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Abstract. The Pleurobemini (Bivalvia: Unionida) represent approximately one-third of freshwater mussel diversity in
North America. Species identification within this group is challenging due to morphological convergence and phenotypic
plasticity. Accurate species identification, including characterisation of currently unrecognised taxa, is required to develop
effective conservation strategies because many species in the group are imperiled. We examined 575 cox!/ sequences from
110 currently recognised species (including 13 Fusconaia and 21 Pleurobema species) to understand phylogenetic
relationships among pleurobemine species (mainly Fusconaia and Pleurobema) and to delineate species boundaries.
The results of phylogenetic analyses showed no geographic structure within widespread species and illustrated a close
relationship between Elliptio lanceolata and Parvaspina collina. Constraint tests supported monophyly of the genera
Fusconaia and Pleurobema, including the subgenus P. (Sintoxia). Furthermore, results revealed multiple conspecifics,
including P. hanleyianum and P. troschelianum, P. chattanoogaense and P. decisum, P. clava and P. oviforme, P. rubrum
and P. sintoxia, F. askewi and F. lananensis, and F. cerina and F. flava. Species delimitation analyses identified three
currently unrecognised taxa (two in Fusconaia and one in Pleurobema). Further investigation using additional genetic
markers and other lines of evidence (e.g. morphology, life history, ecology) are necessary before any taxonomic changes
are formalised.
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Introduction

External morphologies, such as molluscan shells and arthropod
exoskeletons, are the primary characteristics used by taxonomists
to describe and identify species. However, external morphology
can be influenced by the environment, biological interactions,
and genetics (i.e. phenotypic plasticity) (Via et al 1995).
Thus, a single nominal species may exhibit multiple distinct
morphologies. In contrast, cryptic diversity can arise under
those same conditions leading to cases where two or more
distinct species share similar morphological characteristics,
making them externally indistinguishable (i.e. cryptic species)
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(Bickford et al. 2006). In relatively immobile organisms, there
is often high morphological variation due to interaction between
genetic factors and ambient environmental conditions. For
example, in freshwater mussels (Bivalvia: Unionida; hereafter,
freshwater mussels), it is known that shell shape and sculpture can
vary with stream position and hydrodynamic conditions
(Ortmann 1920; Watters 1994). At the same time, evolutionary
convergence in shell morphologies is relatively common among
freshwater mussel species (see Haag 2012 for a summary). Thus,
phenotypic plasticity combined with the existence of cryptic
species makes morphology-based identification of certain
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taxonomic groups of freshwater mussels a challenge and likely
leads to under- and overestimates of the total species diversity
within given taxa. The advent of species delimitation via
molecular genetic techniques can address both issues by
determining putative species boundaries within and among
species and allow hidden biodiversity to be uncovered.

Freshwater mussels reach their greatest species diversity
in North America, with ~300 currently recognised species
(Haag and Williams 2014), although diversity may be higher
than is currently recognised due to imperfect understanding of
mussel taxonomy, which is based primarily on shell morphology
(Williams et al. 1993; Turgeon et al. 1998; Graf and Cummings
2007). For example, recent molecular phylogenetics and
species delimitation studies have uncovered cryptic diversity
among freshwater mussels (Serb et al. 2003; Gangloff et al.
2006; Jones et al. 2006; Inoue et al. 2013; Pfeiffer et al. 2016;
Perkins et al. 2017), providing empirical support that mussel
diversity within North America continues to be underestimated.
The current classification within the family Unionidae
recognises seven subfamilies, of which three occur in North
America: Ambleminae, Anodontinae, and Gonideinae (Lopes-
Lima et al. 2017). Ambleminae contains four tribes: Amblemini,
Lampsilini, Pleurobemini, and Quadrulini (Lopes-Lima et al.
2017). Many species within these groups have not been examined
using molecular phylogenetics, resulting in their exact taxonomic
placement being uncertain. Resolving these taxonomic and
systematic uncertainties is important for the development of
sound conservation actions, such as listing under the US
Endangered Species Act and design of associated recovery plans.

The Pleurobemini was recognised as a distinct subfamily
by Hannibal (1912). Campbell and Lydeard (2012a) provided
the first modern review of the systematic and taxonomic
history of this group using external morphology, anatomy,
and molecular phylogenetics, which resulted in several
nomenclatural revisions. For example, the genera Quincuncina
and Lexingtonia were synonomised within Fusconaia, and
Pleuronaia was elevated from synonomy within Fusconaia.
Several genera within Pleurobemini were removed from the
tribe, which included Cyclonaias Ortmann & Walker, 1922,
Uniomerus Conrad, 1853, and the new genus Reginaia
Campbell & Lydeard, 2012. Furthermore, due to phylogenetic
distinctiveness, Campbell and Lydeard (2012a) suggested
elevation of the subgenera Eurynia and Sintoxia from
synonomy within Elliptio and Pleurobema, respectively, and
potential placement of Pleurobema collina in a new genus.
Subsequently, Perkins et al. (2017) analysed the molecular
systematics of P. collina and described the new genus
Parvaspina, which included the species previously recognised
as P. collina and Elliptio steinstansana Johnson & Clarke, 1983.
As a result of previous systematic and taxonomic studies
(Campbell and Lydeard 2012a, 2012bh; Lopes-Lima et al.
2017; Perkins et al. 2017), Pleurobemini is now thought to
comprise 10 genera/subgenera: Elliptio, Elliptoideus, Eurynia,
Fusconaia, Hemistena, Parvaspina, Plethobasus, Pleurobema,
Pleurobema (Sintoxia), and Pleuronaia. Despite many
taxonomic and systematic studies of Pleurobemini, questions
remain regarding the species affinities and the higher-level
relationships within the tribe, especially in Fusconaia and
Pleurobema.
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We used molecular phylogenetic and species delimitation
approaches to revisit phylogenetic differentiation among
species within Pleurobemini using additional species/
populations collected for this study and data from previous
studies (Tables S1 and S2). Our objectives were to: (1) delimit
putative species within Pleurobemini, focusing on the genera
Fusconaia and Pleurobema, and (2) examine cryptic diversity
within Pleurobemini in the context of phylogenetic patterns
among other mussel species.

