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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-
lium were either a clade sister to or a grade group
relative to Moxostoma and Scartomyzon. In all trees,
Scartomyzon was paraphyletic and embedded within
Moxostoma. Phylogenetic affinities of Erimyzon and
Minytrema varied depending on data set and char-
acter weighting scheme employed. To better reflect
phylogenetic relationships resolved in this exten-
sive analysis, we propose the following changes to
the classification of catostomids: formation of the
new subfamily Myxocyprininae, containing Myxo-
cyprinus from China; restriction of the Cycleptinae
to the two species of Cycleptus from North America;
restriction of the tribe Moxostomatini to Moxostoma
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and Scartomyzon; Erimyzon and Minytrema are in-
certae sedis within Catostominae; and resurrection
of the tribe Thoburniini, containing Thoburnia and
expanded to include Hypentelium. © 2001 Academic Press
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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-
cyprinus is endemic to China (Berra, 1981; Smith,
1992). The family includes 76 recent species in 14
genera, with 13 genera and 75 species occurring in
North and Central America (Table 1; Burr and May-
den, 1992; Jenkins and Burkhead, 1993). These 75
species constitute 7% of the North American ichthyo-
fauna, with only minnows (Cyprinidae) and darters
(Percidae) having more species. Even though this fam-
ily constitutes a significant component of many aquatic
ecosystems in North America, most systematic effort
has been either alpha- (reviewed in Smith, 1992) or
limited beta-level studies targeting the two largest
tribes, Catostomini and Moxostomatini (Buth, 1978,
1979a,b, 1980; Jenkins, 1970; Robins and Raney, 1956,
1957; Smith, 1966; Smith and Koehn, 1971; although
see Smith, 1992 discussed below). While not as speci-
ose as either minnows or darters, catostomids display
great diversity in endemism (Lee et al., 1981), morphol-
ogies (Smith, 1966, 1992), gene evolution (e.g., Buth,
1978, 1979a; Ferris, 1984; Ferris and Whitt, 1980), and
life history traits (e.g., Fuiman, 1985; Muth, 1990), all
of which makes this group of great importance to stud-
ies of evolutionary biology. For example, species of
suckers in North America display intriguing biogeo-
graphic patterns consistent with those of other fresh-
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TABLE 1

Classification of the Catostomidae proposed by
Smith (1992), Following the Listing Convention of
Nelson (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

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,
Grande and Bermis, 1991; giant salamanders, Crypto-
branchus plus Andrias clade, and two species of Alli-
gator, Burr and Mayden, 1999; and unionid mussels,
Ortmann, 1912). Finally, catostomids are tetraploids
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but display an amazing pattern of gene silencing or
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).
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Ferris and Whitt (1978) constructed a phylogeny of
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-
beius, C. platyrhynchus, and C. discobolus.

Fuiman (1985) constructed a phylogeny of 17 species
based on early life history characters. His phylogeny
yielded a paraphyletic Ictiobinae basal to Cycleptus
elongatus plus a monophyletic Catostominae, with the
exception of Erimyzon which was part of an Ictiobus
polytomy. Relationships among genera were not well
resolved by developmental characters, with both Ca-
tostomus and Moxostoma being paraphyletic.

Smith (1992; Smith hereafter) provided the first
comprehensive analysis of catostomid relationships
based on 64 taxa and 157 morphological, biochemical,
and early life history transformation series. Smith
used this hypothesis to revise catostomid taxonomy
and infer some modes of speciation and patterns of
biogeography. Smith’s analysis produced two equally
parsimonious trees of 852 steps (ClI = 0.35). In his
preferred tree (Fig. 1B) the Ictiobinae was sister to
Cycleptinae plus Catostominae, although Smith recog-
nized that a limited number of characters supported
this relationship; he also recognized that the possibil-
ity existed for an Ictiobinae plus Catostominae rela-
tionship based on a few homoplasious characters (char-
acters not discussed). Within the Catostominae, Smith
recognized two tribes, the Catostomini and Moxosto-
matini, because such a classification reflected the fun-
damental differences in characters among these taxa.
Within the Moxostomatini, Smith’s analysis yielded a
paraphyletic Moxostoma grade sister to a paraphyletic
Scartomyzon grade, which, in turn, was sister to an
unresolved trichotomy of Scartomyzon ariommus,
Thoburnia, and Hypentelium. The second topology pro-
duced by this analysis had S. cervinus as sister to an
unresolved trichotomy of S. ariommus, Thoburnia, and
Hypentelium.

Herein, we examine relationships among basal lin-
eages of catostomids, employing mitochondrial (mt)
DNA SSU and LSU rRNA gene sequences. Based on
phylogenies resulting from analyses of the rRNA gene
sequences, we propose a new classification for the Ca-
tostomidae that better reflects genealogical affinities
within this family.

