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Abstract

Freshwater Unionid bivalves have recently faced ecological upheaval through pollution, barriers to dispersal, har-
vesting, and changes in fish—host prevalence. Currently, over 70% of species in North America are threatened, en-
dangered or extinct. To characterize the genetic response to recent selective pressures, we collected population
genetic data for one successful bivalve species, Megalonaias nervosa. We identify megabase-sized regions that are
nearly monomorphic across the population, signals of strong, recent selection reshaping diversity across 73 Mb total.
These signatures of selection are greater than is commonly seen in population genetic models. We observe 102 du-
plicate genes with high dN/dS on terminal branches among regions with sweeps, suggesting that gene duplicationis a
causative mechanism of recent adaptation in M. nervosa. Genes in sweeps reflect functional classes important for
Unionid survival, including anticoagulation genes important for fish host parasitization, detox genes, mitochondria
management, and shell formation. We identify sweeps in regions with no known functional impacts, suggesting me-
chanisms of adaptation that deserve greater attention in future work on species survival. In contrast, polymorphic
transposable elements (TEs) appear to be detrimental and underrepresented among regions with sweeps. TE site fre-
quency spectra are skewed toward singleton variants, and TEs among regions with sweeps are present at low fre-
quency. Our work suggests that duplicate genes are an essential source of genetic novelty that has helped this
species succeed in environments where others have struggled. These results suggest that gene duplications deserve
greater attention in non-model population genomics, especially in species that have recently faced sudden environ-
mental challenges.

Key words: Unionidae, Megalonaias nervosa, population genomics, gene family expansion, transposable element evo-
lution, detox genes, environmental change.

and may serve as mutations of large effect when large ef-
fects are needed (Emerson et al. 2008; Schrider and Hahn
2010; Rogers et al. 2015). Transposable elements (TEs)
and duplications show an interplay, where TE content
and activity is expected to produce higher duplication
rates (Bennetzen 2000; Yang et al. 2008). How these muta-

Introduction

The origins of genetic innovation during ecological change
remain among the most challenging questions in evolu-
tionary theory. The ways that genetic variation appears
in populations and then responds to strong shifts in select-
ive pressures is fundamental to understanding how organ-

isms evolve in nature (Ranz and Parsch 2012). Among
classes of mutations that can contribute to adaptation, du-
plicate genes and related chimeric constructs are held as a
key source of innovation (Ohno 1970; Conant and Wolfe
2008; Rogers et al. 2017; Rogers and Hartl 2011).

Theory suggests that gene duplications can create re-
dundancy that frees sequences from selective constraint,
allowing neofunctionalization, and adaptive subfunctiona-
lization (Ohno 1970; Conant and Wolfe 2008; Des Marais
and Rausher 2008). These mutations can produce novel
proteins and changes in expression that are difficult to mi-
mic via point mutations (Rogers and Hartl 2011; Rogers
et al. 2017; Stewart and Rogers 2019). Duplications may
be less likely to be neutral than other classes of mutations,

tions contribute to evolutionary outcomes as selective
pressures are altered is key to understanding the role
that genetic novelty plays in adaptation. Characterizing
the genetic response to strong selection will clarify where
the limits may lie in survival under fundamental shifts in
environment.

The final outcomes of strong selection during habitat
changes can be observed in the spectrum of diversity after
selection (Tajima 1989; Nielsen 2005; Hartl 2020). Regions
of the genome that have contributed to adaptation will
show reductions in nucleotide diversity across linked re-
gions and highly skewed site frequency spectra (Tajima
1989). Genome scans with population genetics can clarify
what genetic variation has contributed to adaptation in a
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way that is agnostic to function and free from human-
centric biases regarding animal survival (Nielsen 2005;
Ellegren 2014). Examining genetic diversity among regions
targeted by selection, we can discern the types of muta-
tions and functional classes that are most important for
survival and reproduction (Nielsen 2005; Ellegren 2014).
Such approaches are commonly implemented in popula-
tion genetic model systems, where sequencing and func-
tional analysis are straightforward (Sella et al. 2009;
Rogers et al. 2010; Rogers and Hartl 2011; Langley et al.
2012; Mackay et al. 2012).

As genome sequencing has advanced, similar analysis can
identify outcomes of selection in new organisms (Ellegren
2014) where extreme environmental shifts have resulted in
challenges to species survival. These technological advances
allow us to finally explore questions of genetic novelty in al-
ternative evolutionary systems with species that have faced
sudden shifts in selective pressures. These goals will help clar-
ify whether the genetic response during adaptation is funda-
mentally different under ecological upheaval compared with
species that experience ecological stability. The evolutionary
response to ecological changes is often studied under deep
time using phylogenetics. However, in the modern anthropo-
genic era, we can observe challenges to species under threat
happening in a single human lifetime (Lake et al. 2000). This
unfortunate opportunity allows us to study how species re-
spond over shorter timescales than before, and determine
genetic factors that allow some organisms to adapt while
other species go extinct.

