
1999, No. 3 COPEIA August 2 

Copeia, 1999(3), pp. 551-564 

Phylogenetic Relationships among Fantail Darters (Percidae: Etheostoma: 
Catonotus): Total Evidence Analysis of Morphological and Molecular 

Data 

JEAN C. PORTERFIELD, LAWRENCE M. PAGE, AND THOMAS J. NEAR 

Results of a phylogenetic analysis of the complete mitochondrial cytochrome b 
gene (1140 base pairs) for all species of Catonotus are presented along with a syn- 
thesis and phylogenetic analysis of published morphological data. The two datasets 
are combined in a total evidence analysis, and results from the molecular, morpho- 
logical, and total evidence datasets are compared with each other and with previ- 
ously published hypotheses. Phylogenetic relationships suggested by morphological 
data are similar to those from previous studies. The cytochrome b and total evidence 
analyses also produced trees that are generally congruent with previous hypotheses. 
The monophyly of the Etheostoma squamiceps group and the monophyly of a clade 
including members of the E. virgatum and E. flabellare groups are well supported. 
However, in contrast to traditional classification, E. barbouri usually clustered with 
the E. flabellare group, and E. percnurum usually clustered with the E. virgatum group. 
Etheostoma percnurum and E. barbouri possess many autapomorphies, and it is pos- 
sible that they share fewer cytochrome b characters with close relatives than they 
share with other species due to homoplasy resulting from accelerated rates of evo- 
lution. Also, in contrast to earlier hypotheses, the molecular and total evidence anal- 
yses suggested that E. squamiceps, E. crossopterum, and E. olivaceum are closely relat- 
ed. An earlier hypothesis based on morphology suggested that E. olivaceum was basal 
to other members of the E. squamiceps group and that E. squamiceps was related to 
E. chienense, E. pseudovulatum, E. oophylax, and E. neopterum. Etheostoma olivaceum 
has been considered basal because it lacks putative synapomorphies of all other 
members of the E. squamiceps group. Although reversals (in E. olivaceum) and con- 
vergence (in E. squamiceps) in character states are possible, a test of the two hy- 
potheses of relationship requires additional data. 

ANTAIL darters have been the subject of sev- 
eral systematic studies since Bailey and Gos- 

line (1955) hypothesized their monophyly and 
placed them in the subgenus Catonotus of Eth- 
eostoma. Kuehne and Small (1971) diagnosed 
the subgenus, which subsequently was modified 
by Braasch and Page (1979) and Page (1981). 
Phylogenetic relationships have been hypothe- 
sized using external morphological characters 
by Braasch and Mayden (1985), Page (1985), 
and Page et al. (1992). Page (1985) analyzed 
behavioral and morphological data on the 10 
described species. Braasch and Mayden (1985) 
analyzed a dataset consisting of 44 external 
morphological and behavioral characters and 
described two additional species. Page et al. 
(1992) used nine external morphological char- 
acters to investigate relationships among the E. 

squamiceps species group, and described five spe- 
cies. Jenkins (Jenkins and Burkhead, 1994) de- 
scribed Etheostoma percnurum, the 18th species to 
be recognized in the subgenus. 

Egg-clustering breeding behavior (Page 
1985) and several forms of egg mimics (Page 
and Swofford, 1984; Knapp and Sargent, 1989; 
Page and Bart, 1989) make species of Catonotus 
one of the most morphologically and behavior- 
ally interesting assemblages of North American 
fishes and a prime target for studying character 
evolution. Most species of Catonotus have small 
ranges in the Eastern Highlands of the south- 
eastern United States; only E. flabellare is widely 
distributed in eastern North America (Braasch 
and Mayden, 1985; Page et al., 1992; Jenkins 
and Burkhead, 1994). 

Although morphological features of Catonotus 
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species have been well studied, they may not 
contain enough phylogenetic information to as- 
sess relationships. Problems include too few 
characters, homoplasy (especially in meristic 
characters), and lack of character indepen- 
dence. When confronted with similar problems 
in other taxa, researchers have turned to mo- 
lecular data for augmentation of morphological 
datasets (e.g., Alves-Gomes et al., 1995; Miya- 
moto, 1996). In general, the analysis of DNA 
sequence data has proven to be an effective tool 
for resolving species-level phylogenies (Hillis et 
al., 1996). 

Combining datasets to estimate phylogenetic 
relationships, that is, using the total evidence 
approach (Kluge, 1989), assumes that the anal- 

ysis of all available data provides the best esti- 
mate of phylogenetic history. One potential 
benefit of this approach is the positive interac- 
tion of datasets that are informative at different 
phylogenetic levels (Hillis, 1987). The com- 
bined analysis of molecular and morphological 
data has been extensively examined, both in re- 
view papers (e.g., Swofford, 1991; Larson, 1994; 
Huelsenbeck et al., 1996) and in empirical stud- 
ies (e.g., Dimmick and Larson, 1996; Poe, 1996; 
Messenger and McGuire, 1998). One popular 
conclusion is that it is advisable to assess the 
congruence of datasets before combining them 
(e.g., Bull et al., 1993). Methods for evaluating 
dataset congruence include calculating incon- 
gruence indices (Mickevich and Farris, 1981; 
Miyamoto in Kluge, 1989), testing for statistical- 
ly significant differences between tree lengths 
(e.g., Templeton, 1983), and performing parti- 
tion-homogeneity tests (Farris et al., 1995). 

We present the results of a phylogenetic anal- 
ysis of the complete mitochondrial cytochrome 
b gene for all species of Catonotus and a synthesis 
and phylogenetic analysis of available morpho- 
logical data. The two datasets are combined in 
a total evidence analysis, and results from the 
molecular, morphological, and total evidence 
datasets are compared with each other and with 
previously published hypotheses. 

