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Abstract
Small-eared shrews of the NewWorld genus Cryptotis (Eulipotyphla, Soricidae) comprise

at least 42 species that traditionally have been partitioned among four or more species

groups based on morphological characters. TheCryptotis mexicana species group is of par-

ticular interest, because its member species inhibit a subtly graded series of forelimb adap-

tations that appear to correspond to locomotory behaviors that range from more ambulatory

to more fossorial. Unfortunately, the evolutionary relationships both among species in the

C.mexicana group and among the species groups remain unclear. To better understand

the phylogeny of this group of shrews, we sequenced two mitochondrial and two nuclear

genes. To help interpret the pattern and direction of morphological changes, we also gener-

ated a matrix of morphological characters focused on the evolutionarily plastic humerus.

We found significant discordant between the resulting molecular and morphological trees,

suggesting considerable convergence in the evolution of the humerus. Our results indicate

that adaptations for increased burrowing ability evolved repeatedly within the genus

Cryptotis.
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Introduction
The genus Cryptotis [1] is a NewWorld clade of at least 43 species of small-eared shrews (Euli-
potyphla, Soricidae) that are discontinuously distributed from the eastern United States and
southernmost Canada to the Andes of northern Peru [2–5]. Species have traditionally been
divided among four or more species groups that were initially based on external and cranial
features (Table 1; [2–4]) and have been further refined using postcranial characters, particu-
larly the morphology of the humerus (Fig 1; e.g., [5]) and the manus [6, 7]. Postcranial charac-
ters showed, for example, that a group of so-called “relict species,” a polyphyletic group

Table 1. Traditional morphologically-defined species groups of small-eared shrews (Cryptotis).

species group description Species

Cryptotis nigrescens
group (n = 8)

This group is comprised of species formerly considered
subspecies of C. nigrescens. Species are generally
distributed at low to middle elevations and occur from
southern Mexico to northern Colombia [2, 4]. This group was
once considered part of the C. parvus group [4]. Species
have humeri that are simple in form that are interpreted as
reflecting a more ambulatory mode of locomotion (Fig 1; [9]).

C. brachyonyx, C. colombianus, C. hondurensis, C.
lacandonensis, C. mayensis^, C. merriami*, C. merus and C.
nigrescens*

Cryptotis parvus group
(n = 6)

Species in this group previously were treated as subspecies
of C. parvus. They generally occur at low to middle elevations
from northeastern North America to central Costa Rica. This
group formerly included the species now separated out as the
C. nigrescens group [2, 4]. The humerus is simple in form,
and it is interpreted as reflecting a more ambulatory mode of
locomotion (Fig 1; [9])

C. berlandieri, C. orophila, C. parvus*, C. pueblensis, C.
soricina and C. tropicalis*

Cryptotis mexicanus
group (sensu lato)
(n = 15)

In its broadest sense, this group includes species previously
considered populations and subspecies of C. mexicanus, C.
goldmani, and C. goodwini [4, 5] as well as two “relict
species” [4], C. gracilis and C. magnus (e.g., [10]). These
species generally occur at middle to high elevations from
eastern Mexico to northern Panama. These species have
humeri that exhibit increased robustness, moderate to
extreme development of bony processes, and elongation of
the humeral head. These features are interpreted as
indicating increasingly more fossorial behavior (Fig 1; [9]).
Based on our current study, the C. goldmani group and C.
gracilis are not closely related to other members of the C.
mexicanus group, so the C. mexicanus group should be
restricted to just the first five species listed.

C. magnus^, C. mexicanus*, C. nelsoni^, C. obscurus^, C.
phillipsii*, as well as members of the C. goldmani group (see
below)

Cryptotis goldmani
group (n = 10)

This group of broad-clawed shrews was original conceived as
a subgroup within the Cryptotis mexicanus group (sensu lato),
and it comprised those species with the most extreme
development of fossorial characteristics of the humerus (Fig
1; [5]). Based on our study, the C. goldmani group, together
with C. gracilis, appear to be in a separate clade from other
members of the C. mexicanus group.

C. alticola*, C. goldmani^, C. goodwini^, C. griseoventris, C.
lacertosus*, C. magnimanus, C. mam*, C. oreoryctes*, C.
peregrinus*, as well as C. gracilis*.

Cryptotis thomasi
group (n = 14)

This group includes the “relict species” [4] C. endersi and
species formerly considered subspecies of C. thomasi.
Members of the group occur at middle to high elevation in
Panama and northern South America from Venezuela to
northern Peru [3]. The humerus typically is large and robust
with a morphology intermediate between the simpler humeri
of the C. nigrescens group and the more robust and complex
humeri of the C. mexicanus group (Fig 1; [9]).

