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Abstract

The Yucatan Peninsula (YP) is a biotic province located in southeastern Mexico, delimited mainly by climatic variables. One
endemic species of the YP is the Yucatan deer mouse Peromyscus yucatanicus. It is considered a member of the P. mexicanus
species group, but some morphological characters and habitat preferences separate it from them. Herein, the DNA barcoding
identification of P. yucatanicus, intraspecific relationships, and the level of genetic differentiation among its geographical
distribution were examined. Sequences of the mitochondrial cytochrome c oxidase subunit 1 gene were used for the phylogenetic,
demographic history, and genetic structure analysis. In addition, an ecological niche model was built and transferred
to 6000 years ago in order to explore the current and past environmental suitability of the species. Results showed
that P. yucatanicus was monophyletic and its phylogenetic relationships unresolved. Intraspecific analyses showed
signatures of a scenario of demographic stability followed by population growth, and three genetic haplogroups were
identified. Paleontological, paleoclimate, and the results presented here are useful to hypothesize that P. yucatanicus
likely diverged in the Pleistocene and invaded the south of YP after the Last Glacial Period with the arrival of the
current vegetation in the late Pleistocene—early-middle Holocene, and its demographic population was stable during the
remaining Holocene epoch with slight growth at the late-middle Holocene resulting in the major precipitation changes that
provided more plant coverage.
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Background

Current knowledge supports that the biological history of the
Yucatan Peninsula (YP), located in southeastern Mexico, be-
gan 65 million of years ago (mya) after the collision of an
asteroid at what is now the north of the YP, extinguishing all
life for hundreds of kilometers (Vazquez-Dominguez and
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Arita 2010). After numerous geologic, climatic, and biotic
processes, the recent subsequent Great American Biotic
Interchange 2.8 mya marked the beginning of the modern
flora and fauna of the region (MacFadden 2006).

The YP is a biotic province delimited mainly by climatic
variables, flora and fauna distributions. Two geographical
subprovinces are considered in the YP: the northern Yucatan
Province and the southern Peten Province (Morrone 2005),
but specific studies in plants and vertebrates expanded the
number to 14 subunits (Duno-de Stefano et al. 2012). In this
region, the climate is warm with a gradient of humidity from
northwest to southeast (Folan et al. 1983). According to phys-
iologic and phenological criteria, the principal types of vege-
tation are low, semi-low, and medium semi-deciduous forest;
low, medium, and high semi-evergreen forest; savannas; palm
groves; mangroves; coastal dunes; and reed beds (Islebe et al.
2015). On the other hand, the biodiversity in the YP is
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abundant. It is estimated to have 2300 species of vascular
plants with almost 9% endemism, 5765 species of inverte-
brates, and 1551 vertebrates including 118 species of mam-
mals (Duran-Garcia et al. 2016). Only 15 species of small
mammals inhabit the peninsula, including three species of
cricetids: Oryzomys palustris, Otonyctomys hatti, and
Peromyscus yucatanicus (Hernandez-Betancourt et al. 2010;
Zaragoza-Quintana et al. 2016).

The Yucatan deer mouse Peromyscus yucatanicus Allen and
Chapman, 1897, is distributed throughout the semi-deciduous
forests in the YP, but locally common in cornfields, banana
plantations, secondary growth forests, and dense grass near
towns (Young and Jones 1983; Zarza et al. 2003). It was con-
sidered a monotypic species (Lawlor 1965), but currently, two
subspecies are recognized based only on the pelage coloration:
P y. yucatanicus Allen and Chapman, 1897, with ochraceous
buff upperparts distributed in the northern part of the peninsula,
and at south P. y. badius Osgood, 1904, with brownish buff
upper parts (Young and Jones 1983; Zarza et al. 2003).

Peromyscus yucatanicus has been contemplated as a mem-
ber of the P mexicanus species group, but some morpholog-
ical characters separate it from them (Huckaby 1980; Carleton
1989). Genetic information of allozymes identified similarity
of P. yucatanicus with some species of the P. mexicanus spe-
cies group (P. guatemalensis, P. gymnotis, P. mexicanus, and
P, zarhynchus), and P. nudipes (Rogers and Ensgstrom 1992).
However, because of its strict lowland habitat preferences, this
species was not considered as a member of the P. mexicanus
species group, which is of mountain habitat preferences
(Ordoiiez-Garza et al. 2010; Pérez-Consuegra and Vazquez-
Dominguez 2015). Recently, phylogenetic analyses using the
mitochondrial gene cytochrome b (Cytb) have confirmed the
monophyly of the P. mexicanus species group, and the close
phylogenetic relationships among P. tropicalis, P. nudipes,
P. mexicanus, P. gymnotis, P. zarhynchus, P. gardneri,
P. grandis, P. guatemalensis, P. salvadorensis,
P nicaraguae, and five lineages undescribed (Ordoéiiez-
Garza et al. 2010; Bradley et al. 2016; Pérez-Consuegra and
Vazquez-Dominguez 2016). Although these studies included
other species, such as P mayensis, P. megalops, P. stirtoni,
P. melanophrys, P. melanocarpus, and P. perfulvus,
confirming their close phylogenetic relationships (Bradley
et al. 2007; Miller and Engstrom 2008; Castafieda-Rico et al.
2014; Platt et al. 2015; Sullivan et al. 2017), P. yucatanicus
was not included and its phylogenetic relationships re-
mains unclear.