MATERIALS AND METHODS 

Species examined.-The 18 species of Catonotus 
are placed in three species groups (Page, 1985): 
the E. flabellare group (fantails), the E. virgatum 
group (barcheeks), and the E. squamiceps group 
(spottails). The E. flabellare group includes the 
widespread and variable nominal species, E. ken- 
nicotti, and E. percnurum. The E. virgatum group 
is characterized by a distinct pigment bar on the 
cheek and contains five species: E. barbouri, E. 
obeyense, E. smithi, E. striatulum, and E. virgatum. 

TABLE 1. SEQUENCES FOR PRIMERS USED IN PCR AM- 
PLIFICATION AND SEQUENCING. All primers were de- 

signed by the authors. 

Primer Sequence (5' to 3') 

GLU GAC TTG AAG AAC CAC CGT TG 
307F TAY TAY GGM TCY TAY CTY TAY A 
658F TTY CAY CCY TAY TTY TCY TA 
401R CAG GGG AGN ACA TAV CCW AC 
683R TCY TTR TAG GAG AAG TAN GGG TG 
768R ACH ARD GGR TTD GCD GGG GT 
THR TCC GAC ATT CGG TTT ACA AG 

The largest species group is the E. squamiceps 
group with 10 species: E. chienense, E. corona, E. 
crossopterum, E. forbesi, E. nigripinne, E. neopterum, 
E. olivaceum, E. oophylax, E. pseudovulatum, and 
E. squamiceps. 

DNA sequences were obtained for the com- 
plete mitochondrial cytochrome b gene (1140 
base pairs) for 16 species of Catonotus and one 
outgroup taxon, E. parvipinne. Sequences for 
two other Catonotus species, E. flabellare and E. 
kennicotti, and for 18 outgroup taxa were taken 
from Song et al. (1998). 

DNA sequence data.-Total DNA was isolated 
from frozen or ethanol-preserved muscle tissue 
using standard proteinase-K digestion and phe- 
nol-chloroform extraction methods. Primers 
GLU and THR were used for double-stranded 
polymerase chain reaction (PCR) amplification 
with the following conditions: 3-min denatur- 
ation at 94 C, 30 cycles of denaturation (94 C, 
30 sec), annealing (55 C, 45 sec), and extension 
(72 C, 90 sec) with a 4-min extension after the 
last cycle. Two species were amplified with a 50 
C annealing temperature (E. barbouri, E. perc- 
nurum). The PCR products were isolated with 
the Wizard Prep kit (Promega Corp.) or with 
ultrafiltration in a polysurfone tube (Millipore 
Corp.). The fragments were ligated into pGEM- 
T vector plasmids (Promega Corp.), and the 
plasmids were transformed into DH5-alpha- 
Escherichia coli. Plasmids from positive colonies 
were isolated with alkaline lysis using the 
PerfectPrep kit (5 Prime-3 Prime, Inc.) and 
used as template in sequencing reactions. 

Cycle sequencing was conducted with one of 
the following kits: Delta-Taq Cycle Sequencing 
(Amersham), Amplicycle Sequencing (Perkin- 
Elmer), Thermosequenase Cycle Sequencing 
(Amersham). Internal primers were designed 
from alignments of sequences obtained with the 
PCR primers (Table 1). Forward and reverse 
strands were sequenced from different clones, 
and ambiguities were resolved by sequencing a 
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third clone. Sequencing products were electro- 
phoresed on two 6% polyacrylamide/8.3M urea 
gels (SequaGel Sequencing System, National Di- 
agnostics), and the sequences were visualized 
with autoradiography. Portions of the cyto- 
chrome b gene for some species were se- 
quenced by the University of Illinois Center for 
Biotechnology Genetic Engineering Facility, 
where cloned plasmids were used as template in 
fluorescent dye terminator sequencing reac- 
tions with Amplitaq FS kit (Perkin-Elmer). Se- 
quences were determined with an ABI 373 Au- 
tomated Sequencer and read from chromato- 
grams. Consensus sequences were obtained with 
Sequencher (Gene Codes, Ann Arbor, MI) and 
aligned with Clustal V (Higgins et al., 1992). 

Molecular phylogenetic analyses.-Pairwise se- 
quence divergences, transition and transversion 
ratios, and percent nucleotide composition 
were calculated to examine patterns of variation 
in cytochrome b for the 18 species of Catonotus. 
Saturation was investigated through plots of po- 
sitional substitutions against sequence diver- 
gences (e.g., Lydeard and Roe, 1997). 

Phylogenetic trees were obtained with PAUP* 
(vers. 4.0.0d64, D. L. Swofford, 1998, unpubl.) 
under maximum-parsimony and maximum-like- 
lihood criteria. All parsimony analyses em- 
ployed a heuristic algorithm with tree-bisection- 
reconnection branch-swapping and the MUL- 
PARS (save all optimal trees) option in effect, 
and starting trees were obtained with 100 rep- 
licates of random stepwise addition. The gL-sta- 
tistic (Hillis and Huelsenbeck, 1992) was calcu- 
lated by generating 10,000 random trees and 
comparing their lengths. The robustness of in- 
ferred nodes was assessed with a bootstrap anal- 
ysis (2000 replicates) and a decay analysis (Bre- 
mer, 1988). Maximum-likelihood analysis in- 
voked the following options: assumed nucleo- 
tide frequencies estimated from the data, 
number of substitution types set at two, and 
rates assumed to follow a gamma distribution 
with the alpha shape parameter and proportion 
of invariable sites estimated with maximum like- 
lihood. The HKY85 model (Hasegawa, et al., 
1985) with rate heterogeneity was used, with the 
transition:transversion ratio estimated with max- 
imum likelihood and starting branch lengths 
obtained using the Rogers-Swofford approxi- 
mation. Heuristic searches were used to find the 
topology with the best likelihood score using 
tree bisection-reconnection (TBR) with steepest 
descent option and 20 random additions. Boot- 
strap analysis of the maximum likelihood topol- 
ogy employed 200 replicates. Parsimony analysis 
was executed on two datasets with differing tax- 

onomic sampling. The first (37 species) includ- 
ed the 18 Catonotus species plus 19 other percids 
(Song et al., 1998). The second (20 species) in- 
cluded all species of Catonotus, E. podostemone 
and E. vitreum. Etheostoma podostemone and E. vi- 
treum were included as outgroups because they 
were found in the analysis of all 37 percids to 
be most closely related to Catonotus. Maximum- 
likelihood analysis was executed using this sec- 
ond dataset. 

