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inferred from ND4 and ND4L nucleotide sequences
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In phylogenetic analyses, conducted on the ND4L gene and part of the ND4 gene from species
of the genus Pimephales, maximum parsimony yielded four trees, with the strict consensus
providing no resolution of relationships among species. Maximum likelihood and minimum
evolution methods yielded identical tree topologies, which diﬀered from previous hypotheses of
relationships for these species. If this topology is correct, it implies independent evolution of
morphological characters, possibly associated with convergent trophic specialization.
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The North American cyprinid genus Pimephales is comprised of four extant species: P.
notatus (Rafinesque), P. promelas (Rafinesque), P. tenellus (Girard) and P. vigilax (Baird
& Girard). Three of these (P. notatus, P. promelas and P. vigilax) are widespread,
occupying a variety of habitats in drainages east of the Rocky Mountains. The fourth
species, P. tenellus, is restricted to highlands in Missouri, Kansas, Oklahoma and
Arkansas, preferring sand and gravel bottomed streams and small rivers. Species of
Pimephales are small (30–100 mm total length, LT), round bodied, and typically inhabit
demersal freshwater habitats. The females lay a single layer of eggs on the undersides of
rocks, and males develop three rows of prominent breeding tubercles on the snout and
participate in post-fertilization egg-guarding (Mayden, 1987; Johnston, 1999).
Monophyly of the four species of Pimephales is supported by morphological (Mayden,
1987; Coburn & Cavender, 1992) and chromosomal (Li & Gold, 1991) characters;
relationships among the four species, however, are not well resolved. Mayden (1987)
conducted a small-scale cladistic analysis of morphological characters and suggested that
P. tenellus was sister to P. vigilax and that P. notatus was sister to P. promelas. Based on
analysis of variation in chromosomal nucleolar organizer regions (NORs), Li & Gold
(1991) hypothesized that P. notatus was sister to P. vigilax. Li & Gold (1991) could not
infer relationships of P. promelas and P. tenellus, as both species possessed the
hypothesized primitive NOR character state. Schmidt et al. (1994) attempted to
resolve this conflict by analysing restriction site variation of mitochondrial (mt)DNA.
Unfortunately, results of their analysis were sensitive to analytical method; a topology
based on Dollo parsimony suggested the same relationships as previously inferred from
morphology (Mayden, 1987), whereas a topology based upon a distance method
indicated the novel set of relationships (P. promelas, (P. notatus, (P. tenellus, P. vigilax)))
(Schmidt et al., 1994). As bootstrap support was not strong for either hypothesis of
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T I. Collection localities and drainages of species
Species

Pimephales notatus
P. notatus
P. promelas
P. promelas
P. tenellus
P. tenellus
P. vigilax vigilax
P. v. perspicuus
Opsopoeodus emiliae

Collection localitya

State

Drainage
(river)

Middle Creek
Saline River
South Platt River
Tributary of Rouge River
Neosho River
Salt Creek
Brazos River
Embarras River
Navasota River

Kansas
Michigan
Nebraska
Michigan
Kansas
Oklahoma
Texas
Illinois
Texas

Missouri
Raisin
Platte
Rouge
Neosho
Arkansas
Brazos
Wabash
Brazos

a
Where required, all collections were made under valid scientific collecting
permits.