The aim of this study is to explore the genetic affinity of
P, yucatanicus and other closely related species. In addition,
the intraspecific relationships within P. yucatanicus popula-
tions, demographic history, and the level of genetic differen-
tiation were examined using the public DNA sequences of the
mitochondrial cytochrome ¢ oxidase subunit 1 gene (CO1)
available in Bold Systems DataBase and GenBank.
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Material and Methods
Character Sampling and Taxonomic Identity

Taxa belonging to the P. mexicanus species group and rela-
tives were selected from the Bold Systems DataBase
(Ratnasingham and Hebert 2007), which also are available
in NCBI Genbank Database (https://www.ncbi.nlm.nih.gov/
genbank/). A total of 810 sequences of the mitochondrial
CO1 gene were downloaded with its specimen data, and
initially included the following species and specimen
number: P. grandis (67), P. guatemalensis (46), P. gymnotis
(22), P. mayensis (14), P. megalops (3), P. melanocarpus (4),
P mexicanus (366), P. nudipes (34), P. stirtoni (22), P.
zarhynchus (49), and P. yucatanicus (183). Two additional
sequences were downloaded from GenBank of Neotomodon
alstoni as outgroup. The specimen information and accession
numbers from BOLD Systems and Genbank can be found in
the Supporting Information Table S1.

Sequences were aligned using the MUSCLE algorithm im-
plemented in the MSA v 1.16.0 package (Bodenhofer et al.
2015) in R software v 3.5.2 (R Foundation for Statistical
Computing, Vienna, Austria). The nucleotide substitution sat-
uration was analyzed by codon with the method of Xia et al.
(2003), using 1000 replicates and considering the extreme 32
operative taxonomic units in DAMBE v 7.2.7 (Xia 2018).
This method calculates an entropy-based index of substitution
saturation (Iss) and its critical value (Issc). If this index of
saturation is not smaller than the critical value, then sequences
contain substantial saturation and poor phylogenetic signal
(Xia et al. 2003). Finally, the best fitting partitioning scheme
by codons, and nucleotide substitution model were selected
using the branch lengths unlinked, greedy algorithm, and the
Akaike Information Criterion (AIC) in PartitionFinder
Version 1.1 (Lanfear et al. 2012).

Phylogenetic Inference

The phylogenetic inferences were carried out with
Maximum Likelihood (ML) and Bayesian Inference
(BI). The ML analysis was performed in RAXML v
8.2.8. (Stamatakis 2014) using the best model of nucle-
otide substitution selected, and 1000 rapid bootstraps.
The BI was achieved in MRBAYES v 3.2.6 (Ronquist
et al. 2012) using the best model of nucleotide substi-
tution with two independent Metropolis Markov-chains
Monte Carlo runs, 20 million generations, sampling ev-
ery 10,000 trees, and a burn-in of 20%; a majority rule
consensus tree with nodal support was constructed with
the remaining trees. Stationarity, convergence, and visu-
alization of the log-likelihood scores for the two runs
were checked in RWTY v 1.0.2 package (Warren et al.
2017) in R software.
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Demographic History and Genetic Differentiation
of P. yucatanicus

A total of 183 sequences available of P. yucatanicus from 17
localities were used for the posterior analyses. The number of
haplotypes, haplotype diversity, segregating sites, and nucle-
otide diversity were estimated for all specimens in the PEGAS
v 0.11 package (Paradis 2010) in R software. Estimation of the
number of total haplotypes was performed with the
“chaoHaplo” function in SPIDER v 1.5.0 package (Brown
et al. 2012) after removing the sites with gaps in the matrix.
To assess the historical demographic change, such as expan-
sion population, the Tajima’s D (Tajima 1989) and R2
(Ramos-Onsins and Rozas 2002) were calculated using
10,000 coalescent simulations. Lastly, the mismatch distribu-
tions were computed using the function “MMD” in PEGAS
package v 0.11 in R software, and in order to infer demograph-
ic population fluctuations over time, the Bayesian Skyline Plot
was constructed in BEAST v 2.5.2 (Bouckaert et al. 2019)
using the Coalescent Bayesian Skyline prior that does not
depend on a pre-specified parametric model of demo-
graphic history (Drummond et al. 2005), the substitution
rate was estimated by BEAST, the GTR +1+ G model
of nucleotide substitution was used, with a relaxed log-
normal molecular clock, 20 million of generations sampling
each 1000 iterations, and a final burn-in of 20%; the demo-
graphic plot was performed in TRACER v 1.7.1 (Rambaut
et al. 2018).

