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Suckers (Family Catostomidae) are holarctic in
distribution and include 76 recent species in 14 gen-
era, with 13 genera and 75 species occurring in
North and Central America and Siberia. Although
this group constitutes a significant component of
many aquatic ecosystems, most historic systematic
effort has been either alpha- or limited beta-level
studies focusing on the two largest tribes within the
family, the Catostomini and the Moxostomatini. A
recent phylogenetic study based on morphological,
biochemical, and early life history characters has
advanced current understanding of relationships
among catostomid fishes. To further examine phylo-
genetic relationships among basal lineages of catos-
tomids, we sequenced the entire mitochondrial (mt)
SSU and LSU rRNA genes from genera representing
all subfamilies and tribes within Catostomidae. Phy-
logenetic analysis of gene sequences yielded mono-
phyletic Catostomidae, Ictiobinae, and Catostomi-
nae and para- or polyphyletic Cycleptinae, with
Myxocyprinus as the basal-most taxon and Cycleptus
as either the next most-basal taxon or the taxon
basal to the Catostominae. Relationships within
the Catostominae were generally consistent with
those proposed in the above-noted recent phyloge-
netic study although Thoburnia and Hypente-
ium were either a clade sister to or a grade group
elative to Moxostoma and Scartomyzon. In all trees,
cartomyzon was paraphyletic and embedded within
oxostoma. Phylogenetic affinities of Erimyzon and

Minytrema varied depending on data set and char-
cter weighting scheme employed. To better reflect
hylogenetic relationships resolved in this exten-
ive analysis, we propose the following changes to
he classification of catostomids: formation of the
ew subfamily Myxocyprininae, containing Myxo-

cyprinus from China; restriction of the Cycleptinae
to the two species of Cycleptus from North America;
estriction of the tribe Moxostomatini to Moxostoma

1 To whom correspondence should be addressed. Fax: (205) 348-
6460. E-mail: pharris@biology.as.ua.edu.
225
ertae sedis within Catostominae; and resurrection
f the tribe Thoburniini, containing Thoburnia and
xpanded to include Hypentelium. © 2001 Academic Press
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chondrial DNA; LSU mitochondrial DNA; 12S mito-
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INTRODUCTION

Suckers (Catostomidae) are holarctic in distribution,
being found across North America south in Central
America to Guatemala; one species (Catostomus catos-
tomus) is found in eastern Siberia and the genus Myxo-
yprinus is endemic to China (Berra, 1981; Smith,
992). The family includes 76 recent species in 14
enera, with 13 genera and 75 species occurring in
orth and Central America (Table 1; Burr and May-
en, 1992; Jenkins and Burkhead, 1993). These 75
pecies constitute 7% of the North American ichthyo-
auna, with only minnows (Cyprinidae) and darters
Percidae) having more species. Even though this fam-
ly constitutes a significant component of many aquatic
cosystems in North America, most systematic effort
as been either alpha- (reviewed in Smith, 1992) or

imited beta-level studies targeting the two largest
ribes, Catostomini and Moxostomatini (Buth, 1978,
979a,b, 1980; Jenkins, 1970; Robins and Raney, 1956,
957; Smith, 1966; Smith and Koehn, 1971; although
ee Smith, 1992 discussed below). While not as speci-
se as either minnows or darters, catostomids display
reat diversity in endemism (Lee et al., 1981), morphol-
gies (Smith, 1966, 1992), gene evolution (e.g., Buth,
978, 1979a; Ferris, 1984; Ferris and Whitt, 1980), and
ife history traits (e.g., Fuiman, 1985; Muth, 1990), all
f which makes this group of great importance to stud-
es of evolutionary biology. For example, species of
uckers in North America display intriguing biogeo-
raphic patterns consistent with those of other fresh-
1055-7903/01 $35.00
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water fishes (Wiley and Mayden, 1985). The currently
recognized Cycleptinae (Myxocyprinus asiaticus in
China and Cycleptus in eastern North America) has an
enigmatic east Asia–southeast North America biogeo-
graphic track replicated by some plants (Graham,
1972; Li, 1972; Wu et al., 2000; Xiang et al., 1998) and
animals (e.g., paddlefishes, Polyodon and Psephurus,

rande and Bermis, 1991; giant salamanders, Crypto-
ranchus plus Andrias clade, and two species of Alli-
ator, Burr and Mayden, 1999; and unionid mussels,
rtmann, 1912). Finally, catostomids are tetraploids

Classification of the Catostomidae proposed by
mith (1992), Following the Listing Convention of
elson (1972, 1974)

Family Catostomidae
Subfamily Ictiobinae

Genera Carpiodes, Ictiobus
Subfamily Cycleptinae

Genera Cycleptus, Myxocyprinus
Subfamily Catostominae

Tribe Catostomini
Genera Catostomus, Chasmistes, Deltistes, Xyrauchen

Tribe Moxostomatini
Genera Erimyzon, Hypentelium, Minytrema, Moxostoma,

Scartomyzon, Thoburnia

FIG. 1. Phylogenetic hypotheses of Catostomidae. (A) Miller’s (19
alongside, rather than on, the tree. (B) Simplification of Smith’s (19
early life history characters.
diploidization in their evolution (Buth, 1979a, 1982;
Ferris, 1984; Ferris and Whitt, 1977, 1978, 1979). To
effectively examine the evolution of these distribu-
tions, possible modes of speciation, and evolution of
such traits, however, a well-corroborated phylogeny
documenting ancestor/descendant relationships is re-
quired (Brooks and McLennan, 1991).

