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1510 MacGuigan et al.

Figure 2. Morphological and ecological divergence associated with genomic divergence. (A) Position of 16 landmarks (red) and 24 sliding
semilandmarks (black) and the linear measurements. (B) Morphospace of rst and second principal components of the geometric morphometric
analysis. Filled regions are convex hulls with 95% credible interval ellipsoids around the mean for each group. Gray outlines represent body shapes

in different regions of morphospace. (C) Boxplots of PC2 scores plus linear regression residuals of caudal length and head length versus standard
length. Boxplots center line shows the median; box limits show 25th and 75th quartiles; whiskers show 15 interquartile range; all data points shown.
Compact letter displays of Tukey HSD tests indicated above each plot. (D) Linear regressions of osteological traits versus genomic ancestry coef cients
estimated by SNMF (Figure 1D). Points are colored by sampling location (lake, outlet, or river). (E) Results of non-metric multidimensional scaling
(NMDS) with sh stomach contents. Circles indicate sh specimens (colored by sampling location), while triangles represent prey categories. Filled
regions are convex hulls with 95% credible interval ellipsoids around the mean for each group.
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not inverted relative to the E. nigrum genome (Supplementary
Figure S1).

The E. perlongum chromosome 9 inversion contains 219
SNPs, many of which are in strong LD. To test whether link-
age biased the outlier detection results (see previous section),
we repeated the pcadapt and BayeScan analyses for each
inversion SNP while excluding all other inversion SNPs. In
all subsampled analyses, pcadapt identified 109/112 of the
same noninversion outlier SNPs as the full analysis. Only
one new noninversion SNP was also classified as an outlier.
Furthermore, 80/81 of the inversion outliers identified by the
full analysis were also identified as outliers in their respective
subsampled analysis. In all subsampled analyses, BayeScan
identified the same two noninversion outlier SNPs as the full
analysis. In 96% of the subsampled BayeScan analyses, one
additional noninversion outlier SNP was detected (chromo-
some 1:14026376). All 3 inversion outliers identified by the
full analysis were also identified as outliers in their respective
subsampled analysis.

Annotation of the E. perlongum genome assembly iden-
tifies key genes linked to vision and olfaction within the
chromosome 9 inversion, many of which are concentrated
within the two D, peaks (Figure 4F, Supplementary Table
S6). Several of these genes, such as pde6d, prdx6, and prdms,
are related to severe retinal disease phenotypes in vertebrates
(Burkitt Wright et al., 2011; Fatma et al., 2008; Thomas et
al., 2014; Supplementary Table S6). GO enrichment anal-
yses also identify many biological processes that may be
overrepresented within the E. perlongum chromosome 9
inversion (Supplementary Table S7), though controlling for
FDR results in no significant enrichment. Strikingly, the E.
perlongum chromosome 9 inversion contains many genes,
including key vision genes, that are also present in a well-doc-
ument inversion supergene on Atlantic Cod linkage group
12 and a massive double inversion supergene on Rainbow
Trout chromosome 5 (Figure 4G, Supplementary Table S6)
(Matschiner et al., 2022; Pearse et al., 2019). The darter, cod,
and trout genomes exhibit conserved macrosynteny, although
there are more rearrangements in the trout genome due to the
salmonid-specific whole-genome duplication (Supplementary
Figure S15).

Discussion

Rapid lacustrine speciation with gene flow

Shallow genetic differentiation is unusual among closely
related darter species, which are typically millions of years
divergent and exhibit reciprocal monophyly (Near et al.,
2011). However, unlike the geologically ancient rivers of
southeastern North America home to most darter species,
Lake Waccamaw was completely inundated during high sea
levels in mid-Pliocene (2.9-3.3 Ma; Rovere et al., 2015). The
present configuration of Lake Waccamaw is relatively young;
studies of sediment cores and pollen records estimate the
lake originated in the late Pleistocene, 15,000-32,000 years
ago (Frey, 1955; Stager & Cahoon, 1987). Under the best-
fit demographic model with a generation time of 1-3 years
(Raney & Lachner, 1943; Shute et al., 1982), speciation of E.
perlongum initiated in the late Pleistocene or early Holocene
(11,000-33,000 years ago), remarkably consistent with the
young geologic age of Lake Waccamaw.

