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1  |   INTRODUCTION

Freshwater fishes in North America are substantially diverse, 
containing more than 1,100 species (Smith, Badgley, Eiting, 
& Larson,  2010). The family Leuciscidae is the most spe-
cies-rich family found in North America, with approximately 
59 genera and 322 described species, representing four of the 
six subfamilies within Leuciscinae (Fricke, Eschmeyer, & 
Fong, 2019; Schonhuth, Vukic, Sanda, & Mayden, 2018; Tan 
& Armbruster, 2018). Given the substantial amount of mor-
phological, ecological and species-level diversity within, this 
family has been of great interest from taxonomic and phy-
logenetic perspectives (Broughton & Gold,  2000; Bufalino 
& Mayden, 2010; Cashner, Piller, & Bart, 2011; Martin & 

Bonett, 2015; Nagle & Simons, 2012; Schonhuth, Shiozawa, 
Dowling, & Mayden, 2012; Simons & Mayden, 1999).

While many North American leuciscid genera have been 
heavily studied from both a taxonomic and systematic per-
spective, the genus Clinostomus (Teleostei: Leuciscidae) has 
been understudied relative to other genera. Clinostomus is 
disjunctly distributed across a large geographic range, occu-
pying most of the eastern North America. It is a member of 
the open posterior myodome (OPM) clade (Mayden, 1989; 
Simons, Berendzen, & Mayden,  2003) and is most closely 
related to two western North American leuciscid genera, 
Richardsonious and Iotichthys (Houston, Shiozawa, & 
Riddle, 2010). Within the genus Clinostomus, there are cur-
rently two described species: Redside Dace and Rosyside 

Received: 17 December 2019  |  Revised: 12 June 2020  |  Accepted: 14 June 2020

DOI: 10.1111/zsc.12439  

O R I G I N A L  A R T I C L E

Assessing phylogeographic variation in the Rosyside Dace 
(Teleostei, Leuciscidae), a widespread morphologically variable 
taxon

Courtney A. Weyand1,2   |   Kyle R. Piller1

1Department of Biological Sciences, 
Southeastern Louisiana University, 
Hammond, LA, USA
2Department of Biological Sciences, 
Auburn University, Auburn, AL, USA

Correspondence
Courtney A. Weyand, Department of 
Biological Sciences, Auburn University, 
331 Funchess Hall, Auburn, AL 36849, 
USA.
Email: courtney.weyand@auburn.edu

Abstract
Clinostomus (Leuciscidae) is a wide-ranging freshwater fish genus that occurs 
throughout eastern North America and southern portions of Canada with two spe-
cies currently recognized: C. elongatus and C. funduloides. A previous taxonomic 
study of C. funduloides recognized two subspecies (estor and funduloides) and one 
diagnosed, but undescribed subspecies based on morphological characteristics and 
geographic distribution. In this study, we used three molecular markers (cytochrome 
b, S7 intron 1 and growth hormone intron 4) to test the three lineage hypothesis and 
evaluate genetic variation of C. funduloides across the range using Bayesian infer-
ence. Our results indicate that C. funduloides is not monophyletic, as individuals of 
C. elongatus nest within C. funduloides in both the mtDNA and nDNA phylogenetic 
analyses, although the position of C. elongatus varies between data sets. In addition, 
some of the recovered clades are deeply divergent from one another, further sup-
porting the distinctiveness of many of the populations. Overall, these results suggest 
that subspecies designations are not warranted and a taxonomic revision is needed as 
Clinostomus is likely more diverse than is currently recognized.