As stated above, most systematic efforts on catosto-
mids prior to 1900 dealt with original descriptions and
various contributions to higher-level classifications (re-
viewed by Smith, 1992). Subsequent contributions to
catostomid classification include Hubbs (1930), who
provided a key to eastern North American genera and
designated tribes for these genera, and Robins and
Raney’s (1956) study of the genera and subgenera of
Moxostoma. Nelson (1948, 1949) examined the Webe-
rian apparatus and opercular series in catostomids; he
concluded that these structures provided support for
the subfamilial and tribal designations in Hubbs
(1930). Miller (1959) depicted a phylogeny of the Ca-
tostomidae (Fig. 1A), which was based largely on
Hubbs (1930) and Nelson (1948, 1949). In this discus-
sion on relationships, Miller (1959, p. 199) suggested
that the Cycleptinae might be divided into two subfam-
ilies consistent with the disjunct distribution of Cyclep-
tus (North America) and Myxocyprinus (China).

) pre-Hennigian phylogeny, modified by placing taxonomic rankings
phylogenetic hypotheses based on morphological, biochemical, and
59
92)
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30 species based on the loss of duplicate gene expres-
sion in isozymes. Their Wagner tree placed the Ictiobi-
nae as sister to Cycleptinae plus Catostominae. Within
the Catostominae, they recognized three tribes, Erimy-
zonini, Moxostomatini, and Catostomini; Moxostoma
was paraphyletic with M. duquesnei sister to C. ple-
eius, C. platyrhynchus, and C. discobolus.
Fuiman (1985) constructed a phylogeny of 17 species

ased on early life history characters. His phylogeny
ielded a paraphyletic Ictiobinae basal to Cycleptus
longatus plus a monophyletic Catostominae, with the
xception of Erimyzon which was part of an Ictiobus
olytomy. Relationships among genera were not well
esolved by developmental characters, with both Ca-
ostomus and Moxostoma being paraphyletic.

Smith (1992; Smith hereafter) provided the first
omprehensive analysis of catostomid relationships
ased on 64 taxa and 157 morphological, biochemical,
nd early life history transformation series. Smith
sed this hypothesis to revise catostomid taxonomy
nd infer some modes of speciation and patterns of
iogeography. Smith’s analysis produced two equally
arsimonious trees of 852 steps (CI 5 0.35). In his
referred tree (Fig. 1B) the Ictiobinae was sister to
ycleptinae plus Catostominae, although Smith recog-
ized that a limited number of characters supported
his relationship; he also recognized that the possibil-
ty existed for an Ictiobinae plus Catostominae rela-
ionship based on a few homoplasious characters (char-
cters not discussed). Within the Catostominae, Smith
ecognized two tribes, the Catostomini and Moxosto-
atini, because such a classification reflected the fun-

amental differences in characters among these taxa.
ithin the Moxostomatini, Smith’s analysis yielded a

araphyletic Moxostoma grade sister to a paraphyletic
cartomyzon grade, which, in turn, was sister to an
nresolved trichotomy of Scartomyzon ariommus,
hoburnia, and Hypentelium. The second topology pro-
uced by this analysis had S. cervinus as sister to an
nresolved trichotomy of S. ariommus, Thoburnia, and
ypentelium.
Herein, we examine relationships among basal lin-

ages of catostomids, employing mitochondrial (mt)
NA SSU and LSU rRNA gene sequences. Based on
hylogenies resulting from analyses of the rRNA gene
equences, we propose a new classification for the Ca-
ostomidae that better reflects genealogical affinities
ithin this family.

MATERIALS AND METHODS

pecimens Examined

We sequenced the entire mt rRNA SSU, intervening
aline tRNA, and LSU in 16 species of catostomids.
hese taxa represent all subfamilies and major clades
yprinus carpio (GenBank Accession No. X61010;
hang et al., 1994) and Carassius auratus (GenBank
ccession No. NC002079; Murakami et al., 1998) were
sed as outgroups following Siebert (1987). Additional
axa included as functional outgroups representing the
obitoidea (sensu Siebert, 1987) were Crossostoma

acustre (GenBank Accession No. NC_001727), Botia
acracantha (local pet store, Tuscaloosa Co., AL;
AIC 12928.01), Misgurnus anguillicaudatus (local
et store, Tuscaloosa Co., AL; UAIC 12928.02), and
yrinocheilus aymonieri (local pet store, Tuscaloosa
o., AL; UAIC 12928.03).
We examined the following species of Catostomidae:
arpiodes carpio (Honey Creek, Richardson Co., NE;
AIC 11219.08), Catostomus catostomus (Belt Creek,
ascade Co., MO; UAIC 11237.04), C. commersoni (Lit-

le Piney Creek, Phelps Co., MO; UAIC 11156.03), Cy-
leptus elongatus (Big Sunflower River, Big Sunflower
o., MS; UAIC 11371.01), Erimyzon oblongus (Mill
ranch Creek, Colbert Co., AL; UAIC 11109.09), Hy-
entelium nigricans (Bear Creek, Marion Co., AL;
AIC 11138.02), Ictiobus bubalus (Paint Rock River,
arshall Co., AL; UAIC 11005.04), Minytrema melan-

ps (Little Bear Creek, Franklin Co., AL; UAIC
1141.01), Moxostoma anisurum (Elk River, Limestone
o., AL; UAIC 11606.02), M. carinatum (Paint Rock
iver, Marshall Co., AL; UAIC 11005.03), M. poecilu-
um (Tallapoosa River, Tallapoosa Co., AL; UAIC
1442.01z), Myxocyprinus asiaticus (local pet store,
uscaloosa Co., AL; UAIC 11698.01), Scartomyzon ari-
mmus (South Fork Roanoke River, Montgomery Co.,
A; UAIC 12071.01), S. cervinus (Craig Creek, Craig
o., VA; UAIC 11004.01), Thoburnia rhothoeca

