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ABSTRACT

Understanding patterns of genetic differentiation within and across wildlife
populations is a key component to parsing the demographic and ecological processes that
govern the spatial structure and evolutionary trends of a given species. As molecular and
computational techniques continue to advance, these data have become critical tools in
delineating population boundaries as well as informing appropriate management
decisions. This study utilized a genotyping by sequencing (GBS) approach to study the
genetic structure of three Texas state threatened mussel species of family Unionidae:
Pleurobema riddellii (Louisiana Pigtoe), Fusconaia askewi (Texas Pigtoe), and
Potamilus amphichaenus (Texas Heelsplitter). Principal component and admixture
analyses paired with genetic distance estimates (Gsr) of these species demonstrated clear
interspecific and intraspecific differentiation across separate drainages as well as
indications of isolation within drainages potentially facilitated by geographic barriers
such as river impoundments and local environmental and ecological differences. These
data present an effective approach to modeling genetic structure across a landscape that
allow for precise inferences on population boundaries that inform conservation units
(CU’s) and the management strategies that use them (Funk et al., 2012; Smith et al.,

2021).
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L. INTRODUCTION

Isolation amongst fragmented populations serves as a major component to genetic
differentiation within species and can potentially have a number of associated
demographic and evolutionary consequences including differential genetic drift,
divergence, loss of genetic variability, and local extinction (Templeton et al., 1990;
Hanski et al., 1995). Additionally, differentiation due to geographic isolation may be
further compounded by secondary contact and reinforcement that generates selection
against divergent ecological, behavioral, or morphological lineages (Bush, 1969; Bolnick
& Fitzpatrick, 2007). Physical and geographical barriers remain an important factor in the
reduction of gene flow between populations (Steeves et al., 2003; Trizio et al., 2005;
Riley et al., 2006; Zalewski et al., 2009) and can have a number of long- and short-term
evolutionary effects on within-population genetic variation and between-population
genetic divergence resulting from factors such as different dispersal capabilities and
varying affinities for environmental conditions (Spieth, 1974; Spieth 1979). Modern
population fragmentation is further exacerbated by ongoing human encroachment, often
manifesting as the alteration and disruption of natural habitat, as well as the construction
of artificial barriers. In this study, we investigate the extent of genetic differentiation and
its spatial patterning among freshwater mussels in order to better delineate population
boundaries and their potential causes.

Understanding the distribution of genomic variation of species subject to these
recent and historical habitat changes is key to assessing the potential risks faced by
certain populations and potential conservation strategies to ameliorate them. The linear

flow of rivers, having an inherent effect on patterns of dispersal and gene-flow, not only



creates a unique framework in which to study patterns of genetic exchange within and
between watersheds, but also presents a suite of distinct concerns for conservation efforts
such as historical connectivity of rivers and drainages, and the construction of
impoundments altering environmental conditions as well as serving as physical barriers
between populations (Randklev et al., 2011; Schaefer et al., 2011).

Bivalves of order Unionoida (freshwater mussels) occupy a nearly worldwide
distribution, inhabiting freshwater lakes and rivers within six of the seven continents
(excluding Antarctica). The North American continent boasts the majority of Unionid
diversity - comprising approximately a third of its described species (~297 spp.)
(Ricciardi et al., 1998; Lydeard et al., 2004). Despite this diversity, unionid mussels are
considered one of the most imperiled groups within North America with approximately
12% (35 spp.) presumed extinct and ~60% facing some form of threat often attributed to
environmental degradation in the form of pollution, impoundment, and newly introduced
species such as the Eurasian Zebra Mussel (Dreissena polymorpha) (Williams et al.,
1993; Lydeard et al., 2004; Archambault et al., 2014; Olson & Vaughn, 2020). The
spatial distribution of unionid mussel populations consists primarily of dense beds of
sedentary adults acting as sub-populations separated by mostly depauperate stretches of
river (Strayer et al., 2004; Olson & Vaughn, 2020), with the mussel glochidia larvae,
obligate ectoparasites of fish, providing the most mobility throughout the lifecycle of an
individual mussel (Barnhart et al., 2008). The combination of these factors results in the
majority of gene-flow among populations likely being limited to movement of dispersal
via host fish, or downstream flow of sperm, juvenile mussels, or glochidia lacking a host

(Schwalb et al., 2011; Ferguson et al., 2013; Irmscher & Vaughn, 2018). Unraveling the



genetic connectivity of these populations will be essential in diagnosing isolation among
disparate populations and prescribing appropriate management solutions - especially in
the context of recent and future habitat alteration.