K E Y W O R D S

phylogeography, Rosyside Dace, systematics

www.wileyonlinelibrary.com/journal/zsc
mailto:﻿
https://orcid.org/0000-0001-7162-2462
https://orcid.org/0000-0003-1289-9351
mailto:courtney.weyand@auburn.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fzsc.12439&domain=pdf&date_stamp=2020-08-19


564  |      WEYAND and PILLER

Dace. The Redside Dace, Clinostomus elongatus (Kirtland 
1840) (Figure 1), is disjunctly distributed throughout the upper 
Mississippi River, Great Lakes, Ohio and upper Susquehanna 
River drainages (COSEWIC, 2017; Novinger & Coon, 2000; 
Page & Burr,  2011). The other species in the genus, the 
Rosyside Dace, Clinostomus funduloides (Girard, 1856), also 
has a disjunct distribution, being known from the Atlantic 
slope from the lower Delaware River drainage south to the 
Savannah River drainage, and into the continental interior 
within the Mississippi and Ohio River drainages (Page & 
Burr, 2011). Two subspecies are currently recognized within 
C. funduloides (Deubler, 1955). The nominal subspecies C. 
funduloides funduloides (Girard,  1856) is distributed along 
the northern and eastern portions of the range of C. fundu-
loides and along the Atlantic slope and upper Ohio River 
basins with the type locality in the Potomac River basin 
near Washington, DC. The second recognized subspecies, 
Clinostomus funduloides estor (Jordan & Brayton, 1878), is 

confined to the lower and middle Cumberland and Tennessee 
River drainages in Kentucky, Tennessee and Alabama with 
the type material coming from the Elk River (Tennessee 
River) and the Stones River (Cumberland River).

In a previous morphological study conducted on C. fun-
duloides, Deubler (1955) recognized two subspecies and a 
diagnosed subspecies that was never formally described in a 
published work and remains a nomen nudum (ICZN, 1999). 
The morphologically diagnosed, but undescribed, subspecies, 
commonly known as the ‘Smoky Dace’ by North American 
ichthyologists (Jelks et al., 2008; Warren et al., 2000), is re-
stricted to the Little Tennessee River system in Tennessee 
and North Carolina. Deubler (1955) indicated that the nom-
inal subspecies, C. f. funduloides, and the undescribed sub-
species (‘Smoky Dace’) intergrade in the extreme headwaters 
of the Little Tennessee River system and in the headwaters 
of the Savannah River drainage in northern Georgia. It has 
also been noted that the Hiwassee River system, Tennessee 

F I G U R E  1   Geographic distribution 
map of species within the genus 
Clinostomus. Colours represent species 
geographic distributions. The distribution 
of Clinostomus elongatus is coloured 
orange and the distribution of Clinostomus 
funduloides is coloured purple. The red, 
blue and green coloured areas represent 
subspecies/intergrades. Black dots represent 
collection sites in this study [Colour figure 
can be viewed at wileyonlinelibrary.com]
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and North Carolina, may contain intergrades between C. f. 
estor and the undescribed Smoky Dace (Deubler, 1955; Page 
& Burr, 2011).

While subspecies are currently recognized as valid tax-
onomic units (ICZN, 1999), the validity of subspecies is 
heavily debated among taxonomists since the development 
of the evolutionary species concept (Wiley, 1981), because 
subspecies do not represent distinct evolutionary lineages 
(Burbrink, Lawson, & Slowinski, 2000; Cracraft, 1983; Frost 
& Hillis, 1990; McKitrick & Zink, 1988). C. funduloides is 
a morphologically variable species; however, the taxonomic 
validity of its populations has not been tested in a phyloge-
netic framework. Therefore, the objective of this study was 
to conduct a comprehensive phylogeographic analysis of 
C. funduloides using mtDNA and nDNA markers, specifi-
cally focusing on whether the current taxonomic history is in 
agreement with the evolutionary history.

2  |   MATERIAL AND METHOD

2.1  |  Taxon sampling

Specimens of Clinostomus were collected from 36 localities 
across the range using standard seines and electrofishing. 
Tissue samples were preserved in 95% ethanol, and voucher 
specimens of these tissues were preserved in 10% forma-
lin. Tissue samples were deposited into the Southeastern 
Louisiana University Tissue Collection (SLU-TC), and 
voucher specimens were deposited into the Southeastern 
Vertebrate Museum (SLU). Other tissue samples were pro-
vided by colleagues or natural history museums. Localities are 
summarized in Table S1. Museum abbreviations follow Sabaj 
(2016) and hierarchical river terminology follows Jenkins, 
Lachner, and Schwartz (1972). Richardsonius balteatus was 
included in the analysis as the outgroup, and additional speci-
mens of C. elongatus from previously published phylogenies 
(Houston et al., 2010) were gathered from GenBank.