MATERIALS AND METHODS

Specimens Examined

We sequenced the entire mt rRNA SSU, intervening
Valine tRNA, and LSU in 16 species of catostomids.
These taxa represent all subfamilies and major clades

227

within subfamilies identified by Smith (1992; Fig. 1B).
Cyprinus carpio (GenBank Accession No. X61010;
Chang et al., 1994) and Carassius auratus (GenBank
Accession No. NC002079; Murakami et al., 1998) were
used as outgroups following Siebert (1987). Additional
taxa included as functional outgroups representing the
Cobitoidea (sensu Siebert, 1987) were Crossostoma
lacustre (GenBank Accession No. NC_001727), Botia
macracantha (local pet store, Tuscaloosa Co., AL,
UAIC 12928.01), Misgurnus anguillicaudatus (local
pet store, Tuscaloosa Co., AL; UAIC 12928.02), and
Gyrinocheilus aymonieri (local pet store, Tuscaloosa
Co., AL; UAIC 12928.03).

We examined the following species of Catostomidae:
Carpiodes carpio (Honey Creek, Richardson Co., NE;
UAIC 11219.08), Catostomus catostomus (Belt Creek,
Cascade Co., MO; UAIC 11237.04), C. commersoni (Lit-
tle Piney Creek, Phelps Co., MO; UAIC 11156.03), Cy-
cleptus elongatus (Big Sunflower River, Big Sunflower
Co., MS; UAIC 11371.01), Erimyzon oblongus (Mill
Branch Creek, Colbert Co., AL; UAIC 11109.09), Hy-
pentelium nigricans (Bear Creek, Marion Co., AL;
UAIC 11138.02), Ictiobus bubalus (Paint Rock River,
Marshall Co., AL; UAIC 11005.04), Minytrema melan-
ops (Little Bear Creek, Franklin Co., AL; UAIC
11141.01), Moxostoma anisurum (Elk River, Limestone
Co., AL; UAIC 11606.02), M. carinatum (Paint Rock
River, Marshall Co., AL; UAIC 11005.03), M. poecilu-
rum (Tallapoosa River, Tallapoosa Co., AL; UAIC
11442.01z), Myxocyprinus asiaticus (local pet store,
Tuscaloosa Co., AL; UAIC 11698.01), Scartomyzon ari-
ommus (South Fork Roanoke River, Montgomery Co.,
VA; UAIC 12071.01), S. cervinus (Craig Creek, Craig
Co., VA; UAIC 11004.01), Thoburnia rhothoeca
(Catawba Creek at Highway 31, Roanoke Co., VA,
UAIC 11009.05), and Xyrauchen texanus (Lake Mo-
have, AZ; fin clip provided by D. Buth, UCLA). These
taxa were selected to represent all subfamilies and
major lineages within subfamilies or tribes as depicted
in Smith (1992, Fig. 6).

DNA Amplification and Sequencing

The QIAGEN Qiamp tissue kit (Catalog No. 29304)
was used to extract genomic DNA. Double-stranded
DNA was amplified in overlapping fragments by poly-
merase chain reaction (PCR; Saiki et al., 1988) with the
primers listed in Table 2. Approximately 100 ng of
genomic DNA was used as template for 25-ul reactions
containing 0.1 mM each dNTP, 10 uM each primer, 2.5
wpl 10X Taq buffer (670 wl 1 M Tris, 67 ul 1 M MgCl,,
83 ul 2 M (NH,),SO,, 7 ul 2-mercaptoethanol, 73 ul
ddH,0O, 100 ul 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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TABLE 2

Primers Used in the Amplification and Sequencing of the 12S and 16S Genes for Catostomidae

Name Sequence (5" — 3) Strand Reference
Phea AAAGCACAGCACTGAAGATG L Titus and Frost (1996)
12Sa AACTGGGATTAGATACCCCACTA L Kocher et al. (1989)
12Sb AGGAGGGTGACGGGCGGTGTGT H Simons and Mayden (1998)
125414 ATCTAATCCCAGTTTGTTTCTCA H This study
125897 AAGGGGAGGCAAGTCGTAACA L This study
16Sb TTACCCTAGGGATAACAGCG L Simons and Mayden (1998)
16Sd CAAGAGGCGATGTTTTT H Simons and Mayden (1998)
16Sd AAAAACATCGCCTCCTG L Simons and Mayden (1998)
16Si GAGTGGATAGAAGTTCAGCCT L Simons and Mayden (1998)
16S2086 AAGCCCTCGTTTAGCCATTCA H This study
16Sh GCATAATAATCTAGCCAG L Simons and Mayden (1998)
LEU25 AGGGCTTAGGCCTTTCGCAA H Simons and Mayden (1998)

Applied Biosystems Inc. 377 or a 3100 Automated DNA
Sequencer with a Taq DyeDeoxy Terminator Cycle Se-
guencing Kit.

