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Abstract

Coatis (Procyonidae; Nasua) are considered the only truly social mesocarni-
vore mammals in Neotropical forests. In Mexico, white-nosed coatis (Nasua
narica) are suspected to have undergone population reduction due to habitat
loss and fragmentation and led to a lack of genetic adaptability and genetic
isolation throughout its range. We examined patterns of genetic diversity and
connectivity of five populations of Nasua narica distributed throughout Mex-
ico (1 = 60) by sequencing an = 800 bp fragment of the mitochondrial cy-
tochrome-b gene and also by screening 12 microsatellite loci. We found mod-
erate to high levels of genetic variability for both genetic markers. We record-
ed twenty-two different cytochrome-5 haplotypes throughout the 5 sampled
areas and found that each of the sampled population of white-nosed coatis in
Mexico harbors unique haplotypes and only three haplotypes were shared
among two different populations that were closer geographically. All popula-
tions had high haplotype diversity (A) (0.968 + 0.008 (SD)) but lower levels of
nucleotide diversity (77) of 0.007 + 0.001 (SD). All microsatellite loci were po-
lymorphic in all of the populations and the mean number of alleles per locus
was 5.033 + 1.545 (SD) with expected (Hg) and observed (Ho) heterozygosity
values of 0.774 and 0.664, respectively. However, low Wright F statistic values
suggest the existence of a reduced heterozygosity (Fsr = 0.203, Fis = 0.134 and
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Fir = 0.310). Significant differences between the five populations confirmed
isolation by distance, which suggests genetic structure among five subpopula-
tions.
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1. Introduction

Processes that generate genetic structure of species are important for under-
standing their ecology and evolution. In mammalian carnivores this information
is crucial for understanding the mechanisms responsible for adaptive divergence
and speciation [1] [2]. Genetic structure is defined as the non-random distribu-
tion of genetic variation among individuals within populations as the result of
behavioral traits (forming herds, flocks or colonies; [3] [4]), geographical fea-
tures (spatial distance or topographical barriers; [5] [6]), or historical factors
(colonization, range expansion or isolation; [7]). Among these factors, geo-
graphical features appear to be one of the major forces shaping the genetic
structure of several species, topographical barriers as mountain ranges [8], water
bodies [9], steppes and deserts [10], and human infrastructure [11] [12] can be-
come determining factors in structuring populations due to their role in re-
stricting gene flow [6]. Those geographical barriers impede the movement of
genes among populations, which together with the dispersal capabilities and
ability to occupy a variety of habitats define the genetic variation within subpo-
pulations [2] [13]. Moreover, it has been stated that successful conservation of
species needs to maintain several populations across its range, in representative
ecological and evolutionary conditions [14], which it will only be achieved
through understanding the genetic structure of populations [13] [15] [16].
Paradoxically, even though mammals are among the most studied organisms
on the planet [17], there are information gaps for some mammalian species, es-
pecially in terms of their degree of variation and genetic diversity [18]. Such is
the case of many mesocarnivores species, that despite their ecological impor-
tance, they have been understudied in many genetic aspects [17] [19] [20]. Non-
etheless, there are studies in mesocarnivores that have found genetic structure in
a variety of ecological conditions, such as American mink (Neovison visomn;
[13]), coyotes (Canis latrans; [11]), fishers (Martes pennanti; [21] [22]), Eurasian
otters (Lutra lutra; [23] [24]), Neotropical otters (Lontra longicaudis; [25]),
Tasmanian devils (Sarcophilus laniarius; [15]), and wolverines ( Gulo gulo; [26]).
Members of the family Procyonidae, to which the white-nosed coati (Nasua
narica) belongs, have been thought to be the least studied of the caniform
(dog-like) carnivore families [17]. Genetic markers have been used in popula-

tions of procyonids for studies of analysis of relatedness [27]-[32], phylogeogra-
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phy [17] [33] [34] [35], and even taxonomic boundaries [36]. However, genetic
markers, even widely used microsatellites, have not been employed to describe
the variability and genetic structure of different V. narica populations. This me-
socarnivore is highly gregarious, forming social groups or “bands” of up to 20 -
30 females and juveniles [27] [37] [38]. Males are solitary individuals and dis-
perse once they reach sexual maturity, joining bands briefly only during mating
season [27] [28] [37] [38]. Females are highly philopatric and their home ranges
are close to and may even include their birth area [27] [39] [40]. They do not
migrate and their home ranges can change between seasons and years, for both
bands and males [28] [39] [41] [42].

