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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 Rafi nesque in Férussac, 1821, 
and Neohelix von Ihering, 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 classifi cation 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 fi ve 
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-
sifi cation of the family using a new molecular phylogeny; 2) 
evaluate the current species-level classifi cation 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 classifi cation. 

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 fi rst 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 fi rst 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-García 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 fi rst compre-
hensive hypotheses of phylogenetic relationships within gen-
era of Polygyridae. Emberton (1995b) refi ned 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 

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 refl ect species differences, classifi cations 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 diffi cult. 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 diffi culties may 
result in large part from their unique biol-
ogy. Terrestrial snails are sensitive to 
desi ccation 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 fl ow 
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 intraspecifi c variability in shell mor-
phology (Goodfriend 1986, Chiba 1993). 
More specifi cally, shell morphology in 
some land snails has been shown to have 
a strong genetic component (Cook 1965, 
Murray and Clarke 1968, Gould and 

Figure 1. Tree of relationships of polygyrid genera and tribes from the morphology-based 
classifi cation of  Emberton (Emberton 1995b).
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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-
specifi c variation and interspecifi c 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.l. Rafi nesque, 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 intraspecifi c 
variation may be the result of poorly defi ned species, cryptic 
species, or unrecognized species complexes resulting from 
poor taxonomy. Some species are identifi ed using single shell 
characters and the effi cacy of these characters has never been 
independently evaluated. For example, Inflectarius rugeli 
(Shuttleworth, 1852) differs from Infl ectarius infl ectus (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 classifi cation 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 diffi cult. 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, fl uid-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 II 
(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 classifi cation 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 c oxidase subunit 1 (CO1) gene to 
provide a practical, species-level identifi cation 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 interspecifi c variation ten times 
the mean intraspecifi c 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 et al. 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 intraspecifi c 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 intraspecifi c sequence divergence (12.9%) in a 
mitochondrial gene (16S) within two species of land snails, Ce-
paea nemoralis (L., 1758) and Cornu aspersum (Müller, 1774). 
High levels of intraspecifi c genetic divergence have also been 
observed in Candidula Kobelt, 1871 (Pfenniger and Posada 
2002), Discus Fitzinger, 1833 (Ross 1999), Arion Moquin-
Tandon, 1855 (Pinceel et 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 intraspecifi c 
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 suffi cient to separate them. In this 
study, we examine two sets of shell characters in Polygyridae: 
apertural denticles and carinate peripheries and two genitalia 

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-
sifi cation, hypothesizing that ecological transitions can lead 
to rapid modifi cation of the denticle apparatus. There are 
several hypotheses regarding the function and evolution of 
apertural denticles, each proposing that there could be 
strong adaptive signifi cance 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 (I. Lea, 1841), P. lawae (J. 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 signifi cance 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 fl at 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 fl at/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; Infl ectarius 
Pilsbry, 1940, 4 of 11; Linisa Pilsbry, 1930, 1 of 30; Loboscu-
lum Pilsbry, 1930, 1 of 2; Mesodon Rafi nesque in Férussac, 
1821, 8 of 10; Millerelix Pratt, 1891, 2 of 14; Neohelix von 
Ihering, 1892, 6 of 8; Patera Albers, 1850, 5 of 14; Polygyra 
Say, 1818, 2 of 5; Praticolella, 11 of 15; Stenotrema Rafi nesque, 
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 Rafi nesque, 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 amplifi ed 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.barcodeofl ife.org) using their standard 
methods. After PCR purifi cation using Qiagen gel-extraction 
kits, both strands were sequenced using the PCR primers on an 
ABI3100 automated genetic analyzer. Contigs were assembled 
in Sequencher TM 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 (I. 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 fi les 
by gene with the Perl script GenBankStrip v2.0 (Bininda-
Emonds 2005). Loci for which polygyrid data were available—
COI, cytb, 16S, and 12S—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 
(Köhler, 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 
suffi cient 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 

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 identifi ed 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 

partitions —12S; 16S; COI fi rst, second 
and third positions; cytochrome b fi rst, 
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 fi nal 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 

Figure 2. List of species examined in this analysis with species authority. Names follow Turgeon 
et al. (1998).
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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 “lset 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 (RJ-
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: fl at [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 intraspecifi c) 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 fi xed 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 RJ-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 insignifi cant 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 interspecifi c and 
intraspecifi c 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 
fi lter 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 profi le 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 diffi cult 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 profi le 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; 

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; 12S, 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 
confl ict 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 signifi cant 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 RJ-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 
Any: -23.60205933* 
Three: -23.89132

0.578521333

Position of penial retractor — — 2.857383333
Penial sheath — — 5.957600667

Mesodontini+Triodopsini 
 (MT)

Shell outline Flat Flat Flat: -24.07905 
Globose: -24.54811

Shell teeth Any — None: -25.68374067 
Any: -23.00440633* 
Three: -25.57937233

5.149932

Position of penial retractor — — On penis apex: -18.563499 
On vas deferens: -17.13480733*

