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Abstract:

This study aimed to genetically characterize 23 subpopulations of the Mexican Pelibuey
sheep and a Cuban flock using nine microsatellite markers. A total of 99 alleles and a
polymorphic information content (PIC) of 0.84 were observed. The observed FIS, FST,
and FIT were 0.007, 0.151, and 0.158, respectively. Three primers (OarFCB304,
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OarJMP29, and ILSTS5) showed deviations in the Hardy-Weinberg equilibrium (HWE;
P<0.05). In a subpopulation analysis, the number of alleles per subpopulation ranged
from 28 to 49, the mean number of alleles (MNA) was 4.08, and the effective number of
alleles (NE) was 3.25. The observed and expected heterozygosity values were 0.726 and
0.731, respectively. Six of the 24 evaluated subpopulations showed deviations of the
HWE (P<0.05). The FIS values by subpopulation varied between -0.71 and 0.138. Nine
private alleles were detected, and no shared alleles were observed. Using a principal
component analysis (PCA), subpopulations were grouped into two clusters. Mantel's test
determined that the genetic distance (measured by Nei's unbiased minimum distances)
was not related to the geographic distance (r= -0.062; P>0.05). The population structure
analysis determined two founder populations (K), similar to the PCA. This study
concludes that the Pelibuey sheep in Mexico have high genetic diversity and that its
subpopulations are grouped into two clusters, one of which shows the most preserved
genetic material.
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Introduction

Pelibuey is the most important hair sheep breed in Mexico. It entered the country between
1930 and 1940 from Cuba®2%: and since then, no new genetic material has entered the
country. Initially, Pelibuey sheep were distributed in tropical regions. Nowadays, it is
spread throughout the country®. Pelibuey sheep are not highly productive; their
biological importance lies in their ability to adapt to different environments and
climates® and reproduce throughout the year®,

The wide range of environments in which Pelibuey sheep have been bred has led to
adaptive responses, which are part of their gene pool. However, in recent years, this breed
has been subjected to indiscriminate crosses with breeds specialized in meat production
to increase its productivity®”; this has put at risk the original genetic diversity of the
breed. Additionally, artificial insemination and the intense flow of genetic material
between flocks have exacerbated the problem®.

An initial step for the conservation of animal genetic resources is breed characterization.
The Food and Agriculture Organization of the United Nations (FAQO) has proposed that
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the initial characterization should include a phenotypic description of the breed and its
subsequent genetic characterization using molecular markers®. Molecular markers, such
as microsatellites, have been used in population genetics to characterize several breeds®.
More profound knowledge about the genetic diversity and variability and the population
structure of different flocks in Mexico will allow us to determine the degree of risk of the
Pelibuey sheep and, consequently, suggest viable strategies for its conservation.
Therefore, this study aimed to characterize different Pelibuey subpopulations in Mexico
using microsatellite markers.

Material and methods

Sampling

Blood samples were collected from 119 Pelibuey sheep from 23 domestic flocks and one
Cuban flock. Domestic flocks were sampled in the agroecological zones that correspond
to the tropical wet, tropical dry, and central mountainous regions. The geographical
location of the domestic flocks is shown in Figure 1. Of the 24 flocks, 11 belong to
universities or research institutes; the remaining 13 belong to private producers. All the
flocks in this study were handled according to the Institutional Animal Care and Use
Committee (SICUAE, as per its acronym in Spanish) of the School of Veterinary
Medicine and Zootechnics of the UNAM. The flocks that belong to the Instituto Nacional
de Investigaciones Forestales, Agricolas y Pecuarias (INIFAP) in Yucatan (INIFAP
Mococha=IN-MOC) and Puebla (INIFAP Las Margaritas= IN-MAR) were considered as
the domestic reference subpopulations because they were the first to settle in Mexico and
their breeding practices have targeted the conservation of their breed. Furthermore, both
have served as the basis for the formation of other domestic flocks. The inclusion criteria
were the following: an external appearance characteristic of the Pelibuey sheep, female
specimens, clinically healthy, and not related to each other.
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Figure 1: Geographical location of the domestic Pelibuey sheep flocks included in this
study