Sequence Alignment and Analysis

All sequences were stored and initially aligned with
XESEE (Cabot and Beckenbach, 1989). Proper se-
guence alignment is fundamental to any phylogenetic
analysis of molecular data. This issue is particularly
relevant to rRNA sequences, which have a complex
secondary structure composed of short and long heli-
ces, loops, and bulges. Several recent studies have
demonstrated that incorporation of secondary struc-
ture information greatly improved alignment and anal-
yses of rRNA sequence data (e.g., Hickson et al., 1996;
Lydeard et al., 2000). Alignment of catostomid mtDNA
SSU sequences was refined with the C. carpio second-
ary structure model of Van de Peer et al. (1994); align-
ment of LSU sequences was refined with the Bos tau-
rus secondary structure model based on sequences by
Hauswirth and Laipis (1982; available from http:/
www.rna.icmb.utexas.edu/RNA/23S/mitochondria.
html). Secondary structure information was manually
incorporated with the alignment editor DCSE (De Rijk
and De Wachter, 1993; available from http://belgarath.
uia.ac.be/dcse/). The aligned data set including second-
ary structure information is available on request from
the authors. All sequences are deposited in GenBank
(Accession Nos. AF333592—-AF333606 and AF357583—
AF357586).

Hickson et al. (1996) demonstrated that use of tra-
ditional “stems” and “loops” categories in rRNA se-
guences was unsuitable because of differences in pat-
terns of variation and conservation among rRNA
structural classes. We identified the following five
structural classes (Fig. 2) within the SSU and LSU
sequence data based on the definitions of Hickson et al.
(1996): (1) short helices—the two arms of the helix are
close together in the primary structure of the DNA
(Hixson and Brown, 1986); (2) long helices—the two

arms of the helix are separated by other helices in the
primary structure of the DNA; (3) unpaired bases—
nucleotides not within helices; (4) bulges—unpaired
nucleotides within a helix; and (5) loops—"“unpaired
nucleotides within a helix (an internal loop) or between
the proximal and distal arms of a helix (a hairpin loop)”
(Hickson et al., 1996, p. 152).

Pairwise comparisons of all taxa were generated by
PAUP* (version 4.0b4a; Swofford, 1998). Comparisons
of absolute numbers of transitions and transversions
and transition:transversion ratios for each of the five
rRNA structural classes were plotted against uncor-
rected genetic distance (p distance) for the SSU +
Valine tRNA genes, the LSU gene, and all genes com-
bined. Nucleotide variation and substitution patterns,
including x* 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 + Valine
and LSU sequences with the incongruence length dif-
ference test (Farris et al., 1995) as implemented in
PAUP* (10 random addition replications, tree bisec-
tion—reconstruction, heuristic search option with 100
replications).
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FIG. 2. Schematic representation of rRNA secondary structure.
RESULTS unpaired bases and loop regions showing potential sat-

Sequence Variation

Length of the mt rRNA SSU + Valine tRNA (collec-
tively referred to as SSU hereafter) in catostomids was
between 1021 and 1024 nt; LSU sequences ranged from
1674 to 1686 nt. Total sequence length (including gaps)
was 2769 nt per specimen following alignment, for a
complete data set (including outgroups) of 60,918 nt.
No regions of ambiguous alignment were found in the
SSU sequences; six regions of ambiguous alignment
were found in the LSU sequences (positions 1472—
1476, 1492-1495, 1503-1505, 1709-1714, 1891-1898,
and 2748-2752; sequence position based on combined
SSU and LSU sequence data) and were excluded from
further analyses. There were 317 variable sites within
the SSU sequence data, with 209 being potentially
phylogenetically informative sites. Excluding ambigu-
ous alignment sites, the LSU sequence data had 654
variable sites, 451 of which were potentially phyloge-
netically informative. The combined data set had 660
potentially phylogenetically informative sites. Table 3
shows the calculated pairwise genetic distances.

Pairwise comparisons of absolute numbers of transi-
tions and transversions versus uncorrected genetic dis-
tance (p distance) were plotted for the five rRNA struc-
tural classes for the SSU, LSU, and combined sequence
data. Patterns of variation were identical among the
SSU, LSU, and combined sequence data sets, with only

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-
sions regarding weighting schemes, and such weight-
ing 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 = 0.31,
C = 0.26, G = 0.23, and T = 0.20; for the LSU, A =
0.35, C = 0.23, G = 0.22, and T = 0.20. No differences
in nucleotide base composition were observed among
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TABLE 3

