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Abstract

Anthropogenic threats have increasingly isolated the populations of Mazama temama (Erxleben, 1777)
and limited the gene flow in this species. Knowledge of the phylogeographic structure of this species is
therefore essential for its conservation. Thus, in this study, we describe the phylogeographic structure
of two M. temama populations of Veracruz and Oaxaca, Mexico. We sequenced the D-Loop region of
the mitochondrial DNA of 16 individuals, in order to estimate the diversity and genetic differentia-
tion (FST), Tajima’s D index, "Mismatch distribution" test; a phylogram and a haplotype network was
constructed and we performed multidimensional scaling analysis to test the hypothesis of association
between geographic distance and genetic diversity. The haplotypic and nucleotide diversity was high,
indicating divergent populations (F, = 0.223), while the Tajima’s D index (-1,03300; P > 0.10) deter-
mined disequilibrium in the D-Loop region, derived from a population expansion that was evidenced
in the "Mismatch distribution" test and confirmed with the haplotype network in the form of a star.
Four lineages were identified in the phylogram (Veracruz n = 3, Oaxaca n = 1), evidencing geographic
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and reproductive isolation between the two populations. This was confirmed by the multidimensional
scaling analysis, which evidenced recent evolutionary divergence between the populations analyzed,
which are considered evolutionary units of conservation.
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Introduction

The Central American Red Brocket, Mazama temama (Erxleben, 1777) is a deer
species that has been targeted by illegal hunters for local commercial purposes or
as a source of protein (Leopold 1959; Gallina and Mandujano 2009), as well as for
its habitat (Gallina and Mandujano 2009; Bello-Gutiérrez et al. 2010). Even so, this
deer species is considered Data Deficient by IUCN (Bello et al. 2016). This category
is due to uncertainties about the threats that the species has suffered (Bello et al.
2016). Although threats such as those reported above are known, the degree of dan-
ger posed to the species is not clear (Bello et al. 2016). Thus, basic information about
the species is essential to support conservation strategies.

Since certain populations of M. temama are found isolated in remnants of
vegetation, it is important to study the phylogeography of this species in order
to understand the micro-evolutionary processes these populations have under-
gone historically.

Phylogeography is a multidiscipline that has been used as a management tool
for the conservation of species, and involves the study of micro and macroevolu-
tionary processes that govern the geographic structure of genealogical lineages of
species (Avise et al. 1987; Arbogast and Kenagy 2001; Vazquez-Dominguez 2002;
Vazquez-Dominguez 2007) and features two important components: demographic
structure and genetic structure (Avise 1992). An approach in the phylogeographic
context can thus help to clarify changes in genealogical lineages based on their geo-
graphic distribution (Avise and Hamrick 1996; Avise 2000).

On the American continent, particularly in Mexico, phylogeography has been
used to study populations of wild fauna, especially endemic mammals, or those
sought by hunters, or those included in some category of risk, leading to impor-
tant implications for their conservation (Vazquez-Dominguez 2005; Vega et al.
2007; Vazquez-Dominguez et al. 2009; Escobedo-Morales et al. 2016). There is
evidence that phylogeographic studies have had a considerable impact on species
management (Vazquez-Dominguez and Vega 2002), especially in the ungulates,
describing cervid lineages in order to define particular strategies of management
(Serna-Lagunes et al. 2021), identifying bottlenecks and low gene flow in species
of interest to hunters (Castillo-Rodriguez et al. 2020) and evidence of genetic di-
vergence among lineages of the same species (Fuentes-Hurtado et al. 2011). In this
sense, in this study we describe the phylogeographic structure of two populations
of M. temama.
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Material and methods

Collection of biological material

We were able to generate molecular data from 10 specimens of M. temmama, among
two neighboring populations in the states of Veracruz and Oaxaca, in Mexico
(Table 1, Fig. 1). Eight live specimens were confiscated by the environmental author-
ity (Procuraduria Federal de Proteccion al Ambiente-PROFEPA), which authorized
the collection of blood and skin samples. The specimens were seized in five locali-
ties of the Sierra de Zongolica, Zongolica, Tehuipango, Tequila and Tezonapa in Las
Montafias region, in the center of Veracruz, where the main threats to populations of
this species are the fragmentation of their habitat, the isolation of their populations
in secondary vegetation, as well as the hunting and illegal possession of these deer as
pets (Salazar-Ortiz et al. 2020). The specimens are currently being kept in the wildlife
management unit (UMA, by its Spanish acronym) “El Pochote”, in Ixtaczoquitlan,
Veracruz. The two other skin samples come from two localities in the state of Oaxaca
and were provided by the Coleccion Nacional de Mastozoologia of the Centro Inter-
disciplinario de Investigacion para el Desarrollo Integral Regional (CIIDIR), Oaxaca
unit, of the Instituto Politécnico Nacional, with registry of origin in Oaxaca (Table 1).

