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Abstract: Lepus flavigularis, is an endemic and endangered species, with only four populations inhabiting
Oaxaca, México: Montecillo Santa Cruz, Aguachil, San Francisco del Mar Viejo and Santa Maria del Mar.
Nevertheless, human activities like poaching and land use changes, and the low genetic diversity detected with
mitochondrial DNA and allozymes in previous studies, have supported the urgent need of management strategies
for this species, and suggest the definition of management units. For this, it is necessary to study the genetic
structure with nuclear genes, due to their inheritance and high polymorphism, therefore, the objective of this
study was to examine the variation and genetic structure of L. flavigularis using nuclear microsatellites. We
sampled four populations of L. flavigularis and a total of 67 jackrabbits were captured by night sampling during
the period of 2001 to 2006. We obtained the genomic DNA by the phenol-chloroform-isoamyl alcohol method.
To obtain the diversity and genetic structure, seven microsatellites were amplified using the Polymerase Chain
Reaction (PCR); the amplifications were visualized through electrophoresis with 10 % polyacrylamide gels,
dyed with ethidium bromide. Genetic diversity was determined using the software GenAlEx v. 6.4, and genetic
structure was obtained with ARLEQUIN v. 3.1; null alleles were evaluated using the program Micro-Checker
v.2.2.2. Additionally, a Bayesian analysis was performed with software STRUCTURE v. 2.2.3., and the isola-
tion by distance (IBD) was studied using the program PASSAGE v.2.0.11.6. Our results showed that the genetic
variation found was low (H, = 0.30, H, = 0.24) when compared to other jackrabbit species. Fixed alleles and
moderate levels of genetic differentiation (Fg; = 0.18, P = 0.001) were detected among populations, indicat-
ing the effect of the genetic drift and limited gene flow. Bayesian clustering analysis revealed two groups: (1)
jackrabbits from Montecillo Santa Cruz, and (2) individuals living in Aguachil, San Francisco del Mar Viejo and
Santa Maria del Mar. No evidence was found of isolation by distance. It is possible that the geographic barriers
present between populations (e.g. lagoons, human settlements), rather than the geographical distance between
them, may explain the observed genetic structure. The inbreeding coefficient was negative (Fg= -0.27, P =
0.03), indicating genetic sub-structure in populations. We suggest two management units based on the geneti-
cally closer populations, which will help define precise conservation actions in L. flavigularis. This research is
the basis for defining translocation of individuals between populations, nevertheless, a more extensive future
study, with specific molecular markers for L. flavigularis, is required. In addition, it is necessary to analyze the
barriers that limit the gene flow, since it is urgent to reduce the genetic differentiation between populations and
increase the genetic diversity of this species. Rev. Biol. Trop. 65 (4): 1322-1336. Epub 2017 December O1.

Key words: conservation genetics, endemic species, Lepus flavigularis, management units, microsatellites,
tropical jackrabbit.

In general, endemic species live in small broad distribution, because their survival is
populations with a restricted geographic dis- directly related to specific environmental con-
tribution, usually being specialists and more ditions, that can be altered by human activities,
vulnerable to extinction than species with a and affect their reproduction, feeding, dispersal
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and genetic diversity (Keyghobadi, 2007;
Schooley & Branch, 2011; Ripperger, Tschap-
ka, Kalko, Rodriguez-Herrera, & Mayer, 2014).
Genetic variation can be measured through
heterozygosity and polymorphism (genotypes
and alleles, respectively) within and between
populations, and is affected by population size,
natural selection, mutation, gene flow, inbreed-
ing and genetic drift (Mace, Smith, Bruford, &
Wayne, 1996; Frankham, Ballou, & Briscoe,
2002; Wilson et al., 2005). The interruption of
gene flow contributes to fixation of alleles by
genetic drift or natural selection, which modify
the levels of genetic variation and differentia-
tion between populations, thereby influencing
the genetic structure (Templeton, 1986; Tem-
pleton, Shaw, Routman, & Scott, 1990; Mech
& Hallet, 2001). Decrease of genetic variation
reduces population viability and the ability
of species to adapt to environmental changes
(Wilson et al., 2005).

The Tehuantepec jackrabbit, Lepus fla-
vigularis (Wagner, 1844), is a endemic spe-
cies to Oaxaca, México, whose distribution
has been reduced to only four isolated popu-
lations with less than 1000 individuals; so
that has been listed as an endangered spe-
cies (Lorenzo, Cervantes, Barragan, & Vargas,
2006; Smith, 2008; IUCN 2015; Lorenzo,
Rioja-Paradela, & Carrillo-Reyes, 2015). Pre-
vious studies have reported low population
density, polygamous and non-territorial habits,
as well as a large home range that depends on
the availability of resources and varies signifi-
cantly between sexes: from 1.13 ha to 152.61
ha in females and from 0.20 ha to 71.87 ha
in males (Farias et al., 2006; Lorenzo, Rioja,
Carrillo, & Cervantes, 2008; Carrillo-Reyes,
Lorenzo, Naranjo, Pando, & Rioja, 2010). It
is known that its populations are threatened by
poaching, predation by dogs and habitat loss
(Lorenzo, Cervantes, & Vargas, 2005; Carrillo-
Reyes, Lorenzo, Rioja-Paradela, Naranjo, &
Pando, 2012; Rioja-Paradela, Carrillo-Reyes,
& Lorenzo, 2012; Santiz, Lorenzo, Carrillo-
Reyes, Navarrete, & Islebe, 2016). In addition,
a low genetic diversity and moderate genetic
structure among populations, was detected with

mitochondrial DNA (mDNA) and allozymes
(Cervantes, Lorenzo, & Yates, 2002; Rico,
Lorenzo, Gonzalez-Coézatl, & Espinoza, 2008).
This information suggests the development of
management strategies to enhance the gene
flow and to increase the levels of genetic diver-
sity, in order to improve the evolutionary abil-
ity to respond to environmental changes, as part
of a conservation program for L. flavigularis.