2.2  |  Molecular methods

Whole genomic DNA was extracted from tissue samples 
using the DNeasy Tissue Kit (Qiagen, Inc.) and run on 0.8% 
agarose gel to determine the extracted product quality. Three 
genes, cytochrome b (cytb), S7 intron 1 (S7-1) and a portion 
of growth hormone intron 4 (GH-IV), were amplified with 
PCR. Cytochrome b was amplified using primers L12724 
(forward) and H15915 (reverse) (Schmidt & Gold,  1993) 
in 25 μl reactions using the following PCR reaction: initial 
denaturation at 95°C for 120 s, 30 cycles of denaturation at 
95°C for 30 s, annealing at 52°C for 30 s, extension at 72°C 
for 60 s and final extension at 72°C for 10 min.

S7-1 was amplified using the primers S7RPEX1F (for-
ward) and S7RPEX2R (reverse) (Chow & Hazama, 1998) in 
25 μl reactions using the following PCR reaction: initial de-
naturation at 95°C for 120 s, followed by 1 cycle each at 95°C 
for 30  s, with annealing stepdown of 1°C increments from 
64°C to 56°C for 45 s, and extension 72°C for 60 s, followed 
by 21 cycles of initial denaturation at 95°C for 30 s, annealing 
55°C for 45 s, extension 72°C for 60 s and final extension of 
72°C for 5 min.

GH-IV was amplified using nested PCR with four 
primers identified in Moyer, Remington, & Turner, 2009. 
Primer set one GHe3.min.3F (forward) and Ghe5.183R 
(reverse) and primer set two GHe4.min.11F (forward) and 
Ghe5.173R (reverse). The initial round (primer set one) 
was performed in 25 μl reaction using the following PCR 
reaction: initial denaturation at 94°C for 60  s, 30 cycles 
of denaturation at 94°C for 30 s, annealing 52°C for 30 s, 
extension 72°C for 90 s and final extension of 72°C for 10 
min. The initial PCR product was diluted 1:99 with ster-
ilized H2O. 1 μl of diluted PCR product was used as the 
starting template with primer set two in 25 μl reactions 
using the following PCR reaction: initial denaturation at 
94°C for 60 s, 30 cycles of denaturation at 94°C for 30 s, 
annealing 52°C for 30 s, extension 72°C for 30 s and final 
extension of 72°C for 10 min.

PCR products for cytb and S7-1 were visualized on a 0.8% 
agarose gel, and products for GH-IV were visualized on 1.3% 
and compared to the standard to assess the quality, presence 
and size of the amplified fragments. Amplified unpurified 
products for all loci were sent to an external sequencing fa-
cility (GENEWIZ, Cambridge, MA) for DNA sequencing. 
Resulting sequences were edited and aligned manually using 
the MUSCLE algorithm (Edgar,  2004) as implemented in 
Geneious 10.1.3 (Kearse et al., 2012) and then submitted to 
GenBank (Cytb Accession Nos: MT467570-MT467663, S7 
Accession Nos: MT490248-MT490301, GH-IV Accession 
Nos: MT588347-MT588400).

2.3  |  Phylogenetic analysis

We included 98 individuals in a phylogenetic analysis of 
mitochondrial DNA cytochrome b gene, and 54 individuals 
were used in the nuclear DNA S7 intron 1 and growth hor-
mone intron 4 concatenated phylogenetic analysis. Outgroup 
taxa included closely related leuciscid (Houston et al., 2010), 
Redside shiner (Richardsonius balteatus).

Using Bayesian inference, phylogenetic relationships 
within Clinostomus for cytb were inferred independently 
and S7-1 and GH-IV were concatenated. Partition schemes 
and model selection was performed for the cytb loci and the 
two concatenated nuclear genes using PartitionFinder v.2.1.1 
(Lanfear, Frandsen, Wright, Senfeld, & Calcott,  2016) in 
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order to determine the optimal partitioning scheme and best 
fit models of nucleotide substitutions. Cytb was partitioned 
by codon position with models of evolution chosen for each 
partition using the Bayesian information criterion (BIC). 
Nuclear markers, S7-1 and GV-IV, were not partitioned due 
to their non-coding nature; appropriate models of evolution 
were chosen using the same approach.