The haplotype network was constructed using the
Minimum Spanning Network algorithm implemented in
POPART v 1.7 (Leigh and Bryant 2015). The genetic differ-
entiation among the haplogroups resulting from the haplotype
network was used as a-priori groups and the genetic variation
among them was examined with a Discriminant Analyses of
Principal Components (DAPC; Jombart et al. 2010) conduct-
ed in the ADEGENET v 2.1.1 package (Jombart 2008) in R
software. To retain the optimal number of principal compo-
nents (PC) and avoid over-fitting in the discriminant func-
tions, the “optim.a.score” function was used with 1000 simu-
lations. This score assesses the trade-off between the power of
discrimination and overfitting by using too many PC in the
analyses (Jombart 2008). In order to evaluate the distribution
of the genetic variation among the haplogroups detected from
the haplotype network, an analysis of molecular variance
(AMOVA) was conducted using the pairwise distances
corrected with the Kimura 2-parameter (K2p), using 10,000
permutations in PEGAS v 0.11 package in R software. Mean
genetic distances among the resulting genetic groups were
estimated using the K2p model of nucleotide substitution in
MEGA X (Kumar et al. 2018). Finally, isolation by distance
was evaluated; a Mantel Test was performed using all speci-
mens with the Euclidian geographic distance matrix pairwise
and the K2p genetic distance matrix using a Pearson

correlation and 10,000 permutations in the ADE4 v 1.7-13
package (Dray and Dufour 2007) in R software.

Ecological Niche Modeling and Spatial Connectivity

In order to assess the current and past environmental suitabil-
ity of the P. yucatanicus, an ecological niche modeling (ENM)
analysis was performed. The occurrences of P. yucatanicus
were downloaded from the Global Biodiversity Information
Facility (GBIF; http://www.gbif.org/), filtered by only
specimens deposited in any biological collection in Mexico,
the United States, and Canada. Specimens without geographic
coordinates and insufficient locality information were
discarded. To reduce sampling biases, the occurrences were
spatially thinned at 10 km in the SPTHIN v 0.1.0.1 package
(Aiello-Lammens et al. 2015) in R software. Then, the training
dataset was generated with this thinned data, and the remain-
ing occurrences were used to test the niche models
(Supporting Information Table S2).

As potential predictors of niche models, 19 bioclimatic
layers for current conditions were downloaded from
WorldClim v 1.4 (www.worldclim.org; Hijmans et al. 2005)
at a resolution of 30 s. The ENM analysis was delimited to the
YP polygon downloaded from the United States Department
of Agriculture (https://www.fs.fed.us/rm/ecoregions/products/
map-ecoregions-north-america/#) and hypothesized as the
accessible area to P. yucatanicus because of geographic
restriction of this species to this areca. To minimize
redundancy in the bioclimatic layers, values of the 19 layers
were extracted and two sets of layers were implemented
according to the Pearson’s correlation threshold of 0.75 and
0.85 in the NTBOX v 0.1.4.5 package (Osorio-Olvera et al.
2016) in R software.

Niche models were built under the maximum entropy al-
gorithm (MAXENT v 3.4.1; Phillips et al. 2017) using the
KUENM v 1.1.1 package (Cobos et al. 2019) in R software.
For each environmental dataset, 10,000 background points
were used, and some level of niche model complexity was
estimated by varying the regularization multiplier values from

Table 1 Nucleotide substitution saturation test (Xia et al. 2003) results
for the sequences of cytochrome oxidase subunit 1 of Peromyscus spe-
cies. Index of substitution saturation value (Iss), and Iss corrected value
(Issc), assuming a symmetrical tree topology (Sym), and an extreme
assymetrical tree topology (Asym). The p- value (P) two-tailed t-test
significantly (P <0.001) are denoted by three asterisks

Codon Position Iss Issc Sym P Issc Asym P

First 0.041  0.686 wEE 0367 K
Second 0.005  0.686 wEE 0367 K
First and second  0.023  0.695 #EE L 0.368 K
Third 0322 0.686 k0367 0.1249
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Fig. 1 Phylogenetic relationships of Peromyscus yucatanicus based on the
mitochondrial cytochrome ¢ oxidase subunit 1 gene. At the left-side
Maximum likelihood (ML) topology, and right-side Bayesian Inference
(BI) topology. Numbers above the branches indicate bootstrap nodal support
for ML, and the posterior probability nodal support for BI, asterisks represent
values of 100% and 1 respectively. Only some few terminals are presented for
better visualization, the final number of sequences analyzed by species are in
parenthesis and its information are available in the Supporting Information
Table S1. Lineages "O" and "L" were labeled according to the findings of
Pérez-Consuegra and Vazquez-Dominguez (2016)