The order of the subpopulations can be found in Table 2. 1. INIFAP Mococha (IN-MOC), 2. INIFAP Las
Margaritas (IN-MAR), 3. Centro de Ensefianza, Investigacién y Extensién en Ganaderia Tropical
(CEIEGT)-UNAM, 4. Centro de Ensefianza, Investigacion y Extension en Produccion y Salud Animal
(CEPIPSA)-UNAM, 5. Instituto Tecnoldgico de Conkal (ITC), 6. Universidad del Papaloapan (UNPA),
7. Colegio de Postgraduados Campus Cérdoba (COLPOS-COR), 8. Universidad Veracruzana (UV), 9.
Benemeérita Universidad Auténoma de Puebla (BUAP), 10. Colegio de Postgraduados Campus Texcoco
(COLPOS-TEX), 11. Universidad de Colima (UCOL), 12. Rancho San Alberto, 13. Rancho Garrido, 14.
Rancho Belbesah, 15. Rancho Libertad, 16. Rancho Jalapa, 17. Rancho EI Porvenir, 18. Rancho ElI
Paraiso, 19. Rancho Santa Anita, 20. Posta El Cuatro, 21. Finca EI Cielo, 22. Rancho La Fama, and 23.
Rancho El Carrizal.

Following FAO recommendations, the analysis included five individuals from each
flock™®. We only included four samples of the Rancho Jalapa and Rancho El Carrizal
flocks because of the DNA degradation of some samples.

Blood samples (6 ml) were obtained by jugular venipuncture and collected in

Vacutainer® tubes with EDTA as an anticoagulant; samples were labeled at the time of
sampling. Samples were stored at -80 °C until further processing and analysis.

DNA extraction and polymerase chain reaction (PCR)

DNA isolation was carried out based on a simple and inexpensive protocol for extracting
DNA from poultry blood samples®®. This protocol was subsequently adapted for sheep
blood®?),
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The yield and purity of the extracted DNA were determined by spectrophotometry
(NanoDrop Thermo Scientific, Wilmington, DE). These results were corroborated by a
0.8% agarose gel electrophoresis using 10 pL of the extracted DNA. The extracted DNA
was stored at -80 °C until further used.

Nine microsatellite markers were amplified through PCR following the International
Society for Animal Genetics (ISAG) and the FAO“%!® recommendations. The PCR
reactions were carried out in a final volume of 25 pL and consisted of 100 ng of genomic
DNA (2 pL), 0.2 uM of each primer (Forward and Reverse; 0.5 pL), 200 uM of each
dNTP (2.5 pL), 2.5 mM of MgCI?* (0.5 uL), 1.25 U of DNA Taq polymerase (0.25 pL),
10 X PCR buffer (2.5 pL), and 16.25 L of sterile water.

PCR reactions were carried out in a thermocycler (Axygen Scientific Inc.). The PCR
protocol was the following: an initial denaturation step at 95 °C for 5 min; followed by
35 cycles of denaturation at 94 °C for 45 s, annealing for 1 min at variable temperature,
and extension at 72 °C for 1 min; with a final extension at 72 °C for 10 min.
Amplifications were stored at 4 °C until further analysis.

Electrophoresis

Amplifications were subjected to a non-denaturing polyacrylamide (12 %) gel
electrophoresis. Electrophoresis was carried out with 0.5% TBE as a running buffer. The
size of the DNA fragments was determined using a 25 bp molecular weight ladder
(Invitrogen Life Technologies, Carlsbad, USA). Gels were stained with 0.5 pg/ml of
ethidium bromide and visualized under ultraviolet light (Kodak Gel Logic 2200 Imaging
System). The gel images were processed using the MylmageAnalysisSystem™ (Fisher)
software.

Statistical analysis

The number of alleles (NA), effective number of alleles (NE), mean number of alleles
(MNA), Shannon index (I), observed heterozygosity (HO), and expected heterozygosity
(HE) for each marker were estimated using the POPGENE v.1.311% and FSTAT®®
software. The polymorphic information content (PIC) was calculated with the CERVUS
v 3.0.719 software. For each marker, exact tests were carried out to determine deviations
from Hardy-Weinberg equilibrium (HWE) through the Markov chain Monte Carlo
simulation method using the GENEPOP v 4.7.0¢718) software.
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F statistics measured genetic structure. The inbreeding index within a population (FIS),
fixation index of the total population (FIT), and the genetic differentiation index between
populations (FST) were calculated with the GENEPOP v 4.7.0 software, carrying out
1,000 permutations“’*®. Private alleles were analyzed using the GENALEX v 6.5
software®®29, Shared alleles between subpopulations were analyzed by creating a binary
matrix that recorded the presence (1) or absence (0) of each of the alleles in the
subpopulations. Subsequently, the proportions of the subpopulations with the most and
least common shared alleles were calculated.

The genetic flow between the subpopulations was measured through the number of
migrants per generation (Nm) and calculated from the FST between pairs of
subpopulations using the GENETIX v. 4.05 software@V,

Isolation by distance between subpopulations was analyzed using a Mantel test®?, which
consisted of correlating the genetic distances (measured through Nei's unbiased minimum
distances®®) and the geographic distances between the subpopulation pairs using the
XLSTAT software. This test used a significance of 0.05 and 10,000 permutations.

