserved elements.

Interactions among species contribute fundamentally to the diver-
sification of life. Although many of these interactions are gen-
eralized and fleeting, some are specialized and persist over deep
evolutionary timescales (e.g., Ehrlich and Raven 1964; Hafner
and Nadler 1988; Thompson 1994). For long-term associations,

“This article corresponds to Katrina M. K. and M. P. Katrina. 2019. Digest:
Process-based phylogenetic models provide unique insights into the evolution

of mutualistic networks. Evolution. https://doi.org/10.1111/evo.13856.

the relative importance of different ecological and evolutionary
processes that have contributed to their persistence and diversifi-
cation are not well understood. For example, in obligately associ-
ated lineages, processes that produce either more or less congruent
diversification patterns (e.g., strict sense species specificity) are
seldom estimated quantitatively for both groups, and therefore
are poorly understood because there is no consistent basis for
comparison among systems. Analyzing patterns of divergence of
obligately interacting lineages in a probabilistic framework can
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reveal the relative importance of different processes that have in-
fluenced the evolution of biotic interactions. This can ultimately
provide a better understanding into the roles interacting lineages
play in generating and maintaining biodiversity.

For long-term interactions (e.g., host—parasite, mutualisms),
researchers often use cophylogenetic methods to compare diver-
sification patterns between interacting lineages to infer the pro-
cesses that produced these patterns. These approaches can be
placed into two categories: global-fit methods and event-based
methods (for review, see de Vienne et al. 2013; Cruaud and
Rasplus 2016). Global-fit methods estimate the degree of con-
gruence between two phylogenies, using either phylogenetic or
genetic distance information (e.g., Legendre et al. 2002; Bal-
buena et al. 2013), whereas event-based methods, generally im-
plemented under the parsimony criterion, invoke various evo-
Iutionary events (e.g., cospeciation, duplication, host switching,
and loss) to allow mapping of one phylogeny onto another
phylogeny (e.g., Page 1994b; Ronquist 2003). Although both
approaches can be useful for investigating coevolutionary as-
sociations, they are necessarily limited. For example, global-fit
methods measure the degree to which two data sets match but
do not estimate what processes could be contributing to the con-
gruence or lack there of between the groups. Event-based meth-
ods using the parsimony criterion require a priori costs to be
assigned to the various events, with the reconciliation contain-
ing the lowest total cost selected, of which there may be more
than one. Importantly, neither of these approaches directly model
the processes that can generate the observed data in a proba-
bilistic framework. As multiple processes can generate data with
similar patterns, it is necessary to use a model-based approach
where the relative contribution of these processes can be sta-
tistically evaluated with a likelihood function. Thus, the use of
probabilistic methods that make explicit predictions about the
processes important for generating observed patterns will provide
an important contribution to our understanding of coevolutionary
associations.

Obligate mutualisms are useful systems for understanding
the relative importance of processes that contribute to the main-
tenance and diversification of interacting lineages. Figs (fam-
ily Moraceae, genus Ficus) and their pollinating wasps (fam-
ily Agaonidae, multiple genera) provide one of the best-known
examples of an obligate mutualism, with both members of this
mutualism solely dependent on the other for reproduction and
survival. Figs are an ecologically and morphologically diverse
genus composed of over 750 described species distributed across
tropical and subtropical environments worldwide (Berg 1989).
From the perspective of exchange of services that underlie their
mutualistic interaction, figs require fig wasps for pollination ser-
vices, and fig wasps require figs to provide a nursery for larval
development (Janzen 1979; Wiebes 1979). Each species of fig
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is typically pollinated by one, but sometimes more, specialized
species of fig wasps that identify their appropriate hosts in part via
volatile chemical signals produced by the hosts when receptive.
Similarly, fig wasps are primarily associated with a single species
of fig, and in addition to pollinating fig flowers, gall a subset of
ovules that will support developing larvae. Together, figs and their
pollinators are considered keystone species in tropical ecosystems
because the generally aseasonal production of large crops of figs
contributes heavily to the diets of many vertebrates, especially
during seasons in which the fruiting activity of other tree species
is low (Terborgh 1986; Lambert and Marshall 1991; Kissling et al.
2007). The obligate association between fig and pollinator, and
its broader ecosystem services, has been maintained for upwards
of 80 million years (Machado et al. 2001, 2005; Rgnsted et al.
2005; Lopez-Vaamonde et al. 2009; Cruaud et al. 2012).

Although the long-held paradigm has been a one-to-one rela-
tionship between individual fig and fig wasp species, analyses of
molecular data sets have revealed examples of multiple pollinator
species associated with a single fig species as well as multiple fig
species that share a single pollinator species (e.g., Molbo et al.
2003; Haine et al. 2006; Marussich and Machado 2007; Darwell
et al. 2014; Yang et al. 2015; Wang et al. 2016). In addition,
while a signal of co-cladogenesis is often the dominant pattern
recovered between sections of figs and genera of fig wasps (e.g.,
Weiblen and Bush 2002; Rgnsted et al. 2005; Cruaud et al. 2012),
phylogenetic data collected at finer taxonomic scales has often
revealed discordant diversification patterns within these groups
(Machado et al. 2005; Jackson et al. 2008; Jousselin et al. 2008).
These discordant patterns require confirmation utilizing robust
phylogenies to determine the degree to which additional evolu-
tionary processes (e.g., host switching) are necessary to explain
deviations from expectations under a strict one-to-one cospecia-
tion history.

To date, phylogenetic reconstructions of both the figs and the
wasps have been based on Sanger sequencing of only one or a
few genes. The use of limited data sets often produces poorly re-
solved or conflicting phylogenetic estimates, which in turn limits
efforts for inferring evolutionary processes responsible for gener-
ating patterns of codiversification. With advances in sequencing
technologies and the ability to gather hundreds to thousands of
loci for nonmodel organisms, large genomic data sets can be used
to decrease sampling error and generate more accurate phyloge-
netic estimates with greater confidence. In addition, modeling the
coalescent process during phylogenetic estimation provides a crit-
ical methodological advancement as incomplete lineage sorting
can introduce substantial error if not taken into account (Kubatko
and Degnan 2007). Improvement in phylogenetic estimates, both
through large genomic data sets and better phylogenetic mod-
els, increases our ability to elucidate the processes important for
producing cophylogenetic patterns.



COPHYLOGENETIC PROCESSES OF FIGS AND WASPS

Here, we use genome-wide sequence data to infer the pro-
cesses producing cophylogenetic patterns in a sympatric com-
munity of Panamanian strangler figs (Ficus subgenus Urostigma,
section Americana) and their pollinating fig wasps (Pegoscapus
spp.). We gather restriction-site associated (RAD) loci from the
host figs and ultraconserved element (UCE) loci from their as-
sociated pollinating wasps and estimate phylogenetic relation-
ships to test how coevolutionary processes have contributed to
the evolution of this mutualism. Using a probabilistic approach,
we adapt a duplication-transfer-loss (DTL) model of gene fam-
ily evolution (Szoll6si et al. 2012) to quantify the contribu-
tion of fundamental ecological and evolutionary processes to
this mutualism, including cospeciation, host switching, polli-
nator speciation, and pollinator extinction. Although the avail-
able implementation of this approach already accounts for un-
certainty in the fig wasp species tree, we extend the method
to account for phylogenetic uncertainty in the host figs. In ad-
dition, we use simulations and a model selection approach to
examine the sensitivity of this method within a cophylogenetic
framework and aid in the biological interpretation of estimated
model parameters. In sum, we present a framework for address-
ing cophylogenetic questions using a model-based method and
demonstrate the benefits of utilizing this approach for quantify-
ing the processes structuring the evolutionary history of long-term
interactions.

Materials and Methods

SAMPLING, SEQUENCING, AND PHYLOGENETICS OF
FIGS

More than 120 species of strangler figs have been described from
the Neotropics. We sampled 31 individuals from 11 species of
strangler figs (family Moraceae, Ficus subgenus Urostigma, sec-
tion Americana) co-occurring in central Panama, centered around
the Barro Colorado Island Nature Monument (Table S1). These 11
fig species include two pairs that share pollinator species, and an-
other fig species that hosts two pollinator wasp species (Table 1).
Genomic DNA was extracted using a modified CTAB protocol
(Doyle and Doyle 1987) and sent to Floragenex Inc. (Eugene,
OR) for library preparation using the PsI restriction enzyme and
the traditional RAD protocol (Baird et al. 2008). The resulting
library was sequenced on two lanes of an [llumina HiSeq 3000
using 100 base pair single-end sequencing. Raw sequencing reads
were processed in ipyrad version 0.6.20 (Eaton 2014) to generate
alleles, loci, and single nucleotide polymorphisms (SNPs). Se-
quences were first demultiplexed, not allowing any mismatches
with the barcode, and then filtered for [llumina adapter contam-
ination. Base calls with a Phred score below 30 were replaced
with an N and up to five Ns were allowed in any given sequence.
Sequences above that threshold were removed from the data set.

Table 1. Sampling and ecological associations of figs and fig
wasps. Species, number of individuals sequenced (N), and fig and
pollinator associations are shown.