Although there is a narrow, contemporary hybrid zone
between E. perlongum and E. maculaticeps (Figure 1),
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demographic analyses support an initial period of divergence
with no gene flow (Supplementary Figure S4). Drought records
show that Lake Waccamaw was occasionally isolated from
the Waccamaw River (Shute, 1984). Historically, the outlet of
Lake Waccamaw may have been smaller and intermittent like
the outlets of other Carolina Bay lakes (Frey, 1949, 1951).
We hypothesize that historic fluctuations in connectivity
between the lake and river created periodic microgeographic
isolation, limiting gene flow and initiating speciation. Thus,
E. perlongum may fit the classic model of ecological specia-
tion where an early allopatric phase is followed by secondary
contact and reinforcement (Rundle & Nosil, 2005; Schluter,
2001). However, the best-fit demographic model contains
substantial migration between the lake and river lineages
(Figure 1E), suggesting that strong reproductive isolation did
not evolve during the initial period of microallopatry.

Speciation frequently does not lead to complete reproduc-
tive isolation (Mallet, 2005). In darters, hybridization and
introgression are common (Near et al., 2011); approximately
25% of darter species are involved with natural hybrid
crosses (Keck & Near, 2009). However, hybridization at an
early stage of speciation is unusual, as 93% of darter sister
species pairs are allopatric, precluding opportunities for gene
flow (Near et al., 2011). Even recently diverged darter spe-
cies such as P. freemanorum and P. kusha (diverged approxi-
mately 300,000 years ago) are allopatric and do not actively
hybridize (Near et al., 2021). Geographic isolation is the main
driver of darter diversification (Mayden, 1985; Near et al.,
2011) and most darter hybridization follows long periods of
divergence (Moran et al., 2018). For example, hybridization
between E. caereuleum and E. spectabile is well character-
ized on a phenotypic and genomic level (Moran et al., 2020),
yet these species share most recent common ancestry 22 mil-
lion years ago (Near et al., 2011). In contrast, E. perlongum
and E. maculaticeps diverged within the past 11,000-33,000
years (Figure 1E) but are actively hybridizing. Thus, this
young species pair is the only known example among darters
where gene flow can occur early in the speciation process.
However, demographic analyses and geologic evidence indi-
cate that microgeographic isolation still played an important
role during the onset of speciation.

Ecology and morphology reflect genetic
divergence

Morphological and ecological divergence provides additional
evidence that E. perlongum is a distinct species. Etheostoma
perlongum differs from E. maculaticeps along multiple eco-
morphological axes, including an elongated and shallower
body (Figure 2). In fishes, slender body shapes are often
associated with sustained swimming speeds, whereas deeper
bodies can allow for more maneuverability in complex hab-
itats (Gosline, 1997). Lake Waccamaw is an open lacus-
trine environment where sustained swimming performance
may facilitate predator avoidance (Lindquist et al., 1981).
Morphologically and genetically intermediate hybrid indi-
viduals in the lake outlet mark the center of a steep, narrow
geographic cline (Supplementary Figure S6), which suggests
divergent selection is acting on these phenotypes in lentic ver-
sus lotic habitats.

In addition to an elongated body shape, differences in head
and jaw shape between E. perlongum and E. maculaticeps
indicate divergence in foraging ecologies. Lakes typically
have an abundance of limnetic prey, while rivers offer mostly
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benthic prey; these differences in prey availability drive lake—
river body shape divergence in other fish species (Berner et
al., 2009). Analysis of gut contents reveals that the two spe-
cies occupy distinct trophic niches (Figure 2E), with E. per-
longum associated more strongly with microcrustaceans from
the water column such as amphipods, ostracods, and cope-
pods (Thorp & Covich, 2010). These prey taxa appear infre-
quently in the diets of E. maculaticeps, which has a stronger
association with strictly benthic prey taxa (Thorp & Covich,
2010) that rarely (Ephemeroptera) or never (Trichoptera and
Isopoda) occur in the diets of E. perlongum (Supplementary
Figure S9).