C. aroensis, C. endersi, C. equatoris, C. medellinius, C.
meridensis, C. montivagus, C. niausa, C. osgoodi, C.
perijanensis, C. peruviensis, C. squamipes, C. tamensis, C.
thomasi, and C. venezuelensis.

*: species included in both of our genetic analyses and morphological analyses;

^: species only included in the genetic analyses.

doi:10.1371/journal.pone.0140280.t001
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associated on the basis of their possession of supposedly primitive cranial characters [4], actu-
ally belong to other established groups (Table 1). In addition to their morphological similarity,
members of individual species groups tend to have similar geographical and elevational distri-
butions that may correspond to distinct physiological limitations, and they exhibit consistent
patterns of substrate use and locomotory behavior [2–5].

Of particular interest has been the C.mexicanus group (sensu lato; Table 1). This group has
a broad distribution in Mexico and northern Central America, where its constituent species
sometimes occur sympatrically with members of the C. nigrescens and/or C. parvus groups. In
addition to being a speciose group, the C.mexicanus group exhibits a range of forelimb mor-
phologies (Fig 1; [8]) that appear to be adaptations for a broad diversity of substrate use and

Fig 1. Anterior aspects of left humeri of small-eared shrews, illustrating the range of interspecific
variation. (A)Cryptotis parvus (C. parvus group); (B) C. nigrescens (C. nigrescens group); (C) C.meridensis
(C. thomasi group); (D) C.mexicanus (C.mexicanus group); (E) C. gracilis (C.mexicanus group); (F) C.
lacertosus (C. goldmani group).

doi:10.1371/journal.pone.0140280.g001
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locomotory behaviors distinct from those of the other species groups [9]. Initial phylogenetic
analyses of limited morphological transition series focusing on the C.mexicanus group seemed
to support its monophyly and suggested a simple bifurcating pattern of evolution with individ-
ual species sequentially diverging from a single primary lineage [5, 6, 10, 11]. Larger datasets
from a greater diversity of species, however, indicate that most postcranial characters form a
continuum representing a subtly graded series of adaptations from more ambulatory to more
fossorial and that evolutionary relationships among the larger sample of species may exhibit
more complex pattern of branching [9].

While the putative species groups served as a convenient starting point for studying species
diversity [2, 5], biogeography [4, 10], and functional morphology [6, 9], a more comprehensive
understanding of evolution in this genus has been hampered by the lack of a robust phylogeny
of these groups that is independent of morphology. Unfortunately, most previous molecular
phylogenetic studies that included Cryptotis were focused on understanding the relationship of
the genus within the family Soricidae [12, 13]. These studies generally incorporated few species
and are of little assistance in understanding evolutionary relationships within the genus. More
recently, Guevara and Cervantes analyzed variation in the mitochondrial cytochrome b gene
among a large selection of Mexican Cryptotis, including members of the C. parvus and C.mexi-
canus groups (Table 1; [14]). Their results supported recognition of the C. parvus group, but
suggested that one or both of the C.mexicanus and C. goldmani groups could be paraphyletic.
Either circumstance would indicate that evolution of the forelimb skeleton has been more com-
plex within Cryptotis than previously realized. Unfortunately, basal node support in the phylo-
genetic analysis from that study was too low to be confident of the evolutionary relationships
of the higher taxonomic groups.

In our study, we sequenced two mitochondrial genes (cytochrome b, 16S rRNA) and two
nuclear genes (BRCA1, ApoB) to reconstruct a more robust phylogeny for Cryptotis. We also
coded 12 morphological characters primarily from the humerus to test the utility of postcranial
data used in concert with molecular data. We analyzed morphological and molecular datasets
to test the monophyly of species groups that were originally proposed exclusively on morpho-
logical characters. We also investigate the role that convergence may have played in the evolu-
tion of morphologically similar humeri among phylogenetically divergent groups.

Materials and Methods

Ethics statements
No animals were harmed in the execution of this study. All tissue samples sequenced for this
study are from specimens previously reposited in the Department of Vertebrate Zoology,
National Museum of Natural History, Washington, DC.

DNA sequences
DNA samples were obtained from preserved tissue samples and from voucher specimens of 3
Blarina brevicauda and 33 specimens of 11 species of Cryptotis from Guatemala, Costa Rica,
Mexico, and the United States (S1 Table). Genomic DNA was extracted using the Qiagen
DNeasy Kit (Qiagen Inc., USA). Two mitochondrial genes (16S rRNA and cytochrome b [CYT
B]) and two nuclear genes (Apolipoprotein B [APOB] and breast cancer type 1 susceptibility
protein [BRCA1]) were amplified using previously published [12, 15] and originally designed
primers (S2 Table). PCR products were purified and then sequenced using an ABI PRISM 3130
Genetic Analyzer. We sequenced forward and reverse strands of each sample using PCR prim-
ers. Sequencher v5.0 was used to edit the sequences. Additional sequences from 3 Blarinella, 2
Blarina and 36 Cryptotis specimens were downloaded from GenBank and included in the final
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data set. We aligned each gene separately using MUSCLE [16]. The amino acid sequences of
coding genes were checked by eye.