Methods
Taxon sampling, sample preparation, and sequencing

We included 575 specimens (110 species, 35 genera/subgenera)
(Tables S1 and S2), of which 223 specimens (105 species, 35
genera/subgenera) (Table S2) were obtained from GenBank,
and we assimilated previously unpublished data for 352
specimens from 42 species representing 11 genera for the
current study. A list of taxa, waterbody of collection, unique
identifiers, and GenBank accession numbers are provided in
Table S1. We extracted genomic DNA from mantle tissue via
a CTAB/chloroform extraction method (Saghai-Maroof et al.
1984) or using the PureGene DNA extraction kit (Gentra
Systems, Minneapolis, MN) following manufacturer’s
guidelines. After quantification using fluorescence (Labarca
and Paigen 1980), extracted DNA was diluted to 10 ng uL™
and used as a template in polymerase chain reaction (PCR) for the
mtDNA cytochrome ¢ oxidase subunit I (cox/). We used cox!
primers and the thermal conditions for PCR described in
Campbell et al. (2005). Products from PCR were visualised
using 1% agarose gel electrophoresis and purified with
QIAquick Gel Extraction Kit (Qiagen) or ExoSAP-IT
(Aftfymetrix). We performed cycle sequencing reactions with
BigDYE 3.1 and sequenced bidirectionally using an ABI Genetic
Analyzer (Applied Biosystems). Sequences were visually aligned
in DNADvynamo (Blue Tractor Software, Ltd) and an open-
reading frame was verified. We used Marrr 7 (Katoh and
Standley 2013) to perform multiple sequence alignment.

Phylogeny estimation

The primary aim of this study was to examine phylogenetic
relationships within two genera (Fusconaia and Pleurobema)
in Pleurobemini; therefore, we included 62 species from
10 pleurobemine genera/subgenera (Elliptio, Elliptoideus,
Eurynia, Fusconaia, Hemistena, Parvaspina, Plethobasus,
Pleurobema, Pleurobema (Sintoxia), and Pleuronaia) and 47
species representing three subfamilies in Unionidae from
North America (Ambleminae, Anodontinae, and Gonideinae),
and used Margaritifera monodonta (Margaritiferidae) as the
outgroup; these sequences are listed in Tables S1 and S2.
Throughout the study, we used nomenclature synthesised from
previous studies (Grafand Cummings 2007; Williams et al. 2008;
Campbell and Lydeard 2012a; Pfeiffer et al. 2016; Lopes-Lima
etal.2017; Perkins et al. 2017). Prior to the analyses, we used the
package ‘haplotypes’ in R 3.3.1 (R Core Team 2015) to identify
unique haplotypes and METAPIGA 3.1 (Helaers and Milinkovitch
2010) to evaluate substitution saturation in the dataset. We used
only unique haplotypes for the subsequent analyses.



The phylogeny of Pleurobemini

Initially, we examined network relationships for cox/ in
SpLITSTREE4 4.14.4 (Huson and Bryant 2006), and used the
uncorrected P-distance and the NeighbourNet algorithms to
visualise the network. Phylogenetic trees were reconstructed
using Bayesian inference for cox/. The Bayesian inference
tree was inferred using MrRBAYEs 3.2.6 (Ronquist et al. 2012).
We used Kakusan4 (Tanabe 2011) to estimate best-fit models
of nucleotide substitution for each codon partition of cox/.
Based on the Bayesian information criterion, the best
substitution model for the cox/ dataset was GTR+I" for the
first and third codons and HKY+T" for the second codon. Two
simultaneous Markov Chain Monte Carlo runs (MCMC; each
chain containing three heated chains and one cold chain) were
executed for 8000000 generations, with trees sampled every
1000 generations, for a total of 8001 trees for each run in the
initial samples. We assessed the convergence of MCMC by
plotting the log-likelihood scores for each sampling point
using TrRACER 1.5 (Rambaut and Drummond 2009). When the
likelihood values reached a plateau with sufficient effective
sample sizes (ESS >200), we considered the Markov chains
stationary. Therefore, we discarded the first 25% of trees as
burn-in for each run, and the remaining trees were retained
and evaluated using the 50% majority rule for a consensus tree.

Topology testing

To test support strength for the intrageneric relationships of the
three genera/subgenera (Fusconaia, Pleurobema, P. (Sintoxia)),
we constrained various taxon sets as monophyletic in the
MrBAvEs analyses. The analyses were performed including
only members of Pleurobemini (292 haplotypes from 62
species and 10 genera/subgenera). We ran MRBAYEs with
a stepping-stone analysis to obtain a marginal likelihood
estimate (MLE) for each constraint model. We performed 10
different constraints; each consisted of a positive constraint
(i.e. a set of taxa was forced to be a monophyletic clade) and
a negative constraint (i.e. a set of taxa was forced to be not a
monophyletic clade) (Table 1). We developed the constraint
models based on taxonomic revisions proposed by Campbell
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and Lydeard (2012«) and results from the present study (Figs 1, 2)
(see Results). In particular, we focussed on placement of the
subgenus Sinfoxia relative to the phylogenetic position of
Fusconaia and Pleurobema (Table 1). All stepping-stone
analyses were run for 50 path steps with 100000 generations
each for a total of 5000 000 generations. In addition, we ran an
unconstrained model (i.e. no taxa were constrained to
monophyly) to obtain a baseline MLE. On the basis of the
MLE values, we calculated Bayes factors by taking twice the
difference of the MLE from the highest MLE model for
each genus (2LnBF: Kass and Raftery 1995). We used the
following criteria to determine the best model: 2 LuBF <2, low
support and not worth mentioning; 2 LnBF 2—6, positive support;
2 LnBF 6-10, strong support; 2 LnBF >10, very strong support
(Nylander et al. 2004).