Unionids represent a relevant and effective model organism to study in the
context of fresh-water population demographics. This study focused on population
genetic structure of three Unionid species: Pleurobema riddellii (Louisiana Pigtoe),
Fusconaia askewi (Texas Pigtoe), and Potamilus amphichaenus (Texas Heelsplitter), all
of which are currently listed as threatened in the State of Texas (TPWD, 2020). The study
was largely confined within the Neches, Sabine, and Mississippi drainages of the United
States gulf coast and utilizes a genotyping by sequencing (GBS) approach to: 1) confirm
the putative species designations provided by field-identifications of the three target taxa,
2) determine the degree to which population structure between the three drainages is
consistent with an expectation of historical isolation and divergence, 3) characterize
genetic structure within drainages and its correlation with isolation by distance or specific
geographical or ecological phenomena, and 4) to assess similarities or differences in
structural pattern across species that co-occur in the sampled drainages.

Answering these questions and identifying notable areas of differentiation may
help identify specific physical features or unique environments that may be driving
divergence and, in turn, provide vital resources in establishing the population units used
in conservation and management strategies. I hypothesized that different species should
appear genetically distinct using ordination techniques, which would thereby prove useful

in the assessment of field identifications. When analyzed individually, I further



hypothesized that species should consistently reflect clear genetic delineation between

separate drainages indicative of neutral divergence.



II. METHODS

-Collection of Samples

Sample tissue for Pleurobema riddellii, Fusconaia askewi, and Potamilus
amphichaenus was collected across 27 total sites and three drainages (Neches, Sabine,
and Mississippi). Mussels were collected by diving and grubbing by hand followed by
identification by putative species using morphological traits. Once identified, tissue plugs
were collected from each individual using a nasal biopsy tool before relocating back to
their respective collection locations. Tissue samples were stored in 95% ethanol on dry
ice before relocation to a -20°C freezer. Within this collection P. riddellii samples were
represented in 21 sites across all three drainages (Table 2, Figure 1), F. askewi in seven
sites across two drainages (Neches and Sabine)(Table 4, Figure 2), and P. amphichaenus
in six sites across two drainages (Neches and Sabine)(Table 6, Figure 3). Three sites
within the Neches basin were located on the Lower Neches Valley Authority (LNVA)
canal.
-DNA generation, assembly, and filtering

DNA was extracted from mussel foot-tissue plugs representing 384 total
individuals using the Qiagen DNeasy blood and tissue kit in 96-well format. Extracted
DNA was used to create a reduced-complexity genomic library for each individual using
modified protocols from (Gompert et al., 2012; Mandeville et al., 2015; Parchman et al.,
2012; Sotola et al., 2018). Restriction enzymes EcoRI and Msel were used to digest
sample DNA with EcoRI adapters on resulting fragments being ligated with 10-20 base
pair multiplex identifier sequences (MIDs). Labeled products were amplified through two

rounds of PCR using [llumina primers. PCR products were pooled into a single library



and sent to the University of Texas Genomic Sequencing and Analysis Facility (Austin,
TX).

Bowtie v.3 was used to identify PhiX control sequences, with reads assembling to
the PhiX genome being removed. Custom pearl scripts were used to match sample IDs
with unique barcode identifiers and remove Msel adapters and barcodes from sequence
reads. Sequence data was then organized into five assemblies for separate analyses. First,
a “complete” (all sequenced individuals) assembly was filtered and analyzed using
principal component analysis (PCA) to evaluate accuracy of field IDs as well as overall
coverage of individuals. The other five assemblies were constructed separately for each
sampled species. Pleurobema riddellii was investigated using two different assemblies of
collected individuals: one containing all individuals that were collected within the species
(total sampling effort), and another only using samples from the Neches and Sabine
drainages of East Texas. This smaller assembly was included to provide an analysis that
was directly comparable to the other species (both restricted to the Neches and Sabine
drainages) as well as the possibility of identifying an increased number of assembly-wide
genetic variable sites. Due to neutral divergence in restriction-site evolution, subsets of
less differentiated populations may result in less missing data between individuals and
therefore the retention of more SNPs. This may, in turn, provide increased resolution to
identify lower-level structural patterns within this group.