Morphological characters
A total of twelve transition series (skull size and 11 humerus transition series) were coded from
22 species or populations of Cryptotis, as well as two outgroups, Blarinella quadraticauda and
Blarina brevicauda (Table 2; S1 Text). Of these, we analyzed only the 17 taxa (including out-
groups) for which the character matrix was most complete (i.e., at least 4 characters). One pop-
ulation included in this analysis, listed as “C. ‘goodwini’ Chiapas”, is a C. goodwini-like shrew
(see [6–9]) from Chiapas, Mexico, that is probably an undescribed member of the C. goldmani
group (L. Guevara, pers. comm.). We do not include this taxon in Table 1.

Phylogenetic analyses
For the DNA sequences, we performed Maximum Likelihood (ML) and Bayesian phylogenetic
analyses using RAxML v8.1.11 [17] and BEAST v1.8.1 [18], respectively. We used PartitionFin-
der v1.1.1 [19] with two strategies to determine the best-fit partitioning schemes and evolution-
ary models for each partition under the Bayesian Information Criterion (BIC). We first
concatenated the four genes and defined data blocks based on genes and coding positions and

Table 2. Morphological character matrix. Abbriviations of characters are given S1 Text. Letters after species names refer to geographic populations:
AV, Alta Verapaz, Guatemala; CH, Chiapas, Mexico; KS, Kansas; MD, Maryland; OAX, Oaxaca, Mexico; PAN, Panama; VA, Virginia; VC, Veracruz, Mexico;
Z, Zacapa, Guatemala.

1 2 3 4 5 6 7 8 9 10 11 12
Species/populations CBL HLR HEB HRI HTI TTP SHH trough HME pectoral ridge HH PP

Blarinella quadraticauda 2 1 1 0 1 3 2 0 0 2 1 0

Blarina brevicauda 6 2 2 2 1 4 2 0 0 2 1 1

C. alticola 3 ? ? ? ? ? 2 1 ? 1 ? ?

C. goldmani 3 ? ? ? ? ? ? ? ? ? ? ?

C. goodwini (CH) 5 2 4 3 2 4 ? ? 1 0 ? ?

C. gracilis 2 0 2 1 0/1 3 1 / 2 0 1 2 1 1

C. lacandona 3 1 0 0 0 1/2 0 0 0 3 ? ?

C. lacertosus 4 1 4 3 2 4 3 1 1 1 2 3

C. magnus 6 ? ? ? ? ? ? ? ? ? ? ?

C. mam 3 1 3 3 2 4 3 1 1 1 2 1

C. mayensis 2 ? ? ? ? ? ? ? ? ? ? ?

C. merriami (AV) 3 1 0 0 0 1 0 0 0 3 0 1

C. merriami (Z) 3 1 0 0 0 0 0 0 0 3 1 0

C. mexicanus (OAX) 1 / 2 ? ? ? ? ? ? ? ? ? ? ?

C. mexicanus (VC) 2 1 2 1 1 4 2 1 1 1 1 1

C. nelsoni 2 / 3 ? ? ? ? ? ? ? ? ? ? ?

C. nigrescens (PAN) 2 1 0 0 0 1 0 0 0 3 0 1

C. obscurus 1 / 2 ? ? ? ? ? ? ? ? ? ? ?

C. oreoryctes 4 1 3 3 2 4 3 1 1 1 1 2

C. parvus (KS) 0 1 0 0 0 1/2 1 0 0 3 0 1

C. parvus (MD VA) 0 ? ? ? ? ? 0 0 0 3 ? ?

C. peregrinus 2 ? ? ? ? ? ? ? ? ? ? ?

C. phillipsii 2 / 3 1 2 1 1 2 2 0 1 2 1 1

C. tropicalis 1 1 0 0 0 2 0 0 0 2 1 0

doi:10.1371/journal.pone.0140280.t002
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used the Greedy Heuristic Algorithm to search the best partition scheme. Secondly, we ran Par-
titionFinder for each gene separately and defined data blocks based on coding positions. We
limited the models to GTR and GTR+Gamma for RAxML, because the software did not allow
any other models. The first strategy found a 5-partition scheme for BEAST and a 4-partition
scheme for RAxML. When using the second strategy, we found a 7-partition scheme for
BEAST and a 6-partition scheme for RAxML. Partition schemes and evolutionary models are
provided in S3 Table. We used the partitioning schemes determined by both strategies to ana-
lyze concatenated species trees. We also estimated the mitochondrial and each nuclear gene
tree using the results of the second strategy.

