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Abstract

very different split time estimates.

taxonomy.

Background: Multilocus data are becoming increasingly important in determining the phylogeny of closely related
species and delimiting species. In species complexes where unequivocal fossil calibrations are not available,
rigorous dating of the coalescence-based species trees requires accurate mutation rates of the loci under study but,
generally, these rates are unknown. Here, we obtained lineage-specific mutation rates of these loci from a higher-
level phylogeny with a reliable fossil record and investigated how different choices of mutation rates and species
tree models affected the split time estimates. We implemented this strategy with a genus of water shrews, Neomys,
whose taxonomy has been contentious over the last century.

Results: We sequenced 13 introns and cytochrome b from specimens of the three species currently recognized in
this genus including two subspecies of N. anomalus that were originally described as species. A Bayesian multilocus
species delimitation method and estimation of gene flow supported that these subspecies are distinct evolutionary
lineages that should be treated as distinct species: N. anomalus (sensu stricto), limited to part of the Iberian
Peninsula, and N. milleri, with a larger Eurasian range. We then estimated mutation rates from a Bayesian relaxed
clock analysis of the mammalian orthologues with several fossil calibrations. Next, using the estimated Neomys-specific
rates for each locus in an isolation-with-migration model, the split time for these sister taxa was dated at 040 Myr ago
(with a 95 % confidence interval of 0.26 — 0.86 Myr), likely coinciding with one of the major glaciations of the Middle
Pleistocene. We also showed that the extrapolation of non-specific rates or the use of simpler models would lead to

Conclusions: We showed that the estimation of rigorous lineage-specific mutation rates for each locus allows the
inference of robust split times in a species tree framework. These times, in turn, afford a better understanding of the
timeframe required to achieve isolation and, eventually, speciation in sister lineages. The application of species
delimitation methods and an accurate dating strategy to the genus Neomys helped to clarify its controversial
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Background

Species tree approaches, which take coalescence into
account, together with the use of multiple genes, have
led to highly supported phylogenetic relationships of
closely related species [1]. In addition, the use of mul-
tiple loci in species delimitation has increased rapidly over
the last few years and are currently being applied to a
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large number of taxonomic problems [2-6]. Species
delimitation has been particularly problematic in the past
due to the use of different diagnostic criteria to identify
the existence of distinct species. Under a general lineage
or unified species concept, the only criterion used is that
lineages have to evolve separately from other lineages to
be considered species [7]. Recently developed methods
can help determine which lineages have been evolving in
isolation and, eventually, would correspond to species. For
example, the IMa2 program, which uses an isolation-with-
migration model, can estimate the amount of gene flow or
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migration rate between two lineages [5]. This rate can
then be compared with a threshold value for the migration
rate below which populations are evolutionarily independ-
ent, as suggested by population genetic theory [8]. On the
other hand, the formal species delimitation test imple-
mented in the BPP program allows posterior probabilities
to be determined for one-species and two-species models
successively applied to sister lineages within a phylogeny
[2, 9]. These methods to identify distinct evolutionary
lineages rely on the use of multiple loci and do not employ
any kind of time calibration for the species delimitation
tests. Even if the split time of two lineages or populations
is not used in species delimitation methodology, it would
be important to place speciation events within an accurate
temporal framework. Thus, different speciation scenarios
could be evaluated and the factors that promoted
speciation could be disentangled.

Establishing an appropriate molecular clock for esti-
mating split times implies a number of decisions that
can greatly affect calibration. Although molecular dating
has been extensively studied in the past in the context of
gene trees, some of the issues that arise in species trees
of closely related species have been less frequently ad-
dressed [10]. One possibility for dating a species tree
could be to use internal calibration points (e.g., fossil
data that can be assigned to specific branches). However,
many groups of organisms may not have reliable calibra-
tions. When internal calibrations are not available, two
frequently followed strategies may lead to unreliable
estimates. First, extrapolating mutation rates from other
organisms, perhaps the most common approach, may be
questionable since mutation rates have been found to be
highly variable among different genomic regions and
between lineages [11, 12]. The error in split time estima-
tions can be more severe if only the rate of one locus, for
example a mitochondrial gene, is used. Second, the use of
secondary calibrations obtained from higher-order phylog-
enies may also be problematic if these calibration points
are very recent and estimated from a gene tree due to the
effect of gene coalescence, that is, to the fact that the
coalescence of genes occurs prior to the divergence of
populations. This phenomenon is particularly noticeable
at shallow splits, where the difference between gene
divergence and population divergence may be a large pro-
portion of the branch lengths estimated from a gene tree
[13, 14]. Given the problems associated with these ap-
proaches, an alternative strategy to date species trees
when internal calibrations are not available in shallow
species trees could be to estimate lineage-specific
mutation rates for each locus under study. Specifically,
substitution rates can be estimated from a higher-order
phylogeny, where it is generally easier to find reliable
calibration points, using a Bayesian relaxed clock analysis
[15, 16]. For neutral markers, substitution rates estimated
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this way can be used as proxy of mutation rates [17, 18].
Therefore, mutation rates would be estimated in a first
step and, subsequently, the dated species trees would be
reconstructed using these rates. Nevertheless, the add-
itional difficulty of estimating specific mutation rates from
a higher-order phylogeny means that in many species tree
studies this strategy is not used and only the topology and
relative timings of the cladogenetic events (but not abso-
lute times) are estimated [19-21].

Multilocus species delimitation methods and dated
species trees can be particularly useful for groups with
contentious taxonomies. The water shrews of the genus
Neomys are a case in point. This mammalian genus
currently contains three recognized species [22]: N.
fodiens, which has a Palaearctic distribution extending to
Lake Baikal, with additional populations in eastern
Russia and China; N. teres, which is present in the
Caucasus and adjacent parts of Turkey and Iran; and N.
anomalus, which has a patchy distribution over part of
continental Europe and the Middle East. Two subspecies
of N. anomalus (N. a. anomalus and N. a. milleri) were
originally described in 1907 as separate species, by
Cabrera [23] and Mottaz [24] respectively. Previously
described morphological differences originally referred
to the overall shape of the skull, rounded in N. milleri
and more angular in N. anomalus [23, 24]. Further
analyses revealed size differences in several measure-
ments, particularly the length of the tail and hind foot,
with N. anomalus being larger in both measurements
[25-27]. However, these two taxa were cited as members
of the same species in 1944 [28] and subsequent works
followed the recognition of a single species [22, 29],
without giving any clear argument for the regrouping.
The known distribution of N. a. anomalus is centered in
the Iberian Peninsula and N. a. milleri occupies the rest
of the species’ Eurasian range (Fig. 1). All the species in
this genus live in semi-aquatic habitats and usually feed
underwater. Adaptations to aquatic life include stiff hairs
on the tail and feet that aid in swimming and diving.
These adaptations have been shown to be more promin-
ent in N. fodiens [30] but, when these species live in
sympatry, various instances of character displacement
and convergence have been demonstrated [31, 32]. The
phylogeny of this genus was studied using mitochondrial
data, and N. fodiens was shown to be a sister group to
the other species in the genus [33, 34].

Previous analyses with mitochondrial sequences of
various European Neomys anomalus samples revealed a
deep split between N. a. anomalus and N. a. milleri
specimens [34]. We aimed to use multilocus data to test
whether these two subspecies were sufficiently isolated
to warrant species status, as originally described [23, 24].
For this purpose, we optimized 13 introns of nuclear
encoded genes chosen from a set of highly variable
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Fig. 1 Map showing the distribution of Neomys anomalus anomalus, N. a. milleri and N. teres. The original distributions were downloaded from
the IUCN Red List of Threatened Species website [72, 73] and they were modified to reflect the results of our genetic analyses. Dots indicate
samples used for sequencing nuclear introns and cytochrome b (large dots) or only cytochrome b (small dots). The locations of additional

cytochrome b sequences downloaded from databases are indicated with diamonds (with empty diamonds corresponding to samples being used
in the cytochrome b tree but not in the species tree analyses). All localities correspond to a single specimen, except the localities of N. teres.
Locality numbers are given in Tables S1 (for samples obtained for this work) and S2 (for database sequences) of Additional file 1. Type localities of
N. a. anomalus (San Martin de la Vega, Madrid, Spain) and N. a. milleri (Chesieres, Alpes Vaudoises, Switzerland) are indicated with a star symbol.
The distribution of N. fodiens largely overlaps with that of the other species and it is not shown here; see Additional file 1: Tables ST and S2 for

further details

sequence markers developed for mammals [35]. Using
these sequences together with the mitochondrial cyto-
chrome b gene, we applied different species tree recon-
struction, gene flow estimation and species delimitation
methodologies. The use of a high number of introns
limited the number of samples to be used and there-
fore precluded any conclusion about the geographic
variation of the genetic diversity. However, multiple
loci allowed us, not only to apply modern multilocus
species delimitation methods, but also to put the
Neomys species tree in a temporal context. That is,
we analyzed whether the main speciation events, and
particularly those between sister taxa in the tree, took
place during the Pleistocene or pre-Pleistocene epochs
[36, 37] and whether more specific periods could be
discriminated. To address these questions, we first esti-
mated, from a mammalian tree, mutation rates specific for
every intron in the Neomys lineage. We then calibrated
the Neomys species tree with these rates. We also investi-
gated how different choices of genes, species tree models
(with and without gene flow) and mutation rates can affect
the split time estimates.