To assess whether trees obtained with differ- 
ent optimization criteria differed statistically 
from each other, reciprocal comparisons of tree 
scores were made using both a pairwise parsi- 
mony method modified from the Templeton 
(1983) test (M-T) and the Kishino and Hase- 
gawa (1989) test (K-H test) as implemented in 
PAUP*. Using the M-T test, trees were com- 
pared by testing for significantly longer tree 
lengths; this test calculates the difference in 
length between two trees and tests whether it is 
significantly different from zero based on the 
number of informative sites. K-H tests were uti- 
lized in comparing alternative hypotheses un- 
der maximum likelihood optimality criteria. 
The following alternative topologies were ex- 
amined: parsimony cytochrome b tree, morpho- 
logical tree (synonymous with trees in Page 
(1985) and Page et al. (1992)), Braasch and 
Mayden (1985) morphological tree, and the 
maximum-likelihood DNA tree. Some topolo- 
gies recovered in total evidence analyses were 
not compared to maximum-parsimony and 
maximum-likelihood trees because of differenc- 
es in taxonomic composition of the analyses. 

Morphological data and analyses.-All morpholog- 
ical characters (and one behavioral character) 
presented by Page (1985), Braasch and Mayden 
(1985), and Page et al. (1992) were reassessed 
and coded for the 18 species of Catonotus and 
for the outgroup taxa, E. podostemone and E. vi- 
treum. Etheostoma podostemone and E. vitreum were 
used as outgroups so comparisons could be 
made with results of the molecular analyses. 
Outgroup taxa were selected based on the re- 
sults of molecular analyses. Characters such as 
meristic counts that are highly variable intraspe- 
cifically were excluded. The resulting dataset in- 
cluded 19 morphological characters and one 
behavioral character (Table 2, Appendix). All 
multistate characters except numbers 14 and 16 
were ordered; justification for these assump- 
tions of character evolution were presented in 
Page et al. (1992). The characters were analyzed 
with maximum parsimony criteria using the 
branch-and-bound algorithm in PAUP*. The ro- 
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TABLE 2. DATA MATRix OF 20 MORPHOLOGICAL CHARACTERS USED FOR PHYLOGENETIc ANALYSIS OF CatonotUS SPECIES. Character descriptions are presented in the Appendix. 

1 1 1 1 1 1 1 1 1 1 2 
Character 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 

E. parvipinne 
E. podostemone 
E. vitreum 
E. olivaceum 
E. nigripinne 
E. corona 
E. forbesi 
E. crossopterum 
E. squamiceps 
E. chienense 
E. pseudovulatum 
E. neopterum 
E. oophylax 
E. flabellare 
E. kennicotti 
E. percnurum 
E. obeyense 
E. virgatum 
E. striatulum 
E. barbouri 
E. smithi 

0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0 
0 
0 

1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 1 
1 1 
1 1 
1 1 
1 1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 

0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 1 
0 0 1 
0 0 1 
0 0 1 
0 1 0 
0 1 0 
0 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 

0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
2 
3 
1 
1 
I 
1 
1 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 1 
0 1 0 2 
0 1 0 2 
0 1 0 2 
0 1 0 1 
0 1 1 1 
1 2 1 3 
2 2 1 3 
2 2 1 4 
2 2 1 4 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 1 0 0 
0 2 1 0 
0 2 1 0 
0 2 1 0 
0 2 1 0 
1 2 1 0 
1 2 0 0 
2 2 1 0 
2 2 0 0 
2 2 0 0 
0 2 2 0 
0 2 2 0 
0 2 2 0 
0 0 2 0 
0 0 2 0 
0 0 2 1 
0 0 2 1 
0 0 2 1 

0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
3 
3 
3 

0 
0 
0 
1 
1 

I 0 
1 'I 

1 ~ r 

I z 
1 9 
2 > 
2 
2 
2 
2 
2 
2 
2 
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TABLE 3. DESCRIPTIVE STATISTICS (MEAN ? STANDARD ERROR) FOR A COMPLETE CYTOCHROME B DATASET OF 18 
INGROUP TAXA. 

First position Second position Third position All positions 
(380 base pairs) (380 base pairs) (380 base pairs) (1140base pairs) 

Uncorrected pairwise sequence 4.6 + 0.2 % 1.4 ? 0.1 % 36.7 ? 0.7 % 14.2 ? 0.3 % 
divergence 

Number of transitions 14.1 ? 0.53 4.0 ? 0.25 105.8 ? 1.84 123.9 ? 2.30 
Number of transversions 3.2 + 0.19 1.4 ? 0.10 33.8 ? 0.92 18.4 ? 1.04 
TS:TV ratio 5.3 ? 0.28 2.6 ? 0.17 3.6 ? 0.14 3.7 ? 0.17 
Number of variable positions 69 31 341 441 
Number of informative posi- 34 8 295 337 

tions 

bustness of the resulting trees was assessed with 
bootstrap and decay analyses. 

Total evidence analyses.-Two methods were used 
to assess congruence between the cytochrome b 
and the morphological datasets. First, the par- 
tition-homogeneity test (Farris et al., 1995), 
conducted with PAUP*, tests the null hypothesis 
that the sum of the lengths of the trees obtained 
from separate analyses does not differ from the 
sum of the lengths of the trees obtained from 
random partitions of the same data. The dataset 
included 361 variable, nonautapomorphic mo- 
lecular characters and the 20 morphological/ 
behavioral characters, and the test involved 100 
replicates. Second, M-T and K-H tests were used 
to compare tree lengths between topologies ob- 
tained from separate analysis of molecular and 
morphological data (see above). 