Fig species N Pollinator species N
Ficus citrifolia 2 Pegoscapus tonduzi 5
Ficus costaricana 2 Pegoscapus estherae 6
Ficus nymphaeifolia 3  Pegoscapus piceipes 4
Ficus paraensis 3 Pegoscapus herrei 7
Ficus near trigonata 3 Pegoscapus lopesi 10
Ficus trigonata 3 Pegoscapus grandii 8
Ficus obtusifolia 3 Pegoscapus hoﬁ‘meyerlzl: A 2
Pegoscapus hoffmeyerii B 3
Ficus colubrinae 3 . .y
: Pegoscapus insularis’ 15
Ficus perforata 3
Ficus bullenei 3 Pegoscapus gemellus C 10
Pegoscapus gemellus AT 3
Ficus popenoei 3 Pegoscapus gemellus B 9

tPollinating wasp species shared by two host figs. See Table S1 (figs) and
Table S2 (wasps) for detailed sampling and sequence information.

A clustering threshold of 85% was used to assemble reads into
loci. When clustering loci among samples, we allowed up to four
individuals to be heterozygous for a shared site, up to eight indels
in a locus, and up to 20 SNPs in a locus. All loci that contained at
least four individuals were retained in the complete data set. We
furthered filtered this pool to those loci that contained at least one
individual per species, then subsampled a single SNP per locus at
random for analysis.

Two approaches were used to generate species-level phylo-
genetic estimates of the sampled fig species. As both analyses use
the multispecies coalescent model, individuals were assigned to
their respective species a priori. First, SNAPP version 1.3 (Bryant
et al. 2012) in BEAST version 2.4.7 (Bouckaert et al. 2014) was
used to estimate a posterior distribution of species trees from bial-
lelic SNP data under the multispecies coalescent model. Unlinked
biallelic SNPs were recoded as “0, 1, 2,” with heterozygotes as
“1,” major allele homozygotes as “0,” and minor allele homozy-
gotes as “2.” Major and minor allele frequencies were calculated
in BEAUti informing priors on forward and reverse mutations; all
other settings were left at default. SNAPP assumes a Yule prior
on the species tree and draws branch rates from a strict clock
model. Analyses were run for 2 million generations, sampling
every 200 generations, resulting in 10,000 Markov chain Monte
Carlo (MCMC) samples from the posterior distribution. To en-
sure consistency across runs, two independent Markov chains
were run. Resulting log files were imported into Tracer version
1.6.0 (Rambaut et al. 2018) to assess nonconvergence. In addition,
a species tree was estimated with SVDquartets (Chifman and Ku-
batko 2014) as implemented in PAUP" version 4.0a163 (Swofford
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2003). SVDquartets uses site patterns in the nucleotide data to es-
timate a species tree under the multispecies coalescent model. All
quartets were evaluated exhaustively with 100 bootstrap replicates
run to evaluate nodal support values.

SAMPLING, SEQUENCING, AND PHYLOGENETICS OF
FIG WASPS

We sampled 82 individuals from 12 lineages of pollinating wasps
Pegoscapus spp. associated with the 11 focal strangler fig species
sequenced above (Table S2). Wasps were allowed to emerge from
mature fig fruit in the lab, where they were stored in 95% EtOH
or RNALater for DNA collection and analysis. A single wasp was
sequenced per fig fruit to ensure independence among samples.
Genomic DNA was extracted with a Qiagen DNeasy Kit (Qiagen
Inc., Valencia CA) and amplified using a Qiagen REPLI-g Mini
Kitto increase total DNA yield. On average, 10-20 ng of DNA was
used for whole genome amplification. Samples were standardized
and sent to RAPiD Genomics (Gainsville, FL) for library prepa-
ration and sequencing. The hymenopteran probe v1 set of Fair-
cloth et al. (2015) was used to target 1510 ultraconserved element
(UCE) loci. UCE loci have been shown to be informative phylo-
genetic markers across diverse animal lineages, including wasps
(e.g., Crawford et al. 2012; McCormack et al. 2012; Branstetter
et al. 2017; Starrett et al. 2017). Following library construction,
samples were sequenced on half a lane of an Illumina HiSeq 2000
using 150 base pair paired-end sequencing. Phyluce version 1.5
(Faircloth 2015) was used to process raw sequence reads and
generate loci for each individual. Briefly, sequence reads were
cleaned with Trimmomatic version 0.32 (Bolger et al. 2014) and
assembled into contigs with Trinity version 2.0.6 (Grabherr et al.
2011). Contigs were aligned to the hymenopteran vl UCE locus
set to filter nonspecific sequences. Loci were then aligned with
MAFFT version 7.130 (Katoh and Standley 2013), edge trimmed
with trimAl (Capella-Gutiérrez et al. 2009), and ambiguously
aligned internal sites were removed with Gblocks version 0.91b
(Castresana 2000). We retained loci sampled for a minimum of
70% of individuals in the final data set.

We used two approaches to generate phylogenetic estimates
of the pollinator wasps. First, we estimated a species tree using
StarBEAST?2 version 0.14.0 (Heled and Drummond 2010; Ogilvie
etal. 2017)in BEAST version 2.4.7. StarBEAST?2 coestimates the
posterior distributions of gene trees and species trees under the
multispecies coalescent model. This approach accounts for un-
certainty in the tree topologies, branching times, and other model
parameters using MCMC in a Bayesian inference framework. Due
to the computational challenges of applying this method, loci were
first filtered to those that had at least one sequence per OTU per
locus. We then randomly subsampled without replacement 50 loci
for analysis. Preliminary analyses containing more loci failed to
reach stationarity. In addition, a maximum of three alleles per
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species per locus was used to reduce computational burden, as
this is sufficient for species tree estimation (Hird et al. 2010).
For species at or below this allelic threshold for a given locus,
all alleles were used, otherwise three alleles were randomly sub-
sampled with replacement for analysis. We applied a birth-death
model as a prior on the species tree, an HKY + [ + I substitution
model, and a strict clock for each locus. Analyses were run for
two billion generations and sampled every 200,000 generations,
yielding 10,000 samples from the target distribution. Two inde-
pendent analyses were run and nonconvergence was diagnosed
using Tracer. We also estimated a species tree with SVDquartets,
using all UCE loci for analysis. In addition to estimating a species
tree with individuals assigned to species (i.e., SVDQgr), we es-
timated a phylogeny using the individuals as tips in the tree (i.e.,
a lineage tree; SVDQyr). The lineage tree (SVDQyr) was used
to confirm species association. For both analyses, quartets were
evaluated exhaustively and 100 bootstrap replicates were run to
evaluate nodal support values.

INFERRING COEVOLUTIONARY PROCESSES IN A
MODEL-BASED FRAMEWORK
We are interested in inferring the evolutionary and ecological pro-
cesses responsible for producing cophylogenetic patterns between
interacting lineages. Using a model-based approach, we can eval-
uate the relative contribution of different parameters in a statistical
framework. Here, we use a DTL model to test how various pro-
cesses may have contributed to estimated phylogenetic patterns
(Page 1994a; Doyon et al. 2011). The probabilistic DTL model
of SzollGsi et al. (2012) estimates the maximum likelihood rates
of gene duplication (D), horizontal gene transfer (T), and gene
loss (L) of a gene family, conditioned on an ultrametric species
tree with nodes ordered by speciation time. Based on the DTL
rates, the probabilities of these events along the branches of the
species tree can be calculated (Szo6l18si et al. 2013b). Following
likelihood calculation and maximization of parameters given the
data and species tree, reconciled gene trees can be sampled from
the species tree and event probabilities obtained using stochastic
backtracking along the species tree (SzollGsi et al. 2013a). After
sampling a set of reconciled gene trees, the average number of
duplication (i.e., wasp speciation), transfer (i.e., host switching),
and loss (i.e., wasp extinction) events, in addition to cospeciation,
can be summarized providing estimates of the average number of
these events for a gene family given a species tree. Thus, the DTL
method of Szollbsi et al. (2012) allows us to estimate the process
(ML rates of duplication, transfer, and loss) that generated our
observed data, with the reconciled tree set providing estimates
of the expected number of events (including cospeciation) from
these processes.

An assumption of the DTL model is that each symbiont lin-
eage is associated with a single host. The “widespread taxon”
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problem has been a challenge with the application of DTL mod-
els to host—parasite (e.g., Page 1994b) and biogeographic systems
(e.g., Sanmartin and Ronquist 2002). In our system, we have
two examples where a pollinator species is shared by multiple
hosts. Pegoscapus insularis pollinates Ficus colubrinae and Ficus
perforata, whereas Pegoscapus gemellus A pollinates Ficus bul-
lenei and Ficus popenoei. We used two approaches to address the
widespread taxon challenge in our data set. In the first approach
(referred to as pruned), we pruned the two wasp species (P. insu-
laris and P. gemellus A) from the posterior distribution of species
trees from StarBEAST2. As P. insularis is the sole pollinator of
F. colubrinae and F. perforata, we also pruned those two fig
species from the fig species tree distribution from SNAPP. This
reduced our data sets to nine (figs) and ten (fig wasps) species,
respectively. Although removing the shared wasp species reduced
the size of our data set, it allowed us to satisfy the assumption
of each pollinator species being associated with a single host
species. In the second approach (referred to as splir), following
Ronquist (2003), we split the shared wasp tips into two sister tips
for all fig wasp species trees sampled in the posterior distribution,
and associated the newly split individual wasp samples with the
host figs from which they were sampled. This approach makes
the explicit assumption that the two shared wasp species are each
composed of two cryptic species, and allows the DTL model to
estimate the process that generated sister pollinator species that
occupy different hosts. For example, if the host fig species are
distantly related, it would likely be modeled as a recent host
switch, whereas if the host figs are sister, it would likely be mod-
eled as cospeciation. By violating the model’s assumption that
each symbiont lineage is associated with a single host species,
we are able to test model sensitivity when widespread taxa are
included.