Species delimitation

We used genetic distance and Yule-coalescent methods to
delimit putative species for Fusconaia (116 haplotypes from
13 species) and Pleurobema (131 haplotypes from 21 species)
only. We used Automated Barcode Gap Discovery (ABGD)
(Puillandre et al. 2012) to identify DNA barcode gaps and
thereby delimit species boundaries. Instead of using arbitrary
divergence thresholds, ABGD statistically detects the barcode
gap as the first significant gap beyond the range of prior
intraspecific divergences and uses it to partition the data
(Puillandre et al. 2009). This process is applied recursively to
previously obtained groups to get finer partitions until there
is no further partitioning. We set prior parameters for the
minimum intraspecific genetic distance (pn;,) as 0.01 and
maximum intraspecific genetic distance (pmax) as 0.1 and used
the Kimura 2-parameter (K2P) distance model (Kimura 1980).

We employed two generalised mixed Yule-coalescent
(GMYC) models: single-threshold GMYC model (ST-GMYC)
(Pons et al. 2006) and Bayesian GMYC model (bGMYC)
(Reid and Carstens 2012). Briefly, the GMYC model identifies
boundaries between branching events that are either divergent
between species (Yule process) or diversification within

Table 1. Statistical comparison of 10 constraint models for Fusconaia, Pleurobema, and Pleurobema (Sintoxia)
Each constraint model consisted of a positive constraint (i.e. a set of taxa was forced to be a monophyletic clade) and a negative constraint (i.e. a set of taxa
was forced to be not a monophyletic clade). Marginal likelihood estimate (MLE) for each constraint model was estimated from stepping-stone analysis in
MRrBAYEs and Bayes factors for the optimal model (2 LuBF; two times the difference of the MLE from the highest MLE model) was calculated for each
genus/subgenus. The MLE of the unconstrained model (i.e. none of taxa was constrained to a monophyly) was —8942.56. The optimal model for each
genus/subgenus is shown in bold

Model Constraints Positive Negative

MLE 2 LnBF MLE 2 LnBF
Fusconaia Fusconaia spp. -8765.31 17.5 —8930.61 348.14
Fusconaia s.l. Fusconaia spp. & Pleurobema (Sintoxia) cordatum -8756.54 - —8918.68 324.28
Pleurobema Pleurobema spp. including Pleurobema (Sintoxia) spp. -8747.32 - —8930.26 365.88
Pleurobema s.s. 1 Pleurobema spp. except Pleurobema (Sintoxia) spp. —8819.69 144.7 —8945.02 395.40
Pleurobema s.s. 2 Pleurobema s.s. 1 & P. (Sintoxia) cordatum —8800.82 107.0 —8943.68 392.72
Pleurobema s.s. 3 Pleurobema s.s. 1 & P. (Sintoxia) plenum —8831.55 168.5 -8923.01 351.38
Pleurobema (Sintoxia) Pleurobema (Sintoxia) spp. —8788.18 - —8933.91 291.46
Pleurobema (Sintoxia) s.s. 1 Sintoxia spp. except P. (Sintoxia) cordatum & P. (Sintoxia) plenum —8813.95 51.5 —-8929.95 283.54
Pleurobema (Sintoxia) s.s. 2 Sintoxia spp. except P. (Sintoxia) cordatum -8810.49 44.6 —8946.62 316.88
Pleurobema (Sintoxia) s.s. 3 Sintoxia spp. except P. (Sintoxia) plenum —8812.15 47.9 —8911.58 246.80
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Fig. 1.
clusters of various subfamilies, tribes, genera and subgenera.

species (coalescence) under the assumption that speciation
processes occur at a lower rate than population processes
(Fujita et al. 2012). Because GMYC models require
ultrametric trees to estimate species boundaries, we first used
Beast 2.4.4 (Bouckaert e al. 2014) to generate ultrametric trees.
We used HKY+T as a substitution model, a log-normal relaxed
clock model, and a Yule species model, and ran the MCMC chain
for 100000 000 generations, storing the state every 1000000
generations and logging trees every 100 000 generations. The first
25% of the trees were discarded as burn-in based on MCMC
convergence determined in TRACER, as previously described.
With 750 trees after burn-in, we created the consensus tree
using the maximum clade credibility method and setting the
posterior probability limit to 0. We used the ‘splits’ package
(Ezard et al. 2013) in R to conduct ST-GMYC analysis on the
consensus tree using the single-threshold method and default
intervals. For the bGMYC analysis, we randomly selected 100
ultrametric trees from the 750 trees after burn-in from BEAST.
With the ‘bGMYC’ package (Reid and Carstens 2012) in R,
we ran 50 000 MCMC generations, sampled the state every 100
generations, and discarded 40 000 trees as burn-in. We set the
threshold parameter priors, t1 and t2, to 2 and 60, respectively, and
the starting parameter value was set at 30. We used a single point

Pleuronaia

Phylogenetic network developed using SpLiTsTREE4 based on uncorrected P-distance and the NeighbourNet algorithm. Shaded ellipses emphasise

estimate approach to delimit species boundaries; thus, we used
bgmyc.point function to set the delimitation threshold relative to
the posterior mean of the analysis at 0.5. The MRBAYES and BEAST
analyses were performed on the CIPRES Science Gateway 3.3
(Miller et al. 2010).