In lieu of reference genomes for collected species, de novo assembly scaffolds
were created using part of the dDocent pipeline (Puritz, Hollenbeck, & Gold, 2014 ). I
removed reads with less than 4 copies per individual and shared among less than 4

individuals. Remaining reads were assembled with CD-hit (Fu et al., 2012; Li & Godzik,



2006) allowing up to 80% homology. Sequence reads were assembled to the de novo
scaffolds using the aln and samse algorithms from BWA (version 0.7.13-r1126)(Li &
Durbin, 2009). BCFtools (version 1.9)(Li, 2011) was used to both identify variable sites
(Single Nucleotide Polymorphisms, hereafter SNP’s) as well as calculate Bayesian
posterior probabilities of variable individual SNP’s. Loci must have been represented by
at least 80% of the individuals (minimum of one read) in a given assembly in order to be
included in the respective dataset. Additionally, a custom perl script was used to filter out
low coverage SNPs, only retaining individuals with an average sequence depth of two
reads per individual(mean sequence depth > 2*n). This perl script was also used to
remove potentially paralogous loci with exceptionally high sequence depth. These loci
were defined as those with an average coverage exceeding the 95" percentile (mean
sequence depth > assembly-wide mean + 2*sd ). This script also filtered loci based on
mapping quality (minimum of 30), as well as the difference in base and mapping quality
between the reference and alternative alleles using the Mann-Whitney U test (z-score
cutoff = 1.96). Genotype likelihoods were assigned to each SNP for each individual and
used to calculate population allele frequencies; SNP’s with a minor allele frequency of
<0.05 were not included in the final data. One SNP per contig was chosen at random
using custom perl scripts to reduce any effects of linkage disequilibrium. Additionally,
individuals within assemblies with a mean coverage of <4 reads per locus were not
included in final analyses.
-Population Genetic Structure

Genetic parameters were derived from Entropy (Gompert et al., 2014; Mandeville

et al., 2015) a hierarchical model in which Bayesian-based admixture proportions and



genotype likelihoods are estimated for each individual among some predetermined
number of populations (k). Genetic structure of each assembly was first inspected
through a principal component analysis (PCA) using our genotype likelihoods. PCA
results were used as a rough means of assessing the accuracy of field IDs in the
“complete” assembly given that field identification of mussel can be subject to error
without substantial experience (Howells et al., 2017). Models illustrating our admixture
results for k= 2-4 (2-6 for P. riddellii) are included to provide as much context as possible
when examining the hierarchical relationships between sampling regions. While results
of this model (and their interpretation) are similar to those of Structure (Falush et al.,
2003; Pritchard et al., 2000), Entropy differs from Structure in its accounting of
genotyping errors, variation in sequence alignment and coverage, and production of
posterior genotype probability distributions using prior probabilities of cluster allele
frequencies (Gompert et al., 2014a; Sotola et al., 2018). Calculation of posterior
distributions for each k was done using a Markov Chain Monte Carlo (MCMC) algorithm
including 55,000 total iterations with a burn-in of 5,000 and sampling every 10" iteration.
The MCMC model for each k was run twice and averaged across both runs (genotype and
admixture proportions) after checking chain convergence using Gelman-Rubin diagnostic
statistics and effective sample sizes. Genetic distance between sampling sites was further
inspected by calculating pairwise values of Nei’s Gsr. Allele frequencies used for Gsr
estimates were calculated using genotype likelihoods from Entropy in R (R Core Team,

2021).



I11. RESULTS

-Field sampling

Sample size of individuals per species per collection site ranged from one to 27.
Subsequent sequencing resulted in 485,754,716 raw reads with an average of 1,264,986
sequences per individual. Probable field misidentifications were identified in PCA as
those whose field-identified species did not match with the respective species cluster in
which they were located (Figure 4) and were excluded from subsequent analyses.
-Complete assembly

The complete assembly included data for 352 individuals across the three species
analyzed here, as well as an additional two species: Leptodea fragilis and Cyclonaias
pustulosa. This resulted in 3,621 SNP’s (Table 1) each with an average of 13.71
(sd=5.36) reads per locus per individual. Principal component I explained 34.28% of the
variation, and principal component two explained 22.56% of the variation (Figure 4). The
PCA indicated six clusters comporting with the five sampled species in addition to a
putative sixth species that comprised misidentified P. riddellii. This sixth species
potentially represents the Wabash Pigtoe (Fusconaia flava) given its sample region and
proximity to the F. askewi cluster. 20 individuals were strongly associated with clusters
that did not match their associated field ID (P. riddellii = 12, F. askewi = 4, C. pustulosa
= 4), and were not included in subsequent assemblies and analysis.
-Pleurobema riddellii

The assembly including all P. riddellii samples represented 147 individuals and
14,928 SNP’s (Table 1) with an average of 5.61 (sd = 1.29) reads per locus per

individual. Principal component I explained 5.75% of the variation while principal



components II and III explained 1.97% and 1.79% respectively. Comparing principal
component I versus II produced three clusters: PC I separated the Texas drainages
(Neches and Sabine Rivers) from the Little River and Big Cypress individuals with the
Ouachita samples lying between. PC II primarily separated the Ouachita samples from all
others. PC III separated the Neches and Sabine drainages into two separate clusters
(Figure 5).

