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To investigate the origins and stages of vertebrate adaptive radiation,
we reconstructed the spatial and temporal histories of adaptive
alleles underlying major phenotypic axes of diversification from the
genomes of 202 Caribbean pupfishes. On a single Bahamian island,
ancient standing variation from disjunct geographic sources was
reassembled into new combinations under strong directional selection for adaptation to the novel trophic niches of scale-eating and
molluscivory. We found evidence for two longstanding hypotheses of
adaptive radiation: hybrid swarm origins and temporal stages of adaptation. Using a combination of population genomics, transcriptomics, and genome-wide association mapping, we demonstrate that this
microendemic adaptive radiation of novel trophic specialists on San
Salvador Island, Bahamas experienced twice as much adaptive introgression as generalist populations on neighboring islands and that
adaptive divergence occurred in stages. First, standing regulatory variation in genes associated with feeding behavior (prlh, cfap20, and
rmi1) were swept to fixation by selection, then standing regulatory
variation in genes associated with craniofacial and muscular development (itga5, ext1, cyp26b1, and galr2) and finally the only de novo
nonsynonymous substitution in an osteogenic transcription factor
and oncogene (twist1) swept to fixation most recently. Our results
demonstrate how ancient alleles maintained in distinct environmental
refugia can be assembled into new adaptive combinations and provide a framework for reconstructing the spatiotemporal landscape of
adaptation and speciation.
adaptive radiation

shifts in habitat, followed by divergence in trophic morphology, and
finally sexual communication signals like color (16). Similarly, the
behavior-first hypothesis proposed that behavioral changes drive the
evolution of other adaptive traits and promote speciation (21–24).
However, existing evidence for these hypotheses comes from ancestral state reconstructions of rapidly diversifying traits that can be
highly unreliable without fossil data (25–27). The timing of diversification on a phylogeny is also confounded by different rates of
diversification across different trait axes (26); thus, rapidly evolving
traits appear to have diverged most recently even if divergence
occurred continuously in multiple traits.
Microevolutionary studies lend additional support to the idea
that adaptation occurs in stages, particularly at the genetic level
when the order of selection on mutations necessary to successfully adapt to a novel resource is known (28, 29). However, these
studies are limited largely to adaptation in highly experimental
settings (30–32) or along a single selective axis such as toxin
resistance (33–35). Whether stages of adaptation occur along
multiple ecological and sexual trait axes remains unknown. Recent population genomic approaches for investigating the timing
of selection across multiple trait axes and identifying the sources
of genetic variation in recent radiations provide a new opportunity to understand both the temporal and spatial dynamics of
adaptation and speciation (13, 36–38).
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daptive radiations are fundamental to understanding the
biodiversity of life. These bursts of phenotypic and ecological
diversification may occur in response to ecological opportunity
provided by unoccupied niche space (1, 2). However, the origins
and major features of this process are still controversial. For example, ecological opportunity appears necessary but not sufficient
to explain why only some lineages radiate and others do not after
colonizing similar environments (3–6).
One hypothesis about the origins of adaptive radiation is that
hybridization between species is necessary to trigger diversification, because lineages may be limited in their ability to respond to
ecological opportunity by a lack of genetic variation (7, 8). Indeed,
extensive histories of hybridization have been documented in
many classic and spectacular radiations (9–13). Despite substantial
evidence of adaptive introgression during radiation, no previous
studies have compared adaptive introgression between closely related radiating and nonradiating lineages to distinguish introgression as necessary for radiation as predicted by the hybrid swarm
hypothesis (but see ref. 14 for a comparison of genome-wide introgression).
A parallel debate centers on whether adaptive divergence proceeds in temporal stages. Hypotheses that speciation and adaptive
radiation proceed in adaptive stages were previously based on the
phylogenetic distribution of extant traits (15–20). For example, one
model proposed three stages of vertebrate adaptive radiation: first
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Most biodiversity evolved in rapid bursts of new species, adaptations, and ecological niches. However, this process of adaptive
radiation is poorly understood. We used large-scale genomic
sequencing across the entire Caribbean range of pupfishes to
understand why radiation in this group is restricted to a single
Bahamian island. We found that twofold higher gene flow to
this island brought in new combinations of ancient adaptive
mutations needed for colonizing novel ecological niches of scaleeating and snail-eating. Adaptation occurred in stages: first selection on feeding behavior, then selection for trophic morphology, and finally refinement through gene coding change.