0.5 to 5, every 0.5 and feature classes: linear (L), quadratic
(Q), product (P), threshold (T), and hinge (H) in five combi-
nations: L, LQ, LQP, LQPT, and LQPTH. A total of 100
candidate niche model performances was evaluated based on
statistical significance of the partial Receiver Operating
Characteristic (pROC; Peterson et al. 2008) with 20% of ran-
dom point and 500 iterations, 5% omission rates (OR;
Anderson et al. 2003) as predictive power, and the Akaike
information criterion corrected for small sample sizes (AICc;
Warren et al. 2010) for the model complexity. The best model
was selected considering the statistically significant models,
and the lowest values of AICc and OR. Finally, the niche
model selected with the best parameters was built and
projected in the YP using ten replicates of bootstrap and the
logistic output format. Finally, for the paleoclimate recon-
struction, the environmental layers from the Holocene
6000 years ago (ya; Beijing Climate Center Climate System
Model version 1.1; BCC-CSM1.1) were downloaded from
WorldClim v 1.4. The best model calibrated was transferred
to the past Holocene climate conditions using three methods
of extrapolation: free extrapolation, extrapolation and
clamping, and no extrapolation.

In order to assess spatial connectivity among the localities
of the genetic samples of P. yucatanicus, the electronic circuit
theory algorithm was used in CIRCUITSPACE v 4.0.5
(McRae 2006). This algorithm quantifies movement across
multiple possible paths in a landscape, not just a single least-
cost path or corridor to predict patterns of movement, gene
flow, and genetic differentiation among populations in hetero-
geneous landscapes (Dickson et al. 2018). The best ecological
niche model of the present and the three models projected to
the past were used as habitat map, wherein each cell value was
assigned as conductance. The higher values of ecological
suitability correspond to greater ease of movement and
apply a connection scheme that allow gene flow among
the four nearest cells (Ruiz-Sanchez and Specht 2014).
Lastly, in order to determinate isolation by resistance in
present and past (early-middle Holocene), a Mantel Test
was performed with the resistance pairwise distances ma-
trix output of Circuitscape and the K2p genetic distance
matrix using a Pearson correlation and 10,000 permuta-
tions in the ADE4 v 1.7-13 package in R software.

Data Availability

All data analyzed during this study are included in this pub-
lished article, and its supplementary information files, and are
available from the corresponding author on reasonable re-
quest. All nucleotide sequences are available in Bold
Systems DataBase (http://www.boldsystems.org/) and NCBI
GenBank repository (https://www.ncbi.nlm.nih.gov/genbank)
under the accession numbers included in the Supporting
Information Table S1. The geographic occurrences are
available in Global Biodiversity Information Facility (GBIF;
http://www.gbif.org/) and the ID of each one included in the
Supporting Information Table S2. The subspecies and
haplogroup affinity of each genetic sample are available in
the Supporting Information Table S3.

Results

The final matrix consisted of 657 nucleotide characters and
812 terminals. The nucleotide substitution saturation test re-
vealed that the Iss value was significantly lower than the Issc
in all cases (Table 1), excepting the non-significant third co-
don assuming an extreme asymmetrical tree, which is not the
further resulting tree. Therefore, little substitution satu-
ration is assumed in sequences and useful for phyloge-
netic analyses. The best scheme of partition was using
the first and second codon, and other partition with the
third codon (—InL =3694.85). The nucleotide substitution
models were: TrN +1 for the first and second codon, and
GTR + G for the third codon.

Phylogenetic Inference

Phylogenetic ML and IB trees were similar (Fig. 1). Both
analyses recovered 16 well-supported monophyletic lineages:
P. mayensis, P. stirtoni, P. yucatanicus, P. melanocarpus,
P. megalops, P. gymnotis, P. mexicanus, P. nudipes,
P. zarhynchus, P. guatemalensis, P. grandis, and another four
lineages. These four lineages were specimens previously iden-
tified as P. mexicanus, but in this study were labeled according
to the findings of Pérez-Consuegra and Vazquez-
Dominguez (2016; Fig. 2) as P. tropicalis, lineage “L,”
P, salvadorensis, P. nicaraguae, and lineage “O.” Additionally,
five specimens identified initially as P. nudipes from
Nicaragua and four as P gymnotis from Costa Rica
were closely related to the P. micaraguae. All specimen
data with the previous taxonomic assignment and the
posterior to phylogenetic analyses are available as
Supporting Information Table S1.

The monophyly among the P. mexicanus species group was
supported by 87% bootstrap value and 0.93 posterior proba-
bility. The remaining species with low nodal support, such as
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P. megalops, P. yucatanicus, P. melanocarpus, and P. stirtoni.
The clade of P. mexicanus and P. gymnotis, and the clade of
P guatemalensis, lineage “L,” and P. salvadoensis were well
supported. Peromyscus mayensis was the sister group of all
species in both ML and BI trees with high nodal support.
Lastly, all specimens of P. yucatanicus were monophyletic

(Fig. 1).