5.332564667

Penial sheath — — No sheath: -27.75355167 
Diaphanous sheath: -25.567186 
sheath: -21.54416233**

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-
ship has low support (< 50%). In the Triodopsini+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, signifi cant 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. 4I–J). 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, is sister 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 Infl ectarius, 
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 Infl ectarius 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 identifi cation, 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 fi t 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 fi t 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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(Fig. 4D) species that was recovered as monophyletic, Pat. 
clarki (I. 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, 

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 fl at shell in MP and ML reconstructions in 
Mesquite (Table 1). By contrast, the RJ-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 signifi cant. 
If we assume a fl at-shelled polygyrid ancestor, a globose shell 
has evolved at least four and up to six times in Polygyridae 
within fi ve 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 RJ-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 

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 intraspecifi c 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-specifi c and inter-specifi c 
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 profi le tree 
(Suppl. Fig. 2) possessed a unique COI sequence. The COI 
profi le tree identifi ed 62 of the 100 random test individuals 
correctly by grouping them with their conspecifi c 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.

Genus
Mean distance between species 
in the genus

Mean distance within species 
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%
Infl ectarius 20.6% 19.1% infl ectus-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 5. Ancestral state reconstruction for two shell morphological characters, shell outline, and apertural teeth. Character states are assigned 
for all the species in the genus. L: Shell outline, hollow bars = fl at or keeled shell, fi lled = globose shell; R: apertural teeth, hollow branches = 
no teeth, black fi lled branches = tridentate, gray fi lled branches = any tooth or blade. Dashed lines indicate ambiguous reconstruction. MT 
indicates the Mesodontini+Triodopsini clade. P indicates Polygyridae.
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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 fi nd 
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 fi nd 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 

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 fi nd 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 Cryptomastix 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, specifi cally 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: fi lling 
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 classifi cation 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-
biliana I. 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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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 misidentifi ed, drawing into question the distinction between 
Polygyra cereolus (Mühlfeld, 1816) and Polygyra septemvolva Say, 
1818. This is perhaps not surprising: there has long been discus-
sion in the malacological community on the diffi culty of distin-
guishing these species (Cheatum and Fullington, 1971). 
However, simply synonymizing these two taxa is not a good 

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 fi ve 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 misidentifi cation. These 
snails were all identifi ed 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-
strate they should be synonymized. Fi-
nally, we cannot rule out introgression 
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 
disentangle. Infl ectarius, currently classi-

fi ed as a member of Mesodontini, is sister to Triodopsis, a mem-
ber of Triodopsini. In Xolotrema, Neohelix, and Infl ectarius, 
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 fi nds Appalachina 
completely within Mesodon, which is a monophyletic group if 
Appalachina is included. This fi nding could mean that Appala-
china should be subsumed in Mesodon or that there are multiple 

Figure 7. Neighbor-joining tree of K2P distances for Daedalochila. Boxes indicate individual 
molecular operational taxonomic units (MOTUs) identifi ed by jMOTU.
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generic-level lineages in this group. In Triodopsini+Mesodontini, 
the generic classifi cation (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. 4I) 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 unifi ed 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 fl at shell and three apertural teeth. From this fl at, 
tridentate shell, a variety of shell shapes evolved. From a fl at 
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 fl at to 
globose may have happened only once; fi nal 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 fl at 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). 

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 (J. 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 fi nd 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 fl at shells—Appalachina.

The signifi cance, 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 fl at 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 signifi cance, 
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 defi ne higher-level relationships 
among stylommatophorans. In many cases, only one or a few 
of these characters defi ne groups. Some groups are defi ned 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-
fi ned 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 
insuffi cient 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 intraspecifi c and inter-
specifi c K2P distances (Fig. 6) similar to some other studies 
(Meyer and Paulay 2005, Wiemers and Fiedler 2007). The high 
intraspecifi c distances were easily visualized in the Daedalochila 
MOTU analysis (Fig. 7), and the overlap in distances was 
refl ected in the low success rate (62%) of guide tree identifi ca-
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 interspecifi c and intraspecifi c 
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 effi cacy 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 diffi cult  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.

ACKNOWLEDGMENTS

Collections for this project began by the authors in 1997. 
Over that length of time, a great number of people and institu-
tions supported the authors with collections, lab work, and 
monetary support. The following institutions supported the 
authors or provided research funding: NSF-IGERT (DGE-
9972810 to A. K. Ward), the University of Alabama, the SPIRE 
program at UNC-Chapel Hill (NIGMS-MORE division-GM 
00678), Cliff Cunningham lab at Duke University, Faculty Re-
search Grant at the University of Wisconsin at La Crosse, Texas 
Academy of Science, Malacological Society of London, Con-
chologists of America, American Malacological Society, Ameri-
can Museum of Natural History, Delaware Museum of Natural 
History, North Carolina Museum of Natural Sciences, Howard 
Hughes Medical Institute Undergraduate Science Education 
grant (to ULM), NSF to FEA (DEB-0235794), SIU REACH 
Program, and the Saluki Scholars Program. The following indi-
viduals provided assistance in museum, lab, or fi eld: J. J. Apo-
daca, K. Auffenberg, A. Bogan, S. A. Clark, B. Coles, K. Mugford 
Davis, Z. Felix, F. Fontanella, D. Furr, K. Gallant, D. Garate, 
J. Godwin, B. Henry, J. Laurila, H. G. Lee, T. G. Littleton, 
P. Marquez, L. McCutchen, S. McGregor, J. Nekola, J. B. Pollock, 
D. Robinson, B. Roth, J. Smith, N.  E. Strenth, P. Super, F. G. 
Thompson, A. S. and R. W. Van Devender, J. Walker, 
R. Werren, R. Winters, and F. Zimmerman. Mexican speci-
mens were collected under permit 7146 to Dr. A. Correa San-
doval, Universidad Nacional Autónoma de México at Victoria.