We demonstrate that young, localized radiations can emerge
from a vast pool of adaptive genetic variation spread across time
and space.
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Cyprinodon desquamator (S), with twofold longer oral jaws (40)
and adaptive strike kinematics for efficiently removing scales
from the sides of prey fish (41). This clade exhibits classic hallmarks of adaptive radiation. First, trait diversification rates reach
up to 1,400 times faster than nonradiating generalist populations
on neighboring Bahamian islands in nearly identical hypersaline
lake environments (5). Second, species divergence is driven by
multiple fitness peaks on a surprisingly stable adaptive landscape
(42–44). Third, craniofacial diversity and ecological novelty
within the radiation exceeds all other cyprinodontid species

Here, we use multiple lines of genomic, transcriptomic, and
phenotypic evidence from a nascent adaptive radiation of Caribbean pupfishes to test the hypotheses that hybridization was
necessary and strongly associated with adaptive radiation and
that adaptive divergence occurred in stages. This sympatric radiation contains a widespread generalist algae-eating species,
Cyprinodon variegatus (G), and two trophic specialists endemic to
several hypersaline lakes on San Salvador Island (SSI), Bahamas:
a molluscivore, Cyprinodon brontotheroides (M), with a unique
nasal protrusion for oral-shelling snails (39) and a scale-eater,
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Fig. 1. Genetic diversity of pupfishes across the Caribbean. (A) Sample locations of Cyprinodon pupfishes (n = 202) including eight focal populations (n ≥ 10
per population) marked with large symbols (circles: generalist populations, triangle: scale-eating pupfish, and square: molluscivore pupfish) and small dots for
individuals from other locations in the Bahamas (light green), other Caribbean locations outside the Bahamas (orange), continental North and South America
(maroon), and Megupsilon and Cualac outgroups to Cyprinodon (black). (B) Maximum clade credibility cladogram (black) estimated with SNAPP (48) from
10,000 SNPs for focal populations and the outgroup Cyprinodon artifrons. The underlying 500 gene trees (green) randomly sampled from the posterior
distribution and visualized with Densitree (49) demonstrate the rapid and complex history of divergence in Caribbean pupfishes. (C) Principal component
analysis of Cyprinodon pupfishes. (D) Changes in effective population size over time for focal populations in the Caribbean inferred using the multiple sequentially Markovian coalescent (MSMC) method (50). The gray shaded area represents the range of estimated ages for the radiation from 6 to 19 kya based
on the filling of hypersaline lakes on SSI after the last glacial maximum (51–53). (E) Ancestry proportions across individuals on SSI (S, M, G) and five other focal
Caribbean generalist populations (RC, NP, DR, NC, VZ) estimated from an LD-pruned dataset of 2.3 million SNPs in ADMIXTURE (54) with k = 11.
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(5, 45). Fourth, the radiation exhibits striking divergence in other
traits, including male reproductive coloration, aggressive behavior,
and feeding preferences (39, 41, 46, 47).
Similar Levels of Genetic Diversity across Radiating and
Nonradiating Lineages of Caribbean Pupfish
To investigate the spatiotemporal history of adaptive alleles
unique to trophic specialists on SSI we constructed the first, to our
knowledge, de novo hybrid assembly for C. brontotheroides (1.16
Gb genome size; scaffold N50 = 32 Mb; L50 = 15; 86.4% complete Actinopterygii benchmarking universal single-copy orthologs
[BUSCOs]) and resequenced 202 genomes (7.9× median coverage) from across the range of Cyprinodon and the two closest
outgroups Megupsilon aporus and Cualac tessellatus (Fig. 1A and
SI Appendix, Table S1 and Dataset S1). Population structure
across the Caribbean was largely explained by geographic distance
(Fig. 1), and the SSI radiation did not contain higher overall
genetic diversity than the rest of the Caribbean (SI Appendix, Fig.

S1). All Caribbean populations experienced similar declines in
effective population sizes following the last glacial maximum 19
kya when an order of magnitude more Caribbean coastal habitat
was above sea level (Fig. 1D).
We scanned 5.5 million single-nucleotide polymorphisms
(SNPs) across 202 Caribbean-wide pupfish genomes to identify a
set of 3,258 scale-eater and 1,477 molluscivore candidate adaptive alleles, respectively. These candidate adaptive alleles showed
evidence of both high genetic differentiation between trophic
specialists (Fst ≥ 0.95) and significant signatures of a hard selective sweep in both site frequency spectrum (SFS)–based (55)
and linkage disequilibrium (LD)–based methods [(56); Fig. 2A
and SI Appendix, Fig. S2 and Table S2 and Datasets S2 and S3].