Entropy was used to calculate admixture proportions for k = 2-6 across the larger
P. riddellii assembly (Figure 6). At k=2, the model reflected a pattern consistent with PC
I, separating out the two Texas drainages from the Little River and Big Cypress Bayou
samples while the Ouachita and Pearl samples showed intermediate admixture
assignments. This pattern continued with k=3 separating out the Ouachita samples into
their own cluster, and k=4 further separating the two Texas drainages into independent
clusters. At k’s 5-6, the model began to identify sub-structure within the Neches drainage
grouping. Gsr estimates were largely consistent with this pattern, with both Little River
and Ouachita River sites both displaying relatively high pairwise values (means of 0.150
and 0.098 respectively) when compared to sites within the Neches or Sabine drainages.
Mississippi and Sabine drainage comparisons (mean = 0.131) and Mississippi and
Neches comparisons (mean = 0.119) were only slightly higher than the Mississippi intra-
drainage value (Little River and Ouachita River Gst = 0.110), however all of these values
indicate a much higher level of differentiation relative to Neches and Sabine site
comparisons (mean = 0.047). Intra-drainage values for the Sabine and Neches were
relatively lower (means = 0.058 & 0.027 respectively) and showed no significant

substructure pattern with the exception of one Neches canal site showing consistently
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high values when compared to other sites in the Neches drainage (mean = 0.050)(Table
3).

The additional assembly containing only samples from the Neches and Sabine
drainages, represented 130 individuals and 14,955 SNP’s (Table 1) with an average of
5.74 (sd=1.28) reads per locus per individual. This smaller group was analyzed hoping to
gain a higher resolution of community structure due to the higher SNP count and
coverage post-filtering, as well as to mirror the scope of analysis for the other species in
this study. Principal components I and II explained 2.14% and 1.42% of the total
variation respectively and revealed two major clusters that distinguished the two sampled
drainages as well as some slight separation within the Neches drainage individuals
(Figure 7).

Admixture proportions were calculated for k = 2-4 for the Texas P. riddellii
samples (Figure 8). This model remained consistent with the corresponding PCA as well
as the larger P. riddellii assembly results with k=2 effectively separating the Neches and
Sabine drainages, and k’s 3 and 4 resulting in substructure within the larger Neches
sample group. There were no substantial differences in Gsr values in the smaller
assembly.

-Fusconaia askewi

The assembly for F. askewi represented 96 individuals and 26,755 SNP’s (Table
1) with an average of 4.95 (sd=1.10) reads per locus per individual. Principal component
analysis revealed three primary clusters that separated individuals sampled from the
Neches drainage, upper Sabine, and lower Sabine (Figure 9). Principal component [

explained 3.52% of the total variation, this axis mostly separated the lower Sabine sample
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group from the upper Sabine and Neches groups. Principal component II explained
2.52% of the total variation and showed relatively even spacing between clusters with the
lower Sabine cluster falling between the Upper Sabine and Neches clusters.

Admixture proportions were calculated for k = 2-4 for F. askewi samples (Figure
10). At k=2 individuals from the Neches and upper Sabine clustered together while the
lower Sabine individuals were in a cluster of their own. Samples from the lower Neches
sample site (n=3) also showed slight admixture with the lower Sabine cluster. At k=3 the
Neches samples were separated from the upper Sabine group, however the three
individuals from the lower Neches site still showed admixture with the lower-Sabine
group. Higher levels of k only revealed slight substructure within individuals collected
from the upper Sabine group. High differentiation in the lower Sabine was also reinforced
by the Gsr estimates, with lower-Sabine and upper-Sabine comparisons (mean = 0.051)
higher than Neches and Sabine comparisons (0.045) as well as any intra-drainage value
(Neches Gst = 0.043; Sabine drainage mean = 0.037). This is even more striking when
excluding the lower-Sabine from comparisons, lowering both the Neches and Sabine
average (mean = 0.042) as well as the Neches intra-drainage value (Gst = 0.028)(Table
5).
-P. amphichaenus

The P. amphichaenus assembly represent 28 sampled individuals and 21,020
SNP’s (Table 1) with an average of 6.76 (sd=1.81) reads per locus per individual.
Principal component analysis indicated two clusters separating individuals sampled from
the Neches and Sabine drainages. Principal component I explained 5.24% of the variation

and is the primary axis separating the two clusters (Figure 11). Principle components II,
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I, and IV explained 4.56, 4.36, and 3.94% respectively and only revealed variation
within each of the two primary clusters.