Results

We examined 575 cox sequences from 110 currently recognised
species (13 Fusconaia and 21 Pleurobema species) and recovered
351 unique haplotypes used in the analyses (Tables S1 and S2);
352 new sequences collected for this study were submitted to
GenBank (accession numbers: MF961804-MF962155). We did
not find any indication of substitution saturation in the cox!
dataset.

The phylogenetic network developed using SpPLITSTREE4
revealed most genera/subgenera in Pleurobemini as
monophyletic clusters, although Elliptio and Pleurobema were
paraphyletic (Fig. 1). Elliptio lanceolata formed a distinct
cluster sister to Parvaspina collina. The subgenus Sintoxia
split into three clusters, while the rest of the Pleurobema
species formed a single cluster. Within Sinfoxia, two species —
P. (Sintoxia) cordatum and P. (Sintoxia) plenum — each formed
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Bayesian inference of phylogeny for Unionidae. Posterior probability values from Bayesian analysis are shown in shaded circles along the nodes

(white=0.75-0.90, grey =0.90-0.95, black >0.95). The tree was rooted with Margaritifera monodonta (Margaritiferidae). Major clades are annotated. Bold

bars along clades correspond to the focal genera.

separate clusters, while three species — P. (Sintoxia) riddellii,
P. (Sintoxia) rubrum, and P. (Sintoxia) sintoxia — formed a single
cluster.

The Bayesian inference phylogeny showed a monophyletic
clade for the tribe Pleurobemini (Elliptio, Elliptoideus, Eurynia,
Fusconaia, Hemistena, Parvaspina, Plethobasus, Pleurobema,

and Pleuronaia) with high posterior probability support, with
the Quadrulini the next most closely related (Fig. 2). Within
the Pleurobemini, phylogenetic relationships among genera were
generally congruent with the phylogenetic network. Elliptoideus
sloatianus comprised the basal clade of Pleurobemini, followed
by a clade comprising E. lanceolata and P. collina. Each genus
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generally formed a monophyletic clade, except for E. lanceolata
and Pleurobema species. The genus Pleurobema formed
paraphyletic clades, where P. (Sintoxia) riddellii, P. (Sintoxia)
rubrum, and P. (Sintoxia) sintoxia formed a single distinct clade;
P. (Sintoxia) cordatum formed a sister clade with Fusconaia
species; and the remaining Pleurobema species formed a
monophyletic clade with P. (Sintoxia) plenum. However, these
paraphyletic clades were polytomies with low posterior
probability support values for individual clades (Fig. 2).

Within Pleurobema, there were several monophyletic
clades comprising multiple currently recognised species. We
found well supported clades shared between P. hanleyianum
and P. troschelianum, P. chattanoogaense and P. decisum,
P. clava and P. oviforme, P. furvum and P. rubellum, and
P. (Sintoxia) rubrum and P. (Sintoxia) sintoxia; and among
P. perovatum, P. strodeanum, and P. taitianum; however,
none of these species shared the same cox/ haplotypes with
other species, except between P. (Sinfoxia) rubrum and
P. (Sintoxia) sintoxia.

Pleurobema beadleianum and P. strodeanum each split
into two paraphyletic clades. Pleurobema (Sintoxia) riddellii
formed two distinct, well supported monophyletic clades: one
clade comprised individuals from the Ouachita River drainage in
Arkansas, and the other clade from the Red River and the Gulf of
Mexico drainages in Arkansas, Louisiana and Texas.

The genus Fusconaia formed a monophyletic clade. Within
Fusconaia, species generally formed monophyletic clusters,
although a few species shared clades. These included clades
comprising F. cerina and F. flava and F. askewi, F. chunii,
and F. lananensis. Fusconaia cerina and F. flava shared the
same haplotypes and individuals identified as . cf. flava split into
two distinct clades: one comprising individuals from the Little
and Cossatot rivers in Arkansas, and the other from the Illinois,
Neosho, and Osage rivers in Arkansas, Kansas, and Missouri.
Several widespread species (i.e. F. flava, F. subrotunda,
P. (Sintoxia) cordatum, P. (Sintoxia) rubrum, and P. (Sintoxia)
sintoxia) did not show geographic structure in cox/. Furthermore,
F. askewi and F. lananensis shared the same haplotypes, but
F. chunii possessed a unique haplotype.

Tests for the intrageneric relationships of the three genera/
subgenera (Fusconaia, Pleurobema, and P. (Sintoxia)) showed
that all positive constraint models received higher MLE values
than the unconstrained model or the negative constraint models
(Table 1). On the basis of 2 LuBF, the best model for Fusconaia
was a model constraining the nominal Fusconaia species and
P. (Sintoxia) cordatum to be monophyletic (Fusconaia s.l.
model: Table 1). For subgenus Sintoxia, a model constraining
the monophyly of the five nominal P. (Sintoxia) species was
the best model (Pleurobema (Sintoxia) model: Table 1). The
overall best model determined by the highest MLE values was the
Pleurobema model, where Pleurobema, including the subgenus
P. (Sintoxia), was monophyletic (Table 1).

Species delimitation analysis based on genetic distance and
Yule-coalescent methods within the three genera/subgenera
revealed several undescribed putative taxa and multiple
conspecifics among nominal taxa (Fig. 3). The three methods
yielded similar patterns of species delimitations, which generally
agreed with the 34 currently recognised species. We identified
25 putative species from ABGD, 28 putative species from
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bGMYC, and 30 putative species from ST-GMYC within the
three genera/subgenera. These findings suggest the presence of
cryptic diversity and need for taxonomic revision regarding
species-level diversity in Pleurobemini.

In Fusconaia, all analyses showed the following taxa may
be conspecific: F. cerina and F. flava; F. askewi, F. chunii, and
F. lananensis; and F. burkei and F. escambia (Fig. 3A). Both
GMYC models identified undescribed putative Fusconaia cf.
flava from the Little and Cossatot rivers in Arkansas and F. cf.
flava from the Illinois, Neosho, and Osage rivers in Arkansas,
Kansas, and Missouri. Only the ST-GMYC model recognised
two putative species within F. mitchelli.