We applied the probabilistic DTL model as implemented
in the dated version of the program ALEml version 0.5
(https://github.com/ssolo/ALE). ALEml takes as input an ultra-
metric species tree, with nodes ordered by speciation time, and
a posterior distribution of gene family trees, accounting for un-
certainty in the gene family tree estimates. In our application of
the model, we treat the fig species tree as the host species tree,
and the posterior distribution of fig wasp species trees as the gene
family trees, explicitly accounting for phylogenetic uncertainty in
the fig wasps. ALEml was then used to estimate maximum like-
lihood rates of wasp speciation (i.e., duplication), host switching
(i.e., transfer), and wasp extinction (i.e., loss), generating a set of
1000 reconciled fig wasp species trees given the host species tree
and probability of events along the branches. Averaging over this
set of sampled reconciled fig wasp species trees provided aver-
age numbers of wasp speciation, host switching, wasp extinction,
and cospeciation events. We extended the implementation of the
method to also account for phylogenetic uncertainty in the fig

species tree by thinning the post-burnin SNAPP posterior dis-
tribution to 1000 species trees, and running the analysis across
all 1000 trees sequentially. Results were then averaged across
these 1,000 replicates. Implementation of the extension of this
method is available as a Python script (autoALE.py) on GitHub
(https://github.com/jordansatler/autoALE).

MODEL SENSITIVITY AND MODEL SELECTION

We explored the appropriateness of the DTL model as imple-
mented in ALEml for the figs and fig wasps in two ways. First,
simulations were used to evaluate the behavior and sensitivity of
ALEml, and to contextualize empirical estimates by generating
null distributions with which to compare estimated values. Specif-
ically, trees were simulated with no explicit assumption of associ-
ation between the tips of the simulated trees and the empirical host
fig tree, providing an expectation of parameter values when there
is no explicit history of cospeciation (Ronquist 2003). As these
simulations approximate expectations under free host switching,
this allowed us to understand how much cospeciation we would
expect even with no explicit history of cospeciation between the
phylogenies. We simulated 1,000 trees under a birth-death process
(. =1.0, n =0.9) in the R package TreeSim version 2.3 (Stadler
2011). Tree distributions were simulated matching the sampling
properties of the fig wasps for both of our data sets (i.e., pruned:
one fig tip species was randomly assigned two simulated tips, all
other fig tips were randomly assigned a single simulated tip; split:
three fig tip species were randomly assigned two simulated tips,
all other fig tips were randomly assigned a single simulated tip).
For the ALEml analyses, one simulated tree was analyzed with
the fig maximum-clade credibility (MCC) SNAPP tree at a time
(keeping the host tree constant across analyses) until all 1000 trees
in the simulated set were independently analyzed. Using a single
tree to represent the fig wasps removes phylogenetic uncertainty,
but is sufficient for the purposes of the simulations. In addition,
F. colubrinae and F. perforata were removed from the MCC tree
when analyzing the pruned simulated tree set. Analyses were run
under the full DTL model as outlined above. Parameter estimates
across all replicates were then summarized as null distributions
for the model parameters. For host switching, wasp speciation,
and wasp extinction, P-values represent the proportion of simu-
lations that produced an estimate equal to or below the empirical
value. For cospeciation, the P-value represents the proportion of
simulations that produced an estimate equal to or above the em-
pirical value. We considered a P-value to be significant at the
a = 0.05 level.

Second, we used a model selection approach to test the rel-
ative fit of the DTL model and all nested submodels given our
data. Although we can estimate parameter values under the full
DTL model, a model selection approach allows us to identify
what parameters of the model are most important in this system.
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Table 2. Model set and model probabilities for the pruned data
set.

Model K logl AIC A; W,

T 1 —24.006 50.012 0.000 0.417
TL 2 —23.322 50.645 0.633 0.304
DT 2 —23.946 51.891 1.880 0.163
DTL 3 —23.285 52.570 2.558 0.116
DL 2 —=30.352 64.704 14.693 0.000
L 1 —704.824 1411.648 1361.636  0.000
CoSp 0 —707.850 1415.700 1365.688  0.000
D 1 —707.850 1417.700  1367.688  0.000

The model name indicates estimated parameters; all other parameters were
fixed to zero. “CoSp” represents the strict cospeciation model, where all
parameters were set to zero. A; reflects the AIC difference between the
model and the best model. Model probabilities are represented by w;.

For example, we can evaluate whether a model that only allows
transfers is a better fit to the data than a model that only allows
duplications and losses. The full DTL model and all subsets of
parameter combinations comprise a set of eight models (Table 2).
These models span from a strict cospeciation model, where the
DTL rates are fixed to zero, to the full DTL model, where the
three parameters are estimated. For each of the models, ALEmI
was run as outlined above. We then used Akaike information
criterion (AIC; Akaike 1974) and calculated model probabilities
following Burnham and Anderson (2002) to evaluate the relative
fit of the models and identify those parameters most important for
explaining the fig and fig wasp data. Following model selection,
we generated model averaged parameter estimates by allowing
each model to contribute to the parameter estimate in proportion
to its model probability. The model selection approach was run
on both data sets (pruned, split).

DESCRIBING COPHYLOGENETIC PATTERNS USING
TRADITIONAL APPROACHES

In addition to our application of the DTL probabilistic method,
two additional approaches were used. First, the degree of congru-
ence between the fig and fig wasp phylogenies was assessed in the
R package PACo version 0.3.2 (Balbuena et al. 2013; Hutchinson
et al. 2017). PACo is a global-fit method that uses Procrustean
superimposition to evaluate if two phylogenies are more similar
than expected by chance, suggesting a shared evolutionary history.
An eigenvalue correction of “lingoes”—a constant added to cor-
rect for negative eigenvalues—was used when transforming the
phylogenetic distance matrices into principal coordinates. Rather
than superimpose the fig wasp phylogeny on the fig phylogeny
(as would be the case in a host and parasite system), both phylo-
genies were standardized to allow for the best-fit superimposition
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independent of both phylogenies. We used 10,000 permutations
to assess significance for the analysis.

Second, the parsimony event-based method Jane versus 4.0
(Conow et al. 2010) was used to estimate the number of events re-
quired to explain discordance in the two phylogenies. Jane takes as
input host and symbiont phylogenies and reconciles the two trees
to find the optimal reconciliation by minimizing the total num-
ber of event costs. Costs are applied a priori; default values were
used with cospeciation = 0, host switching = 2, duplication =
1, loss = 1, and failure to diverge = 1. Following the reconcilia-
tion process, statistical support was generated by drawing 1,000
random symbiont trees from a Yule model (default beta value of
—1.0) to generate a null distribution of event costs. As PACo and
Jane can handle widespread taxa, MCC trees from SNAPP (figs)
and StarBEAST? (fig wasps) from the full data sets were used as
input data.

Results

SAMPLING, SEQUENCING, AND PHYLOGENETICS OF
FIGS

We generated 228,004,993 raw reads for the 31 sampled fig trees,
with an average of 7,355,000 reads per individual (£9,704,999).
Following data processing in ipyrad, individuals had on average
18,444 loci (£9,023). Requiring at least one individual to be
sequenced per species per locus for phylogenetic analysis, 2529
unlinked biallelic SNPs were used to estimate a species tree for the
figs. Phylogenetic results were consistent between SNAAP and
SVDquartets. With SNAPP, species fell into two main clades, with
generally good support throughout the tree although some nodes
reflected greater uncertainty (Fig. 1). For the figs that share a fig
wasp species, drastically different patterns emerge. Ficus bullenei
and F. popenoei are sister species in the phylogeny. In contrast,
while F. colubrinae and F. perforata fall in the same clade, they
are not closely related. Similar interrelationships are recovered
with SVDQgr, with varying levels of support across the tree (Fig.
S1). One difference from SNAPP, however, is F. colubrinae and F.
perforata are sister taxa in the SVDQgr, although this is weakly
supported (BS = 67).

SAMPLING, SEQUENCING, AND PHYLOGENETICS OF
FIG WASPS

We generated 164,703,731 raw reads for the 82 sampled pollinat-
ing wasp individuals, resulting in an average of 2,008,582 reads
per individual (£577,848). Following processing in phyluce, a
pool of 1052 total UCE loci was recovered, of which 1017 con-
tained at least three or more individuals per locus. On average,
there were 628 loci per individual (+162.60). Requiring a mini-
mum of 70% taxon coverage to retain a locus, the final data set
consisted of 550 loci. Loci in this data set had an average size
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Figure 1. Tanglegram representing evolutionary relationships and associations of 11 species of Panamanian strangler figs (Ficus subgenus
Urostigma, section Americana) and their respective pollinating fig wasps (Pegoscapus spp.). The maximum-clade credibility species tree
estimates of the figs (SNAPP) and fig wasps (StarBEAST2) are shown with nodal support values; posterior probabilities of 1.0 are
represented with an asterisk. Broken lines in associations represent when one-to-one relationships breaks down.
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Figure 2. Maximum likelihood estimates for the rates of the three parameters estimated in ALEmI for the pruned data set. Results are

averaged across 1000 trees drawn from the posterior distribution of species trees sampled from the phylogenetic analysis (SNAPP) of the

fig data. Boxplots show interquartile range (25%, median, 75%), with whiskers extending out up to 1.5 times the interquartile range.