Management units (MU) help conserva-
tion because they are useful for genetic and
demographic monitoring, they group popula-
tions that share allelic frequencies, and separate
populations with significant genetic divergence
(Moritz, 1994). To define management units
in L. flavigularis it is necessary to study the
genetic structure with nuclear genes, particu-
larly microsatellites, which are widely used
in conservation genetics, because they display
high polymorphism rates, are codominant, neu-
tral and distributed abundantly throughout the
genome, all of which help to detect bottlenecks
and gain a better understanding of genetic
variation and population structure (Maudet et
al., 2002; Freeland, 2005; Encinas, da Silva, da
Silva, da Silva, & Sebbenn, 2016). According-
ly, the aim of this research was to determine the
variation levels and genetic structure of the four
existing populations of L. flavigularis using
nuclear microsatellites, in order to compare our
results with the data available (Cervantes et al.,
2002; Rico et al., 2008), and thereby determine
the proper genetic management required for
future conservation strategies. Based on previ-
ous studies and the knowledge of the current
pressures that threaten L. flavigularis, our
expectation was to find a low genetic variation
and a genetic structure based on the geographic
distance between populations.

MATERIAL AND METHODS

Study site: The study area is located in
the Isthmus of Tehuantepec, state of Oaxaca,
Mexico, in coordinates 16° 28’30 - 16°28°44”
N & 94°28°06” - 94° 56’53 W (Ortiz, Hernan-
dez, & Figueroa, 2004) (Fig. 1). The climate in
the area is hot, sub-humid, with rainfall from
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Fig. 1. Sampling locations of the L. flavigularis in Oaxaca, México. AG = Aguachil, SF = San Francisco del Mar Viejo,
MO = Montecillo Santa Cruz, SM = Santa Maria del Mar. Dots mark the locations where the jackrabbits were captured.

May to October and dry from November to
April (Zizumbo & Colunga, 1982). The mean
annual temperature is 27.6 °C and the total
annual precipitation is 932.2 mm (Garcia,
1988). The vegetation is composed of bush,
mangrove and some extensive areas of savanna
with dispersed trees (Crescentia alata) and
shrubs (Byrsonima crassifolia). In the driest
parts, there are tropical low deciduous and low
spiny deciduous forest. Aristida, Bouteloua,
Cathestecum, Cenchrus, Digitaria, Eragrostis,
Panicum, Paspalum and Schizachyrium are
Gramineae that dominates the savannas and
introduced grasslands (Santiz et al., 2012;
Santiz, Gonzalez-Romero, Lorenzo, Gallina-
Tessaro, & Cervantes, 2016).

Four existing populations of L. flavigula-
ris were studied, all located in the Southern
Isthmus of Tehuantepec. The locations of these
populations are: (1) Montecillo Santa Cruz
(MO), North of Laguna Inferior; (2) San Fran-
cisco del Mar Vigjo (SF) to the South of Lagu-
na Inferior; (3) Aguachil (AG), Southeast of
Laguna Inferior; and (4) Santa Maria del Mar

(SM), South of Laguna Superior (Cervantes,
Lorenzo, Farias, & Vargas, 2008; Lorenzo et
al., 2014; IUCN, 2015) (Fig. 1). The average
geographical distances between the popula-
tions were: 20.5 km between Aguachil and
San Francisco del Mar Viejo, 25.0 km between
Aguachil and Montecillo Santa Cruz, 45.2 km
between Aguachil and Santa Maria del Mar,
18.0 km between San Francisco del Mar Vigjo
and Montecillo Santa Cruz, 25.3 km between
San Francisco del Mar Viejo y Santa Maria del
Mar, and 37.50 km between Montecillo Santa
Cruz and Santa Maria del Mar.