A dataset including the species of Catonotus 
(except E. neopterum because evidence suggest- 
ed that the sequence data for that species rep- 
resented introgressed mtDNA; see below) and 
up to three outgroups (E. podostemone, E. vi- 
treum, and E. parvipinne) was used in total evi- 
dence analyses of 361 informative molecular 
(337 characters informative about ingroup re- 
lationships and 24 characters only supporting 
the monophyly of the subgenus) and 20 mor- 
phological characters. The maximum parsimo- 
ny analysis used a heuristic algorithm with tree- 
bisection-reconnection branch-swapping and 
the MULPARS (save all optimal trees) option in 
effect, and starting trees were obtained with 100 
replicates of random stepwise addition. Branch 
support was assessed with bootstrap (2000 rep- 
licates) and decay analysis. Consistency indices 
were calculated for the morphological characters 
and for each codon position in cytochrome b. 

Although no trees are presented from data- 
sets with characters of unequal weight, some anal- 
yses were conducted with weighted morpholog- 
ical characters to determine at what weights re- 

lationships supported by morphological data 
alone were obtained over relationships support- 
ed by molecular data. These analyses were con- 
ducted as above, except branch support was as- 
sessed with only 100 bootstrap replicates due to 
the large number of analyses performed. 

RESULTS AND DISCUSSION 

Cytochrome b.-Of 1140 base positions in the cy- 
tochrome b gene, 337 were phylogenetically in- 
formative about relationships among Catonotus 
species. For these 18 species, uncorrected pair- 
wise sequence divergences ranged from 2.4- 
19.8% (mean = 14.2%), and most of the sub- 
stitutions (77% of the 441 variable sites) oc- 
curred at the third codon position (Table 3). 
Transitions outnumbered transversions at all 
positions, and the overall transition:transversion 
ratio calculated from pairwise comparisons was 
about 3.7 (Table 3). 

Plots of the numbers of transitions and trans- 
versions against genetic distance provided no 
strong evidence of saturation (Fig. 1). At the 
first and third codon positions, both transitions 
and transversions increased linearly relative to 
sequence divergence. At the second codon po- 
sition, an increase was also seen although it is 
based on a small number of total substitutions. 
Lydeard and Roe (1997) noted similar substi- 
tution patterns using a cytochrome b dataset 
composed of 31 actinopterygian and six out- 
group taxa. 

Examination of the amino acid sequences for 
all Catonotus species found no stop codons in 
the cytochrome b gene. Of the 380 amino acid 
positions in cytochrome b, 66 were variable, and 
43 of these were autapomorphies; most of the 
substitutions in this dataset resulted in silent 
(synonymous) changes. All of the Catonotus spe- 
cies exhibited a relatively low proportion of gua- 
nine, as is typical of cytochrome b (Lydeard and 
Roe, 1997). Means of the base frequencies for 
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the 18 species were as follows: guanine, 0.170; 
adenine, 0.226; thymine, 0.297; cytosine, 0.307. 
A chi-square test of homogeneity of base fre- 

quencies among species showed no significant 
differences (X2 = 16.57, df = 51, P = 1.0). 

Molecular phylogenetic analyses.-Both datasets 
(37 and 20 species) analyzed under maximum 

parsimony criteria resulted in distributions of 
random trees that were significantly left-skewed 
(g, of -0.56 and -0.70, respectively), indicating 
that the datasets contained phylogenetic struc- 
ture (Hillis and Huelsenbeck, 1992). Each da- 
taset resulted in two most parsimonious trees; 
the strict consensus trees are shown in Figures 
2-3. Relationships among species of Catonotus 
were identical in both consensus trees except 
for the position of E. barbouri. Bootstrap and de- 
cay values showed strong support for many of 
the nodes. 

The tree resulting from the maximum-likeli- 
hood analysis (Fig. 4; -In = 7202.22) of the 20- 
species dataset was recovered after estimating 
the gamma shape parameter (1.16), transition: 
transversion ratio (6.47), and the proportion of 
invariable sites (0.51). The ingroup relation- 
ships were identical to those obtained with par- 
simony analysis except that E. virgatum paired 
with E. striatulum + E. smithi rather than with E. 
obeyense. Comparison of tree lengths of the dif- 
ferent topologies obtained from the cyto- 
chrome b dataset using maximum parsimony 
and maximum-likelihood optimality criteria 
showed no significant differences among topol- 
ogies (Table 4). 

This dataset supported a monophyletic Caton- 
otus (Fig. 2), although monophyly is not strong- 
ly supported by a high bootstrap value. The 
monophyly of the E. squamiceps group (E. chi- 
enense to E. squamiceps in Figs. 2-4) is well sup- 
ported, as is the monophyly of a clade including 
members of the E. virgatum and E. flabellare 
groups (all other Catonotus species). The rec- 
ognition of two major clades within Catonotus 
agrees with previous hypotheses (Page 1985; 
Braasch and Mayden 1985). However, the 
monophyly of the E. virgatum and E. flabellare 
groups are disrupted by the positions of E. bar- 
bouri and E. percnurum, each of which tended to 
cluster (Figs. 2, 4) with the group other than 
that in which it has been traditionally placed 
and is most similar morphologically. One poten- 

U.1 U.2 V.3 U.4 

Genetic distance at the third position 

Fig. 1. Numbers of transitions and transversions 
versus uncorrected pairwise genetic distance for 153 
comparisons among 18 species of Catonotus. (A) First 

codon position, (B) second codon position, (C) third 
codon position. 
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Fig. 2. Strict consensus of two most-parsimonious 
trees obtained with a heuristic search of the 37-species 
cytochrome b dataset [length = 3192, C.I. = 0.271 

(excluding uninformative characters)]. Names in 
bold are species of Catonotus. The five nondarter per- 
cids (G. cernuus through S. vitreum) were designated 
outgroups. Numbers above branches indicate boot- 
strap support above 50% (2000 replicates); numbers 
below branches indicate decay values above 1. 

tial problem encountered with parsimony anal- 

ysis of highly divergent taxa is long branch at- 
traction, or the grouping of taxa based on char- 
acters shared by chance and not by history (Fel- 
senstein, 1978). Etheostoma percnurum and E. 
barbouri each possess many autapomorphies 
(branch lengths 90 and 82, respectively; Fig. 3). 
It is possible that these two species share fewer 
cytochrome b characters with close relatives due 
to history than they share with another species 
group because of increased homoplasy resulting 
from accelerated rates of evolution in these 
taxa. 

