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ABSTRACT

The Pleuroceridae Fischer, 1885, is one of three fresh-
water gastropod families currently recognized in the
superfamily Cerithioidea Férussac, 1819 (Mollusca:
Caenogastropoda Cox, 1960). Despite considerable
literature justifying various proposed generic names
of North American pleurocerids, no study has been
conducted examining phylogenetic relationships of
the recognized genera. In an effort to expand our
understanding of evolutionary relationships of North
American pleurocerid genrea, we examined a large
portion of the mitochondrial 16S rRNA gene among
32 extant North American taxa. Multiple sequence
alignment of the amplified region for our taxa
resulted in a matrix consisting of 900 nucleotides
including insertions and deletions. Based on analysis
of nucleotide substitution patterns, we employed two
approaches in our phylogenetic analysis: (1) all substi-
tutions received equal weighting and (2) transversions
were weighted 2X and 4X transitions to compensate
for transition saturation among distantly related taxa.
The molecular phylogeny based on the mitochondrial
16S rDNA sequences supports the monophyly of
Pleurocera Rafinesque, 1819, Elimia H.&A. Adams,
1854, and Juga H.&A. Adams, 1854, but depicts the
genera Lithasia Haldeman, 1840, and Leptoxis Rafin-
esque, 1819, as polyphyletic. The genus Pleurocera is
sister to Elimia, which in turn is sister to a para-
phyletic assemblage including representatives of 
Leptoxis, Lithasia, and the monotypic genus Io Lea,
1831. Juga, a genus restricted to west of the North
American continental divide is the basal-most clade
and is sister to all the aforementioned genera found
east of the continental divide.

INTRODUCTION

The Pleuroceridae is one of three freshwater
gastropod families currently recognized in the
superfamily Cerithioidea (Mollusca: Caeno-
gastropoda). The current classification scheme
is largely the product of Morrison (1954), who

disassembled Thiele’s (1929) Melaniidae, which
included all freshwater certithioidean taxa 
into the Melanopsidae H.&A. Adams, 1854.
Thiaridae Troschel, 1857, and Pleuroceridae.
This classification was based on an examination
of reproductive anatomy and egg mass charac-
teristics. Recent phylogenetic studies of ceri-
thioideans based on limited anatomical material
(Houbrick, 1988; Ponder, 1991; Glaubrecht,
1996, 1998) indicate that the three families
should be treated as poorly defined, but sepa-
rate evolutionary entities until further system-
atic work is conducted. The large heterogeneous
Thiaridae (sensu Morrison, 1954) is putatively
sister to the marine Planaxidae Gray, 1850,
while Melanopsidae is putatively sister to Pleu-
roceridae (Houbrick, 1988; Ponder, 1991).

The composition of the poorly-defined Pleu-
roceridae is uncertain. Most malacologists agree
that the Pleuroceridae includes genera from
North America (Houbrick, 1988; Burch, 1980,
1982, 1988), but disagree about the placement
of Meso-American, Asian, and African genera.
For example, Morrison (1954) included certain
African (e.g., Potadoma Swainson, 1840) and
Asian (e.g., Paludomus Swainson, 1840) taxa in
his concept of the Pleuroceridae, but gave no
justification for doing so. Brown (1994) rejected
the pleurocerid assignment of all African
cerithioidean gastropods and placed them in
the family Thiaridae. Starobogatov (1970) and
Ponder & Warén (1988) suggested all North
American taxa be referred to as Pachychilidae
Troschel, 1857, operating under the assumption
that the Middle American genus Pachychilus
Lea & Lea, 1850, was closely related to North
American genera. Recent morphological (Glau-
brecht, Ponder, & Healy, unpublished) and 
preliminary molecular studies (Lydeard & 
Holznagel, unpublished) suggest that North
American pleurocerid genera constitute a
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monophyletic group, and that Pachychilus is
more closely related to some members of the
Melanatriinae Thiele, 1921, which are thought
to form a distinct taxon separate from the
Thiaridae (sensu stricto) (Glaubrecht, 1999).
Regrettably, too little anatomical and other bio-
logical data on a global scale are available to
know (Houbrick, 1988; Dazo, 1965) whether
some Asian taxa like the genera Semisulcospira
Troschel, 1857, and Hua Chen, 1943, belong in
the Pleuroceridae. However, material is now
being gathered and studies are now ongoing
(Matthias Glaubrecht, pers. comm.; Lena
Sayenko & Larisa Prozorova, pers. comm.).

The classification scheme typically used for
North American Pleuroceridae is that pre-
sented by Burch (1980, 1982, 1988), which
admittedly was not intended to be a systematic
monographic treatment, but a means to identify
species and their distributions. Burch (1980,
1982, 1988) considered North American Pleuro-
ceridae to be comprised of seven genera—
Elimia, Gyrotoma, Io, Juga, Leptoxis, Lithasia,
and Pleurocera. Previous classification schemes
differ largely in the assignment of generic names.
For example, some investigators used Gonio-
basis Lea, 1862a, instead of Elimia, Apella
Mighels in Anthony, 1843, instead of Gyro-
toma, and Anculosa Say, 1821, instead of Lep-
toxis. Aside from name differences, Burch’s
classification scheme differs from an earlier 
synopsis of the family presented by Walker
(1918). These differences include Eurycaelon
Lea, 1864, which was recognized by Walker but
synonymized by Burch with Leptoxis while
Juga was recognized by Burch but synonymized
with Goniobasis by Walker. Burch justified his
name choice, and we follow his recommenda-
tions as an initial working hypothesis.