LITERATURE CITED

Alonso, M. R., A. López Alcántara, and P. M. I. Rivas. 1985. A bio-
geographic study of Iberus gualterianus (L.) (Pulmonata: He-
licidae). Soosiana 13: 1–10.

Anderson, F. E., and D. A. Smith. 2005. A redescription of the cari-
nate pillsnail, Euchemotrema hubrichti (Pilsbry, 1940) (Pulmo-
nata: Polygyridae), with notes on habitat and genetics. Zootaxa 
807: 1–11.

Asami, T. 198 8. Temporal segregation of two sympatric species of 
land snails. Venus 47: 153–172.

Backeljau, T., A. Baur, and B. Baur. 2001. Population and Conserva-
tion Genetics. In: G. M. Barker, ed., The Biology of  Terrestrial 
Molluscs. Cromwell Press, Trowbridge, United Kingdom Pp. 
383–412.

Baker, A., E. Tavar es, and R. Elbourne. 2009. Countering criticisms 
of single mitochondrial DNA gene barcoding in birds. Molecu-
lar Ecology Resources 9 (Suppl. 1): 257–268.

Barrett, R. D. H., and P. D. N. Hebert. 2005 . Identifying spiders 
through DNA barcodes. Canadian Journal of Zoology 83: 481–
491.

Bergsten, J., D. T. Bilton, T. Fujisawa, M. Elliott, M. T. Monaghan, 
M. Balke, L. Hendr ich, J. Geijer, J. Herrmann, G. N. Foster, 
I. Ribera, A. N. Nilsson, T. G. Barraclough, and A. P. Vogler. 
2012. The effect of geo graphical scale of sampling on DNA bar-
coding. Systematic Biology 61: 851–869.

Bininda-Emonds, O. R. P. 2005. GenBankStrip.pl v2.0.Program dis-
tributed by the author, AG Systematik und Evolutionsbiologie, 
IBU-Fakultät V, Carl von Ossietzky Universität Oldenburg.

Binney, A. 1851. The Terrestrial  Air-breathing Mollusks of the United 
States and the Adjacent Territories of North America, Vol. 1. 
Charles C. Little and James C. Brown, Boston, Massachusetts.

Binney, A. 1857. The Terrestrial Air-breathing Mollusks of the United 
States  and the Adjacent Territories of North America, Vol. 2. 
Charles C. Little and James C. Brown, Boston, Massachusetts.

Blaxter, M. 2003. Molecular systematics: Counting angels with 
DNA. Nature 421 : 122–124.

Blaxter, M., J. Mann, T. Chapman, F. Thomas, C. Whitton, R. Floyd, 
and E. Abebe. 2005. Defi ning operational taxonomic units us-
ing DNA barcode data. Philosophical Transactions of the  Royal 
Society of London B Biological Sciences 360: 1935–1943.

Burla, H. and W. Stahel. 1 983. Altitudinal variation in Arianta arbusto-
rum (Mollusca: Pulmonata) in the Swiss Alps. Genetica 62: 95–108.

Cheatum, E. P. and R. W. Fullington. 1971. The Aquatic and Land 
Mollusca of Texas. Part One: The Recent and Pleistocene Mem-
bers of th e Gastropod Family Polygyridae in Texas. Bulletin 1. 
Dallas Museum of Natural History, Dallas, Texas.

Chiba, S. 1993. Modern and historic al evidence for natural hybrid-
ization between sympatric species in Mandarina (Pulmonata: 
Camaenidae). Evolution 47: 1539–1556.

Cook, A. H. 1965. Inheritance of shell size in the snail Arianta arbus-
torum. Evolution 19: 86–94.

Cook, L. M. and C. W. A. Pettitt. 1979. Shell form in Discula poly-
morpha. Journal of Molluscan Studies 45: 45–51.

Correa-Sandoval, A. 1992. Diversidad, distribucion y espec ies 
aprovechables como alimento de al malacofauna terrestre del 
centro y sur de Tamaulipas, Mexico . Tamaulipeco de Ciencia 
y Tecnologia, Cd. Victoria, Tamaulipas, Mexico [In Spanish].