Catawba Creek at Highway 31, Roanoke Co., VA;
AIC 11009.05), and Xyrauchen texanus (Lake Mo-
ave, AZ; fin clip provided by D. Buth, UCLA). These
axa were selected to represent all subfamilies and
ajor lineages within subfamilies or tribes as depicted

n Smith (1992, Fig. 6).

NA Amplification and Sequencing

The QIAGEN Qiamp tissue kit (Catalog No. 29304)
as used to extract genomic DNA. Double-stranded
NA was amplified in overlapping fragments by poly-
erase chain reaction (PCR; Saiki et al., 1988) with the

rimers listed in Table 2. Approximately 100 ng of
enomic DNA was used as template for 25-ml reactions

containing 0.1 mM each dNTP, 10 mM each primer, 2.5
ml 103 Taq buffer (670 ml 1 M Tris, 67 ml 1 M MgCl2,
83 ml 2 M (NH4)2SO4, 7 ml 2-mercaptoethanol, 73 ml
ddH2O, 100 ml glycerol), and 1.25 units of AmpliTaq
polymerase. Reactions were amplified for 35 cycles at
92°C for 60 s, 52°C for 60 s, and 72° for 90 s. Double-
stranded PCR products were sequenced on either an
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Applied Biosystems Inc. 377 or a 3100 Automated DNA
Sequencer with a Taq DyeDeoxy Terminator Cycle Se-
uencing Kit.

equence Alignment and Analysis

All sequences were stored and initially aligned with
ESEE (Cabot and Beckenbach, 1989). Proper se-
uence alignment is fundamental to any phylogenetic
nalysis of molecular data. This issue is particularly
elevant to rRNA sequences, which have a complex
econdary structure composed of short and long heli-
es, loops, and bulges. Several recent studies have
emonstrated that incorporation of secondary struc-
ure information greatly improved alignment and anal-
ses of rRNA sequence data (e.g., Hickson et al., 1996;
ydeard et al., 2000). Alignment of catostomid mtDNA
SU sequences was refined with the C. carpio second-
ry structure model of Van de Peer et al. (1994); align-
ent of LSU sequences was refined with the Bos tau-

us secondary structure model based on sequences by
auswirth and Laipis (1982; available from http://
ww.rna.icmb.utexas.edu/RNA/23S/mitochondria.
tml). Secondary structure information was manually

ncorporated with the alignment editor DCSE (De Rijk
nd De Wachter, 1993; available from http://belgarath.
ia.ac.be/dcse/). The aligned data set including second-
ry structure information is available on request from
he authors. All sequences are deposited in GenBank
Accession Nos. AF333592–AF333606 and AF357583–
F357586).
Hickson et al. (1996) demonstrated that use of tra-

itional “stems” and “loops” categories in rRNA se-
uences was unsuitable because of differences in pat-
erns of variation and conservation among rRNA
tructural classes. We identified the following five
tructural classes (Fig. 2) within the SSU and LSU
equence data based on the definitions of Hickson et al.
1996): (1) short helices—the two arms of the helix are
lose together in the primary structure of the DNA
Hixson and Brown, 1986); (2) long helices—the two

Primers Used in the Amplification and Sequen

Name Sequence (59 3 39)

Phea AAAGCACAGCACTGAAGATG
12Sa AACTGGGATTAGATACCCCACTA
12Sb AGGAGGGTGACGGGCGGTGTGT
12S414 ATCTAATCCCAGTTTGTTTCTCA
12S897 AAGGGGAGGCAAGTCGTAACA
16Sb TTACCCTAGGGATAACAGCG
16Sd CAAGAGGCGATGTTTTT
16Sd AAAAACATCGCCTCCTG
16Si GAGTGGATAGAAGTTCAGCCT
16S2086 AAGCCCTCGTTTAGCCATTCA
16Sh GCATAATAATCTAGCCAG
LEU25 AGGGCTTAGGCCTTTCGCAA
rms of the helix are separated by other helices in the
rimary structure of the DNA; (3) unpaired bases—
ucleotides not within helices; (4) bulges—unpaired
ucleotides within a helix; and (5) loops—“unpaired
ucleotides within a helix (an internal loop) or between
he proximal and distal arms of a helix (a hairpin loop)”
Hickson et al., 1996, p. 152).

Pairwise comparisons of all taxa were generated by
AUP* (version 4.0b4a; Swofford, 1998). Comparisons
f absolute numbers of transitions and transversions
nd transition:transversion ratios for each of the five
RNA structural classes were plotted against uncor-
ected genetic distance (p distance) for the SSU 1
aline tRNA genes, the LSU gene, and all genes com-
ined. Nucleotide variation and substitution patterns,
ncluding x2 test of homogeneity of base frequencies

across taxa, were examined by PAUP*.