Despite considerable literature justifying 
various proposed generic names and groupings
of North American pleurocerids, no studies
have been conducted examining the monophyly
and phylogenetic relationships of the recog-
nized genera. Virtually all taxonomic studies on
North American pleurocerids have been done
within a genus and are mostly due to Goodrich
(e.g., 1922, 1924, 1928, 1931, 1934a, b, c, 1935a,
b, 1937, 1938, 1941) and that of a few other
investigators (e.g., Adams, 1900, 1915; Rose-
water, 1960) based on shell and opercular 
characters. Recently, Lydeard, Holznagel, 
Garner, Hartfield & Pierson (1997) examined
generic relationships of North American pleu-
rocerids within the Mobile River basin of
Alabama, Georgia, Mississippi, and Tennessee
using molecular data, but this study included

only three of six extant genera (Gyrotoma is
now presumed extinct; Stein, 1976; Burch, 1982;
Lydeard & Mayden, 1995; Turgeon, Quinn,
Bogan, Coan, Hochberg, Lyons, Mikkelsen,
Neves, Roper, Rosenberg, Roth, Scheltema,
Thompson, Vecchione & Williams, 1998). In an
effort to extend our understanding of evolu-
tionary relationships among North American
pleurocerid genera in this study, we examined a
900-bp fragment of the mitochondrial (mt) 16S
rRNA gene among 32 extant North American
pleurocerid species or subspecies. We believe
such a phylogeny will provide a valuable phylo-
genetic framework from which further more
detailed systematic studies can be conducted.

MATERIALS AND METHODS

Taxa Examined

Of the 36 specimens listed in Table 1, 34 specimens,
considered the ingroup, represented 32 species or
subspecies of pleurocerids. Melanoides tuberculata
(Müller, 1774) (Thiaridae) and Melanopsis praemorsa
Linnaeus, 1758, (Melanopsidae) were chosen as out-
group representatives. The family Melanopsidae is
hypothesized to be sister to Pleuroceridae, while the
Thiaridae is thought to be a more basal member of
Cerithioidea (Houbrick, 1988; Lydeard et al., unpubl.).
Voucher specimens are deposited at North Carolina
State Museum of Natural Sciences. The source of
material and GenBank sequence accession numbers
for specimens examined are shown in Table 1.

Sequence Procurement, Alignment, and Analysis

Genomic DNA was isolated from frozen or ethanol
preserved tissue samples (typically the entire head of
the snail) by standard chloroform/phenol extraction.
Mitochondrial (mt) DNA sequences were obtained
for the amplified segment of the mitochondrial 16S
rRNA gene using the primers shown in Fig. 1. We 
initially used primers L2510, alias 16sar-L and H3080,
alias 16sbr-H (Palumbi, Martin, Romano, McMillan,
Stice & Grabowski, 1991), to amplify a ca 550-bp frag-
ment of the 3� half of the 16S rRNA gene. From these
data, we designed LR-J-13114 (5�-tgttcctyagtcgccc-
caac-3�) and SNL002 (Lydeard et al., 1997). To
amplify the 5’ half of the 16S rRNA gene we used 
Sr-14231 (Lydeard et al., 1997) which is located in the
12S rRNA gene beyond the 5’ end of the 16S rRNA
gene, with SNL002 to amplify this stretch of DNA.
Because this fragment was very large, ca 1100-bp, we
designed two internal primers, SNL003 and SNL004
(5�-ccttccaagtagaaagatta-3� and 5�-cyttttgtatcatggtt-
tagc-3�), as sequencing primers.

Approximately 50–500 ng of genomic DNA pro-
vided template for double-stranded amplifications via
PCR in 25 �l of Tris (67 mM, pH 8.8) containing 
6 mM MgCl2, 1 mM of each dNTP, 1mM of each
primer, and Taq polymerase (1.25 units, Perkin-
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Elmer-Cetus). The amplification regime consisted of
30 cycles, denaturing at 92° C for 40 s, annealing at
52°C for 60 s, and extension at 72°C for 90 to 150 s.
Single-stranded DNA was produced for sequencing
via asymmetric amplification (Gyllensten & Erlich,
1988) using low-melt agarose (FMC BioProducts)
purified double-stranded PCR product as template.
Reaction conditions for asymmetric PCR were the
same with the following exceptions, one primer was
held limiting and the final volume of the reaction
cocktail was increased to 50 �l. Single stranded ampli-
fication was performed during the above described
parameters. Following purification by centrifugal 
filtration (Millipore Ultra-free-MC 30,000), single-
stranded DNA was sequenced by dideoxy chain 
termination using Sequenase Version 2.0 (Amersham
Life Science) following manufacturer’s protocol. A
schematic diagram of the amplification and sequencing
primers is shown in Fig. 1. The radiolabeled sequenc-
ing reaction products were run on 6% polyacrylamide
gel (Long Ranger, FMC BioProducts) from 2 to 
4.5 hours. Following electrophoresis, all gels were
vacuum-dried and exposed to X-ray film for 48 to 
120 hrs. Sequences were initially entered into the 
software program XESEE (Ver. 3.0, Cabot & Beck-
enbach, 1989). A visual alignment was constructed 
by identifying corresponding stems and loops to 
the hypothesized secondary structure of gastropod
sequences from Cacozeliana lacertina (Gould, 1861)
and Paracrostoma paludiformis (Yen, 1939) (Lydeard,
Holznagel, Schnare, & Gutell, 2000).