The combination of a more terminal mouth, an elongated
body, and stronger association with limnetic prey (Figure 2)
suggests that E. perlongum has partially escaped the ben-
thic lifestyle typical of most darter species and utilizes more
prey items in water column. Moreover, E. perlongum has a
smaller lever ratio for lower jaw opening than E. macula-
ticeps (Figure 2D). This indicates enhanced mobility of the
lower jaw associated with suction feeding compared with
high values which are force-enhanced and associated with
biting (Westneat, 2004). Other darter species associated
with sandy microhabitats like Lake Waccamaw also have
smaller jaw opening-lever ratios, which may aid in suctioning
prey from loose substrate or feeding on more evasive zoo-
plankton (Carlson & Wainwright, 2010). In addition to eco-
logical and morphological divergence, E. perlongum exhibits
an annual life cycle and faster growth rates compared to a
generation time of 2-3 years in typical riverine populations of
E. maculaticeps (Raney & Lachner, 1943; Shute et al., 1982).
We hypothesize that the annual life history of E. perlongum
may be related to greater seasonality of prey or differential
predation pressures in lacustrine versus riverine ecosystems

(Day & Rowe, 2002).

Divergence concentrated in a large chromosomal
inversion

Divergence across the genome is often heterogeneous during
speciation(Nosil et al., 2009) and many models of ecological
speciation invoke genomic “islands” or “continents” of dif-
ferentiation (Noor & Feder, 2006). We observe a single 9 Mb
“continent” of genomic divergence between E. perlongum
in Lake Waccamaw and E. maculaticeps in the Waccamaw
River (Figures 3 and 4) that appears resistant to otherwise
high levels of lake-river gene flow (Figure 1). This region con-
tains a plateau of SNPs with high lake-river F_ (Figures 3D
and 4A) and extremely steep and narrow geographic allele
frequency clines centered at the lake-river boundary (Figure
3A-C). Theory predicts that genomic regions resistant to gene
flow should exhibit high levels of relative and absolute diver-
gence (Cruickshank & Hahn, 2014). We find that the only
genomic windows with significantly elevated relative (F)
and absolute (D) divergence occur inside the 9 Mb F_, pla-
teau on chromosome 9 (Figure 3D). Within chromosome 9
and across the genome, we observe more F, outliers than D,
outliers (Figure 3D), matching theoretical predictions that rel-
ative divergence metrics are more responsive to reduced gene
flow than absolute divergence metrics (Cruickshank & Hahn,
2014). Importantly, the F_ plateau of chromosome 9 does not
exhibit reduced genetic diversity (Figures 3D and 4A), which
can inflate estimates of F, (Cruickshank & Hahn, 2014).
Why are collinear SNPs on chromosome 9 resistant to
gene flow between E. perlongum and E. maculaticeps? One
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probable explanation is that a chromosomal inversion sup-
presses recombination in this region, maintaining tight link-
age of E. perlongum and E. maculaticeps genotypes under
divergent lake-river selection despite homogenizing gene
flow. Models of inversion speciation have broad theoreti-
cal and empirical support (Fuller et al., 2019; Noor et al.,
2001). We demonstrate that the F plateau on chromosome
9 contains an outlier cluster of high LD SNPs (Figure 4C),
with genotypes segregating by lake or river habitat (Figure
4B, Supplementary Figure S3). Outlier clusters of high LD
are linked to known chromosomal inversions in Anopheles
mosquitos (Kemppainen et al., 2015), sticklebacks (Roesti et
al., 2015), and Littorina snails (Faria et al., 2019). The 9 Mb
region of high LD on E. perlongum chromosome 9 spans sev-
eral contigs and does not coincide with a scaffold breakpoint
(Supplementary Figure S16), indicating that this signature of
high LD is not the result of genome assembly errors (Miller
etal., 2019).