Admixture proportions for k = 2 revealed two primary clusters between the
Neches and Sabine drainages with no evidence of admixture. At k = 2 and 3, slight
substructure was revealed within the Neches samples (Figure 12). Gsr estimates between

Neches and Sabine samples remained consistent with previously mentioned species (Gsr

=0.043) (Table 7).
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IV. DISCUSSION

Better understanding of genetic structure and gene flow can help inform strategies
that may be used for protection and recovery plans for imperiled mussel taxa, and with
modern technology and techniques allowing for powerful genetic analyses using GBS
data, it’s possible to probe population structure of non-model species of interest that may
be indicative of isolation and divergence. Given fluctuations in the biotic and abiotic
environment of watersheds associated with modern processes such as climate change,
habitat alteration, and land use (Caneda-Argiielles et al., 2013; Phillips et al., 2004;
Randklev et al., Wellmeyer et al., 2005), the formation of mitigation and recovery
strategies that can properly address unique populations is crucial.

Analyses utilizing genome-wide markers allow for the drawing of inferences
about patterns of genetic structure and gene flow through the formation of clusters at
multiple levels of resolution, thus allowing a more comprehensive perspective of
population demographics within a given region. Given the geographically determined
limitations that are inherent to any linear riverine system, null expectations for population
genetic structure in these systems would primarily be based on a model of isolation by
distance whereby intra-drainage structure is dictated by stream-order and environmental
gradients (Vannote et al., 1980) while inter-drainage patterns correspond to historical and
contemporary drainage proximity consistent with processes of allopatric divergence.
Sequence data here has shown to be largely consistent with the expectation of drainage
delineation with clear differentiation between watersheds. No correlative analysis was
included examining river-distance and differentiation (Gsr) within drainages, however

comparisons between the most disparate sites (upstream vs. downstream) within a
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drainage were consistently lower than the average of intra-drainage values. Higher
degrees of structure detected within the Mississippi drainage however, may be influenced
by the much larger distances between sites. This may suggest that IBD is more relevant is
much larger drainage complexes such as the Mississippi drainage, although this should be
further explored. Additionally, population genetic variations across both P. riddelli and
F. askewi reflected patterns of differentiation possibly associated with factors such as
dam barriers, local environmental shifts, or ecological interactions.
-Pleurobema riddellii

When examined at two clusters, P. riddellii samples are split between the
Mississippi drainage and Texas rivers (Neches and Sabine drainages), largely conforming
with expectations given this represents the largest geographical separation between
populations. At three clusters samples taken from the Ouachita River sites split off as a
separate group, displaying a disproportionately high level of differentiation relative to
samples found within the same drainage system. This pattern was consistent across both
methods of analysis; within the PCA Ouachita samples were separated from all others
along PC II while maintaining an intermediate position along PC I between the two larger
clusters. The distinctiveness of Ouachita and Little River samples are apparent given
relatively high Gst values as well as the pattern derived from clustering analyses which
identified differentiation between within-drainage sites before between-drainage sites
(Neches and Sabine). This pattern may indicate unique differentiation possibly resulting
from local environmental and ecological interactions consistent with analyses of other
species whose ranges overlap in the Ozark highland region (Elderkin et al., 2008). These

differences may correspond to high levels of endemism within the surrounding tributaries
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(Mayden, 1985; Vaughn et al., 1996; Crandall, 1998) and potentially associated host-
specificity for local species or ecotypes (Riusech, 1998).

Four clusters resulted in a split between the Neches and Sabine drainages of East
Texas, which as previously mentioned is interesting given the Ouachita populations split
beforehand at k=3. This was, again, mirrored by our initial PCA findings as the two
drainages appear as a single tight cluster in PC’s I and II, only splitting along PC III.
Limited divergence between these two basins is not surprising given the proximity and
likely historical connection they shared during the last glacial maximum (Blum &
Hattier-Womack, 2009; Blum et al., 2013) This pattern may be further exacerbated by the
present geographical relationship between the Neches and Sabine systems- rather than
independently draining into the Gulf of Mexico both systems terminate at the Sabine
Lake embayment, potentially facilitating glochidia dispersal via host migration between
the two basins granted sufficient fresh-water flow rates. However, results from both the
larger P. riddellii assembly (Neches, Sabine, and Mississippi drainages) as well as the
Texas-only assembly (Neches and Sabine drainages) show appreciable differentiation
between these two drainages with limited evidence of recent mixing consistent with
similar studies (Smith et al., 2021). This differentiation could be partially due to all
Sabine samples coming from the upper reaches of the Sabine River (upstream of Toledo
Bend dam), however could also be representative of limited secondary contact post
isolation.