Before conducting a phylogenetic analysis, it is 
necessary to examine the nucleotide substitution pat-
terns exhibited among taxa. Based on the observed

patterns of substitution, decisions can be made 
determining approximate step matrices or weighting
schemes to be employed in the phylogenetic analysis.
Therefore, we constructed bivariate plots of the 
number of transitions (TS) and transversions (TV)
versus genetic distances (p-distance, uncorrected for
multiple hits) for all pairwise comparisons. Absolute
genetic distance (p) and numbers of TS and TV were
calculated using the software program MEGA
(Kumar, Tamura & Nei, 1993).

The phylogenetic analysis was conducted using
maximum parsimony (MP) of the orthologous
sequences using the heuristic search option (10 repli-
cates) of PAUP* (version 4.0b.1 Swofford, 1998). We
employed the following options in PAUP*: uninfor-
mative characters were ignored, only minimal trees
were kept, gaps were treated as missing, and zero
length branches were collapsed. A bootstrap analysis
(Felsenstein, 1985) with 500 iterations was conducted
to estimate the internal stability of the matrix. In addi-
tion, a skewness test statistic (gl) was calculated based
on the distribution of tree lengths of a random sample
of 10,000 topologies. Data matrices with a strong phylo-
genetic signal are significantly more structured than
random data (Hillis & Huelsenbeck, 1992).

RESULTS

Sequence Variation

Multiple sequence alignment of the amplified
region from our selected taxa resulted in a
matrix consisting of 900 characters (Fig. 2)

Figure 1. A schematic diagram showing the position of primers and the sequence of the primers used in this
study. See text for actual amplification strategies used.
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Table 1. Species and locales of specimens used in this study following classification proposed by Burch (1980)*. NCSM � North Carolina State
Museum of Natural Sciences.

NCSM Voucher GenBank Accession 
Taxon Locality number number

Pleuroceridae

Elimia
Elimia olivula group

E. cylindracea (Conrad, 1834b) Noxubee Creek, Noxubee Co., MS NCSM-P-4661 U73765
E. olivula (Conrad, 1834a) Alabama River, Monroe Co., AL NSCM-P-4664 U73766
E. showalteri (Lea, 1861b) Cahaba River Shelby Co., AL NSCM-P-4665 U73767

Elimia haysiana group
E. alabamensis (Lea, 1861b) Coosa River, Coosa Co., AL NSCM-P-4658 U7361
E. haysiana (Lea, 1843) Coosa River, Elmore Co., AL NSCM-P-4662 U73763

Elimia hydei group
E. hydei (Conrad, 1834b) Black Warrior River, Jefferson Co., AL NSCM-P-4663 U7364

Elimia vanuxemiana group
E. caelatura caelatura (Reeve, 1860) Choccolocco Creek, Calhoun Co., AL NSCM-P-4659 AF100988

Elimia catenaria group
E. crenatella (Lea, 1862b) Cheaha Creek, Talladega Co., AL NSCM-P-4660 U7362

Elimia virginica group
E. virginica (Say, 1817) Conodoguinet Creek, Cumberland Co., PA NSCM-P-4666 AF100989

Lithasia
Subgenus Lithasia

L. geniculata geniculata Haldeman, 1840 Duck River, Maury Co., TN NSCM-P-4681 AF100995
L. geniculata fuliginosa (Lea, 1842) Duck River, Maury Co., TN NSCM-P-4680 AF100996

Subgenus Angitrema
L. duttoniana (Lea, 1841) Duck River, Maury Co., TN NSCM-P-4678 AF100998
L. armigera (Say, 1821) n � 2 Harpeth River, Davidson Co., TN NSCM-P-4678 AF100998

Io (monotypic)
Io fluvialis (Say, 1825) Holston River, Sullivan Co., TN NSCM-P-4667 AF100999

Pleurocera
Pleurocera prasinatum group

P. annuliferum (Conrad, 1934b) Black Warrior River, Jefferson Co., AL NSCM-P-4685 U73772
P. vestitum (Conrad, 1834b) Little Cahaba River, Bibb Co., AL NSCM-P-4691 U73775
P. prasinatum #1 (Conrad, 1934a) Yellowleaf Creek, Shelby Co., AL NSCM-P-4689 U73774
P. prasinatum #2 (Conrad, 1934a) Coosa River, Elmore Co., AL NSCM-P-4688 U73773
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Pleurocera pyrenellum group
P. pyrenellum (Conrad, 1834b) Piney Creek, Limestone Co., AL NSCM-P-4690 AF100990