Outliers are not shown.

of 534 bp (£137.62), ranging from 122 to 1,072 bp, and were
present in an average of 64 individuals (£4.84). The fig wasp
species trees resulting from StarBEAST2 and SVDQgr had gen-
erally congruent topologies. Pegoscapus wasps are grouped into
three main clades, with all nodes strongly supported (Fig. 1). In the
two cases where single wasp species are associated as pollinators

to two host species, the wasp species are sister in the phylogeny—
P. gemellus A (hosts: F. bullenei and F. popenoei) sister to
P, insularis (hosts: F. colubrinae and F. perforata). SVDQgst shows
the same general pattern as the StarBEAST? trees, with one minor
exception—P. fonduzi (host: F. citrifolia) is sister to P. piceipes
(host: F. nymphaeifolia), with P. estherae (host: F. costaricana)
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Figure 3. Average number of events estimated from ALEmI for the pruned data set. Results are averaged across 1000 trees drawn from
the posterior distribution of species trees sampled from the phylogenetic analysis (SNAPP) of the fig data. Boxplots show interquartile
range (25%, median, 75%), with whiskers extending out up to 1.5 times the interquartile range. Outliers are not shown.

sister to them (Fig. S2). This node, however, has a bootstrap value
of 50%, showing little support for this discordant pattern. All
other nodes have 100% bootstrap support. SVDQqr shows the
same branching pattern as SVDQgr, and demonstrates close ge-
netic relatedness among wasp individuals as determined by host
fig species (Fig. S3), supporting our placement of individuals
within species for species tree analysis.

INFERRING COEVOLUTIONARY PROCESSES IN A
MODEL-BASED FRAMEWORK

Integrating across phylogenetic uncertainty in the fig and fig wasp
community, our application of the probabilistic DTL model on
the pruned data set estimated mean maximum likelihood rates of
1.23 (£0.20) for host switching, 0.79 (£0.01) for wasp extinc-
tion, and 0.06 (£0.01) for wasp speciation (Fig. 2). Given these
rates and the probabilities of events along the branches of the host
fig trees, the reconciled fig wasp tree set recovers a mean aver-
age of 6.07 (£0.61) cospeciations, 5.78 (£0.52) host switches,
2.84 (£0.35) wasp extinctions, and 0.29 (£0.05) wasp specia-
tions (Fig. 3). We see generally equal amounts of cospeciation
and host switching under the full DTL model with the pruned
data set, with host switching estimated in roughly half of the tip
branches within the host fig tree (Fig. 4). For the split data set,
we estimated mean maximum likelihood rates of 2.46 (£3.96)
for host switching, 1.51 (£3.74) for wasp extinction, and 0.07
(£0.05) for wasp speciation (Fig. S4). Given these rates, we es-
timated a mean average of 11.01 (£1.86) host switches, 5.92
(£1.19) cospeciations, 3.88 (41.37) wasp extinctions, and 0.32
(£0.09) wasp speciations (Fig. S5). Host switching is broadly
distributed phylogenetically, especially on the tip branches, but
is conspicuously absent from the branches leading to F. trigo-
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Figure 4. Average number of host switching events for the figs
and fig wasps for the pruned data set. The maximum-clade cred-
ibility species tree representing the figs (SNAPP) was used as the
host tree in the ALEml analysis. The average number of host
switching events are represented along the branches of the host
fig tree.

nata and F. near trigonata (Fig. S6). Collectively, these results
suggest an important role for both cospeciation and host switch-
ing in producing the evolutionary patterns between this group
of strangler figs and their associated pollinating wasps, and also
suggests a role for wasp extinction during the evolution of this
mutualism.
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Figure 5. Null distributions of the number of events when using the fig maximum-clade credibility species tree from the pruned data

set and a simulated species tree representing the fig wasps. Distributions are based on 1000 simulated fig wasp species trees. The vertical

lines represent mean estimates from the empirical data. For wasp speciation, wasp extinction, and host switching, P-values represent the

proportion of simulations that produced an estimate equal to or below the empirical value. For cospeciation, the P-value (0.08) represents
the proportion of simulations that produced an estimate equal to or above the empirical value.

As there is no explicit association between the simulated
trees and empirical trees, simulations provide a context for eval-
uating empirical parameter estimates against expectations of no
cospeciation. For the pruned data set, the empirical estimates of
wasp speciation and wasp extinction events do not significantly
deviate from the null distributions, although the wasp speciations
fall close to the upper limit of the distribution (Fig. 5). For the
average number of host switches and cospeciations, once again,
the empirical estimates do not significantly deviate from the null
distributions, although both of these estimates are close to the
tails of the distributions, with 9% of simulations at or below the
empirical estimate for host switching, and 8% at or above the em-
pirical estimate for cospeciation. This same pattern is seen with
the maximum likelihood rates when placed in the context of the
simulations (Fig. S7). Results are consistent with the split data, as
none of the empirical estimates deviate significantly from the null
distributions for number of events (Fig. S8) or maximum likeli-
hood rates (Fig. S9). Simulations for both data sets show empirical

parameter estimates under the full DTL model to be consistent
with a model that approximates free host switching, regardless of
whether shared wasps are removed (pruned) or retained (split) in
the analysis.

Using a model selection approach, we identified four models
containing all of the model probability for the pruned data
set (Table 2). All four models contained host switching, with
models not containing this parameter receiving no support. A
host switching only model contains the highest probability (P =
0.42), followed by a host switching-wasp extinction model (P =
0.30), a host switching-wasp speciation model (P = 0.16), and
the full DTL model (P = 0.12). Allowing for each model to
contribute to the parameter estimates given its model probability,
the reconciled fig wasp tree sets recover an average of 6.83 host
switches, 3.64 cospeciations, 1.20 wasp extinctions, and 0.09
wasp speciations (Table S3). Although the full DTL model of
the pruned data set suggests equal numbers of host switches
and cospeciations, accounting for model uncertainty recovers
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roughly twice as many host switches as cospeciations. These
results were consistent with results from the split data set. The
same four models contain all of the model probability, with the
host switching only model containing the highest probability
(P = 0.46; Table S4). Model averaged parameter estimates for
number of events were 11.50 host switches, 3.27 cospeciations,
1.44 wasp extinctions, and 0.08 wasp speciations (Table S5).

DESCRIBING COPHYLOGENETIC PATTERNS USING
TRADITIONAL APPROACHES

PACo recovers a significant cophylogenetic signal between the
figs and fig wasps (m%, = 0.481, P-value = 0.009, n = 10,000).
This demonstrates the degree of congruence between the asso-
ciations is greater than expected based on chance (Fig. 6). This
result, however, is driven by the F. trigonata + F. near trigonata
contribution (Fig. 6A). If these two fig species (and associated
pollinating wasps) are removed from the analysis, the interaction
is no longer statistically significant (m%, = 0.553, P-value =
0.11, n = 10,000), demonstrating their importance to the con-
gruent cophylogenetic signal. Jane does not recover a significant
phylogenetic association between the figs and fig wasp lineages.
There were 48 equally parsimonious reconciliations with a total
event cost of 20. Forty-two reconciliations contained five cospeci-
ations, three fig wasp speciations, three host switches, nine losses,
and two failures to diverge (Fig. 7). The other six reconciliations
contained four cospeciations, two fig wasp speciations, five host
switches, six losses, and two failures to diverge. When assess-
ing significance of this total cost compared to a null distribution,
25.2% of random trees produced a cost equal to or below this
value, with a mean cost number of 23.33 (£4.31).

Discussion

Determining the ecological and evolutionary processes that con-
tribute to diversification in interacting lineages is a fundamental
goal of evolutionary biology. Here, we gathered genome-wide se-
quence data for a sympatric community of Panamanian strangler
figs and pollinating wasps, and using a model-based framework
estimated the relative frequencies of multiple processes shaping
cophylogenetic patterns in this mutualism. The results indicate
host switching to be the dominant process ongoing at this spatial
and phylogenetic level, and within the Panamanian community
provides support for an evolutionary history in which fig wasps
have shifted to different host figs through time.

PANAMANIAN STRANGLER FIGS AND FIG WASPS
HAVE A HISTORY OF HOST SWITCHING

At broad phylogenetic scales, sections of figs are primarily polli-
nated by corresponding genera of fig wasps, with the two groups
showing a high degree of topological congruence suggesting co-
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cladogenesis (Rgnsted et al. 2005; Cruaud et al. 2012). Within
these finer phylogenetic levels (sections of fig and genera of
pollinators), results are often mixed as to whether cospeciation
or other processes are most important for the associations (e.g.,
Weiblen and Bush 2002; Jousselin et al. 2008). In the Panama-
nian community of strangler figs and associated wasps, previous
molecular work has identified several breakdowns of the one-to-
one fig-to-fig wasp association and suggest potentially high rates
of host switching as a process contributing to highly discordant
phylogenetic patterns at this more fine phylogenetic scale (Molbo
et al. 2003; Machado et al. 2005; Jackson et al. 2008). For exam-
ple, while Cruaud et al. (2012) infer strong signals of cospeciation
between figs and pollinators globally, they estimate a conspicu-
ously high amount of host switching among Neotropical strangler
figs and their pollinators (see fig. S10 of Cruaud et al. 2012).
Machado et al. (2005) argue the more appropriate model for the
Panamanian community is one in which genetically well-defined
fig wasp species coevolve with groups of genetically less well-
defined groups of figs. This model argues for a history in which
pollinator host switching has led to introgression among host fig
species. Essentially, host switching is common and potentially
leads to introgression among fig species.