Bayesian inference of partitioned loci was conducted 
in MrBayes 3.2.6 (Huelsenbeck & Ronquist, 2001) on 
the CIPRES portal science gateway (Miller, Pfeiffer, & 
Schwartz,  2010). A 50% majority rule consensus tree for 
cytb and the nuclear concatenated data set was generated by 
conducting two independent runs for 30,000,000 generations 
each, sampling every 3,000 generations, with the first 25% of 
these discarded as burn-in. Bayesian posterior probabilities 
were calculated using the postburn trees and then visualized 
in FigTree v.1.4.2 (Rambaut, 2014).

Genetic distance for cytb and concatenated S7-1 and 
GH-IV was calculated using pairwise uncorrected p distances 
in MEGA v.7.0.26 (Kumar, Stecher, & Tumura, 2016).

2.4  |  Haplotype networks

Haplotype networks based on cytb were generated for the 
complete data set using PopART v.1.7 (http://popart.otago.
ac.nz). To estimate genealogical intraspecific relation-
ships, a TCS network was constructed (Clement, Posada, & 
Crandall, 2001). The cytb sequences used for the haplotype 
network analysis were trimmed to the shortest sequence 
(1,073  bp) to avoid overestimating distinct haplotypes. A 
complete network with all sequences was first created to 
determine the number of substitutions between haplotypes 
and then separated into unique haplotype networks based 
on their respective localities. Separation of the haplotypes 
was supported by TCS v1.21 analysis using a 95% cut-off 
criterion.

3  |   RESULTS

3.1  |  Sequence alignment and model 
selection

Sequence data were obtained from 85 individuals of C. fundu-
loides, 12 individuals of C. elongatus and an outgroup taxon 
Richardsonius balteatus (Table S1). For cytb, sequences 
were trimmed to make each sequence equal in length. The 
final length for cytb was 1,073  bp. Individual sequence 
lengths for both nuclear genes varied in length. The final for 
S7-1 was 861 bp and 508 bp for GH-IV, with insertions and 
deletions. The best-fitting partition scheme and model selec-
tion for phylogenetic analysis for each gene were as follows: 

cytb by codon position is F81, GTR + G and K80, S7-1 is 
HKY, and JC + G for GH-IV.

3.2  |  Phylogenetic analysis (mtDNA)

Phylogenetic analysis of the mitochondrial cytb marker re-
covered two major clades (Figure 2): Clade A, an Atlantic 
slope, upper Tennessee River and Ohio River clade, and 
Clade B, representing the Hiwassee, Little Tennessee, 
Tennessee and Cumberland Rivers, and C. elongatus. Both 
clades were strongly supported with BPP = 100 and inter-
clade (Clade A vs. Clade B) genetic divergence was high at 
8.37% uncorrected p-distance.

Clade A includes individuals of C. funduloides from 
the Atlantic slope, upper Tennessee and Ohio River basins 
(Figure 2). The relationships within this clade remain largely 
unresolved; however, several strongly supported subclades 
within Clade A were recovered. The first subclade represents 
specimens from the upper Atlantic slope and upper Ohio 
River, including samples from the James, Roanoke, Potomac 
Rivers and Chesapeake Bay on the middle Atlantic slope, and 
the Green River and Tygarts Creek in the Ohio River basin. 
The remainder of Clade A is unresolved and includes spec-
imens from the lower Atlantic slope drainage including the 
Pee Dee, Savannah and Santee Rivers, as well as the French 
Broad in the Tennessee River basin and the New River in the 
upper Ohio River basin. Within Clade A, mean uncorrected 
p-distance was 2.17% (0.00%–3.63%).

