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Abstract: A hypothesis of relationships among subfamilies, tribes, genera, and species of Polygyridae was established by Ken Emberton in
1995, using shell, behavioral, allozyme, and soft anatomical characters. We tested this hypothesis using four mitochondrial and two nuclear
loci. We present data from 418 polygyrid individuals sequenced for one to six loci, including 110 named species (out of 294 nominal taxa)
from 21 of the 24 recognized genera. We carried out phylogenetic and DNA barcoding analyses to examine relationships at the family, genus,
and species-level. In our analyses, the subfamilies are not supported as monophyletic groups. The tribes Mesodontini, Ashmunellini and
Vespericolini were recovered as monophyletic, while all other tribes were paraphyletic. Regardless of analysis method, we found a close,
well-supported relationship between Mesodontini and Triodopsini, two tribes that were distantly related in Emberton’s hypothesis. Most
genera were recovered as monophyletic with the notable exceptions of Cryptomastix Pilsbry, 1839, Mesodon Rafinesque in Férussac, 1821,
and Neohelix von Thering, 1892. Of the species for which we had multiple individuals, populations of 27 formed monophyletic groups on our

phylogenies, while 47 did not, indicating an urgent need for revisionary taxonomy at all levels of classification in this family.
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Some of the most commonly encountered and visible na-
tive land snails in North America are species in the land snail
family Polygyridae (Pilsbry 1940, Emberton 1994). This endemic
North American family contains 294 nominal species (Richard-
son 1986, Turgeon et al. 1998, Dourson 2011, 2012, Perez 2011,
Thompson 2011), three of which are known to be federally en-
dangered (United States Fish and Wildlife Service 2012) and five
of which are considered to be problematic invasive species
(Dundee 1974, Robinson 1999). In this study, we had three aims:
1) evaluate the current morphology-based phylogeny and clas-
sification of the family using a new molecular phylogeny; 2)
evaluate the current species-level classification using a molecular
phylogeny and DNA barcoding methods; and 3) in light of our
new phylogenetic hypothesis, examine the evolution of shell char-
acteristics that had previously been reported to be convergent
and the utility of genital characters in higher level classification.

What are the relationships among subfamilies, tribes, and
genera within Polygyridae?

Most work on Polygyridae has focused at the species-level,
much of it describing new species, distributions, and ecology,

while relatively few authors have addressed the higher-level sys-
tematics of the group. Polygyridae was first established as a sub-
family of Helicidae by Pilsbry (1894) who started to divide the
species into genera and sections using what was, for the time, a
remarkably wide variety of character sets including shell mor-
phology and genital anatomy and less often pallial organ, jaw,
and radular morphology. Prior to that point, species were usu-
ally treated as members of the genus Helix L., 1758, which en-
compassed nearly all snails with helicoid shells world-wide.
Pilsbry (1930) raised the group to familial rank, established two
subfamilies, Triodopsinae and Polygyrinae (Pilsbry 1940), and
continued organizing species into subfamilies, generic, and sub-
generic groupings culminating in the first large-scale taxonomic
revision of the Polygyridae (Pilsbry 1940). This established the
species groups that are still recognized today. However, Pilsbry’s
(1940) work included only species found north of Mexico
(excluding ~20% of the described species in the family that are
now known). Most works that focused on the Mexican fauna
have been relatively limited in geographic area and taxonomic
scope (Pilsbry 1948a, b, Solem 1957, Correa-Sandoval 1992,
1993, 1999, Naranjo-Garcia 2003).
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The most comprehensive treatments of the Mexican fauna
focus on species descriptions and distributions and predate
much of Pilsbry’s reorganization of the polygyrids (Fischer and
Crosse 1870-1878, Strebel 1875, von Martens 1890-1901). Be-
cause the Mexican polygyrids have not been treated in the same
detail as their northern counterparts, some species still cannot
be unequivocally assigned to genus (Thompson 2011).

Pilsbry’s revisions focused on determining species groups
and less on the relationships of these groups with each other.
Emberton (1988, 1991, 1994), using a more comprehensive
sampling of genital anatomy, especially penial sculpture in
combination with allozyme data, developed the first compre-
hensive hypotheses of phylogenetic relationships within gen-
era of Polygyridae. Emberton (1995b) refined this hypothesis
using a Hennigian approach to form a hypothesis of relation-
ships among tribes, genera, and subgenera in Polygyridae
(Fig. 1). Emberton’s binary data matrix produced a single tree
with most nodes supported by one synapomorphy. This clado-
gram forms the basis for our current understanding of higher
level relationships within the Polygyridae and Emberton’s
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Figure 1. Tree of relationships of polygyrid genera and tribes from the morphology-based

classification of Emberton (Emberton 1995b).
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studies provide a solid framework of testable hypotheses
(Emberton 1988, 1991, 1994, 1995a, b).

A recent study showing incongruence between Ember-
ton’s phylogeny and molecular evidence at both the species- and
genus-level (Perez 2011) indicates the need for reassessment
of both species- and higher-level phylogeny of Polygyridae
using additional independent characters, especially molecu-
lar characters. Convergences in shell characters appear to be
widespread in land snails including Polygyridae (Asami 1988,
Emberton 1995a, b), which led Emberton to focus his studies
on genital morphology. However, genital morphology, espe-
cially penial sculpture, also appears to evolve rapidly (Wade
et al. 2007) and while that rapid evolution makes this charac-
ter set ideal for looking at species-level relationships, it is also
likely to be prone to homoplasy, especially at generic and
higher-level relationships. While details of the sexual appara-
tus are likely to reflect species differences, classifications built
using multiple characters (Tillier 1989) from independent
and congruent datasets, including molecular evidence, are
likely to be more robust, especially at higher taxonomic levels.

Species-level relationships within the
polygyrids: Filling out the tips of the
polygyrid tree.

Species delineation in polygyrids is
based primarily on shell characters and
can be extremely difficult. Land snails are
well known for high within-species varia-
tion in shells, while at the same time they
are remarkable for also having close shell
convergences among groups and species
(Emberton 1995a). These difficulties may
result in large part from their unique biol-
ogy. Terrestrial snails are sensitive to
desiccation and are often restricted to
moist microhabitats that may limit shell
shapes and lead to shell convergences
(Emberton 1995a, Wiens et al. 2006).
They are also poor dispersers with no life
stage capable of actively traveling long
distances. Therefore, their populations
are likely to experience limited gene flow
allowing populations to evolve in relative
isolation compared to more vagile spe-
cies. In fact, terrestrial gastropods in gen-
eral are notorious for having high levels
of intraspecific variability in shell mor-
phology (Goodfriend 1986, Chiba 1993).
More specifically, shell morphology in
some land snails has been shown to have
a strong genetic component (Cook 1965,
Murray and Clarke 1968, Gould and
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Woodruff 1990, Davison and Clarke 2000) and, thus, might
represent local adaptation (Teshima et al. 2003). However,
other studies demonstrate that shell characters can be highly
plastic in some species; shell variation may be influenced
by moisture, temperature, predation, population density, en-
vironmental calcium levels (reviewed in Goodfriend 1986),
or altitude (Burla and Stahel 1983, Engelhard and Silk 1994,
Welter-Schultes 2000). Finally, excluding both genetic and
environmental components, several researchers have found
snails with high degrees of shell variation that, when examined
with molecular data, are found to represent a single, highly
variable species (Hillis et al. 1991, Wilke and Falniowski 2001,
Teshima et al. 2003) with apparently random variability in
shell shape or color.

Alpha-level taxonomy of the polygyrids is based in large
part on relatively few shell characters, especially in groups
other than Mesodontini and Triodopsini, which were revised
by Emberton (Emberton 1988, 1991). Most species descrip-
tions since Pilsbry’s (1940) revision are based primarily on
shell characters, a few in combination with genitalic charac-
ters, and other than Perez (2011), have not been named in the
context of generic or group revisions. Because of high intra-
specific variation and interspecific convergences in shell mor-
phology, a shell-only approach to taxonomic revisions is not
likely to be successful. For example, Vagvolgyi’s (1968) revi-
sion of Triodopsis s.I. Rafinesque, 1819 relied entirely on shell
characters and did not support recognizing some species
which were later supported using genital anatomy (Emberton
1988). Some authors have attributed variation in shell char-
acters to hybridization (Vagvolgyi 1968, Hubricht 1983)
however, convincing evidence for hybridization is lacking.

One possible explanation that has not received the same
attention is that what appear to be high levels of intraspecific
variation may be the result of poorly defined species, cryptic
species, or unrecognized species complexes resulting from
poor taxonomy. Some species are identified using single shell
characters and the efficacy of these characters has never been
independently evaluated. For example, Inflectarius rugeli
(Shuttleworth, 1852) differs from Inflectarius inflectus (Say,
1821) in having a recessed palatal tooth, however both these
species are highly variable for other shell characters (Pilsbry
1940) and the genus includes several species in which palatal
and basal lamellae are reduced or absent. In this case, as in
most other polygyrids, relatively few populations have been
studied in detail, and genital anatomy is known only for sev-
eral individuals from a few populations. Given the lack of
knowledge of geographic variation in both shell and genital
morphology, it is impossible to assess whether variation in
shell characters represents within-species variation or species
complexes. To be sure, multiple characters sampled from
across the range of each species are needed. In light of these
challenges, we believe a careful reevaluation of the species-

level classification of Polygyridae is warranted and we pro-
pose that DNA data are an ideal independent data set to test
species boundaries.

A number of problems have made detailed taxonomic re-
visions of polygyrid groups difficult. Even the relatively well
sampled Eastern United States contains large regions that are
poorly sampled (Hubricht 1985). Sampling in the Western
United States is sparser and sampling in Mexico is mostly re-
stricted to the type localities of species (Thompson 2011). As a
result, fluid-preserved material of many species is limited, pre-
cluding the use of genital, molecular, pallial, and frequently,
jaw and radular characters in taxonomic revisions. In many
cases, species descriptions lack illustrations and precise locality
information. This is especially true in many Mexican species
that were described from material collected during large Euro-
pean museum expeditions, which often labeled type collec-
tions with simply “Mexico” (Pfeiffer 1841, 1848, Binney 1851,
1857, Fischer and Crosse 1870-1878, Strebel 1875, Strebel and
Pfeffer 1880, von Martens 1890-1901). These collections were
described in multiple series of large volumes that were often
not immediately available to researchers in other countries, re-
sulting in common species being described several times. Con-
tributing to the modern difficulties in taxonomy, several
polygyrid type specimens were lost during World War 11
(Dance 1986).

Sampling initiated, in part for this study, is starting to
provide specimens to address some of these problems. Perez
(2011) used both molecular and morphometric analyses to
recognize one new species and revise several others in the
polygyrid genus, Praticolella von Martens, 1892. That study
found several additional unrecognized species that remain
to be described and some incongruence between molecular
and morphological datasets. Compared to some other poly-
gyrid genera, Praticolella has received a great deal of taxo-
nomic attention (Vanatta 1915, Pilsbry 1936, Webb 1967,
Neck 1977, Hubricht 1983, Perez 2011), yet there are still
many unrecognized species. This led us to question the ac-
curacy of current species-level classification in Polygyridae
and to evaluate it using a molecular phylogeny and DNA
barcoding methods.

DNA barcoding in Polygyridae

DNA barcoding relies on a short (~600 base pair) se-
quence of the cytochrome ¢ oxidase subunit 1 (CO1) gene to
provide a practical, species-level identification tool (Hebert
et al. 2003b, Kress and Erickson 2008). This method relies
on a “barcoding gap” to recognize species-level distinctions,
a frequently used standard is interspecific variation ten times
the mean intraspecific variation. The broad utility of DNA
barcodes has been shown across plant and animal groups
(Hebert et al. 2003b, Grant and Linse 2009, Hausmann et al.
2011, Park eral. 2011, Siddall et al. 2012), though recent studies
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have shown them to perform poorly in groups with low vagil-
ity and corresponding levels of geographic structure (Bergsten
et al. 2012). While the limitations of barcoding and other
DNA taxonomy methods are well known (Prendini 2005,
Packer et al. 2009), most studies recognize barcoding as a use-
ful method for identifying groups of interest, however the
utility of this method in land snails is unclear for the reasons
detailed below.