We hereafter refer to these as “adaptive alleles.” Overall, 45% of
the selective sweeps identified in molluscivores were also identified as selective sweeps in scale-eaters but contained different fixed or nearly fixed alleles (SI Appendix, Fig. S3), consistent
with previously observed patterns of parallel differential gene
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Fig. 2. All adaptive alleles differentiating trophic specialist pupfishes. (A) All fixed and nearly fixed adaptive alleles in each trophic specialist on SSI (filtered
by Fst ≥ 0.95 between specialists and evidence of a hard selective sweep from both SFS- and LD-based approaches [SweeD CLR≥ 4.47; OmegaPlus: ω >3.31]).
Adaptive alleles are divided into the three major sources of genetic variation: de novo variation found on SSI only (red), introgression from a specific source
population (orange), or standing genetic variation (gray). Introgressed variation is further broken down by source population: New Providence Island,
Bahamas (green), Dominican Republic (blue), or North Carolina (magenta; SI Appendix, Tables S13–S16). (B) Heatmaps of linkage disequilibrium among all
pairwise combinations (designated SNP A versus SNP B) of adaptive alleles for scale-eaters (S; top row) and molluscivores (M; bottom row) on SSI in comparison to linkage among these SNPs in generalists on SSI (G) and three other focal generalist populations across the Caribbean. Note the breakdown in
linkage disequilibrium among adaptive alleles for trophic specialists in all generalist populations examined. (C) Top 15 GO categories in which scale-eater
adaptive alleles were significantly enriched, with relevant terms corresponding to the major axis of trophic divergence in this radiation highlighted in bold
(FDR < 0.01; full list of terms with FDR < 0.05 in SI Appendix, Table S5). Skull illustrations by Sean V. Edgerton.
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expression in trophic specialists relative to generalists despite
divergent genotypes (47).
We identified 204 genes within 20 kb of adaptive alleles
(median = 1; range = 0 to 5 genes; 58% of these adaptive alleles
were intergenic). Overall, 28% of adaptive alleles were found in
cis-regulatory regions (within 20 kb of genes), 12% in intronic
regions, and 2% in coding regions, suggesting a substantial role for
gene regulatory evolution in this adaptive radiation (SI Appendix,
Tables S3 and S4). Gene ontology (GO) enrichment analysis of
adaptive alleles revealed that 12 of the top 15 most significantly
enriched terms (false discovery rate [FDR] < 0.008) were related to
neurogenesis, behavior, lipid metabolism, or craniofacial development, consistent with the major trophic axis of diversification in this
radiation which includes foraging behavior, dietary physiology,
and trophic morphology (Fig. 2C and SI Appendix, Table S5–S7).
Overall, 45% of these genes were also differentially expressed
between trophic specialists (FDR < 0.05; Datasets S4 and S5) in
whole embryos at 2 and/or 8 days post fertilization (dpf) (47).
We then used genome-wide association mapping to identify
adaptive alleles significantly associated with major axes of phenotypic diversification in the trophic specialists: caudal fin melanin
pigmentation, the main axis of divergence in reproductive coloration (Fig. 1); nasal protrusion distance, a unique craniofacial
feature of the molluscivore; and oral jaw size, the most divergent
morphological trait of the scale-eater (>99th percentile outliers
from genome-wide efficient mixed model analysis [GEMMA]
posterior inclusion probabilities [PIP] while controlling for population structure on SSI: Datasets S7–S9). In total, 136 scale-eater
adaptive alleles were associated with oral jaw size (20 genes), and
21 were associated with caudal fin pigmentation (three genes;
Dataset S9). For the molluscivore, 152 adaptive alleles were associated with oral jaw size (6 genes), and 108 were associated with
nasal protrusion distance (three genes; Datasets S7 and S8). All
adaptive alleles associated with pigmentation and nasal protrusion
distance were found in cis-regulatory positions within 20 kb of a
gene. Overall, 89% and 99% of the adaptive alleles associated
with oral jaw size in scale-eaters and molluscivores, respectively,
were also cis-regulatory.