Demographic History and Genetic Differentiation
of P. yucatanicus

The 183 sequences analyzed showed a haplotypic diversity of
0.9619, 108 segregate sites, and 0.0105 nucleotide diversity.
The expected number of haplotypes by the chao estimator was
82. Neutrality and/or expansion test was —0.2594 (P < 0.0239)
for Tajima’s D, and 0.0268 (P < 0.0186) for R2. The mismatch
distribution analysis produced a slightly unimodal distribution
(Fig. 3), the Bayesian Skyline Plot showed a constant equilib-
rium of effective population size with an increase around
5000-1000 ya, and a recent decreasing towards the present
(Fig. 3).

The haplotype network showed 56 haplotypes organized in
three main haplogroups: the first haplogroup distributed at
center-south of the YP (haplogroup I), the second haplogroup
at the north and center of the peninsula (haplogroup II), and
the third haplogroup at the south-west of the peninsula
(haplogroup III; Fig. 4). Although the three haplogroups are
visually identifiable in the haplotype network, some haplo-
types from the three haplogroups are shared in localities at
the center of the peninsula, without geographic structure

Fig. 2 Geographic distribution in
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Fig. 4 Geographic distribution of

Peromyscus yucatanicus samples
in the Yucatan Peninsula, Mexico.
The haplotype network of
cytochrome oxidase subunit 1 and
geographic distribution of
samples of the three haplogroups
are shown. Haplogroup I by
diamonds, haplogroup II by
circles, and haplogroup III by
squares. Polygons show the

geographic distribution of the
subspecies recognized by Hall
(1981), P. y. yucatanicus above
and P. y. badius below

(Fig. 4). According to the geographic distribution of the sub-
species of P. yucatanicus stated by Hall (1981), all 84 speci-
mens of the haplogroup I belonged to P. y. badius. For the 59
samples of the haplogroup Il were 17 of P. y. badius and 42 of
P y. yucatanicus. The 40 samples of the haplogroup III were
P y. badius (Supporting Information Table S3). The three
haplogroups were supported by the DAPC analysis, the
first two principal components contained 57.8% of the
conserved variance, and two linear discriminant func-
tions were used for the visualization of the samples in
the multivariate space. Based on the discriminant

Fig. 5 Discriminant Analyses of

Principal Components scatter plot

based on the mitochondrial

cytochrome ¢ oxidase subunit 1

gene. The first and second 50
discriminant functions axes are

shown, polygons enclose the

dispersion of individual scores for

each haplogroup, and the dashed

functions, the genetic variation among the three
haplogroups was clear (Fig. 5). The AMOVA for the
three haplogroups revealed significance (P<0.001) at
all levels, the variation among the haplogroups was
76.28%, while within localities was 41.35% and a Fct=
0.7628 index fixation (Table 2). The mean K2p genetic dis-
tances were: 1.16% between haplogroup I and II; 1.54% be-
tween haplogroup I and I1I; and 1.72% between haplogoup 11
and III. Finally, according to the Mantel test, the correlation
between the genetic and geographic distances was positive
and significant (r=0.375, P <0.001).
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Table 2
the haplotype network. All values with the significant P < 0.001

Analysis of Molecular Variance (AMOVA) results based on the cytochrome oxidase subunit 1 sequences, and three genetic groups assigned by

Source of variation Df Sum of squares Variance components Percentage of covariation Fixation index ¢
Among haplogroups 2 0.5258 0.0061 76.2794 Fet=0.7628
Among localities within haplogroups 11 —0.1192 —0.0014 —17.6330 Fsc=10.5865
Within localities 169 0.5609 0.0033 41.3536 Fst=-0.7434
Total 182 0.9675

Ecological Niche Modeling and Spatial Conectivity

A total of 1005 specimen geographical records were registered
in biological collections with 123 different localities, and after
spatial filtering, 79 occurrences were used to build the niche
model, and the remaining 44 occurrences for testing the models
(Supporting Information Table S2). The two environmental
datasets evaluated were: 1) biol (annual mean temperature),
bio2 (mean diurnal range), bio3 (isothermality), bio4 (temper-
ature seasonality), bio9 (mean temperature of driest quarter),
biol2 (annual precipitation), biol4 (precipitation of driest
month), and bio18 (precipitation of warmest quarter), according
to the 0.75 Pearson’s correlation threshold; and dataset 2) biol,
bio2, bio3, bio4, bio5 (max temperature of warmest month),
bio6 (min temperature of coldest month), bio8 (mean tempera-
ture of wettest quarter), bio9, bio12, bio14, biol5 (precipitation
seasonality), bio16 (precipitation of wettest quarter), biol8, and
bio19 (precipitation of coldest quarter), following the 0.85
Pearson’s correlation threshold.

According to the evaluation of the 100 candidate models,
three niche models with the set two of environmental layers
were the most appropriate as stated in the criteria selected
(Table 3). The best model with the lowest OR and AICc was
selected to project it. The ecological niche of P. yucatanicus
was mainly influenced by the following variable layers and
percentage of contribution: biol2 (62.5%), bio 19 (16.6%),
and bio 3 (6.4%). This niche model at the present showed that
the highest environmental suitability was heterogeneous
throughout the YP, higher suitability values mainly at northern
and coastal areas (Fig. 6). On the other hand, the past projec-
tions (6000 ya) were similar without strong differences; the no
extrapolation model showed cero values of suitability and was
not shown, whereas the free extrapolation (Fig. 6a) and ex-
trapolation and clamping (Fig. 6b) models showed low values
of suitability.