Correa-Sandoval, A. 1993. Ca racoles terrestres (Molluca: Gastropo-
da) de Santiago, Nuevo León, Mexico. Revista Biologia Tropical 
41: 683–687. [In Spanish].

Correa-Sandoval, A. 1999. Zoogeografía de los gastropodos ter-
restres de la region Oriental de San Luis Potosi, México. Revista 
Biologia Tropical 47: 493–502. [In Spanish].

Dance, S. P. 1986. A History of Shell Collecting. E.J. Brill, Leiden, 
Netherlands.

Davison, A., R. L. E. Blackie, and G. P. Scothern. 2009. DNA bar-
coding of stylommatophoran land snails: A test of  existing se-
quences. Molecular Ecology Resources 9: 1092–1101.

Davison, A. and B. C. Clarke. 2000. History or current selection? A 
molecular analysis of area effects in Cepaea nemoralis. Proceed-
ings of the Royal Society of London Series B 267: 1399–1405.

Ditchfi eld, A. D. 2000. The comparative phy logeography of Neo-
tropical mammals: Patterns of intraspecifi c mitochondria l 



 MOLECULAR PHYLOGENY OF POLYGYRIDAE 29

DNA variation among bats contrasted to nonvolant small 
mammals. Molecular Ecology 9: 1307–1318.

Dourson, D. 2011. Descriptions of three new land snails from Ken-
tucky. Journal  of the Kentucky Academy of Science 72: 39–45.

Dourson, D. 2012. Four new land snail species from the southern 
Appalachian Mountains. Journa l of the North Carolina Acad-
emy of Science 128: 1–10 .

Dundee, D. S. 1974. Catalog of introduced mollusks of Eastern 
North America (North of Mexico). Sterkiana 55: 1–37.

Edgar, R. C. 2004. MUSCLE: Multiple sequence alignment with high ac-
curacy and high throughput. Nuc leic Acids Research 32: 1792–1797.

Emberton, K. C. 1988. The genitalic, allozymic, and conchological 
evolution of the eastern  North American Triodopsinae (Gas-
tropoda: Pulmonata: Polygyridae). Malacologia 28: 159–273.

Emberton, K. C. 1991. The genitalic, allozymic and conc hological 
evolution of the Tribe Mesodontini (Pulmonata: Stylomma-
tophora: Polygyridae). Malacologia 33: 71–178.

Emb erton, K. C. 1994. Polygyrid land snail phylogeny: External 
sperm exchange, early North American biogeography, itera-
tive shell evolut ion. Biological Journal of the Linnean Society 52: 
241–271.

Emberton, K. C. 1995a. Sympatric convergence and environmen-
tal correlation between two land-snail species. Evolution 49: 
4 69–475.

Emberton, K. C. 1995b. When shells do not tell: 145 million years 
of evolution in North America’s polygyrid land snails, with a 
revision and conservation prior ities. Malacologia 37: 69–110.

Engelhard, G. H. and J. W. F. Silk. 1994. On altitude dependent 
characters in Albinaria idaea (L. Pfeiffer, 1849), with a revision 
of the species (Gastropoda: Pulmon ata: Clausiliidae). Zoolo-
gische Mededelingen 68: 21–38.

Fischer, P. and H. Crosse. 1870–1878. Mission Scientifi que au Mex-
ique et d ans L’Amerique Centrale. Études sur les mollusques 
terrestres et fl uviatiles du Mexique et du Guatemala I., Vol. 1. 
Imprimerie Nationale, Paris. [In French].

Folmer, O. M., W. Black, R. Hoeh , R. Lutz, and R. Vrijenhoek. 1994. 
DNA primers for amplifi cation of mitochondrial cytochrome 
c oxidase subunit I from diverse metazoan invertebrates. Mo-
lecular Marine Biology and Biotechnology 3: 294–299.

Gellar, J. B.,  E. Walton, E. Grosholz, and G. Ruiz. 1997. Cryptic inva-
sion of the crab Carcinus detected by molecular phylogeogra-
 phy. Molecular Ecology 6: 256–262.

Goodfriend, G. A. 1986. Variation in land-snail shell form and size 
and its causes: A review. Systematic Zoology 35: 204–223.

Gould, S. J. 1969. An evolutionary microcosm: Pleistocene and re-
cent history of the land snail Poecilozonites in Be rmuda. Bulle-
tin of the Museum of Comparative Zoology at Harvard University 
138: 407–532.

Gould, S. J. 1971. Precise but fortuitous convergence in Pleistocene 
land snails from Bermuda. Journal of Paleontology 45: 409–418.

Gould, S.  J. and D. S. Woodruff. 1990. History as a cause of area ef-
fects: an illustration from Cerion on Great Inagua. Journal of the 
Linnean Society 40: 67–98.

Grant, R. A. and K. Linse. 2009. Bar coding Antarctic biodiversity; 
current status and the CAML initiative, a case study of marine 
invertebrates. Polar Biology 32:  1629–1637.