Pairwise Genetic Distances Based on Kimura’s (1980) Two-Parameter Model

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1. Cyprinus
2. Carassius 4.60
3. Myxocyprinus  13.78 14.06
4. Carpiodes 14.20 13.21 894
5. Ictiobus 1427 1425 819 542
6. Cycleptus 1414 1480 9.23 7.61 6.61
7. C. catostomus 1439 1424 932 887 8.26 840
8. C. commersoni 12.86 13.49 886 7.79 7.13 7.00 2.75
9. Xyrauchen 1390 1470 9.88 8.73 826 812 362 219
10. Erimyzon 1553 1491 11.08 9.84 971 984 7.72 8.07 854
11. Minytrema 13.75 1391 943 844 8.04 864 533 534 6.05 7.45
12. M. anisurum 14.27 14.68 10.65 9.07 9.09 9.01 759 7.01 747 867 6.45
13. M. carinatum 1476 15.07 11.01 9.48 930 9.02 7.80 7.21 7.68 9.03 6.38 3.37
14. M. poecilurum 1486 15.02 12.09 9.95 10.54 10.26 8.75 857 8.83 950 751 458 457
15. S. cervinus 1451 1469 11.74 991 959 951 820 7.81 842 9.03 7.26 343 362 4.38
16. S. ariommus 15.28 1553 11.74 997 951 957 875 7.88 849 938 7.60 293 381 477 4.00
17. Thoburnia 13.93 1395 1050 559 881 907 732 7.00 6.99 787 6.72 529 542 6.12 587 6.27
18. Hypentelium 1450 1399 1057 8.78 832 920 6.92 6.87 753 841 651 542 534 6.32 547 581 394

Note. Values are percentages.

taxa (SSU + Valine, y* = 7.69, df = 63, P = 1.0; LSU,
¥? = 34.59, df = 63, P = 0.99).

Phylogenetic Analyses

The partition homogeneity test indicated that the
sequence data from the two genes could be combined
(P = 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

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-
ses) or a monophyletic clade sister to the latter group
(combined and LSU analyses). Jackknife values sup-
porting the monophyly of Thoburnia and Hypentelium
ranged from 92 to 100%. Scartomyzon was never found
to be monophyletic, but to be a polyphyletic group
always 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, Cl = 0.560, RC = 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
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FIG. 3. Pairwise sequence comparison scatterplots showing absolute number of transitions and transversions against percentage
sequence difference (p distance; uncorrected for multiple hits) for the five structural classes of rRNA. (A) short helices; (B) long helices; (C)
loops; (D) unpaired bases; (E) bulges. Transitions, solid circles; transversions, open boxes.

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

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, Cl = 0.557,
RC = 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
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FIG. 4. Phylogenetic relationships of Cobitoidea based on parsi-
mony analysis of the combined data set. Topology depicted is a
simplified representation of the strict consensus tree yielded by the
combined 1:1 weighting analysis (2390 steps; Cl = 0.56; RC = 0.312).
Numbers above branches are Bremer decay values; humbers below
branches are jackknife replicates.

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
(Cl = 0.591, RC = 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
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sites between the two genes (SSU = 209 sites vs LSU =
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.

Mpyxocyprinus
[ Carpiodes
100 92 L— Jctiobus

4 Cycleptus

I_ C. catostomus
2 13 C. commersoni

100
9 I— Xyrauchen

4 Erimyzon

83 Minytrema

M. anisurum

S. ariommus
M. carinatum

S. cervinus

M. poecilurum

Thoburnia

Hypentelium

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; Cl = 0.560; RC = 0.312). Numbers above
branches are Bremer decay values; numbers below branches are
jackknife replicates.
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Mpyxocyprinus
Cycleptus
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83 Ictiobus
I_ C. catostomus
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52 — Minytrema
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67 2 156 M. carinatum

S. ariommus

21177
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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;
Cl = 0.579; RC = 0.351). Numbers above branches are Bremer decay
values; numbers below branches are jackknife replicates.

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-
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ceded that the Ictiobinae may be the sister group to
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
of 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-
nomic Rankings (sensu Smith, 1992) from Analyses of
the Combined, LSU, and SSU Data Sets

Data set
Combined LSU SSU

Catostomidae 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
weighting and helices downweighted 20%) for which jackknife values
were reported.
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In our analyses, phylogenetic affinities of Erimyzon
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,
Hypentelium, Moxostoma, and “Scartomyzon” is consis-
tent with Smith’s (1992) hypothesis (Fig. 1B). Smith
(1992) noted that recognition of Erimyzon plus Miny-
trema as the tribe Erimyzonini (sensu Hubbs, 1930)
was consistent with his phylogenetic hypothesis, but
he chose to include these taxa within his Moxostoma-
tini to reflect the more fundamental differences be-
tween the Catostomini and the Moxostomatini. Given
the uncertain phylogenetic affinities of Erimyzon and
Minytrema within the subfamily Catostominae, we
identify them as incertae sedis (Table 5).

In analyses of the combined, SSU, and LSU data
sets, both species of Scartomyzon were resolved to be
embedded within Moxostoma, questioning the mono-
phyly of both Moxostoma and Scartomyzon if the latter
genus is recognized as a distinct taxon. Both Moxo-
stoma and Scartomyzon formed paraphyletic grades in
Smith (1992), suggesting that some species currently
recognized in these genera may be more closely related
to other Moxostoma or a Thoburnia plus Hypentelium
clade or they may form distinct evolutionary lineages.
Jenkins (1970) suggested that S. ariommus was closely
related to T. atripinnis; Smith (1992) placed S. ariom-
mus in a trichotomy with Thoburnia plus Hypentelium.
Analyses of the combined and LSU data sets consis-
tently resolved an S. ariommus plus M. anisurum re-
lationship, whereas analyses of the SSU data set also
yielded a paraphyletic Scartomyzon grade. Constrain-
ing Scartomyzon to be monophyletic yielded one tree of
2399 (nine steps longer than the most parsimonious
combined 1:1 tree); in this tree, S. ariommus plus S.
cervinus were sister to M. anisurum and these three
taxa were terminal within Moxostoma. Whereas addi-
tional taxa of Scartomyzon and Moxostoma are needed
to expand these data sets and further elucidate the
composition of, and limits to, both genera, it is clear
that the genealogical affinities of S. ariommus and S.
cervinus are within Moxostoma and that Scartomyzon
is not a monophyletic group.