Phylogenetic Analysis

Phylogenies were estimated by maximum-parsi-
mony analysis with the heuristic search option of
PAUP* (100 random addition replications with tree
bisection–reconstruction). Jackknife analysis with
1000 iterations was employed as a measure of internal
stability of the data; “JAC” emulation and 37% data
deletion per replicate were selected. The theoretical
basis for these choices and a discussion on the statis-
tical foundations of jackknifing and bootstrapping are
presented in Farris et al. (1996). As an additional mea-
sure of tree stability, Bremer decay indices (Bremer,
1988, 1994) were calculated by TreeRot (Sorenson,
1996). A partition homogeneity test was conducted to
determine the extent of conflict between SSU 1 Valine
and LSU sequences with the incongruence length dif-
ference test (Farris et al., 1995) as implemented in

AUP* (10 random addition replications, tree bisec-
ion–reconstruction, heuristic search option with 100
eplications).

g of the 12S and 16S Genes for Catostomidae

Strand Reference

L Titus and Frost (1996)
L Kocher et al. (1989)
H Simons and Mayden (1998)
H This study
L This study
L Simons and Mayden (1998)
H Simons and Mayden (1998)
L Simons and Mayden (1998)
L Simons and Mayden (1998)
H This study
L Simons and Mayden (1998)
H Simons and Mayden (1998)
cin
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RESULTS

equence Variation

Length of the mt rRNA SSU 1 Valine tRNA (collec-
ively referred to as SSU hereafter) in catostomids was
etween 1021 and 1024 nt; LSU sequences ranged from
674 to 1686 nt. Total sequence length (including gaps)
as 2769 nt per specimen following alignment, for a

omplete data set (including outgroups) of 60,918 nt.
o regions of ambiguous alignment were found in the
SU sequences; six regions of ambiguous alignment
ere found in the LSU sequences (positions 1472–
476, 1492–1495, 1503–1505, 1709–1714, 1891–1898,
nd 2748–2752; sequence position based on combined
SU and LSU sequence data) and were excluded from

urther analyses. There were 317 variable sites within
he SSU sequence data, with 209 being potentially
hylogenetically informative sites. Excluding ambigu-
us alignment sites, the LSU sequence data had 654
ariable sites, 451 of which were potentially phyloge-
etically informative. The combined data set had 660
otentially phylogenetically informative sites. Table 3
hows the calculated pairwise genetic distances.
Pairwise comparisons of absolute numbers of transi-

ions and transversions versus uncorrected genetic dis-
ance (p distance) were plotted for the five rRNA struc-
ural classes for the SSU, LSU, and combined sequence
ata. Patterns of variation were identical among the
SU, LSU, and combined sequence data sets, with only

FIG. 2. Schematic represent
unpaired bases and loop regions showing potential sat-
uration of transitions relative to transversions (Figs.
3A–3E). We did not delete these structural classes from
our analyses, however, because approximately 70% of
potentially phylogenetically informative sites in the
combined data set were found in either unpaired bases
(254 sites) or loops (206 sites) and because of recent
empirical justifications for not excluding potentially
saturated sites from phylogenetic analyses (Broughton
et al., 2000). Because saturation can potentially affect
phylogenetic analyses (e.g., Lydeard and Roe, 1997),
differential weighting of transversions relative to tran-
sitions in the unpaired bases and loop regions was
employed. Because it is difficult to make a priori deci-
ions regarding weighting schemes, and such weight-
ng may not be entirely justified (Broughton et al.,

2000), we limited our analyses to weighting transver-
sions 1:1 and 2:1 (average transition:transversion ratio
for unpaired bases plus loop regions for ingroup taxa
was 1.79). In addition, short and long helices were
downweighted 20% to compensate for helices sustain-
ing a relatively greater number of compensatory mu-
tations than is found in the other rRNA structural
classes (Dixon and Hillis, 1993). Average nucleotide
base frequencies for the SSU sequences were A 5 0.31,

5 0.26, G 5 0.23, and T 5 0.20; for the LSU, A 5
.35, C 5 0.23, G 5 0.22, and T 5 0.20. No differences
n nucleotide base composition were observed among

n of rRNA secondary structure.
atio
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taxa (SSU 1 Valine, x2 5 7.69, df 5 63, P 5 1.0; LSU,
x2 5 34.59, df 5 63, P 5 0.99).

Phylogenetic Analyses

The partition homogeneity test indicated that the
sequence data from the two genes could be combined
(P 5 0.13). Maximum-parsimony analysis employing
different character weighting schemes on the three
data sets yielded two basic topologies that differed only
in resolution of the Cycleptinae (sensu Smith, 1992,
Table 1), as either paraphyletic or monophyletic, and in
relationships among some terminal taxa. These topol-
ogies and the differences in relationships among ter-
minal taxa are discussed below.

All analyses yielded a monophyletic Cobitoidea, sup-
ported in 100% of jackknife replicates (Fig. 4). Within
Cobitoidea, Cobitidae were sister to a clade of Gyrino-
cheilidae plus Catostomidae. In analyses of the com-
bined and LSU data sets, this relationship was sup-
ported by 76–96% of jackknife replicates; jackknife
support for this clade was ,50% in analyses of the SSU
data set.