Unionidae as a Population Genetic Model
Unionidae (and their relatives in Margaritaferidae) are not-
able for their unusual life cycle. Adults are benthic filter
feeders that settle into the substrate (Williams et al.
2008; Patterson et al. 2018). Most species are dioecious
with separate male and female sexes (Williams et al.
2008; Haag 2012). Females are fertilized internally and
brood offspring in their gills until releasing them into the
water column where they parasitize fish hosts (Williams
et al. 2008; Haag 2012; Patterson et al. 2018). As larvae ma-
ture, they drop off fish hosts to develop into mature adults
(Williams et al. 2008), a key developmental timepoint for
species survival (Haag and Williams 2014; Modesto et al.
2018). Phenotypic studies reveal arms races with fish hosts.
Unionidae are also unusual for their dual uniparental in-
heritance of mitochondria, where males inherit mitochon-
dria from the paternal lineage and females inherit
mitochondria from the maternal line (Liu et al. 1996;
Breton et al. 2007; Wen et al. 2017). Karyotype data for
Unionida show no evidence of heterogametic sex chromo-
somes (Kongim et al. 2015). These unusual biological pro-
cesses offer a unique setting to study parasite—host
coevolution, parental care, a transition from filter feeding
to blood feeding, and unusual mitochondrial function.
Freshwater Unionidae represent one clade that has re-
cently experienced ecological upheaval. Over 70% of spe-
cies in North America are threatened, endangered, or
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extinct (Williams et al. 1993; Strayer et al. 2004; Régnier
et al. 2009; Haag and Williams 2014). Other species have
thrived even in the face of these same ecological pressures,
some even experiencing recent population expansion. SNP
chips (Pfeiffer et al. 2019), single locus studies (Pfeiffer et al.
2018), mtDNA (Campbell et al. 2005), and reference gen-
omes for the clade are just now being initiated (Renaut
et al. 2018; Rogers et al. 2021; Smith 2021), opening doors
for evolutionary analysis in Unionid bivalves. These re-
sources can clarify phylogenetic relationships, especially
in cases where morphology, mtDNA and nuclear loci
might differ (Campbell et al. 2005; Pfeiffer et al. 2019).
However, to gather a complete portrait of genetic novelty
and the adaptive response to strong shifts in selection,
whole-genome population samples are required.

Muscle Shoals offers a focal location, with high species
diversity for freshwater bivalves. Historically over 80 spe-
cies have been identified in the Tennessee River and sur-
rounding tributaries (Williams et al. 2008). Rivers in the
area have been dammed, preventing dispersal of aquatic
fauna with impacts on species diversity (Ortmann 1924;
Cahn 1936). Water quality has been affected with pesticide
and fertilizer runoff and industrial pollution, threatening
avian and aquatic wildlife (Woodside 2004). Bivalves ex-
perienced additional pressures, as they were harvested
for shells in the freshwater pearl and button industries,
with up to 6,700 tons produced per year during peak his-
torical demand (Williams et al. 2008). Many freshwater bi-
valves in the Southeast now compete with invasive species
such as Corbicula fluminea (Asian clams) (Strayer 1999)
and Dreissena polymorpha (Zebra mussels) that have just
recently been observed in the Tennessee River. Some 32
species have not been seen at Muscle Shoals since the
1930s, with another 10 species listed as federally
endangered (Garner and McGregor 2001). Current esti-
mates suggest roughly 40 species remain (Garner and
McGregor 2001).

During these modifications, other species that were able
to thrive in flooded overbank habitats experienced intense
population expansion (Ahlstedt and McDonough 1992;
Garner and McGregor 2001; Williams et al. 2008).
Among these, Megalonaias nervosa is a success story where
populations have expanded instead of contracting. Surveys
suggest that M. nervosa is among the most common spe-
cies with tens of millions of individuals in one reservoir
(Ahlstedt and McDonough 1992). As a benchmark for
adaptation in this clade where so many species are under
threat, we have assembled and scaffolded a reference gen-
ome (Rogers et al. 2021) and produced a whole-genome
population sequencing panel for M. nervosa. Using scans
of selection, we can identify adaptive genetic variation
that has recently spread through populations due to nat-
ural selection (Nielsen 2005; Ellegren 2014).

In the data presented here, we observe signals of strong,
recent selective sweeps reshaping genetic diversity in fresh-
water bivalves that have recently experienced ecological
upheaval. We use a genes-up approach that is agnostic
to function, yet still observe genetic variation that
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recapitulates the biology of the organism. In addition, we
identify targets of selection that have no clear functional
annotation. These loci reveal as yet poorly understood me-
chanisms of adaptation in bivalves that deserve future
study to discover the full genetic response to strong, re-
cent selection. We observe key contributions from dupli-
cate genes, which serve as causative agents of adaptive
changes in M. nervosa, including functional classes known
to influence the biology of the organism. Together, these
results indicate that duplicate genes are an essential part
of the evolutionary response to strong selection that de-
serve greater attention in conservation genomics and non-
model evolutionary genetics.