It is considered that higher levels of philopatry as well as limited dispersal ca-
pabilities, lead to more pronounced fine-scale genetic structure [43] [44]. If an-
imals do not disperse far away from their natal site, closely related individuals
could be form part of the same bands [44]. Moreover, it is considered that large
scale habitat loss and fragmentation are threatening N. narica [45]. Therefore it
is suspected from that in Mexico N. narica populations have been severely re-
duced and they may have even been extirpated in certain areas [45] [46]. All the
aforementioned combined with the peculiar orographic characteristics of Mex-
ico, with a wide variation of reliefs and mountain ranges [47], certainly could
lead to genetic isolation of these populations throughout the country.

In this study, we investigated the magnitude and spatial distribution of genetic
diversity of N. narica populations in Mexico. Our objective was to explore the
patterns of genetic diversity and connectivity of V. narica populations using mi-
tochondrial and nuclear DNA markers. We hypothesized that genetic structure
would be found, and that could be related to the presence of the geographical
barriers across the country.

2. Materials and Methods
2.1. Study Area

We used samples of N. narica from five study sites in Mexico (Figure 1), where
the species is known to be relatively abundant, that were chosen based primarily
on their geographic location because they are separated by the main mountain
ranges of Mexico (Figure S1) and by insurmountable distances by the migratory
patterns of the species: 1) Punta Raza (21°00'15"N, 105°1720"W), Nayarit (n =
11); 2) Reserva de la Biosfera de Chamela-Cuixmala (19°22'03"N, 104°56'13"W),
Jalisco (n = 10); 3) Parque Nacional El Tepozteco (18°5320"N, 99°02'00"W),
Morelos (1 = 13); 4) Parque Museo de La Venta (17°59'21"N, 92°55'41"W), Ta-
basco (n = 12); and 5) Puerto Morelos (20°51'13"N, 86°53'55"W), Quintana Roo
(n = 14). We considered each sampling site as a separate population of the stu-

died species.

2.2. Physical Restraint and Chemical Immobilization

The animals were captured using Tomahawk traps (Tomahawk Live Trap LLC.)
measuring 32 x 10 x 12 inches (81.3 x 25.4 x 30.5 cm) and baited with sardines
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Figure 1. Map of the distribution of V. narica in Mexico (after [37] [45]): (a) N. n. molaris; (b) N. n. yucatanica; (c) N. n. nelsoni.
Boundaries between subspecies are not shown because subspecies are not well defined. The study areas are marked with a black
circle. 1. Punta Raza, Nayarit; 2. Reserva de la Biosfera Chamela-Cuixmala, Jalisco; 3. Parque Nacional El Tepozteco, Morelos; 4.
Parque Museo de La Venta, Tabasco; 5. Puerto Morelos, Q. Roo.

and/or fruit (banana, pineapple, mango, etc.). We used an average of 25 traps in
each study site, which were laid out in variable length transects; the choice of
transects was based on the record of signs (footprints and feces) on the dirt
roads and trails of the study areas, traps were set in one particular sampling
transect at a study site for 4 to 8 days, or until there were no captures for 3 con-
secutive days. Traps were patrolled twice a day, after de dawn and before sunset.
Captured animals were immobilized with the use of Zoletil 100° (Virbac México
S.A. de C.V.) administered at 10 mg/kg body weight [48] [49]. Captures were
done under capture license FAUT-0251 extended by the Mexican government to
the third author. All samples were collected following guidelines approved by

the American Society of Mammalogists [50].

2.3. Sample Collection

Captured animals were sexed, weighed, measured, sampled, marked, and re-
leased within 35 min. Tissue samples were obtained through a small cut from the
edge of the ear (approximately 10 mm?) and were fixed in ethanol (96%). Most
of the sampling took place between spring 2011 and autumn 2012.

2.4. Laboratory Procedures

2.4.1. DNA Extraction, Amplification and Sequencing

Genomic DNA from tissue samples was extracted according to the universal and

rapid salt-extraction protocol [51]. Quality of DNA was assessed by electropho-

resis on 1 percent agarose gels in combination with molecular weight standards.
A fragment of =800 base pairs (bp) of the mitochondrial cytochrome-b5 (cyt-b)

gene was amplified with two universal primers L14724 and H15915 [52]. PCRs
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were performed in a volume of 25 pL with 0.2 pL Platinum Taq DNA polyme-
rase (Invitrogen™), 2.5 uL 10x RXN bulffer, 2.5 uL of ANTP’s, 2 pL of each pri-
mer 10 mM, 1.5 pL of 50 mM MgCl,, 5 pL of DNA, and 9.3 pL of bidistilled wa-
ter. PCR protocol consisted of 3-min denaturation at 94°C, followed by 30 cycles
of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; with a final 6-min elongation
step at 72°C. PCR products were confirmed by electrophoresis in 2 percent aga-
rose gels stained with ethidium bromide using a 100 bp ladder and a negative
control. All reactions were performed on a Techne thermal cycler TC-3000. Mi-
tochondrial DNA was purified using the Illustra GFX PCR DNA and gel purifi-
cation kit (GE Healthcare Co.), cycle sequenced using the BigDye Terminator
ver.3.1 (Applied Biosystems Inc.), and done using Applied Biosystems 3730xl
automated sequencers (Life Technologies, Thermo Fisher Scientific Inc.).