Methods

Sample collection

Analyses were performed using 18 samples (Additional
file 1: Table S1) from several specimens belonging to the
three species currently recognized in the genus Neomys,
with special emphasis on N. anomalus: N. anomalus (13
specimens, 7 of them with tissue samples and 6 with
non-invasive samples), N. teres (2 specimens with tissue
samples) and N. fodiens (3 specimens, 2 of them with
tissue samples and 1 with non-invasive sample). The 11
tissue samples were used for sequencing multiple
nuclear loci. These samples were obtained from speci-
mens deposited in different biological collections as part
of previous works, specimens found dead in the field in
public areas, and specimens specifically captured for this
work. All captures were performed with official permits
obtained after the evaluation of a formal proposal by
the corresponding nature conservation institutions
(Additional file 1: Table S1). From the 7 non-invasive
samples, which included faeces and a skull obtained from
an owl pellet, only mitochondrial information could be
obtained but they afforded a wider coverage of the likely
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contact zone between the two subspecies of N. anomalus
in the Iberian Peninsula (Fig. 1). The collection localities
are presented in Additional file 1: Table S1. Both
Additional file 1: Table S1 and Fig. 1 reflect the assign-
ment of N. anomalus specimens based on the subsequent
genetic analysis. All samples were obtained according to
relevant national and international guidelines for these
species. All species are listed as “Least concern” by the
International Union for Conservation of Nature (IUCN).

DNA extractions

Total genomic DNA was extracted from tissue samples
with DNeasy Blood and Tissue kit (QIAGEN) following
manufacturer’s instructions, and using 75 puL of H,O for
the final elution. For the skull obtained from an owl pellet,
the lower mandible was first powdered using liquid nitro-
gen. The extraction was then performed as above, but the
proteinase K incubation time was extended to 6 h to
ensure maximum lysis of the tissue.

Fresh fecal samples attributed to Neomys were col-
lected from different river localities using identification
and conservation protocols previously established for an-
other semiaquatic mammal [38]. The faecal DNA extrac-
tions were performed using the QIAmp DNA Stool
Mini Kit (QIAGEN). The final elution volume was, in
this case, 50 pL.

For the mandible and fecal samples, extractions were
performed in a separate room with UV irradiation where
no fresh tissue extraction had been performed, and dedi-
cated equipment which was cleaned with a bleach-
containing solution to prevent contamination. Extraction
blanks were included so that any possible contamination
could be detected at each step. Additionally, pre-PCR set
up was carried out in a dedicated UV-hood in a con-
trolled, sterile room.

PCR amplification and sequencing of cytochrome b

Using representative cytochrome b sequences of the
genus Neomys obtained from GenBank (Additional file 1:
Table S2), we designed specific primers for the cyto-
chrome b gene (Additional file 1: Table S3). The PCR
conditions were as follows: an initial denaturation of
3 min at 95 °C, followed by 34 cycles of denaturation
(30 s at 95 °C), annealing (30 s at 54 °C), and exten-
sion (60 s at 72 °C). The PCR reactions were performed
in a final volume of 25 pL containing 2—4 pL genomic
DNA, 0.75 units of Promega GoTaq DNA polymerase and
1 uM of each primer. For fresh tissue DNA extractions,
the whole cytochrome b sequence (1140 bp) was obtained
in a single PCR reaction using the flanking primers. For
more degraded DNA samples, three overlapping PCR
fragments were amplified. PCR products were purified
using ExoSAP-It (Affymetrix) and sequenced using the
PCR primers at Macrogen Inc (Seoul, South Korea).
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Sequences were subsequently inspected and assembled
using Geneious Pro (Biomatters Ltd).

Phylogenetic analyses of cytochrome b

We performed a phylogenetic analysis of the 18
complete cytochrome b sequences we obtained and of
14 additional Neomys sequences downloaded from
GenBank (Additional file 1: Table S2). Two of them were
shorter sequences (between 350 and 400 bp) of N. a.
milleri from Macedonia and Turkey and were included
to ensure a greater coverage (these two sequences were
used in the cytochrome b tree reconstruction but not in
the species tree analyses). Moreover, the cytochrome b
sequences of four specimens of the Chimarrogale genus
were used as outgroups since they are closely related to
Neomys [39, 40] (Additional file 1: Table S2). Using these
sequences, a multiple sequence alignment was built using
MAFFT version 7.130 [41]. A maximum-likelihood tree
was calculated with RAXML version 7.4.2 [42] using a
general time reversible (GTR) substitution model and
rate heterogeneity modeled with a Gamma distribution
plus a proportion of invariable sites, as suggested by
jModeltest version 2.1.5 using the Akaike information
criterion [43]. Node support was assessed by perform-
ing 100 bootstrap replicates. In addition, a Bayesian in-
ference phylogenetic tree was built using BEAST
version 1.8 [44]. The GTR model suggested by jModeltest
did not converge and therefore we used the second
best model: Hasegawa-Kishino-Yano (HKY) [45] with a
proportion of invariable sites. A strict molecular clock
was chosen and a coalescent constant-size model was
used as tree prior. See Additional file 1 for further
details.

PCR amplification and sequencing of nuclear markers
Thirteen nuclear introns were selected from a set of
phylogenetic markers that had previously been developed
for mammals [35] (Additional file 1: Table S4). Using
flanking exon information provided by Igea et al. [35] as
well as additional orthologous exon data downloaded
from the ENSEMBL database [46], we designed primers in
the most conserved regions (Additional file 1: Table S4).
After sequencing, the haplotypic phases of the introns
were determined using PHASE version 2.1.1 [47], with a
threshold of 0.9. The remaining unresolved haplotypes
were cloned into a pSTBlue vector-1 (Invitrogen)
according to the manufacturer’s instructions and between
three and five clones per PCR fragment were sequenced.
The 13 nuclear loci and their corresponding alleles
were successfully sequenced in all the Neomys tissue
samples except one, where the alleles of only 8 introns
could be obtained. Most of the introns were also ampli-
fied in two additional soricid species (Sorex coronatus
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and Crocidura russula) to complete the mammalian data
set for substitution rate estimation.

The Neomys alleles of each intron were aligned with
MAFFT [41] with default options and all gap positions
were removed for further analyses. The absence of recom-
bination in the 13 nuclear loci was checked using the ®
test [48]. A maximum-likelihood tree was reconstructed
with RaxML version 7.4.2 [42] from each intron alignment
as described before. From each of these trees, a haplotype
genealogy was generated using Haploviewer 1.0 [49],
which groups identical sequences in circles of size propor-
tional to the number of sequences, colors circles by group,
and plots mutations in branches as estimated from the
corresponding alignment.

Group assignment with nuclear genomic trees

In order to help in the group assignment of the different
Neomys specimens, and particular those of N. anomalus,
which are the most problematic, we estimated the average
genetic relationship between the specimens using two
different phylogenetic methods. First, we reconstructed a
distance tree from a matrix of the average genomic diver-
gence between the Neomys individuals [50, 51]. Because
nuclear genomes are diploid, a method is needed to
summarize the divergence of the two separate alleles per
individual. For this, we calculated pairwise distances
between all specimens using the formula 8.2 in Freedman
et al. [51]. Distances were corrected for multiple substitu-
tions using the Jukes-Cantor formula. The resulting
matrix of pairwise distances was used to reconstruct a
distance tree using the Fitch program of the Phylip
package [52], which has the advantage over the neighbor-
joining method of not allowing negative branches. See
Additional file 1 for further details.

In addition, we reconstructed a nuclear genomic tree
by concatenating all introns. Since there are two alleles
per intron (most of the times of different sequences), the
order of concatenation of the two alleles may affect the
results. We therefore performed several concatenations
in which the order of each allele pair was randomly
changed. From each concatenation set, a maximum-
likelihood tree was reconstructed with RaxML version
7.4.2 [42] using a GTR plus invariable sites model, as
described before.

Number of groups and group assignment with
Structurama

To further help in the placement of different specimens in
different groups, we used Structurama version 2.0 [53, 54],
which allows estimating the number of groups with high-
est probability and performs a population assignment test
using frequencies of the nuclear data. In a first run, the
number of populations was set as a random variable using
either a Dirichlet process prior with different alpha values
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or with the alpha value allowed to be a random variable
with a gamma probability distribution set as: (1, 1). In a
second run, we fixed the population number with highest
probability and determined the group assigned with
highest probability for each specimen. The same assign-
ment was determined when an admixture model was used
(not shown). See Additional file 1 for further details.