Extraction of DNA, PCR and sequencing

The blood samples were dehydrated at ambient temperature and the skin samples
fragmented in order to extract the DNA in accordance with instructions from the
DNeasy Blood and Tissue kit of QIAGEN. DNA extraction was verified by apply-
ing electrophoresis in a horizontal 1% agarose gel with ethidium bromide at 70V
for 40 min in 1X buffer TAE. The bands of the extracted DNA were visualized in a
transilluminator and documented with the program GelCapture.

From each extracted DNA sample, 2.5 pL were taken to perform the Polymerase
Chain Reaction (PCR) at the final phase or end-point. From this DNA, the Con-

Table 1. Geographic data of the collection sites, localities in Veracruz and Oaxaca, in Mexico, includ-
ing the registry code for the nucleotide sequence database GenBank (https://www.ncbi.nlm.nih.gov/
genbank/). Note: * sample collected in the UMA “El Pochote”, Ixtaczoquitldn, Veracruz.

State Sequence GenBank Sample type Coordinates Locality

Veracruz MG910312 Skin 18°44'08.99"N, 96°55'14.00"W La Pila, Zongolica*
MG910321 18°40'00.65"N, 97°00'00.44"W Zongolica*
MG910314 18°42'47.00"N, 96°56'43.00"W Totolacatla, Zongolica*
MG910315 18°42'54.00"N, 96°58'40.01"W Laguna Ixpaluca, Zongolica*
MG910316 18°32'29.00"N, 96°46'44.00"W Rancho Nuevo, Tezonapa*
MG910317 Blood 18°40'00.65"N, 97°00'00.44"W Zongolica*
MG910318 18°40'00.65"N, 97°00'00.44"W Zongolica*
MG910319 18°40'00.65"N, 97°00'00.44"W Zongolica*

Qaxaca MG910320 Skin (cat. OAX.MA 4955) 17°28'06.06"N, 96°02'09.44"W San Juan Petlapa

MG910313

Skin (cat. OAX.MA 4988)

17°15'24.58"N, 96°01'44.22"W

Totontepec, Villa de Morelos



https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.ncbi.nlm.nih.gov/nuccore/MG910312
http://www.ncbi.nlm.nih.gov/nuccore/MG910321
http://www.ncbi.nlm.nih.gov/nuccore/MG910314
http://www.ncbi.nlm.nih.gov/nuccore/MG910315
http://www.ncbi.nlm.nih.gov/nuccore/MG910316
http://www.ncbi.nlm.nih.gov/nuccore/MG910317
http://www.ncbi.nlm.nih.gov/nuccore/MG910318
http://www.ncbi.nlm.nih.gov/nuccore/MG910319
http://www.ncbi.nlm.nih.gov/nuccore/MG910320
http://www.ncbi.nlm.nih.gov/nuccore/MG910313
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Figure 1. Geographic location of the M. fernama samples collection sites in Oaxaca and Veracruz, Mexico.

trol or D-Loop region of the DNA _ was analyzed using the universal primers: DL-
H16498 (5° CCTGAACTAGGAACCAGATG 3’) and Thr-L15910 (5° GAATTCC-
CCGGTCTTGTA 3’) (Vila et al. 1999). The reactions were performed in a final
volume of 25 ul and contained the following: 2.5 ul of DNA (< 250 ng), 1.25 pl of
the Forward and 1.25 pl of the Reverse primers, both at a final concentration of
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10 uM, 12.5 pl of 2X Promega PCR Master Mix (25mM Tris-HCI pH 9, 25mM
NaCl, 2.5mM MgCl2, 100 uM each of dATP, dGTP, dCTP, dTTP, 0.5 U of Taq DNA
polymerase, 0.05 mg/ml BSA) and 7.5 pl of nuclease-free water. The PCR was con-
ducted in a thermocycler, using the following program: initial denaturalization at 95
°C for 1 min, followed by 35 cycles of amplification: 94 °C for 1 min, annealing at 51
°C for 2 min, extension at 72 °C for 1 min 30 sec and a final extension step at 72 °C
for 7 min. This procedure was conducted in the Laboratorio Cordobés de Diagnos-
tico Pecuario, S.C., located in Cérdoba, Veracruz, Mexico. The PCR Products were
verified using Green DNA Dye. Verification of the PCR products was corroborated
using the same DNA extraction method.