Results

Across the genome of M. nervosa Tajima's D is negative on
average with a mean of —1.16 and a median of —1.2 sug-
gesting population expansion in the past. Mean diversity
7 is 8 =0.0054 (supplementary table S2, Supplementary
Material online), slightly lower from single-genome esti-
mates of heterozygosity in a deeply sequenced reference
specimen (Rogers et al. 2021). Simulations of a 10-fold
population expansion roughly 5,000 generations ago recap-
itulate background diversity measures (supplementary fig.
S1, Supplementary Material online). Inference of ancient
population expansion is consistent with a species range ex-
pansion at the end of the last glaciation as greater habitat
became available after glaciers receded (Elderkin et al. 2007;
Keogh et al. 2021). Diversity 7 and Tajima’s D varies across
scaffolds, with a roughly normal distribution genomewide
(fig. 1). We used the heterozygosity at 4-fold nonsynon-
ymous sites where any of the three possible nucleotide sub-
stitutions alters amino acid sequence compared with 4-fold
synonymous sites where none of the nucleotide alters
amino acid sequence to measure constraint in the M. ner-
vosa genome. We find that /75 = 0.47 and Sp/Ss = 0.48.
These numbers are consistent with estimates from the ref-
erence genome suggesting Hy/Hs = 0.46.

We identified the Site Frequency Spectrum (SFS) for pu-
tatively neutral 4-fold synonymous sites and for 4-fold
nonsynonymous sites. The SFS suggests a modest differ-
ence in the impacts of amino acid changing SNPs com-
pared with synonymous SNPs in its slightly more
U-shaped spectra with greater numbers of highest and/
or lowest frequency alleles, but differences are not signifi-
cant (Wilcoxon Rank Sum Test W = 1331540915, P=
0.1086; Kolmogorov-Smirnov D = 0.0066259, P = 0.2524;
fig. 2). Such results indicate mild constraint on polymorph-
ism across the genome.

Strong, Recent Selective Sweeps

We used nucleotide diversity 7, 9y, and Tajima’s D to iden-
tify hard selective sweeps with signatures of natural
selection altering genetic diversity in the population of
M. nervosa. We identify signatures of very strong, very re-
cent selective sweeps in M. nervosa that have reshaped

diversity in M. nervosa (fig. 3). Across the M. nervosa gen-
ome 73 Mb on 851 contigs is contained in regions that
are borderline monomorphic for extended tracts (where
7 < 0.0015). These regions constitute 2.7% of total genome
(2.6 Gb) and 6.2% of assayable sequence in scaffolds 10 kb
or longer (1.16 Gb). Such signals of genetic diversity show
strong linkage at swept regions, and are in addition to pu-
tative ancient selective sweeps with classic v-like signatures
in diversity data (fig. 1). Regions with sweeps include 31.5%
coding sequence compared with background rates of
35.7%, demonstrating that swept regions are not gene
poor. Results are not explained by deletions, low coverage
or unidentified repetitive sequence (fig. 4). The presence of
C. gigas orthologs and typical genomic coverage confirms
that these sequences are in fact of mollusk origin, not
driven by contaminants. Specimens are different ages
(supplementary table S1, Supplementary Material online)
precluding the possibility that they might be derived from
the same brood. Fish host dispersal (Williams et al. 2008)
or even avian transport (Darwin 1878) minimizes the likeli-
hood of incidental relatedness from microgeographic effects.
The genus shows little geographic differentiation (Pfeiffer
et al. 2018). Simulations suggest that such signals cannot
be recapitulated through extreme bottlenecks with small
numbers of potentially related individuals (supplementary
text, Supplementary Material online). These extended tracts
of low genetic diversity are unusual in comparison with scans
of selection in standard population genetic models (Sella
et al. 2009; Rogers et al. 2010; Rogers and Hartl 20171;
Langley et al. 2012; Mackay et al. 2012).

Historical data are well documented, and are not con-
sistent with population bottlenecks (Isom et al. 1973;
Garner and McGregor 2001). However, we performed si-
mulations that suggest even an unobserved 5-fold reduc-
tion in population sizes cannot explain these sweep-like
signals in the population (supplementary fig. S5,
Supplementary Material online). Ancient bottlenecks do
not reduce genetic diversity to the levels close to zero, as
observed in sweep-like signals (supplementary fig. S5,
Supplementary Material online). Recent bottlenecks are
expected to reduce population diversity according to
H,=H, (1—1/2N)". Assuming 20 generations since the
formation of the dams along the Tennessee River
(Ortmann 1924) even a 10-fold reduction in population
size would not reduce diversity below 99.96% of normal le-
vels in the past century. This effect is less than the round-
ing error diversity estimates. Coalescent times in
M. nervosa are expected to be 777,000 generations
(Rogers et al. 2021), suggesting that neutral genetic diver-
sity captures demographic effects far in the past prior to
formation of dams. Hence, we suggest that neutral forces
of genetic drift act too slowly to reshape genetic diversity
in this species on historical timescales.