Analysis of the SSU data placed Thoburnia and Hy-
pentelium 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
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TABLE 5

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 Amyzont (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 “?”

agrees with Smith (1992) and is consistent with Jen-
kins' (1970) pre-Hennigian phylogeny. Given the
greater number of phylogenetically informative sites in
the LSU data set and the high jackknife and Bremer
decay values generated in the combined analyses, we
argue that Thoburnia and Hypentelium form a clade
sister to a monophyletic group inclusive of the compos-
ite “Moxostoma” and “Scartomyzon,” rather than a
paraphyletic grouping basal to these latter taxa. We
suggest placing Thoburnia (which has an obsolete
swim bladder in adults) and Hypentelium (which has a
greatly reduced swim bladder) in the tribe Thoburniini
and restricting Moxostomatini to “Moxostoma” and
“Scartomyzon” (whose taxa have a three-chambered
swim bladder). This classification more accurately re-
flects phylogenetic relationships among these taxa and
better represents the tenets of Hennigian classification
(Table 4).

Based on the phylogeny in our preferred tree (Fig. 5),
we offer a classification of the Catostomidae that better
reflects the genealogical relationships elucidated by
our analyses (Table 5). In this classification, we employ
the listing convention of Nelson (1972, 1974). We note
potentially para- or polyphyletic groups in shutter
qguotes; groups that may not warrant recognition, or
that have uncertain placement, are followed by a “?”

Whereas this study has advanced our knowledge of
basal relationships among catostomids, there are
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clearly several issues pertaining to relationships
within the Catostominae that require further elucida-
tion. For example, the phylogenetic affinities of Erimy-
zon and Minytrema, whether within the Moxostoma-
tini or the Catostomini or basal to both of these tribes,
needs to be resolved. Similarly, the composition and
relationships of taxa presently identified as belonging
to either “Moxostoma” or “Scartomyzon” needs further
study, as do species relationships among genera within
the Catostomini. Phylogenetic relationships among,
and the taxonomic composition of, Catostomus, Chas-
mistes, Deltistes, and Xyrauchen are especially needed,
given the endangered or threatened status of species
within these genera.

ACKNOWLEDGMENTS

We thank D. Buth (UCLA) for providing tissue samples of X.
texanus and D. Neely for field collections. We also thank C. Lydeard
for reading an early draft of the manuscript. W. Holznagel provided
invaluable help with DCSE and incorporation of secondary structure
models onto our sequence data. This work was supported, in part, by
research monies from the Office of Sponsored Programs, College of
Arts and Sciences and the Department of Biological Sciences, The
University of Alabama and by National Science Foundation Grants
DEB-9307132 (R.L.M.) and DEB-9903794 (R.L.M., P.M.H.).

REFERENCES

Avise, J. C. (1994). “Molecular Markers, Natural History and Evo-
lution,” Chapman & Hall, New York.

Bailey, R. M. (1959). A new catostomid fish, Moxostoma (Thoburnia)
atripinne, from the Green River drainage, Kentucky and Tennes-
see. Occ. Pap. Mus. Zool. Univ. Mich. No. 599.

Ball, R. M., Neigel, J. E., and Avise, J. C. (1990). Gene genealogies
within the organismal pedigree of random-mating populations.
Evolution 44: 360-370.

Berra, T. M. (1981). “An Atlas of Distribution of the Freshwater Fish
Families of the World,” Univ. of Nebraska Press, Lincoln.

Bremer, K. (1988). The limits of amino acid sequence data in angio-
sperm phylogenetic reconstruction. Evolution 42: 795-803.

Bremer, K. (1994). Branch support and tree stability. Cladistics 10:
295-304.

Brooks, D. R., and McLennan, D. A. (1991). “Phylogeny, Ecology, and
Behavior,” Univ. of Chicago Press, Chicago.

Broughton, R. E., Stanley, S. E., and Durrett, R. T. (2000). Quanti-
fication of homoplasy for nucleotide transitions and transversions
and a reexamination of assumptions in weighted phylogenetic
analysis. Syst. Biol. 49: 617-627.

Burr, B. M., and Mayden, R. L. (1992). Phylogenetics and North
American freshwater fishes. In “Systematics, Historical Ecology,
and North American Freshwater Fishes” (R. L. Mayden, Ed.), pp.
18-75. Stanford Univ. Press, Stanford, CA.