At five clusters the Neches group, representing the largest sample collection
within the assembly, began to show a gradient of intra-drainage substructure among the

three sampled waterways: the Angelina River, the Neches River, and the LNV A canal
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system. While no significant pattern emerged between the Angelina and Neches Rivers,
the LNVA canal did show a higher degree of differentiation relative to the others. This
differentiation appears even more pronounced when looking at the Texas-only assembly.
These results may come as a result of the unique environmental conditions created by
human activity. Though such high-resolution differences within the drainage are likely
not indicative of major isolation between populations as reflected in Gst values largely
consistent with other pairwise comparisons within the Neches. One canal site, however,
did demonstrate significantly higher values across all comparisons (NCNLO1; Table 3).
The differentiation seen in this site and unique habitat may warrant future sampling and
analysis. At larger k’s the model begins to break down, showing more less significant
sub-structure within the Neches sample group.
Fusconaia askewi

The assembly for F. askewi only represented the Neches and Sabine drainages,
however samples were obtained from both the upper- and lower-Sabine River (defined by
being up or downstream of Toledo Bend Dam respectfully). This was reflected in the
initial PCA, displaying three clusters representing the Neches, upper Sabine, and lower
Sabine sample groups. The Neches cluster, represented by two sample sites (henceforth
referred to as upper and lower Neches), showed more variability between sites that either
of the two Sabine clusters with the lower Neches site falling more closely to the Sabine
groups along PC 1.

Entropy results revealed an interesting resolution at two clusters for this taxon,
splitting the lower-Sabine group out from the single cluster of the Neches and upper-

Sabine groups. This pattern is also reflected in the Gst values with lower- and upper-
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Sabine comparisons showing higher values on average than comparisons across drainages
(Neches vs. Sabine) or comparisons within drainages (Neches and upper-Sabine). Given
that the genetic differentiation of this site outweighs the historical divergence between
drainages, significant differentiation in lower-Sabine populations is likely associated with
local environmental differences downstream of the Toledo Bend dam as well as the
dam’s role as a physical barrier to gene flow between the upper and lower reaches.
Although little evidence has been found that displays significant impoundment-based
differences in long term sediment transport, deposition, and channel morphology
(Phillips, 2003) research has shown differences in factors such as species richness and
abundance, turbidity, temperature, and corresponding life strategies of local species
dependent on proximity and position relative to the Toledo Bend impoundment
(Randklev et al., 2015; Schaefer et al., 2011). Slight admixture with the lower-Sabine
cluster can also be found in the lower-Neches population, further indicating a historical
connection and potential contemporary, albeit limited, gene flow between the lower
reaches of the two drainages.

At three clusters the sampled populations are resolved into the clusters found in
the initial PCA: the Neches, upper-Sabine, and lower-Sabine. This being more indicative
of expectations given allopatric drainage divergence and intra-drainage proximity. At
four clusters and beyond the model again begins to break down, showing non-significant
levels of sub-structure across the upper-Sabine populations.

-P. amphichaenus
Results for P. amphichaenus samples reflected a clear separation between

populations of the Sabine and Neches evident in both PCA (PC I) and Entropy (k=2)
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analyses. These results remain consistent with similar studies (Smith et al., 2021) as well
as previous analyses in this report. Again, this level of divergence between drainages is
not surprising given the disparate sampling locations particularly the Sabine individuals
all coming from sites in the upper reaches of the Sabine River. This collection of analyses
again demonstrates evidence for historical divergence between basins with all species

here showing similar levels of Gst across Neches and Sabine comparisons.
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V. CONCLUSIONS