In contrast, very strong selective sweeps can produce 1-
2 Mb reductions in diversity even in less than 20 genera-
tions, though sweeps further in the past show similar pat-
terns (supplementary text, Supplementary Material
online). Hence we suggest that these reductions in
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Fic. 1. Population genetic diversity 7, Tajima’s D, and normalized sample coverage for a typical scaffold in M. nervosa. Density plots of each metric
are shown to the side for the scaffold (solid line) and genomewide background (dashed line). Genetic diversity, « is centered about 0.0054 and
varies across the genetic region. Normalized coverage for the 13 samples (shaded gray lines) shows a single polymorphic CNV/repeat around 470
kb. Gene models confirmed with RNAseq data are shown in purple, unconfirmed in RNAseq data shown in gray, and repetitive elements in green.

diversity indicate a response to strong selective pressures,
in recent evolutionary time. Although we do not have suf-
ficient resolution to differentiate between sweeps on 10
generations compared with 1,000 generations, the results
are compatible with genetic changes occurring on histor-
ical timescales or in the recent evolutionary past. We
would suggest that these genomic regions contain alleles
that were essential to survival or reproduction in the re-
cent past.

The M. nervosa reference genome has improved with
additional long-read sequencing (supplementary text,
Supplementary Material online), but still has an N50 of
125 kb. A total of 96% of the genome is in scaffolds 10
kb or larger, sufficient to estimate population genetic sta-
tistics and 80% is now in scaffolds 50 kb or larger. To help
anchor sweep regions, we used syntenic comparisons with
the more contiguous genome of Potamilus streckersonii
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(N50 =2 Mb) (Smith 2021) to align scaffolds likely to be-
long in the same genomic regions. One selective sweep
identified spans the majority of five scaffolds, with 1.6
out of 1.9 Mb nearly monomorphic across the region
(fig. 4). This scaffold (Scaffold 22) contains Furin, upstream
in a pathway from von Willebrand factors that are known
to have rampant duplication and elevated amino acid sub-
stitutions across paralogs (dN/dS > 1.0) (Rogers et al.
2021). Karyotpe data for Unionidae suggests little re-
arrangement across species (Kongim et al. 2015).
However, if synteny were broken in these regions, these re-
gions would constitute multiple shorter selective sweeps
rather than one large selective sweep.

We identify 851 regions in extreme selective sweeps.
Only 350 of these have a gene annotation in them with
functional info in C. gigas (Zhang et al. 2012) or from
Interproscan. Sweeps span 0-9 genes. Some 185 regions
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have only 1 functional annotation based on comparison
with C. gigas (Zhang et al. 2012) or Interproscan annota-
tions. Homology-mediated annotation may be more lim-
ited for this species, as well annotated marine relatives
are between 200 million and 500 million years divergent
(Bolotov et al. 2017; Kumar et al. 2017; Crouch et al.
2021). For these regions containing only a single gene,
we would suggest that it is most likely the causative agent
of the selective sweeps. Examples of two such single-gene
sweeps include a chitin synthtase (fig. 5) and a cytochrome
P450 gene (fig. 6). Both represent categories that have ex-
perienced adaptive gene family amplification (Rogers et al.
2021). Functional categories in regions with strong, recent
selection include functions involved in shell formation,
toxin resistance, mitochondria, and parasite—host co-
interactions like molecular mimicry or anticoagulation,
and stress tolerance (supplementary table S5,
Supplementary Material online). These classifications are
consistent with adaptive gene duplications in the refer-
ence genome (Rogers et al. 2021). Curiously, ABC transpor-
ters do not appear multiple times in sweeps, in spite of
rampant duplication and their known interactions with
cytochromes.

Genes in sweeps also include categories of DNA repair, de-
velopment, apoptosis inhibitors (supplementary table S5,
Supplementary Material online), as well as less well-
characterized functional categories like Zinc fingers or Zinc
knuckles, cell adhesion, cytoskeleton proteins, and WD-40 re-
peats. Although these conserved domains have less clear
functional impacts based on the current information, but
point to putative coevolution of large protein complexes,
the exact nature of which remains unknown. Other regions
have no known conserved domains or functional annotation,

suggesting they contribute to bivalve survival, even when we
cannot explain why. Duplicate gene analysis and selective
sweeps were performed in a high throughput, whole-genome
setting without preconceived bias regarding which functional
classes should be represented. Yet, in these scans of selection
we identify functional classes that reflect the biology and en-
vironmental history of the organism. Here, these computa-
tional approaches can offer a more complete account of
factors that are important for organism survival and repro-
duction. As Unionid genomics improves and greater func-
tional information is provided, we may be able to resolve
what other biological functions have contributed to adapta-
tion in Unionidae.

Adaptive Gene Duplication

We identified gene families in reannotated sequences in
version 2 of the M. nervosa reference genome and esti-
mated dN/dS across paralogs (supplementary text,
Supplementary Material online), a signature of selection
for adaptive bursts of amino acid substitutions
(Goldman and Yang 1994). This metric of selection should
offer a gene-specific analysis. We observe no correlation
between dN/dS on terminal branches and nucleotide di-
versity 7 (P =0.89, R> = —0.00047), indicating that these
two tests of selection are independent from selective
sweep analysis (supplementary fig. S21, Supplementary
Material online). These genes include Cytochrome P450
genes, von Willebrand proteins, and shell formation genes
(supplementary table S5, Supplementary Material online,
figs. 5 and 6). We observe duplicate genes with high dN/
dS across paralogs that are also located in strong recent se-
lective sweeps. Hence, such genes are strong candidates of
causative agents during adaptation as they have two inde-
pendent signals of recent selection.