Pleurocera unicale group
P. unciale hastatum (Anthony, 1854) Holston River, Sullivan Co., TN NSCM-P-4687 AF100993

Pleurocera canaliculatum group
P. canaliculatum filum (Lea, 1845) Duck River, Maury Co., TN NSCM-P-4686 AF101991

Pleurocera acuta group
P. acuta acuta Rafinesque, 1831 White River, Ozark C., MO NSCM-P-4684 AF100994

Subgenus Strephobasis
P. walkeri Goodrich, 1928 Shoal Creek, Lauderdale Co., AL NSCM-P-4692 AF100992

Leptoxis
Subgenus Mudalia

L. virgata (Lea, 1841) Clinch River, Hancock Co., TN NSCM-P-4677 AF101000

Subgenus Athearnia
L. crassa anthonyi (Redfield, 1854) Sequatchie River, Marion Co., TN NSCM-P-4672 AF101001

Subgenus Leptoxis
L. ampla (Anthony, 1855) Little Cahaba River, Bibb Co., AL NSCM-P-4671 U73768
L. picta (Conrad, 1834a) Alabama River, Monroe Co., AL NSCM-P-4673 U73769
L. plicata (Conrad, 1834b) Black Warrior River, Jefferson, Co., AL NSCM-P-4674 U73770
L. praerosa (Say, 1821) Harpeth River, Davidson Co., TN NSCM-P-4675 AF101002
L. taeniata (Conrad, 1834b) Choccoloco Creek, Talladega Co., AL NSCM-P-4676 U73771

Juga
Subgenus Juga

J. plicifera (Lea, 1838) McKenzie River, Lane Co., OR NSCM-P-4669 AF101004
J. silicula (Gould, 1847) Oak Creek, Benton Co., OR NSCM-P-4670 AF101003

Subgenus Oreobasis
J. nigrina (Lea, 1856) Unnamed spring, Douglas Co., OR NSCM-P-4668 AF101005

Thiaridae
Melanoides

Melanoides tuberculata (Müller, 1774) Drainage ditch, Gainesville, Alachua Co., FL NSCM-P-4682 AF101006

Melanopsidae
Melanopsis praemorsa Linnaeus, 1758 Granada, Andalusia, Spain NSCM-P-4683 U73776

*We recognize that Burch’s classification may not adequately reflect phylogeny, but use it as a working hypothesis.
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Figure 2. An aligned data matrix of 900 bp of mitochondrial 16S rDNA sequence for 33 pleurocerid snails and
2 outgroup species, Melanoides tuberculata and Melanopsis praemorsa. Dashes correspond to gaps and N’s are
missing data. See Table 1 for complete taxon labels.
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Figure 2. (Continued).
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Figure 2. (Continued).
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Figure 2. (Continued).
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Figure 2. (Continued).
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Figure 2. (Continued).
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Figure 2. (Continued).
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Figure 2. (Continued).
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including insertions and deletions (indels).
Length variation was observed among the taxa
ranging from 833 to 844 bp. Of the 900 charac-
ters examined, 446 (49.6%) were variable and
314 (34.9%) were phylogenetically informative
among all taxa including the outgroup.

Pairwise percent sequence differences cor-
rected for multiple hits by the two-parameter
method of Kimura (1980) are as follows. Inter-
specific values for the genus Lithasia ranged
from 0.0% (L. geniculata geniculata (Halde-
man, 1840), L. geniculata fuliginosa (Lea, 1842),
and L. duttoniana (Lea, 1841)) to 14.77% (L.
duttoniana vs. L. armigera (Say, 1821)); for
Elimia 0.12% (E. olivula (Conrad, 1834a) vs. 
E. haysiana (Lea, 1843)) to 11% (E. crenatella
(Lea, 1862b) vs. E. virginica (Say, 1817)); for
Leptoxis 2.69% (L. virgata (Lea, 1841) vs. L.
crassa anthonyi (Redfield, 1854)) to 22.76% 
(L. picta (Conrad, 1834a) vs. L. plicata (Conrad,
1834b)); for Pleurocera 0.47% (P. canalicula-
tum filum (Lea, 1845) vs. P. walkeri (Goodrich,
1928) to 8.32% (P. acuta acuta Rafinesque, 1831

vs. P. pyrenellum (Conrad, 1834b)); for Juga
1.66% (J. silicula (Gould, 1847) vs. J. plicifera
(Lea, 1838)) to 4.12% (J. silicula vs. J. nigrina
(Lea, 1856)). The low and high range values 
for the intergeneric sequence comparisons are
shown in Table 2. The lowest value for an
ingroup comparison is between Io and Lithasia
(7.25%) while the highest ingroup difference is
between Leptoxis and Juga (22.96%). The low-
est nucleotide sequence difference between an
ingroup and an outgroup taxon was 19.88%
between Juga (ingroup) and Melanopsis (out-
group) while the highest nucleotide sequence
difference was between the ingroup Leptoxis
and the outgroup Melanoides (33.29%).