The PCR products were sent to the company MacroGen (Korea) for purification
and sequencing. Macrogen employs the Sanger technique, with capillary technol-
ogy and an Applied Biosystems 3730XLs sequencer in order to perform simple se-
quencing of nucleotides (www.macrogen.com).

Statistical analysis

A database was generated with the obtained sequences, grouping them according to
population. The sequences were aligned with the algorithm Clustal W, installed in
the program MEGA v. 6 (Tamura et al. 2013). For each population, the nucleotide
composition (proportion of each nitrogenous base) of the sequences was estimated.
The number of polymorphic sites (S), number of identified haplotypes (H,), num-
ber of haplotypes shared between populations (H ), haplotypic diversity (H,) and
nucleotide diversity (i) were calculated. The index of genetic differentiation (F,)
was also calculated as a measure with which to distinguish between the populations
under study. The Tajima’s D neutrality test (Tajima 1989) was applied as an indica-
tor of historic changes in population expansion. The "Mismatch distribution” test
was performed to measure the effect on population size of the historic demographic
changes that molded the genetic diversity observed. This analysis is represented in
a graph that compares the observed and expected nucleotide frequencies (Rogers et
al. 1996). The fit of this test was verified with the values of R? initial theta (0) and
tau (7) (Ramos-Onsins and Rozas 2002). These analyses were performed with the
software DnaSP v.5 (Librado and Rozas 2009).

The model of nucleotide substitution that best fitted the sequences of M. tema-
ma was identified (Nei and Kumar 2000) using the software MEGA v.6 (Tamura et
al. 2013). The model of Kimura 2 (K2) was that which best described the pattern
of nucleotide substitution by presenting a lower number of parameters (18) un-
der the coefficient of the Bayesian Information Criterion (BIC = 3394.84), with a
mean value of the Akaike Information Criterion (AICc = 3301.260) and the highest
value of the parameter of Maximum Likelihood (InL = -1632.379) (Nei and Kumar
2000; Tamura et al. 2013). The most parsimonious phylogram was constructed with
Maximum Parsimony (MP), based on the Branch and Bound algorithm (Nei and
Kumar 2000). The fit of the phylogram branches was evaluated with 1000 Bootstrap
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replicates (Felsenstein 1985) using the software MEGA v.6 (Tamura et al. 2013),
following the protocols of Hall (2004 and 2013). A haplotype network was con-
structed with Median-Joining Network and MP. This determines the mutational
steps between haplotypes and was generated with the software Network v.5 (Fluxus
Technology Ltd 1999-2016).

Finally, nucleotide distances were estimated between pairs of sequences with
the software DNAsp (Librado and Rozas 2009), in order to determine the degree
of current genetic similarity or divergence, where short genetic distances indicate
close relationships while long distances suggest distant relationships. Likewise, geo-
graphic distances (km: between collection localities) were obtained between pairs of
sequences using ArcMap v.10.3. With these distances (nucleotide and geographic,
see Table 4), a multidimensional scaling analysis of two dimensions (MDS; Borg
and Groenen 2003) was conducted to determine the similarity (or dissimilarity)
among the sequences. This analysis is a test of interdependence that calculates a
matrix of paired Euclidean distances, producing a graph with a geometric space of
two dimensions (Lessa 1990), on which are represented the proximities that exist
between the nucleotide and geographic distances of each sequence; the fit of the
graph was evaluated with the values of “Stress” (>0.2 good or >0.7 very good) and
R? (>0.3 good fit or >0.7 very good fit). In addition, a principal component analysis
(PCA) was applied to the matrix of nucleotide and geographic distances with the
Varimax rotation method (Yakubu et al. 2011). Both analyses were conducted with
the software SPSS 15.0 (SPSS 2004).

Results

The analysis of the nucleotide composition of the obtained sequences indicated a
higher average frequency of Cytosine bases in the M. temama population of Verac-
ruz, while the Oaxaca population presented a greater proportion of Adenine bases
(Table 2).

Table 2. Nucleotide composition of the M. temama sequences from Veracruz and Oaxaca, Mexico.
MV = Mazama of Veracruz; MO = Mazama of Oaxaca.