2.4.2. Microsatellite Amplification and Genotyping

The set of 12 microsatellite primers used in this study was designed specifically
for N. narica (Nasua 71, Nasua 193, Nasua 504, Nasua 833, Nasua 895, Nasua
931, Nasua 1050, Nasua 1251, Nasua 1757, Nasua 1785, Nasua 1990, and Nasua
2841—(53]). For these primers, the polymerase chain reactions (PCRs) were
performed in a volume of 25 pL with 0.2 pL Platinum Taq DNA polymerase (In-
vitrogen™), 2.5 uL 10x RXN buffer, 2.5 pL of dNTP’s, 2 pL of each primer 10
mM, 2.5 uL of BSA 100x, 1.5 pL of 50 mM MgCl,, 4 uL of DNA, and 9.8 pL of
bidistilled water. PCR protocol beginning with a 5-min denaturation at 94°C,
followed by 30 cycles of: 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and a fi-
nal 6-min elongation step at 72°C. All reactions were performed on a Techne
thermal cycler TC-3000. PCR products were confirmed by electrophoresis in 1
percent agarose gels stained with ethidium bromide using a 100 bp ladder and a
negative control. Products were electrophoresed through an ABI 3730 genetic
analyzer and fragment size analysis was performed using GENEMAPPER (Ap-
plied Biosystems Inc.), each genotype was confirmed by visual inspection of the

electropherograms.

2.5. Data Analysis

2.5.1. Phylogeographic Analysis Based on mtDNA

For the 800 bp fragment of the cyt-b gene, sequence alignment was done ma-
nually with BIOEDIT 7.1.3 [54]. To determine the appropriate model of se-
quence evolution, we used the Akaike Information Criterion (AIC) implemented
in JMODELTEST 2.1.4 [55]. A tree of maximum likelihood (ML) was recon-
structed with PHYML 3.0 [56], statistical confidence was estimated by bootstrap
resampling with 1000 replications, using a heuristic search with NNI (nearest
neighbor interchange) branch-swapping. A Bayesian inference (BI) was per-
formed in MRBAYES3.2.1 [57], 1,000,000 steps of the MCMC algorithm (with
trees sampled every 100 generations), and the posterior probabilities were calcu-
lated discarding 25 percent of the initial iterations as burn-in, after the stabiliza-
tion of log-likelihood values. The phylogenetic trees were rooted using the cyt-b

haplotype of Nasua nasua as outgroup, since this is the sister species of N. narica
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that inhabits South America [33].

2.5.2. Population Genetic Diversity and Structure Analyses Based on
mtDNA

Basic statistics of DNA diversity, nucleotide (7)) and haplotype (4) diversities
were estimated using DNASP 5.10.01 [58]. We also constructed a haplotype
network using the median-joining method implemented in the program
NETWORK 4.6 [59]. The subdivision and population structure were examined
through paired Fs;tests [60] and analysis of molecular variance (AMOVA; [61])
in ARLEQUIN 3.5.1.2 [62]. Finally, genetic haplotype of mtDNA equilibrium
was tested by Tajima’s D [63] with ARLEQUIN.

2.5.3. Population Genetic Diversity and Structure Analyses Based on
Microsatellites

For the microsatellites, genetic diversity was measured by the proportion of po-
lymorphic loci (P) and the mean number of alleles per locus (A) by using Ge-
netic Data Analysis (GDA) software 1.1 [64]. We calculated expected heterozy-
gosity (Hg), and observed heterozygosity (Ho) according to Nei (1987; [65]), as
implemented in the program GENEPOP 4.0 [66]. Also, we performed an exact
test for Hardy-Weinberg equilibrium (HWE) per population, by using Markov
Chain Monte Carlo with 10,000 dememorization steps, and estimated deviations
from HWE for each population through Fis [67], as well as linkage disequili-
brium using the program GENEPOP with the Bonferroni correction [68]. We
used MICROCHECKER 2.2.3 [69], to detect loci containing errors due to stut-
tering, short allele dominance, and null alleles through the Brookfield (1996;
[70]) method. To assess genetic differentiation of populations, the Wright’s
(1951; [71]) fixation indices were calculated with FSTAT 2.9.3.2. [72].