We identify a total of 102 genes with signatures of se-
lective sweeps and high dN/dS on their own terminal
branch. Terminal branches represent timescales most
compatible with recent selective sweeps that can be as-
sayed with population genetics. Under a null expectation,
we would expect only 14 (6% of the 241 duplicate pairs
with dN/dS > 1.0) to be found among regions with strong
selection. Hence, we suggest that duplicate genes with high
amino acid divergence across paralogs are 10-fold more
likely to be associated with selective sweeps than we would
expect based on background rates. Among these are 2 cy-
tochromes, 1 von Willebrand factor, 1 chitin sythetase, and
A-macroglobulin TED domain important for anticoagula-
tion. Others of unknown function include DUFs, WD40s,
and Zinc Knuckles. In addition, some sweeps contain adja-
cent copies of duplicate genes with the same functional
annotation with no other causative factors, even when
dN/dS < 1.0. These likely represent adaptation without
the burst of amino acid substitutions. A total of 245
have dN/dS > 1.1 on any past branch. These include two
additional von Willebrand, two more cytochromes, one
Thioredoxin, and some DUFS, more Zinc Fingers, inhibitors
of apoptosis, and mitochondrial genes.
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We identify these two independent measures of selec-
tion in elevated dN/dS across paralogs and independently
identified sweep signals from population diversity. Such
concordance represents a rare case of multiple measures
of selection pointing to gene duplication as a causative
source of recent adaptation in M. nervosa.

TE Insertions are Detrimental

TEs are selfish constructs that proliferate in genomes even
at the expense of their hosts. These repetitive sequences
are intimately related to gene duplication rates, as they
can facilitate ectopic recombination, form retrogenes,
and translocate copies of neighboring DNA. Signals of TE
proliferation, especially of Gypsy and Polinton elements,
were observed in the reference genome of M. nervosa
(Rogers et al. 2021). To determine whether these TE inser-
tions may be adaptive or detrimental, we surveyed fre-
quencies of TE insertions in the population of M.
nervosa. We identified genome rearrangements with ab-
normally mapping read pairs and used BLAST to identify
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those with transposon sequences at one of the two gen-
omic locations. We assume that the TE-associated region
is the donor and the region without TE sequences is the
acceptor region where the new TE copy lands. We identify
4,971 TE insertions that can be characterized in this refer-
ence genome. TE insertions appear to be highly detrimen-
tal in M. nervosa, with a skewed SFS showing an excess of
singletons that is significantly different from SNPs
(Wilcoxon Rank Sum Test W =150176864, P < 2.2e X
107 Kolmogorov-Smirnov Test D =0.30443, P<
2.2e X107 fig. 2).

TE movement is dominated by Polinton DNA transposon
activation and Gypsy retroelements (supplementary table
S6, Supplementary Material online, fig. 7). We also observe
Neptune element activity, consistent with the presence of
these elements in the M. nervosa reference but not in other
species surveyed like Venustaconcha ellipsiformis or Elliptio
hopetonensis (Rogers et al. 2021). TEs are underrepresented
among reference genome sequence in regions with select-
ive sweeps (P < 10~°). We find only 8.9 Mb (1.5%) of TEs
identified viaRepDeNovo compared against an expectation
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Fic. 4. Diversity on five scaffolds encompassing a 1.9 Mb region syntenic with Potamilus streckersonii is nearly monomorphic (scaffold4763, scaf-
fold22, scaffold372 - reversed, scaffold4254, scaffold40-reversed). Nucleotide diversity 7 shows a marked departure compared with background
genomic levels, as supported by changepoint statistics. Tajima’s D is below —2.2 throughout the region. Annotated genes match with marine
bivalve C. gigas, eliminating possibility that results are driven by contaminating sequences. The population genetic parameters suggest a strong,
recent selective sweep that has driven out diversity from the population. Genes in the region include anticoagulation gene Furin on scaffold22.

of 34 Mb if TE content were allocated proportionally to the
amount of the genome captured by sweeps. We identify 18
Mb of RepeatScout TEs, against an expectation of 55 Mb
TEs. Only low-frequency insertions at a frequency of 1/
26-3/26 are identified in swept regions, precluding the pos-
sibility that these mutations are causative agents of selec-
tion in strong, recent selective sweeps. Combined with
the SFS, we conclude that these mutations are unlikely to
be adaptive in M. nervosa, and are rather forming detrimen-
tal insertions throughout the genome.