A large body of literature exists on the subject of snail spe-
cies with extremely divergent intraspecific population struc-
ture in mtDNA sequence (Guiller et al. 1994, Thomaz et al.
1996, Schilthuizen et al. 1999, Backeljau et al. 2001, Pfenniger
and Posada 2002, Haase et al. 2003, Hugall et al. 2003, Pinceel
et al. 2005, Davison et al. 2009). Thomaz et al. (1996) found
high levels of intraspecific sequence divergence (12.9%) in a
mitochondrial gene (16S) within two species of land snails, Ce-
paea nemoralis (L., 1758) and Cornu aspersum (Miiller, 1774).
High levels of intraspecific genetic divergence have also been
observed in Candidula Kobelt, 1871 (Pfenniger and Posada
2002), Discus Fitzinger, 1833 (Ross 1999), Arion Moquin-
Tandon, 1855 (Pinceel ef al. 2005), and Euhadra Pilsbry, 1890
(Watanabe and Chiba 2001). Johnson et al. (1988) and Thomaz
et al. (1996) concluded that the most likely explanation for
the observed levels of divergence is the low vagility of land
snails, which produces a population structure consisting of
many isolated demes with infrequent migration, leading to
deep divergences within species. Thomaz et al. additionally
suggested that low vagility contributes to the long-term main-
tenance of ancient mtDNA lineages (i.e., long coalescence
times). This inverse relationship of vagility and intraspecific
divergence is seen in freshwater snails (Perez et al. 2005) and
other animal groups (Lanzaro et al. 1993, Ditchfield 2000,
Pabijan and Babik 2006, Hebert et al. 2010). Alternatively,
some of these populations may represent independent evolu-
tionary lineages. In this study, we examine whether a DNA bar-
coding approach is useful for species delineation in Polygyridae,
a taxonomic group with low vagility.

Shell and genitalia character evolution in Polygyridae

Our understanding of the evolutionary history of mor-
phological characteristics depends on accurate phylogenetic
hypotheses. In one example of evolution of convergent shell
morphologies, members of different polygyrid genera have com-
pletely indistinguishable shells when they occur in sympatry
(Emberton 1991, 1995b) e.g., Mesodon normalis (Pilsbry, 1900)
and Neohelix major (A. Binney, 1837). Currently, to separate
these species reliably, one must examine internal anatomy. Mo-
lecular characters are likely to be useful, and external soft part
characters might eventually be found to separate them. Never-
theless, shell characters are not sufficient to separate them. In this
study, we examine two sets of shell characters in Polygyridae:
apertural denticles and carinate peripheries and two genitalia
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characteristics: insertion point of the penial retractor muscle and
presence of a penial sheath.

In an examination of the phylogenetic utility of denticle
characters in Thai gastrocoptine land snails, Tongkerd et al.
(2004) found that denticle characteristics performed very
poorly as generic-level characters, and cautioned against the
unquestioned use of denticle characters in gastropod clas-
sification, hypothesizing that ecological transitions can lead
to rapid modification of the denticle apparatus. There are
several hypotheses regarding the function and evolution of
apertural denticles, each proposing that there could be
strong adaptive significance to the presence and extent of
apertural denticles, with these structures serving one or
more purposes. However, the presence of denticles is not a
fixed condition in some polygyrid species; for example,
Praticolella mobiliana (1. Lea, 1841), P. lawae (]. Lewis, 1874),
and Mesodon thyroidus (Say, 1816) all have mixed popula-
tions with some individuals possessing a large parietal tooth
while others lack any hint of a tooth. Hypotheses of the
adaptive significance of denticles can be best examined only
within a broad phylogenetic context including family- and
species-level relationships.

Many species of land snail show variation in the form
of their body whorl periphery. In polygyrids, this variation
ranges from a completely rounded (globose) shell to a sharply
angular keel or flattened shell. The keeled form has been
suggested to evolve through paedomorphic retention of ju-
venile shell angularity (Gould 1969, 1971). Other authors
(Cook and Pettitt 1979) suggested that this aspect of shell
shape is an adaptation against crushing, i.e., keeled shells are
more resistant to crushing than rounded shells. Solem and
Climo (1985) suggested that keeled shells are associated with
open ground with deep leaf litter, but in some groups of
snails keels are associated with limestone substrates (Alonso
et al. 1985). It has also been proposed that flat shells allow
for deeper penetration into sheltered areas and are impor-
tant in arid lands for aestivation and escape from desic-
cation (Goodfriend 1986, Pfenniger and Magnin 2001).
Teshima et al. (2003) found serial convergent attainment of
a flat/keeled shell shape from a globose ancestor in popula-
tions of Ainohelix editha (A. Adams, 1868) and it is uncer-
tain whether polygyrids present other examples of this kind
of convergence.

In this study, we use a six-gene phylogeny to deter-
mine the sister group of Polygyridae, test the current
morphology-based family classification with molecular
data, examine relationships within the family- to the species-
level, and examine evolution of two shell characters. Using
DNA barcoding methods, we also evaluate the current spe-
cies-level classification of Polygyridae and examine wheth-
er barcoding is a useful approach to species delineation in
Polygyridae.
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MATERIALS AND METHODS

Taxon sampling

Our phylogenetic and barcoding analyses used a matrix
comprising data from 418 individuals (“418-taxon” matrix/
tree; complete list in Supplemental Table 1) to examine gen-
era and species in Polygyridae, or a matrix comprising a sub-
set of 39 individuals (“39-taxon” matrix/tree) intended to
examine relationships among tribes. Of the 294 named poly-
gyrid species, we sampled 110 species, 37.4% of the family.
This includes 110 named species and 21 of the 24 genera
(87.5%), all of the seven tribes, and members of both sub-
families. In this review, we focus on the Tribe-level of classifi-
cation to allow more resolution than the subfamily-level and
to facilitate discussion of larger groups than genus (Fig. 2).
Following is a list of each genus with the number of species
we sampled compared with the total number of extant named
species in that genus: Allogona Pilsbry, 1939, 3 of 4; Appala-
china Pilsbry, 1940, 2 of 2; Ashmunella Pilsbry and Cockerell,
1899, 9 of 44; Cryptomastix Pilsbry, 1939, 7 of 11; Daedalo-
chila Beck, 1837, 9 of 22; Euchemotrema Archer, 1939, 2 of 5;
Fumonelix Emberton, 1991, 3 of 10; Giffordius Pilsbry, 1930,
0 of 2; Hochbergellus Roth and Miller, 1992, 0 of 1; Inflectarius
Pilsbry, 1940, 4 of 11; Linisa Pilsbry, 1930, 1 of 30; Loboscu-
lum Pilsbry, 1930, 1 of 2; Mesodon Rafinesque in Férussac,
1821, 8 of 10; Millerelix Pratt, 1891, 2 of 14; Neohelix von
Thering, 1892, 6 of 8; Patera Albers, 1850, 5 of 14; Polygyra
Say, 1818, 2 of 5; Praticolella, 11 of 15; Stenotrema Rafinesque,
1819, 13 of 27; Trilobopsis Pilsbry, 1939, 2 of 5; Triodopsis,15
of 28; Vespericola Pilsbry, 1939, 5 of 16; Webbhelix Emberton,
1988, 0 of 2; Xolotrema Rafinesque, 1819, 4 of 5.

DNA sequence generation

For most specimens, total genomic DNA was extracted
from several milligrams of foot tissue by digestion with hexa-
decyltrimethylammonium bromide (CTAB) lysis buffer (Saghai-
Maroof et al. 1984) and proteinase K and then purified by
phenol: chloroform extraction according to standard proce-
dures (Palumbi et al. 1991); some specimens were extracted
using DNAZol® (Molecular Research Center, Inc.) following
manufacturer’s protocols. We obtained up to six genes for the
individuals sequenced. The six genes we amplified included
four mitochondrial loci: cytochrome oxidase subunit 1 (COI
or cox1) using primers: COIH2198, COIL1490 (Folmer et al.
1994), cytochrome b (cytb or cob) using primers Ucob151F
and Ucob270R (Merritt et al. 1998), large ribosomal subunit
(16S or rrnL) using primer sets:16sar or d16sar, 16sbr, d16sbr
or 16SL2510-deg, 16SH3080-deg (Palumbi et al. 1991, Gellar
et al. 1997, Perez 2011), and small ribosomal subunit (12S or
rrnS) using primers SR-N-14588 (12Sai) and SR-J-14233
(12Sbi) (Simon et al. 1994) and two nuclear loci: one protein-
coding, histone H3 (H3) using primers: H3F and H3R (Hillis

et al. 1996) and one ribosomal large ribosomal subunit (28S
or LSU) using primers: VI and X (Hillis et al. 1996). PCR was
carried out in three labs according to various cycling proce-
dures; the standard procedures are detailed in Meyer (2003),
Anderson and Smith (2005), and Perez (2011). Additional sam-
ples were sequenced for COI by the Consortium for the Bar-
code of Life (www.barcodeoflife.org) using their standard
methods. After PCR purification using Qiagen gel-extraction
kits, both strands were sequenced using the PCR primers on an
ABI3100 automated genetic analyzer. Contigs were assembled
in Sequencher ™ 4.0.5 (Gene Codes Corporation, Ann Arbor,
MI) or CodonCode Aligner (©CodonCode Corporation).

Phylogenetic analyses

What are appropriate outgroups for these analyses?

Several previous molecular phylogenetic studies have in-
cluded polygyrid exemplars; these studies could provide
guidance regarding selection of appropriate outgroups for a
study of polygyrid phylogeny. Phylogenies for stylomma-
tophoran (Wade et al. 2001, 2006), helicoid (Wade et al.
2007), and Australian camaenid (Hugall and Stanisic 2011)
land snails based on partial nuclear ribosomal RNA cluster
data suggest that Polygyridae is a member of Helicoidea and
is closely related to members of Bradybaenidae, Camaenidae,
Helicidae, Helminthoglyptidae and Hygromiidae. In particu-
lar, a clade comprising representatives of the East Asian ca-
maenid genera Coniglobus (Pilsbry and Hirase, 1905) and
Satsuma (Adams, 1861) was found to be sister to a clade of
three polygyrids (Mesodon thyroidus, Neohelix alleni (Samp-
son, 1883) and Vespericola columbianus (1. Lea, 1838)) in
these phylogenies.