AMOVA was performed using ARLEQUIN, with 1000 repetitions and confi-
dence intervals based on 20,000 repetitions, to assess the proportion of variation
found between individuals within populations, followed by intra-population
variation. The degree of genetic differentiation among the predefined geograph-
ical groups was measured by pairwise Fsrand Rsrand tested for statistical signi-
ficance using the ARLEQUIN permutation test (10,000 permutations per com-
parison). We computed a statistical certainty of assignment or exclusion for each
individual by using the exclusion simulation in GENECLASS2 [73], according to
the partial Bayesian criterion of Rannala and Mountain (1997; [74]).

Isolation by distance was evaluated using the subroutine ISOLDE in GENEPOP,
which computed a regression of Rsron geographic distance [75], and applied the
Mantel test with 10,000 permutations per comparison [76]. The effective num-
ber of migrants (Nm) was calculated according to the private allele method in
GENEPOP [77]. To determine the degree of population genetic structure, we
used the program STRUCTURE2.2 [78]. This program applies Bayesian analysis
to cluster individuals into subpopulations, with no prior information and no
known populations (X). An admixture model was employed and correlated allele

frequencies were assumed. The mean posterior probability was calculated for
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each set of ten runs of K and employed to determine an optimal K, using
1,000,000 MCMC iterations and a burn-in period of 500,000 steps. We analyzed
the mean posterior probabilities [Ln(P|D)] for each K, and accepted the value
that provided the best fit to the data [78].

Structure analyses were also performed with another Bayesian method that
inferred population genetic structure (BAPS 5.4; [79]). This method utilizes sto-
chastic optimization to infer the posterior mode of the number of populations.
The program was employed for cluster individuals using spatial mixture. We ran
the software with a predefined maximum of K = 2 - 10, and repeated the runs
five times in order to check the consistency of the results. For each run, the pro-
gram reports the probabilities for different numbers of subpopulations, K <

maximum, and we averaged probabilities over the five runs.

3. Results
3.1. Levels of mtDNA Genetic Diversity and Distribution

We obtained an alignment of 800 bp of the cyt-b gene from 50 sequences ga-
thered from specimens of N. narica; 52 variable sites were recorded, of which 42
were parsimonious informative sites. The nucleotide and haplotype diversity
were i=0.968 + 0.008 and 7= 0.007 + 0.001, respectively (Table 1). We found a
total of 22 haplotypes (Figure 2), haplotype V was the most common and found
in 4 individuals. Haplotypes H and N were recovered from two localities (Puerto
Morelos and La Venta). Haplotype L was found in three individuals from two
localities (Punta Raza and Chamela-Cuixmala). Haplotypes A, M, Q and U were
only found one time on individuals from Chamela-Cuixmala, La Venta, El Te-
pozteco and Puerto Morelos, respectively. The localities with the highest number
of haplotypes were Puerto Morelos with seven and La Venta with six, these were

the areas with the largest number of collected samples for this genetic marker.

Table 1. Measures of diversity at 12 microsatellite loci (nDNA) and a fragment of Cytochrome-5 (mtDNA) gene in five Mexican

white-nosed coati populations. Samples per locality (1), expected heterozygosity (Hz), observed heterozygosity (Ho), Hardy-Wein-
berg equilibrium, proportion of polymorphic loci (P), alleles per locus (A4), haplotype diversity (4), nucleotide diversity (7), and

haplotypes per locality (H).

nDNA mtDNA

Locality H

n He Ho P A n h Vs
Punta Raza 11 0.729 0.651 1.000 4.333 7 0.857 0.005 4°
Reserva de la Bigsfera Chamela Cuixmala 10 0.825 0.675 1.000 6.250 9 0.806 0.004 4P
Parque Nacional El Tepozteco 13 0.751* 0.654* 1.000 4.833 8 0.821 0.005 4
Parque Museo de La Venta 12 0.761 0.646 1.000 4.000 12 0.864 0.006 6°
Puerto Morelos 14 0.801 0.693 1.000 5.750 14 0.901 0.007 7¢
Total 60 0.774 0.664 1.000 5.033 50 0.968 0.007 22

*Outside of Hardy-Weinberg Equlibrium; "Share one haplotype between populations; ‘Share two haplotypes between populations.
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Figure 2. Distribution of cyz-bhaplotypes of N. narica over its entire geographical range.
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Colors in the pie charts indicate frequency of haplotypes on every study area. From left to
right: Punta Raza, Reserva de la Biosfera Chamela-Cuixmala, Parque Nacional El Tepoz-
teco, Parque Museo de La Venta, and Puerto Morelos.