Most convincingly, alignment of the E. perlongum genome
to a close relative, E. nigrum, reveals a chromosomal inver-
sion that precisely matches the high F, plateau (Figure 4D
and E). Etheostoma nigrum, E. maculaticeps, and E. per-
longum share most recent common ancestry approximately
6 million years ago (MacGuigan et al., 2023). We hypothe-
size that E. nigrum represents the ancestral arrangement of
chromosome 9, and the 9 Mb inversion arose recently in E.
perlongum. However, as chromosomal inversions are often
polymorphic within species (Matschiner et al., 2022; Pearse
et al., 2019), future genome sequencing of E. maculaticeps is
needed to confirm this hypothesis.

We propose that the large inversion on chromosome 9
suppresses recombination between Lake Waccamaw E. per-
longum and Waccamaw River E. maculaticeps genotypes,
providing a potential genomic mechanism to explain diver-
gence and speciation despite gene flow. However, it is chal-
lenging to demonstrate that the chromosome 9 inversion
played a direct role in speciation between E. perlongum and
E. maculaticeps (Villoutreix et al., 2021). Different mecha-
nisms such as ancestral polymorphism can mislead inference
about the importance of inversions in speciation (Fuller et
al., 2018). Alternatively, proximity to the centromere could
also produce high LD on chromosome 9 even without an
inversion. Centromeric regions can play a role in speciation
(Stump et al., 20035), though sometimes incidental due to the
slow segregation of ancestral alleles (Turner & Hahn, 2010).
However, if the 9 Mb region of chromosome 9 exhibits ele-
vated LD simply because it is a centromeric region, we would
expect to observe more regions of the E. perlongum genome
with similarly high LD. Additionally, the 9 Mb region of chro-
mosome 9 does not exhibit other hallmarks of centromeric
regions, such as reduced gene density or increased density of
repetitive sequences.

Loci outside of the chromosome 9 inversion may also play
an important role in lake-river adaptation and speciation.
Population structure analyses excluding the inversion SNPs
still infer a substantial genetic break at the lake-river bound-
ary (Supplementary Figure S3), and we identify some outlier
regions of high lake-river differentiation outside of the inver-
sion (Figure 3). However, the chromosome 9 inversion is the
only region with both elevated relative and absolute genetic
divergence. Therefore, the inversion exhibits the strongest,
most consistent signals of selection across all analyses. Given
the substantial inferred migration rates between the lake and
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river lineages through the hybrid zone (Figure 1E), a large
inversion suppressing recombination and limiting gene flow
is likely to play an outsized role in speciation. Future studies
utilizing whole-genome resequencing and examining patterns
of gene expression will help solidify the relative importance
of the chromosome 9 inversion versus other genomic regions.

Targets of selection and inversion supergene
convergent evolution

Genetic and phenotypic divergence along narrow geographic
clines is consistent with a scenario of divergent selection
between E. perlongum in Lake Waccamaw and E. macu-
laticeps in the Waccamaw River (Barton & Hewitt, 19835).
In addition to predator avoidance and prey availability dis-
cussed earlier, researchers have long hypothesized that pheno-
typic divergence in the Waccamaw system is due to differences
in light availability between the clearwater Lake Waccamaw
and tannic or blackwater Waccamaw River (Hubbs & Raney,
1946; Krabbenhoft et al., 2009). Water clarity and chemis-
try ecotones are a major driver of speciation in other fishes,
especially in the Amazon basin (Beheregaray et al., 2015). A
clearwater lacustrine environment will favor greater use of
vision for foraging, while riverine blackwater favors olfactory
development, particularly since flowing water can transmit
olfactory signals over longer distances than in standing water
(Cox, 2008; Webster & Weissburg, 2008). The generality of
lake-stream differentiation with respect to vision and olfaction
is unclear, but there is some previous evidence of this tradeoff
across similar environmental gradients (Santaca et al., 2021).
Additionally, recent work demonstrates that the number of
optic nerve fibers, rods, and cones differs between two other
Lake Waccamaw endemic fish species, E waccamensis and M.
extensa, and their riverine relatives (Alsudani, 2020).