Estimation of nuclear DNA substitution rates: BEAST

In order to obtain an accurate estimate of the substi-
tution rates of the 13 introns, we carried out a
Bayesian relaxed clock analysis using the intron sequences
from N. fodiens and the two additional soricid species
sequenced by us (S. coronatus and C. russula), to-
gether with orthologous sequences from other mam-
malian orders downloaded from ENSEMBL [46]. Not
all the introns were available for all of the selected
species, resulting in 13 % missing data in the final
dataset. The multiple sequence alignments were obtained
using MAFFT version 7.130 with the recommended high
accuracy options [41]. Gblocks version 0.91 with relaxed
parameters [55] was then used to eliminate any poorly
aligned regions, primarily consisting of some large
insertions in certain sequences. Gblocks with relaxed
parameters eliminates blocks of non-conserved positions
and positions with gaps in more than 50 % of the
sequences. Therefore, this cleaning procedure eliminated
the large insertions while maintaining the core of the
intron alignments. The 13 resultant cleaned intron align-
ments were included as independent partitions in the
Bayesian relaxed clock analysis performed with the pro-
gram BEAST version 1.8 [16, 44]. The best fitting nucleo-
tide substitution model suggested by jModeltest [43] was
a GTR and Gamma model for most introns and it was
used for all partitions. An uncorrelated lognormal relaxed
molecular clock was applied to each partition. Using the
data provided in Benton et al. [15], several mammalian
fossil dates were used as hard bound minimum and soft
bound maximum constraints in eight key nodes in order
to calibrate the phylogenetic tree. These nodes are the
splits between several divergent lineages of mammals for
which genome sequences are available (Additional file 1:
Table S6) and the calibrations have been highly curated
for Bayesian dating analysis [15]. The substitution rates of
each intron averaged across all lineages were obtained
from the log file using the program Tracer of the BEAST
package. Specific Neomys rates for each intron were
extracted from the posterior distribution of trees. In
this large file, the rates of each intron are associated
to each branch in the description of each tree and
were extracted with a custom-made script. From the
distributions of substitution rates, we obtained the
mean and standard deviation values. The original align-
ments, with no Gblocks cleaning, rendered basically the
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same substitution rates (not shown). See Additional file 1
for further details.

Estimation of mitochondrial DNA substitution rate: BEAST
Since the high substitution rate of the cytochrome b is
likely to be saturated in a tree of mammalian orders [56],
the estimation of this rate was performed with a set of
soricid species. Complete cytochrome & sequences
belonging to 57 soricid species were downloaded from
GenBank and a Bayesian relaxed clock analysis was
carried out using BEAST [16, 44]. A GTR substitution
model and rate heterogeneity modeled with a Gamma dis-
tribution and a proportion of invariable sites was used, as
suggested by jModeltest [43]. In order to try to overcome
the effect of saturation, the analysis was partitioned by
codon position. An uncorrelated lognormal relaxed mo-
lecular clock was applied. The tree was calibrated using a
set of fossil constraints available for soricids (Additional
file 1: Table S7), previously used in this group [39], setting
lognormal prior distributions as before. The program
TreeAnnotator from the BEAST package was used to ob-
tain a maximum clade credibility tree, from which the
substitution rate in the Neomys branch was extracted. See
Additional file 1 for further details.

Species tree estimation: *BEAST

The differentiated groups found in the genome tree and
Structurama test were set as independent populations in
*BEAST [57]. Thirteen nuclear introns and the cyto-
chrome b sequences from 11 Neomys specimens were
used in addition to cytochrome b from 19 additional
specimens either sequenced by us or obtained from
GenBank, to better cover the genetic variability within
each population (Additional file 1: Tables S1 and S2). To
estimate the topology of the groups, the program was first
used with relative mutation rate priors (meaning that the
scale of the species tree will be in mutations rather than
years). We gave a normal prior distribution with a mean
rate of 1 and a standard deviation of 0.5 to all the introns.
In this analysis, the mean prior for the cytochrome b mu-
tation rate was set 10 times higher than the rate for in-
trons to account for the fact that approximately a 10 times
faster rate has been found for mitochondrial sequences
with respect to intron sequences [35], using a lognormal
distribution with a standard deviation of 1. The long tail
of high values of this prior lognormal distribution
accounts for the possibility that the proportion of cyto-
chrome b rate with respect to the intron rates was
underestimated.

For the dating analysis, a new *BEAST run was per-
formed with mutation rates. We considered substitution
rates previously estimated from our intron and mito-
chondrial mammalian trees as mutation rates to be used
in the species tree, under the assumption that the
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markers are neutral and selection did not significantly
affect them [17, 18]. In this analysis, normal distributions
with the means and standard deviations of the rates that
had been previously calculated in the mammalian multilo-
cus analysis were used as priors for the mutation rates of
the 13 introns. For cytochrome b, a lognormal distribution
was set as prior (with the mean taken from the cyto-
chrome b analysis of Soricidae and a standard deviation of
1) to account for the possibility that the mutation rate
previously calculated was saturated. See Additional file 1
for further details.

Isolation-with-migration model: IMa2

The IMa2 software (version updated 27/8/2012) [58]
was used to fit the sequence data to an isolation-with-
migration model, using the same intron alignment data
as above. This Bayesian program estimates parameters
related to population size and divergence time but,
unlike *BEAST, allows for the presence of gene flow
among the studied taxa. However, the phylogenetic re-
lationship between the populations has to be estab-
lished a priori; hence, the resultant topology from
*BEAST was used. Preliminary analyses revealed that
the data did not contain enough information to esti-
mate all the ancestral migration parameters. Thus, the
model was constrained so that gene flow could only
take place between the three closest present-day line-
ages, that is, N. teres and the two subspecies of N.
anomalus. The program output was used to obtain the
migration rate divided by the mutation rate per gener-
ation (m/p) and the effective number of migrant genes
per generation (2Nm) along with the effective number
of migrant individuals per generation (Nm). We express
the direction of migration forwards in time. A likeli-
hood ratio test was performed to assess whether the
migration rates differed from zero. Other parameters in
IMa2 are given in mutations per locus and are propor-
tional to the geometric mean of the mutation rates per
locus. Therefore, we calculated mutation rates per locus
by multiplying the previously estimated mutation rates by
the length of the Neomys alignments after removing gap
positions. The geometric mean of the mutation rates per
locus of the 14 loci was used to convert split times and
effective population sizes to demographic units. See
Additional file 1 for further details.

Bayesian species delimitation: BPP

To assess whether the four Neomys lineages corresponded
to species, we used the Bayesian species delimitation
program BPP version 2.2 [2]. The topology from the
*BEAST analysis was used as a guide tree; starting from
this tree, BPP collapses sister lineages when they best fit a
one-species model. The introns and the cytochrome b
sequences, or only the introns, were used as independent
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loci. Twenty different prior schemes and algorithms were
employed (see Additional file 1) as these have been shown
to affect the results in certain circumstances [9].

Results

Mitochondrial phylogeny of Neomys

The maximum-likelihood mitochondrial phylogeny of
Neomys (Fig. 2) showed that the N. anomalus sequences
were divided into two divergent lineages (6.8 % average
observed differences), which formed a weakly supported
clade (67 % bootstrap). The same clade was found in a
Bayesian tree (not shown), with a posterior probability of
0.92. Interestingly, the first of these lineages grouped to-
gether the northeastern Iberian samples with the other
European samples, while the second one contained the
remaining Iberian samples. Therefore, the two lineages
largely correspond to the two described subspecies of
N. anomalus: N. a. milleri and N. a. anomalus. The
only difference was found in the northeastern Iberian
samples, which historically have been grouped together
with the other Iberian samples as N. a. anomalus [59], but
here were found to cluster with the non-Iberian European
samples. Thus, we preliminarily assigned the samples from
northeastern Iberia to N. a. milleri. The mitochondrial
sequences of N. teres and N. fodiens agreed with previous
species determinations (Additional file 1: Table S1).
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Nuclear data

Thirteen intron markers were sequenced from each of the
11 Neomys specimens with tissue samples available. The
number of alleles determined for each lineage was 78 for
N. a. anomalus, 94 for N. a. milleri, 52 for N. teres and 52
for N. fodiens, totaling 129,494 bp of nuclear sequence in-
formation for all specimens together. From the intron
alignments, the percentage of gaps removed previous to
the analyses varied between 0.2 and 7.3 % of the alignment
positions, with an average of 2.1 %. All introns were
variable between the different species and showed some
degree of intraspecific variation, as shown in the
maximum-likelihood trees (Additional file 1: Figure S1)
and the haplotype genealogies reconstructed from
these trees (Fig. 3a). The four lineages preliminary
considered in the mitochondrial tree were shown to
constitute separated groups in four of the introns
(ALAD-10, CSF2-2, HIF1AN-5 and TRAIP-8) but not
in the others (Additional file 1: Figure S1 and Fig. 3a),
making necessary further analyses of the nuclear data.