Previous cophylogenetic studies of the Panamanian commu-
nity have based inferences of host switching on limited molecular
data, with only a few loci sampled from the host figs and their
pollinating wasps. Therefore, one of our goals was to make more
precise estimates of the phylogenetic relationships among both
the figs and the wasps by using thousands of RAD loci for the
figs and hundreds of UCE loci for the wasps. This provides much
stronger evidence that the history of fig—pollinator association
has been punctuated by numerous host switch events through-
out evolutionary time. Host switching is modeled to have played
an important role in shaping the evolutionary association of fig
wasps with several of the fig species sampled here (Fig. 4). More
recent exchanges are also likely to be ongoing and detectable in
ecological time (Cornille et al. 2012, E.A. Herre, unpubl. data).
It is now clear that host switching has occurred at a frequency
capable of potentially generating recurrent introgression among
fig hosts, which could blur fig species boundaries and decrease
host-specific differences in the floral volatile chemical signals
used to attract pollinating wasps. Increased overlap in volatile
profiles between fig species could further lower barriers to host
switching in fig pollinators, leading to a positive feedback loop in
which distinct wasp species are associated with introgressed sets
of fig species.

Despite our inference of an evolutionary history punctuated
by host switch events, contemporary ecological and mitochondrial
barcoding data indicate high host specificity between Neotropi-
cal fig wasps and their hosts at local scales, with wasps doing
a nearly perfect job of locating and pollinating the correct fig
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Figure 6. Results from PACo. (A) Associations between host figs and pollinating wasps, with line weight indicating the contribution of

each interaction to the global-fit score. (B) A significant association is recovered for this mutualism (P-value = 0.01). As the F. trigonata
+ F. near trigonata host-wasp relationship contributes most to this interaction, removal of these taxa results in a global association that
is no longer significant (P-value = 0.55). Taxon names have been truncated.

species (Bronstein 1987, E.A. Herre and A. Oldenbeuving un-
publ. data). Our UCE data strongly support high levels of con-
temporary species specificity, as wasps reared from the same fig
species—from independent fruit on the same tree and from differ-
ent trees—cluster in phylogenetic space into well-delineated lin-
eages (Fig. S3). These results are consistent with and expand upon
previous phylogenetic inferences based on mitochondrial DNA in
this community (Molbo et al. 2003; Machado et al. 2005). Strong
evidence for host specificity in ecological time combined with
strong evidence for host switching in evolutionary time directs at-
tention to potential combinations of ecological and evolutionary

processes that underlie these seemingly incongruent features of
this mutualism.

Floral volatiles released by receptive figs promote species
specificity by attracting pollinating wasps carrying conspecific
pollen. For example, Proffit et al. (2009) presented the volatile
blends of three sympatric fig species to the pollinator of one of
those species (Ficus hispida). Behavioral assays showed the pol-
linator is only attracted to its host species, demonstrating high
levels of host affinity for this pollinating wasp. Other attributes
of the figs can also exert selective pressures on the wasps con-
tributing to the maintenance of host specificity observed in this
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interaction. Moe and Weiblen (2012) conducted experimental
studies in sympatric dioecious New Guinean figs showing that,
while seed development and seedling growth were comparable
for figs pollinated with conspecific and heterospecific pollen, the
successful development of pollinator wasp larvae was reduced
in a nonspecific host. In addition, the correlated evolution of
traits important for the fig and wasp interaction, including style
and ovipositor lengths (Weiblen 2004; but see Nefdt and Comp-
ton 1996) and ostiole and pollinator head shapes (Jousselin et al.
2003), may also provide mechanisms where proper matching is fa-
vored. Pollinators, however, have been occasionally documented
in nonnatal host figs, with some producing viable offspring, al-
though inviable seeds (Ramirez 1970). So while selective pres-
sures derived from appropriate host recognition and compatibility
on both figs and pollinating wasps promote species-specificity, ev-
idence suggests opportunities for colonizing nonnatal hosts exist.
Indeed, across the tropics, analyses of fig wasp species sharing
the same monoecious hosts (copollinators) show that a signifi-
cant fraction (32%) are not closely related and have thus switched
hosts at some point in the past (Yang et al. 2015).

Life history traits and geography provide opportunity for host
shifts to occur and be maintained. Fig wasps have multiple gen-
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erations per year (8—12) with a large number of pollen-carrying
female wasp offspring produced per tree (Korine et al. 2000;
Weiblen 2002). They are capable dispersers, traveling many kilo-
meters in search of a receptive fig (Nason et al. 1998), with some
species of fig wasps having been recorded dispersing over 160 km
(Ahmed et al. 2009). Many fig species have broad distributions,
and in cases where pollinators have been sampled from through-
out their range, multiple pollinator species have been found, typ-
ically in different geographic areas (e.g., Haine et al. 2006; Chen
et al. 2012; Bain et al. 2016; Rodriguez et al. 2017). For exam-
ple, Darwell et al. (2014) explored pollinator species diversity on
Ficus rubiginosa distributed from northern Queensland to New
South Wales in Australia. They described the presence of five
pollinator species with limited species overlap (although they
are not geographically isolated). Even higher pollinator diversity
was found along the distribution of Ficus hirta, where Yu et al.
(2019) recovered nine pollinator species with parapatric distri-
butions associated with this host fig. Because these studies did
not also sample wasps from co-occurring host figs, it remains un-
clear whether the multiple species associated with a fig host are
all specific to that host, or are shared locally with other hosts as
yet unidentified.
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What broader patterns can we infer about figs and fig wasps
from results in our local Panama community? Two sections of
figs (strangling and free-standing) and their pollinating wasps
(Pegoscapus and Tetrapus, respectively) have independently col-
onized the Neotropics (Cruaud et al. 2012). Strangler figs
represent much of the species diversity in the Neotropics, with
over 120 described species compared to roughly 20 described
species for the free-standing figs. Many of the strangler fig species
found in Panama have widespread distributions that span bio-
geographic barriers, such as the Andes, and within the broader
strangler fig phylogeny, the Panamanian community is not mono-
phyletic (Machado et al. 2018). We predict that, as is the case of
the Australian fig F. rubiginosa, many of these fig species host
multiple pollinator species across their distribution. Even at our
local scale, Molbo et al. (2003) discovered that four of the eight
sampled Panamanian strangler fig species host pairs of pollina-
tor species in sympatry. Both local sampling of pollinator wasps
through time and geographic sampling across the distributions
of their host figs will be important for understanding community
assembly dynamics of the fig wasps, including where the polli-
nators came from and how they are related (Molbo et al. 2003;
Machado et al. 2005; Jackson et al. 2008; Cornille et al. 2012).
We hypothesize that cases of pollinator sharing and host switch-
ing will be mechanistically explainable by similarities of the at-
tractant floral chemical signals that fig species produce and that
pollinator wasps recognize. Finally, we note the consequences of
pollinator host switching and subsequent blurring of fig species
boundaries also potentially affects the evolutionary trajectories
of several additional trophic levels of fig and wasp associated
organisms, including a diverse community of nonpollinating fig
wasp parasites (e.g., gallers, kleptoparasites, and parasitoids) and
other antagonists (e.g., nematodes and lepidopteran fruit preda-
tors) (Herre 1993; West et al. 1996; Marussich and Machado 2007;
Piatscheck et al. 2018; Van Goor et al. 2018).

MODEL-BASED APPROACHES FOR ADDRESSING
COPHYLOGENETIC QUESTIONS

Current cophylogenetic methods measure the degree to which two
phylogenies compare (global-fit) or map one tree onto another
using a priori event costs and the parsimony criterion to iden-
tify the optimal reconciliation (event-based). These methods are
necessarily limited because they are not based on a probabilistic
model where the relative contributions of underlying mechanis-
tic processes can be statistically evaluated. Recent advances in
cophylogenetic methods use approximate Bayesian computation
(ABC) to estimate the posterior probability of processes impor-
tant for producing cophylogenetic patterns (Baudet et al. 2014;
Alcala et al. 2017). Although ABC is likelihood free and can be
sensitive to choice of summary statistics for approximating the
posterior probability (Robert et al. 2011), these methods provide

an important contribution in evaluating cophylogenetic questions
in a process-generating perspective.