This study analyzed the population genetic structure of three Unionid mussel
species across two drainages of East Texas, including an expanded sample range for the
primary species, P. riddellii. While genetic structure broadly comported with a model of
isolation by distance and historical drainage connectivity, particular clusters within the
Ouachita (P. riddellii) and lower-Sabine (F. askewi) rivers expressed unique signatures of
differentiation. Differences within the Ouachita sample region may be due to
environmental and ecological factors that correspond to the region’s high degree of
endemism and role as a glacial refugium, whereas individuals from the lower-Sabine may
reflect the impact from the Toledo Bend impoundment serving as a direct barrier to gene-
flow as well as its resulting perturbations to the biotic and abiotic environment
downstream. Additionally, P. riddellii samples collected from the Neches drainage
display a pattern of sub-structure at higher levels of k that may warrant further
investigation. This is particularly noticeable when examining samples from the LNVA
canal system relative to those collected further upstream. Across species, assemblies
showed a general congruence of divergence between the Neches and Sabine drainages of
East Texas, however it is possible this is influenced by the limited sampling distribution
in the Sabine. The results reported here support the hypothesis of appreciable
differentiation between drainages, however does not comport with the isolation by
distance within the Neches or Sabine drainages. While isolation by distance most likely
plays a role in the disparate Ouachita and Little River populations, this is likely also
compounded by local environmental differences and species diversity. These analyses

provide a useful model to gauge the factors and processes that influence patterns of
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Unionid structure and divergence that should only be amplified by more comprehensive
sampling. Further sampling and analyses across the uniquely differentiated regions
identified here may provide a more concrete picture of population structure within and
across Unionid species, as well as grant more insight into the specific environmental and

ecological variables that govern the formation of population units.
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TABLES

Table 1: Assembly collection size and SNP count.

P. riddellii, F. askewi, P. amphichaenus,

Total L. fragilis, C. pustulosa 352 3,621
Total PLRI P. riddellii 146 14,928
TX PLRI P. riddellii 130 14,955
FUAS F. askewi 96 26,755
POAM P. amphichaenus 28 21,022
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Table 2: Total sampling effort for P. riddellii. Each sampling site includes its respective
drainage, river, coordinates, and number of individuals collected. The Upper-Sabine

River is defined as being upstream of Toledo Bend Dam.

Drainage River Site Code Latitude Longitude N
Neches Angelina River ANGO1 31.45797833 -94.7288054 7
Neches Neches River NECHO01 31.19669 -94.85869 1
Neches Neches River NECH02 31.033791 -94.2995 27
Neches Neches River NECHO03 30.59974 -94.0799 1
Neches Neches River NECH04 30.25476503 -94.10625369 6
Neches Neches River NECHO05 30.255805 -94.170894 3
Neches Neches River NECHO06 30.24173363 -94.11965612 9
Neches LNVA canal NCNLO1 30.110777 -94.236456 2
Neches LNVA canal NCNLO02 30.064019 -94.244214 19
Neches LNVA canal NCNLO03 29.931548 -94.229618 19
Sabine Upper-Sabine River USABO02 32.529667 -94.959054 19
Sabine Upper-Sabine River USABO03 32.49685 -94.92622 2
Sabine Upper-Sabine River USAB04 32.45474 -94.891181 7
Sabine Upper-Sabine River USABO5 32.458218 -94.881588 2
Sabine Upper-Sabine River USABO06 32.46222 -94.845864 2
Sabine Upper-Sabine River USABO07 32.408538 -94.719713 2
Sabine Upper-Sabine River USABO08 32.411751 -94.71389 1

Mississippi Big Cypress Bayou BCBO01 32.756632 -94.35803 1
Mississippi Little River LITTO1 33.940604 -94.811604 11
Mississippi Little River LITTO02 33.949177 -94.564193 1
Mississippi Ouachita River OUAO1 33.62299 -92.83253 4
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Table 3: Pairwise Gsr estimates for P. riddellii sample sites.




Table 4: Total sampling effort for F. askewi. Each sampling site includes its respective

drainage, river, coordinates, and number of individuals collected.

Neches Neches River NECHO02 31.033791 -94.2995 13
Neches Neches River NECHO06 30.24173363 -94.11965612 3

Sabine Upper-Sabine River USABO1 32.62986 -95.35719 25
Sabine Upper-Sabine River USAB02 32.529667 -94.959054 17
Sabine Upper-Sabine River USABO06 32.46222 -94.845864 19
Sabine Upper-Sabine River USABO07 32.408538 -94.719713 2

Sabine Lower-Sabine River LSABO1 30.786391 -93.589476 17
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Table 5: Pairwise Gsr estimates for F. askewi sample sites.




Table 6: Total sampling effort for P. amphichaenus. Each sampling site include its

respective drainage, river, coordinates, and number of individuals.