In P. (Sintoxia), both ABGD and ST-GMYC approaches
identified P. (Sintoxia) rubrum and P. (Sintoxia) sintoxia as
conspecific, while bGMYC recognised the two as separate
species (Fig. 3B). Furthermore, all models identified two
putative species within P. (Sintoxia) riddellii: one from the
Red River and the Gulf of Mexico drainages and the other
from the Ouachita River drainage.

Within Pleurobema, we found these groupings conspecific:
P. perovatum, P. strodeanum, and P. taitianum; P. furvum and
P. rubellum; P. clava and P. oviforme; P. chattanoogaense
and P. decisum; P. hanleyianum and P. troschelianum; and
P. athearni and P. georgianum (Fig. 3C). All models
identified two putative species within P. beadleianum: one
collected from Twelvemile Creek (a tributary of the Tickfaw
River) and the other collected from the Pearl River. Similarly,
individuals identified as P. strodeanum showed two putative
species: one collected from the Escambia River (conspecific
with P. perovatum and P. taitianum), and the other collected
from the Choctawhatchee River. Furthermore, ST-GMYC
recognised a distinct putative species in P. chattanoogaense.

Discussion

In this study, we re-examined the taxonomy and phylogenetic
relationships among members of the tribe Pleurobemini and
found (1) robust support for most currently recognised species
and (2) indications that the taxonomic status of a few nominal
species should be refined. In general, the results of our
phylogenetic analyses were congruent with those of previous
studies (e.g. Campbell and Lydeard 2012a); however, additional
taxon sampling resolved certain features of tree topology and
supported the discovery of cryptic diversity. Our phylogenetic
analyses and topology testing with constraint models
supported eight nominal genera as monophyletic clades in the
Pleurobemini (Elliptoideus, Eurynia, Fusconaia, Hemistena,
Parvaspina, Plethobasus, Pleurobema, and Pleuronaia),
whereas Elliptio was paraphyletic and warrants additional
investigation (Figs 1, 2). Pleurobema showed polyphyly in the
phylogenetic network and Bayesian inference tree in which
P. (Sintoxia) species were split into three clades. Campbell and
Lydeard (2012a) suggested recognising Sinfoxia as a subgenus
of Pleurobema due to uncertainties regarding phylogenetic
placement of P. (Sintoxia) cordatum and P. (Sintoxia) plenum
within Pleurobema. However, constraint models supported the
monophyly of P. (Sintoxia)+ Pleurobema species (Table 1);
therefore, we recognise the five nominal species (P. cordatum,
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Fig.3. Bayesian inference of phylogeny with close-up view of (4) Fusconaia, (B) Pleurobema (Sintoxia), and (C) Pleurobema and results of three delimitation
models: ABGD,bGMYC and ST-GMYC. Each vertical bar corresponds to a clade in the Bayesian inference phylogeny on the left and represents a putative species
from the delimitation methods: ABGD, bGMYC and ST-GMYC, respectively. Posterior probability values are shown in shaded circles along the nodes
(white =0.75-0.90, grey =0.90-0.95, black >0.95).



696 Invertebrate Systematics

(b)

@O

o @ *Gadwe - OChve

K. Inoue et al.

Pleurobema_Sintoxia_sp_lllinois4906
Pleurobema_Sintoxia_sp_lllinois2761
Pleurobema_Sintoxia_sp_lllinois2913
[———  Pleurobema_Sintoxia_sintoxia_Spring3696
—  Pleurobema_Sintoxia_sp_StFrancis2725
5 Pleurobema_Sintoxia_sp._Little4925
Pleurobema_Sintoxia_rubrum_Little
Pleurobema_Sintoxia_sintoxia_14934_WI_SC
_(T Pleurobema_Sintoxia_sintoxia_Saline3273
Pleurobema_Sintoxia_rubrum_03_AR_SA
_@ Pleurobema_Sintoxia_sp_StFrancis2721
Pleurobema_Sintoxia_rubrum_StFrancis
—  Pleurobema_Sintoxia_sp_Green
——  Pleurobema_Sintoxia_sp_Black3762
—  Pleurobema_Sintoxia_sp_05_AR_SA
[ Pleurobema_Sintoxia_sintoxia_Saline3716
—  Pleurobema_Sintoxia_sintoxia_Saline3715
——  Pleurobema_Sintoxia_sintoxia_PetitJean2753
[—  Pleurobema_Sintoxia_sintoxia_Ouachita2803
—  Pleurobema_Sintoxia_sintoxia_Green2
[———  Pleurobema_Sintoxia_sintoxia_B1_KY_GR
——  Pleurobema_Sintoxia_sintoxia_Allegheny2
—'— Pleurobema_Sintoxia_sintoxia_4247_MN_ST
—  Pleurobema_Sintoxia_sintoxia_03_BSFC
[ Pleurobema_Sintoxia_sintoxia_02_AR_SA
——  Pleurobema_Sintoxia_sintoxia_01_PA_WB
— Pleurobema_Sintoxia_sintoxia3
I Pleurobema_Sintoxia_sintoxial
[~  Pleurobema_Sintoxia_rubrum-sintoxia1
~ Pleurobema_Sintoxia_rubrum-sintoxia_Ouachita-Arkansas
——  Pleurobema_Sintoxia_rubrum_Saline3279
[~ Pleurobema_Sintoxia_rubrum_Ouachita2795
[ Pleurobema_Sintoxia_rubrum_Ouachita2789
Pleurobema_Sintoxia_rubrum_LMissouri2879
= Pleurobema_Sintoxia_rubrum_LMissouri2865
[——  Pleurobema_Sintoxia_rubrum_LMissouri2856
—  Pleurobema_Sintoxia_rubrum_12_AR_SA
——  Pleurobema_Sintoxia_rubrum_09_AR_SA
[ Pleurobema_Sintoxia_rubrum_08_AR_SA
—  Pleurobema_Sintoxia_rubrum_06_AR_SA
'—  Pleurobema_Sintoxia_rubrum_05_AR_SA
Pleurobema_Sintoxia_rubrum-sintoxia_Duck-Green
Pleurobema_Sintoxia_rubrum_02_Clinch
Pleurobema_Sintoxia_rubrum_01_Clinch
Pleurobema_Sintoxia_sintoxia_Spring3697
Pleurobema_Sintoxia_sintoxia2
Pleurobema_Sintoxia_rubrum_Spring3690
Pleurobema_Sintoxia_sintoxia_LMahoning3594
Pleurobema_Sintoxia_rubrum-sintoxia2