Burr, B. M., and Mayden, R. L. (1999). A new species of Cycleptus
(Cypriniformes: Catostomidae) from Gulf Slope Drainages of Ala-
bama, Mississippi, and Louisiana, with a review of the distribu-
tion, biology, and conservation status of the genus. Bull. Alabama
Mus. Nat. Hist. 20: 20-58.

Buth, D. G. (1978). “Biochemical systematics of the Moxostomatini
(Cypriniformes, Catostomidae),” Ph.D. dissertation, University of
Illinois, Urbana, IL.

Buth, D. G. (1979a). Duplicate gene expression in tetraploid fishes of

235

the tribe Moxostomatini (Cypriniformes, Catostomidae). Comp.
Biochem. Physiol. 63B: 7-12.

Buth, D. G. (1979b). Genetic relationships among the torrent suck-
ers, genus Thoburnia. Biochem. Syst. Ecol. 7: 311-316.

Buth, D. G. (1980). Evolutionary genetics and systematic relation-
ships in the catostomid genus Hypentelium. Copeia 1980: 280—
290.

Buth, D. G. (1982). Glucosephosphate-isomerase expression in the
tetraploid fish, Moxostoma lachneri (Cypriniformes, Catostomi-
dae): Evidence for a “retetraploidization”? Genetica 57: 171-175.

Buth, D. G. (1998). Gene duplication differences suggest polytypy in
the Chinese sucker, Myxocyprinus asiaticus (Cypriniformes: Ca-
tostomidae). Abstract from 1998 meetings of American Society of
Ichthyologists and Herpetologists, Univ. of Guelph, Guelph, On-
tario, Canada.

Cabot, E. L., and Beckenbach, A. T. (1989). Simultaneous editing of
multiple nucleic acid and protein sequences with ESEE. CABIOS
5: 233-234.

Chang, Y. S., Huang, F. L., and Lo, T. B. (1994). The complete
nucleotide sequence and gene organization of carp (Cyprinus car-
pio) mitochondrial genome. J. Mol. Evol. 38: 138-155.

De Rijk, P., and De Wachter, R. (1993). DCSE v2.54, an interactive
tool for sequence alignment and secondary structure research.
CABIOS 9: 735-740.

Dixon, M. T., and Hillis, D. M. (1993). Ribosomal RNA secondary
structure: Compensatory mutations and implications for phyloge-
netic analysis. Mol. Biol. Evol. 10: 256-267.

Donoghue, M. J., and Maddison, W. P. (1986). Polarity assessment in
phylogenetic systematics: A response to Meacham. Taxon 35: 534—
538.

Farris, J. S., Albert, V. A., Kallersjo, M., Lipscomb, D., and Kluge,
A. G. (1996). Parsimony jacknifing outperforms neighbor-joining.
Cladistics 12: 99-124.

Farris, J. S., Kallersjo, M., Kluge, A. G., and Bult, C. (1995). Testing
significance of incongruence. Cladistics 10: 315-319.

Ferris, S. D. (1984). Tetraploidy and the evolution of the catostomid
fishes. In “Evolutionary Genetics of Fishes” (B. J. Turner, Ed.), pp.
55-93. Plenum, New York.

Ferris, S. D., and Whitt, G. S. (1977). The evolution of duplicate gene
expression after polyploidization. Nature 265: 258-260.

Ferris, S. D., and Whitt, G. S. (1978). Phylogeny of tetraploid catos-
tomid fishes based on the loss of duplicate gene expression. Syst.
Zool. 27: 189-206.

Ferris, S. D., and Whitt, G. S. (1979). Evolution of the differential
regulation of duplicate genes after polyploidization. J. Mol. Evol.
12: 267-317.

Ferris, S. D., and Whitt, G. S. (1980). Genetic variability in species
with extensive gene duplication: The tetraploid catostomid fishes.
Am. Nat. 115: 650—-666.

Fuiman, L. A. (1985). Contributions of developmental characters to a
phylogeny of catostomid fishes, with comments on heterochrony.
Copeia 1985: 833-846.

Graham, A. (1972). Outline of the origin and historical recognition of
floristic affinities between Asia and eastern North America. In
“Floristics and Paleofloristics of Asia and Eastern North America”
(A. Graham, Ed.), pp. 1-18. Elsevier, New York.

Grande, L., and Bemis, W. (1991). Osteology and phylogenetic rela-
tionships of fossil and recent paddlefishes (Polyodontidae) with
comments on the interrelationships of Acipenseriformes. Society of
Vertebrate Paleontology Memoir 1:i—vii, pp. 1-121; supplement to
Journal of Vertebrate Paleontology 11(1).

Hauser, D. L., and Presch, W. (1991). The effect of ordered characters
on phylogenetic reconstruction. Cladistics 7: 243-265.

Hauswirth, W. W., and Laipis, P. J. (1982). Complete sequence of



236

bovine mitochondrial DNA. Conserved features of the mammalian
mitochondrial genome. J. Mol. Biol. 156: 683-717.