Clade B includes representatives of C. funduloides found 
outside of the Atlantic slope and Ohio River drainages, as 
well as multiple individuals of C. elongatus sequenced in this 
study from the middle Ohio River basin of Kentucky and oth-
ers downloaded from GenBank originally collected from the 
Upper Mississippi River basin in Wisconsin. Three distinct 
subclades were recovered. The first subclade represents indi-
viduals found within the Hiwassee River from North Carolina 
and Georgia. This subclade is recovered as monophyletic 
with a BPP = 100 and is sister to the remaining subclades 
within Clade B. Average uncorrected sequence divergence 
between the Hiwassee subclade and remainder of Clade B 
is high 4.58% (0.00%–5.68%). The second subclade includes 
individuals found within the Little Tennessee River system. 
The clade is recovered as an unresolved polytomy, but mono-
phyletic with a BPP = 100 and sister to the remaining por-
tion of the clade. Divergence between the Little Tennessee 
subclade and the Hiwassee subclade is high 4.30% (0.00%–
5.68%). The final subclade represents specimens of C. fun-
duloides from the Tennessee and Cumberland Rivers and a 
monophyletic clade of C. elongatus. High genetic divergence 
is recovered within this subclade 2.87%. Uncorrected p-dis-
tance values between mtDNA clades and outgroup taxon R. 
balteatus averaged 5.75% (Table 1).

http://popart.otago.ac.nz
http://popart.otago.ac.nz
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F I G U R E  2   Fifty per cent majority rule 
consensus tree from Bayesian inference of 
the mitochondrial gene cytb. Nodes labelled 
with an asterisk (*) indicate posterior 
probabilities > 95%. Tips are labelled with 
numbers corresponding to Table S1 [Colour 
figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
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3.3  |  Phylogenetic analysis (nDNA) 
concatenated

Phylogenetic analysis of the nuclear concatenated S7-1 
and GH-IV data set recovered two major clades (Figure 3). 
Several of the nuclear clades were similar to those recov-
ered in the mitochondrial cytb data set, but there are differ-
ences. Clade C includes an unresolved subclade inclusive 
of individuals from the Atlantic slope, upper Tennessee and 
Ohio River basins. This subclade is sister to C. elongatus, 
resulting in a paraphyletic C. funduloides. Clade D recov-
ered three subclades similar to the cytb data set. A mono-
phyletic Hiwassee River clade BPP  =  99, a monophyletic 
Little Tennessee River clade BPP = 100, and a monophyletic 
Tennessee–Cumberland River clade BPP  =  97, which was 
recovered as paraphyletic in the mitochondrial cytb dataset. 
In addition, the Hiwassee River clade is recovered as sister 
to the Little Tennessee River clade. Overall, the relation-
ships recovered with the nuclear data set are similar to the 
mitochondrial dataset with the exception of the placement of 
sister taxon, C. elongatus and the interspecific relationships.

Uncorrected p-distance values between nDNA clades and 
outgroup taxon R. balteatus averaged 1.93% (0.00%–3.86%) 
(Table 1).

3.4  |  Haplotype networks

Haplotype network using the TCS 95% cut-off criterion for 
cytb data were separated by 15 mutational steps. A total of 
48 unique haplotypes were recovered for 97 individuals, in-
clusive of C. elongatus and separated into nine distinct net-
works (Figure 4). Networks A-H represent sequences of C. 
funduloides and network I represents sequences of C. elon-
gatus. Network A recovered six haplotypes representing in-
dividuals from the upper Atlantic slope and upper Ohio River 
drainages. One haplotype was shared between two localities 
draining into the Ohio River, Tygarts Creek and Green River. 
Network B recovered 10 haplotypes representing individuals 

from the mid-Atlantic slope drainage. Network C recovered 
11 haplotypes representing the lower Atlantic slope drainage. 
Two haplotypes were shared between the Pee Dee and Santee 
Rivers and the Pee Dee and New Rivers. Network D recov-
ered five haplotypes from the Hiwassee River. Network E 
recovered four haplotypes from the Little Tennessee River 
with one haplotype shared among all four sampled localities. 
Haplotype F recovered two haplotypes from the Tennessee 
River tributary, Shoal Creek. Haplotype G recovered one 
haplotype from the Cumberland River tributary, Wells 
Creek. Haplotype H recovered four haplotypes sequences 
representing the Tennessee and Cumberland Rivers with two 
haplotypes shared between Duck River and Caney Fork and 
McMahan and Dry Creeks. The final haplotype I recovered 
five haplotypes of C. elongatus with one haplotype shared 
between the Red and Licking Rivers in Kentucky.