State (Population) Sequence ID GenBanksequence T (%) C(%) A (%) G (%) Total Locality

Veracruz MG910312 1_MV 189 222 322 267 180 La Pila, Zongolica
MG910321 8_MV 33.7 306 158 19.9 196 Zongolica
MG910313 20_MV 203 246 329 222 207 Totolacatla, Zongolica
MG910314 21_MV 333 278 197 192 198  Laguna Ixpaluca, Zongolica
MG910315 39_MV 24.5 25.5 24.5 25.5 200 Rancho Nuevo, Tezonapa
MG910316 41_MV 243 282 286 189 206 Zongolica
MG910317 42_MV 31.1 214 272 204 206 Zongolica
MG910318 45_MV 21.7 322 244 21.7 180 Zongolica

Mean (%)= 26 266 257 218 1966

Oaxaca MG910320 5_MO 214 208 3538 22 159  Totontepec, Villa de Morelos
MG910312 13_MO 288 215 262 236 191 San Juan Petlapa

Mean (%)= 25.1 21.1 31 22.8 175
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Table 3. Genetic diversity of two M. temama populations of Veracruz and Oaxaca, in Mexico. n, num-
ber of sequences; H , haplotypic diversity; H, number of haplotypes identified; 7, nucleotide diversity;
S, number of polymorphic sites.

Population n N Hi H, I
Oaxaca 2 48 2 1.00 + 0.5 0.307 +£0.21
Veracruz 8 149 8 1.00 £ 0.063 0.653 +0.167
L e Exp 7 | e Exp i
-©- obs -©-ons
0.8 1 s 012 4§
0.6 1
0.08 §
0.4 4
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Pairwise differences Pairwise differences

Figure 2. "Mismatch distribution" for the M. temama populations from Oaxaca (left) and Veracruz
(right), in Mexico.

Table 4. Matrix of nucleotide (below the diagonal) and geographic (above the diagonal, in km) dis-
tance between M. temama haplotypes from Veracruz and Oaxaca, in Mexico. MV = Mazama of Ver-
acruz; MO = Mazama of Oaxaca.

ID sequence register in GenBank 1_MV 5 MO 8 MV 13_MO 20_MV 21_MV 39_MV 41_MV 42 MV 45_MV

1_MV - 190 12 169 4 7 26 12 12 12
5_MO 1.183 - 189 24 191 190 164 188 188 188
8_MV 0.883  1.118 - 167 8 7 28 2 2 2

13_MO 1.375  0.365 0948 - 168 171 142 167 167 167
20_MV 1.818 1.193  1.589  1.447 - 4 26 8 8 8

21_MV 2.116 1.42 2.198 1431 2156 - 28 6 6 6

39_MV 1.818 1.143  1.268 1.38 0.097  1.948 - 27 27 27
41_MV 0 1.587 0 1.565 1.529 2482  1.529 - 0 0

42_MV 0 2,103 1.682 1458 2262 2622 1791 2.103 - 0

45_MV 0 1.713  1.589 1.762  2.393 0 2.023 2262 0

The two populations of M. temama showed differences in genetic diversity. In
the population of Oaxaca, there was a lower number of polymorphic sites compared
to the population of Veracruz, which explains why the number of haplotypes was
different. That is, each sample analyzed was found to be an independent haplotype,
and haplotypes were not shared between the populations. Haplotypic and nucleo-
tide diversity was high in both populations, indicating that the sampled individuals
of each population were heterogeneous in terms of the D-loop region (Table 3). This
is consistent with the results of the index of genetic differentiation (F,) = 0.223,
which indicated genetic differences between the populations of Oaxaca and Verac-
ruz, as a result of not sharing haplotypes (Hi = 0).



376 Ricardo Serna-Lagunes et al.
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Figure 3. Phylogram of genealogical relationships between the two M. temama populations of Oax-
aca and Veracruz, in Mexico. Values on the branches represent the fit of the Bootstrap test.
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Figure 4. Haplotype network of the two M. temama populations of Oaxaca and Veracruz, in Mexico.

The Tajima’s D index was negative (-1,03300; P > 0.10), indicating the pres-
ence of deletions or mutations, such that the populations were not found in neutral
equilibrium. The "Mismatch distribution" test fitted to the model of a population of
constant size (Oaxaca: R? = 0.500, initial theta (8)= 14.750, tau (7)= 48; Veracruz: R?
= 0.217, initial theta (6)= 14.75, tau (7)= 82.571), evidencing a possible population
expansion by the variation shown in the graphs of this test (Fig. 2).