Within the E. squamiceps group, two basal 
clades are robustly supported: one contains E. 
crossopterum, E. olivaceum, and E. squamiceps; and 
one contains the other seven species. Five mem- 
bers of the E. squamiceps group, E. chienense, E. 
neopterum, E. oophylax, E. pseudovulatum, and E. 
squamiceps, possess fleshy knobs on the ends of 
the second dorsal fin rays, although the knobs 
are much smaller in E. squamiceps than in the 
other species (Page et al., 1992). These knobs 
are thought to function as egg mimics, at least 
in the four species in which the knobs are large 
(Page and Swofford, 1984; Page et al., 1992). 
The cytochrome b data do not support the 

E. barbouri 

24 63 E. flabellare 

-- E. kennicotti 
36 47 

97(12) 7 E. obeyense 

r58 0-6E. virgatum 
100(>15) 16 . s 31 E. smithi 

26 
63(4) E00(15) 13 E. striatulum 

90 0 E. percnurum 

61 
17 

E. chienense I00(>15) 43 

26 100(>15) c2E.oophylax 
2 

E. corona 
46 21 

l00(> l5) 99(9) 19 4E. neopterum 
27 100(12) 13 nigripinne 97(9) E. ngripine 

36 94(9)2 E. forbesi 
83(6) 31 

~~~~~83(6) 
3 
~1 E. pseudovulatum 
17 

26 E. crossopterum 

41 
22 

E. olivaceum 
100(>15) 46 

E. squamiceps 

E. podostemone 

E. vitreum 

Fig. 3. Strict consensus of two most-parsimonious 
trees obtained with a heuristic search of the 20-species 
cytochrome b dataset [length = 1329, C.I. = 0.423 

(excluding uninformative characters)]. Etheostoma po- 
dostemone and E. vitreum were designated outgroups. 
Numbers above branches represent branch lengths, 
and numbers below the branches indicate bootstrap 
support above 50% (2000 replicates) with decay val- 
ues above 1 in parentheses. 

monophyly of the five knob-bearing species or 
of the four species with large knobs. A sister 

relationship between one of the large-knobbed 
species, E. neopterum, and E. nigripinne is sup- 
ported by the cytochrome b data; this pair of 

species exhibits a pairwise genetic distance of 

only 2.4%, a number which may be more char- 
acteristic of intraspecific variation in mitochon- 
drial DNA (e.g., Nei, 1987; Avise, 1994). Etheos- 
toma nigripinne, which is widespread in the Duck 
River and middle Tennessee River systems, oc- 
curs also in Shoal Creek, a small Tennessee Riv- 
er tributary system that encompasses the entire 
range of E. neopterum. The geographic distribu- 
tions of these two species, the low level of di- 
vergence in cytochrome b, and the strong mor- 

phological resemblance of E. neopterum to E. 
oophylax (Page et al., 1992) and not to E. nigri- 
pinne suggest that the similarity between the cy- 
tochrome b genes of E. neopterum and E. nigri- 
pinne may be the result of introgression of E. 
nigripinne mtDNA into at least one population 
of E. neopterum. 

Morphological data.-The morphological dataset 
was found to exhibit a significant left skew (gl 
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Fig. 4. Topology resulting from maximum likeli- 
hood analysis (-ln = 7202.22). Numbers above 
branches indicate bootstrap support above 50% (200 
replicates). 

= -0.517), and phylogenetic analysis of the 20 
characters resulted in one most-parsimonious 
tree of 41 steps and a C.I. = 0.8 (Fig. 5). The 
four polytomies in this tree result from too few 
characters and not from character conflict; for 
example, no morphological characters support 
any sister-group relationship within the E. forbe- 
si, E. corona, and E. nigripinne clade. 

The phylogenetic relationships suggested by 

the morphological data are similar to those ob- 
tained in the three previous studies (Page, 1985; 
Braasch and Mayden, 1985; Page et al., 1992). 
Relationships within the E. squamiceps group (E. 
olivaceum to E. squamiceps in Fig. 5) are identical 
to those proposed by Page et al. (1992), and the 

relationships among all species are the same as 
those presented by Page (1985), although the 
earlier study included only the 10 species of Ca- 
tonotus described at that time. Several differenc- 
es exist between the morphological tree pre- 
sented here and that presented by Braasch and 

Mayden (1985). First, Braasch and Mayden 
(1985) supported a sister relationship between 
E. barbouri and E. smithi based on a reduction in 
the number of pored lateral line scales from 
>30% to >20%; the tree presented here shows 
a polytomy between these two species and E. 
striatulum. Second, Braasch and Mayden (1985) 
found E. virgatum to be sister to the E. barbouri- 
E. smithi-E. striatulum clade based on a reduc- 
tion in pored lateral line scales, presence of lon- 

gitudinal stripes on flanks, and presence of four 
scales above and eight scales below the lateral 
line. In the tree presented here, the sister taxon 
to the E. barbouri-E. smithi-E. striatulum clade is 
unresolved. Third, Braasch and Mayden (1985) 
supported a sister relationship between E. cros- 

sopterum and E. nigripinne based on modal num- 
ber of pectoral fin rays and second dorsal fin 

pattern, and a sister relationship between these 
two species and E. olivaceum based on the black 
tips of the second dorsal fin rays. As depicted 
in Figure 5, E. corona and E. forbesi are more 
closely related to E. nigripinne than is E. crossop- 
terum, and E. olivaceum is basal to all other mem- 
bers of the E. squamiceps group. 

TABLE 4. PAIRWISE COMPARISONS BETWEEN ALTERNATIVE PHYLOGENETIC HYPOTHESES OF RELATIONSHIP AMONG 
THE SPECIES OF Catonotus. Each hypothesis in the left column was evaluated with three datasets (DNA, mor- 
phological, total evidence [TE]) using the parsimony-based modified Templeton test (M-T), and with the 
DNA dataset using a Kishino-Hasegawa test (K-H) of likelihood scores (MP = maximum parsimony, ML = 