To provide an initial evaluation of the appropriate
outgroup(s) for a phylogenetic analysis of Polygyridae, all
non-polygyrid sigmurethan sequences available in GenBank as
of April 19, 2012, were downloaded and parsed into FASTA files
by gene with the Perl script GenBankStrip v2.0 (Bininda-
Emonds 2005). Loci for which polygyrid data were available—
COI, cytb, 168, and 12S5—were retained for further analyses.
Preliminary Maximum Likelihood (ML) analyses of a multilo-
cus data set comprising ~500 polygyrid operational taxonomic
units (OTUs) and ~1000 outgroup OTUs (results not
shown) supported the hypothesis that Polygyridae is a mem-
ber of Helicoidea, with Camaenidae as the likely sister group (see
above). For all other subsequent analyses, four helicoid species
were selected as outgroups: Cornu aspersum (Helicidae), Am-
plirhagada mitchelliana Solem, 1981, Carinotrachia admirale
(Kohler, 2010), and Satsuma jacobii Pilsbry, 1900 (all Camaeni-
dae). These four species were chosen because COI and 16S
data were available in GenBank for all four, and they allow root-
ing of the polygyrid phylogeny (with Cornu aspersum as the most
distant outgroup) while representing each major clade within
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Camaenidae found in preliminary analyses, potentially mitigat-
ing problems with long branches amongst the outgroups.
Polygyrid and outgroup data for each of the four loci with
sufficient data—COI, cytochrome b, 16S and 12S—were ini-
tially aligned using Muscle (Edgar 2004) with default parame-
ters. Note, these are all mitochondrial loci. For the two rRNA
data sets (12S and 16S), Randomized Axelerated Maximum
Likelihood (RAXML) (Stamatakis 2006) was used to eliminate
identical sequences from these initial Muscle alignments. The
resulting alignments were then aligned in RNASalsa (Stocsits et
al. 2009) under default parameters, using a structure constraint
for Apis mellifera L., 1758 (honeybee). Alignments for all four
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loci were concatenated into a single data set in Mesquite v. 2.75
(Maddison and Maddison 2011). Polygyrid sequences were
concatenated only if they were generated from the same speci-
men. For the outgroup species, sequences for each locus were
taken from GenBank from different individuals within the
same species. All polygyrid specimens not identified to species
were deleted from the data set. This yielded a data set compris-
ing four outgroup taxa and 434 polygyrid OTUs representing
all polygyrid genera except Giffordius, Hochbergellus and Webb-
helix. This combined data set was analyzed in RAXML with the
data treated as a single partition (i.e., unpartitioned) and par-
titioned by gene and gene/codon position (resulting in eight

Family Polygyridae
Subfamily Polygyrinae
Tribe Polygyrini

Daedalochila auriculata (Say, 1818)
Daedalochila avara {Say, 1818)
Daedalochila delecta (Hubricht, 1976)
Daedalochila hausmani (Jackson, 1948}
Daedalochila hippocrepis (Pfeiffer, 1848)
Daedalochila peninsulae (Pilsbry, 1940)
Daedalochila postelliana {(Bland, 1859)
Daedalochila subclausa (Pilsbry, 1899)
Daedalochila uvulifera (Shuttleworth, 1852)
Daedalochila uvulifera bicornuta {Pilsbry, 1900)
Linisa tamaulipasensis (1. Lea, 1857)
Lobosculum pustuloides (Bland, 1858)
Millerelix mooreana (W.G. Binney, 1858)
Millerelix plicata (Say, 1821)
Polygyra cereolus (Muhlfeld, 1816)
Polygyra septemvolva Say, 1818
Praticolella berlandieriana (Moricand, 1833)
Praticolella candida Hubricht, 1983
Praticolella flavescens (Weigmann in Pfeiffer, 1856}
Praticolelfa griseola {Pfeiffer, 1841)
Praticolelfa jejuna (Say, 1821)
Praticolella martensiana (Pilsbry, 1907)
Praticolefla mexicana Perez, 2011
Praticolella mobiliana 1. Lea, 1841
Praticolella pachyloma (Menke, 1847)
Praticolella taeniata Pilsbry, 1940
Praticolella trimatris Hubricht, 1983

Tribe Stenotremini
Euchemotrema fraternum (Say, 1824)
Euchemotrema hubrichti {Pilsbry, 1940)
Stenotrema allispira {Pilsbry, 1894}
Stenotrema barbigerum (Redfield, 1856)
Stenotrema cohuttense (G. H. Clapp, 1914)
Stenotrema deceptum (G. H. Clapp, 1805)
Stenotrema depilatum (Pilsbry, 1895)
Stenotrema edvardsi (Bland, 1856}
Stenotrema exodon (Pilsbry, 1900)
Stenotrema exodon turbinelfa {Clench and Archer, 1933)
Stenotrema hirsutum (Say, 1817)
Stenotrema magnifumosum (Pilsbry, 1900)
Stenotrema pilula (Pilsbry, 1900)
Stenotrema spinosum (1. Lea, 1830}
Stenotrema stenotrema (Pfeiffer, 1842)

Tribe Mesodontini

Appalachina chilhoweensis (J. Lewis, 1870)
Appalachina sayana (Pilsbry, 1906}
Fumonelix roanensis Dourson, 2012
Fumonelix wheatleyi {Bland, 1860)
Fumonelix wheatleyi clingmanicus (Pilsbry, 1904)
Inflectarius ferrissi (Pilsbry, 1837)
Inflectarius inflectus (Say, 1821)
Inflectarius rugeli (Shuttleworth, 1852)
Inflectarius smithi {G. H. Clapp, 1905)
Inflectarius subpalliatus {Pilsbry, 1893)
Mesodon altivagus (Pilsbry, 1900}
Mesodon andrewsae W. G. Binney, 1879
Mesodon clausus (Say, 1821)
Mesodon elevatus (Say, 1821)
Mesodon mitchellianus (1. Lea, 1839)
Mesodon normailis (Pilsbry, 1900)
Mesodon thyroidus {Say, 1816)

Mesodon zaletus (A. Binney, 1837)

Patera appressa (Say, 1821)

Patera clarki (1. Lea, 1858)

Patera laevior {Pilsbry, 1940)

Patera perigrapta (Pilsbry, 1894}

Patera sargentiana (C.W. Johnson and Pilsbry, 1892)

Subfamily Triodopsinae
Tribe Allogonini
Allogona lombardii A. G. Smith, 1943
Allogona profunda {Say, 1821}
Allogona ptychophora (A. D. Brown, 1870}
Cryptomastix devia (Gould, 1846)
Cryptomastix germana (Gould, 1851)
Cryptomastix magnidentata (Pilsbry, 1940)
Cryptomastix muflani {Bland and J.G. Cooper, 1861)
Cryptomastix muflani hemphilli (N. G. Binney, 1886}
Cryptomastix mullani latifabris (Pilsbry, 1940)
Cryptomastix muflani olneyae (Pilsbry, 1891)
Cryptomastix mullani tuckeri {Pilsbry and Henderson, 1930)
Trilobopsis penifens (Hanna and Rixford, 1923)
Trilobopsis trachypepla (S.S. Berry, 1933)
Tribe Ashmunellini

Ashmunelia animasensis Vagvolgyi, 1974
Ashmunella ashmuni (Dall, 1897}
Ashmunella auriculata Vagvolgyi, 1974
Ashmunella hebardi Pilsbry and Vanatta, 1923
Ashmunella mearnsii (Dall, 1895)
Ashmunelia organensis Pilsbry, 1936
Ashmunella pseudodonta (Dall, 18397}
Ashumnella rhyssa (Dall, 1897}
Ashmunella todseni Metalf and Smartt, 1977

Tribe Triodopsini
Neohelix albolabris (Say, 1817}
Neohelix alfeni (Sampson, 1883}
Neohelix alleni fuscolabris (Pilsbry, 1803)
Neohelix dentifera (A. Binney, 1837)
Neohelix major {A. Binney, 1837)
Neohelix solemi Emberton, 1988
Triodopsis alabamensis (Pilsbry, 1902)
Triodopsis anteridon Pilsbry, 1940
Triodopsis burchi Hubricht, 1950
Triodopsis fallax (Say, 1825}
Triodopsis fallax affinis (Hubricht, 1954)
Triodopsis fraudulenta {Pilsbry, 1834}
Triodopsis fulciden Hubricht, 1952
Triodopsis hopetonensis (Shuttleworth, 1852)
Triodopsis juxtidens {Pilsbry, 1894)
Triodopsis palustris Hubricht, 1958
Triodopsis soelneri (J.B. Henderson, 1907)
Triodopsis tennesseensis (Walker and Pilsbry, 1902)
Triodopsis tridentata {Say, 1816)
Triodopsis vannostrandi (Bland, 1875)
Triodopsis vulgata Pilsbry, 1940
Xolotrema caroliniense (1. Lea, 1834}
Xolotrema denotatum {Ferussac, 1821)
Xolotrema fosteri (F.C. Baker, 1921)
Xolotrema obstrictum (Say, 1821)

Tribe Vespericollini
Vespericola columbianus (I. Lea, 1838)
Vespericola eritrichius (8.S. Berry, 1933)
Vespericola megasoma (Pilsbry, 1928)
Vespericola pinicola {S.S. Berry, 1916)
Vespericola shasta (S.S. Berry, 1921)

Figure 2. List of species examined in this analysis with species authority. Names follow Turgeon

et al. (1998).

partitions —12S; 16S; COI first, second
and third positions; cytochrome b first,
second and third positions). Partitioned
(1522 replicates) and unpartitioned ML
bootstrap (2481 replicates) and BKL
(best-known likelihood) tree searches
(unpartitioned = 1000; partitioned =
1244 search replicates) were run using
the GTRCAT model, with the final BKL
tree topology evaluated under the gen-
eral time reversible+gamma model.

The data set described above was
also edited to allow for more thorough
tree searches and to reduce the amount
of missing data. This smaller data set
(39 individuals) was generated by re-
taining only those polygyrid OTUs for
which at least COI and 16S data were
available (with a few exceptions; three
genera—Cryptomastix, Fumonelix, and
Vespericola—were represented by speci-
mens for which only COI or COI and
12S had been sequenced) and eliminat-
ing OTUs of questionable ID, as deter-
mined by an unusual placement (i.e.,
distant from congeneric sequences) in
trees resulting from analyses of the full
combined data set. This reduced com-
bined data set was analyzed in RAXML
(both partitioned and unpartitioned,
as described above) and MrBayes 3.2
(Ronquist et al. 2012). Bayesian analy-
ses consisted of four independent runs,
each with four chains (one cold, three
heated) for 10 million generations. A
convergence diagnostic (the average
standard deviation of split frequencies
with a 25% burn-in) was used to stop
the analyses automatically once topo-
logical convergence across all four runs
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was achieved. For both partitioned and unpartitioned Bayes-
ian analysis, sampling across the GTR model space was per-
formed during the Markov Chain Monte Carlo (MCMC)
analysis using the command “Iset nst = mixed rates = gam-
ma”. This eliminated the need for a priori model selection.

Shell and genitalia character evolution in Polygyridae

Ancestral states for several characters of interest were re-
constructed using MP, ML, and reversible-jump MCMC (R]-
MCMC) methods on trees resulting from analyses of the
39-taxon set. To test Emberton’s hypothesis of convergent
evolution in shell form in Polygyridae, we reconstructed an-
cestral states for two conchological characters—shell outline
(character states: flat [0] or round [1]) and shell teeth (char-
acter states: no teeth [0], any tooth or blade [1], or three teeth
[2]). To test Emberton’s reliance on genitalic characteristics
for inferring tribe-level relationships, we reconstructed states
for two genitalic characters—the position of the penial re-
tractor muscle insertion (character states: on penis apex [0],
on vas deferens [1]) and presence of a penial sheath (character
states: no sheath [0], diaphanous sheath [1], sheath present
[2]). In some cases, intrageneric (and even intraspecific) vari-
ability exists for these characters; species were coded with all
the character states present in any member of the genus, so
they appear as polymorphic (e.g., 0 and 1) as appropriate. MP
and ML inferences were performed under default settings in
Mesquite v. 2.74 (Maddison and Maddison 2011) on the BKL
topologies generated in RAXML for the unpartitioned and
partitioned data sets. Two ML models were used for ancestral
state reconstruction — the Markov k-state 1 parameter (Mk1)
model and the Asymmetrical Markov k-state 2 parameter
(AsymmMk) model. The shell teeth character could not be
analyzed under ML in Mesquite, because multiple taxa are
polymorphic for this character and, thus, cannot be analyzed
under either model.