The phylogram [(consistency index (CI)= 0.631579 and, retention index (RI)=
0.427673)], showed paraphyletic relationships between the samples, indicating that
there is no geographic structure. For example, some Veracruz samples were closer
to Oaxaca samples than other Veracruz populations (Fig. 3).

The haplotype network presented a structure in the form of a star (Fig. 4),
with 351 total non-segregating sites and 233 mutations. This is commonly ob-
served in populations that have undergone a process of demographic expansion
and was consistent with the results of the Tajimas D index and the "Mismatch
distribution” test.
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According to the MDS (Fig. 5), the M. temama individuals most related ac-
cording to nucleotide distance were those found in southern Veracruz and Oaxaca
(upper right extreme of the dimensional plane), while the least related were those of
central and southern Veracruz (extreme lower left of the dimensional plane), which
explains the genetic relationship based on geographic distance; the stress value was
good (0.14), with a value of R* = 0.87, indicating a significant relationship between
the pairs of sequences of the matrix of nucleotide and geographic distances (Fig. 5).
Finally, the PCA determined that the greatest proportion of the variance was ac-
commodated in the first two principal components (>80%). Principal component
1 explained 63.8 of the variances (Table 5), while principal component 2 explained
16.3% and together these components explained 80.3% of the total accumulated
variation (Fig. 6).

Discussion

In this study we performed our first phylogeographic analysis on the species M.
temama. Our results show that the populations analyzed underwent a genetic bot-
tleneck and rapid population expansion.

Although we have studied a small sample of the population, these populations
studied here do not share haplotypes due to the geographical distance between the
two populations. On the other hand, it is possible that the reproductive behavior

2 MV
2-
a1
E 39 MV DS_IM 45_MV
Z 2 13_M0 o
20_Mv °
. °
Ao
8_Mv
o 1MV
14 a1_mv ° a2_Mv
° o
T T T T
2 A 1 2
Dimensién 1

Figure 5. Multidimensional scaling analysis applied to the matrix of nucleotide and geographic dis-
tances of pairs of M. temama sequences.

Table 5. Total explained variance of the Principal Components Analysis (APC) applied to the matrix
of nucleotide and geographic distances of pairs of M. temama sequences, showing the values in at least
the first two components.

Component Extraction sums of squared loadings Rotation sums of squared loadings
Total Variance proportion % accumulated Total Variance proportion % accumulated
I 6.380 63.803 63.803 6.347 63.467 63.467

11 1.658 16.578 80.381 1.691 16.913 80.381
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Figure 6. Principal components analysis applied to the matrix of nucleotide and geographic distances
of pairs of M. temama sequences.

of this cervid means that the frequency of mtDNA transfer decreases, due to the
philopatry of the females (Purdue et al. 2000; Purdue et al. 2006). It is only the
males that migrate great distances to mate and thus the lineages of the females are
presented in greater proportion with proximity to their area of birth (Nelson and
Mech 1992). The lack of shared haplotypes between the two studied M. temama
populations is evidence of the geographic and reproductive isolation.

The results of the "Mismatch distribution” test show an evident multimodal
form, reflecting processes of sudden population expansion associated with a sto-
chastic process of lineage extinction through genetic drift, recorded in the genetic
structure of the populations (Rogers and Harpending 1992). This may reflect the
threats that the species suffers in Mexico; M. temama is of hunting interest and
subject to constant pressures of exploitation, habitat fragmentation, poaching, au-
to-consumption by local communities and predation by carnivores (Gallina 2005).
This has led to a reduction in the effective population size where only certain line-
ages pass to the next generation, while others are extinguished or are present in
lower frequency in the population. These results are to be expected considering that
M. temama is a species that suffers from poaching, since a similar phenomenon has
been reported in the cervid Pantholops hodgsonii in China, which is at risk of extinc-
tion due to the loss of genetic diversity (Xiang-Dong et al. 2005).

The populations analyzed have different evolutionary histories, as shown by the
string haplotypic and nucleotide relationship between the populations, evidencing
differentiated lineages between the two populations (Grant and Bowen 1998). It is
concerning that the populations studied present low values of gene flow, as occurs
in some other species of Neotropical cervids. This is associated with the fact that
M. temama inhabits fragmented ecosystems with no biological corridors to allow
migration of individuals for the purposes of mating. Phylogeographic studies must
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be conducted in more populations of M. temama in order to evaluate their status of
genetic diversity and to generate a program of conservation of their diversity, since
their ecological niche is restricted to vulnerable ecosystems due to the reduction
and fragmentation of their habitat (Serna-Lagunes et al. 2014).
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