maximum likelihood). 

M-T test Kishino-Hasegawa test 
Tree lengths -InL 

Hypothesis Cytochrome b Morphological Total evidence Cytochrome b 

DNA (MP 1) 1,329 (best) 57** 1,272 (best) 7,207.045 
(also TE 1) 

DNA (MP 2) 1,329 (best) 57** 1,272 (best) 7,205.209 
(also TE 2) 

DNA (ML) 1,331 57** 1,274 7,202.221 (best) 
Morphology, Page (1985), 1,556*** 41 (best) 1,496*** 7,658.029*** 

Page et al. (1992) 
Morphology, Braasch and 1,624*** 41 1,460*** 7,712.155*** 

Mayden (1985) 
** = P< 0.01; *** = P < 0.001 
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Fig. 5. Most-parsimonious tree obtained from maximum-parsimony analysis (branch-and-bound algorithm) 
of 20 morphological characters [length = 41, C.I. = 0.825 (excluding uninformative characters)]. Numbers 
above branches represent branch lengths; numbers below branches indicate bootstrap support above 50% 
(2000 replicates) with decay values above 1 in parentheses. 

Total evidence analysis.-To explore the congru- 
ence between molecular and morphological da- 
tasets, partition-homogeneity tests were con- 
ducted. This test compares the sum of the tree 
lengths from separate analyses of character par- 
titions (in this case, molecular and morpholog- 
ical) with a distribution of tree-length sums 
based on 100 replicates of random partitions of 
the same data. The partition-homogeneity test 
was performed with a dataset that excluded E. 
neopterum, because that taxon may contain intro- 
gressed mtDNA; E. podostemone and E. vitreum 
were included in the dataset as outgroups. The 
molecular and morphological data were found 
to be significantly heterogeneous (P = 0.05), 
although four replicates resulted in tree length 
sums that were less than or equal to the sum of 
the tree lengths from separate analysis. In ad- 
dition, a partition-homogeneity test conducted 
on a dataset excluding E. barbouri and E. perc- 
nurum (the two species with considerably longer 
branch lengths) found that the morphological 
and molecular datasets were no longer incon- 
gruent (P = 0.27). These results suggest that a 
total evidence analysis can provide additional 
insight into the phylogenetic relationships of 
Catonotus, although care should be taken in in- 
terpreting relationships that are in significant 
conflict between trees from separate molecular 
and morphological analyses. 

Table 4 presents the results of the compari- 
sons of all alternative topologies under both 
maximum-parsimony (cytochrome b and mor- 
phology) and maximum-likelihood (cyto- 
chrome b dataset) criteria. Results of the M-T 
tests (first three columns) clearly demonstrate 
that the molecular dataset does not support to- 
pologies obtained from analysis of morpholog- 
ical characters, and vice versa, as evidenced by 
the significantly different tree lengths. The 
same conclusions are drawn from results of the 
K-H tests, which compared likelihood scores of 
the same trees. Because these tests are con- 
strained to a given topology per comparison, 
they may not address total dataset incongruence 
as effectively as the partition-homogeneity test; 
in other words, conflict in one part of the tree 
may override support for other relationships in 
the tree. 

The total evidence parsimony analysis of 381 
informative characters (361 molecular and 20 
morphological) with E. podostemone and E. vi- 
treum as outgroups resulted in two most-parsi- 
monious trees that were identical to the two 
trees obtained with maximum-parsimony analy- 
sis of cytochrome b data. The strict consensus 
of the two total evidence trees is presented in 
Figure 6A. 

An additional total evidence parsimony anal- 
ysis was run with E. parvipinne added as an out- 
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.podostemone 
E. vitreum 

kennicotti 
.flabellare 
barbouri 

.percnurum 
smithi 
striatulum 

.obeyense 
virgatum 
nigripinne 

,. corona 
. forbesi 
. pseudovulatum 
T. oophylax 
. chienense 
T. olivaceum 
. crossopterum 
. squamiceps 

. parvipinne 
. podostemone 
. vitreum 
. kennicotti 

E. flabellare 
E. barbouri 
E. percnurum 
. smithi 
. striatulum 

E. obeyense 
E. virgatum 
E. nigripinne 
E. corona 
E. forbesi 
E. pseudovulatum 
E. oophylax 
E. chienense 
E. olivaceum 
E. crossopterum 
E. squamiceps 

A. 

B. 

Fig. 6. Results from total evidence analysis of 361 molecular and 20 morphological characters. (A) Strict 
consensus of two most-parsimonious trees resulting from analysis with Etheostoma podostemone and E. vitreum as 
outgroups [length = 1272, C.I. = 0.434 (excluding uninformative characters)]. (B) Most-parsimonious tree 
resulting from analysis with E. parvipinne, E. podostemone, and E. vitreum as outgroups [length = 1394, C.I. = 
0.411 (excluding uninformative characters)]. Numbers above branches represent branch lengths with the 
number of molecular characters given first followed by the number of morphological characters in parentheses. 
Numbers below branches indicate bootstrap support above 50% (2000 replicates) with decay values above 1 
in parentheses. 

group taxon because an analysis of allozyme 
data (Wood and Mayden, 1997) suggested that 
E. parvipinne is closely related to Catonotus. The 
single most-parsimonious tree with E. parvipinne 
included (Fig. 6B) differed from the tree with 
only E. podostemone and E. vitreum as outgroups 
in the phylogenetic resolution of E. barbouri and 
in the placement of E. pseudovulatum. The phy- 
logenetic placement of E. pseudovulatum with E. 
chienense and E. oophylax is of particular interest 
because all three species possess knobs on the 
second dorsal fin that are thought to function 