As our application of the DTL model in ALEml uses a likeli-
hood function, explicit predictions can be generated and tested in
a statistical framework, allowing us to estimate the evolutionary
and ecological processes that have contributed to the historical as-
sociation of interacting lineages. In addition to the fig and fig wasp
mutualism, this approach can also be applied to other systems with
strong ecological associations, like hosts and parasites. For exam-
ple, Groussin et al. (2017) applied this method to mammals and
their microbiomes to test whether vertical versus horizontal trans-
mission was the dominant signal in the coevolution of bacterial
communities and their hosts. They discovered that 67% of bacte-
rial groups contained a stronger signal of cospeciation than host
switching, providing an empirical example for how this model
can inform transmission dynamics of microbiome communities.
There are two important issues that would be useful to address
moving forward. A logical extension of this approach will be to in-
corporate absolute divergence time information of the two groups
into the model. Currently, the DTL model in ALEml accounts
for the relative node positioning within the host phylogeny, but
does not account for branch length information of the symbiont
trees. Although appropriate when addressing gene families within
species, as genes evolve within species, this assumption may be
violated when dealing with host/symbiont interactions as the tim-
ing of association and diversification may not be the same. For
example, if diversification times were on different time scales be-
tween host and symbiont, some evolutionary processes (e.g., host
switching and cospeciation) would have zero probability if asso-
ciated lineages were not present at the same time. This would be
most problematic if phylogenetic patterns were similar between
interacting lineages, but divergence times at those shared nodes
were not overlapping. This pseudocongruence would obscure the
true history that a process other than cospeciation necessarily con-
tributed to these patterns (e.g., Donoghue and Moore 2003). Al-
though there are challenges associated with integrating temporal
information in the model-based framework, a more fundamental
problem is estimating accurate divergence time information for
cophylogenetic analysis from organisms with different rates of
sequence divergence. Divergence time estimation is challenging,
and timing estimates often contain considerable uncertainty. In
addition, without appropriate fossil information (or other geolog-
ical data), it is not possible to convert relative branch times to
absolute time with any sort of precision. It will be important to
further adapt the DTL model for cophylogenetic inference, where
we can account for additional parameters (e.g., divergence times)
important in systems with tight ecological interactions.

An assumption of the DTL model in ALEmlI is that each
symbiont lineage may only be associated with a single host lin-
eage. Violation of this assumption could lead to biased parameter
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estimates depending upon how this assumption is violated. This
is an issue whenever an individual symbiont species is associated
with two or more host species and requires the investigator to
make explicit assumptions about the processes that have gener-
ated these associations. In our data set, we have two examples
of pollinator sharing, with one pollinator species associated with
E colubrinae and F. perforata, and a second associated with F.
bullenei and F. popenoei. We used two approaches for dealing
with these shared taxa to test how their inclusion (or exclusion)
influenced parameter estimates under the DTL model. In the split
data set, following Ronquist (2003), we associated the individual
tips with the host tree species from which they were sampled.
Using this approach, we allowed the fig host phylogeny to de-
termine the processes (e.g., host shift, cospeciation) producing
the current association. The explicit assumption of this approach
is that the shared pollinator is composed of two species, which
may be a product of cospeciation or a recent host shift. For exam-
ple, Molbo et al. (2003) suggests the wasp P. gemellus A shared
between F. bullenei and F. popenoei is the product of a recent
host shift. If the shared wasps are consistently pollinating their
natal fig species and are no longer part of the same gene pool, a
recent host shift would be consistent with the lack of detectable
genetic differences between P. gemellus A wasps sampled from
the two host species. But as splitting shared symbionts could
result in an inflation of inferred host switches, we also pruned
the shared taxa to satisfy the assumptions of the model and pro-
vide a comparison between treatments. When comparing results
of the full DTL model from the split and pruned data sets, the
split data set estimates high levels of host switching as opposed
to cospeciations, whereas the pruned data set estimates similar
levels of cospeciation and host switching. The distribution of host
switches for the split data set (Fig. S6) is concentrated along
tip branches, including higher values on the branches leading to
the host species sharing a pollinator. The model thus suggests
that recent host shifts have resulted in the shared pollinators, if,
in fact, they are incipient species. Pruning the shared pollina-
tors, however, still resulted in a considerable number of estimated
host switches. Although parameter estimates under the full DTL
model for the pruned data set recovered roughly equal numbers
of cospeciations (6.08) and host switches (5.78), the full DTL
model contains the fourth highest model probability (P = 0.12).
In contrast, a host switching only model had the highest prob-
ability (P = 0.42) and estimated considerably higher amounts
of host switching (7.51) over cospeciations (1.90). In addition,
model averaged parameter estimates recovered twice as many
host switches (6.83) as cospeciations (3.64) from the pruned data
set.

Our inference of host switching as an important process in
the Panamanian strangler fig community is consistent regardless
of how we treat the shared pollinators. Nevertheless, symbiont
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taxa associated with two or more hosts violate the model assump-
tion of host specificity as implemented in ALEml. This model
assumption will be important to consider if using this approach
for cophylogenetic questions where each symbiont lineage is not
associated with a single host lineage (e.g., generalist pollinators
and flowering plants). Systems where interactions are more dif-
fuse would be better suited for methods that explicitly account
for multihost taxa. For example, the one-to-one association is not
a requirement of PACo or Jane, where having generalist lineages
is accounted for either by replicating rows in the data matrices
(PACo) or applying a new parameter (failure to diverge) as done
in Jane. In addition, the ABC event-based method of Alcala et al.
(2017) allows symbiont lineages to be associated with multiple
host lineages, modeling symbiont taxa as either a specialist or
generalist based on the observed distribution of generalists in the
data set.

Conclusions

This is the first study to use genome-scale data for both figs and
their pollinator wasps to address the evolutionary history of asso-
ciation in this obligate mutualism. We analyze these more precise
data using a model-based framework to test explicit predictions
about the processes most important for generating observed pat-
terns of diversification. Focusing on a Panamanian strangler fig
community in which the large majority of wasp species are lo-
cally host specific, we demonstrate that the evolutionary history
of the fig-pollinator association has been punctuated by frequent
host switching events. A history of host shifting by the pollinators
provides a potential mechanism for genetic introgression between
figs, a process that has previously been suggested but not conclu-
sively demonstrated. By adapting the implementation of the DTL
model in a probabilisitic method, we provide a framework for
evaluating cophylogenetic processes in interacting lineages using
a process-based approach. As collecting genome-wide sequence
data is becoming ubiquitous for nonmodel organisms, these data
coupled with better models allows us to generate meaningful
inferences into the processes influencing the diversification of
interacting species.

AUTHOR CONTRIBUTIONS

JDS, TAH, JDN, and EAH designed the study; EAH and KCJ led col-
lection of fig and fig wasp samples; DARE processed the fig sequence
data; JDS processed the wasp sequence data and conducted all analyses;
JDS, EAH, TAH, and JDN wrote the paper; and all authors contributed
to revised versions of the manuscript and approved the final version.

ACKNOWLEDGMENTS

We thank Adalberto Gomez and Lovisa Diick for collecting many of the
fig and fig wasp samples, and Brian Park and Juan Carlos Penagos Zuluaga
for helping with fig DNA extractions. We thank members of the Heath



COPHYLOGENETIC PROCESSES OF FIGS AND WASPS

lab, Nason lab, Bastien Boussau, Michael Landis, and April Wright for
comments and discussion regarding the manuscript. We also thank AE
Sanmartin and two anonymous reviewers for comments that helped to
improve the manuscript. Funding was provided by the National Science
Foundation (DEB-1556853) to JDN, EAH, and TAH, by the Smithsonian
Scholarly Studies Grant to EAH, and the Wenner-Gren Foundations to
KClI.

DATA ARCHIVING

Raw sequence data are available from the NCBI Sequence
Read Archive (SRA) wunder BioProject ID: PRINAS554331
(SAMN12175184-SAMN12175265 and SAMNI12175274-SAMN121
75304). All data sets and custom scripts are available on Dryad
(https://doi.org/10.5061/dryad.423q544).

LITERATURE CITED

Ahmed, S., S. G. Compton, R. K. Butlin, and P. M. Gilmartin. 2009. Wind-
borne insects mediate directional pollen transfer between desert fig trees
160 kilometers apart. Proc. Natl. Acad. Sci. USA 106:20342-20347.

Akaike, H. 1974. A new look at the statistical model identification. IEEE
Trans. Automat. Contr. 19:716-723.

Alcala, N., T. Jenkins, P. Christe, and S. Vuilleumier. 2017. Host shift and
cospeciation rate estimation from co-phylogenies. Ecol. Lett. 20:1014—
1024.

Bain, A., R. M. Borges, M.-H. Chevallier, H. Vignes, N. Kobmoo, Y. Q. Peng,
A. Cruaud, J. Y. Rasplus, F. Kjellberg, and M. Hossaert-Mckey. 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. Evol. Ecol. 30:663-684.

Baird, N. A, P. D. Etter, T. S. Atwood, M. C. Currey, A. L. Shiver, Z. A.
Lewis, E. U. Selker, W. A. Cresko, and E. A. Johnson. 2008. Rapid SNP
discovery and genetic mapping using sequenced RAD markers. PLoS
ONE 3:e3376.

Balbuena, J. A., R. Miguez-Lozano, and I. Blasco-Costa. 2013. PACo: a novel
procrustes application to cophylogenetic analysis. PLoS ONE 8:¢61048.

Baudet, C., B. Donati, B. Sinaimeri, P. Crescenzi, C. Gautier, C. Matias,
and M.-F. Sagot. 2014. Cophylogeny reconstruction via an approximate
Bayesian computation. Syst. Biol. 64:416-431.

Berg, C. 1989. Classification and distribution of Ficus. Experientia 45:605—
611.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30:2114-2120.