In all analyses, Catostomidae were resolved as
monophyletic, supported in 100% of jackknife repli-
cates (Figs. 5 and 6, Table 4). Ictiobinae were mono-
phyletic in all trees and supported in 68–98% of jack-
knife replicates. Combined and LSU analyses yielded a
polyphyletic Cycleptinae; SSU analyses yielded a
monophyletic Cycleptinae, but jackknife values were
,50% except when helices were down-weighted 20%
(52%; Table 4). SSU analyses also produced a Cyclep-
tinae plus Ictiobinae clade, supported in 70–76% of
jackknife replicates (Fig. 6). Catostominae also were
resolved as monophyletic; jackknife support for this

Pairwise Genetic Distances Based on

1 2 3 4 5 6 7

1. Cyprinus
2. Carassius 4.60
3. Myxocyprinus 13.78 14.06
4. Carpiodes 14.20 13.21 8.94
5. Ictiobus 14.27 14.25 8.19 5.42
6. Cycleptus 14.14 14.80 9.23 7.61 6.61
7. C. catostomus 14.39 14.24 9.32 8.87 8.26 8.40
8. C. commersoni 12.86 13.49 8.86 7.79 7.13 7.00 2.7
9. Xyrauchen 13.90 14.70 9.88 8.73 8.26 8.12 3.6

10. Erimyzon 15.53 14.91 11.08 9.84 9.71 9.84 7.7
11. Minytrema 13.75 13.91 9.43 8.44 8.04 8.64 5.3
12. M. anisurum 14.27 14.68 10.65 9.07 9.09 9.01 7.5
13. M. carinatum 14.76 15.07 11.01 9.48 9.30 9.02 7.8
14. M. poecilurum 14.86 15.02 12.09 9.95 10.54 10.26 8.7
15. S. cervinus 14.51 14.69 11.74 9.91 9.59 9.51 8.2
16. S. ariommus 15.28 15.53 11.74 9.97 9.51 9.57 8.7
17. Thoburnia 13.93 13.95 10.50 5.59 8.81 9.07 7.3
18. Hypentelium 14.50 13.99 10.57 8.78 8.32 9.20 6.9

Note. Values are percentages.
clade was 67–88%. Within the Catostominae, the Ca-
tostomini were resolved as monophyletic, supported in
96–100% of jackknife replicates; however, Catostomus
was never supported as monophyletic relative to
Xyrauchen. The Moxostomatini were resolved as mono-
phyletic in all analyses of the combined data set and
LSU 2:1 analysis; jackknife support for this clade, how-
ever, was ,50% except for the combined data set with
helices down-weighted 20% (Table 4). The Moxostoma-
tini were resolved as either para- or polyphyletic in the
LSU 1:1 weighting, when helices were down-weighted
20%, and in all SSU analyses. Relationships within
Moxostomatini, with the exception of Erimyzon and
Minytrema, consistently identified Thoburnia and Hy-
pentelium as either a basal paraphyletic grouping rel-
ative to Moxostoma plus Scartomyzon (all SSU analy-
es) or a monophyletic clade sister to the latter group
combined and LSU analyses). Jackknife values sup-
orting the monophyly of Thoburnia and Hypentelium

ranged from 92 to 100%. Scartomyzon was never found
o be monophyletic, but to be a polyphyletic group
lways resolved within Moxostoma, rendering the lat-

ter paraphyletic.
All analyses of the combined data set yielded a single

topology (combined 1:1 analysis: three trees of 2390
steps, CI 5 0.560, RC 5 0.312; Fig. 5) that varied only
in the placement of Erimyzon and Minytrema. Jack-
knife support for basal nodes was 64–100%, with the
exception of the Cycleptus plus Catostominae node,
which ranged from 53 to 59% (,50% in the 2:1 analy-
sis). Extension of this analysis to include trees of 2392
steps yielded seven additional trees. In these trees, the
Cycleptinae (sensu Smith, 1992) were either a

mura’s (1980) Two-Parameter Model

8 9 10 11 12 13 14 15 16 17

2.19
8.07 8.54
5.34 6.05 7.45
7.01 7.47 8.67 6.45
7.21 7.68 9.03 6.38 3.37
8.57 8.83 9.50 7.51 4.58 4.57
7.81 8.42 9.03 7.26 3.43 3.62 4.38
7.88 8.49 9.38 7.60 2.93 3.81 4.77 4.00
7.00 6.99 7.87 6.72 5.29 5.42 6.12 5.87 6.27
6.87 7.53 8.41 6.51 5.42 5.34 6.32 5.47 5.81 3.94
Ki

5
2
2
3
9
0
5
0
5
2
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paraphyletic group basal to Ictiobinae plus Catostomi-
nae (two trees) or a polyphyletic group as depicted in
Fig. 5 (five trees). Erimyzon and Minytrema were basal
to or in a trichotomy with Thoburnia, Hypentelium,
Moxostoma, and Scartomyzon. Only the 2:1 analysis
resolved Erimyzon and Minytrema as a monophyletic
clade, supported in 62% of jackknife replicates and
sister to remaining Moxostomatini.