Hickson, R. E., Simon, C., Cooper, A., Spicer, G. S., Sullivan, J., and
Penny, D. (1996). Conserved sequence motifs, alignment, and sec-
ondary structure for the third domain of animal 12S rRNA. Mol.
Biol. Evol. 13: 150-169.

Hillis, D. M., and Huelsenbeck, J. P. (1992). Signal, noise, and
reliability in molecular phylogenetic analysis. J. Hered. 83: 189—
195.

Hillis, D. S. (1991). Discriminating between phylogenetic signal and
random noise in DNA sequences. In “Phylogenetic Analysis of
DNA Sequences” (M. M. Miyamoto and J. Cracraft, Eds.), pp.
278-294. Oxford Univ. Press, New York.

Hixson, J. E., and Brown, W. M. (1986). A comparison of the small
ribosomal RNA genes from the mitochondrial DNA of the great
apes and humans: Sequence, structure, evolution, and phyloge-
netic implications. Mol. Biol. Evol. 3: 1-18.

Hubbs, C. L. (1930). Materials for a revision of the catostomid fishes
of eastern North America. Misc. Publ. Mus. Zool. Univ. Mich. No.
20.

Jenkins, R. E. (1970). “Systematic Studies of the Catostomid Fish
Tribe Moxostomatini,” Ph.D. dissertation, Cornell University,
Ithaca, NY.

Jenkins, R. E., and Burkhead, N. M. (1993). “Freshwater Fishes of
Virginia,” Am. Fish. Soc., Bethesda, MD.

Kluge, A. G. (1989). A concern for evidence and a phylogenetic
hypothesis of relationships among Epicrates (Boidae, Serpentes).
Syst. Zool. 38: 7-25.

Kocher, T. D., Thomas, W. K., Meyer, A., Edwards, S. V., Paabo,
S. F., Villablanca, F. X., and Wilson, A. C. (1989). Dynamics of
mitochondrial DNA evolution in animals: Amplification and se-
guencing with conserved primers. Proc. Natl. Acad. Sci. USA 86:
6196-6200.

Lee, D. S., Gilbert, C. R., Hocutt, C. H., Jenkins, R. E., McAllister,
D. E., and Stauffer, J. R., Jr. (1981). “Atlas of North American
Freshwater Fishes,” North Carolina State Mus. Nat. Hist., Ra-
leigh, NC.

Li, H. L. (1972). Eastern Asia—eastern North America species-pairs
in wide-ranging genera. In “Floristics and Paleofloristics of Asia
and Eastern North America” (A. Graham, Ed.), pp. 65-78.
Elsevier, New York.

Lydeard, C., Holznagel, W. E., Schnare, M. N., and Gutell, R. R.
(2000). Phylogenetic analysis of molluscan mitochondrial LSU
rDNA sequences and secondary structures. Mol. Phylogenet. Evol
15: 83-102.

Lydeard, C., and Roe, K. J. (1997). The phylogenetic utility of the
mitochondrial cytochrome b gene for inferring relationships among
actinopterygian fishes. In “Molecular Systematics of Fishes” (T. D.
Kocher and C. A. Stepien, Eds.), pp. 285-303. Academic Press, San
Diego.

Mabee, P. M. (1989a). Assumptions underlying the use of ontogenetic
sequences for determining character state order. Trans. Am. Fish.
Soc. 118: 151-158.

Mabee, P. M. (1989b). An empirical rejection of the ontogenetic
polarity criterion. Cladistics 5: 409-416.

Mabee, P. M. (1993). Phylogenetic interpretation of ontogenetic
change: Sorting out the actual and artifactual in an empirical
case study of centrarchid fishes. Zool. J. Linnean Soc. 107:
175-291.

Maddison, W. P., and Maddison, D. R. (1992). MacClade, Sinauer,
Sunderland, MA.

Meacham, C. A. (1984). The role of hypothesized direction of char-
acters in estimation of evolutionary history. Taxon 33: 26—-38.

HARRIS AND MAYDEN

Meacham, C. A. (1986). More about directed characters: a reply to
Donoghue and Maddison. Taxon 35: 535-540.

Mickevich, M. F. (1982). Transformation series analysis. Syst. Zool.
31: 461-478.

Mickevich, M. F., and Weller, S. J. (1990). Evolutionary character
analysis: Tracing character change on a cladogram. Cladistics 6:
137-170.

Miller, R. R. (1959). Origin and affinities of the freshwater fish
fauna of western North America. In “Zoogeography” (C. L.
Hubbs, Ed.), pp. 187-222. Am. Assoc. Adv. Sci. Publ. 51, Wash-
ington, DC.

Murakami, M., Yamashita, Y., and Fujitani, H. (1998). The com-
plete sequence of mitochondrial genome from a gynogenetic
triploid “ginbuna” (Carassius auratus langsdorfi). Zool. Sci. 15:
335-337.

Nelson, E. M. (1948). The comparative morphology of the Weberian
apparatus of the Catostomidae and its significance in systematics.
J. Morphol. 83: 225-251.

Nelson, E. M. (1949). The opercular series of the Catostomidae. J.
Morphol. 85: 559-567.