A scatterplot (Fig. 3) of pairwise genetic
sequence differences (p-distance) versus the
absolute number of transitions and transver-
sions among all pleurocerids and the outgroup
taxa reveal some interesting patterns. From
zero to about 15% sequence difference, we
observed a clear separation of TS and TV with
each increasing in a roughly linear fashion.

Figure 2. (Continued).
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These values correspond to those within a
genus (excluding some Leptoxis pairwise com-
parisons) and the intergeneric comparisons
between Elimia, Io, Lithasia, and Pleurocera.
For greater than 15% sequence difference, TS
starts to level off and TV continues to increase
in a linear fashion. At this point, an overlap
between the numbers of TS and TV occurs with
the TV actually exceeding the number of TS in
some instances. These greater distance values
correspond to some intrageneric comparisons
within the genus Leptoxis, and intergeneric
comparisons between Elimia, Io, Lithasia, 
Pleurocera and Leptoxis, and ingroup-outgroup
comparisons. The reduction in the rate of TS
increase beyond a genetic distance of about
20% indicates that TS may not provide reliable
phylogenetic information due to saturation at
this level. Around 17% the number of TS
appears to be saturating. The 17% to 27%
sequence difference corresponds to compari-
sons between the ingroup and Melanoides and
Melanopsis, the outgroup.

Base Compositional Bias

Base compositional bias, which is unequal pro-
portions of the four bases (G, A, T, C), is com-
mon in DNA sequences. Table 3 summarizes
the base composition for all 35 specimens. All
taxa exhibit a high proportion of A and T (35.68
and 32.89% average, respectively) and a low
portion of C and G (13.99 and 17.42% average,
respectively).

It is important to consider base composition
when conducting a phylogenetic analysis because
when base compositional bias varies among taxa

potentially unreliable phylogenies may result.
Most analytical methods, including parsimony,
maximum-likelihood, and neighbor-joining, tend
to group sequences of similar nucleotide compo-
sitions together regardless of their evolutionary
history (Lockhart, Steel, Hendy & Penny, 1994).
A Chi-square test of homogeneity of base fre-
quency across taxa as implemented in PAUP*
(Swofford, 1998) revealed no significant differ-
ences in base frequency (P � 1.0000).

Phylogenetic Analysis

Based on the analysis of nucleotide substitution
patterns discussed previously, we employed 
two different approaches in our phylogenetic
analysis: (1) all substitutions received equal
weighting and (2) transversions were weighted
2X and 4X transitions to compensate for satura-
tion occurring among distantly related taxa.

Maximum parsimony analysis in which base
substitutions were equally weighted resulted in
a single most parsimonious tree (TL � 1310, 
CI � 0.528, gl � �0.578; Fig. 4). The molecular
phylogeny (Fig. 4) is highly resolved and 
supports the monophyly of Elimia and Pleuro-
cera, which are sister taxa. Three Lithasia taxa
(L. geniculata geniculata, L. g. fuliginosa, and L.
duttoniana) form a monophyletic group, all 
possessing identical sequences, and this group is
sister to the monotypic genus Io. Together, the
three Lithasia � Io are sister to Elimia � Pleu-
rocera. The next four basal-most clades include:
Leptoxis virgata � L. crassa anthonyi, L. ampla
(Anthony, 1855) � L. taeniata (Conrad, 1834b)
� Lithasia armigera, Leptoxis praerosa (Say,
1821) � L. plicata, and L. picta. The three Juga

Table 2. Estimated percentage nucleotide sequence difference among pairwise
comparisons of North American pleurocerid genera based on Mitochondrial 16S
rDNA sequences.

Elim Io Juga Lept Lith Pleu Mp Mt

Elim 9.28 15.69 9.86 9.14 7.97 20.83 27.79
Io 12.33 17.35 11.33 7.25 11.09 22.00 27.99
Juga 18.38 17.68 16.30 16.73 15.14 19.88 29.38
Lept 19.62 20.25 22.96 11.69 9.62 20.65 29.02
Lith 16.54 15.82 22.05 21.24 10.01 22.24 29.73
Pleu 11.60 13.29 17.51 19.24 16.23 20.07 29.48
Mp 24.67 22.00 20.06 26.19 23.47 21.57 33.14
Mt 32.25 57.99 29.99 33.29 30.43 30.66 33.14

Note. Percentage sequence values were corrected for multiple hits using Kimura’s
two-parameter model (Kimura, 1980). Values above the diagonal are the low
range values and the values below the diagonal are the high range values. Genus
abbrevations: Elim, Elimia; Io, Io; Juga, Juga; Lept, Leptoxis; Lith, Lithasia; Pleu,
Pleurocera; Mp, Melanopsis; Mt, Melanoides.
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Figure 3. Scatterplot showing a pairwise sequence comparison of absolute number of transitions and transversions against percentage sequence difference 
(p-distance). Transitions are filled diamonds, transversions are open squares.
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species form a clade that is sister to all the
aforementioned clades.