Discussion

Selection under Environmental Upheaval
Scans of selection can clarify genetic variation that has
contributed to survival and reproduction, with fewer a

priori biases about what functions should be represented
(Nielsen 2005; Ellegren 2014). This reverse ecological gen-
etics can identify the most likely candidates driving select-
ive sweeps, offering more complete information about
how adaptation occurs in nature (Ellegren 2014).
Historical records suggest population expansion, excluding
the possibility of a bottleneck event (Ahlstedt and
McDonough 1992; Garner and McGregor 2001). Working
in such a species with detailed census records is an advan-
tage for population genetics over model organisms that
typically lack extensive historical or fossil records.
Moreover, simulations of bottleneck events do not show
similar genetic signals compared with strong selective
sweeps (supplementary text, Supplementary Material on-
line). These selective sweeps occurred in recent evolution-
ary time, though resolution on historical time is difficult.
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Fic. 5. Population genetic diversity 7, Tajima’s D, and normalized sample coverage for a chitin synthetase gene. Density plots of each metric are
shown to the side for the scaffold (solid line) and genomewide background (dashed line). Normalized coverage for the 13 samples (shaded gray
lines) shows a small polymorphic deletion at 100 kb and a small polymorphic duplication at 190 kb. The chitin synthetase is the only functional

annotation within this region.

If historic DNA could be acquired for the same species at
the same location, or through comparisons at other loca-
tions, it might resolve how much of these adaptive changes
are the product of anthropogenic influence over the past
100 years.

These results recapitulate and confirm the functional
categories represented among adaptive gene family ampli-
fication in a single genome (Rogers et al. 2021). These se-
lection scans offer greater detail and more information
about adaptation than analyses that can be done with sin-
gle reference genomes. We also identify strong selection in
regions with less clear functional implications, such as
WD-40 domains, Zinc Fingers, Zinc Knuckles, and apop-
tosis genes, or even regions with no known functional im-
pacts. These signatures of selection on regions with
unknown functions that open questions remain that will
need to be explored in future work to fully understand

8

the drivers of genetic adaptation in Unionidae. If future
functional analysis can determine what lies in the regions
with unannotated genes, we can better understand factors
that contribute to success of M. nervosa and how to help
endangered populations.

Gene Duplications and Adaptation

Gene duplications have long been held as a source of evo-
lutionary innovation that can contribute new genes with
novel functions (Ohno 1970; Conant and Wolfe 2008).
Theory suggests that duplicate genes can produce new
copies of genes that are functionally redundant. Under re-
duced constraint copies may accumulate divergence and
thereby explore novel functions. Alternatively, duplicate
genes may specialize in ancestral functions and offer adap-
tive subfunctionalization in escape from adaptive conflict
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CNV/repeats at the locus of a TE around 60 kb that drives a brief spike in diversity.

(Des Marais and Rausher 2008). Our results showing dupli-
cations followed by a burst of amino acid substitutions and
strong signals of selective sweeps are consistent with these
evolutionary models. It has long been proposed that muta-
tions of large effect appear first, that later are fine-tuned
through mutations with narrower functional impacts to
reach evolutionary optima (Orr 2006). Empirical evidence
suggests that such outcomes are a regular product of gene
duplication in other systems (Long and Langley 1993; Jones
and Begun 2005; Conant and Wolfe 2008; Des Marais and
Rausher 2008). Such models would be consistent with du-
plications serving as such mutations of large effect that la-
ter are fine-tuned through amino acid substitutions.

It is striking to observe such independent signals of selec-
tion on multiple duplicate genes: high dN/dS across paralogs
and the presence in strong, recent selective sweeps. Over 100

duplications contribute to recent adaptive changes with ele-
vated dN/dS on the terminal branch, and 245 duplicate genes
in recent selective sweeps are members of gene families with
adaptive signals further in the past. The genomic patterns are
overwhelming that these mutations are key contributors to
innovation in this species that has experienced recent envir-
onmental threat. Duplication in gene families important for
the biology of M. nervosa appear to be key for survival and
reproduction in this robust species. Fish-host interactions,
detox pathways and shell formation, suggest strong recent se-
lective pressures consistent with known ecological challenges
are reshaping genetic variation in M. nervosa. Parallel analysis
on marine bivalves has revealed adaptive duplications in
adaptation to environmental changes (Sun et al. 2017; Hu
et al. 2022). Hence, we expect that these principles hold
true outside this single species.
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Fic. 7. Polymorphic TE insertions identified in populations of M. ner-
vosa. Gypsy elements are most common, followed by Polinton ele-
ments, consistent with recent TE proliferation identified in the
reference genome of M. nervosa.

We observe an association between detox genes and re-
lated stress resistance in a species that has recently been
exposed to high levels of pesticides, herbicides, and other
pollutants. These chemicals gained widespread use at
Muscle Shoals after the 1940s through mosquito and mal-
aria control efforts, farming, and other industrial activities
along the river (Woodside 2004). The high pollution load
has had extreme effects on wildlife throughout the region
(Woodside 2004). Pesticide and herbicide use is known to
induce very strong selective pressures in other evolution-
ary systems. Previous studies have observed parallel cases
of detox gene duplication or rearrangements of lesser mag-
nitude in Drosophila (Aminetzach et al. 2005; Schmidt
et al. 2010), Morning Glories (Van Etten et al. 2020), and
rodents (Nelson et al. 2004). It is likely that the gene dupli-
cations observed in M. nervosa are an important part of
the genetic response to these selective pressures.