Nelson, G. J. (1972). Phylogenetic relationship and classification.
Syst. Zool. 21: 227-231.

Nelson, G. J. (1974). Classification as an expression of phylogenetic
relationships. Syst. Zool. 22: 344-359.

Ortmann, A. E. (1912). Notes upon the families and genera of the
Najades. Ann. Carnegie Mus. 8: 222—-365.

Rainboth, W. J., Buth, D. G., and Joswiak, G. R. (1986). Electro-
phoretic and karyological characters of the gyrinocheilid fish, Gy-
rinocheilus aymonieri. Biochem. Syst. Ecol. 14: 531-537.

Robins, C. R., and Raney, E. C. (1956). Studies of the catostomid
fishes of the genus Moxostoma, with descriptions of two new spe-
cies. Cornell Univ. Agric. Exp. Sta. Mem. 343: 1-56.

Robins, C. R., and Raney, E. C. (1957). The systematic status of the
suckers of the genus Moxostoma from Texas, New Mexico and
Mexico. Tulane Stud. Zool. 5: 291-318.

Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R.,
Horn, G. T., Mullis, K. B., and Erlich, H. A. (1988). Primer-directed
enzymatic amplification of DNA with a thermostable DNA poly-
merase. Science 239: 487-491.

Siebert, D. J. (1987). “Interrelationships among Families of the Or-
der Cypriniformes (Teleostei),” Ph. D. Dissertation. The City Uni-
versity of New York. New York.

Simons, A. M., and Mayden, R. L. (1998). Phylogenetic relationships
of the western North American phoxinins (Actinopterygii: Cyprin-
idae) as inferred from mitochondrial 12S and 16S RNA sequences.
Mol. Phylogenet. Evol. 9: 308-329.

Smith, G. R. (1966). Distribution and evolution of the North
American catostomid fishes of the subgenus Pantosteus, genus
Catostomus. Misc. Publ. Mus. Zool. Univ. Mich. 129: 1-132.

Smith, G. R. (1992). Phylogeny and biogeography of the Catostomi-
dae, freshwater fishes of North America and Asia. In “Systematics,
Historical Ecology, and North American Freshwater Fishes” (R. L.
Mayden, Ed.), pp. 778—-813. Stanford Univ. Press, Stanford, CA.

Smith, G. R., and Koehn, R. K. (1971). Phenetic and cladistic studies
of biochemical and morphological characteristics of Catostomus.
Syst. Zool. 20: 282-297.

Snyder, D. E., and Muth, R. T. (1990). Descriptions and identification
of razorback, flannelmouth, white, Utah, bluehead, and mountain
sucker larvae and early juveniles. Colorado Div. Wildlife Tech.
Publ. 38: 1-152.

Sorenson, M. D. (1996). TreeRot. Univ. of Michigan, Ann Arbor, MI.

Swofford, D. L. (1998). “PAUP=: Phylogenetic Analysis Using Parsi-
mony (*and Other Methods). Version 4,” Sinauer, Sunderland,
MA.



BASAL RELATIONSHIPS OF THE CATOSTOMIDAE

Titus, T. A,, and Frost, D. R. (1996). Molecular homology assessment
and phylogeny in the lizard family Opluridae (Squamata: Iguania).
Mol. Phylogenet. Evol. 6: 49-62.

Van de Peer, Y., Van den Brock, I., De Rijk, P., and De Wachter, R.
(1994). Database on the structure of small ribosomal subunit RNA.
Nucleic Acids Res. 22: 3488-3494.

Wiley, E. O., and Mayden, R. L. (1985). Species and speciation in
phylogenetic systematics, with examples from the North American
fish fauna. Ann. Missouri Bot. Gard. 72: 596—-635.

Wilkinson, M. (1992). Ordered versus unordered characters. Cladis-
tics 8: 375-385.

Wu, H.-W.,, Chen, Y., Chen, X., and Chen, J. (1981). A taxonomical

237

system and phylogenetic relationship of the families of the subor-
der Cyprinoidei. Sci. Sinica 24: 563-572.

Wu, Q.-X., Mueller, G. M., Lutzoni, F. M., Huang, Y.-Q., and
Guo, S.-Y. (2000). Phylogenetic and biogeographic relation-
ships of eastern Asian and eastern North American dis-
junct Suillus species (Fungi) as inferred from nuclear ribo-

somal RNA ITS sequences. Mol. Phylogenet. Evol. 17: 37—
47.

Xiang, Q. Y., Soltis, D. E., and Soltis, P. S. (1998). The eastern Asian
and eastern and western North American floristic disjunction:
Congruent phylogenetic patterns in seven diverse genera. Mol.
Phylogenet. Evol. 10: 178-190.



	INTRODUCTION
	TABLE 1
	FIG. 1

	MATERIALS AND METHODS
	TABLE 2
	FIG. 2

	RESULTS
	TABLE 3
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5
	FIG. 6
	TABLE 4
	TABLE 5

	ACKNOWLEDGMENTS
	REFERENCES