Downloaded at University of California Digital Library on May 14, 2021

Adaptive Alleles in Trophic Specialists Are Broadly
Distributed across the Caribbean but Are Only under
Selection on SSI
Even though both trophic specialists are endemic to SSI, we found
that nearly all their adaptive alleles occurred as standing genetic
variation across the Caribbean (molluscivore: 100%; scale-eater:
98%; Fig. 2A). Furthermore, nearly half the adaptive alleles in SSI
trophic specialists were ancient and also found in Cualac or
Megupsilon outgroups to Cyprinodon (41% and 55% of scale-eater
and molluscivore adaptive alleles, respectively), which diverged
over 5 Mya from Cyprinodon (57). However, most adaptive alleles
in SSI trophic specialists did not show any evidence of selection in
other focal generalist populations (only 2% and 6% of scale-eater
and molluscivore alleles, respectively; SI Appendix, Fig. S3), and
strong linkage disequilibrium among adaptive alleles in the SSI
trophic specialists was not observed in these populations (Fig. 2B).
Thus, we conclude that trophic specialist traits within a microendemic adaptive radiation were almost entirely assembled from
ancient standing genetic variation through strong selection for new
combinations of adaptive alleles.
Stronger Signatures of Hybridization and Adaptive
Introgression in Radiating Lineages
Multiple lines of evidence suggest that more hybridization and
adaptive introgression took place in SSI populations than other
Caribbean island populations, consistent with the hypothesis that
hybridization aids adaptive radiation (Fig. 3). First, the strongest
signal of introgression across the Caribbean was into the root
node of the SSI radiation (Fig. 3B). Second, trophic specialists
4 of 10 | PNAS
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on SSI experienced at least twice as much adaptive introgression
as other generalist populations across the Caribbean (Mann–
Whitney U test: P = 0.01 and 0.03 for scale-eaters and molluscivores, respectively; SI Appendix, Fig. S3 D and E). Third, the
distribution of tract lengths for adaptive introgression regions
was narrower, and these tracts were smaller than the overall
distribution of introgressed tracts, suggesting that most adaptive
introgression resulted from older hybridization events, despite
evidence of recent and continuous introgression to the present
(Fig. 3 E and F).
Timing of Divergence and Selection Supports Temporal
Stages of Adaptation
SSI pupfish diversified in their specialized foraging behavior on
scales or snails, trophic morphology of their craniofacial skeleton
and musculature, and in their male reproductive coloration, predominantly through contrasting melanin pigmentation throughout
the fins and body (Figs. 1 and 4). We searched all genes in or near
adaptive alleles for GO terms relevant to these traits, including
feeding behavior, muscle and craniofacial development, and pigmentation (Ensembl 96; SI Appendix, Tables S5–S7). With the
exception of pigmentation, these terms were all highly enriched
GO categories (Fig. 2 and SI Appendix). We then tested for stages
of adaptation across these multiple trait axes and spatial sources
by estimating the relative ages of selective sweeps for all adaptive
alleles in or near genes with behavioral or craniofacial annotations and all introgressed and de novo adaptive alleles. We complemented this approach with divergence time estimates between
specialists calculated using a measure of absolute divergence (Dxy)
in the regions surrounding adaptive alleles. For both approaches,
time estimates were scaled by a spontaneous mutation rate per
generation of 1.56 × 10−8 per base pair, estimated from high-coverage
(15–69×) sequencing of two independent pedigreed crosses of SSI
species and one to two F1 offspring.
Similar to patterns observed in the vertebrate stages and
behavior-first hypotheses (21, 22, 24, 23), independent adaptive
alleles in the cis-regulatory regions of three genes associated with
feeding behavior [prlh, cfap20, and atp8a1; (58–62)] were the first
three hard sweeps out of all adaptive alleles in our sample associated with behavior, trophic morphology, or pigmentation (Fig. 4).
These adaptive alleles were much older than the radiation itself and
originated as standing genetic variation in the Caribbean (Fig. 4A).
Feeding behavior was a significantly enriched category in our GO
analysis of all genes associated with adaptive alleles (FDR = 0.008;
Fig. 2C). Mutations in the prolactin-releasing hormone gene (prlh),
a hormone involved in stimulating milk production in mammals,
also cause overeating in mice (59) and may plausibly cause different
foraging preferences between SSI specialists. Concurrently, adaptive
alleles in the cis-regulatory allele for cilia- and flagella-associated
protein 20 (cfap20) were swept to fixation by selection, which affects
cilia formation during brain development. Cfap20 knockouts in
Drosophila exhibit behavioral defects that affect foraging performance (58). Cfap20 and prlh were also differentially expressed between trophic specialists in 2 and 8 dpf whole embryos respectively,
consistent with adaptive alleles in the cis-regulatory regions of these
genes [Datasets S4 and S5; (47)].