4  |   DISCUSSION

The subspecies concept has long been a contentious 
and heavily scrutinized taxonomic category (Wilson & 
Brown, 1953), but, despite this, has regularly been applied 
in a variety of different organismal groups. In recent years, 
however, utilization of trinomials has fallen out of favour 
in many groups as many researchers view this concept as 
antiquated and philosophically inaccurate. Many have ar-
gued that species, rather than subspecies, represent the true 
unit of biodiversity (Frost & Hillis, 1990; Zink, 2004). At 
the time of the original morphological review of C. fundu-
loides, the biological species concept (sensu Mayr, 1942) 
was the predominant concept that guided researcher's 
taxonomic decisions and lead to the recognition of sub-
species, particularly in areas of perceived intergradation, 
such as the Little Tennessee, Savannah and Hiwassee 
Rivers, in the case of C. funduloides. Incorporation of al-
ternative species concepts (i.e. evolutionary species con-
cept), as well as the inclusion of additional data sources, 
such as mtDNA and nDNA sequences, has resulted in 

T A B L E  1   Uncorrected p-distance values calculated in MEGA. Values below the diagonal represent mitochondrial cytb distances

Atlantic Slope 
Ohio River Hiwassee

Little 
Tennessee

Tennessee–
Cumberland C.elongatus Outgroup

Atlantic Slope 
Ohio River

0.0276 (2.76%) 0.0234 (2.34%) 0.0258 (2.58%) 0.0270 (2.70%) 0.0332 (3.32%)

Hiwassee 0.0811 (8.11%) 0.0092 (0.92%) 0.0117 (1.17%) 0.0270 (2.70%) 0.0330 (3.30%)

Little Tennessee 0.0837 (8.37%) 0.0434 (4.34%) 0.0075 (0.75%) 0.0228 (2.28%) 0.0288 (2.88%)

Tennessee–
Cumberland

0.0842 (8.42%) 0.0416 (4.16%) 0.0350 (3.50%) 0.0253 (2.53%) 0.0313 (3.13%)

C. elongatus 0.0853 (8.53%) 0.0537 (5.37%) 0.0520 (5.20%) 0.0456 (4.56%) 0.0361 (3.61%)

Outgroup 0.0992 (9.92%) 0.0885 (8.85%) 0.0926 (9.26%) 0.0943 (9.43%) 0.0923 (9.23%)

Note: Values above the diagonal represent nuclear concatenated S7-1 and GH-IV distances.
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different interpretations as to the taxonomic status of sub-
species in many different groups (Hayes & Piller,  2018; 
Kraczkowski & Chernoff, 2014; Martin et al., 2013; Piller 
& Bart, 2017).

In the case of C. funduloides, the taxonomic status of 
many of the populations has been in flux. This is due, in 

part, to its disjunct distribution across eastern North America 
and the known morphological variation within this species 
(Deubler,  1955). This includes the recognition of two sub-
species (C. f. funduloides and C. f. estor) (Deubler, 1955), as 
well as the recognition of additional undescribed forms (i.e. 
Smoky Dace) (Jelks et al., 2008; Warren et al., 2000). Prior to 

F I G U R E  3   Fifty per cent majority rule consensus tree from Bayesian inference of the nuclear concatenated genes S7-1 and GH-IV. Nodes 
labelled with an asterisk (*) indicate posterior probabilities > 95%. Tips are labelled with numbers corresponding to Table S1 [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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this study, no study has quantified molecular variation across 
the range of C. funduloides.