relationships, Schmidt et al. (1994) concluded that none of the hypotheses previously
proposed could be disregarded unequivocally.
In this study, a new dataset was analysed comprised of protein-coding mtDNA
sequences. ND4–ND4L sequences were acquired from nine individuals of Pimephales
and one individual of Opsopoeodus emiliae (Hay); the latter served as outgroup in
phylogenetic analysis (Cavender & Coburn, 1986; Coburn & Cavender, 1992). Collection
localities are given in Table I. For each specimen, a 500-bp DNA fragment that included
the complete ND4L gene (297 bp) and 210 base pairs of the adjacent ND4 gene
(ND4–ND4L fragment) was sequenced. Sequences of ND4 and ND4L do not sum to
507 because reading frames of these two genes overlap by seven base pairs. Procedures
for DNA extraction, PCR amplification and DNA sequencing followed those in Schmidt
et al. (1998). PCR amplifications and sequencing reactions employed the universal
primer NAP2 (Hogan et al., 1997) and primers ARGBL (5 -CAAGACCCTTGATTTC
GGCTCA-3 ), ND4LB (5 -CAAAACCTTAATCTYCTACAATGCT-3 ), and LEUAH
(5 -CAAGAGTTTCAGGCTCCTAAGAACA-3 ). DNA sequences were determined
from a minimum of two independent sequencing-reactions for each primer. GenBank
accession numbers for sequences in this paper are AY102287–AY102306.
Phylogenetic analyses were conducted using maximum parsimony (MP), maximum
likelihood (ML) and minimum evolution (ME), as implemented in PAUP* ver. 4.0b4a
(Swoﬀord, 2000). Tree searches were carried out under MP (unweighted) by using the
branch-and-bound algorithm. Tree searches were carried out under ME and ML by
using TBR branch swapping. ME analysis was based on LogDet (Lockhart et al., 1994)
genetic distances. ML analysis assumed a GTR substitution matrix (Yang, 1994a), in
combination with a discrete Gamma (d) model of among-sites rate variation (Yang,
1994b). This model was selected according to a procedure described in Bielawski & Gold
(2001) that is based on the likelihood ratio test. For all substitution matrices tested, the
d model of among sites rate variation (ASRV) was optimal. The optimal substitution
matrix was sensitive to the assumed model of ASRV, however, under the d model the
GTR matrix was optimal. Model selection was conducted with the tree as a free
parameter, and the same topology was optimal under all models tested. Relative support
for individual nodes of a topology was assessed by non-parametric bootstrapping
(Felsenstein, 1985; Penny & Hendy, 1985). Bootstrap proportions (PB) were based on
1000 (MP and ME) and 100 (ML) pseudoreplications. Under ML, bootstrap analysis
was conducted by specifying substitution parameters estimated from the ML topology as
fixed-model parameters (Kishino et al., 1990). The molecular clock was tested by using
a likelihood ratio test (Yang et al., 1995) and the ML estimate of the topology.
Patterns of sequence variation followed those expected for mtDNA protein-coding
sequences. Sequence divergence was greatest at third codon positions (257·7%;
mean..), followed by first and second codon positions (8·83·2% and 2·81·3%,
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(b)
100

P. promelas NE

P. tenellus KS
100

100 (100)

92 (100) P. notatus KS

P. notatus KS

96 (99)

P. notatus MI

P. v. vigilax TX
P. v. perspicuus IL
O. emilae TX

P. tenellus OK
P. tenellus KS

83 (72)

P. notatus MI
P. notatus OK

P. notatus OK
100

P. promelas MI
P. promelas NE

50 (56)

P. tenellus OK

100

99

98 (100)

P. promelas MI

95
(99)
0.1

P. v. vigilax TX
P. v. perspicuus IL
O. emilae TX

F. 1. Estimates of the Pimephales phylogeny derived from analysis of mitochondrially-encoded
ND4-ND4L sequences. (a) Strict consensus of four equally parsimonious (MP) trees (length=244
steps). Numbers at nodes are bootstrap proportions. (b) Tree topology derived from both
maximum-likelihood (ML) analysis (,= 1728·04) under the GTR substitution matrix (Yang,
1994a) in combination with a discrete Gamma (d) model of among sites rate variation (Yang,
1994b), and minimum-evolution (ME) analysis (tree score=0.4936) of LogDet distances (Lockhart
et al., 1994). Branch lengths are proportional to mean number of nucleotide substitutions per site,
as inferred under the GTR+d model. Numbers at nodes are bootstrap proportions for ML and,
in parentheses, ME. IL, Illinois; KS, Kansas; MI, Michigan; NE, Nebraska; OK, Oklahoma; TX,
Texas.