The RAxML analyses were performed on the CIPRES Science Gateway platform [20]. We
ran 500 bootstrap replicates using the rapid bootstrapping algorithm. For BEAST analyses, we
used a random starting tree, a lognormal relaxed molecular clock and birth-death tree prior.
The CTMCmodel was selected as the prior for evolutionary rate [21]. We repeated the analyses
twice. Each analysis was run for 50 million generations and sampled every 5,000 generations.
Trace v1.6 was used to ensure the Markov chains had reached stationary states (i.e., effective
sample sizes> 200).

We used Maximum Parsimony (MP) to analyze the morphological data. We implemented
MP analyses using PAUP 4.0b10 [22]. The characters were optimized using “delayed transfor-
mation” on the trees in memory (opt = DELTRAN). We performed heuristic searches with
10,000 random addition replicates using the TBR branch-swapping algorithm. MP bootstrap
values were calculated from 100 replicates of random addition sequence. All morphological
characters were weighted equally. We performed four morphological analyses. First, we con-
strained the topology of the outgroups as (Blarinella, (Blarina, Cryptotis)), and analyzed the
data set with transformation series unordered. Secondly, based on the results of molecular phy-
logenetic analyses (see Results), we constrained the highly supported relationships (i.e., poste-
rior probabilities� 0.95) from our molecular Bayesian analyses. We further analyzed the data
using the same criteria again, but with all twelve characters ordered.

Results

Molecular data & phylogeny
We obtained ~3225 bp of sequences for most specimens including 36 CTY B (1140bp), 37 16S
rRNA (974bp), 37 BRCA1 (603bp), and 34 APOB (506bp) sequences. All new sequences are
available in GenBank (Accession numbers: KT876727 to KT876870). No frame shift mutations
or premature stop codons were observed in the coding region of any locus.

We used two strategies for finding the best-fitting partitioning schemes. Despite the differ-
ent partitioning schemes used for BEAST (5 and 7 partitions) and ML (4 and 6 partitions),
each analysis produced exactly the same tree topology. We show the Bayesian tree in Fig 2 with
both ML bootstrap values and Bayesian posterior probabilities.

All individual species were supported as monophyletic with one exception: the population
of C.merriami from Zacapa, Guatemala, forms a clade with C. lacandonensis and C.mayensis
(PP = 1.0 and BS = 100) and is separated from the population of C.merriami in Alta Verapaz
and Baja Verapaz, Guatemala, although there are no morphological differences that we could
discern that distinguish the two populations.

The overall phylogenetic relationships are incompletely resolved, but seven strongly sup-
ported (PP� 0.95 and BS� 75) major clades were revealed. Two of the clades are congruent
with species group divisions previously proposed on the basis of morphological similarity.
These are the clades comprising the C. parvus group and the C. nigrescens group (Fig 2). Nei-
ther the C.mexicanus group nor the C. goldmani group is supported or strongly rejected as a
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clade. Seven species in the C. goldmani group (PP<0.76 and BS<50) fall into three well-sup-
ported clades, while most of the remaining species in the C.mexicanus group form two addi-
tional well-supported clades. One of these consists of the three species formerly considered
subspecies of C.mexicanus [4], and the second is comprised of C. phillipsii and C.magnus.
Relationships among most of the clades at higher levels are poorly resolved and characterized
by relatively deep divergence and short internal branches. One exception is a potential clade

Fig 2. Tree resulting from Bayesian phylogenetic analyses using combined genes.Numbers at nodes
indicate Bayesian posterior probabilities / ML Bootstrap values. Symbols: *, node strongly supported by both
Bayesian (PP = 1.0) and ML analyses (BS = 100); –, node either not strongly supported (PP<0.5, BS <50) or
not recovered. Letters on branches refer to humerus morphologies shown in Fig 1.

doi:10.1371/journal.pone.0140280.g002
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that includes the C. parvus group, C. gracilis, and all of the members of the C. goldmani group.
This relationship is strongly supported by the Bayesian analyses (PP = 0.97), but not by the ML
analyses (BS< 50). Remarkably, this clade includes both the most ambulatory (C. parvus
group) and the most fossorial (C. goldmani group) species in the genus.

Morphological relationships
Analyses using unordered transition series recovered 1545 MP trees with tree lengths (TL) of
42 steps, while the analyses with ordered transition series recovered 70 trees having a TL of 50
steps (Fig 3a and 3c). When the topologies were constrained using the results of molecular phy-
logeny, analysis of the unordered dataset recovered a single MP tree with TL of 52, and analysis
of the ordered dataset recovered 20 MP trees with TLs of 65 (Fig 3b and 3d). When only the
well-supported branches are considered, the topologies of the unconstrained and constrained
consensus trees were the same, regardless of whether the morphological transition series were
ordered or unordered. Because of these similarities, we only discuss the trees resulting from the
analyses of the ordered transition series (i.e., Fig 3c and 3d).