Pleurobema_Sintoxia_rubrum_UAUC2796_L
Pleurobema_Sintoxia_rubrum_02_KY_GR
—  Pleurobema_Sintoxia_sintoxia_LMahoning3591

= Pleurobema_Sintoxia_sintoxia_Allegheny1
L—  Pleurobema_Sintoxia_sintoxia_Green1

Pleurobema_Sintoxia_riddellii_Little4934
Pleurobema_Sintoxia_riddellii_Little
Pleurobema_Sintoxia_riddellii_VillageTX11
Pleurobema_Sintoxia_ridde)
Pleurobema_Sintoxia_riddellii_Sabine-Neches
Pleurobema_Sintoxia_riddelli_Neches
Pleurobema_Sintoxia_riddellii_JF326434
Pleurobema_Sintoxia_riddelli_ Neches06_NAJ
Pleurobema_Sintoxia_riddelli_Neches03_NAJ
Pleurobema_Sintoxia_cf_riddellii_Saline4641
Pleurobema_Sintoxia_cf_riddellii_Saline3264
Pleurobema_Sintoxia_cf_riddellii_Saline
Pleurobema_Sintoxia_cf_riddellii_Ouachita-Saline

Pleurobema_Sintoxia_cf_riddellii_Saline3780
Pleurobema_Sintoxia_cf_riddellii_Ouachita2771

ABGD | |

Fig. 3. (continued)

bGMYC NN

ST-GMYC I



The phylogeny of Pleurobemini Invertebrate Systematics 697

Pleurobema_perovatum_WC_JN180999
Pleurobema_perovatum_DQ383433
Pleurobema_perovatum

(o)

@O

Pleurobema_taitianum
F L ié 1 DQ383429 L L
Pleurobema_strodeanum_UAUC1819_L
% Xl
L ) Che 1ee16_NAJ
Pleurobema_strodeanum_DQ383434
Pleurobema_rubellum_UAUC679_L
Pleurobema_rubellum_AY613840 I I I
Pleurobema_furvum-rubellum
Pleurobema_beadleianum_UAUC3298_L I I I

Pleurobema_beadleianum_UAUC3236_L

Pleurobema_clava_UAUC1477_AY655013
Pleurobema_clava
Pleurobema_oviforme_02_TN_NFH
Pleurobema_oviforme_NC_LT
Pleurobema_oviforme_AY613837
Pleurobema_oviforme_05_VA_NFH
Pleurobema_oviforme
Pleurobema_oviforme_02_NC_LT
Pleurobema_clava_MI_SJ

;
|
?

Pleurobema_oviforme_03_KY_BC

Pleurobema_clava_AL_EF

Pleurobema_decisum_DQ383431
Pleurobema_decisum_AF232801
Pleurobema_decisum
Pleurobema_chattanoogaense_AY613829
Pleurobema_chattanoogaense_UAUC1621_L
-

Pleurobema_chattanoogaense_UAUC1621_AY655012

Pleurobema_decisum_UAUC271_L

f >_DQ383430

Pleurobema_troschelianum
F | 1_AY613836 I I I

Pleurobema_hanleyianum

S Pleurobema_pyriforme_UAUC28_L
Pleurobema_pyriforme_SawhatcheeCr14_NAJ
Pleurobema_pyriforme_FLMNH441228_KT285645

Pleurobema_pyriforme_AY613839

>_Sawt r

L_py

Pleurob

Pleurobema_athearni_UAUC3084_AY655015 I I I

PI ,_stabile - eoa wm
Pleurobema_Sintoxia_plenum_EF619920
Pleurobema_Sintoxia_plenum_EF619919

F _Sintoxia_plenum_Clinch

Pleurobema_Sintoxia_plenum_04_Clinch

Pleurobema_Sintoxia_plenum_02_Clinch

ABGD m——
bGMYC n——

Fig. 3. (continued)



698 Invertebrate Systematics

P. plenum, P. riddellii, P. rubrum, and P. sintoxia) without
assignment of subgenus Sintoxia.

Within ~ Fusconaia and  Pleurobema, phylogenetic
relationships among species generally agree with current
taxonomy. However, we found several species to be
conspecific, where molecular data did not clearly distinguish
among currently recognised species.

Fusconaia cerina (Conrad, 1838) and Fusconaia flava
(Rafinesque, 1820)

Fusconaia cerina and F. flava were genetically indistinguishable,
and coxI haplotypes were shared between the species. The
currently recognised distribution of F. cerina is restricted to
Gulf Coast drainages east of the Mississippi River (Vidrine
1993; Williams et al. 2008), while F. flava occurs in the
Mississippi River system, Great Lakes drainages, and Gulf
Coast drainages west of the Mississippi River (Howells et al.
1996; Williams et al. 2008; Watters et al. 2009). The type locality
for F. cerina is ‘waters of Louisiana near New Orleans’ and
F. flava was described from ‘small creeks flowing into the Green
River, KY’. Our analyses included F. cerina from Twelvemile
Creek (a tributary of the Tickfaw River, LA; Lake Pontchartrain
drainage) and F. flava from the Green River, KY (a tributary of
the Ohio River) (Tables S1 and S2). The two nominal taxa
are likely conspecific because recognition of these taxa as
separate species (and subsequently their identifications) is
based primarily on geographic distribution, and there are only
minor morphological differences.