The four populations of L. flavigularis are
strongly threatened by poaching and habitat
destruction for livestock use. In addition, the
predation by domestic animals (e.g. dogs) that
occurs in Santa Maria del Mar, as well as the
burnings for agricultural maintenance, reduce
native pastures and increase the vulnerability
of populations of Montecillo Santa Cruz and
San Francisco del Mar Viejo (Carrillo et al.,
2010; 2012).
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Sampling work: Jackrabbits were sam-
pled by nocturnal field trips of 15 days each
time during 2001 to 2006, during the rainy
and dry seasons. Specifically, from February
to April 2001, November 2003, March 2004,
December 2004, January and April 2005, and
March, June and July 2006. Specimens were
captured with trawler-like nets. The detailed
geographic position of each individual captured
was determined by a Global Positioning System
(GPS). Discs of tissue with a circumference of
approximately 5 mm were removed from the
ear of a total of 67 jackrabbits (from the four
populations) by puncturing; tissue samples
were preserved in Eppendorf tubes filled with
95 % ethanol for genetic analysis. Immediately
afterwards, individuals were released. The cap-
ture and collection of jackrabbits tissue were
carried out with collection permits of the Gen-
eral Direction of Wildlife of México (SEMAR-
NAT; number SGPA/DGVS/02094/07), and
according to the guidelines of the American
Society of Mammalogists for use of wild
mammals in research (Gannon, sinkers, & The
animal care and use committee of the American
Society of Mammalogists, 2007).

DNA extraction and microsatellite anal-
ysis: In the laboratory, the genomic DNA of
each tissue sample was extracted according
to the standard protocol involving proteinase
K digestion, followed by phenol/chloroform
separation and a final precipitation with ethanol
as described by Hamilton, Pincus, Di Fiore &
Fleischer (1999). The molecular markers used
were seven different microsatellite loci (Sat
2, Sat 3, Sat 5, Sat 12, Sat 13, Sol 33 and Sol
44), originally isolated in the European rabbit
(Oryctolagus cuniculus) (Mougel, Mounolou,
& Monnerot, 1997; Surridge, Bell, Rico, &
Hewitt, 1997) (Appendix). Double-chain prod-
ucts were amplified through Polymerase Chain
Reaction (PCR) with the master mix (Master-
mix; PROMEGA®) in a PTC-100 Thermal
cycler (Thermal Peltier Cycler®). Standard
amplification conditions consisted of a dena-
turation initial at 94 °C for 5 min, 30 cycles
with a denaturation step at 94 °C for 30 s, an

alignment step at 55 - 69 °C for 30 s, an exten-
sion step at 72 °C for 30 s each, and a final
extension at 72 °C for 10 min (Mougel et al.,
1997; Surridge et al., 1997). The amplifications
were visualized using electrophoresis with
10 % polyacrylamide gels, dyed with ethidium
bromide and observed under UV light with the
1D Image Analysis Software v. 3.6 to record
the genotype by locus and individual (Valadez
& Kabhl, 2000). The location of alleles in each
microsatellite locus was determined according
to the base-pair (bp) interval reported in the
literature (Mougel et al., 1997; Surridge et al.,
1997) and with a 100 bp ladder as a control
(PROMEGA).

Genetic variation was measured in terms
of the number of alleles (V,), percent polymor-
phic loci (polymorphism), observed heterozy-
gosity (H ), expected heterozygosity (), and
inbreeding coefficient (<) using the software
GenAlEx v.6.4 (Peakall & Smouse, 2000).
The Hardy-Weinberg equilibrium (HWE) was
evaluated by locus with the same software,
and HWE by population was obtained with a
combination of independent probabilities tests
(Sokal & Rohlf, 2003). The significance of g
was calculated through a Chi-square test (y?)
using the following expression: y> = NF 1S2’
where N is sample size with one degree of
freedom (Hedrick, 2005).

To assess whether populations were genet-
ically different and estimate their degree of
genetic structure, the F; index was calculated
based on Weir and Cockerham (1984) using
ARLEQUIN v. 3.1. (Excoffier, Smouse, &
Quattro, 1992; Excoffier & Lischer, 2010). The
distribution of the genetic variation was evalu-
ated between and within populations through
an AMOVA (Excoffier & Lischer, 2010). The
Fg, significance was calculated with a Chi-
square test (x?) using the expression: y> =
2NF',, where N is sample size with one degree
of freedom (Hedrick, 2005).

Null alleles were determined using the
program Micro-Checker v. 2.2.2. (Van Ooster-
hout, Hutchinson, Willis, & Shipley, 2004).
Using the Free-NA program (Chapuis &
Estoup, 2007), F, corrected for null alleles
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was estimated by means of the ENA (Exclud-
ing Null Alleles) method (Fg; ), and the
Fg, corrected for null alleles was computed
using the INA (Including Null Alleles) method
(Fgrny)- We also estimated the Cavalli-Sforza
and Edwards genetic distance for each pair of
populations (Cavalli-Sforza & Edwards, 1967),
with the ENA method (D ;) and the INA
method (D, ;). The dendrograms were based
on the Cavalli-Sforza and Edwards (1967)
genetic distance obtained using the software
PHYLIP v. 3.69. In addition, we used the
Bayesian clustering method implemented in
the software STRUCTURE v. 2.2.3. (Pritchard,
Stephens, & Donnelly, 2000; Falush, Stephens,
& Pritchard, 2003) to infer the most likely
number of genetic clusters (K) in L. flavigu-
laris. The analysis was performed without
prior information, K values from one to ten, a
burn-in of 50 000 and 100 000 iterations of the
Markov Chains Monte Carlo model (MCMC),
assuming correlated allele frequencies among
populations and an admixture model (i.e. gene
flow). The most probable number of clusters
was chosen by using the statistics AK, which is
based on the rate of change in the probability
of data between successive K values (Evanno,
Regnaut, & Goudet, 2005). Individuals were
assigned to a cluster according to the O-value
(> 0.7); if an individual showed a Q-value <
0.7, it was classified as unknown (Hennessy et
al., 2015; Cruz-Salazar et al., 2016).