The unconstrained tree from the analysis of ordered transition series recovered a clade con-
sisting of all of the species of the C. nigrescens and C. parvus groups (BC = 97). The C. goldmani
species group was supported as monophyletic (BC = 78) and a sister group to C.mexicanus
(BC = 81). The constrained tree, in contrast, provided a much more resolved tree, the topology
of which was generally similar in structure to the molecular tree and recovered the same clades.
The most striking differences between unconstrained and constrained trees were (1) the place-
ment of C.mexicanus relative to the C. goldmani group and (2) whether the C. nigrescens
group and the C. parvus group are members of the same clade.

Discussion

Resolution of the phylogeny
Despite the inclusion of both nuclear and mitochondrial genes in our analyses, resolution of
relationships above the level of sister-species remained generally poor. Several scenarios,
including rapid diversification, hybridization among lineages, and incomplete lineage sorting,
could potentially be responsible for the lack of resolution [23]. Reconstruction of the mito-
chondrial and nuclear gene trees individually (data not shown) did not reveal any incongru-
ences, nor did it indicate strong support for any higher relationships in the genus. These results
favor a rapid diversification scenario early in the history of the genus, which is known from
Late Hemphillian fossils (4.85–5.0 Mya; [24]). This scenario calls for nearly simultaneous isola-
tion of ancestors of multiple modern clades. Given such an event, recovery of a robust and
bifurcating phylogeny could be intractable, even with hundreds of additional loci [25]. This
hypothesis needs to be tested using a more robust data set (e.g., ultraconserved elements [UCE]
or Restriction site associated DNA [RAD]; [25]) combined with a statistic coalescent approach
(e.g., Approximated Bayesian Coalescence) [26].

Validity of species groups
Despite the unresolved higher-level relationships in our phylogenetic trees, two of the morpho-
logical species groups were strongly supported. Both the C. nigrescens and C. parvus groups are
genetically cohesive associations of species, and the two groups do not appear to have a sister
relationship with one another. The monophyly of the C. goldmani group is neither supported
nor rejected. The topology of the molecular tree suggests that C. gracilis is embedded within
this group as a sister to four species in this group (C. lacertosus, C.mam, C. goodwini, C.
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Fig 3. Strict consensus trees resulting fromMP analyses of morphological transition series. (A)
Unconstrained tree, transition series unordered. (B) Constrained tree, transition series unordered. (C)
Unconstrained tree, transition series ordered. (D) Constrained tree, transition series ordered. Numbers at
nodes are bootstrap values. Symbol: “C”, node constrained based on results of Bayesian analyses. Capital
letters following species designations refer to geographical localities (see Table 2). Color refer to different
evolutionary clades in our concatenated gene tree in Fig 1.

doi:10.1371/journal.pone.0140280.g003

Phylogeny and Convergent Fossorialization inCryptotis

PLOSONE | DOI:10.1371/journal.pone.0140280 October 21, 2015 9 / 13



oreoryctes). Bayesian support for inclusion of C. gracilis within the C. goldmani group is quite
high, however, neither Bayesian nor maximum likelihood analyses reject the possibility of C.
gracilis being sister to the C. goldmani group.

The C. goldmani group had been considered a subgroup within the C.mexicanus group
based on cranial and postcranial morphology (Table 1), but the topology of our molecular tree
strongly suggests that this is not the case. The C. goldmani group appears to be sister to the C.
parvus group, and these two groups together are sister to the C. nigrescens group. A well-sup-
ported clade consisting of C.mexicanus, C. nelsoni, and C. obscurus is sister to a clade consist-
ing of C.magnus and C. phillipsii. These two clades are located on a separate branch from the
C. goldmani group. Branch support values, however, are too low to be certain of these relation-
ships, but it would take considerable shuffling to bring the C. goldmani group back into the C.
mexicanus group. Thus, while the validity of the C.mexicanus group (sensu lato) is not rejected
by the molecular phylogeny, its existence is deemed highly unlikely. The “relict” species C.
magnus was not included in our morphological analyses because of a lack of readily available
postcranial material, but from what we know of the morphology of its cranium and humerus
[10], the sister relationship with C. phillipsii indicated by the Bayesian analyses is concordant
with the morphological evidence.

Still lacking at this point is an independent assessment of the South American C. thomasi
species group to determine whether it represents a monophyletic clade and how the members
of this group are related to the other species groups. Inclusion of species from this group in a
molecular or combined analyses may help to clarify the relationships among the other groups
as well.