Bouckaert, R., J. Heled, D. Kiihnert, T. Vaughan, C.-H. Wu, D. Xie, M.
A. Suchard, A. Rambaut, and A. J. Drummond. 2014. BEAST 2: a
software platform for Bayesian evolutionary analysis. PLoS Comput.
Biol. 10:e1003537.

Branstetter, M. G., B. N. Danforth, J. P. Pitts, B. C. Faircloth, P. S. Ward,
M. L. Buffington, M. W. Gates, R. R. Kula, and S. G. Brady. 2017.
Phylogenomic insights into the evolution of stinging wasps and the
origins of ants and bees. Curr. Biol. 27:1019-1025.

Bronstein, J. L. 1987. Maintenance of species-specificity in a neotropical
fig—pollinator wasp mutualism. Oikos 48:39-46.

Bryant, D., R. Bouckaert, J. Felsenstein, N. A. Rosenberg, and A. RoyChoud-
hury. 2012. Inferring species trees directly from biallelic genetic mark-
ers: bypassing gene trees in a full coalescent analysis. Mol. Biol. Evol.
29:1917-1932.

Burnham, K., and D. Anderson. 2002. Model selection and multimodel in-
ference: a practical information-theoretic approach. 2nd. ed. Springer-
Verlag, New York, NY.

Capella-Gutiérrez, S., J. M. Silla-Martinez, and T. Gabaldén. 2009. trimal:
a tool for automated alignment trimming in large-scale phylogenetic
analyses. Bioinformatics 25:1972—-1973.

Castresana, J. 2000. Selection of conserved blocks from multiple alignments
for their use in phylogenetic analysis. Mol. Biol. Evol. 17:540-552.

Chen, Y., S. G. Compton, M. Liu, and X.-Y. Chen. 2012. Fig trees at the
northern limit of their range: the distributions of cryptic pollinators
indicate multiple glacial refugia. Mol. Ecol. 21:1687-1701.

Chifman, J., and L. Kubatko. 2014. Quartet inference from SNP data under
the coalescent model. Bioinformatics 30:3317-3324.

Conow, C., D. Fielder, Y. Ovadia, and R. Libeskind-Hadas. 2010. Jane: a new
tool for the cophylogeny reconstruction problem. Algorithms Mol. Biol.
5:16.

Cornille, A., J. Underhill, A. Cruaud, M. Hossaert-McKey, S. Johnson, K.
Tolley, F. Kjellberg, S. Van Noort, and M. Proffit. 2012. Floral volatiles,
pollinator sharing and diversification in the fig—wasp mutualism: insights
from Ficus natalensis, and its two wasp pollinators (South Africa). Proc.
R. Soc. Lond. B: Biol. Sci. 279:1731-17309.

Crawford, N. G., B. C. Faircloth, J. E. McCormack, R. T. Brumfield, K.
Winker, and T. C. Glenn. 2012. More than 1000 ultraconserved elements
provide evidence that turtles are the sister group of archosaurs. Biol. Lett.
8:783-786.

Cruaud, A., and J.-Y. Rasplus. 2016. Testing cospeciation through large-scale
cophylogenetic studies. Curr. Opin. Insect. Sci. 18:53-59.

Cruaud, A., N. RAynsted, B. Chantarasuwan, L. S. Chou, W. L. Clement,
A. Couloux, B. Cousins, G. Genson, R. D. Harrison, P. E. Hanson, et
al. 2012. An extreme case of plant—insect codiversification: figs and
fig-pollinating wasps. Syst. Biol. 61:1029-1047.

Darwell, C. T, S. al Beidh, and J. M. Cook. 2014. Molecular species de-
limitation of a symbiotic fig-pollinating wasp species complex reveals
extreme deviation from reciprocal partner specificity. BMC Evol. Biol.
14:189.

Donoghue, M. J., and B. R. Moore. 2003. Toward an integrative historical
biogeography. Integr. Comp. Biol. 43:261-270.

Doyle, J., and J. Doyle. 1987. Genomic plant DNA preparation from fresh
tissue-ctab method. Phytochem. Bull. 19:11-15.

Doyon, J.-P., V. Ranwez, V. Daubin, and V. Berry. 2011. Models, algorithms
and programs for phylogeny reconciliation. Brief. Bioinform. 12:392—
400.

Eaton, D. A. R. 2014. PyRAD: assembly of de novo RADseq loci for phylo-
genetic analyses. Bioinformatics 30:1844-1849.

Ehrlich, P. R., and P. H. Raven. 1964. Butterflies and plants: a study in
coevolution. Evolution 18:586-608.

Faircloth, B. C. 2015. PHYLUCE is a software package for the analysis of
conserved genomic loci. Bioinformatics 32:786—788.

Faircloth, B. C., M. G. Branstetter, N. D. White, and S. G. Brady. 2015.
Target enrichment of ultraconserved elements from arthropods provides
a genomic perspective on relationships among hymenoptera. Mol. Ecol.
Resour. 15:489-501.

Grabherr, M. G., B. J. Haas, M. Yassour, J. Z. Levin, D. A. Thompson, 1.
Amit, X. Adiconis, L. Fan, R. Raychowdhury, Q. Zeng, et al. 2011. Full-
length transcriptome assembly from RNA-Seq data without a reference
genome. Nat. Biotechnol. 29:644-652.

Groussin, M., F. Mazel, J. G. Sanders, C. S. Smillie, S. Lavergne, W. Thuiller,
and E. J. Alm. 2017. Unraveling the processes shaping mammalian gut
microbiomes over evolutionary time. Nat. Commun. 8:14319.

Hafner, M. S., and S. A. Nadler. 1988. Phylogenetic trees support the coevo-
lution of parasites and their hosts. Nature 332:258.

Haine, E. R., J. Martin, and J. M. Cook. 2006. Deep mtDNA divergences
indicate cryptic species in a fig-pollinating wasp. BMC Evol. Biol. 6:
83.

EVOLUTION NOVEMBER 2019 2309


https://doi.org/10.5061/dryad.423q544

J.D. SATLER ET AL.

Heled, J., and A. J. Drummond. 2010. Bayesian inference of species trees
from multilocus data. Mol. Biol. Evol. 27:570-580.

Herre, E. A. 1993. Population structure and the evolution of virulence in
nematode parasites of fig wasps. Science 259:1442—1445.

Hird, S., L. Kubatko, and B. Carstens. 2010. Rapid and accurate species tree
estimation for phylogeographic investigations using replicated subsam-
pling. Mol. Phylogenet. Evol. 57:888-898.

Hutchinson, M. C., E. F. Cagua, J. A. Balbuena, D. B. Stouffer, and T. Poisot.
2017. paco: implementing procrustean approach to cophylogeny in R.
Methods Ecol. Evol. 8:9312-940.

Jackson, A. P., C. A. Machado, N. Robbins, and E. A. Herre. 2008. Multi-locus
phylogenetic analysis of neotropical figs does not support 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. Annu. Rev. Ecol. Syst. 10:13-51.

Jousselin, E., J.-Y. Rasplus, and F. Kjellberg. 2003. Convergence and coevo-
lution in a mutualism: evidence from a molecular phylogeny of Ficus.
Evolution 57:1255-1269.

Jousselin, E., S. Van Noort, V. Berry, J.-Y. Rasplus, N. Rgnsted, J. C. Erasmus,
and J. M. Greeft. 2008. One fig to bind them all: host conservatismin a fig
wasp community unraveled by cospeciation analyses among pollinating
and nonpollinating fig wasps. Evolution 62:1777-1797.

Katoh, K., and D. M. Standley. 2013. MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol.
Biol. Evol. 30:772-780.

Kissling, W. D., C. Rahbek, and K. Bohning-Gaese. 2007. Food plant diversity
as broad-scale determinant of avian frugivore richness. Proc. R. Soc.
Lond. B: Biol. Sci. 274:799-808.

Korine, C., E. K. Kalko, and E. A. Herre. 2000. Fruit characteristics and
factors affecting fruit removal in a panamanian community of strangler
figs. Oecologia 123:560-568.

Kubatko, L. S., and J. H. Degnan. 2007. Inconsistency of phylogenetic esti-
mates from concatenated data under coalescence. Syst. Biol. 56:17-24.

Lambert, F. R., and A. G. Marshall. 1991. Keystone characteristics of bird-
dispersed Ficus in a Malaysian lowland rain forest. J. Ecol. 79:793—
809.

Legendre, P., Y. Desdevises, and E. Bazin. 2002. A statistical test for host—
parasite coevolution. Syst. Biol. 51:217-234.

Lopez-Vaamonde, C., N. Wikstrom, K. M. Kjer, G. D. Weiblen, J. Y. Ras-
plus, C. A. Machado, and J. M. Cook. 2009. Molecular dating and
biogeography of fig-pollinating wasps. Mol. Phylogenet. Evol. 52:715-
726.

Machado, A. F. P, N. R¢gnsted, S. Bruun-Lund, R. A. S. Pereira, and L. P.
de Queiroz. 2018. Atlantic forests to the all Americas: biogeographical
history and divergence times of Neotropical Ficus (Moraceae). Mol.
Phylogenet. Evol. 122:46-58.

Machado, C. A., E. Jousselin, F. Kjellberg, S. G. Compton, and E. A. Herre.
2001. Phylogenetic relationships, historical biogeography and character
evolution of fig-pollinating wasps. Proc. R. Soc. Lond. B: Biol. Sci.
268:685-694.