Maximum parsimony analysis weighting
transversions (TV) 2� transitions(TS) resulted
in two equally most parsimonious trees (TL �
1803, gl � �0.869). A strict consensus tree of
the two most parsimonious trees is shown in
Fig. 5. One of the two most parsimonious trees
is equivalent to the topology obtained when TS
and TV were weighted equally (Fig. 4). The
other most parsimonious tree placed Leptoxis
plicata � L. praerosa as sister to L. ampla � L.
taeniata � Lithasia armigera. Weighting TV 4�
TS resulted in two most parsimonious trees (TL
� 2787; Gl � �0.87). One of the two trees is
equivalent to one of the most parsimonious

trees obtained when weighting TV 2� TS, and
the other most parsimonious tree differs in the
more basal position of the Leptoxis praerosa �
L. plicata clade and Lithasia armigera being 
sister to Leptoxis praerosa � L. plicata instead
of L. ampla � L. taeniata.

Bootstrap values for most shallower nodes
were relatively high (2/3rds of nodes � 70%)
for all three phylogenetic analyses (see Figs 4 &
5). Hillis & Bull (1993) suggested that bootstrap
values of 70 or more percent may correspond to
confidence limits approaching 95% under con-
ditions of equal rates of change and reasonably
low internodal change. Deeper nodes in all
instances exhibited less support as indicated by
bootstrap values below 50%.

Table 3. Base composition of the taxa examined in this study

% A % C % G % T

Elimia olivula 36.07 13.92 16.78 33.21
Elimia haysiana 36.14 13.91 16.64 22.39
Elimia alabamensis 36.42 13.81 16.66 33.09
Elimia cylindracea 36.02 13.55 17.00 33.41
Elimia caelatura caelatura 35.91 12.96 16.76 34.36
Elimia crenatella 36.20 14.21 16.88 32.68
Elimia showalteri 35.95 13.57 17.26 33.21
Elimia hydei 36.90 13.81 16.78 32.50
Elimia virginica 35.00 14.16 18.09 32.73
Pleurocera annuliferum 35.95 13.09 16.78 34.16
Pleurocera pyrenellum 35.99 13.11 17.16 33.73
Pleurocera vestitum 35.75 13.46 17.04 33.73
Pleurocera canaliculatum filum 35.23 13.81 17.73 33.21
Pleurocera walkeri 35.23 13.92 17.61 33.21
Pleurocera prasinatum #1 35.00 13.33 17.85 33.81
Pleurocera prasinatum #2 35.31 13.55 17.36 33.76
Pleurocera unciale hastatum 35.19 13.43 17.71 33.65
Pleurocera acuta acuta 35.71 13.57 17.50 33.21
Lithasia geniculata geniculata 35.91 15.33 17.24 31.51
Lithasia geniculata fuliginosa 35.87 15.37 17.28 31.46
Lithasia duttoniana 35.80 15.39 17.30 31.50
Lithasia armigera 37.91 14.10 17.18 30.80
Io fluvialis 34.33 15.23 18.22 32.21
Leptoxis virgata 35.11 13.69 17.38 33.81
Leptoxis crassa anthonyi 34.92 14.18 17.16 33.73
Leptoxis praerosa 34.95 13.86 17.29 33.88
Leptoxis plicata 36.59 13.23 17.40 32.77
Leptoxis ampla 35.16 14.83 17.70 32.29
Leptoxis taeniata 34.60 14.43 18.25 32.69
Leptoxis picta 36.03 13.84 17.06 33.05
Juga silicula 35.52 13.87 17.82 32.75
Juga plicifera 35.16 13.87 18.06 32.89
Juga nigrina 35.28 13.75 17.94 33.01
Melanopsis praemorsa 34.45 16.44 19.20 29.89
Melanoides tuberculata 37.09 13.19 17.83 31.86

MEAN 35.68 13.99 17.42 32.89
Chi-Square � 29.8218 (df � 102) P � 1.00000
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Figure 4. The single most parsimonious tree generated by maximum parsimony analysis in which all base 
substitutions were equally weighted (TL � 1310, CI � 0.528). Bootstrap values are shown above nodes having
support greater than 50%.
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Figure 5. Strict consensus of two equally parsimonious trees generated when transversions (TV) are weighted
2� transitions (TS) (TL � 1803). Bootstrap values are shown above nodes having support greater than 50%.
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DISCUSSION

The current generic groups of pleurocerids are
based on shell characteristics, although there is
a considerable overlap among some species
between certain genera. The genus Io is charac-
terized as possessing a large, fusiform shell with
the anterior end of the aperture prolonged into
a long canal (Burch, 1988). Io is currently 
considered monotypic, although Tryon (1873)
listed five species of Io—two smooth or some-
what tuberculated and three spinose. Adams’
(1915) comprehensive examination revealed
that Io conchological variation is clinal, with
head-water forms typically smooth and down-
stream forms being spinose. Further molecular
studies can be used to determine if Io is in fact
monotypic. Io is closely related to two species
of Lithasia examined in our study, as hypo-
thesized by Davis (1974).