Guiller, A. and L. Madec. 2010. Historical biogeography of the land 
snail Cornu aspersum: A new scenario inferred from haplotype 
distribution in the Western Mediterranean basin. BMC Evolu-
tiona ry Biology: 1471–2148. doi:10.1186/1471-2148-10-18

Guiller, A., L. Madec, and J. Daguzan. 1994. Geographical patterns 
of genetic di fferentiation in the land snail Helix aspersa Mül-
ler (Gastropoda: Pulmonata). Journal of Molluscan Studies 60: 
205–221.

Haase, M., B. Mis of, T. Wirth, H. Bamiger, and B. Baur. 2003. Mito-
chondrial differentiation in a polymorphic land snail: Evidence 
for Pleistocene survival within the boundaries of permafrost.  
Journal of Evolutionary Biology 16: 415–428.

Hausmann, A., G. Haszprunar, and P. D. N. Hebert. 2011. DNA Bar-
coding the geometrid fauna of Bavaria (Lepidoptera): Success-
es, surprises, and questions. PLoS ONE 6: e17134. doi:10.1371/
journal.pone. 0017134

Hebert, P. D. N., A. Cywinska, S. L. Ball, and J. R. deWaard. 2003a. 
Biological identifi cations through DNA barcodes. Proceedings 
of the Royal Society of London, Serial B 270: 313–321.

Hebert, P. D. N., J. R. deWaard, and J.- F. Landry. 2010. DNA bar-
codes for 1/1000 of the animal kingdom. Biology Letters 6: 
359–362.

Hebert, P. D. N., S. Ratnasingham, and J. R. deWaard. 2003b. Bar-
coding animal life: COI divergences among closely related spe-
cies. Proceedings of  the Royal Society of London Serial B 270: 
S96–S99.

Hebert, P. D. N., M. Y. Stoeckle, T. S. Zemlak, and C. M. Francis. 
2004. Identifi cation of birds through DNA Barcodes. PLoS Bi-
ology 2: e312. doi:10.1371/j ournal.pbio.0020312

Hillis, D. M., M. T. Dixon, and A. L. Jones. 1991. Minimal genetic 
variation in a morphologically diverse species (Florida tree 
snail, Liguus fasciatus). Journal of  Heredity 82: 282–286.

Hillis, D., C. Mortiz, and B.K. Mable. 1996. Molecular Systematics. 
Sinauer Associates, Inc., Sunderland, Mass achusetts U.S.A.

Hoso, M., Y. Kameda, S.-P. Wu, T. Asami, M. Kato, and M. Hori. 
2010. A speciation gene for left-right reversal in snails results in 
anti-predator adaptation. Nature Communications  1: 133.

Hubricht, L. 1983. The genus Praticolella in Texas (Polygyridae: Pul-
monata). Veliger 25: 244–250.

Hubricht, L. 1985. The distributions of the native land mollusks of  the 
eastern United States. Fieldiana: Zoology, New Series 24: 1–191.

Hugall, A., J. Stanisic, and C. Moritz. 2003. Phylogeography of ter-
restrial gastropods: The case of Sphaerospira lineage and history 
of Queensland rainforests. In: C. L. Lydeard, and D. Lindberg, 
eds. Molecular Systematics and Phylogeography of  Molluscs. 
Smithsonian Institution Press. Pp. 270–301.

Hugall, A. F. and J. Stanisic. 2011. Beyond the prolegomenon: A 
molecular phylogeny of the Australian camaenid land snail ra-
diation. Z oological Journal of the Linnean Society 161: 531–572.

Johnson, M. S., B. Clarke, and J. Murray. 1 988. Discrepancies in the 
estimation of gene fl ow in Partula. Genetics 120: 233–238.

Jones, M., A. Ghoorah, and M. Blaxter. 2011. jMOTU a nd Taxon-
erator: Turning DNA barcode sequences into annotated op-
erational taxonomic units. PLoS ONE 6: e19259. doi:10.1371/
journal.pone.0019259



30 AMERICAN MALACOLOGICAL  BULLETIN     32  · 1  ·  2014

Kass, R. E. and A. E. Raftery. 1995. Bayes factors. Journal of the 
American Statistical Association 90: 773–795.

Kimura, M. 1980. A simple method for estima ting evolutionary 
rates of base substitutions through comparative studies of nu-
cleotide sequences. Journal of Molecular Evolution 16: 111–120.

Koehler, F. 2010. Uncovering local endemism in  the Kimberley, 
Western Australia: Description of new species of the genus Am-
plirhagada Iredale, 1933 (Pulmonata: Camaenidae). R ecords of 
the Australian Museum 62: 217–284.

Kress, W. J. and D. L. Erickson. 2008. DNA barcodes: Genes, ge-
nomics, and bioinformatics. Proceedings of the National Acad-
emies of Science, U.S.A. 105 : 2761–2762.

Lanzaro, G. C., K. Ostrovska, M. V. Herrero, P. G. Lawyer, and A. 
Warburg. 1993. Lutzomyia longipalp is is a species complex: Ge-
netic divergence and interspecifi c hybrid sterility among three 
populations. American Journal of Tropical Medicine and Hy-
giene 48: 839–847.