Species trees and species delimitation

In order to test if the four Neomys species and subspe-
cies analyzed here correspond to differentiated lineages,
we used two different methods: 1) the estimation of mi-
gration rates using IMa2 [58] and their comparison with
rates known to cause population differentiation, and 2)

-
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the species delimitation test implemented in BPP [2].
These two methods need a priori estimation of the ini-
tial number of groups, the assignment of specimens to
the different groups and a topology relating these
groups. Importantly, none of these estimates require
knowledge of mutation rates of the loci under study.

Estimation of the initial number of groups and assignment
of specimens to the different groups: Nuclear genomic tree
and Structurama

Although mitochondrial data showed a clear subdiv-
ision between the four lineages, a hypothetical mito-
chondrial introgression may have caused an erroneous
species assignment for some specimens. This issue could
be particularly relevant for specimens close to the contact
zone of the two N. anomalus lineages (i.e., those from
northeastern Iberia). In order to analyze these lineages
with the nuclear data, we first reconstructed a distance
tree based on an estimate of the average genomic diver-
gence of the introns of the 11 Neomys specimens from
which multilocus data could be obtained (Fig. 3b). Despite
the potential for deeper coalescence in the nuclear genes,
this tree supports the same group assignment as the mito-
chondrial data and again shows the northeastern Iberian
individuals to be more closely related to those from the
rest of Europe. Very similar trees were obtained from the

concatenation of the introns and the reconstruction of a
maximum-likelihood tree. In 10 concatenations where the
order of the two alleles of each intron was randomly chan-
ged, the resulting trees were similar among each other
and similar to the tree obtained by the distance method
(Additional file 1: Figure S2), therefore also supporting the
same group assignment.

In addition, we conducted a group assignment test with
Structurama [54] applied to the intron allele frequencies.
We found that the number of populations with the highest
posterior probability was 4 for all prior sets (Table 1). After
fixing this number of populations, a new analysis was per-
formed to determine the group assigned with highest prob-
ability for each specimen. In this analysis, the assignment
of the 11 Neomys specimens to the four different groups
was the same as that deduced from the mitochondrial and
genome distance trees. We therefore maintained the four
groups and the corresponding assignments. After the
genome tree and Structurama test, we could assign
three specimens to N. a. anomalus and four to N. a.
milleri (Additional file 1: Table S1). In addition, since
this assignment based on nuclear data was totally congru-
ent with the mitochondrial tree (Fig. 2), we assigned the
rest of specimens using this mitochondrial tree. Thus, 5
additional specimens were assigned to N. a. anomalus
and 1 to N. a. milleri (Additional file 1: Table S1).
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Table 1 Posterior probabilities of the number of populations (K)
found by Structurama using the intron allele frequencies of
Neomys specimens for different values of the prior mean of the
number of populations (a)

Posterior probability

K a=3 a=4 a=5 a~gamma
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00
4 0.78 0.65 052 0.69
5 0.20 031 040 0.27
6 0.01 0.04 0.08 0.04
7 0.00 0.00 0.00 0.00

Species tree estimation: topology

Using a species tree approach, the topology for the four
detected lineages was estimated with *BEAST [57] using
14 independent loci corresponding to the 13 introns plus
the cytochrome b gene. In this first analysis, only the
topology was of interest. The resultant topology
(Additional file 1: Figure S3) was compatible with that
obtained in the mitochondrial and genome distance
trees. However, the node grouping the two N. anomalus
subspecies was more strongly supported, with 0.99 of pos-
terior probability. The same strongly supported topology
was seen when only introns were used.

Isolation-with-migration model and estimation of
migration rates

The application of the IMa2 isolation-with-migration
model [58] using the 13 introns and cytochrome b
allowed us to estimate the level of gene flow between the
different extant lineages of Neomys. Only the migration
rate parameter m/p from N. a. anomalus to N. a. milleri
(m/p=0.183; 95 % confidence interval: 0.053 — 0.533) dif-
fered significantly from zero. This migration rate corre-
sponds to Nm =0.072 effective migrants per generation,
which is well below the threshold known to cause popula-
tion differentiation (Nm = 0.5) [8].

Species delimitation test with BPP

We also applied the Bayesian species delimitation
method implemented in BPP [2], using the 13 intron
markers and cytochrome b. Under all prior schemes,
the tree with four differentiated lineages received a
posterior probability higher than 0.95 (Table 2),
indicating that these lineages could correspond to
four distinct species, including the two N. anomalus
subspecies. The same results were obtained when only in-
trons were used (not shown).
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Table 2 Combinations of priors (mean 6, mean T, and a of the
Gamma distribution) and rfMCMC algorithm used in the BPP
analysis and posterior probability of the four-species tree

Posterior probability

a=20;
algorithm 1

a=20;
algorithm 2

a=2
algorithm 2

a=2;
algorithm 1

Values for mean 6
and T priors

0=0.002 and 1 1 1 1
1=0.008

6 =0.0002 and 1 0.95 1 1
T=0.008

0=002 and 1 1 1 1
1=0.008

6=0.002 and 1 1 1 1
T=0.0008

6=0.002 and 1 1 1 1
=008

Split time estimation

In order to date the species tree of Neomys species we
first used BEAST [44] to estimate the substitution rates
of each locus. For this purpose, we performed two differ-
ent Bayesian relaxed clock analyses, one for the introns
and another one for the cytochrome b gene. These rates
were then used to convert split time parameters ob-
tained by IMa2 into units of million years (Myr) [58].
They were also used as priors in a new analysis of
*BEAST [57] to estimate the split times of the species
tree, for comparison with those obtained by IMa2.

Estimation of nuclear and mitochondrial substitution rates
in mammals and Neomys

We calculated intronic substitution rates from the
Bayesian relaxed clock analysis implemented in BEAST
[44]. This analysis included the 13 introns used in this
work together with several fossil calibrations (Fig. 4).
The estimated mean of the Neomys-specific intronic
substitution rate was 0.0060 substitutions/site/Myr but
important differences in rates estimated for the different
introns were found (Table 3). The average rate for all
mammalian lineages was 0.0031 substitutions/site/Myr
(Table 3). As a comparison, following the same ap-
proach, we obtained a substitution rate of 0.0015 substi-
tutions/site/Myr for the human lineage. These results
suggest an accelerated rate in the Neomys branch when
compared to other mammals.

The substitution rate of the cytochrome b gene is too
high (and prone to saturation) to be reliably estimated
from a tree of mammalian orders [56]. We therefore
used BEAST to reconstruct a dated tree of cytochrome b
sequences from the Soricidae using a different set of fos-
sil calibrations (Additional file 1: Figure S4). In this way
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the substitution rate obtained for cytochrome b in the
Neomys branch was 0.0231 substitutions/site/Myr.

Dating the species tree

Substitution rates previously calculated were then used
as mutation rates to estimate split times with the
isolation-with-migration model in IMa2. When the geo-
metric mean of the mutation rates estimated for the 14
markers was used to scale the parameters, the

Table 3 Estimated mutation rates of introns and cytochrome b
in the Neomys branch and in the overall tree. Intron rates were
estimated from the mammalian tree and cytochrome b rates
from the soricids tree. Standard deviations (S. D.) of the mutation
rate in Neomys are also given. Units are in mutations/position/Myr

Marker Mutation rate Mutation rate in  S. D. in Neomys
in Neomys the overall tree

ALAD-intron-10 0.0056 0.0030 0.0012
ASBé-intron-2 00125 0.0044 0.0038
CSF2-intron-2 0.0024 0.0021 0.0004
CSTé-intron-1 0.0104 0.0042 0.0025
GALNTS5-intron-4 0.0040 0.0022 0.0007
GDAP1-intron-1 0.0050 0.0024 0.0017
HIF1AN-intron-5 0.0026 0.0017 0.0005
JMJD-intron-2 0.0076 0.0046 0.0018
MCM3-intron-2 0.0056 0.0027 0.0011
MYCBPAP-intron-11 0.0045 0.0028 0.0009
PRPF31-intron-3 0.0059 0.0045 0.0013
SLA-intron-2 0.0094 0.0036 0.0043
TRAIP-intron-8 0.0031 0.0028 0.0007
Cytochrome b 0.0231 0.0217

divergence time between the two N. anomalus lineages
was 040 Myr (95 % confidence interval: 0.26 — 0.86
Myr), while the split of these two lineages from N. teres
was 0.56 Myr (0.40 — 1.04 Myr) and the divergence of N.
fodiens with respect to the other lineages was 1.22 Myr
(0.90 — 1.62 Myr) (Table 4 and Fig. 5a). Figure 5b repre-
sents the species tree with the corresponding split times
and branch widths proportional to the effective popula-
tion sizes.