The E. perlongum chromosome 9 inversion contains
numerous potential targets of divergent lake-river selection.
Inversions suppress recombination, which can create super-
genes of functionally linked loci that facilitate local adapta-
tion in the face of gene flow (Gutiérrez-Valencia et al., 2021).
Chromosomal inversions associated with local adaptation
and ecological selection have been recently identified in sev-
eral fish species (Matschiner et al., 2022; Pearse et al., 2019;
Pettersson et al., 2019; Tigano et al., 2021). We hypothesize
that the E. perlongum chromosome 9 inversion is a supergene
containing numerous loci involved in retinal formation and
olfaction that are likely targets of selection in lentic clearwa-
ter versus lotic blackwater habitats (Figure 4F, Supplementary
Table S6). Additionally, the inversion contains genes involved
in regulation of circadian rhythms such as clocka, which has
been implicated in fish reproductive seasonality (Krabbenhoft
& Turner, 2014) and may be linked to life-history differ-
ences between the annual, semelparous E. perlongum and
the perennial, iteroparous E. maculaticeps. Together, these
linked genes are protected from homogenizing gene flow by
an inversion and may have driven phenotypic and ecological
divergence, facilitating speciation between E. perlongum and
E. maculaticeps.

Surprisingly, the E. perlongum chromosome 9 inversion
exhibits gene synteny with two other recently documented
inversion supergenes in Atlantic Cod (Gadus morhua) and
Rainbow Trout (Oncorbynchus mykiss; Matschiner et al.,
2022; Pearse et al., 2019; Figure 4G). Several genes, includ-
ing barlh2, prdx6, nrl, and kita, are present in the inversions
of all three species. Indeed, these four genes are localized to
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the D, peaks within the darter inversion (Figure 4F), sug-
gesting that they may be under stronger positive selection
than the rest of the inversion. The similarity of gene content
in these inversion supergenes is remarkable considering cod,
darters, and trout share a most recent common ancestor in
the late Triassic, approximately 225 million years ago (Near
et al., 2012). Shared inversion genes are not simply a coin-
cidental byproduct of genome rearrangement, as the darter,
cod, and trout genomes have broadly conserved macrosyn-
teny (Supplementary Figure S15). Rather, the inversions
appear to have occurred independently in homologous
regions of these genomes. We hypothesize that these inver-
sions may share homologous breakpoints containing fea-
tures such as highly repetitive sequence (Porubsky et al.,
2020) or fragile z-DNA (Wang et al., 2006; Xie et al., 2019)
that are prone to breakage and could provide a molecu-
lar mechanism for convergent genomic rearrangement.
Alternatively, the exact breakpoints may not be homolo-
gous, but inversions in these regions are favored because
they generate linkage among a set of genes that play a con-
served role in local adaptation.

The genomic regions containing these convergent fish
inversions also share deep homology with the mammalian
X-chromosome, which has many of the same retinal devel-
opment and circadian rhythm genes. Divergence of ancestral
mammalian X- and Y-chromosomes was also potentiated by
an inversion, which disrupted recombination and allowed
divergence through sex-antagonistic selection (Kirkpatrick,
2010). In fishes, the same molecular mechanism (chromo-
somal inversion) in a homologous region of the genome (a
portion of the ancestral X-chromosome) has repeatedly facil-
itated divergence through population-antagonistic selection.
In Atlantic Cod and Rainbow Trout, these supergenes are
polymorphic across hundreds of kilometers and associated
with local adaptation (cod) or divergent migratory behavior
(trout; Matschiner et al., 2022; Pearse et al., 2019). In con-
trast, genotype frequencies within the E. perlongum chromo-
some 9 inversion shift drastically over the span of just a few
kilometers (Figures 3A-C and 4B). Thus, inversions in the
same genomic regions containing similar sets of genes under-
lie both local adaptation across broad spatial scales and eco-
logical speciation at fine spatial scales.