Table 3

The climatic spatial resistance surfaces of the present mod-
el showed high spatial connectivity among near localities,
mainly at the center and northeast of the YP, while localities
without near neighbors were isolated. On the other hand, dur-
ing the early-middle Holocene the free extrapolation, and ex-
trapolation and clamping models showed a lack of spatial
connectivity, except for localities immediately adjacent
(Fig. 7). The isolation by resistance test showed no significant
correlation between genetic distances and resistance distances
in the present (r=0.126, P=0.169) and the past using the
raster input of free extrapolation (r=-0.145, P=0.881), and
extrapolation and clamping (r=—0.136, P=0.186).

Discussion

DNA barcoding in mammals has been useful for species iden-
tification, detection of new lineages, and taxonomy, contrib-
uting new information on biology, distribution, and conserva-
tion (Galimberti et al. 2015). The use of CO1 has been able to
discriminate cryptic species in rodents (Alvarez-Castafieda
et al. 2012; Galan et al. 2012; Miiller et al. 2013; Li et al.
2015; Pinto et al. 2018; Da Cruz et al. 2019; Ramatla et al.
2019). In the present study, the CO1 marker was useful to
recover monophyletic species and lineages, but poor phyloge-
netic signal to infer well supported relationships. Therefore,
the present genetic study with P. yuctanicus has important
findings; hypotheses and their limitations will be discussed.

Phylogenetic Inference

The CO1 marker was useful for detecting monophyletic spe-
cies and lineages of P. mexicanus group, which were concor-
dant with the lineages using the mitochondrial gene Cytb
(Ordoéniez-Garza et al. 2010; Bradley et al. 2016; Pérez-

Performance statistics for the best models selected based on 100 candidate models. Randomization multiplier (RM), environmental layers

(EL), mean AUC ratio (MAR), partial ROC (pROC), 5% omission rate (OR), and corrected Akaike Information Criterium (AICc)

Niche model RM Features EL MAR pROC OR AlCc Parameters
0.5 Linear Set 2 1.312 0 0.023 2993.810 13
2 Linear Set 2 1.326 0.045 2994.233 9
1.5 Linear Set 2 1.327 0.023 2994.533 10
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Fig. 6 Geographic projection of
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Consuegra and Vazquez-Dominguez 2016), but only some
phylogenetic relationships were well supported, for example,
the clade of P. mexicanus and P. gymnotis, and the clade of
P guatemalensis, lineage “L,” and P. salvadoensis (Fig. 1). In
general, CO1 was useful for detecting several misidentified
specimens mainly determined previously as P. mexicanus,
which belonged to others recently detected lineages (Pérez-
Consuegra and Vazquez-Dominguez 2016), but they must be

Fig. 7 Geographic projection of

confirmed by morphological revisions. The phylogenetic re-
lationships of P. yucatanicus cannot be solved using only
COl1; therefore, more molecular characters must be included,
such as cytochrome b and other nuclear markers in order to
increase the phylogenetic signal, and make it comparable to
other studies. However, at species level the CO1 marker
shows sufficient genetic variation for genetic identification
of the monophyletic P. yucatanicus, which is strictly from
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lowland habitats (Young and Jones 1983). Other lowland spe-
cies, such as P, stirfoni, were included in this study, but it is
necessary to add more closely related lowland species, such as
P. melanophrys, P. mekisturus, and P. perfulvus, known as the
P. melanophrys species group, which were monophyletic with
the Cytb mitochondrial marker (Bradley et al. 2007;
Castafieda-Rico et al. 2014). These species are closely related
to P, stirtoni, P. mayensis, P. megalops, P. melanocarpus, and
P. mexicanus species group (Bradley et al. 2007). However,
COl sequences were not available for including in this explor-
atory phylogenetic analysis; therefore, the inclusion of these
species is mandatory in posterior analyses in order to clarify
the phylogenetic relationships with P. yucatanicus, and for
testing the species group boundary among P. mexicanus,
P. megalops, and P. melanophrys groups. For example, in
Ordoiiez-Garza et al. (2010) and Bradley et al. (2016),
P. melanophrys and P. perfulvus were included using the mi-
tochondrial gene Cytb, but not samples of P. yucatanicus.