The genus Pleurocera is characerized with
the anterior or ‘basal’ end of the aperture pro-
longed into a short canal, producing an auger-
shaped base to the shell (Burch, 1988). The
molecular phylogeny based on the mitochon-
drial 16S rRNA gene sequences supports the
monophyly of Pleurocera. Of the eight taxa
included in our study, Pleurocera acuta acuta,
the type species of Pleurocera, is the basal-most
species. The relationships among the remaining
taxa do not reflect any regional or traditional
taxonomic grouping. For example, P. annuli-
ferum (Conrad, 1834b) of the Mobile River
basin is sister to P. pyrenellum of the Tennessee
River basin, which in turn is sister to P. vestitum
of the Mobile River basin. Furthermore, P.
annuliferum, P. vestitum (Conrad, 1834b), and
P. prasinatum (Conrad, 1834a) of the P. prasi-
natum group do not constitute a monophyletic
group. All this is supported by the high boot-
strap values shown at the various nodes within
the Pleurocera clade (Figs 4 & 5). One taxo-
nomic entity that was considered a subgenus of
Lithasia by Tryon (1873), but later moved to
Pleurocera by Pilsbry & Rhoads (1896) is Stre-
phobasis Lea, 1861a. Goodrich (1928) agreed
with Pilsbry’s placement of Strephobasis in
Pleurocera, and noted that the demarcations
between species of the subgenus Strephobasis
and other non-strephobasis Pleurocera species
is exceedingly faint. Although the type species
of Strephobasis (Melania plena Anthony, 1854)
was not included in our study, the single Stre-
phobasis representative, P. walkeri, is nested
within the clade including other Pleurocera
species.

The genus Elimia is extremely diverse con-

chologically. We follow Burch (1982) in using
Elimia in place of the better known synonym
Goniobasis. Walker (1918) characterizes the
genus as possessing a shell of medium size, dex-
tral, spiral, imperforate; smooth, longitudinally
plicate, transversely striate or tuberculate; thick,
solid ovate-conic to elongate turreted; aperture
subrhomboidal, subangular at the base but not
canaliculate; columella smooth, not twisted; lip
simple and acute. These shell differences also
describe pleurocerid species west of the North
American Continental Divide resulting in the
synonymy of Juga with Elimia by most pleuro-
cerid systematists (e.g., Tryon, 1873; Walker,
1918; Rosewater, 1960). Burch (1982, 1988)
chose to recognize the genus Juga, but the only
difference used in his identification key to sepa-
rate the two genera is whether they are found
east or west of the continental divide. The
molecular phylogenetic hypothesis (Fig. 4) sup-
ports the monophyly of the genus Elimia as
delimited by Burch (1982, 1988), but it is quite
likely that further taxonomic sampling will
reveal the genus is para- or polyphyletic. There
are several problematic species not examined in
this study, such as Elimia interrupta (Haldeman,
1840) that exhibit conchological traits similar to
other genera like Lithasia, which may more
appropriately be assigned to other genera once
more detailed studies are conducted (e.g.,
Arthur E. Bogan, pers. comm.). In concert, the
genus Juga (as delimited by Burch 1980, 1982,
1988) is supported as being monophyletic based
on the mtDNA-based phylogeny (Figs 4 & 5).
Interestingly, Juga is not closely related to
Elimia, but is sister to all genera east of the
Continental Divide. Most investigators have
united these two most distantly related taxa on
the basis of shell characters revealing the
degree to which their shell characters have con-
verged.

The genus Lithasia is characterized by being
conic, subglobose, ovate, or cylindrical with the
surface of most species sculptured with obtuse
spines or prominent nodules. The columellar
margin of the aperture is thickened, meeting the
anterior lip with a channel or strong angle, and
a calloused thickening usually on the parietal
wall at the posterior end of the aperture
(Walker, 1918). The mitochondrial 16S rRNA
gene tree united three Lithasia taxa representing
two different subgenera—Angitrema (Lithasia
duttoniana) and Lithasia (L. geniculata genicu-
lata, L. g. fuliginosa). However, the type species
of the genus Lithasia, L. armigera, was depicted
as being more closely related to Leptoxis ampla
and Leptoxis taeniata than to the other three
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Lithasia species. Constraining the tree to pro-
duce a monophyletic Lithasia results in a tree
that is 14 steps longer, but this topology is not
significantly different from the most parsimo-
nious tree (P � 0.08; Templeton’s, 1873a, b sign
rank test as implemented in PAUP*). The odd
placement of L. armigera was confirmed by
sequencing another specimen of L. armigera.
Interestingly, the three species of Lithasia that
were depicted as monophyletic have identical
sequences and come from the same locality.
Given the conservative nature of the mitochon-
drial 16S rRNA gene, it is not a surprise that
the two subspecies of Lithasia geniculata do not
differ, but perhaps L. duttoniana of the sub-
genus Angitrema is a product of hybridization
with Lithasia geniculata. One of us and a 
colleague (R. Minton and CL, unpubl.) are con-
ducting a systematic review of the entire genus
Lithasia including more detailed population-
level analyses and appropriate outgroup taxa to
attempt to resolve this unusual finding.