Machado, C. A., N. Robbins, M. T. P. Gilbert, and E. A. Herre. 2005. Crit-
ical review of host specificity and its coevolutionary implications in
the fig/fig-wasp mutualism. Proc. Natl. Acad. Sci. USA 102:6558-
6565.

Marussich, W. A., and C. A. Machado. 2007. Host-specificity and coevolution
among pollinating and nonpollinating new world fig wasps. Mol. Ecol.
16:1925-1946.

McCormack, J. E., B. C. Faircloth, N. G. Crawford, P. A. Gowaty, R. T.
Brumfield, and T. C. Glenn. 2012. Ultraconserved elements are novel
phylogenomic markers that resolve placental mammal phylogeny when
combined with species-tree analysis. Genome Res. 22:746-754.

2310 EVOLUTION NOVEMBER 2019

Moe, A. M., and G. D. Weiblen. 2012. Pollinator-mediated reproductive isola-
tion among dioecious fig species (Ficus, Moraceae). Evolution 66:3710—
3721.

Molbo, D., C. A. Machado, J. G. Sevenster, L. Keller, and E. A. Herre. 2003.
Cryptic species of fig-pollinating wasps: implications for the evolution
of the fig—wasp mutualism, sex allocation, and precision of adaptation.
Proc. Natl. Acad. Sci. USA 100:5867-5872.

Nason, J. D, E. A. Herre, and J. L. Hamrick. 1998. The breeding structure of
a tropical keystone plant resource. Nature 391:685-687.

Nefdt, R. J. C., and S. G. Compton. 1996. Regulation of seed and pollina-
tor production in the fig—fig wasp mutualism. J. Anim. Ecol. 65:170-
182.

Ogilvie, H. A., R. R. Bouckaert, and A. J. Drummond. 2017. StarBEAST2
brings faster species tree inference and accurate estimates of substitution
rates. Mol. Biol. Evol. 34:2101-2114.

Page, R. D., 1994a. Maps between trees and cladistic analysis of historical
associations among genes, organisms, and areas. Syst. Biol. 43:58-77.

———. 1994b. Parallel phylogenies: reconstructing the history of host-
parasite assemblages. Cladistics 10:155-173.

Piatscheck, F., J. Van Goor, D. D. Houston, and J. D. Nason. 2018. Ecological
factors associated with pre-dispersal predation of fig seeds and wasps
by fig-specialist lepidopteran larvae. Acta Oecol. 90:151-159.

Proffit, M., C. Chen, C. Soler, J.-M. Bessiere, B. Schatz, and M. Hossaert-
McKey. 2009. Can chemical signals, responsible for mutualistic part-
ner encounter, promote the specific exploitation of nursery pollination
mutualisms?—Tthe case of figs and fig wasps. Entomol. Exp. Appl.
131:46-57.

Rambaut, A., A. J. Drummond, D. Xie, G. Baele, and M. A. Suchard. 2018.
Posterior summarization in Bayesian phylogenetics using Tracer 1.7.
Syst. Biol. 67:901-904.

Ramirez, W. 1970. Host specificity of fig wasps (Agaonidae). Evolution
24:680-691.

Robert, C. P., J.-M. Cornuet, J.-M. Marin, and N. S. Pillai. 2011. Lack of
confidence in approximate Bayesian computation model choice. Proc.
Natl. Acad. Sci. USA 108:15112-15117.

Rodriguez, L. J., A. Bain, L.-S. Chou, L. Conchou, A. Cruaud, R. Gonzales,
M. Hossaert-McKey, J.-Y. Rasplus, H.-Y. Tzeng, and F. Kjellberg. 2017.
Diversification and spatial structuring in the mutualism between Ficus
septica and its pollinating wasps in insular South East Asia. BMC Evol.
Biol. 17:207.

Ronquist, F. 2003. Parsimony analysis of coevolving species associations. Pp.
22-64 in R. D. M. Page, ed. Tangled trees: phylogeny, cospeciation and
coevolution. Univ. of Chicago Press, Chicago, IL.

Rgnsted, N., G. D. Weiblen, J. M. Cook, N. Salamin, C. A. Machado, and
V. Savolainen. 2005. 60 million years of co-divergence in the fig—wasp
symbiosis. Proc. R. Soc. Lond. B: Biol. Sci. 272:2593-2599.

Sanmartin, 1., and F. Ronquist. 2002. New solutions to old problems:
widespread taxa, redundant distributions and missing areas in event—
based biogeography. Anim. Biodivers. Conserv. 25:75-93.

Stadler, T. 201 1. Simulating trees with a fixed number of extant species. Syst.
Biol. 60:676-684.

Starrett, J., S. Derkarabetian, M. Hedin, R. W. Bryson, J. E. McCormack, and
B. C. Faircloth. 2017. High phylogenetic utility of an ultraconserved
element probe set designed for Arachnida. Mol. Ecol. Resour. 17:812—
823.

Swofford, D. L. 2003. PAUP": phylogenetic analysis using parsimony ("fand
other methods). Sinauer Associates, Sunderland, MA.

Szoll6si, G. J., B. Boussau, S. S. Abby, E. Tannier, and V. Daubin. 2012. Phy-
logenetic modeling of lateral gene transfer reconstructs the pattern and
relative timing of speciations. Proc. Natl. Acad. Sci. USA 109:17513—
17518.



COPHYLOGENETIC PROCESSES OF FIGS AND WASPS

Szoll6si, G. J., W. Rosikiewicz, B. Boussau, E. Tannier, and V. Daubin, 2013a.
Efficient exploration of the space of reconciled gene trees. Syst. Biol.
62:901-912.

Szoll6si, G. J., E. Tannier, N. Lartillot, and V. Daubin, 2013b. Lateral gene
transfer from the dead. Syst. Biol. 62:386-397.

Terborgh, J. 1986. Keystone plant resources in the tropical forest. Pp. 330—
344 in 1. Soul and E. Michael, eds. Conservation biology: the source of
scarcity and diversity. Sinauer Associates, Sunderland, MA.

Thompson, J. N. 1994. The coevolutionary process. Univ. of Chicago Press,
Chicago, IL.

Van Goor, J., F. Piatscheck, D. D. Houston, and J. D. Nason. 2018. Figs,
pollinators, and parasites: a longitudinal study of the effects of nematode
infection on fig wasp fitness. Acta Oecol. 90:140-150.

de Vienne, D., G. Refrégier, M. Lopez-Villavicencio, A. Tellier, M. Hood,
and T. Giraud. 2013. Cospeciation vs host-shift speciation: methods for
testing, evidence from natural associations and relation to coevolution.
New Phytol. 198:347-385.

Wang, G., C. H. Cannon, and J. Chen. 2016. Pollinator sharing and gene flow
among closely related sympatric dioecious fig taxa. Proc. R. Soc. Lond.
B: Biol. Sci. 283:20152963.

Weiblen, G. D. 2002. How to be a fig wasp. Annu. Rev. Entomol. 47:299-330.

. 2004 Correlated evolution in fig pollination. Syst. Biol. 53:128-139.

Weiblen, G. D., and G. L. Bush. 2002. Speciation in fig pollinators and
parasites. Mol. Ecol. 11:1573-1578.

West, S. A., E. A. Herre, D. M. Windsor, and P. R. Green. 1996. The ecology
and evolution of the new world non-pollinating fig wasp communities.
J. Biogeogr. 23:447-458.

Wiebes, J. T. 1979. Co-evolution of figs and their insect pollinators. Annu.
Rev. Ecol. Syst. 10:1-12.

Yang, L.-Y., C. A. Machado, X.-D. Dang, Y.-Q. Peng, D.-R. Yang, D.-Y.
Zhang, and W.-J. Liao. 2015. The incidence and pattern of copollinator
diversification in dioecious and monoecious figs. Evolution 69:294-304.

Yu, H., E. Tian, L. Zheng, X. Deng, Y. Cheng, L. Chen, W. Wu, W. Tanming, D.
Zhang, S. G. Compton, et al. 2019. Multiple parapatric pollinators have
radiated across a continental fig tree displaying clinal genetic variation.
Mol. Ecol. 28:2391-2405.

Associate Editor: I. Sanmartin
Handling Editor: Mohamed A. F. Noor

Supporting Information

Figure S1. SVDQgr of the figs.
Figure S2. SVDQgr of the fig wasps.
Figure S3. SVDQ_ 7 of the fig wasps.

simulated species tree representing the fig wasps.
species tree representing the fig wasps.

simulated species tree representing the fig wasps.

Table S1. Fig sampling and sequence information.

Table S2. Pollinator sampling and sequence information.

Table S3. Parameter estimates for all models for the pruned data set.
Table S4. Model set and model probabilities for the split data set.
Table S5. Parameter estimates for all models for the split data set.

Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S4. Maximum likelihood estimates for the rates of the three parameters estimated in ALEml for the split data set.

Figure S5. Average number of events estimated from ALEml for the split data set.

Figure S6. Average number of host switching events for the figs and fig wasps for the splir data set.

Figure S7. Null distribution of the maximum likelihood rates when using the fig maximum-clade credibility species tree from the pruned data set and a

Figure S8. Null distribution of the number of events when using the fig maximum-clade credibility species tree from the split data set and a simulated

Figure S9. Null distribution of the maximum likelihood rates when using the fig maximum-clade credibility species tree from the split data set and a

EVOLUTION NOVEMBER 2019 2311