3.2. Phylogenetic Relationships and Phylogeographic Analyses

The Hasegawa-Kishino-Yano model (HKY; [80]) provided the best fit for the
data set (—InL = 1489.026). In general, topology estimates from ML and BI were
very similar (Figure 3) both produced a phylogenetic reconstruction with high
resolution, showing seven clades formed for haplotype clusters according to
their membership in the sampled areas. On one end of ML the phylogenetic re-
construction are the haplotypes from populations of the Pacific Coast (Punta
Raza and Chamela-Cuixmala), and on the other end of the ML reconstruction
are haplotypes from central Mexico (El Tepozteco) and populations of Southeast
Mexico (La Venta and Puerto Morelos). The BI showed a very slight difference,
haplotypes from the Chamela-Cuixmala were closely related to those from the
Southeast, while haplotypes from central Mexico remains below the southern
populations. Our haplotype network, like the phylogenetic reconstructions,
showed clusters according to their membership in the study areas (Figure 4):
Punta Raza (blue), Chamela-Cuixmala (red), El Tepozteco (green), La Venta
(vellow), Puerto Morelos (pink), and shared haplotypes between La Venta and
Puerto Morelos (aqua) and Chamela-Cuixmala and Punta Raza (orange).

The AMOVA results for cpz-b indicated that most of the genetic variability
(88.4%) was found between individuals within populations, while between-pop-
ulation variation had a relatively low value (11.6%). Population pairwise Fsr for
cyt-b (Table 2) registered the lowest value (0.061; P < 0.05) between Puerto Mo-
relos and La Venta, both populations of the Yucatan Peninsula (ca. 707.1 km
apart). The highest value was recorded between Chamela-Cuixmala on the Pa-
cific Coast and El Tepozteco in central Mexico (0.125; P < 0.05) (ca. 620.8 km
apart). All comparisons except one showed significant differences (2 < 0.05).
The value of Tajima’s Dwas 1833 + 0912 (SD, P < 0.05) for all individuals.
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Figure 3. Maximum likelihood phylogram based on cyz-b haplotypes of V. narica (a), and consensus tree from the Bayesian anal-
ysis (b). Haplotypes formed clades corresponding to the areas of study as well as its geographically neighboring areas.
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Figure 4. Network of the cyz-b haplotypes obtained from N. narica along Mexico. Missing haplotypes are indicated with black
circles. Perpendicular lines in the branches of the network indicate the number of changes between haplotypes. Clusters according
to their membership in the study areas are shown: Punta Raza (blue), Reserva de la Biosfera Chamela-Cuixmala (red), Parque
Nacional El Tepozteco (green), Parque Museo de La Venta (yellow), and Puerto Morelos (pink); haplotypes shared between pop-
ulations are shown in orange (PR-RBCC) and aqua (PMLV-PM).
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Table 2. Pairwise comparison of genetic differentiation among five geographic popula-
tions. Fsr estimates of a fragment of cyt-b gene (below diagonal) and microsatellite loci
(above diagonal) from white-nosed coatis in Mexico. Numbers denoted by an asterisk (*)
are significantly different from 0 (2 < 0.05).

PR RBCC PNET PMLV PM
PR - 0.138* 0.258* 0.255* 0233*
RBCC 0.092* - 0.209* 0.208* 0.188*
PNET 0.124* 0.125* - 0.244* 0.223*
PMLV 0.090* 0.086* 0.100* - 0.218*
PM 0.083 0.079* 0.091* 0.061*

Abbreviations: PR = Punta Raza, RBCC = Reserva de la Biosfera Chamela Cuixmala, PNET = Parque Na-
cional El Tepozteco, PMLV = Parque Museo de La Venta, PM = Puerto Morelos.

3.3. Population Genetic Diversity and Structure Analyses
Based on Microsatellites

We successfully extracted the DNA of 60 samples from individuals from the five
different Mexican locations. We amplified the loci from each of the samples, and
identified that all loci were polymorphic in all of the populations (£ = 1.000),
and the mean number of alleles per locus (A) was 5.033 + 1.545 (SD) (Table 1).
The mean Hg was 0.774 and the mean Ho was 0.664. Only one population, El
Tepozteco, was in HWE disequilibrium (X* = 41.151, d.£ = 24, P = 0.016). One
pair of microsatellites (Nasua 504, Nasua 1251 correct superindex) were found in
linkage disequilibrium (2= 0.029).