Finally, to assess whether genetic dif-
ferentiation follows a pattern of isolation by
geographical distance (IBD), the Euclidean
geographical distances between populations
were obtained through the program ArcGis v.
10.2 (ESRI, 2011); and then a simple Mantel
test was performed between the Nei genetic
distance (1972; 1978) and geographic dis-
tance, between the genetic differentiation (F;)
and geographic distance, and between the
linearized genetic differentiation (Fg/ 1-F;)
and geographic distance (log), with 10 000
permutations using the software PASSaGE 2
v.2.0.11.6. (Rosenberg & Anderson, 2011).

RESULTS

Santa Maria del Mar showed the high-
est percentage of polymorphic loci (71.43),
while San Francisco del Mar Viejo displayed
the lowest (42.86). Likewise, San Francisco
del Mar Viejo showed the lowest average
of alleles (1.29) and observed heterozygosity
(0.25) (Table 1). The average percentage of
polymorphic loci was 57.14 %, the observed
heterozygosity was H,, = 0.30, and the expect-
ed heterozygosity was H = 0.24.

The inbreeding coefficient (F,) was
negative in the four populations; however,
statistical significance was detected only in
jackrabbits from Montecillo Santa Cruz (F
-0.44, P = 0.03) (Table 1). Our results showed

TABLE 1
Genetic variation and Hardy-Weinberg Equilibrium (HWE) of L. flavigularis, obtained with seven microsatellite loci

Population N N, Ng P (%)
AG 15 1.57 1.32 57.14
SF 7 1.29 1.19 42.86
MO 25 2.14 1.56 57.14
SM 20 1.71 1.44 71.43
Average 1.68 1.38 57.14

Hy Hg He na Fis e
0.30 0.25 0.38 -0.26N8 7.24
0.25 0.20 0.21 -0.37N8 6.53"
0.38 0.26 0.24 -0.44" 14.99"*
0.28 0.25 0.26 -0.20NS 10.78"
0.30 0.24 0.27 -0.32"" 50.32"

N = sample size by population, N, = alleles number, N, = exclusive alleles, P = percentage of polymorphic loci,
observed heterozygosity, Hy = expected heterozygosity, Hy 4 = expected heterozygosity including null alleles,

HO
F 1S

inbreeding coefficient, > = Chi-square for tests of Hardy-Weinberg Equilibrium.
AG = Aguachil, SF = San Francisco del Mar Viejo, MO = Montecillo Santa Cruz, SM = Santa Maria del Mar.
*=P<0.05 " =P<0.01, "™ =P<0.001, NS = non-significant.
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that Montecillo Santa Cruz had the highest
average number of alleles per population (2.14)
and the higher values of observed heterozygos-
ity (0.38) (Table 2).

Six out of the seven loci studied were
polymorphic in the four populations of L.

flavigularis. The Sol 33 locus had one fixed
allele in the four populations (Table 2). The
highest number of alleles per locus (four) was
found on Sat 5 and Sol 44 (Table 2). The aver-
age number of alleles obtained in all popula-
tions was 1.68. Jackrabbits from Montecillo

TABLE 2
Allelic frequencies and Chi-square ()?) values for tests of Hardy-Weinberg Equilibrium (HWE)
of seven microsatellites loci in L. flavigularis

Locus f AG
Sat 2 a 0.79
b 0.21
c 0.00
d 0.00
v 1.04N8
Sat 3 a 0.58
b 0.42
c 0.00
d 0.00
XZ 0.14NS
Sat 5 a 1
b 0.00
c 0.00
d 0.00
a -
Sat 12 a 0.88
b 0.12
c 0.00
d 0.00
XZ 0.08NS
Sat 13 a 0.36
b 0.5
c 0.14
d 0.00
2 5.0NS
Sol 33 a 1
b 0.00
c 0.00
d 0.00
a -
Sol 44 a
b
c
d
1 NA

SF MO SM
0.58 1 1
0.42 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00

3.06N8 - -

0.5 1 0.5
0.5 0.00 0.5
0.00 0.00 0.00
0.00 0.00 0.00
0.2N8 - 20.00™*

1 0.5 0.6
0.00 0.44 0.4
0.00 0.03 0.00
0.00 0.03 0.00

- 18.00 6.81"

1 0.82 0.65
0.00 0.18 0.35
0.00 0.00 0.00
0.00 0.00 0.00

- 1.21N8 0.20NS
0.83 0.84 0.65
0.17 0.16 0.35
0.00 0.00 0.00
0.00 0.00 0.00

0.12N8 0.91NS 0.16N8

1 1 1
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00

0.5 0.95
0.1 0.05
0.16 0.00
0.24 0.00
NA 25.00"" 0.05NS

f=allelic frequency, - = no Chi-square test due to fixed alleles, NA = no amplification. AG = Aguachil, SF = San Francisco
del Mar Viejo, MO = Montecillo Santa Cruz, SM = Santa Maria del Mar.
*=P<0.05 " =P<0.01, ™ =P<0.001, NS = non-significant.
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Santa Cruz displayed the highest number of
alleles (four) registered in Sat 5 and Sol 44
loci. However, in Montecillo Santa Cruz and
Santa Maria del Mar, low allelic frequen-
cies (smaller than 10 %) were also found:
alleles ¢ and d in Sat 5; and allele b in Sat 13,
respectively (Table 2).