To take phylogenetic uncertainty into account, the states
of these characters for the ancestor of Polygyridae and the
ancestor of a clade comprising the tribes Mesodontini and
Triodopsini were also estimated using reversible-jump MCMC
methods in BayesMultiState, part of the BayesTraits 1.0 pack-
age (Pagel et al. 2004; Pagel and Meade 2006). The ~90K
post burn-in trees resulting from partitioned Bayesian anal-
yses of the reduced combined data set were evaluated in
BayesMultiState. To test whether a particular state is sup-
ported for a given character at each node of interest, model
likelihoods were calculated with each alternative state fixed at
each node using the “fossil’ command. All RJ-MCMC analy-
ses were run for 100 million generations and sampled every
100 generations, with results from the first 10 million gen-
erations discarded as burn-in. All R]-MCMC analyses were
performed three times to assess stability of the results.
Exponential priors were used, seeded on uniform hyperprior

distributions with intervals of 0 to 10 (this interval was se-
lected using results from initial ML analyses in BayesMulti-
State). Rate deviation parameters were adjusted to achieve
acceptance rates of 20—40%. To compare support for alterna-
tive character states at a given node, the logarithm of the har-
monic mean of the likelihoods of all post burn-in samples
was recorded under each alternative fossilization and the har-
monic means were compared using log-Bayes factors, with
the following test statistic: 2(log[harmonic mean under the
better model]-log[harmonic mean under the worse model]).
Following Kass and Raftery (1995), differences between harmonic
means of 0-2 were interpreted as insignificant support for the
better model, while differences of 2—6 indicate positive sup-
port, and differences of 6-10 indicate strong support for the
better model.

DNA barcoding in Polygyridae

The COI sequences generated by the authors were added
to polygyrid sequences downloaded from GenBank (http://
www.ncbi.nlm.nih.gov/genbank/). The data set was aligned
using Muscle (Edgar 2004) in Molecular Evolutionary Genet-
ics Analysis, MEGA 5.05 (Tamura et al. 2011). Sequences that
had no overlap with a majority of other sequences were ex-
cluded, leaving us with a data set of 706 aligned positions for
383 individuals. We calculated genetic distances using the
Kimura two-parameter model (K2P, Kimura 1980). The K2P
model is the standard for DNA barcode studies, where dis-
tances are assumed to be relatively low (Hebert et al. 2003a).
The following K2P distances were calculated in MEGA: mean
within genus, and pair-wise distances within and between
species in single genera. Since little is known about the sys-
tematics of polygyrid subspecies, we treated each subspecies
as a distinct species for barcoding.

To look for a barcoding gap, we compared the within-
and between-species K2P distances within each genus and
grouped the results. A potential ‘gap,” where interspecific and
intraspecific distances overlapped minimally, was observed at
a K2P distance of 0.05, corresponding to 28 differences in our
aligned dataset. Using barcodes from two of our well-sampled
genera (Daedalochila and Praticolella), we used jMOTU
(Jones et al. 2011) to assign individuals to molecular opera-
tional taxonomic units (MOTUs). This approach attempts to
identify taxa based on their barcodes independent of recog-
nizing species (Blaxter et al. 2005). This method may also
compensate for systematic bias in groups where the number
of expected taxa is potentially much greater than the number
of taxa described (Blaxter 2003). We ran jMOTU on each ge-
neric dataset separately, using a cut-off point of 28 base dif-
ferences to delineate taxa, along with a 95% BLAST identity
filter and 60% minimum sequence length alignment overlap.
Each analysis was repeated twenty times to determine if there
was any difference among analytical runs. We additionally
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conducted a species profile analysis (sensu Barrett and Hebert
2005) by randomly selecting one sequence from each species
represented in this study. This yielded 112 terminals, to which
an aligned NCBI sequence (AY546270) for Cepaea nemoralis
(Linnaeus, 1758) was added as an outgroup (Steinke et al.
2004). We analyzed this dataset using K2P neighbor-joining
in MEGA in order to calculate a guide tree. The fewer taxa
included in a tree, the more difficult it is to place new addi-
tions into the correct group (Zwickl and Hillis 2002); this
method provided the most rigorous test of the ability of COI
sequences to distinguish among species. We then used a
random subset of 100 of the remaining sequences and added
each to the species profile sequences, analyzed them using
K2P neighbor-joining, and scored whether or not conspecif-
ics grouped together.

RESULTS

Sequence Data

We obtained sequences for all polygyrid genera except
three genera, Webbhelix, Giffordius, and Hochbergellus. For
two of these we were unable to obtain samples, for Webbhelix
we could not extract high-quality DNA from existing sam-
ples. The number of individuals sequenced for each locus are
as follows: COI, 401 individuals; 12S and cytb, 68 individuals;

32-1-2014

16S, 122 individuals, H3, 39 individuals; and 28S, 21 indi-
viduals (one or more loci were sequenced from 418 individu-
als). Amounts of sequence data generated for each locus were:
COI, 650 bp; cytb, 350-400 bp; 128, 350 bp; 16S, 400-500 bp;
H3, 350 bp; 28S, 300 bp. There were 1086 parsimony-informative
characters and 766 constant characters (out of 2141 total
characters) in the full combined data set and 969 parsimony-
informative and 1486 constant characters (out of 2697 total
characters) in the reduced combined data set. The extra ~500
bp in the reduced combined data set were due to inadvertent
retention of full-length cytochrome b and 16S sequences
from Cornu aspersum and Carinotrachia admirale, respectively;
as these ~500 bp were missing for all other taxa in the data set,
they were phylogenetically uninformative, and had no effect
on analyses of this data set.

What are the relationships among subfamilies, tribes, and
genera within Polygyridae?

Maximum likelihood analysis of all genes for 39 individ-
uals representing all seven polygyrid tribes and most of the 24
polygyrid genera resulted in a single highest likelihood tree,
shown in Fig. 3 (henceforth the “39-taxon tree”). For the
well-supported nodes (> 50% bootstrap support), there is no
conflict among individual gene trees. We found moderate
(66%) ML bootstrap support for a monophyletic Polygyri-
dae. The subfamily Polygyrinae is paraphyletic with respect to

Table 1. Ancestral state reconstructions for the two shell characters in the polygyrid ancestor and the Mesodontini+Triodopsini ancestor un-
der maximum parsimony, maximum likelihood, and reversible-jump MCMC. State with highest likelihood in RJ-MCMC analyses (harmonic
mean averaged across three runs) shown in bold; no asterisk = no significant difference between states based on Bayes factor comparison,
* = positive support for state with highest likelihood, ** = strong support for state with highest likelihood. Asterisks indicating support apply

only to R]-MCMC.

Ancestor (Code) Character MP ML RJ-MCMC Bayes Factor
Polygyridae (P) Shell outline Flat Flat  Flat: -25.70101
Globose: -25.68581
Shell teeth Equivocal —— None: -24.59939167 0.578521333

Position of penial retractor ~ —

Penial sheath —

Mesodontini+Triodopsini  Shell outline Flat
(MT)

Shell teeth Any

Position of penial retractor ~ —

Penial sheath —

Any: -23.60205933*
Three: -23.89132
— 2.857383333

— 5.957600667
Flat Flat: -24.07905

Globose: -24.54811
— None: -25.68374067 5.149932

Any: -23.00440633*
Three: -25.57937233
— On penis apex: -18.563499
On vas deferens: -17.13480733*
— No sheath: -27.75355167
Diaphanous sheath: -25.567186
sheath: -21.54416233**

5.332564667

8.046047333
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Triodopsinae. The subfamily Triodopsinae is also not mono-
phyletic. Only three tribes are supported as monophyletic,
Vespericolini, Mesodontini and Ashmunellini. A clade com-
prising Praticolella+Lobosculum+Linisa+Polgyra+Daedaloch-
ila is sister to a clade comprising the rest of Polygyridae,
including Millerelix, rendering Polygyrini paraphyletic. There is
good support for a sister relationship between Daedalochila
and Polygyra (95% bootstrap support). Ashmunellini is the
next split in the tree, followed by a major dichotomy splitting
the other members of the family into an Allogonini+Vesperic
olini+Stenotremini clade and a Triodopsini+Mesodontini
clade (75% bootstrap support). In the Allogonini+Vesperico
lini+Stenotremini clade, relationships among tribes are poor-
ly resolved. Allogonini is found to be paraphyletic with Al-
logona sister to the rest of the Allogonini+Vespericolini+Sten
otremini clade, while one member of Cryptomastix forms a
clade with Vespericola (64%) and two other species of Crypto-
mastix group with Euchemotrema (< 50%). Stenotremini is also
non-monophyletic, with the representative of Euchemotrema
not forming a clade with Stenotrema; however, this relation-
shiphaslowsupport(<50%).IntheTriodopsini+Mesodontini
clade, there is stronger support for several relationships. Me-
sodontini is recovered as a monophyletic group, with Tri-
odopsis (Triodopsini) as its sister group (< 50%). The other
genera in Triodopsini—Xolotrema and Neohelix—form a well-
supported clade (95%). Within the Triodopsini+Mesodontini
clade (75% support), Appalachina is found nested within Me-
sodon (65%) (rendering Mesodon paraphyletic unless Appala-
china is reduced to a subgenus within Mesodon), and one
Neohelix species is closer to Xolotrema (89%) than to the oth-
er Neohelix (rendering Neohelix paraphyletic). For the 39-tax-
on dataset, results of the partitioned analysis are shown in
Fig. 3. The partitioned and unpartitioned analyses had only
one node difference with > 50% bootstrap support. In the
unpartitioned analysis (not shown), the clade containing
Cryptomastix+Vespericola switched positions with the clade
of Ashmunella with 66% bootstrap support. This relation-
ship is uncertain in both analyses.

Species-level relationships within the polygyrids: Filling
out the tips of the polygyrid tree.

This tree included data from 418 polygyrid individuals
sequenced for 1-6 loci (Fig. 4). Here we present the results of
the partitioned analysis, then discuss any differences with the
unpartitioned analysis. To avoid a large amount of text that
will be overly redundant with Fig. 4, significant results will be
highlighted for each genus and species, especially relation-
ships that are not observed or supported in the 39-taxon
analysis.

The partitioned ML analysis of the 418-individual tree
resulted in a single tree. Of the 110 species, 36 species are rep-
resented by only a single individual. Of the species for which

more than one individual are included, 27 form mono-
phyletic groups, and 47 do not. Of the 21 genera included,
two are represented by only a single species. In genera for
which we have several species represented in the tree, 13 are
monophyletic and 6 are not monophyletic. In Polygyrini
(Figs. 4H-K), two genera—Lobosculum and Linisa—are only
represented by one species. Lobosculum is sister to Millerelix,
and this clade is sister to Praticolella. Linisa shows a close
relationship to Pra. martensiana Pilsbry, 1907 (98%). The
Linisa+Pra. martensiana relationship, the position of Prati-
colella mobiliana (sister to Polygyra+Daedalochila, 52%), and
the position of P. jejuna (Say, 1821) (sister to the rest of Poly-
gyrini; 51%, Fig. 4K) all indicate that Praticolella is polyphy-
letic. In Polygyra (98%), the two species included appear
completely mixed in one large clade, with some subclades
showing structure and support (Fig. 41-]). In Daedalochila
(Figs. 4H-I), some species are supported as monophyletic
such as D. uvulifera (Shuttleworth, 1852) (95%), D. avara
(Say, 1818) (100%), and D. delecta (Hubricht, 1976) (95%),
but many are not. As seen in the 39-taxon analysis, there is
support (78%) for a sister relationship between Polygyra and
Daedalochila. A group of three individuals, representing two
species of Trilobopsis (Fig. 4F), is sister to Euchemotrema or
Euchemotrema-+Stenotrema, both members of, of Stenotr-
emini. However, Trilobopsis is not recovered as monophylet-
ic. The two genera of Stenotremini are both monophyletic. In
Euchemotrema, E. hubrichti (Pilsbry, 1940) is monophyletic
(97%), but E. fraternum (Say, 1824) is not. In Stenotrema,
some species are monophyletic, but others, including S. exodon
(Pilsbry, 1900), S. stenotrema (Pfeiffer, 1842), and S. deceptum
(G. H. Clapp, 1905), are not. A member of Allogonini (Fig. 4G),
Cryptomastix germana (Gould, 1851), is sister to Vespericolini
(Vespericola). For the most part, these genera are monophy-
letic, with the exception of C. germana which groups with
Vespericola (63%). The species of Vespericola are monophylet-
ic, however two species of Cryptomastix are not. The other ge-
nus of Allogonini, Allogona,issister to Vespericola+Cryptomastix
as seen in the 39-taxon tree. Allogona is a monophyletic group
(90%) as are all the species within it, all with high bootstrap
support. As seen in the 39-taxon analysis, Triodopsini and
Mesodontini are closely related and mixed, with Inflectarius,
a member of Mesodontini, sister to Triodopsis. In Xolotrema
and Neohelix, most of the species are not monophyletic (Fig.
4E). This is also the case in Inflectarius and Triodopsis. Fumo-
nelix was split into two lineages; however, there was minimal
bootstrap support for this relationship, so this genus may ac-
tually be monophyletic (Fig. 4D). It is sister to Mesodon
(72%), which forms a monophyletic group including the
genus Appalachina. In Appalachina all the species are mono-
phyletic. In the rest of Mesodon, one species, M. normalis
(95%) is distinct while others appear mixed in several clades
(Figs. 4C-D). Patera, a member of Mesodontini, includes one
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Figure 3. Maximum likelihood phylogram of the partitioned analysis of the 39-taxon data matrix (bootstrap values > 50% shown above