Validity of species
Our analyses revealed unexpected relationships among the species included in the C. nigrescens
group. Our molecular phylogenetic analyses strongly support a monophyletic clade consisting
of C. lacandonensis, C.mayensis, and C.merriami from Zacapa, Guatemala, within the C.
nigrescens group. Surprisingly, our results show that C.merriami from Zacapa does not form a
monophyletic group with C.merriami from Alta Verapaz and Baja Verapaz, Guatemala.
Despite their geographical separation, the two populations are morphologically much more
similar to each other (if not identical) than to any other species, so testing of the species bound-
aries using comprehensive morphological and multilocus molecular data representing a wider
variety of samples throughout the geographical distribution of this taxon is warranted [27].
Cryptotis merriami (sensu lato) has been recorded from 600–1650 m asl from northern high-
lands of Chiapas southwest to the northern Nicaragua and from isolated populations in north-
ern Costa Rica [2, 28, 29].

Congruence between molecular and morphological datasets
Our morphological analyses, although based on a small matrix with 12 transformation series,
yielded a strong phylogenetic signal. There are strong discordances, however, between the phy-
logenetic trees generated with molecular vs. morphological data, particularly with the conflict-
ing pattern of relationships of several species in the C.mexicanus group. Unconstrained
morphological analyses tended to associate C.mexicanus with the C. goldmani group, yet
molecular analyses showed C.mexicanus (and its close relatives) in a distinct evolutionary line-
ages separate from the C. goldmani group. Most of the morphological transition series we used
involved the morphology of the humerus, which should be closely associated with digging abil-
ity [9]. The incongruence indicates that the morphological adaptations of the forelimbs of C.
mexicanus and its close relatives (C. nelsoni, C. obscurus), which were interpreted as successful
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intermediate stages in the evolution of forelimb morphologies in the C. goldmani group, are
more likely to be analogous convergences. Our results agree generally with the separation of
the C. goldmani group from C.mexicanus and its close relatives as proposed by Guevara and
Cervantes [14]. Homoplasy resulting from convergence can mislead genealogical relationships
and assemble distant relatives, giving them the appearance of a clade [30]. The increase of the
tree lengths in the constrained morphological analyses supports a non-parsimonious scenario
for the evolution of humerus and convergent evolution toward fossorial locomotion in
Cryptotis.

Convergent fossorialization in Soricidae
Nevo hypothesized that the subterranean environment offered a more stable microclimate,
food availability, and less predation risk as compared to open environments leading to numer-
ous examples of convergent evolution of mammals toward fossorial locomotion [31].

Adaptive convergence towards a more fossorial existence appears to be common among
shrews. Approximately 10% of living species are strongly semifossorial forms, and they are
found on five continents (Africa, Asia, Europe, and North and South America) and in each of
the three subfamilies of the Soricidae [32]. Comparisons of forelimb morphologies associated
with fossoriality within Cryptotis [9] to those among shrews in the African subfamily Myosori-
cinae showed strongly convergent adaptions of the forelimb in the two groups [33]. In both
Cryptotis and the Myosoricinae, much of the diversity in forelimb architecture is reflected in
the morphology of the humerus. Trends include increased robustness; elongation of the
humeral head; and moderate to extreme development of bony processes and other regions of
muscle attachment, such as the teres tubercle and medial and lateral epicondyles (Fig 1). These
findings suggest that, while there may be considerable opportunities for evolution toward a
more fossorial existence within the family, the latitude for variation in forelimb morphology is
strongly constrained even among subfamilies, leading to patterns of convergence that can
obscure phylogeny. In the current study, we demonstrate that fossorialization can evolve
repeatedly even within a single genus and at a relatively shallow time scale. It will be interesting
to test whether the same constraints also exist in the Crocidurinae and in other soricine shrews,
especially those from Asia (e.g., Anourosorex, Blarinella, and Soriculus). Fossoriality may con-
tribute strongly to the niche diversity as well as species diversity in Soricidae, one of the largest
family of mammals.

Supporting Information
S1 Table. Samples and sequences used this study. An asterisk (�) indicates the sequence was
downloaded from GenBank.
(XLSX)

S2 Table. Primers used for PCR and sequencing.
(XLS)

S3 Table. Partition schemes and evolutionary models identified using two different strate-
gies for BEAST and RAxML analyses. In the first strategy, four genes were concatenated and
defined by gene and codon positions. In the second strategy, we analyzed the partition schemes
and evolutionary models for each gene separately.
(XLSX)

S1 Text. Morphological Transformation Series.
(DOCX)

Phylogeny and Convergent Fossorialization inCryptotis

PLOSONE | DOI:10.1371/journal.pone.0140280 October 21, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140280.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140280.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140280.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140280.s004


Acknowledgments
We greatly appreciate the two anonymous reviewers for their careful reviews and helpful com-
ments and suggestions. Any use of trade, product, or firm names is for descriptive purposes
only and does not imply endorsement by the U.S. government. We thank the Natural History
Research Experiences (NHRE) internship program at the Smithsonian Institution for funding
internships and supplies. We are grateful for laboratory and logistical support from Nancy
McInerney and Rob Fleischer at the Smithsonian Conservation Biology Institute. KH was sup-
ported by a visiting fellowship from the Chinese Academy of Sciences.