Maddison, W. P. and  D. R. Maddison. 2011. Mesquite: A modular 
system for evolutionary analysis version 2.75.

Merritt, T. J. S., L. Shi, M. C. Chase, M. A. Rex, R. J. Etter, and J. M. 
Quattro. 1998. Universal cytochrome b primers facilitat e in-
traspecifi c studies in molluscan taxa. Molecular Marine Biology 
and Biotechnology 7: 7–11.

Meyer, C. P. 2003. Molecular systematics of cowries (Gastropoda: 
Cyp raeidae) and diversifi cation patterns in the tropics. Biologi-
cal Journal of the Linnean Society of London 79: 401–459.

Meyer, C. P. and G. Paulay. 2005. DNA barcoding: Error rates based 
on comprehensive sampling. PLoS Biology 3: e422. doi:10.1371/
journal.pbio.0030422 

Murray, J. and B. Clarke. 1968. Inheritance of shell size in Partula. 
Heredity 23: 189–198.

Naranjo-García,  E. 2003. Historia de la malacología en México con 
énfasis en la malacología continental. Revista Biologia Tropical 
51 462–471. [In Spanish].

Neck, R. 1977. Geographical range of Praticolella griseola (Polygyri-
dae): Correctio n and analysis. The Nautilus 91: 1–4.

Pabijan, M. and W. Babik. 2006. Genetic structure in northeastern 
populations of the Alpine newt (Triturus alpestris): Evidence 
for post-Pleistocene  differentiation. Molecular Ecology 15: 
2397–2407.

Packer, L., J. Gibbs, C. Sheffi eld, and R. Hanner. 2009. DNA bar-
coding and the mediocrity of morpho logy. Molecular Ecology 
Resources 9: 42–50.

Pagel, M. and A. Meade. 2006. Bayesian analysis of correlated evo-
lution of discrete characters by reversible-jump Markov chain 
Monte Carlo. American Naturalist 167: 808–825.

Pagel, M., A. Meade, and D. Barker. 2004. Bayesian estimation of ances-
tral character states on phylogenies. Systematic Biology 53: 673–684.

Palum bi, S. R., A. P. Martin, S. Romano, W. O. McMillan, L. Stice, 
and G. Grabowski. 1991. The Simple Fool’s Guide to  PCR. Ho-
nolulu, Special Publication of the Department of Zoology, 
University of Hawaii.

Park, D. S., R. Foottit, E. Maw, and P. D. N. Hebert. 2011. Barcod-
ing bugs: DNA-based identifi cation of the tru e bugs (Insecta: 
Hemiptera: Heteroptera). PLoS ONE 6: e18749. doi:10.1371/
journal.pone.0018749 

Perez, K. E. 2011. A new species of Praticolell a (Gastropoda: Polygy-
ridae) from northeastern Mexico and revision of several species 
of this genus. The Nautilus 125: 113–126.

Perez, K. E., W. F. Ponder, D. J. Colgan, S. A.  Clark, and C. Lydeard. 
2005. Molecular phylogeny and biogeography of spring-
associated hydrobiid snails of the Great Artesian Basin, Austra lia. 
Molecular Phylogenetics and Evolution 34: 545–556.

Pfeiffer, L. 1841. Symbolae ad Historiam Heliceorum. I. Cassellis : 
Sumptibus & typis Th. Fischeri.

Pfeiffer, L. 1848. Monographia Heliceorum Viventi um. I. . E. A. 
Brockhaus, Liepsig, Germany.

Pfenniger, M. and F. Magnin. 2001. Phenotypic evolution and hid-
den speciation in Candidula unifasciata spp. (Helicellinae, Gas-
tropoda) inferred by 16S variation an d quantitative shell traits. 
Molecular Ecology 10: 2541–2554.

Pfenniger, M. and D. Posada. 2002. Phylogeographic history of 
the land snail Candidula unifasciata (Helicellinae , Stylomma-
tophora): Fragmentation, corridor migration, and secondary 
contact. Evolution 56: 1776–1788.

Pilsbry, H. A. 1894. Manual of Conchology: Guide to the study of He-
lices. Vol 9. Philadelphia, Pennsylvania.

Pilsbry, H. A. 1930. Anatomy an d relationships of some American 
Helicidae and Polygyridae. Proceedings of the Academy of Natu-
ral Sc iences of Philadelphia 82: 310–321.

Pilsbry, H. A. 1936. Praticolella martensiana. The Nautil us 49: 140.
Pilsbry, H. A. 1940. Land Mollusca of North America (north of 

Mexico), Monograph 3 (Vol. 1, Part 2). Academy of Natural 
Sciences of Philadelphia.

Pilsbry, H. A. 1948a. Inland mollusks of Northern Mexico.-I. The  
genera Humboltiana, Sonorella, Oreohelix and Ashmunella. Pro-
ceedings of the Academy of Natural Sciences of Philadelphia 100: 
185–203.