The Chi-square analysis by locus revealed
a significant deviation (P < 0.001-0.01) from
HWE in three loci (Sat 3, Sat 5 and Sol 44)
of two populations, Santa Maria del Mar and
Montecillo Santa Cruz (Table 2). All loci
showed monomorphic states (fixed alleles)
in at least one population: Aguachil has one
fixed allele in two loci (Sat 5 and Sol 33), San
Francisco del Mar Viejo in three loci (Sat 5,
Sat 12 and Sol 33), Montecillo Santa Cruz in
three loci (Sat 2, Sat 3 and Sol 33), and Santa
Maria del Mar in two loci (Sat 2 and Sol 33)
(Table 2). Four exclusive alleles were found in
the Montecillo Santa Cruz population (alleles ¢
and d for Sat 5, and alleles ¢ and d for Sol 44),
whereas in Aguachil only an exclusive allele
was found (allele ¢ for Sat 13). Amplifications
were not obtained in the locus Sol 44 for Agua-
chil and San Francisco del Mar Viejo (Table 2).

Null alleles were detected only in one
locus (Sat 5) in individuals from Santa Maria

del Mar. The expected heterozygosity with the
INA method was not different from the esti-
mate obtained without considering null alleles
(¢’ =0.02, d.f. = 3, P = 0.99) (Table 1).

The AMOVA results showed a moderate
and significant mean genetic differentiation
(Fgp=0.18, y* = 24.12, d.f. = 1, P < 0.001),
with the genetic variation mainly distributed
within populations (81.61 %), and low between
populations (18.39 %). The corrected genetic
differentiation was F, = 0.22 (P < 0.001), con-
sidering null alleles (Fg; ;) and without null
alleles (Fg;. r,)- The calculation of Fg. by pairs
of populations showed no genetic differen-
tiation between jackrabbits from Aguachil and
San Francisco del Mar Viejo, while the highest
genetic differentiation was observed between
jackrabbits from Montecillo Santa Cruz and
San Francisco del Mar Viejo (0.38) (Table 3).

According to Cavalli-Sforza and Edwards’s
genetic distances, with the ENA and INA
methods (Fig. 2), the greatest distance occurs
between the Aguachil and Montecillo Santa
Cruz populations (D gy, = 0.33, Dy =
0.35), and the smallest distance was between
Montecillo Santa Cruz and Santa Maria del
Mar (D gy, = 0.18, Dy, = 0.21) (Fig. 2).
The Bayesian analysis showed that the most

APPENDIX

Seven microsatellite loci used to determine the genetic diversity and structure of L. flavigularis

GenBank

Locus accession no. Primer sequence (5*3”) Size range (bp) Repetition AN
Sat 2! M77195 ; g%?;ig%&g;%%%%?: C?Elgj C 241-253 (TC),5(TG),, 55°C
s3I GGAMGAGAGAGACAGG 162 O 60°C
Sat 5! X99887 E:: gg;lgg%ﬁgz&%ﬁ%igﬁgG AG 206-234 (TC),, TTT 60 °C
Sat 12! X99891 ;:: %ng.ég;;g%ﬁf:;g;gigggc 122-138 (CTAT),, 55°C
Sat 13! X99892 ; %%g?é};%é??_? (?T%A(S GC g Ge 114-128 (GT),; 55°C
e oun  EOMGCOOGNCNON o agcone, e
Sol 442 04684 F: GGCCCTAGTCTGACTCTGATTG 140218 G1),, 62 °C

R: GGTGGGGCGGCGGGTCTGAAAC

!'= Mougel et al. (1997), 2= Surridge et al. (1997).
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AG

SF

MO

SM

Fig. 2. Genetic distances Cavalli-Sforza & Edwards (1967)
using the INA and ENA methods, among four existing
populations of L. flavigularis in Oaxaca, México. AG
= Aguachil, SF = San Francisco del Mar Viejo, MO =
Montecillo Santa Cruz, SM = Santa Maria del Mar.

probable number of genetic clusters was K = 2;
39 % of individuals were assigned to Cluster A
(jackrabbits of Montecillo Santa Cruz), and 58
% to Cluster B (jackrabbits of Aguachil, San
Francisco del Mar Viejo and Santa Maria del
Mar) (Fig. 3).

The Mantel test yielded non-significant
results when geographic distances were com-
pared with genetic distances (R = 0.27, P =
0.42), with the genetic differentiation (R = 0.05,

[ Cluster A Il Cluster B

TABLE 3
Corrected genetic differentiation (F;) (Weir 1996)
between existing populations of L. flavigularis, using the
INA method (above the diagonal) and the ENA method
(below the diagonal) (Chapuis & Estoup 2007)

Populations AG SF MO SM
AG 0 0.02N  0.29" 0.21"
SF 0.04 NS 0 0.38"" 0.20""
MO 0.30""  0.38"" 0 0.16™"
SM 021" 022" 0.16™ 0

AG = Aguachil, SF = San Francisco del Mar Viejo, MO =
Montecillo Santa Cruz, SM = Santa Maria del Mar.
"=P<0.05"=P<0.01,""=P<0.001,

NS = non-significant.