Results of AMOVA for microsatellites showed that the highest proportion of
variation was found within populations (67.04%), followed by variation be-
tween-population (21.52%) (Table 3). Fixation indices supported the presence
of genetic structure among populations (Fsr = 0.203), with a relatively high in-
breeding coefficient among them (Fjs = 0.134 and Fjr = 0.310) (Table 3). Popu-
lation pairwise Rsr and Fsr exhibited the lowest value between Punta Raza and
Chamela-Cuixmala (0.668 and 0.138 respectively; P < 0.05) (Table 2 and Table
4), both are located in the Pacific Coast and are the closest sampled locations (ca.
182.5 km). The highest value for pairwise Rs7(0.995; P < 0.05) was recorded be-
tween Chamela-Cuixmala on the Pacific Coast and Puerto Morelos in Quintana
Roo (ca. 1897.6 kma part). The highest value for pairwise Fsr was recorded be-
tween Punta Raza and El Tepozteco (0.258; P < 0.05), populations separated by
686.7 km. All the comparisons showed significant differences (£ < 0.05).

The assignment-exclusion test performed in GENECLASS confirmed the
membership of each individual in its respective population, with a single excep-
tion: the sample RBCC-004 was assigned to two populations: Punta Raza and
Chamela-Cuixmala (10,000 replicates, CI 95%). The results of the Mantel test
suggested the presence of isolation by distance between populations of N. narica
in Mexico (7 = 0.232, y=0.023 + 0.038x;, P < 0.05). Also, the Nm had a value of
0.248 dispersing individuals per generation (2 = 0.199), which denotes insuffi-

cient values of gene flow between populations.
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Table 3. Proportion of genetic variation for nuclear microsatellite loci estimated through
AMOVA (Fsr). The highest percentage of variation was found within populations, fol-
lowed by differences between populations.

Microsatellite AMOVA
Source of variation Percentage of variation F coefficients
Between populations 21.522 Fsr 0.203
Within populations 67.041 Fis 0.134
Between individuals within populations 11.437 Fir 0.310

Table 4. Pairwise comparison of genetic differentiation among five geographic popula-
tions. Rsr estimates of microsatellite loci examined from white-nosed coatis in Mexico.
Numbers denoted by an asterisk (*) are significantly different from 0 (< 0.05).

PR RBCC PNET PMLV PM
PR _ * * * *
RBCC 0.668* - * * *
PNET 0.982* 0.986* - * *
PMLV 0.992* 0.994* 0.984* - *
PM 0.994* 0.995* 0.991* 0.957*

Abbreviations: PR = Punta Raza, RBCC = Reserva de la Biosfera Chamela Cuixmala, PNET = Parque Na-
cional El Tepozteco, PMLV = Parque Museo de La Venta, PM = Puerto Morelos.

The STRUCTURE program suggested that sampled N. narica populations
most likely represented defined groups. Five population clusters [mean LnP(D) =
—6405.1] were identified without any prior population information, these clus-
ters corresponded to the geographical groups (Figure 5(a)). BAPS program also
yielded results suggesting 5 distinct clusters corresponding with the geographical
groups (Figure 5(b)). The highest posterior probability was observed for K= 5
[mean log (marginal likelihood) = —3226.70], but in this case does not denote the

sharing of alleles between populations of Chamela-Cuixmala and Punta Raza.

4. Discussion and Conclusions

This is the first phylogeographic and population genetics study of N. narica in
Mexico. To date, little is known about the patterns of genetic diversity of this
species. Previous genetic research efforts have been focused on identifying kin-
ship among individuals [27] [28], or included in phylogenetic studies aimed at
understanding relationships of different procyonid species [17] [33].

The haplotype and nucleotide diversity (4 = 0.968, 7= 0.007) had similar val-
ues to those recorded in ring-tailed coatis (V. nasua; h = 0.783, m= 0.017; [35]),
crab-eating raccoons (Procyon cancrivorus; h = 0.832, m= 0.002; [35]), and indi-
viduals of N. narica from the Yucatin Peninsula (A = 0.888, 7 = 0.009; [81]).
These values of genetic diversity are very similar to ours, and our findings sug-
gest that surveyed populations of N. narica share a similar pattern with other

populations of procyonids (ie. N. narica, N. nasua and P. cancrivorus).
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Figure 5. Genetic structure analyses. (a) Proportional membership of each white-nosed
coati in the genetic clusters inferred by STRUCTURE with K = 5, with prior population
information (USEPOPINFO = 0). Each individual is represented by a vertical bar, and the
length of each bar indicates the probability of membership in each cluster; (b) Clustering
of individuals of N. narica obtained by BAPS, from left to right: Punta Raza (blue), Re-
serva de la Biosfera Chamela-Cuixmala (red), Parque Nacional El Tepozteco (green),
Parque Museo de La Venta (yellow), and Puerto Morelos (pink).