branches). Tribes not recovered as monophyletic in this analysis are indicated with an asterisk. Bars are colored or patterned similarly to
Figure 1 for comparison.
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Figure 4A-K. Maximum likelihood phylogram of the partitioned analysis of the 418-taxon data matrix, (bootstrap values > 50% shown
below branches). Terminals are labeled with putative species identification, GenBank, or DNA numbers (which are the initial number series
given to the specimen before museum deposition), and the county and state of collection. A few names are abbreviated to fit the page. A guide
tree is provided on each page to orient the viewer to the position of that page in the bigger tree. A few branches were shortened to fit the page;
these are indicated with two diagonal lines. An accurate indication of the branch length can be viewed in the guide tree.
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r437630A T. hopetonensis Charleston Co, SC
99 L 447072A T. hopetonensis Hyde Co, NC
90 447046A Triodopsis palustris Horry Co, SC
437847A T. hopetonensis Charleston Co, SC

— 444861A T. hopetonensis Alachua Co, FL

ND95 Triodopsis hopetonensis Bryan Co, GA
1 98l ND100 Triodopsis palustris Bryan Co, GA

ND®64 Triodopsis affinis Gaston Co, NC
ND68 T. fallax Stanly Co, NC
448919A T. fallax Prince George’s Co, MD

ND15 Inflectarius inflectus Franklin Co, TN
ND32 Inflectarius inflectus Franklin Co, TN

382934A Inflectarius smithi Jackson Co, AL
100L 379009A Inflectarius smithi Jackson Co, AL

447188A Inflectarius rugeli Jackson Co, AL
382880A Inflectarius rugeli Jackson Co, AL

382961A Inflectarius rugeli Jackson Co, AL
ND21 Inflectarius rugeli Rutherford Co, NC
381668A Inflectarius inflectus Jackson Co, AL
447197A Inflectarius inflectus Jackson Co, AL
448790A Inflectarius inflectus Surry Co, NC
_[ 447254A Inflectarius rugeli Union Co, GA

98 "437645A Inflectarius rugeli White Co, GA

94 L 447261A I inflectus Lumpkin Co, GA
437725A Inflectarius rugeli Russell Co, VA

ND10 Inflectarius inflectus White Co, TN
Oy D29 Inflectarius inflectus DeKalb Co, TN
382891A Inflectarius rugeli Warren Co, TN

51 ND34 Inflectarius inflectus
437697A Inflectarius rugeli Jackson Co, AL

54

_|7 383029A Inflectarius smithi Henderson Co, NC
288280A I. subpalliatus Yancey Co, NC
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446510A Mesodon normalis Polk Co, TN
446679A Mesodon normalis Sevier Co, TN
383016A Mesodon normalis Macon Co, NC

100 ND82 Mesodon normalis Graham Co, NC
9318 ND20 Mesodon normalis Haywood Co, NC

437674A Mesodon normalis Towns Co, GA

ND90 Mesodon normalis Burke Co, NC
Ij383026A M. normalis Henderson Co, NC
61 447118A M. normalis Grayson Co, VA
437710A Mesodon normalis Polk Co, TN
1593 Mesodon normalis Winston Co, AL
1 605 M. zaletus Jackson Co, AL

98 L 604 M. zaletus Jackson Co, AL
78’—{ 605 Mesodon zaletus Jackson Co, AL
86 IE 1598 Mesodon zaletus Pocahontas Co, WV

1603 Mesodon zaletus Pocahontas Co, WV
L ND4 Mesodon zaletus Franklin Co, TN

447192A Mesodon elevatus Jackson Co, AL
7T|—— 360273A Mesodon elevatus Marion Co, TN
447247A Mesodon zaletus Marion Co, TN
76 382970A Mesodon zaletus Jackson Co, AL
57 437673A Mesodon zaletus Blount Co, TN
©_ 447145A Mesodon zaletus Dickinson Co, VA
446565A M. altivagus Sevier Co, TN
437721A Mesodon zaletus Russell Co, VA
447126A Mesodon mitchellianus Smyth Co, VA

447151A M. thyroidus Dickinson Co, VA
ND22 Mesodon thyroidus

437699A Mesodon thyroidus White Co, TN
447199A Mesodon thyroidus Jackson Co, AL
1611 Mesodon thyroidus Bibb Co, AL
1608 Mesodon thyroidus Autaga Co, AL

ND94 Mesodon thyroidus Lexington Co, SC
1614 Mesodon thyroidus Lauderdale Co, AL
1613 Mesodon thyroidus Tuscaloosa Co, AL

61

13
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72

437773A Appalachina sayana Bell Co, KY
437720A Appalachina sayana Russel Co, VA

1609 Appalachina sp. Autaga Co, AL
ND2 Appalachina chilhoweensis Van Buren Co, TN
94L 437672A Appalachina chilhoweensis Blount Co, TN

437733A Appalachina sayana Dickenson Co, VA

ND5 Mesodon elevatus Franklin Co, TN
ND83 Mesodon andrewsae Yancey Co, NC

ND14 Mesodon thyroidus Franklin Co, TN
1 |

00 | ND13 Mesodon thyroidus Franklin Co, TN
437756A Mesodon clausus Harlan Co, KY

| ND71 Fumonelix roanensis Yancey Co, NC
100 ND81 Fumonelix roanensis Yancey Co, NC

_|: 446490A Fumonelix clingmanicus Sevier Co, TN
99 446585A Fumonelix wheatleyi Cocke Co, TN

437669A Patera perigrapta White Co, GA

437677A Patera perigrapta Blount Co, TN
437742A Patera perigrapta Polk Co, TN

434335A Patera perigrapta Haywood Co, NC

382963A Patera perigrapta Jackson Co, AL
382967A Patera perigrapta Jackson Co, AL
ND86 Patera perigrapta Rickland Co, SC
448706A Patera perigrapta Lexington Co, SC
ND16 Patera perigrapta Grundy Co, TN
ND78 Patera perigrapta Burke Co, NC
434344A Patera perigrapta Unicoi Co, TN
437643A Patera clarki White Co, GA
447250A Patera clarki Union Co, GA

446639A Patera clarki Sevier Co, TN

437662A Patera clarki White Co, GA
89l 437713A Patera clarki Towns Co, GA

100

80

437703A Patera laevior White Co, TN

97| L ND6 Patera appressa White Co, TN

437722A Patera appressa Russell Co, VA
437676A Patera appressa Blount Co, TN
447200A Pat. sargentiana Jackson Co, AL
437757A Patera appressa Harlan Co, KY
447175A Patera perigrapta Clark Co, KY
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448710A X. caroliniense Lexington Co, SC
382969A X. obstrictum Jackson Co, AL

ND18 Xolotrema obstrictum Grundy Co, TN
437732A X. denotatum Dickenson Co, VA
100L 447176A Xolotrema denotatum Clark Co, VA
382884A Xolotrema obstrictum Warren Co, TN
ND7 Xolotrema obstrictum Franklin Co, TN

| —— ND27 Xolotrema fosteri Jackson Co, IL

I ND1 Neohelix alleni White Co, TN
' 447137A N. dentifera Smyth Co, VA

NDG66 Neohelix albolabris Gaston Co, NC
93 ND63 Neohelix major York Co, SC

93

ND74 Neohelix solemi Berkeley Co, SC

447074A Neohelix solemi Hyde Co, NC
447056A Neohelix solemi Craven Co, NC
447119A Neohelix albolabris Grayson Co, NC
100 437752A Neohelix albolabris Pike Co, KY
596 N. albolabris Gaston Co, NC
84 |— 595 N. albolabris Gaston Co, NC
972 N. albolabris Caswell Co, NC
94 382965A Neohelix alleni fuscolabris Jackson Co, AL
Fg ND30 Neohelix albolabris Madison Co, AL
447221A Neohelix alleni fuscolabris Jackson Co, AL
382939A S. exodon Jackson Co, AL
382978A S. deceptum Jackson Co, AL
ND31 S. exodon Madison Co, AL
ND33 S. stenotfrema Franklin Co, TN
382883A S. deceptum Jackson Co, AL
379015A S. exodon turbinella Jackson Co, AL
382979A S. exodon turbinella Jackson Co, AL
446407A S. depilatum Swain Co, NC
ND79 S. altispira Yancey Co, NC
434332A S. pilula Haywood Co, NC

_I__ 437763A S. stenotrema Polk Co, TN
93 L— 447160A S. stenotrema Letcher Co, KY

861  382037A S. stenotrema Jackson Co, AL

447159A S. edvardsi Letcher Co, KY
98 L 437724A S. edvardsi Russell Co, VA

93 L 437769A S. edvardsi Washington Co, VA

56 95

//
77100
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437686A S. barbigerum Polk Co, TN
|' %83002A S. barbigerum Polk Co, TN
437667A S. barbigerum White Co, GA
|‘ 434325A S. altispira Buncombe Co, NC
434333A S. altispira Haywood Co, NC
| 448746A S. hirsutum Highland Co, VA
100 447088A S. hirsutum Madison Co, VA

o 379011A S. exodon Jackson Co, AL

94 L ND28 S. stenotrema DeKalb Co, TN

| 446646A Stenotrema depilatum Swain Co, NC
448507A S. depifatum Swain Co, NC

383041A S. magnifumosum Polk Co, TN
447102A S. hirsutum Shenandoah Co, VA
382936A S. spinosum Jackson Co, AL
DQ317298 Euchemotrema hubrichti Union Co, IL
DQ317299 Euchemotrema hubrichti Union Co, IL
AY769091 Euchemotrema hubrichti Union Co, IL
DQ317295 Euchemotrema hubrichti Union Co, IL
ND38 Euchemotrema hubrichti Union Co, IL
DQ317297 Euchemotrema hubrichti Union Co, IL
DQ317294 Euchemotrema hubrichti Union Co, IL

DQ317300 Euchemotrema hubrichti Union Co, IL
DQ317301 Euchemotrema hubrichti Union Co, IL
DQ317296 Euchemotrema hubrichti Union Co, IL

447262A E. fraternum Lumpkin Co, GA
ND76 Euchemotrema fraternum Orange Co, NC

448635A Trilobopsis trachypepla Humboldt Co, CA

| 446022A Trilobopsis penitens El Dorado Co, CA

446022B Trilobopsis penitens El Dorado Co, CA
444791A Cryptomastix mullani 1daho Co, ID

444790A Cryptomastix magnidentata |daho Co, ID
444778A Cryptomastix mullani 1daho Co, ID