P = 0.20) and with linearized genetic differen-
tiation (R = 0.25, P =0.25).

DISCUSSION

Genetic diversity in L. flavigularis was
low (H,, = 0.30, H, = 0.24), and the values are
below those found in other jackrabbit species.
For example, in L. americanus was reported an
expected heterozygosity of /. = 0.67 (Burton,
Krebs, & Taylor, 2002), and in L. timidus a H ,
=0.422-0.498 and a H. = 0.537-0.543 (Ander-
sson, Thulin, & Tegelstrom, 1999; Hamill,
Doyle, & Duke, 2006; 2007). In L. europeus
a H, = 0.367-0.65 and a H, = 0.621-0.703
(Andersson et al., 1999; Fickel et al., 2005;
Canu et al., 2013). Whereas, in L. castroviejoi
and L. granatensis the genetic diversity was

AG SF
Populations of Tehuantepec jackrabbit (Lepus flavigularis)

MO

Fig. 3. Bayesian clustering of four existing populations of L. flavigularis in Oaxaca, México. AG = Aguachil, SF = San
Francisco del Mar Viejo, MO = Montecillo Santa Cruz, SM = Santa Maria del Mar.
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similar to that in L. flavigularis: H, = 0.325,
Hy = 0256 in L. castroviejoi; H, = 0.490,
H, = 0.294 in L. granatensis (Estonba et al.,
2005). Microsatellites can vary drastically in
their polymorphism, therefore genetic diversity
detected can vary according to the set of loci
studied (Maudet et al., 2002). Additionally, the
geographic distribution and ecological differ-
ences between species can substantially affect
diversity measures (Berkman, Nielsen, Roy, &
Heist, 2015).

The genetic variation values in L. flavigu-
laris may indicate that has historically main-
tained small population sizes along with a low
genetic diversity. The restricted geographic dis-
tribution of L. flavigularis, coupled with evolu-
tionary and ecological processes that occur to a
greater extent in small populations (e.g. genetic
drift, natural selection), have probably led to
low genetic diversity levels (Aguirre-Planter,
Furnier, & Eguiarte, 2000; Frankham, 2005;
Eckert, Eckert, & Hall, 2010; Carrillo-Reyes
et al., 2012; Rioja-Paradela et al., 2012; Santiz
et al., 2012). Null alleles were detected at the
locus level; however, these showed no influ-
ence on the estimated heterozygosity values.

The genetic variation in L. flavigularis
observed in this study is consistent with previ-
ous studies carried out with allozymes (Cer-
vantes et al., 2002), and with mDNA (Rico et
al., 2008). Although our results are within the
range reported by Cervantes et al. (2002) and
Rico et al. (2008), the information obtained
with microsatellites is essential to define man-
agement units and develop conservation strate-
gies, as these are abundant genome markers
and have a high mutation rate that makes
them suitable for detecting differences between
individuals of the same population and, there-
fore, for identifying recent genetic variation
and differentiation, which is not possible with
sequences of mDNA and allozymes (Rentaria,
2007; Demarchi, 2009).

Among the populations studied, Monte-
cillo Santa Cruz showed the greater genetic
diversity, followed by Santa Maria del Mar. In
contrast, San Francisco del Mar Viejo (popula-
tion with the smallest population size) showed

the lowest genetic variation, with the lowest
number of alleles, heterozygosity and polymor-
phic loci, all of which makes its the population,
at higher risk of extinction. The presence of
fixed alleles at all loci studied and in all popu-
lations, as well as the low genetic diversity,
especially in San Francisco del Mar Viejo, sug-
gests the effect of genetic drift, which promotes
the fixing of alleles and loss of genetic diversi-
ty in small populations (Frankham et al., 2002).
Nevertheless, it is necessary to evaluate these
conclusions in future studies, using a greater
number of microsatellites and molecular mark-
ers specifically designed for L. flavigularis,
with the purpose of diminishing the effect the
non-specificity of the molecular markers used
to evaluate polymorphism levels in this study.

The lack of amplification of the locus
Sol 44 in San Francisco del Mar Viejo and
Aguachil, could be due to mutations in the
flanking region of a microsatellite that cause
the lack of alignment in the genome sequence
(Hedrick, 2005; Pompanon, Bonin, Bellemain,
& Taberlet, 2005). However, the possibility of
bias is not ruled out, as the markers used were
designed for other species (Mougel et al., 1997,
Surridge et al., 1997).