Pilsbry, H. A. 1948b. Land Mollusca of North America (north of 
Mexico), Vol. 2,  Part 2. Academy of Natural Sciences of Phila-
delphia, Philadelphia, Pennsylvania.

Pinceel, J., K. Jordaens, an d T. Backeljau. 2005. Extreme mtDNA 
divergences in a terrestrial slug (Gastropoda, Pulmonata, Ari-
onidae): Accelerated evolution, allopatric divergence and sec-
ondary co ntact. Journal of Evolutionary Biology 18: 1264–1280.

Prendini, L. 20 05. Comment on “Identifying spiders through DNA 
barcodes”. Canadian Journal of Zoology 83: 481–491.

Richardson, L. 1986. Polygyracea: Catalog of Spec ies, Parts 1, Poly-
gyridae. Tryonia 13: 1–139.

Robinson, D. G. 1999. Alien invasions: The effects of the global 
economy on non-marine gastropod introductions into the 
United States. Malacologia 41: 41 3–438.

Ronquist, F., M. Teslenko, P. van der Mark, D. L. Ayres, A. Darling, S. 
Höhna, B. Larget, L. Lui, M. A. Suchard, and J. P. Huelsenbeck. 
2012. MrBayes 3.2:  Effi cient Bayesian phylogeneti c inference and 
model choice across a large model space. Systematic Biology 61: 
539–542. 

Ross, T. K. 1999. Phylogeography and conservation genetics of the 
Iowa Pleistocene snail.  Molecular Ecology 8: 1363–1373.

Saghai-Maroof, M. A., K. M. Soliman, R. A. Jorgensen, and R. W. 
Allard. 1984. Ribosomal D NA spacer length variation in barley: 
Mendelian inheritance, chromosomal location and population 



 MOLECULAR PHYLOGENY OF POLYGYRIDAE 31

dynamics. Proceedings of the National Academies of Science, 
U.S.A. 81: 8018–8021.

Schilthuizen, M., J. J. Vermeulen, G. W. H. Davison, and E. Gittenberger. 
1999. Populatio n structure in a snail species from isolated 
Malaysian limestone hills, inferred from ribosomal DNA se-
quences. Malacologia 41: 283–296.

Siddall, M. E., S. Kvist, A. Phillips, and A. Oceguera-Figuero. 2012. 
DNA barcoding of pa rasitic nematodes: Is it kosher? Journal of 
Parasitology 98: 692–684.

Simon, C., F. Frati, A. Beckenbach, B. Crespi, H. Liu, and P. 
Floors. 1994. Evolution, we ighting, and phylogenetic utility 
of mitochondrial genes and a compilation of conserved poly-
merase chain reaction primers. Annals of the Entomological 
Society of America 87: 651–701.

Solem, A. 1957. Notes on some Mexican land snails. Notulae Natu-
rae 298: 1–13.

Solem, A. a nd F. M. Climo. 1985. Structure and habitat correlations of 
sympatric New Zeal and land snail species. Malacologia 26: 1–30.

Stamatakis, A. 2006. RAxML-VI-HPC: Maximum likelihood-based 
phylogenetic analyses with th ousands of taxa and mixed mod-
els. Bioinformatics 22: 2688–2690.

Steinke, D., C. Albrecht, and M. Pfenninger. 2004. Molecular phy-
logeny and character evol ution in the Western Palaearctic 
Helicidae s.l. (Gastropoda: Stylommatophora). Molecular Phy-
logenetics and Evolution 32: 724–734.

Stocsits, R. R., H. Letsch, J. Hertel, B. Misof, and P. F. Stadler. 2009. 
Accurate and ef fi cient reconstruction of deep ph ylogenies from 
structured RNAs. Nucleic Acids Research 37: 6184–6193.

Strebel, H. 1875. Beitrag zur Kenntniss der Fauna mexikanischer 
Land- und Süsswasser- Con chylien. G.J. Herbst, Hamburg, Ger-
many. [In German].

Strebel, H. and G. Pfeffer. 1880. Beitrag zur Kenntniss der Fauna 
mexikanischer Land- und Süsswasser-Conchylien. J. J. Kerbst, 
Hamburg, Germany. [In German].

Tamura, K., D. Pe terson, N. Peterson, G. Stecher, M. Nei, and S. Kumar. 
2011. MEGA5: Molecular Evolutionary Genetics Analysis us-
ing maximum likelihood, evolutionary distance, and maxi-
mum parsimony methods. Molecular Biology and Evolution 28: 
2731–2739. 

Teshima, H., A. Davison, Y. Kuwahara, J. Yokoyama, S. Chiba, T. 
Fukuda, H. Ogimura, and M. Kawata. 2003. The evolution of 
extreme shell shape variation in the land snail Ainohelix editha: 
A phylogeny and hybrid zone analysis. Molecular Ecology  12: 
1869–1878.

Thomaz, D., A. Guiller, and B. Clarke. 1996. Extreme divergence of 
mitochondrial DNA within species of pulmonate land snails. 
Proceedings of the Royal Society of London, Serial B 263: 363–
368.