TE Bursts

TEs are selfish genes that amplify themselves even at the
expense of host genomes. They can break gene sequences,
remodel expression for neighboring genes, and create chi-
meric TE-gene products (Feschotte 2008; Schaack et al.
2010; Dubin et al. 2018). It is hypothesized that TEs may
offer a source of innovation, especially when species ex-
perience environmental stress. Recent TE amplification
for Gypsy and Polinton elements was previously observed
in the reference genome of M. nervosa (Rogers et al.
2021), but it remained unclear whether such population
expansion was adaptive or a detrimental byproduct of
TE escape from silencing. In this new population genetic
data for M. nervosa, we observe no support for adaptive
TE insertions.
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TE insertions appear to be detrimental with a skewed
SFS and underrepresentation in selective sweeps. A species
with very large population sizes may be able to weed out
detrimental TE insertions while retaining adaptive vari-
ation, especially if unlinked from beneficial variation. In
light of these results, it seems most likely that the recent
proliferation of Gypsy and Polinton elements may have es-
caped conflict in the short term, but are prevented from
spreading through populations under strong selective
constraint.

These two different classes of elements represent both LTR
retroelement expansion and DNA transposon activity, rather
than expansion only within a single class. Gypsy elements car-
ry chromodomains, that can modify heterochromatin organ-
ization and modify gene expression for neighboring genes,
with more widespread impacts than local dynamics of gene
damage (Chen and Corces 2001; Gause et al. 2001; Gao
et al. 2008). Under expectations of genetics arms races, we
might expect strong selection to favor suppressors of TE ac-
tivity in the future (Cosby et al. 2019).

There may be interplay between TE content and dupli-
cation rates, as repetitive elements can facilitate gene fam-
ily amplification (Bennetzen 2000; Yang et al. 2008), but
these are indirect effects not tied to individual TE copies.
The cost of genetic innovation and TE activity may be dif-
ferent in small populations where evolutionary dynamics
may be more permissive to TE proliferation (Lynch
2007). Future analysis of the spectrum of TE variation in
other species of Unionidae with different population dy-
namics will help answer questions about the interplay of
TEs and adaptive duplication during habitat shifts.
Regardless, individual TE insertions in M. nervosa largely
appear to be maladaptive.

Implications for Imperiled Species

In scans of selection in Megalonaias nervosa, we identify
many genes that point to fish-host interactions in glo-
chidia, a known point of attrition for many species
(Modesto et al. 2018). Strong selection at glochidia stages,
may favor larger brood sizes to overcome attrition in some
reproductive strategies (Haag 2013). M. nervosa females
can produce 1 million offspring per reproductive cycle
(Haggerty et al. 2005), a factor that may influence their
success. Genomics also points to detox genes, shell forma-
tion genes, stress response genes, and mitochondria genes,
all consistent with factors important for Unionida.

Not all species may have sufficient genetic variation to
solve these challenges under shifting selective pressures,
especially when population sizes are small (Maynard
Smith 1971; Hermisson and Pennings 2005). M. nervosa
with its large population expansion represents a successful
species that can be used as a genetic benchmark for adap-
tive changes. In threatened or endangered species with
smaller population sizes, it is possible that genetic variation
may be limited, and genetic drift may impede adaptive
walks. In M. nervosa, some gene duplication is likely to
have been adaptation prior to the modern era as dS > 0.
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The likelihood of adaptation from standing variation for
gene duplications was high in M. nervosa (Rogers et al.
2021).

As duplicate genes appear to be important sources
of innovation, we suggest that they deserve better char-
acterization across Unionidae and in other species experi-
encing ecological threat. Species that lack gene
duplications may struggle to survive in the face of these
same environmental pressures. Conversely, current re-
sults would suggest that new TE insertions are primarily
rare and non-adaptive. They may are unlikely, based on
current evidence, to represent those genetic changes
that are most essential for species survival. Highly variable
low-frequency TEs like Gypsy and Polinton elements in M.
nervosa may serve as poor markers for species tracking,
and may require masking for the design of species mar-
kers. These insights and genetic resources can help con-
servation biologists working in mussel management as
they design analyses to monitor and aid threatened or en-
dangered species of Unionidae. Similar work in popula-
tion genetics for endangered Unionids may also offer
and empirical setting to explore alternative population
genetic models relevant to high variance in reproductive
success (Matuszewski et al. 2018).

Future cross species comparisons may help address the
genetic basis of adaptation in this clade that has experi-
enced recent environmental upheaval. How do species
with smaller population sizes respond under these envir-
onmental pressures? What is missing from the genomes
of species that are most threatened? If we can begin to ap-
proach these genetic questions for Unionidae, we can bet-
ter understand how evolutionary processes differ in
species that are under threat and determine how genomes
influence species survival.