Neches Neches River NECHO04 30.25476503 -94.10625369 20
Sabine Upper-Sabine River USABO08 32.411751 -94.71389 1
Sabine Upper-Sabine River USABO09 32.419294 -94.704589 1
Sabine Upper-Sabine River USABI10 32.377073 -94.466456 4
Sabine Upper-Sabine River USABI11 32.3743663 -94.4636498 1
Sabine Upper-Sabine River USABI12 32.213892 -94.22052 1
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Table 7: Pairwise Gsr estimate between P. amphichaenus sample sites.

0.0429 0
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Figure 1: Map of sampling locations for P. riddellii. Points represent sampled river:
Sabine R. (blue), Angelina R. (light green), Neches R. (green), LNVA canal (dark green),
Big Cypress Bayou (orange), Little R. (red), and Ouachita R. (pink). Shading represents
drainage basin: Neches (green), Sabine (blue), and Mississippi (red). Dark lines represent

dams for Toledo Bend and Sam Rayburn Reservoirs.
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Figure 2: Map of sampling locations for F. askewi. Points represent sampled river:

Sabine R. (blue) and Neches R. (green). Shading represents drainage basin: Neches
(green) and Sabine (blue). Dark lines represent dams for Toledo Bend and Sam Rayburn

Reservoirs.
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Figure 3: Map of sampling locations for P. amphichaenus. Points represent sampled

river: Sabine R. (blue) and Neches R. (green). Shading represents drainage basin: Neches
(green) and Sabine (blue). Dark lines represent dams for Toledo Bend and Sam Rayburn

Reservoirs.

31



° PLRI PLRI outlier ‘
g - FUCH FUCH outlier
e POAM POAM outlier
e CYPU CYPU outlier <
o e LEFR | % LEFR outlier
S -
¥ o
© « 7 Q
7o)
o R
(aV}
8V} o _
O bt
o
O —]
o
-
|
I I I I I
-20 -10 0 10 20

PC1 34.28%

Figure 4: PCA of genotype data across all individuals and species. PC I explains
approximately 34.28% of the variation, and PC II explains approximately 22.56% of
the variation. Color corresponds to field ID’s: P. riddellii (blue), F. askewi (orange), P.
amphichaenus (red), C. pustulosa (green), L. fragilis (purple). Stars and lighter colors
indicate individuals who do cluster with the species they were identified as, and

likely represent misidentifications in the field.
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Figure 5: PCA of genotype likelihoods for the “total” P. riddellii assembly. PCs [, II,
and III explain approximately 5.75%, 1.97%, and 1.79% of the variation
respectively. Point colors represent sample locations: Neches drainage (green),

Sabine R. (blue), Ouachita R. (pink), Big Cypress Bayou (orange), and Little R. (red).
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Figure 6: Entropy admixture plots ofk = 2, 3, 4, 5, and 6 for the “total” P. riddellii
assembly. Individuals are arranged from most upstream to most downstream (left
to right) in each respective drainage. Labeling on the x axis includes all sampled
rivers including the Angelina, Neches, LNVA canal (Canal), Sabine, Big Cypress

Bayou (BC), Little, and Ouachita.
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Figure 7: PCA of genotype likelihoods for the “Texas” P. riddellii assembly. PCs I and
Il explain approximately 2.14% and 1.42% of the variation respectively. Colors
represent sample location: Sabine R. (blue), Angelina R. (light green), Neches R.

(green), and LNVA canal (dark green).
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Figure 8: Entropy admixture plots of k=2, 3, and 4 for the “Texas” P. riddellii assembly. Individuals are arranged from most

upstream to most downstream (left to right) for respective drainages (Neches and Sabine).
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Figure 9: PCA of genotype likelihoods for the F. askewi assembly. PCs I and II
explain approximately 3.52% and 2.52% of the total variation, respectively. Colors
represent sample locations: upper Neches (light green), Lower Neches (dark green),
Upper Sabine (light blue), and lower Sabine R. (dark blue). Upper and lower Sabine

locations are separated by the Toledo Bend impoundment.
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Figure 10: Entropy admixture plots of k=2, 3, and 4 for the F. askewi assembly.

Individuals are arranged from most upstream to most downstream within each

respective drainage (Neches and Upper and Lower Sabine).
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Figure 11: PCA of genotype likelihoods for the P. amphichaenus assembly. PCs I and
I explain approximately 5.24% and 4.56% of the variation respectively. Colors

represent sample drainage: Neches (green) and Sabine (blue).
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Figure 12: Entropy admixture plots of k=2, 3, and 4 for the P. amphichaenus
assembly. Individuals are arranged from most upstream to most downstream (left

to right) for each respective drainage (Neches and Sabine).
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