To check if the inclusion of cytochrome b greatly af-
fected the IMa2 time estimations, we performed an add-
itional analysis of the species tree parameters using only
introns (Table 4). This analysis yielded slightly larger
split times, particularly for the oldest split, but the over-
all values remained similar.

The use of mutation rates not specifically estimated
for Neomys may have important consequences when cal-
culating divergence times. To illustrate this effect, we
used the mutation rates estimated for the entire mam-
malian tree in the Bayesian analysis of mammalian in-
trons and recalculated split times with IMa2. As
expected, using these lower rates resulted in older esti-
mates of the split times (Table 4).

The importance of taking migration into account in
the estimation of split times becomes evident when the
results of the migration model were compared to the
isolation model (without migration), using IMa2. As ex-
pected, all split times became smaller with respect to the
isolation-with-migration model. Particularly, the split
time of N. a. anomalus and N. a. milleri suffered pro-
portionally the largest shift in the model without migra-
tion (Table 4). For comparison, we also used *BEAST
(Table 4), which does not include migration in the model
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Table 4 Split times (and 95 % confidence intervals) of Neomys calculated in a species tree approach with IMa2 and *BEAST using
different combinations of genes and estimated mutation rates. For IMa2, the isolation-with-migration (IM) or the isolation (I) models
were used. Results obtained with a direct gene tree approach of the mammalian introns using BEAST are also shown

N. a. anomalus and N. a. milleri split (Myr)  N. anomalus and N. teres split (Myr) ~ N. anomalus and N. fodiens split (Myr)

Neomys rates, IM

Introns + cytochrome b 040 (0.26 - 0.86) 0.56 (040 - 1.04) 122 (090 - 1.62)

Introns 043 (0.17 - 1.07) 061 (038 - 1.23) 1.50 (1.10 - 2.18)
Mammalian rates, IM

Introns + cytochrome b 0.68 (044 - 147) 0.96 (0.69 - 1.77) 2.09 (1.54 - 2.76)
Neomys rates, |

Introns + cytochrome b 0.27 (0.19 - 040) 046 (033 - 062) 1.14 (0.86 — 1.52)
Neomys rates, *BEAST

Introns + cytochrome b 0.30 (0.19 - 043) 0.52 (035 -0.71) 1.26 (0.87 - 1.70)
Gene tree approach, BEAST

Introns 1.04 (0.64 - 148) 163 (1.12 - 222) 431 (3.11 = 557)
P
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Fig. 5 a Posterior probability density distributions for split time parameters corresponding to the isolation-with-migration model in IMa2.
The X-axis was scaled with the geometric mean of the mutation rates to reflect time in Myr. The limits of the major ages of the Pleistocene are
shown [69]. b Species tree of the Neomys lineages with split times and effective population sizes estimated by IMa2. The widths of the different
population segments are proportional to the estimated effective population sizes. The X-axis is at the same scale than in (a)




Igea et al. BMC Evolutionary Biology (2015) 15:209

either. The results with *BEAST were similar to those
obtained with IMa2 without migration. In addition, both
IMa2 without migration and *BEAST yielded similar
confidence intervals for all dates despite the fact that
only the latter method used the variance of the mutation
rates in the prior distributions (see Additional file 1).

Finally, we also evaluated the use of a direct gene tree
approach (implemented in BEAST) for dating the split
times of the Neomys lineages. To check this, we included
the intron sequences of one specimen each of N. a.
anomalus, N. a. milleri and N. teres with the other
mammalian orthologues in a new BEAST analysis. As
expected for nodes of nuclear gene trees younger than
around 10 Myr [13], all split times were highly overesti-
mated due to the effect of coalescence (Table 4).

Discussion

Effect of mutation rates and species tree models in split
time estimates

The variability of the molecular clock and the effects of
these variations in dating phylogenies have been known
for a long time [10, 60]. In particular, the use of relaxed
clock models in combination with multiple fossil calibra-
tions has led to the reconstruction of highly reliable
dated phylogenies [15, 16, 61]. Knowledge of higher-
order phylogenies, like the phylogeny of mammals [62],
has especially benefited from this strategy. However,
there are additional issues that arise in the phylogenetic
analyses of closely related species, particularly when ap-
plying coalescent-based species tree models, which have
been less often covered [10]. A first problem when dat-
ing species trees of closely related species is that finding
reliable internal fossil calibrations for the specific group
of interest may not be possible. Here we tested a strategy
in which lineage-specific mutation rates of the nuclear
genes are estimated from a relaxed clock analysis of the
same genes in a tree of mammals that included a set of
reliable fossil calibrations. Following this approach, we
estimated a mean substitution rate of 0.0060 substitu-
tions/site/Myr for the introns in the Neomys lineage.
This value is around twice as high as the mean rate of
the introns averaged across all mammalian lineages.
Consequently, if the mammalian rate was used, split
times would be overestimated by a factor of two
(Table 4). The extrapolation of the rate from a slower
evolving group, such as humans, would lead to an even
greater overestimation. In addition, it should be noted
that intron rates have a large variation interval, with the
most rapidly evolving intron being 5 times faster than
the slowest one (Table 3). Therefore, if a different intron
set is used, the variability of mutation rates should also
be taken into account. As a consequence, it is most
convenient to determine the rate for each locus and
not simply to estimate averages of all loci. In
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conclusion, the uncritical extrapolation of mutation
rates extracted from the literature for a different group
and/or loci may lead to important errors in dating es-
timates of species trees.

Our approach to estimate mutation rates in mam-
mals is not without problems. Most importantly, the
dates of the calibrated nodes are quite old [15] in rela-
tion to the lineage of interest, Neomys, and therefore
any change in the substitution rate before this lineage
would remain undetected, even with the use of a re-
laxed clock model. In addition, the intron markers we
used were originally selected for their high rates
(together with other useful properties for phylogenetic
reconstruction) [35]. Therefore, the same high rates
that are most useful in the phylogenetic reconstruction
of closely related species could be a potential problem
for accurate substitution rate estimation from the tree
of mammalian orders due to saturation. Without
doubt, a greater effort in searching for a set of highly
reliable fossils in additional branches of the tree of
mammals like the Eulipotyphla, which contains Neomys,
would be highly desirable for estimating more accurate
rates in this order [15].

A different approach that can be used when internal
calibrations are not available is the use of secondary cali-
brations obtained from a relaxed clock tree rather than
extracting substitution rates from it. However, these esti-
mated split times, if they are very recent, might be over-
estimated due to coalescence [13, 14]. In our example,
all split times obtained from the BEAST gene tree of
mammals were around three-fold overestimated (Table 4).
If one of these split times was used as a secondary calibra-
tion for dating the species tree, the remaining nodes
would be equally overestimated. It should be therefore
preferable extracting substitution rates from the relaxed
clock analysis.

Another aspect that should be taken into account for
estimating accurate node ages is the possible presence of
gene flow between lineages. Simulations have shown that
gene flow may lead to highly underestimated split times
if this parameter is not considered [63, 64]. The two N.
anomalus lineages in which we were primarily interested
revealed a small amount of gene flow between them.
However, even with this small value, the use of a model
with no gene flow would lead to a substantial underestima-
tion (1.5x) of the split time of the two N. anomalus line-
ages. Therefore, if accurate split times are desired, models
that take gene flow into account should be used, especially
between lineages that are not completely isolated, which is
the most likely scenario for shallow divergences.

Loci and specimens used
We were interested in discerning the taxonomic status
of two currently recognized subspecies of N. anomalus:
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N. a. anomalus and N. a. milleri. We used a large num-
ber of loci in order to apply sophisticated multilocus
methods of species delimitation and split time estimation.
This choice necessarily limited the number of individuals
used in the multilocus analysis. However, the total number
of alleles sampled from different loci is also an important
aspect in these multilocus analyses. Simulation studies
showed that the BPP method of Bayesian species delimita-
tion is very robust with the use of 10 loci and 5 sequences
per locus and per species (i.e., 50 sequences per species)
[9]. In our case, we used 14 highly informative loci
(including cytochrome b) and, in total, we obtained 86
and 102 sequences for N. a. anomalus and N. a. milleri,
respectively, much more than the minimum theoretical
optimum. Actually, the good convergence we achieved in
BPP (as well as in IMa2) is likely due to the adequate
number of loci and alleles per locus used. Of course, if the
populations are highly structured, even these sequences
may not encompass the total variability within each
lineage. However, the specimens that we selected from
both lineages cover a large part of their respective geo-
graphical distributions, including samples from the edges
of their ranges. We also included several samples from
close to the putative contact area between the two line-
ages, in the Iberian Peninsula, ruling out the possibility
that the high divergence observed between N. a.
anomalus ad N. a. milleri is due to an isolation-by-
distance phenomenon. Also, these Iberian samples may
have revealed specimens of problematic assignment if
hybridization had been generalized. We can, therefore, be
moderately confident that we have covered a significant
proportion of the nuclear genetic variability within N.
anomalus. Furthermore, the mitochondrial phylogeny,
which includes a larger number of specimens, is very
coherent with the multilocus analysis and revealed a
strong genetic gap separating both lineages within the
Iberian Peninsula (Figs. 1 and 2). However, denser
sampling of nuclear data in the Iberian Peninsula should
be carried out in order to better delimit the distribution of
N. a. anomalus and N. a. milleri in the contact zone as
well as to determine if there are areas of overlap or recent
hybridization phenomena, which we have not detected so
far. Additionally, according to the high genetic variability
found in N. a. milleri, and that eastern and western speci-
mens cluster into reciprocally monophyletic clades both
in the mitochondrial and genome trees, it is possible that
additional sampling in different parts of Europe may re-
veal the existence of other lineages within N. a. milleri.