4.1  |  Mitochondrial DNA

Phylogenetic analysis of cytb (mtDNA) recovered two major 
clades of Clinostomus. Clade A included individuals found 
within the Atlantic slope, Ohio River and upper Tennessee 
River basins, and there was strong support for this clade. 
Interclade relationships, however, were weakly supported 
and relatively unresolved. The populations within Clade A 
mostly agree with Deubler (1955) with the exception of the 
Savannah River population. Deubler (1955) identified this 

population an intergrade between C. f. funduloides and the 
Little Tennessee River population of C. funduloides. As a 
result, these populations were not assigned to any particular 
subspecies. In this present study, the Savannah River sam-
ples grouped with the Atlantic slope, upper Tennessee and 
Ohio River clade (Clade A) rather than the Little Tennessee 
samples (Clade B) as proposed by Deubler (1955). Our data 
demonstrate that both populations possess unique haplotypes 
and are 8.11% divergent from one another. A close relation-
ship between the Atlantic slope and Ohio River has been 
documented for many other aquatic species: Etheostoma 
caeruleum (Esmond & Stauffer, 1983), Notropis rubellus 
(Berendzen, Olson, & Barron, 2009) and the genus Nocomis 
(Nagle & Simons, 2012).

F I G U R E  4   TCS haplotype networks of the mitochondrial gene cytb. Circle size is proportional to the number of samples within a given 
haplotype and number between haplotypes represent mutational steps between. Colours represent specific localities. Haplotype networks A-H represent 
Clinostomus funduloides and haplotype network I represents Clinostomus elongatus [Colour figure can be viewed at wileyonlinelibrary.com]
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The second major clade recovered with the cytb data 
set, Clade B, contained individuals of C. funduloides from 
outside of the Atlantic slope and Ohio River ranges as well 
as its sister taxon, C. elongatus. A subclade representing 
individuals from the Hiwassee River is recovered as mono-
phyletic. Deubler (1955) suggested that the Hiwassee River 
population represented an intermediate form between C. f. 
estor and a diagnosed, but undescribed subspecies from the 
Little Tennessee River. Our results, however, suggest that the 
Hiwassee River population is its own independent lineage. 
This population is monophyletic and genetically divergent, 
more than 4% (uncorrected p-distance) on average, from 
the other subclades within clade B. The uniqueness of this 
lineage is further supported by the existence of its own un-
connected haplotype network and the possession of unique 
haplotypes.

A second unique, monophyletic subclade, the Little 
Tennessee River subclade within Clade B, was recovered. 
Resolution within it was poor, suggesting little genetic diver-
sity within the group. The haplotype analysis recovered four 
haplotypes with a single common haplotype and three single-
ton haplotypes. Furthermore, the Little Tennessee River sub-
clade is genetically divergent (>3.5% on average) from other 
subclades within Clade B. The genetic distinctiveness of the 
subclade also is not surprising, as this river system possesses 
a suite of unique and endemic freshwater fishes. This sub-
clade corresponds to the undescribed subspecies identified 
by Deubler (1955).

Finally, the most striking result is the close relationship of 
the Tennessee–Cumberland River subclade of C. funduloides 
and C. elongatus. This relationship has not previously been 
recovered or suggested, as most other phylogenetic studies 
failed to include the diversity of Clinostomus samples as 
in this present study (Bufalino & Mayden,  2010; Houston 
et al., 2010; Schonhuth et al., 2012). Morphologically, there 
has been little question in regard to the taxonomic identity of 
the two species of Clinostomus. Both species are easily iden-
tifiable, as C. elongatus differs from C. funduloides in mouth 
size, snout shape, lateral line scale counts and many other 
characters (Page & Burr, 2011). The recovered topology ren-
ders C. funduloides as paraphyletic. Several of our samples of 
C. elongatus (27A-34A) were collected near populations of C. 
funduloides from Kentucky. However, inclusion of additional 
samples from GenBank (GU182773.1, 182776.1, 182820.1 
and 182822.1), from Wisconsin, resulted in the recovery of 
the same topology and paraphyly for C. funduloides.

The TCS haplotype networks for cytb support similar 
groupings as the phylogenetic analysis. Twenty-seven hap-
lotypes were present within the Atlantic slope–Ohio River in 
three disconnected networks. Within the network, three hap-
lotypes were shared among, suggesting that these river sys-
tems are experiencing gene flow across the geographic extent 
of the clade. Five unique haplotypes were found within the 

Hiwassee River system. Four unique haplotypes were found 
within the Little Tennessee, and six haplotypes were present 
within the Tennessee–Cumberland River clade in three dis-
connected networks.