Phylogenetic analyses of the LSU data set yielded

FIG. 3. Pairwise sequence comparison scatterplots showing a
equence difference (p distance; uncorrected for multiple hits) for th
oops; (D) unpaired bases; (E) bulges. Transitions, solid circles; tran
the same topology as that of the combined data set,
with the exception of relationships within the Catosto-
minae in the 1:1 and helices down-weighted 20% anal-
yses (1:1 analysis: four trees of 1678 steps, CI 5 0.557,
RC 5 0.301). In these two analyses, Erimyzon and
Minytrema had varied positions, either singly or to-
gether, being sister to the Catostomini or the Moxos-
tomatini or being basal to both tribes.

Analysis of the SSU sequence data with the three

lute number of transitions and transversions against percentage
ve structural classes of rRNA. (A) short helices; (B) long helices; (C)
rsions, open boxes.
bso
e fi
sve
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weighting schemes yielded two topologies, which again
differed only in the placement of Erimyzon and Miny-
trema. As discussed above, both topologies yielded a
monophyletic Cycleptinae with jacknife values #52%
(Fig. 6 and Table 4). These analyses also recovered a
Cycleptinae plus Ictiobinae clade, supported in 70–
76% of jacknife replicates. Within the Catostominae,
Erimyzon and Minytrema were always recovered as a
monophyletic group (jackknife support 52–60%), but
varied in their relationship to remaining Catostomi-
nae. The 2:1 analysis yielded a single tree of 859 steps
(CI 5 0.591, RC 5 0.365). In this tree, Erimyzon plus
Minytrema was basal to the Catostomini plus remain-
ing Moxostomatini, supported in 74% jackknife repli-
cates. In 1:1 and helices down-weighted 20% analyses,
the Erimyzon plus Minytrema clade was sister to either
the Catostomini or the remaining Moxostomatini.

DISCUSSION

Phylogenetic analyses of the SSU, LSU, and com-
bined data sets consistently resolved a monophyletic
Cobitioidea (sensu Siebert, 1987), with Cobitidae sister
to Gyrinocheilidae plus Catostomidae. These relation-
ships differ from those derived by Siebert (1987), who
placed gyrinocheilids basal to cobitids plus catosto-
mids, but supports the hypothesis of Wu et al. (1981)
based on morphological characters (although no synap-
omorphies for a Gyrinocheilidae plus Catostomidae
clade were given) and is consistent with the suggestion
of Rainboth et al. (1986).

Phylogenetic analyses of Catostomidae yielded two
basic topologies with the weighting schemes employed;
primary differences in the topologies were associated
with the placement of Myxocyprinus and Cycleptus and
relationships of Erimyzon and Minytrema to remaining
Catostominae. Such different topologies may result
from differing levels of phylogenetic signal among data
sets (Avise, 1994; Ball et al., 1990; Hillis and Huelsen-
beck, 1992; Hillis, 1991). This is a likely possibility in
our data given that there is an approximately 2 to 1
discrepancy in number of phylogenetically informative

FIG. 4. Phylogenetic relationships of Cobitoidea based on parsi-
ony analysis of the combined data set. Topology depicted is a

implified representation of the strict consensus tree yielded by the
ombined 1:1 weighting analysis (2390 steps; CI 5 0.56; RC 5 0.312).
umbers above branches are Bremer decay values; numbers below
ranches are jackknife replicates.
451 sites). This situation is similar to that found by
Simons and Mayden (1998) in their analysis of western
North America minnows, in which LSU sequences con-
tained three times as many phylogenetically informa-
tive sites as SSU sequences. Given that the partition
homogeneity test did not indicate that separation of
the data sets was warranted, we feel that simultaneous
analyses of all available molecular data is the best
approach to phylogenetic reconstruction when dealing
with multiple topologies produced by different genes.

Figure 5 represents our preferred hypothesis of re-
lationships within Catostomidae. This choice is based
on the principle of total evidence analysis (sensu
Kluge, 1989), the recovery of this topology in all anal-
yses of the combined and LSU data sets, and the higher
levels of jackknife support for basal nodes. In addition,
this topology exhibits some congruence in both basal
nodes and terminal taxa with aspects of both Miller’s
(1959) and Smith’s (1992) phylogenetic hypotheses.
Our molecular data consistently yielded a monophy-
letic Catostomidae, Ictiobinae, Catostominae, and Ca-
tostomini; the Moxostomatini were monophyletic in all
combined and LSU 2:1 analyses, but were para- or
polyphyletic in all remaining analyses. The Cyclepti-
nae were paraphyletic in all combined and LSU anal-
yses (Fig. 5), but were monophyletic in all SSU analy-
ses (Fig. 6); in the combined and LSU analyses,
Myxocyprinus was the basal-most taxon and Cycleptus
was sister to Catostominae.