Members of the genus Leptoxis are charac-
terized by a medium to small, subglobose, 
globosely or broadly conic, or ovate shell
(Burch, 1988). The molecular-based phylogeny
(Fig. 4) depicts the genus as polyphyletic. The
subgenus Athearnia Morrison, 1971 represented
by Leptoxis crassa anthonyi, is sister to the sub-
genus Mudalia Haldeman, 1840, represented by
Leptoxis virgata. The subgenus Athearnia is
comprised of a single species and two sub-
species. Leptoxis crassa anthonyi is federally
listed as endangered and Leptoxis crassa crassa
(Haldeman, 1841) is presumed extinct (Tur-
geon et al., 1998). Athearnia has been treated as
a distinct genus (Eurycaelon) by some previous
systematists (e.g., Tryon, 1873) and more
recently in an allozyme study comparing Lep-
toxis crassa anthonyi with Leptoxis praerosa
(Dillon & Ahlstedt, 1997). The mitochondrial
16S data reveals (Fig. 4) that the subgenus 
Leptoxis is polyphyletic. Constraining the tree
to produce a monophyletic Leptoxis produces a
tree that is 18 steps longer and is significantly
different from the most parsimonious tree (P
	 0.05). However, constraining the tree to
allow Lithasia armigera to be nested within an
otherwise monophyletic Leptoxis results in a
tree of 11 steps longer and this is not statisti-
cally different from the most parsimonious tree.
Given the limited taxonomic sampling in
Mudalia, it would be best to await further data
and a thorough review of the genus in conjunc-
tion with Lithasia, before making any formal
taxonomic recommendations.

The genus Gyrotoma is distinguished by the

presence of a posterior slit along the last whorl
suture junction (Burch, 1988). The genus was
restricted to the Coosa River of Alabama and is
presumed extinct (Burch, 1988, Lydeard &
Mayden, 1995; Turgeon et al., 1998) due to the
inundation of its shoal habitat from the building
of a series of impoundments during the early to
mid-1900s. Regrettably, we have been unable to
obtain DNA from the limited number of 
samples of Gyrotoma we have obtained that
still have desiccated bodies intact. Perhaps,
however, improved methods of DNA extrac-
tion will increase the likelihood of yielding
DNA in the future.

Lydeard et al. (1997) examined the phylo-
genetic relationships of three Mobile Basin
pleurocerid genera using mitochondrial 16S
rDNA sequences and found support for the
monophyly of Mobile basin Pleurocera, Elimia,
and the paraphyly of Leptoxis. Like the present
study, Pleurocera is sister to Elimia, and a para-
phyletic assemblage of Leptoxis is sister to
Pleurocera � Elimia. The present study, which
includes other pleurocerid taxa from other
drainages, reveals that the Mobile River basin
taxa do not constitute a monophyletic assem-
blage.

Species Richness, Taxonomy, and Conservation

Burch (1980) provided species accounts for
North American pleurocerid species and sub-
species, including recognized ‘morphs’ or
‘forms’ as follows: Elimia (111 taxa), Gyrotoma
(6 taxa), Io (1 taxon), Juga (12 taxa), Leptoxis
(25 taxa), Lithasia (14 taxa), Juga (12 taxa) and
Pleurocera (31 taxa). Burch (1988) expressed
concern that the number of taxa may not reflect
valid species due to the lack of any thorough
systematic treatment for most genera. Indeed,
the number of nominal pleurocerid species is
approximately 1,000 largely due to the efforts of
Isaac Lea and J. G. Anthony, who described
nearly 500 and 150 species, respectively, in the
early 1800s. Tryon (1873) was the first to syn-
thesize the work done up until that time on
pleurocerids and synonymized liberally, collaps-
ing the number of species to ca. 500. Goodrich
(e.g., 1922, 1924, 1934a-c, 1935a,b) continued
the trend eventually resulting in the numbers
reported by Burch (1980). One specific example
is the synonymy of 113 nominal forms with
Pleurocera canaliculata (Rosewater, 1960) based
on an interpretation that all conchological varia-
tion represented intraspecific-level variation,
but this still needs testing. Unfortunately, the
lack of a thorough modern taxonomic mono-
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graph on pleurocerids has created problems in
their effective management.

Pleurocerids represent one of the most endan-
gered groups of organisms in North America
with 33 species presumed extinct (Bogan, Pier-
son & Hartfield, 1995; Lydeard & Mayden,
1995; Neves, Bogan, Williams, Ahlstedt &
Hartfield 1997; Turgeon et al. 1998). In the state
of Alabama, U.S.A., 65% of the 147 caeno-
gastropod snail species are thought to be either
extinct, endangered, or threatened (Lydeard &
Mayden, 1995). However, given the uncertain
taxonomy, the number of extinctions may 
actually be much different. Lydeard, Yoder,
Holznagel, Thompson & Hartfield (1998) found
little support for the monophyly of several
species of Elimia that are distributed through-
out a single drainage basin (Coosa River,
Alabama). These disjunct evolutionary entities
may actually represent different species. In an
analogous situation, two modern, systematic
reviews of the problematic hydrobiid genus
Pyrgulopsis Call & Pilsbry, 1886, (Hershler,
1994, 1998) resulted in the description of 131
species, whereas previously only five species of
Pyrgulopsis were reported in Burch (1988).
Clearly, modern, systematic monographic treat-
ments are needed to discover and describe
pleurocerid species diversity. We are now begin-
ning these efforts using both traditional and
molecular methods. The molecular phylogeny
described herein provides an important frame-
work from which to build.
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