as egg mimics and because the monophyly of 
this clade is well supported by morphological 
data (Fig. 5). The numbers of molecular and 
morphological characters supporting each 
branch are shown in Figure 6B. 

The tree in Figure 6B was used to calculate 
consistency indices for four character classes; 
second codon position changes were least hom- 
oplasious overall with a mean C.I. of 0.888. Mor- 

phological characters exhibited a mean C.I. of 
0.809, whereas first codon position changes had 
a mean C.I. of 0.762. Third position changes 
were most homoplasious with a mean C.I. of 
0.497. Increased homoplasy of third codon po- 
sition characters is explained by the increased 
rate of substitutions at that position although 
third position transversions were less homopla- 
sious with a mean C.I. of 0.723. These data sug- 
gest that no one character class is considerably 
more consistent with the total evidence hypoth- 
esis and that a weighting scheme based on con- 
sistency indices (such as successive weighting; 
Farris, 1969) is not justified. 

To further explore the interaction of the mor- 
phological and molecular datasets, a series of 
total evidence analyses involving weighted mor- 
phological characters was conducted. To obtain 
a monophyletic E. flabellare group (with boot- 
strap support >50%), the morphological data 
had to be weighted 3X, and to obtain a sister- 
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species relationship between E. flabellare and E. 

percnurum, the morphological data had to be 

weighted 10X. The morphological data had to 
be weighted 2X to obtain a monophyletic E. vir- 

gatum group and 13X to obtain a sister relation- 

ship between E. barbouri and E. smithi + E. stria- 
tulum. These analyses were conducted to evalu- 
ate how the large number of molecular char- 
acters compared with morphological characters 
contributed to the phylogenetic analysis. The 

morphological data had to be considerably 
weighted to obtain traditional relationships in- 

volving the highly autapomorphic taxa, E. perc- 
nurum and E. barbouri (10X and 13X, respec- 
tively). 

Our combined analysis of morphological and 
molecular (cytochrome b) data resulted in a 
tree that is generally congruent with previous 
phylogenetic hypotheses. In particular, the E. 
squamiceps group and the E. flabellare-E. virgatum 
group are monophyletic. Also, within the E. 

squamiceps group, E. chienense, E. pseudovulatum, 
and E. oophylax (and, presumably, E. neopterum) 
form a monophyletic group (based on strong 
morphological evidence and one of the total ev- 
idence topologies), as do E. nigripinne, E. corona, 
and E. forbesi. Within the E. virgatum group, E. 
smithi and E. striatulum are sister species. 

The monophyly of the E. flabellare group and 
that of the E. virgatum group are supported by 
convincing morphological synapomorphies 
(uniquely derived large yellow knobs on the 
first dorsal fin spines for the E. flabellare group, 
and the iridescent red and white cheek bar, 
blue-edged red fins on breeding males, and 
crenulate preopercle for the E. virgatum group). 
The lack of support for these species groups in 
the total evidence analysis is thought to be due 
to long-branch attraction resulting from the mo- 
lecular data for E. barbouri and E. percnurum, as 
discussed above. 

In contrast to earlier hypotheses, the total ev- 
idence analysis suggests that E. squamiceps, E. 
crossopterum, and E. olivaceum are closely related. 
The earlier hypothesis of Page, et al. (1992) sug- 
gested that E. olivaceum was basal to all other 
members of the E. squamiceps group and that E. 
squamiceps was related to E. chienense, E. pseudo- 
vulatum, E. oophylax, and E. neopterum. Etheostoma 
olivaceum was considered basal because it lacked 
putative synapomorphies of all other members 
of the E. squamiceps group: an interrupted infra- 
orbital canal, 2-3 instead of 4 branches in each 
dorsal fin ray, and clear to yellow bands alter- 
nating with black bands on the caudal fin. The 
relationships of E. squamiceps to the E. neopterum 
group was based on two putative synapomor- 
phies: adnate dorsal ray branches and a knob 

of tissue at the tip of each dorsal ray. Although 
reversals (in E. olivaceum) and convergence (in 
E. squamiceps) of these character states are pos- 
sible, a test of the two hypotheses of relationship 
requires additional data. 

The results of all phylogenetic analyses con- 
ducted here suggest some interesting ideas 
about the combination of the molecular and 
morphological data available for the group, and 
about the use of total evidence approaches to 
phylogenetic analysis. Concerns about the utility 
of the morphological data for phylogeny recon- 
struction led to the addition of a molecular da- 
taset for the subgenus Catonotus. Analysis of the 
molecular data raised some concerns about tra- 
ditional relationships within Catonotus, such as 
the relationships of E. olivaceum, E. pseudovula- 
tum, and E. squamiceps. These findings spurred 
reconsideration of the morphological data and 
demonstrated that all data are open to reinter- 

pretation. However, problems arising from ho- 

moplasy due to long branch lengths (in E. bar- 
bouri and E. percnurum) led to a reliance on the 

morphological data for guidance in hypothesiz- 
ing relationships and supported the contention 
that understanding the molecular data is crucial 
to performing appropriate analyses and draw- 
ing appropriate conclusions (Naylor and 
Brown, 1998). Regardless of the amount of data 
available for phylogenetic analysis of a particu- 
lar group, a careful understanding of all types 
of data as well as knowledge of the organisms 