FIG. 5. Phylogenetic relationships of Catostomidae based on par-
simony analyses of the combined and LSU data sets. Topology de-
picted is the strict consensus of three trees yielded by the combined
1:1 analysis (2390 steps; CI 5 0.560; RC 5 0.312). Numbers above
branches are Bremer decay values; numbers below branches are
jackknife replicates.



ceded that the Ictiobinae may be the sister group to

o

n
t

C

w
w

233BASAL RELATIONSHIPS OF THE CATOSTOMIDAE
Paraphyly of the Cycleptinae is inconsistent with
both Miller’s (1959) and Smith’s (1992) phylogenetic
hypotheses of the Catostomidae. Such incongruence
between molecular and morphological phylogenies re-
sults from factors such as (1) the molecular data do not
provide useful phylogenetic information at a particular
taxonomic level, resulting in an incorrect gene tree; (2)
the morphological phylogenetic hypothesis might be
incorrect; or (3) elements of both topologies might be
incorrect due to equivocal data for those nodes (Ly-
deard and Roe, 1997). Smith (1992) listed 20 apomor-
phies supporting the Cycleptinae plus Catostominae
relationship (his Table 2); 14 of 20 characters were
ordered, multistate transformation series (TS), 4 were
binary TS, and 2 were unordered, multistate TS. No
unequivocal synapomorphies supporting a Cycleptinae
plus Catostominae clade were identified. Given the
debate that has occurred in the systematic literature
over the use of ordered versus unordered transforma-
tion series in phylogenetic reconstruction (e.g., Dono-
ghue and Maddison, 1986; Hauser and Presch, 1991;
Mabee, 1989a,b, 1993), we used MacClade (Maddison
and Maddison, 1992) to examine the support for this
relationship with the TS ordered and unordered. Four
ordered TS (Smith’s characters 61, 96, 97, 113) had
equivocal distributions not supporting this arrange-
ment; an additional four characters (55, 133, 136, 152)
were identified as synapomorphies for the node be-
cause of character ordering, but were equivocal in their
support when unordered. Smith (1992, p. 797) con-

FIG. 6. Phylogenetic relationships of Catostomidae based on par-
simony analyses of the SSU data set. Topology depicted is the strict
consensus of three trees yielded by the SSU 1:1 analysis (699 steps;
CI 5 0.579; RC 5 0.351). Numbers above branches are Bremer decay
values; numbers below branches are jackknife replicates.
Catostominae based on “a few interesting” homopla-
sious characters, but did not list these characters.
When TS were treated as unordered, eight (2, 4, 21, 32,
33, 39, 65, 146) supported the sister group relationship
of Ictiobinae plus Catostominae. Thus, the incongru-
ence at this node may be due, in part, to ambiguous
morphological character support for this node and phy-
logenetic analyses enforcing order on transformation
series. Basal placement of the Cycleptinae is consistent
with Miller’s (1959) pre-Hennigian phylogeny of catos-
tomids; the sister group relationship between Cyclep-
tus plus Catostominae is consistent with Ferris and
Whitt’s (1978) phylogeny based on the loss of duplicate
gene expression (with the caveat that Myxocyprinus
was not examined in that study). An unnatural Cyclep-
tinae is also consistent with recent biochemical data,
which revealed that few allozyme loci were shared
between Myxocyprinus and either Cycleptus or Ictiobus
(Buth, 1998).

Our analyses of molecular data yielded a monophy-
letic Catostomini, consistent with Smith’s (1992) anal-
ysis. All combined and LSU analyses yielded a trichot-
omy of C. catostomus, C. commersoni, and Xyrauchen;
all SSU analyses depicted Xyrauchen as sister to either
f the two species of Catostomus, rather than basal to a

Catostomus clade. Catostomus was never recovered as
monophyletic. Given that there is no Bremer decay
support for this node in the SSU analyses, however, the
potential paraphyletic nature of Catostomus is tenuous
at best. The relationship between Xyrauchen and Ca-
tostomus may be real or could result from the conser-
vative nature of both the SSU and the LSU genes,
which probably have insufficient molecular variation
for determination of relationships within the Catosto-
mini and/or incomplete taxon sampling. Inclusion of
Chasmistes, Deltistes, and other Catostomus species
and examination of more rapidly evolving genes will
help to clarify relationships within the Catostomini.

TABLE 4

Range of Jackknife Values >50% Supporting Taxo-
omic Rankings (sensu Smith, 1992) from Analyses of
he Combined, LSU, and SSU Data Sets

Data set

Combined LSU SSU

atostomidae 100 (3) 100 (3) 100 (3)
Cycleptinae 52 (1)
Ictiobinae 91–98 (3) 68–93 (3) 82–90 (3)
Catostominae 81–85 (3) 82–88 (3) 67–74 (3)

Catostomini 100 (3) 100 (3) 96–97 (3)
Moxostomatini 53 (1)

Note. Numbers in parentheses are numbers of analyses (1:1, 2:1
eighting and helices downweighted 20%) for which jackknife values
ere reported.
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and Minytrema varied depending upon the data set
and weighting scheme; singly or together these two
taxa were either sister to the Catostomini, sister to the
Moxostomatini, or basal to a Catostomini plus remain-
ing Moxostomatini clade. Placement of Erimyzon plus
Minytrema as basal to a Catostomini plus Moxostoma-
tini clade is consistent with Miller’s (1959; Fig. 1A)
pre-Hennigian hypothesis; placement of Erimyzon plus
Minytrema as basal to a clade inclusive of Thoburnia,

ypentelium, Moxostoma, and “Scartomyzon” is consis-
ent with Smith’s (1992) hypothesis (Fig. 1B). Smith
1992) noted that recognition of Erimyzon plus Miny-
rema as the tribe Erimyzonini (sensu Hubbs, 1930)
as consistent with his phylogenetic hypothesis, but
e chose to include these taxa within his Moxostoma-
ini to reflect the more fundamental differences be-
ween the Catostomini and the Moxostomatini. Given
he uncertain phylogenetic affinities of Erimyzon and
inytrema within the subfamily Catostominae, we