We observed significant “behavior-first” adaptation in which
three of the five hard selective sweeps containing genes associated
with feeding behavior occurred before any selective sweeps containing genes associated with craniofacial morphology (permutation test: n = 22, P = 0.01; Fig. 4A). This pattern was not due to
local mutation rate variation and was consistent across two independent sweep age estimates and across different populations (SI
Appendix, Figs. S11 and S13–S15). This initial stage of adaptive
divergence in feeding behavior between trophic specialists suggests that behavioral changes might be crucial for initiating trophic
specialization. For example, an increased drive to eat due to divergent regulation of prlh might be necessary to gain sufficient
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Fig. 3. History of hybridization across the Caribbean. (A and B) Summary map of adaptive introgression into SSI trophic specialists from focal generalist populations across the Caribbean. Arrow thickness is proportional to the number of adaptive introgression regions (outliers based on ms-move simulations with no
migration; fd > 0.71; SI Appendix, Table S10). Pie charts represent the percentage of all scale-eater (A; teal) and molluscivore (B; purple) adaptive alleles segregating in outgroup generalist populations across the Caribbean. (C) Genome-wide population graph inferred from Treemix with the three strongest signals of
introgression. Note that the strongest signal (in orange) is into the root node of the SSI radiation. (D and E) Number of adaptive introgression regions in each focal
population (bootstrapped mean and 95% CI in black). Gray dots represent the number of adaptive introgression regions in each focal population from each of the
four source populations (SI Appendix, Table S12). Note that the total number of adaptive introgression regions is often larger in specialists (S, M) than in other
outgroup generalist populations. (F and G) Density plots of the tract lengths of adaptive introgression regions (fd and selective sweep outliers: dashed line) and all
introgression regions (fd outliers only: solid line). Small tick marks below density plots indicate observed introgression regions.

nutrition from eating scales (∼50% of the scale-eater’s diet) despite the energetic costs of high-speed strikes (40).
However, more recent sweeps of adaptive alleles near genes
associated with feeding regulatory behavior in mice [rmi, slc16a1;
(60, 63)] and behavior in general (chrna7, nr4a2, and ncoa2) indicated that adaptive divergence of behavior was not restricted
entirely to this first stage. Furthermore, at least two genes associated with adaptive alleles in our dataset (th, atp8a2) have
pleiotropic effects on both behavior and craniofacial morphology
based on GO annotations (SI Appendix, Table S5–S7). The
pleiotropic impacts of alleles across different trait axes and stages
of adaptation are likely underestimated due to still poorly understood phenotypic effects of gene regulatory networks, particularly for the complex phenotypes of behavior and craniofacial
morphology (64).

In a second stage of adaptive divergence in trophic morphology, adaptive alleles in the regulatory regions of genes associated
with muscle development (smyd1, kcnk2) and craniofacial morphology (itga5, tiparp, ext1, cyp26b1, and galr2) swept to fixation
from Caribbean-wide standing genetic variation and introgressed
from three different outgroup populations across the Caribbean
(Fig. 4 E and F). For example, after the initial sweep of behavioral
alleles, standing genetic variation in the cis-regulatory region of the
gene integrin alpha-5 (itga5) swept to fixation in the scale-eater
(95% highest posterior density [HPD]: 639–932 ya; Fig. 4E). Itga5
is involved in cranial and pharyngeal arch development in zebrafish
(65, 66). Concurrently, standing variation and a de novo adaptive
allele in the cis-regulatory region of the gene galr2 swept to fixation
in the scale-eater (95% HPD: 696–1,008 ya; Fig. 4E). Galr2 is another strong craniofacial candidate in this system because this gene
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Fig. 4. The spatiotemporal landscape of adaptive radiation. (A and B) Time to most recent common ancestor (TMRCA) of adaptive alleles based on Dxy in the
50 kb windows containing adaptive alleles. Each column separates adaptive alleles by their spatial distribution: de novo (SSI only), adaptive introgression from
one of three outgroup populations (DR: Dominican Republic, NP: New Providence, NC: North Carolina), and standing genetic variation. Gray bars highlight
the approximate origins of the microendemic radiation on SSI at ∼6 to 19 kya [based on geological age estimates for filling of hypersaline lakes on SSI (51, 52)
since the last glacial maximum (53)]. All adaptive alleles associated with genes for behavior (red) and craniofacial morphology (blue) are illustrated by a
colored point. Black points show adaptive alleles for nonfocal GO terms or unannotated; gray points show all fixed or nearly fixed alleles between specialists
(Fst ≥ 0.95) with no signal of a hard selective sweep; and triangles show adaptive alleles associated with pigmentation. Genes discussed in the text are labeled
by their associated adaptive allele. (C and D) Adaptive alleles are colored by significant association (>99th PIP percentile GEMMA) with oral jaw size, caudal fin
pigmentation, and nasal protrusion distance in scale-eaters (C) and molluscivores (D). Dot sizes scale with PIP score. (E and F) Ninety-five percent HPD intervals
for selective sweep ages in the scale-eaters and molluscivores. Adaptive alleles within 20 kb of genes are colored by their GO annotations. Bolded genes were
significantly associated with oral jaw size in (E) scale-eaters or nasal protrusion distance in (F) molluscivores in the GWAS analysis (>99th percentile PIP;
Datasets S7–S9). (G and H) Boxplots of selective sweep ages across de novo and introgressed adaptive alleles from the three focal outgroup generalist
populations. Asterisks indicate significant differences in sweep ages between different source populations (ANOVA, P < 0.03).