Thompson, F. 2011. An annotated checklist and bibli ography of the 
land and freshwater snails of Mexico and Central America. Bul-
letin of the Florida Museum of Natural History 50: 1–299.

Tillier, S. 1989. Comparative morphology, phylogeny and cla ssifi ca-
tion of land snails and slugs (Gastropoda: Pulmonata: Stylom-
matophora). Malacologia 30: 1–303.

Tongkerd, P., T. Lee, S. Panha, J. B. Burch, and D. Ó Foighil. 2004. 
Molecular phyl ogeny of certain Thai gastrocoptine micro land 

snails (Stylommatophora: Pupillidae) inferred from mitochon-
drial and nuclear ribosomal DNA sequences. Journal of Mol-
luscan Studies 70: 139–147.

Turgeon, D. D., J. F. Quinn, A. E. Bogan, E. V. Coan, F. G. Hochberg, 
W. G. Lyons, P. M. Mikkelsen, R. J. Neves, C. F. E. Roper, 
G. Rosenberg, B. Roth, A. Scheltema, F. G. Thompson, M. 
Vecchione, and J. D. Williams. 1998. Common and scientifi c 
names of aquatic invertebrates from the United States and Can-
ada: Mollusks. American Fisheries Society Sp ecial Publication 
26, Bethesda, Maryland.

United States Fish and Wildlife Service. 2012. Endangered Species 
List. www.fws.gov.

Vagvolgyi, J. 1968. Systematics and evolution of the genus Triodopsis: 
Mollusca: Pulmonata: Polygyridae. Bulletin, Museum of Com-
parative Zoology, Harvard University 136: 145–254.

Vanatta, E. G. 1915. A revision of the genus Praticolella von Martens 
1892. Proceedin gs of the Academy of Natural Sciences of Phila-
delphia 67: 197–210.

von Martens, E. 18 90–1901. Biologia Centrali-Americana. R. H. Porter, 
and Dulau and Co., London.

Wade, C. M., C. Hudelot, A. Davison, F. Naggs, and P. B. Mordan. 
2007. Molecular phylogeny of the he licoid land snails (Pulmo-
nata: Stylommatophora: Helicoidea), with special emphasis on 
the Camaenidae. Journal of Molluscan Studies 73: 411–415.

Wade, C.  M., P. B. Mordan, and B. Clarke. 2001. A phylogeny of the 
land snails (Gastropoda: Pulmonata). P roceedings of the Royal 
Society of London, B 268: 413–422.

Wade, C. M., P. B. Mordan, and F. Naggs. 2006. Evolutionary re-
lationships among the Pulmonate land snails and slugs (Pul-
monata, Stylommatophora). Biological Journal of the Linnean 
Socie ty 87: 593–610.

Watanabe, Y. and S. Chiba. 2001. High within-population mito-
chondrial DNA variation due to microvicariance and popu-
lation mixing in the land snail E uhadra quaesita (Pulmonata: 
Bradybaenidae). Molecular Ecology 10: 2635–2645.

Webb, G. R. 1967. Erotology of three species of Praticolella, and of 
Polygyra pustula. The Nautilus 80: 133–140.

Welter-Schu ltes, F. W. 2000. The pattern of geographical and alti-
tudinal variation in the land snail Albinaria idaea from Crete 
(Gastropoda: Clausiliidae). Biological Journal of the Linnean 
Society 71: 237–250.

Wiemers, M. F. and K. Fie dler. 2007. Does the DNA barcoding gap 
exist? A case study in blue butterfl ies (Lepidoptera: Lycaeni-
dae). Frontie rs in Zoology 4: 8.

Wiens, J. J., M. C. Brandley, and T. W. Reeder. 2006. Why does a 
trait evolve multiple times within a clade? Repeated evolution of 
snakelike body form in squamate reptiles. Evolution 60: 123–141.

Wilke, T. and A. Falniowski. 2001. The genus Adriohydrobia (Hy-
drobiidae: Gastropoda): Polytypic species or polymorphic 
populations? Journal of Zoo logical  Systematics and Evolutionary 
Research 39: 227–234.

Zwickl, D. J. and D. M. Hillis. 2002. Increased taxon sampling greatly 
reduces phylogenetic error. Systematic Biology 51: 588–598.

Submitted: 1 8 January 2013; accepted: 28 June 2013; fi nal 
revisions received: 9 October 2013



Amer. Malac. Bull. 32(1), Supplemental materials, 1–22 (2014)

1

Supplemental Figure 1. Ancestral state reconstruction for two genitalia characters, status of penial sheath and position of penial retractor 
muscle. L: penial sheath, hollow bars = no sheath, gray = diaphanous sheath, black fi lled = sheath present; R: position of penial retractor 
muscle, hollow branches = penis apex, black fi lled branches = vas deferens. Dashed lines indicate ambiguous reconstruction. MT indicates the 
Mesodontini+Triodopsini clade. P indicates Polygyridae.
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Supplemental Figure 2. K2P neighbor-joining guide tree for DNA barcoding.
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