respectively). Nucleotide sequence variation within Pimephales was predominantly (70%)
at synonymous sites. Average amino acid and nucleotide sequence divergence among
species of Pimephales was 7·52·7% and 11·30·4%, respectively. Although nucleotide
composition exhibited bias typical for mitochondrial genes (unpubl. data), the bias was
homogenous among all sampled lineages: first positions, 2 =1·85, d.f.=27, P>0·05;
second positions, 2 =1·15, d.f.=27, P>0·05; and third positions, 2 =15·24, d.f.=27,
P>0·05. A likelihood ratio test of the molecular clock indicated homogeneity of rates
among lineages (2=11·82, d.f.=8, P>0·05).
There are two subspecies of P. vigilax (Hubbs & Black, 1947): P. v. vigilax, distributed
from the Trinity River in Texas to drainages of the Rio Grande system in Mexico, and P.
v. perspicuus, distributed widely in the Mississippi River basin and in Gulf Slope
drainages of Georgia and Alabama. Interestingly, ND4–ND4L sequence divergence
between these subspecies (7%) was similar to, or greater than, that for several other pairs
of cyprinids recognized as full species (Schmidt et al., 1998; Broughton & Gold, 2000;
Bielawski & Gold, 2001). This finding is consistent with patterns of sequence divergence
inferred from mtDNA restriction site variation (Schmidt et al., 1994), and reinforces the
suggestion (Schmidt et al., 1994) that morphological and ecological variation within P.
vigilax warrants additional examination, as separate species might exist.
Maximum-parsimony analysis generated four equally parsimonious trees (length=244,
CI=0·73, RI=0·72) [Fig. 1(a)]. Although monophyly of each species was strongly
supported, there was no resolution of relationships among species. ML and ME
analyses, alternatively, recovered the same resolved topology, where PB values were
d50% for all internodes [Fig. 1(b)]. Similar to MP analysis, values of PB under ML and
ME indicated strong support for monophyly of each species. The ML–ME topology,
however, diﬀered from previous topologies in suggesting a sister relationship between P.
promelas and P. tenellus, a sister relationship between P. notatus and the P. promelas–P.
tenellus clade, and placement of P. vigilax as the basal lineage within Pimephales.
Strongest support (PB) was for the basal placement of P. vigilax. The ML–ME topology
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diﬀers from that of Mayden (1987) and Schmidt et al. (1994), who placed P. vigilax as
sister to P. tenellus on the basis of morphology and mtDNA restriction-site variation,
respectively; and from that of Li & Gold (1991), who placed P. vigilax as sister to P.
notatus on the basis of a chromosomal NOR character state. Placement of P. promelas
as sister to P. tenellus was not strongly supported (50–56%) by bootstrap analysis of
ND4–ND4L sequences [Fig. 1(b)], and diﬀered from Mayden (1987), who placed P.
promelas as sister to P. notatus, and from Schmidt et al. (1994), who placed P. promelas
as the basal lineage within Pimephales. The low bootstrap support means that alternative
hypotheses of relationships cannot be disqualified. It seems likely that a lack of a
consensus opinion of relationships for species of Pimephales will remain without
collection and anlysis of additional data.
Interestingly, the ML–ME tree implies that the single morphological character (shape
of the pharyngeal pad of the basioccipital) supporting a sister relationship between P.
promelas and P. notatus (Mayden, 1987) either evolved independently in each lineage or
evolved once at the base of the P. notatus–P. tenellus–P promelas clade and then was lost
in P. tenellus. This suggestion is not unwarranted, as this character exhibits homoplasy
in other cyprinids (Mayden, 1989; Coburn & Cavender, 1992; Schmidt, 1994). It is
important to note that this finding for Pimephales depends on resolution of a branch with
bootstrap support of only 50–56% (ML–ME). More remarkable is that the ML–ME
topology also implies that three characters (broad and notched anterior wing of the
hyomandibular, high and broad posterior process on the metapterygoid and flattened
dentary) evolved independently in P. tenellus and P. vigilax. These three skeletal
elements, however, are not independent, as the posterior ascending process of the
metapterygiod articulates with the hyomandibular, and all three elements
(hyomandibular, metapterygiod and dentary) are associated with the adductor
mandibulae, a large muscle coupled with mandibular movement. Again, the pattern
homoplasy for this suite of three characters is dependent on the branch supporting a
sister relationship between P. promelas and P. tenellus (PB =50–56%).
The broad anterior wing of the hyomandibula is associated with a broadened insertion
of muscles required for the lateral movement of the opercula (Coburn, 1982), and lateral
movement of the opercula is an important specialization required by species with
suction-feeding capabilities (Sibbing, 1991; Gerking, 1994). If the ML–ME tree is
correct, replicated patterns of morphological evolution could reflect similar functional
requirements in both P. tenellus and P. vigilax for oral food acquisition and food
processing. Such a situation is not unusual among teleosts, as replicated patterns of
trophic adaptation have led to conflict between morphological an molecular hypotheses
for North American cyprinids (Bielawski & Gold, 2001; J. P. Bielawski & J. R. Gold,
unpubl. data) and other teleost lineages (Martin & Bermingham, 1998; Rüber et al., 1999;
Hanel & Sturmbauer, 2000). Additional nucleotide sequences will be required to better
resolve relationships among species of Pimephales and to determine the extent of
evolutionary plasticity of trophic characters in this genus.
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