The spatial relationships between the subpopulations were analyzed using a principal
component analysis (PCA) implemented in the PCAGEN software®. The population
structure and degree of mixture were estimated using a Bayesian clustering model
implemented in the STRUCTURE v 2.3?® software. This analysis involved a mixture
model with correlated allele frequencies. To choose the correct number of inferred
clusters (K) needed to model the data, 2-24 clusters were inferred with 20 independent
runs in each cluster. All runs used 100,000 interactions (burn-in), followed by 1,000,000
interactions (MCMC). The most probable number of K was calculated with the AK
algorithm using the online software STRUCTURE HARVESTER®@®, Finally, results
were processed using the online software CLUMPAK®") to interpret the obtained
inferences.

Results

Genetic diversity of the entire population

Table 1 shows the global statistics obtained with the nine microsatellites. For the entire
Pelibuey population, 99 alleles were detected in 119 animals genotyped with nine
microsatellite primers. All loci were polymorphic in the analyzed subpopulations. The
number of alleles per locus fluctuated from 9 (OarCP34, OarFCB304, and ILSTS5) to 14
(OarJMP58). The observed average number of alleles per locus was 11. The NE ranged
from 5.31 (OarCP34) to 8.68 (OarJMP58).
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Table 1: Global statistics obtained with the nine microsatellites

TA SR

Marker (& N NA NE HO HE PIC | HWE FIT FST
OarCP34 58 o 9 531 0731 0740 079 190 NS  0111* 0099*
CarFCB304 58 510 11 734 0812 0741 085 211 00285* 0075* 0154
OarMP29 56 T° 12 667 0694 0807 083 211 00002* 0185 0.056%
OarMPS8 58 o 14 868 0737 0761 087 235 NS 0173 0.48
DYMSL 58 > 11 853 0697 0778 087 226 NS  0217% 0.30
ILSTS5S 58 00 9 665 0781 0664 084 200 00180% 0092* 0.228*
SRCRSP5 58 5 12 624 0699 0667 082 206 NS 0180 0.215*
SRCRSPO 58 > 10 765 0657 0723 086 214 NS  0255% 0180
MAF33 60 S0 11 573 0730 0707 080 197 NS 0123 0150
Average 11 6.97 0.726 0732 084 21 0.158 0.151

Annealing temperature (TA), allele size range (SR), number of alleles (NA), effective number of alleles
(NE), observed heterozygosity (HO), expected heterozygosity (HE), polymorphic information content
(PIC), Shannon index (1), deviation from the Hardy-Weinberg equilibrium (HWE), fixation index of the
entire population (FIT), and differentiation index between populations (FST) of the nine microsatellite
markers used in the genetic characterization of Pelibuey sheep.

NS = non-significant; *P<0.05.

The HO values ranged from 0.657 (SRCRSP9) to 0.812 (OarFCB304). The average HO
for the entire population was 0.726. Moreover, HE fluctuated from 0.664 (ILSTS5) to
0.807 (OarJMP29), with an average of 0.732. The PIC for each marker ranged from 0.79
(OarCP34) to 0.87 (OarJMP58 and DYMS1), with a global average of 0.84. The | value
was between 1.90 (OarCP34) and 2.35 (OarJMP58), with a global average of 2.1.

The microsatellite markers were tested for deviation from the HWE. Most loci were under
HWE. However, OarFCB304, OarJMP29, and ILSTS5 showed a significant deviation
from the HWE (P<0.05). The global values of FIS, FIT, and FST were 0.007, 0.158, and
0.151, respectively, with no significant differences (P>0.05). The highest FIS value
(0.136) was observed in the OarJMP29 marker; the lowest value (-0.176) was observed
in the ILSTS5 marker. The highest FIT value (0.255) was observed in the SRCRSP9
locus, the lowest (0.075) in the OarFCB304 locus. Furthermore, the highest FST value
(0.228) was observed in the ILSTS5 locus, the lowest (0.056) in the OarJMP29 locus.
The differences between subpopulations, evaluated by the multilocus values of FST,
revealed that, for the most part, genetic variation corresponds to differences between
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individuals within the subpopulations (84.9 %); 15.1 % results from differences between
subpopulations.

Genetic diversity between subpopulations

Table 2 shows the genetic diversity measures for each subpopulation. The subpopulation
with the higher genetic diversity was UNPA (49 alleles); the subpopulation with the
lowest genetic diversity was IN-MOC (28 alleles), with a global average of 36.6 alleles
per subpopulation. The average MNA and NE were 4.08 and 3.25, respectively. The
highest values were observed in the UNPA subpopulation (5.44 and 4.20, respectively);
the IN-MOC subpopulation had the lowest values (3.11 and 2.46, respectively).