The mean genetic differentiation (Fg;) was
moderate and statistically significant (Fg; =
0.18, P < 0.001), both in terms of corrected and
uncorrected frequencies. The genetic differ-
entiation between pairs of populations ranged
from zero to moderate, using null alleles (INA)
and not using null alleles (ENA). Aguachil and
San Francisco del Mar Viejo showed no genetic
differentiation; consequently, these could be
considered as a management unit (Moritz,
1994; Pullin, 2002). Genetic drift is likely to
affect each one of the studied populations of L.
flavigularis, causing the genetic differentiation
in the absence of gene flow, and its effect could
be stronger in small populations (Frankham et
al., 2002; Hedrick, 2005; Keyghobadi, 2007).
Genetic structure may be associated with mor-
phological differences between populations,
which may be caused by natural selection
(Frankham et al., 2002; Vinu et al., 2013).
Biometric differences between populations

1330 Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 65 (4): 1322-1336, December 2017



of L. flavigularis have been partially studied;
Rico, Lorenzo, and Lopez, (2012), reported a
differentiation in body size between jackrab-
bits from Santa Maria del Mar vs. Montecillo
Santa Cruz and Aguachil, which is associated
with a possible effect of the local environmen-
tal characteristics (e.g. availability and quality
of food). It is important to evaluate the rela-
tions of morphological variations with genetic
structure, including four existing populations,
because in this way it can identify local evo-
lutionary processes, and avoid the effects of
outbred depression by translocation of indi-
viduals between populations (Frankham, 2005;
Rico et al., 2012).

The estimation of molecular variance
(AMOVA) was greater within than between
populations, a finding that may indicate mating
among genetically distant individuals within
populations, and reproductive isolation with
limited gene flow between populations (Hed-
rick, 2005; Keyghobadi, 2007). Habitat loss
and fragmentation, along with a polygamous
behavior and lack of territoriality in L. fla-
vigularis (Rioja, Lorenzo, Naranjo, Scott, &
Carrillo-Reyes, 2008; Carrillo-Reyes et al.,
2010), explain the higher proportion of genetic
diversity within populations.

The inclusion of null alleles did not modify
genetic distances. The dendrograms (INA and
ENA methods) revealed two clades that clus-
tered Montecillo Santa Cruz with Santa Maria
del Mar, and Aguachil with San Francisco
del Mar Viejo, indicating a greater similarity
between these pairs of populations. According
to Euclidean distances, the closest populations
were San Francisco del Mar and Montecillo
Santa Cruz (18.02 km), and the most distant
were Aguachil and Santa Maria del Mar (38.34
km). Geographic distances are not associ-
ated with genetic distances in populations of
L. flavigularis; the Mantel tests did not detect
isolation by distance, suggesting that genetic
distances and genetic differentiation are not
determined by geographic distances among
populations. However, geographical barriers
such as geographical faults, roads, highways
or floods due to changes in sea level, can lead

to population isolation and explain the genetic
distances observed (Rico et al., 2008).

The Bayesian analysis showed that genetic
structure grouped the populations studied into
two clusters: jackrabbits of Montecillo Santa
Cruz in Cluster A, and jackrabbits of San
Francisco del Mar Viejo, Aguachil y Santa
Maria del Mar in Cluster B. Our results do
not agree with those reported by Rico et al.
(2008), who identified two clades based on
mDNA, one grouping the populations Monte-
cillo Santa Cruz, San Francisco del Mar Viejo
and Aguachil, and the other including jackrab-
bits of Santa Maria del Mar. Different patterns
of genetic structure based on different markers
may be due to a number of factors, including
mutation rates, timescale and life history of
the species (Arteaga, Pifiero, Eguiarte, Gasca,
& Medellin, 2012). Mitochondrial DNA is
maternally inherited, more conservative and
detects historical information; microsatellites
are segregated according to Mendelian laws,
have high mutation rates and indicate recent
genetic variation patterns (Goldstein & Pol-
lock, 1994; Vendramin, Lelli, Rossi, & Mor-
gante, 1996; Demarchi, 2009). The results
found in this study suggest a relative gene
flow between the populations located South
of Laguna Inferior in the Gulf of Tehuantepec
coast (i.e. San Francisco del Mar Viejo, Santa
Maria del Mar and Aguachil), differences in the
dispersion (gene flow) of males and females
(Carrillo-Reyes et al., 2010), and modifica-
tions in the connectivity of populations through
time, possibly associated with variations in
climate and human activities (e.g. temperature,
precipitation, changes in sea level, land cover
and land uses, human settlements, agricultural
areas; Santiz et al., 2016) that serve as barriers
or corridors, and determine the displacement of
organisms throughout the landscape.

Nevertheless, the estimated Fg, values by
pairs of populations suggest a moderate gene
flow only between Aguachil and San Fran-
cisco del Mar Viejo, while indicated genetic
isolation for the other populations, these values
are consistent with geographical barriers pres-
ent in the area (e.g. the sea channel between
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San Francisco del Mar Viejo and Santa Maria
del Mar) (Rico et al., 2008). The low gene flow
detected among most populations suggests
high inbreeding levels (heterozygote deficit);
by contrast, our results revealed an excess
of heterozygotes, which could be explained
by breeding groups or sub-populations that
cause sub-structure (Surridge, Bell, & Hewitt,
1999). As spatial scale increases from a breed-
ing group to the population level, the rate
of inbreeding relative to that expected, in a
random mating scenario, is modified, hence,
at the smallest level within which individuals
interbreed, and an increased observed hetero-
zygosity relative to the one expected (excess
heterozygosity) may be found (Surridge et al.,
1999; Frankham et al., 2002).