Darters, trout, and cod have substantially different life
histories and ecologies, but there are some broad similarities
regarding the homologous inversions. The Omy035 inversion
in Rainbow Trout contains a QTL linked to temperature-de-
pendent developmental rates; the derived, inverted genotype
is associated with faster developmental rates in non-migratory
individuals, which mature in colder environments (Nichols et
al.,2008; Pearse et al., 2019). In Atlantic Cod, the LG12 inver-
sion is associated with coastal versus offshore environments
with differences in temperature, salinity, and dissolved oxy-
gen (Berg et al., 2015, 2016; Bradbury et al., 2010; Sodeland
et al., 2016). Ecomorphs in these environments differ in many
traits, including age at maturity and growth rate (Hemmer-
Hansen et al., 2013; Nordeide et al., 2011). Intriguingly, E.
perlongum exhibits a higher growth rate, faster development,
and shorter life span than E. maculaticeps and other close
relatives (Paine, 1990; Shute et al., 1982). While the specifics
in each case differ, convergent evolution of inversions in these
homologous genomic regions may allow repeated formation
of similar, tightly linked gene complexes that influence major
life-history traits.
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Conclusions

Together, our results uncover an atypical example of lacus-
trine, ecological speciation in darters. The E. perlongum
genome assembly, in combination with ddRAD sequencing,
reveals that E. perlongum is a young species that originated
following the formation of Lake Waccamaw in the late
Pleistocene. Etheostoma perlongum in Lake Waccamaw has
low levels of genetic differentiation from its closest relative,
E. maculaticeps, in the Waccamaw River and exhibits subtle
but significant differences in functional traits associated with
body shape, feeding system, and diet. Morphological and
genetic intermediacy indicate an active hybrid zone between
E. perlongum and E. maculaticeps in a short stretch of the
Waccamaw River just downstream of Lake Waccamaw. While
there is strong evidence of historical and contemporary gene
flow, a 9 Mb genomic region on chromosome 9 appears resis-
tant to introgression between E. perlongum and E. maculati-
ceps. This region contains an abundance of SNPs with steep,
narrow allele frequency clines and elevated lake-river diver-
gence relative to the genomic background. Elevated linkage
disequilibrium in this region suggests that a chromosomal
inversion is suppressing recombination, allowing alleles
important for local adaptation or reproductive isolation to
persist in the face of gene flow. This inversion may consti-
tute a supergene involved in retinal development, olfaction,
and circadian regulation, all potential targets of divergent
lake-river selection. Inversion supergenes in two distantly
related fish species have gene content that is strikingly similar
to the darter inversion, suggesting deep evolutionary conver-
gence of structural genomic variation may repeatedly facili-
tate local adaptation or speciation. Etheostoma perlongum
demonstrates how, even in clades dominated by allopatric
diversification, structural genomic variation can overcome
the effects of homogenizing gene flow and enable rapid eco-
logical speciation.

Supplementary material

Supplementary material is available online at Evolution
(https://academic.oup.com/evolut/qpad067).

Data availability

The Etheostoma perlongum genome assembly is available
through NCBI (PRJNA682188) and all associated sequence
data (Nanopore reads, 10x Chromium Illumina reads, Hi-C
Illumina reads, and RNA-seq reads) are deposited at the NCBI
SRA (PRJNA682188). The E. perlongum genome annotation
GFF3 file is available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.5hqbzkhb5. The Etheostoma
nigrum genome assembly is also available through NCBI
(PRJNA895006), and all associated sequence data (Nanopore
reads, Hi-C Illumina reads) are deposited at the NCBI SRA
(SRR22084753). Demultiplexed ddRAD sequence data are
available on NCBI (PRJNA835500). Meristic data, morpho-
metric data, osteological measurements, diet data, images used
for 2D body shape morphometrics, and TPS landmark data
are available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.5hgbzkhb5. Raw images generated from
pCT scans are accessible through MorphoSource (https:/
www.morphosource.org/projects/000512599). Code for ge-
nome assembly and analyses available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.5hqbzkhbS.
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