Methods

Specimen Collection

JT Garner collected specimens of Megalonaias nervosa at
Pickwick Reservoir (supplementary table S1, Supplementary
Material online). The largest (Specimen #3) was selected as
the reference genome specimen, sequenced and annotated
as previously described (Rogers et al. 2021). Some 14 speci-
mens were dissected and sequenced using lllumina short
read sequences for population genomic data. The reference
specimen N50 in previous sequencing was roughly 50 kb, ad-
equate for many applications in evolutionary genomics, but
with limited information regarding linkage across distance.
Scaffolding attempts with HiC and OmniC have not been
successful, with zero cross-linked read pairs (Rogers et al.
2021). To improve the reference genome for population gen-
etic applications, we generated additional long-read se-
quence data to scaffold the assembly into longer contigs
with an N50 of 120 kb. We reannotated according to previ-
ously used methods (Rogers et al. 2021) similar to those
used to reannotate non-model Drosophila (Rogers et al.
2014) (supplementary text, Supplementary Material online).

Identification of Regions with Extended Selective
Sweeps

Sequences were aligned to the reference genome, and used
to estimate genetic diversity statistics commonly used
population genetic inference 7z, Wattersons 6, and
Tajima’s D. We required that windows have full coverage
for at least 75% of sites across all strains. Population genet-
ic statistics were corrected for the number of sites in 10 kb
windows with full coverage. We used msprime v1.1.1
(Baumdicker et al. 2022) and SLiM v3.7 (Messer 2013;
Haller and Messer 2019; Haller et al. 2019) to model expec-
tations of diversity under demographic scenarios and with
natural selection for these populations. Additional detail is
available in supplementary text, Supplementary Material
online. We identified SNPs from 4-fold synonymous sites
where none of the three possible nucleotide substitutions
alter amino acid sequence, and 4-fold nonsynonymous
sites where any of the three possible substitution alters
amino acid sequence and estimated site frequency spectra
(SFS) for each and tested for significant differences using
both Kolmogorov-Smirnov tests and Wilcoxon rank sum
tests.

Extended regions with reduced genetic diversity display
stronger signals than the classic V-shape most often de-
scribed for typical selective sweeps (Sella et al. 2009;
Hartl 2020). They do not fit with theoretical models that
could be used to place boundaries on the timing and selec-
tion coefficient of selective sweeps using diversity and re-
combination rates (Kaplan et al. 1989; Sella et al. 2009). To
objectively place boundaries on recent selective sweeps,
we use Bayesian changepoint statistics. Changepoint sta-
tistics are agnostic to the direction, magnitude, and dur-
ation of effects. They identify regions of the data that
depart from the background patterns in the remainder
of the data, where shorter signals with greater magnitude
may be significant as can longer signals of lesser magni-
tude. We identified changepoints and posterior means of
7, and Tajima’s D for regions between changepoints in
the R package bcp (Erdman and Emerson 2007)
(supplementary text, Supplementary Material online).
Genome assembly for freshwater molluscs remains chal-
lenging because of repeats and difficulty of long molecule
extraction, with limited N50s even using long-read data
(Rogers et al. 2021; Smith 2021; Renaut et al. 2018). The
best assembly to date is for Potamilus streckersonii, with
an N50 of 2 Mb after 100X coverage of PacBio and 48X
coverage of 10X sequencing (Smith 2021). To anchor scaf-
folds identified in the longest sweeps, we used syntenic
mapping against this more contiguous bivalve assembly
to identify sections of M. nervosa likely to be from similar
genetic locations (supplementary text, Supplementary
Material online).

Adaptive Gene Duplications

We identified 4,758 gene families (with two or more para-
logs) using a First-Order Fuzzy Reciprocal Best Hit Blast
(Han et al. 2009) on the re-annotated the scaffolded
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genome as per previous methods (Rogers et al. 2021)
(supplementary text, Supplementary Material online).
Protein sequences were aligned in clustalw (Thompson
et al. 1994) then back-translated to the original nucleotide
sequence. Synonymous and nonsynonymous substitutions
were analyzed with the codeml package of PAML (Yang
1997) with the F1x4 codon model using the clustalw gen-
erated guide tree. We excluded 44 out of 4,758 gene fam-
ilies that proved computationally intractable, with failed
alignments or failed PAML runs. We then identified dupli-
cation events with elevated amino acid substitutions
across at least one branch for paralogs, suggesting selection
for amino acid replacements (high dN/dS > 1.0), a gene-
specific measure of selection (Goldman and Yang 1994).
The locations of these adaptive gene duplications were
matched with locations of strong, recent selective sweeps
to identify cases where they therefore likely contribute as
causative agents of selective sweeps.

TE Insertions

We identified polymorphic TE insertions using a
paired-end read approach (Cridland et al. 2013). We iden-
tified polymorphic read pairs that map to different scaf-
folds, indicative of DNA moving from one location to
the other. We required at least five abnormally mapping
read pairs support each mutation, clustering read-pairs
within 325 bp, based on the lllumina sequencing insert
size. Mutations with insertion sites within 325 bp were
clustered across samples. We took 1000 bp on either side
of each breakpoint and matched these in a tblastx against
the RepBase database (Bao et al. 2015) at an E-value of
107%°, requiring hits at least 100 bp long to a repetitive
element sequence on one side, but not both sides of rear-
rangements. These mutations were considered to be novel
TE insertions compared with the ancestral state. We used
coverage >1.75X and <5X whole-genome background le-
vels to identify homozygous mutations.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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