Group assignment

A first critical step in the multilocus study of a species
complex is the assignment of individuals to different
species or populations. Mitochondrial sequences are
often used for this purpose in studies of cryptic species
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but the mitochondrial genome is among the most prone
to introgression [65], so it is risky to use only these
sequences for population assignment. As well as the
mitochondrial tree (Fig. 2), we also reconstructed a tree
based on the average genomic divergence (Fig. 3b). Trees
based on different types of genome distance have been
popularized in the study of archaic humans as a way to
determine their genetic similarity to different hominins
[66, 67]. These trees are affected by coalescence and
cannot be used to extract demographic parameters, but
they can reveal clusters of individuals with genomic
similarity. In addition, we used Structurama [54], an
objective method for delineating clusters based on allele
frequencies. The four populations found by Structurama
fit perfectly with the mitochondrial and genome trees
and thus group assignment could be established with
high confidence for all the samples.

Species delimitation and taxonomy of Neomys
Coalescent-based analyses of multilocus data are starting to
be considered as an objective way of defining species limits
[4, 7]. These techniques are based explicitly or implicitly on
the estimation of gene flow between lineages, which allows
determining whether they have been evolving in isolation
or not. Such lineages would correspond to separate species
under a unified species concept [7, 68], in which separately
evolving populations are treated as species, regardless of
the properties acquired by lineages during the course of
divergence (e.g., reproductive isolation, morphological
diagnosability or niche differentiation). If intrinsic repro-
ductive isolation develops during divergence, species would
also be valid under a biological species concept. However,
coalescence methods of species delimitation cannot prove
reproductive isolation. In other words, these methods
cannot support a biological species concept and therefore
they are more directly related to a unified species concept
[6, 71.

Using gene flow to determine lineage isolation is a
clear advantage over genetic divergence, which has often
been used for this purpose despite being only an indirect
indication of isolation. It is well known that when the
number of received effective migrants per generation
(Nm) in a population is lower than 0.5, then the allele
frequencies of the receiving population will vary from
those of the source population due to random genetic
drift [8]. By contrast, when Nm is higher than 0.5,
genetic differentiation does not arise between the two
populations. This reasoning, supported by empirical
data, was used to propose an Nm threshold of 0.5 as a
condition for the existence of species [5]. In the case of
the N. anomalus subspecies, the migration parameters
were much smaller than this threshold (0 and 0.072 for
both migration directions, respectively), which would be
compatible with the existence of two species. The BPP
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species delimitation test collapses two lineages when
they do not fit a model of two isolated species. In fact,
simulations with different degrees of gene flow showed
an appropriate behavior of BPP with respect to the levels
of migration rate known to cause population differenti-
ation [9]. It is therefore not surprising that BPP sup-
ported the existence of two species within N. anomalus.

The different multilocus analysis methods used here
support the fact that N. a. anomalus and N. a. milleri
are independently evolving lineages and, therefore, ac-
cording to these genetic results and following a unified
species concept [7], they should be treated as distinct
species, as originally described [23, 24]: N. anomalus
(sensu stricto) and N. milleri. The distributions of the
two species according to our current data are shown in
Fig. 1: N. anomalus would be distributed across the
Iberian Peninsula, with the exception of the northeastern
corner, whereas N. milleri would occupy this part of the
Iberian Peninsula and the rest of Europe and the Middle
East. These distributions include the corresponding type
localities of the original descriptions (Fig. 1). These two
taxa were described in 1907 as morphological species
and, therefore, the support for their species status
comes, not only from the multilocus analysis performed
here, but also from previously described morphological
differences [23-27]. However, a thorough morphometric
study should be carried out to better understand pheno-
typic differences between these two species. Nevertheless,
it should not be discarded that character displacement or
convergence due to competition in sympatry with the
widely distributed N. fodiens [31, 32] may hinder the iden-
tification of unambiguous diagnostic morphological char-
acters. The appropriate recognition of the independently
evolving species within this genus will certainly help
disentangle these ecological interactions.

Using accurate split times to frame speciation

The split time of N. anomalus and N. milleri was esti-
mated at 0.40 Myr ago and had a 95 % confidence inter-
val of 0.26 — 0.86 Myr (Table 4 and Fig. 5) indicating
that, most probably, it took place some time during the
Middle Pleistocene (0.13 — 0.78 Myr) or, at most, at the
end of the Early Pleistocene. During this part of the
Pleistocene, glacial cycles had an average duration of
around 100,000 years. Indeed, during the period that en-
compasses the 95 % confidence interval of the N. anom-
alus and N. milleri split, seven cold periods can be
distinguished according to the marine isotope stages
[69]. Therefore, we cannot identify at present with
enough confidence in which specific glacial cycle of the
Middle Pleistocene these species started to diverge.
However, the confidence intervals associated to the split
time allow rejecting that the speciation of N. anomalus
and N. milleri occurred during the Pliocene, ending
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around 2.58 Myr, or during the Late Pleistocene, which
started about 0.13 Myr ago and was dominated by a
major glaciation in the Northern Hemisphere. The use
of genome-wide data in the future may allow to narrow
confidence intervals to the point that more specific pe-
riods within the Pleistocene can be associated with the
divergence of sister species.

Based on the estimated split between N. anomalus and
N. milleri during the Middle Pleistocene, a scenario of
allopatric speciation linked to glacial cycles can be pro-
posed for these two sister species. According to the ex-
tant species distributions, it is most likely that the
ancestral population of N. anomalus became isolated
in the Iberian Peninsula during one of the Middle
Pleistocene glacial periods. As has been shown for
several other small mammals [70], populations in this
Mediterranean refugium would not have contributed
to the recolonization of Europe during interglacial pe-
riods probably due to the limited dispersal imposed
by the Pyrenean mountains as well as by the arid
conditions at the south of these mountains [71],
highly unsuitable for a semi-aquatic mammal. There
is not enough evidence to know which refugia may
have been occupied by N. milleri but, in contrast to
the more restricted dispersal of N. anomalus, it would
have arrived in the Iberian Peninsula through some corri-
dors during the Holocene and possibly other interglacial
periods. Actually, if speciation between N. anomalus and
N. milleri was not associated to the last glaciation but
started at an earlier glaciation, as our dating analysis
shows, this would suggest that population expansions dur-
ing successive interglacial periods may have occurred but
did not result in complete admixture of the Neomys line-
ages. Only some interbreeding may have occurred during
range expansions associated to warmer periods, explaining
the small degree of gene flow observed in the multilocus
analyses. However, it seems that this level of mixing was
not enough to erode the specific identity of N. anomalus
and N. milleri, as indicated by the results of the species
delimitation test.

Conclusions

Multilocus species trees combined with the estimation
of accurate split times may help in advancing our know-
ledge of speciation. We showed here that the estimation
of specific mutation rates for each locus and for the
lineage of interest is a crucial aspect of a robust dating
strategy since the extrapolation of mutation rates from
other mammalian groups and loci may lead to very dif-
ferent split time estimates. In addition, the use of models
that do not take coalescence and gene flow into account
may also lead to biased results. We evaluated this strat-
egy with several species and subspecies of the genus
Neomys at the same time that we tried to resolve some
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controversial aspects of the taxonomy of this group. A
Bayesian species delimitation method and estimation of
gene flow supported that two subspecies deserve spe-
cies status, as originally described: N. anomalus and
N. milleri. In addition, the application of the dating
methodology proposed here allowed the estimation of
the split time between these two species in the Middle
Pleistocene, which was compatible with a long period
of isolation likely encompassing several glacial cycles.
Therefore, obtaining accurate split times and associ-
ated confidence intervals in the species tree allows
distinguishing between different Pleistocene ages and
can provide important information for studies on re-
cent speciation. Even if these times are not directly
used in species delimitation, they allow testing explicit
hypotheses about the geological and climatic context
in which speciation occurred, thus helping to recon-
struct more reliable scenarios on the initial stages of
population divergence.