themselves is an important component in the 
development of phylogenetic hypotheses. 

MATERIAL EXAMINED 

Localities with GenBank accession numbers 
in parentheses for species sequenced during 
this study. Data for other species are given in 
Song et al. (1998). Etheostoma barbouri, INHS 
27864, Price Creek (Green River), KY, 1 April 
1992 (AF123028). E. chienense, INHS 48198, Bay- 
ou du Chien (Mississippi River), Hickman Co., 
KY, March 1990 (AF123029). E. corona, INHS 
48192, Little Cypress Creek (Tennessee River), 
Wayne Co., TN, 11 April 1997 (AF123030). E. 
crossopterum, INHS 37848, East Fork Stones River 
(Cumberland River), Cannon Co., TN, 12 April 
1996 (AF123031). E. forbesi, INHS 37909, Duke 
Creek (Caney Fork-Cumberland River), Can- 
non Co., TN, 12 April 1996 (AF123032). E. neop- 
terum, INHS 48191, Butler Creek (Tennessee 
River), Wayne Co., TN, 11 April 1997 
(AF123033). E. nigripinne, INHS 38583, Sinking 
Creek (Duck River-Tennessee River), Bedford 
Co., TN, 15 March 1996 (AF123034). E. obeyense, 
INHS 48194, Dutch Creek (Cumberland River), 
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Cumberland Co., KY, 4 May 1997 (AF123035). 
E. olivaceum, INHS 48197, Rock Springs Branch 

(Caney Fork-Cumberland River), Putnam Co., 
TN, 3 May 1997 (AF123036). E. oophylax, INHS 
40861, Ledbetter Creek (Tennessee River), Cal- 

loway Co., KY, 31 March 1997 (AF123037). E. 

parvipinne, INHS 48195, trib., Powell Creek 
(Obion River), Weakley Co., TN, 6 August 1988 
(AF123044). E. percnurum, INHS 48196, Copper 
Creek (Clinch River), Scott Co., VA, 6 August 
1988 (AF123038). E. pseudovulatum, INHS 
36029, Big Spring Creek (Duck River), Hick- 
man Co., TN, 3 April 1995 (AF123039). E. smi- 
thi, INHS 28316, Ferguson Creek (Cumberland 
River), Livingston Co., KY, 5 April 1992 
(AF123040). E. squamiceps, INHS 48199, Big 
Creek (Ohio River), Hardin County, IL, 28 Oc- 
tober 1988 (AF123041). E. striatulum, INHS 
48193, Hurricane Creek (Duck River), Bedford 
Co., TN, 11 April 1997 (AF123042). E. virgatum, 
INHS 27832, Roundstone Creek (Rockcastle 
River), Rockcastle Co., KY, 1 April 1992 
(AF123043). 
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APPENDIX 

Morphological characters used in the phylo- 
genetic analysis of species of Catonotus. All mul- 
tistate characters were ordered except charac- 
ters 14 and 16. 
1. Shape of genital papilla of female: 0 = tubu- 

lar or conical; 1 = broad and flat. 
2. Breeding males with swollen flesh on head 

and nape: 0 = absent; 1 = present. 
3. Females and nonbreeding males with body 

pattern of brown mottling on a light tan back- 
ground and vertical row of three black spots 
at caudal fin origin: 0 = absent; 1 = present. 

4. Iridescent red and white cheek bar (best de- 
veloped on breeding males): 0 = absent; 1 = 

present. 5. Blue-edged red fins on breeding 
males: 0 = absent; 1 = present. 

6. Scales on anterior body (cheek, opercle, 
nape, prepectoral area): 0 = present; 1 = ab- 
sent. 

7. Edge of preopercle: 0 = smooth; 1 = crenu- 
late (data from Braasch and Mayden, 1985). 

8. Fleshy ridges on ventrolateral scales of breed- 
ing males: 0 = absent; 1 = present (data from 
Mayden, 1985). 

9. Clear triangle on distal edge of each interra- 
dial membrane of first dorsal fin of breeding 
male: 0 = absent; 1 = present. 

10. Breeding male first dorsal fin spines: 0 = 
without knobs; 1 = small white knob on tip 
of each spine; 2 = large yellow knob on tip 
of each spine formed by a fleshy mass suc- 
ceeded by a series of fleshy folds (Bart and 
Page, 1991); 3 = large yellow knob on tip of 
each spine formed by a fleshy mass succeeded 
by a yellow spot and a semicircle of melano- 
phores (Bart and Page, 1991)-states are or- 
dered: 0 - 1 > 2,3. 

11. Breeding male second dorsal fin membrane: 
0 = extends nearly to tips of rays; 1 = extends 
about two-thirds distance from base of fin to 
tips of rays; 2 = extends one-half to two-thirds 
distance from base of fin to tips of rays (states 
are ordered: 0 - 1 -> 2). 

12. Number of branches in second dorsal fin ray 
(excluding first ray): 0 = 4; 1 = 3; 2 = 2 
(states are ordered: 0 -- 1 -* 2). 
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13. Second and third branches of second dorsal 
fin ray adnate: 0 = no; 1 = yes. 

14. Horizontal rows of marks on second dorsal fin 
of breeding males: 0 = absent; 1 = clear to 

yellow crescents; 2 = bars; 3 = ovals; 4 = win- 
dows (see Page et al., 1992). 

15. Knobs on second dorsal fin rays of breeding 
males: 0 = absent; 1 = small white knobs on 
adnate branches of each ray; 2 = large yellow 
knobs on adnate branches of each ray (states 
are ordered: 0 -> 1 - 2). 

16. Banding pattern on caudal fin of breeding 
males: 0 = absent; 1 = vertical rows of clear 
to yellow crescents on black fin, crescents of- 
ten joined to form thin bands; 2 = clear to 

yellow bands alternating with equal-sized 
black bands. 

17. Infraorbital canal: 0 = uninterrupted; 1 = 

narrowly interrupted (0-1 pore missing); 2 = 

widely interrupted (2-4 pores missing). 
18. Infraorbital canal pore 2: 0 = present; 1 = 

absent (i.e., only three pores in anterior seg- 
ment of interrupted canal). 

19. Posterior segment of infraorbital canal: 0 = 4 
pores; 1 = 3 pores (5 missing); 2 = 2 pores 
(5 and 6 missing); 3 = 1 pore (5, 6, and 7 
missing-states are ordered: 0 > 1 - 2 -* 3). 

20. Inverted spawning position: 0 = absent; 1 = 
male and female only briefly invert during 
spawning; 2 = female remains inverted for an 
extended period (states are ordered 0 - 1 - 
2; see Page, 1975; Page, 1985). 
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