Pleurobema rubrum (Rafinesque, 1820) and Pleurobema
sintoxia (Rafinesque, 1820)

Pleurobema rubrum and P. sintoxia were not genetically
differentiated. In contrast to F. cerina and F. flava, P. rubrum
and P. sintoxia co-occur in many localities and show distinctly
different shell morphologies. However, morphological lines
can be blurred and identifications of the two species in
sympatry are problematic in some drainages (e.g. Green River,
KY). Pleurobema rubrum often has triangular shells with long,
nearly vertical or posteriorly slanted anterior margin, while
P. sintoxia has triangular to oval shells with a short, straight or
broadly rounded anterior margin (Watters et al. 2009). Because
mussel species can exhibit clinal morphological variation within
river drainages (Ortmann 1920; Inoue et al. 2013), such
differences may be the result of phenotypic plasticity within a
single species. These inferences are congruent with previous
findings of phenotypic plasticity in freshwater mussels
(Burdick and White 2007; Campbell and Lydeard 2012b;
Jones et al. 2015).

The type locality for P. rubrum is ‘Dans le Kentuky’ [River],
and the type locality for P. sintoxia ‘Dans 1’Ohio’ [River]
(Rafinesque 1820). Our samples included P. rubrum from the
Green River, KY, and P. sinfoxia from tributaries of the Ohio
Riverincluding the Green River, KY, and French Creek and Little
Mabhoning River, PA (Table S1). For P. rubrum and P. sintoxia,
the potential for clinal variation and high morphological variation
in sympatry, combined with lack of genetic differentiation
between the two species at mtDNA, suggests that they are
conspecific, although analyses of additional lines of evidence
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(e.g. life history, ecology, and additional nuclear genetic
markers — see below) are warranted.

Fusconaia askewi (Marsh, 1896), Fusconaia chunii (Lea,
1861) and Fusconaia lananensis (Frierson, 1901)

Fusconaia askewi, F. chunii, and F. lananensis were not
resolved as mutually monophyletic. Fusconaia askewi and
F. lananensis were genetically indistinguishable (i.e. they
shared haplotypes), while F. chunii possessed a unique cox/
haplotype. Fusconaia askewi occurs in the Sabine and Neches
river drainages (the type locality is Village Creek, a tributary of
the Neches River), while F. lananensis is endemic to tributaries
of the Angelina River (a tributary of the Neches River),
and F. chunii is endemic to the Trinity River drainage.
Recognition of these species has been based primarily on
shell morphology and geographic distribution (Howells et al.
2012). Interestingly, previous researchers (Vidrine 1993;
Howells et al. 1996) synonomised F. chunii with F. flava based
on shell morphology. Our results suggest that F. askewi and
F. lananensis are different morphotypes of a single species, and
the subtle but significant genetic structure of F. chunii (genetic
divergence =1.3% at coxI) likely indicates recent evolutionary
divergence. As such, F. chunii may not be conspecific with
F. askewi/F. lananensis or F. flava.

Pleurobema conspecifics

We observed that several species within Pleurobema were
indistinguishable using molecular data and inferred that
the following are likely conspecific: P. hanleyianum and
P. troschelianum; P. chattanoogaense and P. decisum;
P. furvum and P. rubellum; P. clava and P. oviforme; and
P. perovatum, P. strodeanum, and P. taitianum. Previously,
Williams et al. (2008) synonomised P. chattanoogaense with
P. decisum and P. furvum with P. rubellum, which the results
of this study support. Williams et al. (2008) also synonomised
P. troschelianum with P. georgianum, but our analyses show
P. troschelianum to be more closely related to P. hanleyianum.
Furthermore, Ortmann (1925) stated that morphologies of
P. clava and P. oviforme may be clinal variation of a single
species and conspecific. However, the current study had small
sample sizes for some of Pleurobema species due to their rarity
or protected conservation statuses; thus, taxa that were not
supported as separate species might be the result of limited
sample sizes. We recommend careful re-examination of these
taxa before synonomy by increasing the sample sizes and
adding more molecular markers.

Hidden diversity in Fusconaia and Pleurobema

DNA barcoding and other molecular phylogenetic techniques
provide a more quantitative and less subjective way to improve
species identification, assess species boundaries, and estimate the
number of putative species (Pons et al. 2006). The results of our
study underscore this point as we identified three unrecognised
putative species. A previous phylogenetic study included
two F. ‘flava’ sequences from the Neosho and Osage rivers
(Ff8 and Ff9 from Burdick and White 2007) and Campbell
and Lydeard (2012b) suggested that this distinct lineage may
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be attributable to the nomen Fusconaia hebetata (Conrad, 1854).
Our additional samples of F. cf. flava from the Illinois River, AR,
clustered with the Ff8/Ff9 clade and suggested F. ‘flava’ from the
Ozark region (Springfield Plateau in particular) to be a distinct
taxon. Unfortunately, the type locality for F. hebetata is ‘From
Missouri’ with no additional information, and the type specimen
has been lost. Our F. cf. flava specimens are conchologically
similar to Fusconaia flava sampsoniana (Frierson, 1927)
described from the Elk River, MO (a tributary of the Neosho
River). Because of phenotypic plasticity in shell morphology,
further examinations including molecular identification of
available types or topotypic material from dried tissue or shell
fragments in addition to morphological analyses are required to
elucidate the species identity of F. cf. flava from the Ozarks.