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and 746 to 958 ya, respectively; Fig. 4E). Gene knockouts of tfap2a
cause skin pigmentation defects in mice (72, 73), and the gene th is
associated with skin pigmentation defects in humans (79) and
cuticle pigmentation defects in insects (81). This broad range of
sweep ages across candidate pigmentation adaptive alleles suggests that the distinctive light/dark reproductive coloration associated with trophic specialists diverged throughout the course of
adaptive radiation on SSI while repeatedly drawing from existing
Caribbean-wide standing genetic variation rather than during a
final stage. This is consistent with the necessary role of premating
isolation for adaptation to divergent niches in sympatry (82–84).
Microendemic Radiation Was Assembled from Spatially
Disjunct Pools of Adaptive Alleles
Along with temporal stages of adaptive divergence, we also
found disjunct spatial patterns in the sources of adaptive introgression. Introgression from different regions of the Caribbean
brought in adaptive alleles for different major axes of phenotypic
diversification within the radiation. Adaptive alleles near genes
annotated for feeding behavior (prlh; Fig. 4A) and oral jaw size
(cyp26b1 (85, 86); 98th PIP percentile GEMMA; Fig. 4D and
Dataset S8) originated in the northwestern Bahamas (New
Providence Island, Exumas, and Cat Island) whereas adaptive
introgression of alleles near genes associated with muscle and
eye development originated in the Dominican Republic (cenpf,
eya2; Fig. 4A). Selective sweeps of adaptive alleles from different
sources also occurred at largely distinct times during the radiation (Fig. 4 G and H and SI Appendix, Fig. S5). For example,
selective sweeps of adaptive alleles from North Carolina were
significantly older sweeps of introgressed variation than other
populations (ANOVA, P < 0.03, SI Appendix, Fig. S4 G and H).
This surprisingly disjointed spatiotemporal patchwork of adaptive introgression across the Caribbean suggests that the extant
SSI radiation of trophic specialists was reassembled from distinct pools of genetic variation. Our results are consistent with at
least two distinct environmental refugia in other regions of the
Caribbean, perhaps due to previous ephemeral adaptive radiations,
bridging micro- and macroevolutionary-scale processes (87, 88).
Microendemic Adaptive Radiations Originate over Vast
Expanses of Space and Time
We conclude that hybridization substantially contributed to an
adaptive radiation of trophic specialist pupfishes endemic to a
single island and that the resulting adaptive divergence occurred
in stages. The radiation originated from a largely ancient set of
alleles maintained within different pools of standing variation in
Caribbean and mainland generalist populations. Temporal
stages of adaptation observed in this nascent radiation are consistent with selection on behavioral divergence first. Adaptive
divergence in trophic morphology occurred next, followed by a
final stage of refinement including a nonsynonymous substitution
in the scale-eaters within a craniofacial transcription factor.
Additionally, our study provides a unique look at the spatial
dynamics of alleles involved in adaptive divergence. We found that
most adaptive alleles contributing to the major axes of ecological
and sexual diversification in this radiation existed in Caribbean
generalist populations long before the trophic specialist species on
SSI diverged. This genetic variation is distributed across two orders
of magnitude larger spatial and temporal scales than the 10 kya
radiation endemic to a single 20 km island. Our results show that
adaptive radiations can occupy expansive evolutionary spaces:
spanning the existing radiation itself and the multitude of both past
and present ephemeral pools of genetic variation that contributed
to rapid diversification.