Management and conservation programs
for L. flavigularis should consider a detailed
short- and long-term research based on the
alleles found in the present study. It is particu-
larly important to monitor the exclusive alleles
detected in the Montecillo Santa Cruz and
Aguachil populations, as well as the variations
in allelic frequencies, in order to detect the loss
or gain of alleles, and identify the processes
that could be involved in such changes. Fur-
thermore, it is essential to monitor the displace-
ment of individuals among populations that
show no evidence of gene flow, since unfortu-
nately it is not possible to establish permanent
wildlife corridors to promote the regular move-
ments of individuals across the distribution
range driven by climatic events (e.g. floods
and droughts), human settlements, agriculture
and cattle ranches (Rioja-Paradela et al., 2012;
Santiz et al., 2016).

Based on the genetic structure and dis-
tances between populations observed in this
study, we suggest two management units that
can be very useful to reestablish gene flow
between populations and to develop effective
conservation strategies: (1) Montecillo Santa
Cruz and Santa Maria del Mar, and (2) Agua-
chil and San Francisco del Mar Viejo. To define
a translocation strategy, it is urgent to carry
out more studies of population genetics with
specific and highly polymorphic molecular

markers that help define the steps to follow
for the movement of individuals among exist-
ing populations. Also, a research focused on
genetic consequences of inbreeding and out-
breeding has to be carryied out. Likewise, it is
imperative to control fires, changes in land use
and poaching (and overhunting) to protect the
existing populations of L. flavigularis and their
habitats (Carrillo-Reyes et al., 2010; 2012;
Rioja-Paradela et al., 2012). Further research
should also be conducted considering captive
breeding programs and reintroduction to poten-
tial areas, based on the genetic diversity, dis-
tances and structure detected (Rioja-Paradela
et al., 2012; Verde et al., 2015).
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RESUMEN

Variacion y estructura genética de la liebre en
peligro de extincién, Lepus flavigularis (Lagomorpha:
Leporidae). Lepus flavigularis es una especie endémica
y en peligro, con solo cuatro poblaciones ubicadas en
Oaxaca, México: Montecillo Santa Cruz, Aguachil, San
Francisco del Mar Viejo y Santa Maria del Mar. Las activi-
dades humanas (e.g. caceria, cambios de uso de suelo) y la
baja diversidad genética detectada con ADN mitocondrial
y aloenzimas muestran la urgencia de desarrollar estra-
tegias de manejo para esta especie. Para definir unidades
de manejo es necesario estudiar la estructura genética con
genes nucleares debido a su herencia y alto polimorfis-
mo, por lo tanto, el objetivo de este estudio fue exami-
nar la variacion y estructura genética de L. flavigularis
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con microsatélites nucleares. Se obtuvo el ADN gendémico
de 67 liebres de las cuatro poblaciones de L. flavigularis,
capturadas mediante muestreo nocturno de 2001 a 2006,
mediante el método fenol-cloroformo-alcohol isoamilico.
Para obtener la diversidad y estructura genética se ampli-
ficaron siete microsatélites con la Reaccion en Cadena de
la Polimerasa (PCR). Las amplificaciones se visualizaron
mediante electroforesis con geles de poliacrilamida al 10
%, tentidas con bromuro de etidio. La diversidad genética se
determiné con el programa GenAlEx v.6.4, y la estructura
genética se obtuvo con el ARLEQUIN v.3.1. Se evaluaron
los alelos nulos con el programa Micro-Checker v.2.2.2.
Adicionalmente, se realizo un andlisis bayesiano con el
software STRUCTURE v.2.2.3, y se estudi6 el aislamiento
por distancia (IBD) mediante el programa PASSAGE
v.2.0.11.6. La variacion genética encontrada fue baja (4,
= 0.30, H, = 0.24) en comparacion con otras especies de
liebres. Se detectaron alelos fijos y diferenciacion genética
moderada (Fg; = 0.18, P < 0.001) entre las poblaciones,
lo que indica el efecto de la deriva genética y flujo gené-
tico limitado. El analisis Bayesiano revelé dos grupos:
(1) liebres de Montecillo Santa Cruz, e (2) individuos de
Aguachil, San Francisco del Mar Viejo y Santa Maria del
Mar. No se detectd evidencia de aislamiento por distancia.
Es posible que las barreras geogréficas presentes entre las
poblaciones (e.g. lagunas, asentamientos humanos), mas
que la distancia geografica entre ellas, expliquen la estruc-
tura genética observada. El coeficiente de endogamia fue
negativo (F,=-0.27, P = 0.03), indicando sub-estructura
genética en las poblaciones. Sugerimos dos unidades de
manejo con base en las poblaciones mas cercanas gené-
ticamente, lo que ayudara a definir acciones precisas de
conservacion en L. flavigularis. Esta investigacion es la
base para definir la translocacion de individuos entre las
poblaciones, sin embargo, se requiere un estudio futuro
mas amplio que incorpore marcadores moleculares especi-
ficos para L. flavigularis. Asimismo, es necesario analizar
las barreras que limitan el flujo genético, ya que es urgente
reducir la diferenciacion genética entre poblaciones e
incrementar la diversidad genética de esta especie.

Palabras clave: especies endémicas, genética de la conser-
vacion, Lepus flavigularis, liebre tropical, microsatélites,
unidades de manejo.
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