Author Contributions
Conceived and designed the experiments: NW JEM. Performed the experiments: SB MR SS.
Analyzed the data: NW KH. Contributed reagents/materials/analysis tools: NW JEM. Wrote
the paper: KH NW. Morphological data collection: NW.

References
1. Pomel A. Etudes sur les carnassiers insectivores (Extrait). Seconde partie.—Classification des insecti-

vores. Archives des Sciences Physiques et Naturelles, Genève. 1848; 9:244–51.

2. Woodman N, Timm RM. Intraspecific and interspecific variation in theCryptotis nigrescens species
complex of small-eared shrews (Insectivora: Soricidae), with the description of a new species from
Colombia. Fieldiana: Zoology (new series). 1993; 74:1–30.

3. Woodman N, Pefaur JE. Order SoricomorphaGregory, 1910. In: Gardner AL, editor. Mammals of
South America. I. Chicago: University of Chicago Press; 2008 [2007]. p. 177–87.

4. Choate JR. Systematics and zoogeography of Middle American shrews of the genusCryptotis. Publi-
cations of the University of Kansas Museum of Natural History. 1970; 19(3):195–317.

5. Woodman N, Timm RM. Geographic variation and evolutionary relationships among broad-clawed
shrews of theCryptotis goldmani–group (Mammalia: Insectivora: Soricidae). Fieldiana: Zoology (New
Series). 1999; 91:1–35.

6. Woodman N, Morgan JJP. Skeletal morphology of the forefoot in shrews (Mammalia: Soricidae) of the
genusCryptotis, as revealed by digital x-rays. J Morphol. 2005; 266(1):60–73. doi: 10.1002/jmor.
10367. WOS:000232253300005. PMID: 16121402

7. Woodman N, Stephens RB. At the foot of the shrew: manus morphology distinguishes closely-related
Cryptotis goodwini andCryptotis griseoventris (Mammalia: Soricidae) in Central America. Biol J Linn
Soc. 2010; 99(1):118–34. WOS:000272892200010.

8. Woodman N. Patterns of morphological variation amongst semifossorial shrews in the highlands of
Guatemala, with the description of a new species (Mammalia, Soricomorpha, Soricidae). Zool J Linn
Soc. 2011; 163(4):1267–88. WOS:000297946100011.

9. Woodman N, Gaffney SA. Can they dig it? Functional morphology and semifossoriality among small-
eared shrews, genusCryptotis (Mammalia, Soricidae). J Morphol. 2014; 275(7):745–59. doi: 10.1002/
jmor.20254. WOS:000337666700003. PMID: 24470078

10. Woodman N. Evolution and biogeography of Mexican small-eared shrews of the Cryptotis mexicana-
group (Insectivora: Soricidae). In: Sánchez-Cordero V, Medellin RA, editors. Contribuciones Mastozoo-
lógicas en Homenaje a Bernardo Villa Instituto de Biología and Instituto de Ecología. Mexico City: Uni-
versidad Nacional Autónoma de México, and CONABIO; 2005. p. 523–34.

11. Woodman N, Timm RM. Taxonomy and evolutionary relationships of Phillips' small-eared shrew,Cryp-
totis phillipsii (Schaldach, 1966), from Oaxaca, Mexico (Mammalia: Insectivora: Soricidae). Proc Biol
SocWash. 2000; 113(2):339–55. WOS:000088606000001.

12. Dubey S, Salamin N, Ohdachi SD, Barrière P, Vogel P. Molecular phylogenetics of shrews (Mammalia:
Soricidae) reveal timing of transcontinental colonizations. Mol Phylogenet Evol. 2007; 44(1):126–37.
PMID: 17267241

13. Ohdachi SD, Hasegawa M, Iwasa MA, Vogel P, Oshida T, Lin LK, et al. Molecular phylogenetics of sori-
cid shrews (Mammalia) based on mitochondrial cytochrome b gene sequences: with special reference
to the Soricinae. J Zool. 2006; 270(1):177–91.

14. Guevara L, Cervantes FA. Molecular systematics of small-eared shrews (Soricomorpha, Mammalia)
withinCryptotis mexicanus species group fromMesoamérica. Acta Theriol (Warsz). 2014; 59(2):233–42.