Furthermore, high haplotype diversity coupled with low nucleotide diversity,
has been linked with demographic expansions followed by a decline in popula-
tion size [82]. This inference is also supported by the results obtained by demo-
graphic test, Tajima’s D suggests that populations of N. narica coatis in Mexico
previously went through a period of population expansion [83], but now are ex-
perience population decline as some authors have proposed [45].

The microsatellite results showed that expected heterozygosity was generally
higher than observed heterozygosity, and the overall genetic variation of N. na-
rica in Mexico ranged from moderate to high (Hg = 0.751 — 0.825, Ho = 0.646 —
0.693; P > 0.05). Studies based on microsatellite data in other mesocarnivores
found similar levels of heterozygosity: 0.673 in American mink [13], 0.675 in
crab-eating raccoons [35], 0.600 in Eurasian otters [23], 0.623 in fishers [21], and
0.623 in ring-tailed coatis [35].

Although we observed moderate to high genetic variation in populations of .
narica in Mexico, our results indicate that a portion of this diversity has been
locally lost and is now spatially subdivided. The AMOVA results showed that
within populations a considerable degree of variation remains. However, fixa-
tion indices indicate a highly significant differentiation between the collected
sites, because apparently bands are functioning as inbreeding entities. Addition-

ally, the low number of migrants per generation found in our results (Nm =
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0.248), supports the idea of the low vagility/high philopatric behavior of the spe-
cies. Previous studies have concluded that bands of individuals of the genus Na-
sua are “extended” families with some unrelated individuals [27] [39] [84]. Al-
though there have been cases where male individuals have moved more than 20
km between years [85] our results suggest that at least in Mexico, gene flow
among the sampled populations is rare and therefore the exchange of alleles
among these populations is limited (distances between populations comprises
the range of 182.5 km - 1916.2 km).

Several mechanisms that prevent inbreeding in the species have been re-
ported: 1) males avoid mating with related females, 2) absence of temporal con-
tinuity of a dominant male in the bands, 3) persistence of promiscuity despite
“harem” behavior, and 4) variability in mate choice by females [27] [28] [39]. In
addition, female migration occasionally occurs, despite the aggressions from the
other members of the band due to the absence of kinship [27] [31] [39]. Still, our
data suggests that the mating system and overlapping of band and home ranges
of males [28] [39] are probably the cause for the observed values of inbreeding
coefficients (Fis = 0.143 and Fjr= 0.318). Although the value of inbreeding at in-
dividuals within populations level was relatively low at individuals relative to the
total populations was relatively high [86] [87]. This may be an effect of males
being the major contributors to gene flow [37] [39] [40] [41].

Our results clearly indicated that white-nosed coatis in Mexico are currently
not a panmictic population. The Mantel test result showed the existence of ge-
netic isolation by distance; this was reinforced by the population pairwise com-
parisons (Fsr and Rsy) for both genetic markers. Positive results of isolation by
distance have been recorded in other mesocarnivores such as American minks
[13], Eurasian otters [23], fishers [21], wolverines [26], and ring-tailed coatis
[35]. The ring-tailed coati provides an interesting comparison. It has been do-
cumented that they have marked genetic structure [35], even though the social
groups in South America typically include one adult male throughout the year
[88]. This has the potential to limit the genetic variation between litters, and fi-
nally between populations. Considering this, it is not surprising that Mexican
populations have shown marked structure because of their unique social system.

BAPS and STRUCTURE analyses indicated that the five geographical groups
are differentiated and form distinct genetic clusters. Results of the assignment-
exclusion test from GENECLASS were consistent with the results of STRUCTURE
and BAPS, supporting our hypothesis that the genetic population structure re-
flects the geographical barriers between populations across the country. Moreo-
ver, the number and distribution of haplotypes in each population (ie., the
presence of specific haplotypes and the sharing of some of these only between
geographically close populations) is consistent with what was found for both
types of molecular markers notwithstanding they have different types of inhe-
ritance and temporal resolution [89] [90]. This points to the findings that the
distribution of genetic variation found in the Mexican populations of N. narica