Similarly, two of three delimitation analyses showed a distinct
lineage of F. cf. flava from the Cossatot and Little rivers. This
finding possibly represents an unrecognised or previously
undescribed species. The Ozarks and Ouachita Mountains
Interior Highlands is physiographically distinct from nearby
ecoregions and known to harbour many endemic aquatic
species (e.g. crayfishes: Crandall and Templeton 1999; fishes:
Berendzen et al. 2003; Morrison et al. 2006; mussels: Inoue et al.
2014). Physiographic isolation between the Interior Highlands
and the Mississippi Embayment by past geological and climatic
changes likely separated F. cf. flava in the Cossatot and Little
Rivers from the more widespread F. flava.

Similar divergence within the P. riddellii complex likely
occurred. All delimitation analyses showed that Pleurobema cf.
riddellii from the Ouachita River drainage is phylogenetically
distinct from populations in the Red River and west Gulf Coast
drainages, suggesting a potential unrecognised species within
P. riddellii. Although we were unable to obtain topotypic
P. riddellii from the Trinity River in Dallas, TX, individuals
from the Sabine, Neches, and Little (a tributary of the Red
River) Rivers placed within a single clade, indicating that
P. riddellii only occurs west of the Red River drainage.
Additional samples from the Red, Ouachita, and Mississippi
River drainages in Arkansas and Louisiana are needed to assess
the potential new species.

Finally, two Pleurobema species initially identified as
P. beadleianum and P. strodeanum each split into two clades,
which were allopatric in distribution (Fig. 3C). One
P. beadleianum (DQ383429) was collected from Twelvemile
Creek (Lake Pontchartrain drainage in Louisiana), whereas the
remainder of the specimens were collected from the Pearl River,
LA (Eastern Gulf Coast drainage). Similarly, one P. strodeanum in
the P. perovatum/P. strodeanum/P. taitianum species clade was
collected from the Escambia River, FL, whereas the remaining
specimens were from the Choctawhatchee River, FL. Such
geographic isolation may have led to significant genetic
differentiation within the species. Further investigation, adding
more samples and greater spatial coverage, is required to elucidate
the taxonomic identity of these species.

Applications of molecular species delimitation

Although there has been much debate regarding the validity of
molecular species delimitation using a single locus (Lohse 2009;
Taylor and Harris 2012), genetic distance and Yule-coalescent
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methods with single locus data have been used widely to delimit
putative species (Fujisawa and Barraclough 2013). In general,
the robustness of molecular delimitation methods depends on
sampling of individuals per species, geographic/spatial coverage,
and number and resolving power of genetic markers. For
example, simulated and empirical studies have demonstrated
that increasing sample size and spatial coverage per species
improves the model’s ability to detect a threshold in branching
rates between Yule and coalescent processes, leading to more
accurate estimates of species-level diversity (Bergsten eral. 2012;
Reid and Carstens 2012; Fujisawa and Barraclough 2013).
Previous systematic studies of Fusconaia and Pleurobema
have relied on small sample sizes to draw inferences for these
genera (means of 2.0-6.7 individuals per species) (Burdick and
White 2007; Burlakova et al. 2012; Campbell and Lydeard
2012b). In this study, we examined almost twice as many
individuals per species (average 12.6 individuals per species)
and only 19% were represented by singletons. This larger sample
size in combination with broader geographic coverage means
that our results are robust, even though we used only a single locus
(see below).

Despite the increase in sample size, the phylogenies and
species delimitations presented in this study were based solely
on the mtDNA cox! gene tree. It is well recognised that
a multilocus coalescent approach provides a more robust
estimation of species boundaries because it accounts for gene
tree discordance, incomplete lineage sorting, and other
confounding factors that create problems using a single-locus
approach (Fujita et al. 2012; Fontaneto et al. 2015). Previous
studies using nuclear DNA sequences (e.g. [7SI) have
successfully delineated species boundaries within mussel
taxa (Jones et al. 2006; Inoue et al. 2014; Pfeiffer et al. 2016;
Perkins et al. 2017). However, such efforts for Pleurobemini
have been largely unsuccessful, where /7S/ did not contain
phylogenetically meaningful resolution (Campbell et al. 2008;
Campbell and Lydeard 2012a). Additional hypervariable
genetic markers (e.g. microsatellites, restriction-associated
DNA sequences — RADseq), as well as increased spatial
coverage and sample size per species could be another option
in addition to the multilocus approach, especially for questions
related to fine-scale phylogenetic patterns. Ideally, researchers
should use several approaches to develop multiple independent
lines of evidence before taxonomic changes are formalised.

Species identification of freshwater mussels, particularly
Pleurobemini species, is challenging due to morphological
convergence and phenotypic plasticity of shell morphology.
A previous study found that misidentification rates for
Pleurobemini species were high relative to other mussel taxa
(33% false positive and 34% false negative identification,
respectively: Shea et al. 2011). The same study concluded that
error rates were highest for tribes containing the most speciose
genera (e.g. Elliptio spp.), suggesting that misidentifications are
likely high among congeners and taxa that were overdescribed.
Because species identification and discovery of new species for
freshwater mussels often are based on external morphological
characteristics, phenotypic plasticity and evolutionary
convergence in shell morphologies has led to rampant species
misidentifications and over- and underestimates of species
richness.
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Our study shows the presence of previously unrecognised
species and potential synonomies within Pleurobemini. As of
April 2017, 27 species within the Pleurobemini were listed
under the US Endangered Species Act, and many have varying
conservation statuses among states. Understanding current
taxonomic status and systematics for these problematic taxa
is important for assessing conservation status and developing
viable and effective conservation strategies for threatened and
endangered species.
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