444799A Cryptomastix magnidentata |daho Co, ID
444746A Cryptomastix mullani olneyae ldaho Co, ID

444806A Cryptomastix mullani Ravalli Co, MT
444807A Cryptomastix mullani tuckeri Ravalli Co, MT

444777A Cryptomastix mullani hemphilli 1daho Co, 1D
444789A Cryptomastix mullani hemphilli 1daho Co, ID

444740A Cryptomastix mullani latilabris Idaho Co, ID

100
97
64
100
95
96
920 8
99

444730A Cryptomastix mullani latilabris ldaho Co, ID
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Llj 444838A Cryptomastix mullani olneyae Lincoln Co, MT

63

74

81

44867 3A Cryptomastix devia King Co, WA
448901A Vespericola megasoma Humboldt Co, CA

991 448896A Vespericola megasoma Humboldt Co, CA

93

448881A Vespericola shasta Shasta Co, CA
ND70 Vespericola columbianus Clallam Co, WA
ND35 Vespericola columbianus

l_[ 446048B Vespericola pinicola Monterey Co, CA

91446051A Vespericola pinicola Monterey Co, CA

90

0.1

|{448631A Vespericola megasoma Curry Co, OR
91L 448632A Vespericola megasoma Curry Co, OR

94
99

72

F

448634A Vespericola eritrichius Humboldt Co, CA
ND69 Cryptomastix germana Thurston Co, WA

444815A Allogona ptfychophora Ravalli Co, MT
‘l-— 444788A Allogona ptychophora ldaho Co, ID

444727A Allogona ptychophora ldaho Co, ID
L 444764A Allogona ptychophora Clearwater Co, ID
444797A Allogona lombardii Idaho Co, ID
444775A Allogona lombardii ldaho Co, ID

444837A Allogona lombardii Lincoln Co, MT
37728A Allogona profunda Dickenson Co, TN
ND3 Allogona profunda Franklin Co, TN
382929A Allogona profunda Franklin Co, TN

— AY823790 Ashmunella mearnsii, Ashheb18 14

AY823787 Ashmunella mearnsii, Ashmear6 14
AY823798 Ashmuneila hebardi, Ashmear6 148
Ashmear6 1492, AY823799 Ashmunella hebardi
AY823789 Ashmunella mearnsii, Ashmear6 14
AY823791 Ashmunella mearnsii, Ashmear6 14
AY823800 Ashmunella hebardi
AY 823803 Ashmunella mearnsii, Ashmear6 14
AY823826 Ashmunella meamnsii
1491, AY823805 Ashmunella mearnsii
AY823807 Ashmunella meamsii
AY823804 Ashmunella mearnsii
AY823795 Ashmunelia hebardi, Ashmear6 148
Ashmear6 1490, AY823809,Ashmunella mearnsii
AY823788 Ashmunella meamnsii
Ashmear2, AY823810 Ashmunella mearnsii

AY823796 Ashmunella hebardi
AY823801 Ashmunella hebardi, Ashmear6 148

17
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97

93

99

EU639553 Ashmunella organensis
1do EU639554 Ashmunella organensis

EUB39540 Ashmunella organensis
EU639547 Ashmunella todseni

|%OEU639549 Ashmunella todseni

99 L EU639538 Ashmunelia todseni

100

56

EU639516 Ashmunella auriculata
4EUB39526 Ashmunella cf. rhyssa
EUB39524 Ashmunella cf. rhyssa

EUB39525 Ashmunella cf. rhyssa

EU639542 Ashmunella pseudodonta
EU639543 Ashmunella pseudodonta

AY 823830 Ashmunella ashmuni
AY823831 Ashmunella ashmuni

Ashanim46, AY823828 Ashmunella animasensis

AY 823827 Ashmunella animasensis

Ashasmund8, Ashmunella sp.
444662A D. uvulifera Duval Co, FL

10D104 D. uvulifera Duval Co, FL
87 435170A D. uvulifera Duval Co, FL
od| 434998A D. uvulifera St. Johns Co, FL
426774A D. uvulifera Brevard Co, FL

| 425845A D. uvulifera Columbia Co, FL
400804A D. uvulifera Lee Co, FL

95 76 435171A D. uvulifera Lee Co, FL

—— 435031A D. uvulifera Monroe Co, FL

400821B D. hausmani Dixie Co, FL
92| L 400821A D. hausmani Dixie Co, FL

93

| 100 [435165b D. hausm. Madison Co, FL
100435165A D. hausm. Madison Co, FL

87 4350068 D. subclausa Taylor Co, FL
100 | 435006A D. subclausa Taylor Co, FL

] ——A448565A D. subclausa Franklin Co, FL

— |._ 444854A D. delecta Alachua Co, FL
95 446366A D. delecta Levy Co, FL

425844A D. uvulifera bicornuta

ND96 Daedalochila subclausa Levy Co, FL

449216A Daedalochila delecta Levy Co, FL
446370A D. uvulifera bicornuta Levy Co, FL
400565A D. uvulifera bicornuta Levy Co, FL
891 435102A D. uvulifera bicornuta Levy Co, FL

92
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391090A D. hausmani Wakulla Co, FL
435007A D. subclausa Jefferson Co, FL
4350078 D. subclausa Jefferson Co, FL
448557A D. u. bicornuta Sumter Co, FL
436377A D. u. bicornuta Sumter Co, FL
448563A D. u. bicornuta Sumter Co, FL
L 435001A D. u. bicornuta Marion Co, FL
—— 425854A D. auriculata St. Johns Co, FL
— 449215A D. auriculata Levy Co, FL
ND91 D. auriculata Levy Co, FL
435105A D. auriculata Levy Co, FL
401262A D. auriculata Levy Co, FL

435101A D. auriculata Alachua Co, FL
o

| 100

92

59

70
63 ,400564A D. auriculata Alachua Co, FL
448558A D. auriculata Alachua Co, FL

444855A D. u.bicornuta Sumter Co, FL
100 L 444858A D. auriculata Alachua Co, FL

436376A D. hausmani Duval Co, FI
Tl_— 435009A D. delecta Alachua Co, FL

437629A Daedalochila postelliana Charleston Co, SC
100 |

447038A Daedalochila postelliana Berkeley Co, SC
| | 447031A Daedalochila postelliana Berkeley Co, SC
6/ _|: 435166A Daedalochila subclausa St. Johns Co, FL
94 ND102 Daedalochila subclausa Duval Co, FL
400851E D. avara Alachua Co, FL

400851B D. avara Alachua Co, FL

400851D D. avara Alachua Co, FL
435100A D. avara Alachua Co, FL

400851A D. avara Alachua Co, FL

L 400851C D. avara Alachua Co, FL
447054A Polygyra cereolus Carteret Co, NC

445016A Polygyra cereolus Polk Co, FL

100

265, DQ086069 Polygyra septemvolva Polk Co, FL
332, DQ086086 Polygyra cereolus Bexar Co, FL
444856A Polygyra septemvolva Sumter Co, FL
437631A Polygyra septemvolva Charleston Co, SC
1594 Polygyra septemvolva Monroe Co, FL

67

ND92 Polygyra septemvolva Levy Co, FL
435103A Polygyra septemvolva Levy Co, FL
437832A Polygyra cereolus Dade Co, FL

19
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o

391091A Polygyra septemvolva Wakulla Co, FL

52

98

ND93 Polygyra cereolus Camden Co, GA
ND99 Polygyra septemvolva Camden Co, GA

435035A Polygyra cereolus Monroe Co, FL
98 I_— 435046A Polygyra cereolus Monroe Co, FL

98

ﬁ

82

99

——— 437829A Polygyra cereolus Monroe Co, FL

[ 401 Praticolella martensiana SLP, MEX

100 292 Praticolella sp. CHI, MEX

333, DQ086070 Linisa tamaulipasensis Val Verde Co, TX

444663A Praticolella mobiliana

DQO086080 Praticolella mexicana NL, MEX
DQO086035 Praticolella mexicana NL, MEX
DQO086059 Praticolella mexicana NL, MEX
DQO086039 Praticolella mexicana COAH, MEX
ND101 Praticolella mexicana Duval Co, FL

6DC208604O Praticolella mexicana USDA/DR

DQO086046 Praticolella mexicana SLP, MEX
DQO086044 Praticolella mexicana SLP, MEX

DQ086083 Praticolella mexicana SLP, MEX
DQ086043 Praticolella mexicana Hidalgo Co, TX
DQO086095 Praticolella mexicana USDA/MEX

259 DQO085961 Praticolella mexicana, SLP, MEX

DQO086045 Praticolella mexicana NL, MEX

DQO086047 Praticolella mexicana TMP, MEX
DQO086067 Praticolella mexicana TMP, MEX

951 DQO86031 Praticolella mexicana TMP, MEX

DQO086030 Praticolella mexicana TMP, MEX

100 DQO086079 Praticolella mexicana TMP, MEX
244, DQO086085 Praticolella mexicana TMP, MEX

72

100

DQO086037 Praticolella griseola NL, MEX
DQO086052 Praticolella griseola VC, MEX
DQO086036 Praticolella griseola VC, MEX
DQO086062 Praticolella griseola Lake Co, FL
DQO086041 Praticolella griseola TMP, MEX

DQ086033 Praticolella berlandieriana VC, MEX
96 DQO86038 Praticolella griseola VC, MEX

411, DQO86050 Praticolella griseola VC, MEX
405 Praticolella sp. TMP, MEX

DQO086073 Praticolella candida TMP, MEX
DQO086071 Praticolella candida TMP, MEX

100
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(Fig. 4D) species that was recovered as monophyletic, Pat.
clarki (1. Lea, 1858) (100%). Patera perigrapta (Pilsbry, 1894)
(56%) was monophyletic except for one individual from
Kentucky that grouped with an individual of Pat. appressa
(Say, 1821). A single individual of Pat. sargentiana (C. W.
Johnson and Pilsbry, 1892) is embedded within the P. ap-
pressa clade. In Ashmunellini (Fig. 4G-H), some species are
quite distinct, but a large mixed clade (68%) containing Ash-
munella mearnsii (Dall, 1895) and Ash. hebardi Pilsbry and
Vanatta, 1923 showed little distinction among species.

In the unpartitioned tree (not shown), relationships of
one weakly (66%) supported node of the backbone of the tree
differed from those seen in the partitioned tree. However,

70 TI} DQo86066 Praticolelia taeniata TMP, MEX
o7 |- 149, DQ086028 Praticolella pachyloma Willacy Co, TX
258, DQO86057 Praticolella tacniata TMP, MEX
82 438, DQO86076 Praticolella berlandieriana Comal Co, TX
95DQ086077 Praticolella berlandieriana Comal Co, TX
DQO086088 Praticolella berlandieriana Blanco Co, TX
DQO086025 Praticolella griseola Cameron Co, TX
4774 DQO086027 Praticolella griseola Cameron Co, TX
DQO086026 Praticolella griseola Cameron Co, TX
T 445017A Praticolella griseola

DQO086089 Praticolella pachyloma Hidalgo Co, TX
379013A Millerelix plicata Jackson Co, AL

| | 329, DQ086084 Millerelix mooreana Comal Co, TX
437814A Lobosculum pustuloides Santa Rosa Co, FL

444857A, Praticolella jejuna Sumter Co, FL

209, DQO86093 Praticolella jejuna Liberty Co, GA
AB480898 Satsuma jacobii Japan
I GU302279 Amplirhagada mitchelliana Australia

Carinoftrachia admirale admirale
103, EU912610, Cornu aspersum

422, DQO86042 Praticolella candida Kenedy Co, TX
94 |f DQO86056 Praticolella taeniata Hidalgo Co, TX
9HQ086092 Praticolelia taeniata Hidalgo Co, TX

DQO086058 Praticolella taeniata TMP, MEX éé

g
|
z
E
i

species-level relationships remained the same. In the unparti-
tioned analysis, Ashmunella and Allogona swap positions,
with Allogona sister to a clade comprising most of Polygyri-
dae (except Polygyrini). Other relationships remain the same.