Additional file

Additional file 1: Table S1. Neomys specimens used, locations and
number of genes sequenced for the species tree. Table S2. Cytochrome
b sequences downloaded from GenBank. Table S3. Primers used for the
amplification of three overlapping fragments of the mitochondrial
cytochrome b gene. Table S4. Nuclear intron markers and primers used
in this study. Table S5. GenBank accession numbers. Table S6.
Calibration constraints (in Myr) used as priors in the BEAST analysis of
mammalian introns. Table S7. Calibration constraints (in Myr) used as
priors in the BEAST analysis of cytochrome b of soricids. Figure S1.
Maximum-likelihood trees reconstructed from each individual intron of
Neomys. Figure S2. Maximum-likelihood trees reconstructed from different
concatenations of Neomys introns. Figure S3. Species tree obtained by
*BEAST with branch lengths in relative units. Figure S4. Bayesian relaxed
clock tree reconstructed with cytochrome b sequences of soricids.
(PDF 1844 kb)

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

JI performed sampling and laboratory work, analyzed data, and contributed
to writing the manuscript. PA, AAB and JG contributed samples and helped
to interpret the data. JC designed the study, performed sampling, analyzed
data, and contributed to writing the manuscript. All authors discussed the
results and contributed to the preparation of the manuscript. All authors
read and approved the final manuscript.

Availabity of data and materials

All sequences have been deposited in GenBank under accession numbers
LK936659-1K936969 (Additional file 1: Table S5).

Alignments and gene trees of the 13 introns from mammals and
cytochrome b from soricids have been deposited in TreeBASE under
accession number S16177 (accessible from: http://purl.org/phylo/treebase/
phylows/study/TB2:516177).

Acknowledgements

We thank Pablo Garcfa, Alexander P. Kashtalian, Borja Palacios and Ana
Rodriguez-Prieto for samples, and Angel Ferndndez for help during sampling
campaigns.

Page 15 of 16

Funding

This work was financially supported by research project CGL2011-22640/BOS
of the “Plan Nacional |+ D + | del Ministerio de Ciencia e Innovacién” (Spain)
to J.C. with contribution of project 014/2008 of the “Convocatoria de ayudas
a proyectos de investigacion en la Red de Parques Nacionales” (Spain) to J.G.
The research of AAB. was supported by the Russian Foundation for Basic
Research, project 14-04-00034. We acknowledge support of the publication
fee by the CSIC Open Access Publication Support Initiative through its Unit
of Information Resources for Research (URICI).

Author details

UInstitut de Biologia Evolutiva (CSIC-Universitat Pompeu Fabra), Passeig
Maritim de la Barceloneta 37, 08003 Barcelona, Spain. “Department of Plant
Sciences, University of Cambridge, Cambridge CB2 3EA, UK. *Departament de
Biologia Animal, Universitat de Barcelona, Avinguda Diagonal 643, 08028
Barcelona, Spain. “Department of Vertebrate Zoology, Lornonosov Moscow
State University, Leninski Gory 1, Moscow 119991, Russia.

Received: 30 March 2015 Accepted: 14 September 2015
Published online: 29 September 2015

References

1. Brito PH, Edwards SV. Multilocus phylogeography and phylogenetics using
sequence-based markers. Genetica. 2009;135:439-55.

2. Yang Z Rannala B. Bayesian species delimitation using multilocus sequence
data. Proc Natl Acad Sci U S A. 2010;107:9264-9.

3. Camargo A, Morando M, Avila LJ, Sites JW. Species delimitation with ABC
and other coalescent-based methods: a test of accuracy with simulations
and an empirical example with lizards of the Liolaemus darwinii complex
(Squamata: Liolaemidae). Evolution. 2012;66:2834-49.

4. Fujita MK, Leaché AD, Burbrink FT, Mcguire JA, Moritz CC. Coalescent-based
species delimitation in an integrative taxonomy. Trends Ecol Evol.
2012;27:480-8.

5. Hey J, Pinho C. Population genetics and objectivity in species diagnosis.
Evolution. 2012,66:1413-29.

6. Carstens BC, Pelletier TA, Reid NM, Satler JD. How to fail at species
delimitation. Mol Ecol. 2013;22:4369-83.

7. De Queiroz K. Species concepts and species delimitation. Syst Biol.
2007,56:879-86.

8. Wright S. Evolution in Mendelian Populations. Genetics. 1931;16:97-159.

9. Zhang C Zhang D-X, Zhu T, Yang Z. Evaluation of a Bayesian coalescent
method of species delimitation. Syst Biol. 2011,60:747-61.

10.  Arbogast BS, Edwards SV, Wakeley J, Beerli P, Slowinski JB. Estimating
divergence times from molecular data on phylogenetic and population
genetic timescales. Annu Rev Ecol Syst. 2002;33:707-40.

11, Castresana J. Estimation of genetic distances from human and mouse
introns. Genome Biol. 2002;3:0028.1.

12. Welch JJ, Bininda-Emonds ORP, Bromham L. Correlates of substitution rate
variation in mammalian protein-coding sequences. BMC Evol Biol. 2008;8:53.

13, Sanchez-Gracia A, Castresana J. Impact of deep coalescence on the
reliability of species tree inference from different types of DNA markers
in mammals. PLoS One. 2012;7:¢30239.

14.  McCormack JE, Heled J, Delaney KS, Peterson AT, Knowles LL.
Calibrating divergence times on species trees versus gene trees:
implications for speciation history of Aphelocoma jays. Evolution.
2011,65:184-202.

15. Benton MJ, Donoghue PCJ, Asher RJ. Calibrating and constraining molecular
clocks. In: Hedges SB, Kumar S, editors. The Timetree of Life. New York:
Oxford University Press; 2009. p. 35-86.

16. Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phylogenetics and
dating with confidence. PLoS Biol. 2006;4:e88.

17. Nachman MW, Crowell SL. Estimate of the mutation rate per nucleotide in
humans. Genetics. 2000;156:297-304.

18. Scally A, Durbin R. Revising the human mutation rate: implications for
understanding human evolution. Nat Rev Genet. 2012;13:745-53.

19. Lee JY, Joseph L, Edwards SV. A species tree for the Australo-Papuan
fairy-wrens and allies (Aves: Maluridae). Syst Biol. 2012;61:253-71.

20. Farrington HL, Lawson LP, Clark CM, Petren K. The evolutionary history of
darwin’s finches: speciation, gene flow, and introgression in a fragmented
landscape. Evolution. 2014,68:2932-44.


http://www.biomedcentral.com/content/supplementary/s12862-015-0485-z-s1.pdf
http://purl.org/phylo/treebase/phylows/study/TB2:S16177
http://purl.org/phylo/treebase/phylows/study/TB2:S16177

Igea et al. BMC Evolutionary Biology (2015) 15:209

21,

22.

23.
24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Pabijan M, Crottini A, Reckwell D, Irisarri |, Hauswaldt JS, Vences M.

A multigene species tree for Western Mediterranean painted frogs
(Discoglossus). Mol Phylogenet Evol. 2012;64:690-6.

Wilson DE, Reeder DM. Mammal Species of the World. A Taxonomic and
Geographic Reference. 3rd ed. Baltimore: Johns Hopkins University Press; 2005.
Cabrera A. Three new Spanish insectivores. Ann Mag Nat Hist. 1907,20:212-5.
Mottaz C. Préliminaires a nos “Etudes de Micromammalogie”. Description du
Neomys milleri, sp. nova. Mem Soc Zool France. 1907;20:20-32.

Miller GS. Catalogue of the Mammals of Western Europe (Europe Exclusive
of Russia) in the Collection of the British Museum. London: British Museum
(Natural History).

Cabrera A. Fauna Ibérica: Mamiferos. Madrid: Museo Nacional de Ciencias
Naturales; 1914.

Spitzenberger F. Gattung Neomys Kaup, 1829. In: Niethammer J, Krapp F,

editors. Handbuch der Sdugetiere Europas: Insektenfresser, Herrentiere. 1990.

p. 313-6.
Bobrinskiy NA, Kuznetsov BA, Kuzyakin AP. [Identification Guide to the
Mammals of the USSR] (in Russian). Moscow: Prosvescheniye; 1944.
Ellerman JR, Morrison-Scott TCS. Checklist of Palaearctic and Indian
Mammals, 1758 to 1946. London: British Museum (Natural History); 1951.
Mendes-Soares H, Rychlik L. Differences in swimming and diving abilities
between two sympatric species of water shrews: Neomys anomalus and
N. fodiens (Soricidae). J Ethol. 2009:27:317-325.