dentify them as incertae sedis (Table 5).
In analyses of the combined, SSU, and LSU data

ets, both species of Scartomyzon were resolved to be
mbedded within Moxostoma, questioning the mono-
hyly of both Moxostoma and Scartomyzon if the latter
enus is recognized as a distinct taxon. Both Moxo-
toma and Scartomyzon formed paraphyletic grades in
mith (1992), suggesting that some species currently
ecognized in these genera may be more closely related
o other Moxostoma or a Thoburnia plus Hypentelium
lade or they may form distinct evolutionary lineages.
enkins (1970) suggested that S. ariommus was closely
elated to T. atripinnis; Smith (1992) placed S. ariom-
us in a trichotomy with Thoburnia plus Hypentelium.
nalyses of the combined and LSU data sets consis-

ently resolved an S. ariommus plus M. anisurum re-
ationship, whereas analyses of the SSU data set also
ielded a paraphyletic Scartomyzon grade. Constrain-
ng Scartomyzon to be monophyletic yielded one tree of
399 (nine steps longer than the most parsimonious
ombined 1:1 tree); in this tree, S. ariommus plus S.
ervinus were sister to M. anisurum and these three
axa were terminal within Moxostoma. Whereas addi-
ional taxa of Scartomyzon and Moxostoma are needed
o expand these data sets and further elucidate the
omposition of, and limits to, both genera, it is clear
hat the genealogical affinities of S. ariommus and S.
ervinus are within Moxostoma and that Scartomyzon
s not a monophyletic group.

Analysis of the SSU data placed Thoburnia and Hy-
entelium as a clade basal to a grade of Moxostoma and

Scartomyzon, supporting previous interpretations of
relationships based on morphological and biochemical
characters (Bailey, 1959; Buth, 1979a,b). In analyses of
the combined and LSU data sets, however, Thoburnia
and Hypentelium form a clade sister to the composite
Moxostoma plus Scartomyzon clade (Fig. 5), which
grees with Smith (1992) and is consistent with Jen-
ins’ (1970) pre-Hennigian phylogeny. Given the
reater number of phylogenetically informative sites in
he LSU data set and the high jackknife and Bremer
ecay values generated in the combined analyses, we
rgue that Thoburnia and Hypentelium form a clade
ister to a monophyletic group inclusive of the compos-
te “Moxostoma” and “Scartomyzon,” rather than a
araphyletic grouping basal to these latter taxa. We
uggest placing Thoburnia (which has an obsolete
wim bladder in adults) and Hypentelium (which has a
reatly reduced swim bladder) in the tribe Thoburniini
nd restricting Moxostomatini to “Moxostoma” and
Scartomyzon” (whose taxa have a three-chambered
wim bladder). This classification more accurately re-
ects phylogenetic relationships among these taxa and
etter represents the tenets of Hennigian classification
Table 4).

Based on the phylogeny in our preferred tree (Fig. 5),
e offer a classification of the Catostomidae that better

eflects the genealogical relationships elucidated by
ur analyses (Table 5). In this classification, we employ
he listing convention of Nelson (1972, 1974). We note
otentially para- or polyphyletic groups in shutter
uotes; groups that may not warrant recognition, or
hat have uncertain placement, are followed by a “?”

Whereas this study has advanced our knowledge of
asal relationships among catostomids, there are

Classification of the Catostomidae Based on mtDNA
SSU and LSU rRNA Gene Sequences

Family Catostomidae
Subfamily Myxocyprininae “New Subfamily”

Genus Myxocyprinus (China, Yangtse River).
Subfamily Ictiobinae

Plesion Amyzon† (North America)
Genus Carpiodes (Eastern and Central North America)
Genus Ictiobus (Eastern and Central North America,

south to Guatemala)
Subfamily Cycleptinae

Genus Cycleptus (Eastern and Central North America)
Subfamily Catostominae

Genus Erimyzon (Eastern North America) incertae sedis
Genus Minytrema (Eastern North America) incertae sedis

Tribe Catostomini
Genus “Catostomus” (North America and Siberia)
Genus Xyrauchen (Western North America)
Genus Chasmistes? (Western North America)
Genus Deltistes? (Western North America)

Tribe Thoburniini (sensu Hubbs, 1930)
Genus Thoburnia (Eastern North America)
Genus Hypentelium (Eastern North America)

Tribe Moxostomatini
Genus “Moxostoma”
Genus “Scartomyzon”?

Note. Potentially para- or polyphyletic groups are noted in shutter
quotes; groups that may not warrant recognition, or that have un-
certain placement, are followed by a “?”
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within the Catostominae that require further elucida-
tion. For example, the phylogenetic affinities of Erimy-
on and Minytrema, whether within the Moxostoma-
ini or the Catostomini or basal to both of these tribes,
eeds to be resolved. Similarly, the composition and
elationships of taxa presently identified as belonging
o either “Moxostoma” or “Scartomyzon” needs further
tudy, as do species relationships among genera within
he Catostomini. Phylogenetic relationships among,
nd the taxonomic composition of, Catostomus, Chas-
istes, Deltistes, and Xyrauchen are especially needed,

iven the endangered or threatened status of species
ithin these genera.
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