Phylogeny and Convergent Fossorialization inCryptotis

PLOSONE | DOI:10.1371/journal.pone.0140280 October 21, 2015 12 / 13

http://dx.doi.org/10.1002/jmor.10367
http://dx.doi.org/10.1002/jmor.10367
http://www.ncbi.nlm.nih.gov/pubmed/16121402
http://dx.doi.org/10.1002/jmor.20254
http://dx.doi.org/10.1002/jmor.20254
http://www.ncbi.nlm.nih.gov/pubmed/24470078
http://www.ncbi.nlm.nih.gov/pubmed/17267241


15. Irwin DM, Kocher TD, Wilson AC. Evolution of the cytochrome b gene of mammals. J Mol Evol. 1991;
32(2):128–44. PMID: 1901092

16. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5):1792–7. Epub 2004/03/23. doi: 10.1093/nar/gkh340 32/5/1792 [pii]. PMID:
15034147; PubMed Central PMCID: PMC390337.

17. Stamatakis A, Hoover P, Rougemont J. A rapid bootstrap algorithm for the RAxML web servers. Syst
Biol. 2008; 57(5):758–71. doi: 10.1080/10635150802429642 PMID: 18853362

18. Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29(2):1969–73.

19. Lanfear R, Calcott B, Ho SYW, Guindon S. PartitionFinder: combined selection of partitioning schemes
and substitution models for phylogenetic analyses. Mol Biol Evol. 2012; 29(6):1695–701. doi: 10.1093/
molbev/mss020. ISI:000304200600018. PMID: 22319168

20. Miller MA, Pfeiffer W, Schwartz T, editors. Creating the CIPRES Science Gateway for inference of large
phylogenetic trees2010: IEEE.

21. Ferreira MAR, Suchard MA. Bayesian analysis of elapsed times in continuous-time Markov chains.
Canadian Journal of Statistics-Revue Canadienne De Statistique. 2008; 36(3):355–68.
ISI:000260087000002.

22. Swofford DL. PAUP*: phylogenetic analysis using parsimony (* and other methods). 4.0b ed2002.

23. Funk DJ, Omland KE. Species-level paraphyly and polyphyly: frequency, causes, and consequences,
with insights from animal mitochondrial DNA. Annu Rev Ecol Evol Syst. 2003; 34:397–423.

24. May SR, Woodburne MO, Lindsay EH, Albright LB, Sarna-Wojcicki A, Wan E, et al. Geology and mam-
malian paleontology of the Horned Toad Hills, Mojave Desert, California, USA. Palaeontologia Elec-
tronica. 2011; 14(3).

25. Giarla TC, Esselstyn JA. The challenges of resolving a rapid, recent radiation: empirical and simulated
phylogenomics of philippine shrews. Syst Biol. 2015.

26. He K, Hu NQ, Chen X, Li JT, Jiang XL. Interglacial refugia preserved high genetic diversity of the Chi-
nese mole shrew in the mountains of southwest China. Heredity. 2015.

27. Hope AG, Panter N, Cook JA, Talbot SL, Nagorsen DW. Multilocus phylogeography and systematic
revision of North American water shrews (genus: Sorex). J Mammal. 2014; 95(4):722–38.
WOS:000341065200005.

28. Woodman N. Cryptotis merriamiChoate in Costa Rica: Syntopy with Cryptotis nigrescens (Allen) and
possible character displacement (Mammalia: Insectivora). Caribb J Sci. 2000; 36(3–4):289–99.
WOS:000167252300011.

29. Woodman N, Matson JO, McCarthy TJ, Eckerlin RP, Bulmer W, Ordonez-Garza N. Distributional rec-
ords of shrews (Mammalia, Soricomorpha, Soricidae) from northern Central America with the first
record of Sorex from Honduras. Ann Carnegie Mus. 2012; 80(3):207–37. WOS:000307139200003.

30. Springer MS, Meredith RW, Teeling EC, MurphyWJ. Technical comment on “The placental mammal
ancestor and the post—K-Pg radiation of placentals”. Science. 2013; 341(6146):613-.

31. Nevo E. Adaptive convergence and divergence of subterranean mammals. Annu Rev Ecol Syst. 1979;
10:269–308. ISI:A1979HU59600011.

32. Hutterer R. Anatomical adaptations of shrews. Mammal Rev. 1985; 15(1):43–55.

33. Woodman N, Stabile FA. Variation in the myosoricine hand skeleton and its implications for locomotory
behavior (Eulipotyphla: Soricidae). J Mammal. 2015; 96(1):159–71. WOS:000353334300020.

Phylogeny and Convergent Fossorialization inCryptotis

PLOSONE | DOI:10.1371/journal.pone.0140280 October 21, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/1901092
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1080/10635150802429642
http://www.ncbi.nlm.nih.gov/pubmed/18853362
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1093/molbev/mss020
http://www.ncbi.nlm.nih.gov/pubmed/22319168