Shell and genitalia character evolution in Polygyridae
Ancestral states were reconstructed for two shell charac-
ters (Fig. 5) and two genitalia characters (Suppl. Fig. 1). Re-
sults are shown on the partitioned tree topology. The closest
relatives of Polygyridae as inferred in the outgroup analysis
all have globose shells, but the polygyrid ancestor was in-
ferred to have a flat shell in MP and ML reconstructions in
Mesquite (Table 1). By contrast, the R]-MCMC analysis
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found the globose shape had highest likelihood for this node,
but the Bayes factor for this comparison was not significant.
If we assume a flat-shelled polygyrid ancestor, a globose shell
has evolved at least four and up to six times in Polygyridae
within five of the tribe-level clades (Polygyrini, Stenotrema-
tini, Allogonini, Vespericolini, Triodopsini, and Mesodontini).
All analyses support a flat-shelled ancestor for the
Mesodontini+Triodopsini clade.

For the apertural denticle (teeth) characters, the out-
groups included in this analysis lack teeth, and MP and ML
analyses found the state at the base of the polygyrid tree to be
equivocal, however, the R]-MCMC analysis found positive
support for a tridentate polygyrid common ancestor. From a
tridentate common ancestor, the presence of fewer than three
teeth evolved, and from that state, the toothless condition ap-
pears to have evolved at least four times in Polygyrini, Vesperi-
colini, Triodopsini, and Mesodontini. If we consider just the
Mesodontini+Triodopsini clade, MP and RJ-MCMC analyses
found support for a common ancestor bearing 1-2 teeth.

For the two genitalia characteristics, we found a great deal of
character state change across polygyrids. The outgroups have a
penial sheath, and it appears polygyrids evolved from an ances-
tor with a penial sheath and the lack of a penial sheath evolved
at least three times and possibly as many as eight times. The re-
construction is ambiguous in parts so this number is not certain.
The position of the penial retractor muscle is also highly variable,
with the outgroups having an insertion point on the vas deferens
and the Bayesian analysis weakly supporting a vas deferens

32-1-2014

insertion point for Polygyridae. This is strongly supported for
Mesodontini+Triodopsini. If we presume penial retractor in-
serting on the vas deferens is the ancestral character state for the
group, insertion on the penis apex has evolved from 3-10 times.

DNA barcoding Polygyridae

Mean intraspecific distance was less than an order of
magnitude smaller than mean distance between congeneric
species, suggesting no barcoding gap existed in our dataset.
The smallest overlap between intra-specific and inter-specific
distances existed at a K2P distance of 0.05 (Table 2, Fig. 6).
The genetic distance, calculated using the K2P model, within
genera ranged from 0.061 in Euchemotrema to 0.253 in Dae-
dalochila. Analysis of the 56 Daedalochila barcodes yielded 25
MOTUs for the ten species represented (Fig. 7); 27 MOTUs
were recovered for the 61 Praticolella barcodes from ten spe-
cies (not shown). Each of the 112 species in our profile tree
(Suppl. Fig. 2) possessed a unique COI sequence. The COI
profile tree identified 62 of the 100 random test individuals
correctly by grouping them with their conspecific sequence.

DISCUSSION

What are the relationships among subfamilies, tribes, and
genera within Polygyridae?

In our analyses, the subfamilies Polygyrinae and Tri-
odopsinae are not recovered as monophyletic groups. Among

Table 2. Genetic distance calculated using K2P from barcoding analysis. For each polygyrid genus mean distance between species and within
species are shown. For the species with less than 0.01 genetic divergence, the species pairs are listed in the last column.

Mean distance between species

Mean distance within species

Genus in the genus in the genus Species pairs with <0.01 distance

Allogona 17.0% 6.0%

Ashmunella 14.2% 1.0% mearnsii-hebardi
auriculata-rhyssa

Cryptomastix 12.8% 7.3% mullani-magnadentata

Daedalochila 26.6% 14.8% delecta-peninsulae
auriculata-bicornuta
subclausa-hausmani

Euchemotrema 21.8% 0.9%

Inflectarius 20.6% 19.1% inflectus-rugeli

Mesodon 19.8% 11.3%

Neohelix 19.7% 14.3%

Patera 19.0% 13.5%

Polygyra 15.7% 15.2% cereolus-septemvolva

Praticolella 19.7% 9.4%

Stenotrema 20.8% 12.2%

Triodopsis 19.6% 16.0% most species

Vespericola 13.7% 10.5%

Xolotrema 14.9% 11.4%
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Figure 6. Histogram of pairwise K2P distances between (hollow
bars) and within (grey bars) all polygyrid species in the barcoding
analysis.

the tribes, Ashmunellini, and Vespericolini are monophyletic.
Mesodontini is monophyletic, albeit with < 50% bootstrap
support. All other tribes are paraphyletic. In all analyses we find
a sister relationship between Mesodontini and Triodopsini,
two tribes that were quite distantly related in Emberton’s
phylogenies. Polygyrini is a paraphyletic assemblage.

The phylogenetic hypothesis resulting from the molecu-
lar analysis of relationships (Fig. 3) within Polygyridae differs
from the phylogenetic hypothesis of Emberton (1995b) (Fig. 1)
in relationships of tribes as well as genera. Emberton pro-
posed Triodopsini as sister to the rest of the family, whereas
in our molecular trees, this position is occupied by Polygyri-
ni. Emberton proposed Polygyrini as sister to Mesodontini,
however we find Triodopsini and Mesodontini to have a sis-
ter relationship. Within Polygyrini, Emberton’s proposed
close relationship between Praticolella and Lobosculum was
recovered in the molecular analyses. However, another of
Emberton’s predictions, that Linisa and Lobosculum were sis-
ters, was not recovered; in our analysis Linisa is closer to
Polygyra+Daedalochila. Within Triodopsini, the close rela-
tionship of Xolotrema and Neohelix was supported, but Tri-
odopsis was sister to Mesodontini, not Xolotrema+Neohelix as
proposed by Emberton.

Mesodontini was found to represent a monophyletic
group. Within Mesodontini, the close relationship of Meso-
don and Appalachina was supported, in fact, Appalachina was
found to be nested within a species of Mesodon. It appears
that Appalachina is a subgroup of Mesodon as initially proposed
by Pilsbry (1940). Emberton proposed a sister relationship of
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Patera+Fumonelix (sister to Mesodon+Appalachina). We
found instead Fumonelix sister to Mesodon+Appalachina,
with Patera sister to that entire clade. Within Allogonini,
Emberton proposed a sister relationship between Allogona+
Trilobopsis, with Cryptomastix sister to that clade. We did not
have a representative of Trilobopsis in the 39-taxon analysis
due to limited sequence data, so by that hypothesis we would
expect to find Cryptomastix+Allogona. Instead, we found Al-
logona sister to an unresolved clade comprising three tribes:
Allogonini, Vespericolini, and Stenotremini, with no bootstrap
support. In the 418-taxon tree, we do have three individuals
of Trilobopsis represented; all three display a close relation-
ship to Stenotremini. One species of Crypromastix was sister
to Vespericola (our sole representative of Vespericolini as we
did not have Hochbergellus) and the other species were sister to
Euchemotrema (Stenotremini). Euchemotrema and Stenotre-
ma were expected to be sister taxa as the sole genera in Steno-
tremini, but a monophyletic Stenotremini was not recovered
in either analysis. Emberton proposed Ashmunellini to be sis-
ter to Allogonini, but we found Ashmunellini sister to a clade
comprising most of the polygyrids. Most genera where we
have multiple species sampled are monophyletic, except
Cryptomastix, Neohelix, and Mesodon (which has Appalachina
nested within). However, this analysis does not include all
members of each genus, specifically Praticolella, where previ-
ous work (Perez 2011) found the subgenus Eduardus Pilsbry,
1930 more closely related to Linisa and the subgenus Filapex
Pilsbry, 1940 close to Lobosculum. A similar pattern may be
found with more complete sampling within each genus.

Species-level relationships within the polygyrids: filling
out the tips of the polygyrid tree.

Our analyses include ~35% of the named, extant polygy-
rid species. This is the largest molecular examination of this
family to date and the only published examination of any
group larger than a species complex (Perez 2011). While we
found marked disagreement with Emberton’s hypotheses on
family and tribe relationships, many of the genus-level revi-
sions he made were supported by this analysis, although six of
the 21 genera are not found to be monophyletic. At the species-
level, only 27 of the species represented by more than one
individual were monophyletic. This indicates substantial tax-
onomic work will be required in Polygyridae for the classifi-
cation of the family to adequately capture the diversity and
evolutionary history of the group.

In Polygyrini, several classification problems are observed:
Linisa has a close relationship to Praticolella martensiana, Pra.
jejuna (Say, 1821) is sister to the rest of Polgyrini, and Pra. mo-
biliana1. Lea, 1841) (subgenus Farragutia Vanatta, 1915) is sister
to Polygyra. This indicates that Praticolella is polyphyletic, with
each subgenus of Praticolella (except Praticolella sensu stricto)
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solution, as some clades are quite distinct,
for example, the clade containing Polygy-
ra cereolus 437829A, which appears to be a
lineage unique to the Florida Keys. In
Daedalochila, three species are monophy-
letic while five are not (60%).

Of the polygyrid species that have
more than one individual represented in
the tree, 63% of the species are not
monophyletic. Some portion of this may
be attributable to misidentification. These
snails were all identified by authors Per-
ez, Pearce, or Slapcinsky, all of whom
have 10+ years’ experience working on
polygyrids, but some errors could have
occurred. This may be a greater source of
error in some genera such as Triodopsis
(1 of 10 species monophyletic) or Meso-
don (1 of 5), which are particularly taxo-
nomically problematic, with some species
distinguished by slightly different, non-
diagnostic shell characteristics. Some of
this lack of monophyly might be attrib-
uted to an underestimation of species
diversity, as documented in Perez (2011)
where the number of species in Prati-
colella will likely double with adequate
taxonomic attention. This could also be
the case in other polygyrid genera. It is
apparent that a few species have been
oversplit; an example might be Ash-
munella mearnsii and Ash. heberdi, which
appear to have no distinction at the loci
we examined, although this single line of
evidence does not conclusively demon-

1 _[ 4350078 Daedalochila subclausa
435007A Daedalochila subclausa

391090A Daedalochila hausmani

strate they should be synonymized. Fi-
nally, we cannot rule out introgression

0.1

Figure 7. Neighbor-joining tree of K2P distances for Daedalochila. Boxes indicate individual
molecular operational taxonomic units (MOTUs) identified by jMOTU.

or incomplete lineage sorting as sources
of apparent lack of monophyly.

As seen in Fig. 3, Triodopsini and
Mesodontini are closely related (75%)
and will require some taxonomic work to

grouping with other genera. In Praticolella, considerable diver-
sity remains to be described. In Polygyra, the two species of this
genus that are represented in our data set are completely mixed
or misidentified, drawing into question the distinction between
Polygyra cereolus (Miihlfeld, 1816) and Polygyra septemvolva Say,
1818. This is perhaps not surprising: there has long been discus-
sion in the malacological community on the difficulty of distin-
guishing these species (Cheatum and Fullington, 1971).
However, simply synonymizing these two taxa is not a good

disentangle. Inflectarius, currently classi-
fied as a member of Mesodontini, is sister to Triodopsis, a mem-
ber of Triodopsini. In Xolotrerma, Neohelix, and Inflectarius,
none of the species are monophyletic. This is also nearly the case
in Triodopsis (1 of 10). Fumonelix was split into two lineages;
however, there was no bootstrap support for this relationship, so
this genus may be monophyletic. This study finds Appalachina
completely within Mesodon, which is a monophyletic group if
Appalachina is included. This finding could mean that Appala-
china should be subsumed in Mesodon or that there are multiple
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generic-level lineages in this group. In Triodopsini+Mesodontini,
the generic classification (Emberton 1988, 1991) was supported.