Demographic History, Genetic Differentiation,
Ecological Niche, and Spatial Connectivity
of P. yucatanicus

All demographic analyses were performed using all samples,
rather than the genetic groups found, in order to avoid the
violation of panmixia assumption (Grant 2015). The high
haplotypic and nucleotide diversity suggested demographic
equilibrium, but significant negative Tajima’s D value and
significant low R2 value demonstrated a tendency to demo-
graphic growth. On the other hand, these results combined
with the slightly unimodal performance of the mismatch dis-
tribution analysis, and the relatively stable curve of the
Skyline analysis, suggested signatures of a likely scenario of
demographic stability followed by slight population growth
and decreasing towards the present. This scenario may be
supported with the paleontological information, which sug-
gested that the general climate did not changed drastically
after the late Pleistocene to the present (Arroyo-Cabrales and
Alvarez 2003). Nevertheless, recent paleoclimatic information
showed that during the Holocene, the YP presented oscilla-
tions in precipitation, increasing gradually from the early-
middle Holocene (subdivisions according to Walker et al.
2012) with a remarkable drop in the late-middle Holocene
around 4200 ya, and an increase of precipitation around
2500 ya, which was higher than the present. These changes
of precipitation modified the forest distribution, suggesting
closely covered vegetation during the highest precipitation
and posteriorly a dramatic reduction during the Late
Preclassic Period (Hengstum et al. 2010; Carrillo-Bastos
et al. 2012; Roy et al. 2017; Vela-Pelaez et al. 2018).

These hypotheses of major covered vegetation and high
precipitation 2500 ya matched with the time estimates of
slightly demographic growth of the skyline plot and the slight

@ Springer

decrease in the actuality (Fig. 3). The paleoclimate model
presented in this study in the early-middle Holocene (6000
ya) provided evidence to support this hypothesis of climate
changes in the past for P. yucatanicus. Some studies with
extreme climate conditions as the Last Glacial Period (LGP;
22,000 ya) showed that to compare the different sets of envi-
ronmental layers available and methods of extrapolations is a
good practice in order to avoid dramatic differences in the
paleodistributions and avoid biologically unrealistic model
estimations (Guevara et al. 2018; Guevara and Leon-
Paniagua 2019). The paleoclimate models constructed for
P yucatanicus were similar without strong differences, and
may be useful for inferences. These paleoclimate models sug-
gested that the niche ecological suitability had lower suitabil-
ity values than the present, suggesting that P. yucatanicus per-
haps invaded the YP more recently with the major precipita-
tion and covered vegetation. These models support the hy-
pothesis of major environmental suitability after the early-
middle Holocene. The climatic spatial resistance surfaces for
the present showed spatial connectivity among nearest local-
ities, and for the past (6000 ya) showed no connectivity
among localities; all isolation by resistance tests were not sig-
nificant indicating that there is no a clear association between
genetic distances and resistance distances. However, it is like-
ly that this result was related with the limited sample design,
and it is necessary to include specimens of the southern and
western portion of the YP where no localities were tested for
spatial connectivity, and probably high spatial connectivity is
present in that areas.

Studies suggested that deeper climate change oscillations
of the LGP in the YP gradually increased the temperature,
resulting in high rates of ecological change during the late
Pleistocene to Holocene (Leyden et al. 1993; Correa-Metrio
et al. 2012; Hodell et al. 2012). The present vegetation in the
YP was absent in the Pleistocene, but it was during the
Pleistocene—early-middle Holocene transition when the cur-
rent flora invaded the south of YP in response to warmer and
wetter conditions (Brenner et al. 2002; Cruz et al. 2016). This
scenario is concordant with the hypothesis of divergence of
P yucatanicus during the Pleistocene (Lawlor 1965). This
idea is supported by a phylogeographic study of the lowland
rodent Ototylomys phyllotis by Gutierrez-Garcia and
Véazquez-Dominguez (2012), which stated that this rodent col-
onized the YP 800,000 ya with only individuals at southern
Belize, and likely the faunas of northern YP originated by
dispersion from the south. A recent phylogeographic study
with the cycad Zamia prasina in the YP (Montalvo-
Fernandez et al. 2019) hypothesized that this species could
colonize the YP from the southeast or from Campeche during
the late Pleistocene, and the populations expanded during the
warmest periods of the middle Holocene. This hypothesis is
concordant with the evolutionary history of P. yucatanicus
inferred herein.
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Although scarce small mammal fossil records are found in
the YP, P. yucatanicus fossils have been found during the
Pleistocene—early-middle Holocene, but absent in the
Pleistocene substrates at the northern YP (Arroyo-Cabrales
and Alvarez 2003). More fossil evidence is necessary to con-
firm the evolutionary history of P. yucatanicus, but informa-
tion presented herein is useful to hypothesize that
P. yucatanicus likely diverged in the Pleistocene and invaded
the south of YP after the Last Glacial Period with the arrival of
the current vegetation in the late Pleistocene—early-middle
Holocene, and its demographic population was stable during
the remaining Holocene epoch with slight growth at the late-
middle Holocene resulted in the major precipitation changes
that provided more plat coverage.