mirrors geographic barriers that have been present for hundreds of thousands of
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years, such as the mountain ranges of the Sierra Madre Occidental (SMOc),
Sierra Madre Oriental (SMOr), and Trans-Mexican Volcanic Belt (TMVB)
which originated in the Cretaceous-Cenozoic, late-Eocene and mid-Miocene re-
spectively [6] [91] [92] (Figure S1). The SMOc runs parallel to the Pacific Coast,
from the border with the United States until the TMVB and is bounded on the
west by the Gulf of California and on the east by the Central Highlands [92],
virtually isolating Punta Raza and Chamela-Cuixmala. On the other hand, the
SMOr runs from the TMVB and it is projected continuously northwest, reaching
into the center of Coahuila and Chihuahua, up to the northern border of Mexico
[91], forming a barrier between the populations of the southeast and the rest of
the country. Finally, the TMVB extends east-west from the Pacific coast in San
Blas, Nayarit and Banderas Bay, Jalisco to the Gulf of Mexico coast at Palma So-
la, Veracruz [6], isolating El Tepozteco from the other ones.

The genetic differentiation between the N. narica populations recorded in this
study is probably a result of limited gene flow, due to the combination of the
demographic decline [45], dispersal capabilities of the species [40], and the iso-
lating effects of the geographical barriers [6] [47]. That pattern has been ob-
served for other carnivore species [21] [26].

The Maximum Likelihood and Bayesian phylogenies revealed similar patterns,
with minor changes between the position of clades and support nodes. Accord-
ing to the distribution of haplotypes in the phylograms, the cluster from Punta
Raza was the most divergent, followed by Chamela-Cuixmala, and finally the
populations of El Tepozteco and Yucatian Peninsula, La Venta and Puerto Mo-
relos. Separations and divergences observed in the phylogenetic reconstructions
are underpinned by the records of the origin and dispersion of this family of
procyonids [33] [93] [94] [95]. Fossil evidence suggests that these divergences
occurred in tropical and subtropical forests of South and Central America while
their dispersal occurred from north to south in the Americas [33] [94] and con-
sequently in Mexico, which is supported by the order in which the groups di-
verge in the phylogenetic trees.

Like other mesocarnivores, N. narica is often viewed as a resource to be har-
vested—as vermin or agricultural pests whose impacts on human activities are to
be mitigated [20]. Nonetheless, the mesocarnivores play an important role in the
ecosystem. Given their smaller size and ability to thrive in diverse habitats, they
are usually more abundant than large carnivores, yet their impact within com-
munities is generally assumed to be relatively minor. Mesocarnivores can play
important roles as drivers of ecosystem function, structure, or dynamics, by dis-
persing seeds, controlling prey population and inhibiting competitors [20]. Be-
cause of their diet, composed mainly of fruits and arthropods [38] [96], N. nari-
ca is an important seed disperser [97] and potentially a controller of arthropods
populations. Furthermore, the N. narica is an important component of the diet
of apex predators, such pumas and jaguars [98] [99]. For the proper conserva-
tion management of carnivores, no matter their size, and their associated poten-

tial ecosystem benefits to be realized, it is necessary to accept that ecological
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function depends on the genetic integrity and social structure of populations
[19]. Finally, a better understanding of carnivore interactions and their func-
tional roles within a whole ecosystem context is crucial before wildlife manage-
ment actions are applied, to avoid unforeseen deleterious effects [19].

Based on our results, we can conclude that populations of white-nosed coatis
retain a significant level of genetic variability and there is strong evidence of ge-
netic structure between populations distributed along various habitats and sepa-
rated by well-established biogeographic barriers. Our research provides a first
description of the variability and genetic structure of N. narica in Mexico, in-
formation that can be an initial basis for setting conservation actions for this
species aiming to maintain its genetic diversity and can provide a general
framework for this purpose in regard to mesocarnivore species conservation in
Mexico. Additional samples from the northern part of this species’ range may
help to further elucidate the degree and history of separation between the dif-
ferent populations. Future research should focus on obtaining more samples per
population and sampling more and closer populations throughout the entire
range of the species, to compare heterozygosity patterns, genetic diversity, and
observed population structure. If this could be achieved in addition to the im-
plementation of a monitoring protocol for population genetic variables, it could
allow for early detection of population declines. Certainly, population genetics
studies can have relevant implications for the implementation of conservation

strategies in Mexico for this and other mesocarnivore species.
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Figure S1. Map of Mexico showing the main mountain chains in the country. (a) Sierra Madre Occidental; (b) Sierra Madre
Oriental, (c) Transvolcanic Belt of central Mexico, (d) Sierra Madre del Sur, (e) Sierra Madre de Chiapas. The study areas are
marked with a black circle. 1. Punta Raza, Nayarit; 2. Reserva de la Biosfera Chamela-Cuixmala, Jalisco; 3. Parque Nacional El
Tepozteco, Morelos; 4. Parque Museo de La Venta, Tabasco; 5. Puerto Morelos, Q. Roo.
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