The conclusions that can be drawn for species-level tax-
onomy with this analysis are limited by incomplete sampling
for most species. A complete picture of species-level diversity
requires multiple individuals from multiple populations in-
cluding the entire geographic range of the species, which this
analysis does not include for most taxa. For example, Dae-
dalochila avara (Fig. 41) appears to be a monophyletic species;
however, all the individuals in the analysis are from the same
population in Florida. The inclusion of more populations
may increase the complexity of this picture of D. avara. With
this caveat, we can make a few observations about general
trends among polygyrid species. For many of the species in
the tree, the nominal taxon is not monophyletic; however,
deep clades support a geographically unified set of individu-
als. For example, Polygyra cereolus+Pol. septemvolva form two
distinct clades, one includes only representatives from the
Florida Keys, the other includes individuals from localities
ranging along the coast from Florida, Georgia, North Carolina,
South Carolina, and Texas. Future taxonomic work can build
on this initial analysis, but will need to include broader sam-
pling for each member of each genus along with individuals
from type localities.

Shell and genitalia character evolution in Polygyridae

Most reconstructions of ancestral character states (Table
1: MP and ML) found the common ancestor of the polygyrids
likely had a flat shell and three apertural teeth. From this flat,
tridentate shell, a variety of shell shapes evolved. From a flat
ancestor, a globose shell has evolved between four and six
times, that number will require better resolution of relation-
ships among genera to pinpoint. Globose shells have evolved
in the genera Praticolella, Euchemotrema, Cryptomastix, and
Vespericola. The switch in this part of the tree from flat to
globose may have happened only once; final determination
will require better resolution in this part of the tree to be sure.
Globose shells have also evolved in Triodopsini in Neohelix,
which was not recovered as monophyletic and may represent
two separate transitions to a globose shape. Finally, within
Mesodontini, Fumonelix and Mesodon have globose shells.
Interestingly, in Mesodon, Appalachina appears to have re-
evolved a flat shell.

Our analyses suggest that the ancestral polygyrid had
three apertural teeth. From a tridentate ancestor, the tooth-
less condition has evolved at least once in Praticolella (our
data), but probably more than once, as the Praticolella sub-
genera appear to have convergently attained a toothless con-
dition (Perez 2011). The tridentate condition is retained in
Millerelix, Lobosculum, and Linisa. In Polygrini, one lineage
also evolved the 1-2 tooth condition (Daedalochila+Polygyra).
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The common ancestor of all the polygyrids except Polygyrini
appears to have had 1-2 teeth or blades, and from that phe-
notype, a toothless aperture evolved at least three times:
Vespericola columbiana in Vespericolini; Neohelix in Triodop-
sini; and some members of the genus Mesodon, including
Appalachina chilhoweensis (]. Lewis, 1870) in Mesodontini.
From the 1-2 toothed condition, a tridentate aperture re-
evolved on at least one occasion in Triodopsis.

If we consider Mesodontini and Triodopsini, several
interesting patterns are uncovered. These tribes were not
considered close relatives previously (Emberton 1994); Tri-
odopsini was proposed to be sister to the rest of Polygyri-
dae. Therefore, our conclusions about character evolution
among these two tribes will necessarily be very different than
Emberton’s. The common ancestor of this clade is recon-
structed with a flat shell and 1-2 teeth. From that point, a
globose shell has evolved 2-3 times. One lineage, Triodopsis,
has evolved a tridentate shell, and Mesodon has evolved a
toothless or single-tooth condition. The tooth state is ambigu-
ously reconstructed in Mesodon as there is great variability
among species in this genus. Some species consistently have
teeth, but in some species, tooth number varies within and
among populations.

Emberton (1988, 1991, 1994, 1995a, b) described exten-
sive convergence in shell characteristics among genera in two
tribes: Mesodon (Mesodontini) and Neohelix (Triodopsini).
The convergence is so close that distinguishing individuals of
these species where they occur sympatrically requires dissec-
tion of the penial structures to look for genus-level diagnostic
criteria. Our analyses support this hypothesis of shell conver-
gence. Another proposal of Emberton (1988) was that of con-
chological stasis within genera. Rather than conchological
stasis, we find several instances where shell outline and tooth
number varies within genera. For example, Vespericola and
Mesodon include both toothed and untoothed species. In Me-
sodon, there is also a lineage with flat shells—Appalachina.

The significance, if any, of these two shell characteristics
is unknown. Several authors have proposed adaptive hypoth-
eses for apertural teeth and shell shape. The hypothesis with
the strongest support (correlative) appears to be the link be-
tween flat shells and rocky, or vertical, crevice habitats
(Goodfriend 1986, Emberton 1988). Increasing size of aper-
tural teeth (degree of apertural obstruction) has been shown
to correlate positively with ground moisture in several species
of Triodopsis (Vagvolgyi 1968, Emberton 1988). It is also pos-
sible that shell shape and tooth number varies randomly
among Polygyridae and does not have adaptive significance,
or that these characters are adaptive, but evolve so rapidly
that their ancestral states cannot be reconstructed easily.

Characters of the genital anatomy especially penis tex-
ture are often used to determine species-level relationships.
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However, other characters of the genital system are assumed to
be more slowly evolving, for example, the presence of struc-
tures like the dart sac, epiphallus, and penial sheath. These
characters are often used to define higher-level relationships
among stylommatophorans. In many cases, only one or a few
of these characters define groups. Some groups are defined by
the presumed loss of these characters as in the Camaenidae.
However, molecular evidence suggests that loss in complex
structures has happened many times in closely related groups
and that the dart sac has been lost multiple times in the camae-
nid/bradybaenid lineage (Wade et al. 2007). Traditionally,
higher-level relationships among Polygyridae are largely de-
fined by genital characters. For example, Triodopsini have a
penial sheath with the retractor muscle inserted on the vas def-
erens and Mesodontini lack a penial sheath and have the re-
tractor muscle inserted on the apex of the penis.

In our analysis, the Mesodontini and Triodopsini are sis-
ter clades (75% bootstrap) and not distantly related as sug-
gested by their genital anatomy. Although our ancestral
reconstructions of these traits were equivocal, it is clear that
the penial sheath has been lost more than once; once in the
Polygyrini and again in the Mesodontini. In addition to that,
the penial sheath has been reduced at least once to a diapha-
nous sheath in Euchemotrema and Stenotrema. Similarly, the
apical insertion of the retractor muscle does not appear to be
an informative character in determining the relationship of
the Polygyrini and Mesodontini to each other. Although our
ancestral reconstruction is ambiguous, it is clear this charac-
ter is homoplasious. Single or small groups of characters are
insufficient to determine higher-level relationships within the
Polygyridae.

DNA barcoding Polygyridae

Analysis of the Folmer et al. (1994) COI region suggested
that DNA barcoding was not an effective tool in discriminating
among polygyrid species given the current taxonomic state of
the group. No evidence of the ‘barcoding gap’ seen in many
taxa (Hebert et al. 2003a, 2003b, 2004) was found; instead,
there was considerable overlap between intraspecific and inter-
specific K2P distances (Fig. 6) similar to some other studies
(Meyer and Paulay 2005, Wiemers and Fiedler 2007). The high
intraspecific distances were easily visualized in the Daedalochila
MOTU analysis (Fig. 7), and the overlap in distances was
reflected in the low success rate (62%) of guide tree identifica-
tions using neighbor-joining. The failure of barcodes to de-
limit species and genera in Polygyridae may be the result of
many factors, including but not limited to taxonomically poorly
understood clades, incomplete sampling, the presence of close-
ly related sister lineages, species that have undergone introgres-
sive hybridization, species where interspecific and intraspecific
variation overlap, and species sharing ancestral polymorphisms

(Baker et al. 2009). Land snails also do not disperse readily, and
DNA barcodes often perform poorly in groups with low vagil-
ity and corresponding levels of geographic structure (Bergsten
et al. 2012). While the limitations of barcoding and other DNA
taxonomy methods are well known (Prendini 2005, Packer et
al. 2009), most studies recognize barcoding as a useful method
for identifying groups of interest. Our barcoding results, in ad-
dition to phylogenetic analysis results, indicate a great deal of
needed taxonomic work.

Future polygyrid work

We began this study with some indications that relation-
ships among Polygyridae were poorly understood; unfortu-
nately, these results support this initial impression to a
greater extent than we had expected. Most of the results pre-
sented show incongruence with previous morphology-only
approaches to polgyrid systematics and taxonomy that have
relied on relatively few characters. Clearly more characters
and character sets are required for an accurate picture of spe-
cies boundaries and relationships among species and higher
taxa in this family. Molecular characters add some resolution
to these relationships, but much of the tree of the family re-
mains poorly resolved. Testing hypotheses of the mechanisms
driving shell character evolution will require a more fully-re-
solved phylogeny. Our work uncovered substantial problems
with the current species-level taxonomy of polygyrids; in fact,
most of the species examined were not monophyletic. This
lack of monophyly is pervasive in our representatives of poly-
gyrid species, even though we did not sample the entire geo-
graphic extent of most species.

Extensive taxonomic work will need to be carried out to
determine if this lack of monophyly is due to cryptic or poor-
ly characterized but real species or biological processes like
introgression, convergence, or incomplete lineage sorting.
Barcoding may be of limited utility when the taxonomy of a
group is in an embryonic state. However, sequence data gen-
erated in barcoding efforts can help point out groups that can
be targeted for taxonomic study using a wider suite of charac-
ters,, thus, enhancing our understanding of species-level rela-
tionships and the efficacy of barcoding. Some potential next
steps for a better understanding of polygyrids would begin
with geographically complete, population-level sampling of
species shown to be non-monophyletic using morphological
and molecular characteristics in order to begin to stabilize
species-level boundaries. Higher-level relationships might
prove difficult to resolve. The use of additional molecular
markers with different levels of variability may prove useful
to resolving the backbone of the tree. While relationships
among polygyrids appear to be at a low-point in our under-
standing, we hope this work provides a foundation for fu-
ture taxonomic and systematic work that will enlighten our
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understanding of the evolution of this common, charismatic
group of snails.
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ND10 inflectarius inflectus
288280A Inflectarius subpalliatus
3828804 1 rugeli
379009A smithi
ND12 Triodopsts fatlax
DQ086021 Triodopsis vannostrandi
ND72 Triodopsis patustris
448678A Triodopsis hopetonensis
1 437759A Triodopsis anteridon
ND87 Triodopsis faliax affinis
447085A Triodopsis fradufenta
447196A Triodopsis vuigata
ND88 Triodopsis burchi
ND77 Triodopss fulciden
447059A Triodopsis soelneri
447089A Triodopsis tridentata
NDA7 Triodopsis juxtidens
3780184 Triodopsis tennesseensis
ND20 Mesodon normalis
437643A Patera clarki
446480A Fumonelix roanensis
448885A Fumonelix wheatleyi
437676 Patera appressa
437703A Patera laevior
447175A Patera perigrapta
4472004 Patera
448538A inflectarius ferissi
382970A Mesodon zaletus
446565 Mesodon altivagus
437756A Mesodon clausus
447126A Mesodon mitcheflianus
ND13 Mesodon thyroidus
ND2
b 4377204 ina sayana
DQU86084 Millersiix mooreana
378013A Millerelix plicata
437814A L
444851A Crypi mutlani olneyae
448673A Cryp devia
4447994 Cryp!
444740A Cryp! ‘muliami fatiabrs
444789A Cryptomastix muliani hemphili
444806A Cryptomastix muliani
444807A Cryptomastix mullani tuckeri
ND76 & fraternum
447102 hirsutum

Cepaea nemoralis 0.03

Supplemental Figure 2. K2P neighbor-joining guide tree for DNA barcoding.
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