The haplotype network, DAPC, and AMOVA suggested
that three genetic haplogroups can be identified in
P, yucatanicus, but there is no clear geographic pattern among
these genetic groups at the center of the YP. Most of the
haplotypes of each genetic group are not shared, mainly these
of greatest geographic distance, which are concordant with the
significant isolation by distance results. These three genetic
groups are not concordant with the geographic distribution of
the two subspecies recognized by Hall (1981; Fig. 4). Only all
samples of the haplogroups I and Il were P. y. badius, but
samples of haplogroup II were of P. y. yucatanicus and P. y.
badius at the center of the YP. These two subspecies are rec-
ognized mainly by pelage coloration, the “pale’” northern P, y.
yucatanicus and the “dark” southern P, y. badius (Hall 1981;
Young and Jones 1983). However, some studies in mammals
suggested that pelage coloration can vary in response to dif-
ferent causes, for instance, specific environmental conditions
(Stoner et al. 2003; Hoekstra et al. 2005; Sandoval-Salinas
et al. 2017). This environmental condition likely can be relat-
ed to the precipitation gradient in the YP, being more humid in
the south and dryer in the north, determining differences in
type of vegetation (Carnevali et al. 2010). On the other hand,
Lawlor (1965) did not recognize subspecies, mainly because:
the area of intergradation would be larger than the area occu-
pied by any one subspecies; there is clinal discordance of size
and color; there is local reversal of clinal variation; and no
other significant variation is apparent. In addition, the genetic
distances among the haplogroups were low (< 1.8%), which is
less than at the level of species based on the genetic species
concept (Baker and Bradley 2006). In general, the genetic data
suggest that there is not phylogeographic structure and no
clear separation of subspecies, therefore supporting the idea
of Lawlor (1965) who did not recognize subspecies based
only on pelage coloration. However, more samples must be
included, and this hypothesis tested with morphologic analy-
ses, and genetic variation with other molecular markers.

There is not a clear relationship among each haplogroup
with any kind of vegetation, microclimate, geological, or en-
vironmental features in the YP, and consequently their

existence can be related to other biotic characteristics. For
instance, the genetic structure found in Z. prasina was influ-
enced by precipitation gradient in the YP (Montalvo-
Fernandez et al. 2019); therefore, analyzing these differences
in precipitation, specific vegetation type, and microenviron-
mental conditions could offer new insights about spatial con-
nectivity and specific requirements in different populations
within the YP. The use of microsatellites would be appropriate
to confirm more accurately the recent landscape features that
may cause the genetic structure observed with sequences of
COl. Although few ecological studies have been performed
for P. yucatanicus, a population ecology study performed at
the north of the YP showed small and stable populations with
a high rate of recaptures and low rate of young immigrants
(MacSwiney et al. 2012). If this kind of behavior is main-
tained throughout the YP, then the haplogroups detected in
this study could be explained by the low immigration to other
populations, which is supported by the significant isolation by
distance model, in which the localities more distanced not
shared haplotypes, and the localities at the YP center shared
haplotypes present from closer localities of each haplogroup
(Fig. 4), wherein there are more spatial connection (Fig. 7).

The geographic distribution of the three genetic groups in
P yucatanicus is similar to the biogeographical patterns of
faunistic groups that recognized three major areas in the con-
tinental YP: north, center, and south, but with different pat-
terns for each biological group (Cortés-Ramirez et al. 2012).
For example, in other rodent Oryzomys couesi were found
genetic structuration in the Quintana Roo populations from
the Yucatan and Chiapas populations (Vazquez-Dominguez
etal. 2009). There is strong evidence of genetic differentiation
in other biological groups in the YP, such as: the fish
Mayaheros urophthalmus with genetic structure between the
north and south of the YP (Barrientos-Villalobos and
Schmitter-Soto 2019), four genetic groups of Triatoma
dimidiata found at southern of YP (Monteiro et al. 2013),
different haplotypic composition at center-north of the YP in
Artibeus jamaicensis (Ruiz et al. 2013), the north and south
distinct haplogroups of Sceloporus serrifer serrifer (Martinez-
Meéndez et al. 2015), low genetic differentiation, but distinc-
tive haplogroups of the three subspecies of Colinus
nigrogularis at north, center, and south of the YP (Williford
et al. 2015), genetic differentiation, and isolation by distance
in close populations of Ruellia nudiflora at northern of the YP
(Vargas-Mendoza et al. 2015), and the two genetic groups of
Hydropuntia cornea/Hydropuntia usneoides complex in the
north and south coastal areas of the YP (Nufiez-Resendiz
et al. 2016).

Another kind of evidence with ecological niche modeling
has demonstrated that there are similar heterogeneous patterns
of suitability as in P. yucatanicus in species of birds in the YP,
such as Campylorhynchus yucatanicus, Pyrilia haematotis,
Pionus senilis, Amazona farinosa, Amazona autumnalis, and
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Amazona xantholora (Plasencia-Vazquez and Escalona-
Segura 2014; Plasencia-Vazquez et al. 2014; Serrano-
Rodriguez et al. 2017). These studies, as that presented herein,
manifest that the evolutionary history of several groups of the
YP is complex and closely related to the effects of the climatic
changes and oscillations during the Pleistocene and Holocene,
but mainly highlights the need to study the evolutionary his-
tory of several groups distributed in the YP in order to discov-
er common patterns that help to improve our understanding
about this region.
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