4.2  |  Nuclear DNA

The nDNA concatenated data set of S7-1 and GH-IV also 
revealed two major clades (Clade C and Clade D, Figure 3). 
Clade C recovered a strongly supported clade of Atlantic 
slope, Ohio and Upper Tennessee River populations that cor-
respond to C. f. funduloides. Like the mtDNA, the Savannah 
River and upper Tennessee River populations were recov-
ered within a larger Atlantic slope, Ohio River and upper 
Tennessee River clade. In addition, samples of C. elongatus 
were recovered as sister to a group of individuals of C. fun-
duloides from the Atlantic slope, Ohio and Upper Tennessee 
Rivers, and this differs from results of the mtDNA analysis, 
which grouped C. elongatus with the Tennessee–Cumberland 
River clade.

Clade D recovered relationships similar to the mtDNA 
data set; however, the Tennessee and Cumberland Rivers 
clade is recovered as monophyletic, with strong support. 
This suggests that C. f. estor represents a distinctive lin-
eage that may warrant species-level taxonomic status. 
Furthermore, the Hiwassee and Little Tennessee River 
clades are each recovered as monophyletic. Other studies 
have identified unique aquatic lineages of other species 
from the Hiwassee River (Cooper,  2006; Hobbs,  1981), 
Little Tennessee River (Blanton & Jenkins, 2008; Dinkins 
& Shute,  1996) or both (Piller, Bart, & Hurley,  2008). 
The recovery of distinctive Hiwassee and Little Tennessee 
River clades also indicates that these lineages are in need 
of additional morphological examination, as they likely are 
specifically distinct.

4.3  |  Mitochondrial and nuclear DNA 
discordance

Discordance among topologies generated from mtDNA and 
nDNA markers is not an uncommon phenomenon (Bossu & 
Near, 2009; Sota & Vogler, 2001; Toews & Brelsford, 2012). 
These markers typically have different rates of molecular 
evolution and effective population sizes, both of which can 
impact the recovered topologies (Ballard & Whitlock, 2004). 
This is particularly true for recently diverged groups, such 
as Clinostomus, in which the two currently recognized spe-
cies, C. elongatus and C. funduloides, are estimated to have 
diverged approximately 2.6 mya (Houston et  al.,  2010). 
Despite the discordance, the same general lineages were re-
covered with both data sets.
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5  |   CONCLUSION

Using multiple loci, the phylogeographic relationships 
among the populations of Clinostomus were inferred. Results 
based on mtDNA and nDNA sequences indicate that there is 
a greater amount of species-level diversity within the genus 
than is currently recognized. The taxonomic history of a 
group of organisms should be reflective of its evolutionary 
history (Wiley, 1981), and the results from this study suggest 
that a taxonomic revision of Clinostomus is needed. Based on 
meristics, proportional measurements and pigmentation dif-
ferences, Deubler (1955) noted that C. funduloides consists 
of three geographic subspecies and intergrades zones. The 
molecular data generated in this study generally support the 
taxonomic groups recognized by Deubler (1955); however, it 
also supports the existence of additional distinctive lineages. 
The identification of distinctive molecular lineages, in the 
Tennessee–Cumberland, Atlantic slope–upper Tennessee–
Ohio Rivers, Hiwassee River and Little Tennessee River and 
the general concordance of independent genomes provides 
additional support for a taxonomic revision. Furthermore, 
both mtDNA and nDNA data sets recover C. funduloides as 
paraphyletic and in both cases, C. elongatus is more closely 
related to a subclade of C. funduloides rather than the C. fun-
duloides subclades are to each other, although the position of 
C. elongatus differs between mtDNA and nDNA data sets. 
We refrain from proposing new names and resolving the tax-
onomy of Clinostomus as future work should utilize the phy-
logenetic hypotheses generated in the study as an historical 
template to re-examine the morphological variation within 
Clinostomus and diagnose and re-diagnose the taxa within 
this interesting and diverse clade of leuciscid fishes.
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