Our understanding of the origins of adaptive radiation in this
system remains incomplete. The presence of adaptive introgression in both radiating and nonradiating lineages suggests hybridization was necessary but perhaps not sufficient to trigger adaptive
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produces a transmembrane receptor for galanin, a peptide known to
facilitate bone formation (67), it was significantly associated with
SSI pupfish oral jaw size (99.6th PIP percentile GEMMA; Fig. 4C
and Dataset S6), and it lies within a significant quantitative trait
locus (QTL) that accounted for 15% of the variation in oral jaw size
in an F2 intercross between SSI specialist species [SI Appendix,
Table S8; (68)].
Similar to the refinement stage of adaptation proposed in the
Long-Term Evolution Experiment (30), we found evidence for a
final refinement stage in the radiation. We observed that two
adaptive alleles associated with craniofacial morphology swept to
fixation significantly more recently in the scale-eater than any
other behavioral or craniofacial adaptive alleles [tfap2a and twist1
(69–71); Fig. 4E]. Intriguingly, one of these alleles was the only
nonsynonymous substitution associated with trophic morphology.
This substitution occurred in the second exon of twist1, a transcription factor known to affect cleft palate and oral jaw size (71).
Furthermore, this variant was significantly associated with SSI
pupfish oral jaw size in a genome-wide association scan (99.5th PIP
percentile GEMMA; Fig. 4C) and is highly conserved across rayfinned fishes (genome evolutionary rate profiling [GERP] score:
2.19; SI Appendix, Fig. S4). The second sweep that occurred at the
same time as twist1 involved adaptive alleles in the regulatory position of the gene tfap2a. Selection on these alleles may have occurred recently because tfap2a appears to be highly pleiotropic,
affecting melanocyte, eye, bone, skin, and neuron development (69,
72, 73). A final stage of refinement is known from several theoretical and empirical studies of adaptive walks, in which large effect
mutations are selected upon only after mutations that minimize
their pleiotropic fitness costs arise and fix in the population
(32, 35, 74).
We did not observe a strong initial stage of behavioral divergence in the molluscivores. Adaptive alleles for the molluscivore
were found in the cis-regulatory region of only a single gene associated with feeding behavior, motor neuron, and eye development, atp8a2 (75, 76). These adaptive alleles are among the oldest
standing genetic variation, six times older than the radiation itself
(Fig. 4 B and D). However, the molluscivore also experienced more
recent sweeps associated with trophic morphology (Fig. 4F). Some of
the clearest examples were four adaptive alleles in the cis-regulatory
region of ext1, a gene that causes osteocartilaginous tumors and
cranial abnormalities (77, 78), originating from Caribbean-wide
standing genetic variation. These alleles were also strongly associated with nasal protrusion distance in our genome-wide association
study (GWAS) (99.9th PIP percentile GEMMA; Dataset S7), and
ext1 was differentially expressed between trophic specialist whole
embryos at 8 dpf (Dataset S4).
We found no evidence for a distinct stage of diversification in
sexual signals, despite the striking contrast in male reproductive
coloration between SSI trophic specialists in their overall melanin
pigmentation exceeding all other Cyprinodon species (40). Instead,
adaptive alleles associated with melanin pigmentation swept to
fixation throughout the process of adaptive radiation. We identified adaptive cis-regulatory alleles in three genes known to affect
pigmentation in model organisms [tfap2a, th, and card8 (73, 79,
80)] and two additional adaptive alleles associated with caudal fin
melanin pigmentation in SSI pupfishes (>99th PIP percentile
GEMMA; Fig. 4 C–E and Dataset S7). For example, two adaptive
alleles in the regulatory region of card8 originating from standing
variation swept to fixation early in the scale-eaters (95% HPD:
866–1,491 ya). This gene, which is associated with vitiligo and
pigmentation loss in humans (80), was significantly associated with
pupfish caudal fin pigmentation (99.2nd PIP percentile GWAS;
Fig. 4C and Dataset S7) and was differentially expressed between
trophic specialists in 2 and 8 dpf whole embryos (SI Appendix and
Datasets S4, S5, and S7). Adaptive alleles in the cis-regulatory
regions of tfap2a and th also swept to fixation in the scale-eaters
more recently from standing variation (95% HPD: 292 to 431 ya

radiation. More subtle factors such as transient increases in lake
productivity or intermediate “stepping-stone” species needed to
access novel fitness peaks (9) might help explain why pupfish
adaptive radiations are restricted to SSI and only one other known
lake in the Caribbean (45). Our study highlights the utility and
necessity of including closely related outgroups as controls in
testing hypotheses about the mechanisms underlying adaptive radiation. The coincidence of hybridization, ecological opportunity,
and sexual selection appear to be the best predictors of adaptive
radiation in general (4, 8, 14). Most adaptive radiations, including
stickleback, African cichlids, Lake Tana cyprinids, Anolis lizards,
Heliconius butterflies, Hawaiian tetragnathids, and Brocchinia
bromeliads, share similar patterns of spatial nesting within a
widespread clade and intermediate levels of population structure
and admixture (88, 89, 90), and we expect similar dynamics to the
pupfish system. Research into the broader spatiotemporal landscape of radiations can provide insights about longstanding hypotheses of adaptive radiation and their contributions to global
patterns of biodiversity.