Rychlik L, Ramalhinho G, Polly PD. Response to environmental factors and
competition: skull, mandible and tooth shapes in Polish water shrews
(Neomys, Soricidae, Mammalia). J Zoolog Syst Evol Res. 2006;44:339-51.
Krystufek B, Quadracci A. Effects of latitude and allopatry on body size
variation in European water shrews. Acta Theriol. 2008;53:39-46.

Krystufek B, Davison A, Griffiths H. Evolutionary biogeography of water
shrews (Neomys spp.) in the western Palaearctic Region. Can J Zool.
2000;78:1616-25.

Castiglia R, Annesi F, Aloise G, Amori G. Mitochondrial DNA reveals different
phylogeographic structures in the water shrews Neomys anomalus and
N. fodiens (Insectivora: Soricidae) in Europe. J Zoolog Syst Evol Res.
2007;45:255-62.

Igea J, Juste J, Castresana J. Novel intron markers to study the phylogeny of
closely related mammalian species. BMC Evol Biol. 2010;10:369.

Avise JC, Walker D, Johns GC. Speciation durations and Pleistocene effects
on vertebrate phylogeography. Proc R Soc B. 1998;265:1707-12.

Zink RM, Klicka J, Barber BR. The tempo of avian diversification during the
Quaternary. Phil Trans R Soc B. 2004;359:215-20.

Igea J, Aymerich P, Fernandez-Gonzélez A, Gonzélez-Esteban J, Gomez A,
Alonso R, et al. Phylogeography and postglacial expansion of the endangered
semi-aquatic mammal Galemys pyrenaicus. BMC Evol Biol. 2013;13:115.

He K, Li Y-J, Brandley MC, Lin L-K, Wang Y-X, Zhang Y-P, et al. A multi-locus
phylogeny of Nectogalini shrews and influences of the paleoclimate on
speciation and evolution. Mol Phylogenet Evol. 2010;56:734-46.

Iwasa MA, Abe H. Colonization history of the Japanese water shrew
Chimarrogale platycephala, in the Japanese Islands. Acta Theriol.
2006;51:29-38.

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol. 2013;30:772-80.
Stamatakis A. RAXML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics.
2006;22:2688-90.

Posada D. jModelTest: phylogenetic model averaging. Mol Biol Evol.
2008;25:1253-6.

Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol Biol. 2007;7:214.

Hasegawa M, Kishino H, Yano T-A. Dating of human-ape splitting by a
molecular clock of mitochondrial DNA. J Mol Evol. 1985;22:160-74.

Flicek P, Amode MR, Barrell D, Beal K, Brent S, Carvalho-Silva D, et al.
Ensembl 2012. Nucleic Acids Res. 2012;40(Database issue):D84-90.
Stephens M, Donnelly P. A comparison of Bayesian methods for haplotype
reconstruction from population genotype data. Am J Hum Genet.
2003;73:1162-9.

Bruen TC, Philippe H, Bryant D. A simple and robust statistical test for
detecting the presence of recombination. Genetics. 2006;172:2665-81.
Salzburger W, Ewing GB, von Haeseler A. The performance of phylogenetic
algorithms in estimating haplotype genealogies with migration. Mol Ecol.
2011;20:1952-63.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71,

72.

73.

Page 16 of 16

Gronau |, Hubisz MJ, Gulko B, Danko CG, Siepel A. Bayesian inference of
ancient human demography from individual genome sequences.

Nat Genet. 2011;43:1031-4.

Freedman AH, Gronau |, Schweizer RM, Ortega-Del Vecchyo D, Han E,
Silva PM, et al. Genome sequencing highlights the dynamic early
history of dogs. PLoS Genet. 2014;10:e1004016.

Felsenstein J. PHYLIP-phylogeny inference package (version 3.4). Cladistics.
1989;5:164-6.

Huelsenbeck JP, Andolfatto P, Huelsenbeck ET. Structurama: Bayesian
inference of population structure. Evol Bioinforma. 2011,7:55-9.
Huelsenbeck JP, Andolfatto P. Inference of population structure under a
Dirichlet process model. Genetics. 2007;175:1787-802.

Talavera G, Castresana J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence
alignments. Syst Biol. 2007;56:564-77.

Henn BM, Gignoux CR, Feldman MW, Mountain JL. Characterizing the
time dependency of human mitochondrial DNA mutation rate
estimates. Mol Biol Evol. 2009;26:217-30.

Heled J, Drummond AJ. Bayesian inference of species trees from multilocus
data. Mol Biol Evol. 2010,27:570-80.

Hey J. Isolation with migration models for more than two populations.
Mol Biol Evol. 2010;27:905-20.

Ventura J. Neomys anomalus Cabrera, 1907. In: Palomo J, Gisbert J,
Blanco JC, editors. Atlas y libro rojo de los mamiferos terrestres de
Espana. Madrid, Spain: Direccién General para la Biodiversidad-SECEM-
SECEMU; 2007. p. 114-6.

Bromham L, Penn D. The modern molecular clock. Nat Rev Genet.
2003;4:216-24.

Parham JF, Donoghue PCJ, Bell CJ, Calway TD, Head JJ, Holroyd PA, et al.
Best practices for justifying fossil calibrations. Syst Biol. 2012;61:346-59.
Meredith RW, Janecka JE, Gatesy J, Ryder OA, Fisher CA, Teeling EC, et al.
Impacts of the Cretaceous Terrestrial Revolution and KPg extinction on
mammal diversification. Science. 2011,334:521-4.

Leaché AD, Harris RB, Rannala B, Yang Z. The influence of gene flow on
species tree estimation: a simulation study. Syst Biol. 2014;63:17-30.

Tseng S-P, Li S-H, Hsieh C-H, Wang H-Y, Lin S-M. Influence of gene flow on
divergence dating - implications for the speciation history of Takydromus
grass lizards. Mol Ecol. 2014;23:4770-84.

Petit RJ, Excoffier L. Gene flow and species delimitation. Trends Ecol Evol.
2009;24:386-93.

Reich D, Green RE, Kircher M, Krause J, Patterson N, Durand EY, et al.
Genetic history of an archaic hominin group from Denisova Cave in Siberia.
Nature. 2010;468:1053-60.

Prifer K, Racimo F, Patterson N, Jay F, Sankararaman S, Sawyer S, et al. The
complete genome sequence of a Neanderthal from the Altai Mountains.
Nature. 2014;505:43-9.

De Queiroz K. The general lineage concept of species, species criteria, and
the process of speciation: A conceptual unification and terminological
recommendations. In: Howard D, Berlocher SH, editors. Endless forms:
Species and speciation. New York: Oxford University Press; 1998. p. 57-75.
Gibbard P, Cohen KM. Global chronostratigraphical correlation table for the
last 2.7 million years. Episodes. 2008;31:243-7.

Bilton DT, Mirol PM, Mascheretti S, Fredga K, Zima J, Searle JB.
Mediterranean Europe as an area of endemism for small mammals rather
than a source for northwards postglacial colonization. Proc R Soc B.
1998;265:1219-26.

Gonzélez-Sampériz P, Valero-Garces BL, Carrién JS, Pefia-Monné JL,
Garcfa-Ruiz JM, Marti-Bono C. Glacial and Lateglacial vegetation in
northeastern Spain: New data and a review. Quat Int. 2005;140-141:4-20.
Krystufek B, Bukhnikashvili A. Neomys teres, IUCN Red List of Threatened
Species Version 20122. 2008.

Hutterer R, Amori G, Krystufek B, Yigit N, Mitsain G, Meinig H, et al. Neomys
anomalus, IUCN Red List of Threatened Species Version 20122. 2008.



	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Sample collection
	DNA extractions
	PCR amplification and sequencing of cytochrome b
	Phylogenetic analyses of cytochrome b
	PCR amplification and sequencing of nuclear markers
	Group assignment with nuclear genomic trees
	Number of groups and group assignment with Structurama
	Estimation of nuclear DNA substitution rates: BEAST
	Estimation of mitochondrial DNA substitution rate: BEAST
	Species tree estimation: *BEAST
	Isolation-with-migration model: IMa2
	Bayesian species delimitation: BPP

	Results
	Mitochondrial phylogeny of Neomys
	Nuclear data
	Species trees and species delimitation
	Estimation of the initial number of groups and assignment of specimens to the different groups: Nuclear genomic tree and Structurama
	Species tree estimation: topology
	Isolation-with-migration model and estimation of migration rates
	Species delimitation test with BPP

	Split time estimation
	Estimation of nuclear and mitochondrial substitution rates in mammals and Neomys
	Dating the species tree


	Discussion
	Effect of mutation rates and species tree models in split time estimates
	Loci and specimens used
	Group assignment
	Species delimitation and taxonomy of Neomys
	Using accurate split times to frame speciation

	Conclusions
	Additional file
	Competing interests
	Authors’ contributions
	Availabity of data and materials
	Funding
	Author details
	References