Materials and Methods
Sampling and Population Genotyping. Cyprinodon pupfishes were collected
from across their entire Atlantic and Caribbean range from Massachusetts to
Venezuela. Individual DNA samples were resequenced using Illumina Hiseq
4000 and Novaseq. We first constructed a hybrid de novo assembly of the C.
brontotheroides genome (1.16 Gb genome size; scaffold N50 = 32 Mb; details
in SI Appendix). All reads were aligned to this assembly, and variants were
called and filtered following the best practices guide recommended in the
Genome Analysis Toolkit (91). The final dataset used in downstream analyses
included 5.5 million SNPs from 202 individuals sampled from 39 localities. This
included population level sampling (n > 8 individuals) for the three SSI species
and five generalist outgroup populations (Fig. 1A). To visualize population
structure and admixture among Caribbean populations in our dataset, we ran
a principal component analysis using the eigenvectors from plink’s pca function [v.1.9 (92)] and estimated the proportion of shared ancestry among individuals using ADMIXTURE [v.1.3.0 (54)] on an LD-pruned subset of 2.6 million
alleles (SI Appendix).
Classification of Adaptive Alleles in the SSI Radiation. We first identified fixed
or nearly fixed alleles (Fst ≥ 0.95 between specialists: 4,189) that also showed
significant evidence of a hard selective sweep in either specialist population
using both SFS-based and LD-based methods SweeD and OmegaPlus (significance thresholds based on neutral simulations with ms-move: composite likelihood ratio [CLR] > 4.47 and ω > 3.31; Fig. 2A and SI Appendix, Tables S2–S4
and S10). We then characterized the potential function of these adaptive alleles in the specialists in three ways. First, we performed GO enrichment
analyses for genes within 20 kb of adaptive alleles using ShinyGo (93). Additionally, we looked for overlap between genes associated with adaptive alleles
and genes previously found to be differentially expressed between the two
specialists in whole embryos at 2 and 8 dpf (47). Lastly, we employed a
Bayesian sparse linear mixed model implemented in the software package
GEMMA (94) to identify genomic regions associated with variation in lower
oral jaw length, caudal fin pigmentation, and nasal protrusion distance across
all 78 wild-collected samples of the three SSI species (SI Appendix).
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Characterizing Introgression and Spatial Distributions of Adaptive Alleles across
the Caribbean. We identified introgression in the specialists in the SSI radiation
and generalist outgroup populations on both a genome-wide and local level
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using Treemix (95) and the fd statistic [(96); Fig. 3]. For both specialists, we then
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sweep to characterize candidate adaptive introgression regions. For comparison, we searched for similar signatures of adaptive introgression in three
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We surveyed all pupfish populations in our dataset for the scale-eater and
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(outlier fd tests for introgression, significance-based on no-migration simulations with ms-move; fd > 0.72; SI Appendix, Tables S11–S16). Introgressed
adaptive alleles were further separated by geographic source (Fort Fisher,
North Carolina; Lake Cunningham, New Providence Island, Bahamas; or
Laguna Bavaro, Dominican Republic).
Detection of Stages of Adaptation through Divergence Times and Timing of
Selective Sweeps. For all fixed or nearly fixed alleles, we estimated the timing of divergence in the 50 kb region surrounding the variant based on the
amount of genetic variation that accumulated between the two specialists. All
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