Table 2: Number of animals (n), total number of alleles (TNA), mean number of alleles
(MNA), effective number of alleles (NE), observed heterozygosity (HO), expected
heterozygosity (HE), and inbreeding coefficient within the population (FIS) in 24
Pelibuey sheep subpopulations, based on the analysis with nine microsatellite markers

Population State n TNA MNA NE HO HE FIS
IN-MOC Yucatan 5 28 3.11 246 0.666 0.627 -0.071
IN-MAR Puebla 5 30 3.33 273 0.733 0.664 -0.118*
CEIEGT Veracruz 5 30 3.33 262 0.689 0.651 -0.064
CEPIPSA Mexico City 5 30 3.33 273 0779 0677 -0.171*
ITC Yucatan 5 36 4.11 3.0 0778 0.721 -0.089*
UNPA Oaxaca 5 49 544 420 0.778 0.840 0.081
COL-CORD Veracruz 5 37 411 372 0.756 0.782 0.038
uv Veracruz 5 37 411 328 0.711 0.674 -0.062
BUAP Puebla 5 37 411 332 0.711 0.738 0.041
COL-TEX Mexico 5 43 478 410 0.800 0.803 0.003
State
UCOL Colima 5 36 4.0 3.10 0.733 0.709 -0.039
Rancho San Alberto Yucatan 5 38 422 347 0.711 0.733 0.033
Rancho Garrido Yucatan 5 38 422 320 0689 0.751 0.091*
Rancho Belbesah Yucatan 5 39 433 358 0.733 0.758 0.036
Rancho Libertad Yucatan 5 43 489 389 0.711 0.812 0.138*
Rancho Jalapa Tabasco 4 32 356 292 0.694 0.706 0.019
Rancho EI Porvenir Tabasco 5 37 411 332 0.733 0.733 0.000
Rancho El Paraiso Puebla 5 34 3.78 277 0.733 0.686 -0.077
Rancho Santa Anita SLP 5 31 344 282 0.689 0.699 0.015
Posta El Cuatro Jalisco 6 44 489 345 0685 0.735 0.075
Finca El Cielo Sinaloa 5 38 422 340 0.711 0.746 0.051
Rancho La Fama Sinaloa 5 39 433 360 0.733 0.787 0.076
Rancho El Carrizal BCS 4 36 4.0 3.26 0.694 0.778 0.122*
Cuba La Habana 5 37 411 327 0.779 0.738 -0.060

Total/Average 119 366 4.08 325 0.726 0.731 0.0072

INIFAP: Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias; CEIEGT: Centro de
Ensefianza, Investigacion y Extension en Ganaderia Tropical; CEPIPSA: Centro de Ensefianza,
Investigacién y Extension en Produccién y Salud Animal; COLPOS: Colegio de Postgraduados; BUAP:
Benemérita Universidad Auténoma de Puebla.

*Indicates FIS different from zero (P<0.05).
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The average HO was 0.726. The lowest value was observed in the IN-MOC subpopulation
(0.666), the highest in COL-TEX (0.800). The average HE was 0.731. The lowest value
was observed in the IN-MOC subpopulation (0.627), the highest in UNPA (0.840).

The average FIS for each subpopulation, considering all loci, fluctuated from -0.171
(CEPIPSA) to 0.138 (Rancho Libertad). Nine of the 24 analyzed subpopulations (IN-
MOC, ITC, UV, CEIEGT, IN-MAR, Rancho El Paraiso, CEPIPSA, UCOL, and Cuba)
showed negative FIS values; the remaining 15 had positive values. Six subpopulations
showed (Table 2) FIS values different from zero (P<0.05), with positive (Rancho Garrido,
Rancho Libertad, and Rancho El Carrizal) and negative values (ITC, IN-MAR, and
CEPIPSA).

The allele analysis (Table 3; end of manuscript) demonstrated the presence of nine private
alleles (9.09% of the 99 alleles) distributed in seven subpopulations (29.1% of the 24
flocks). The Posta EI Cuatro subpopulation had three private alleles; CEIEGT, COLPOS-
CORD, Rancho San Alberto, Rancho Belbesah, Rancho Libertad, and Rancho Jalapa had
one private allele. The loci that contributed to private alleles were OarFCB304 (2),
OarJMP29 (2), SRCRSP5 (2), MAF33 (2), and SRCRSP9 (1). The frequencies of private
alleles ranged from 0.083 in Posta ElI Cuatro (markers OarFCB304 and OarJMP29) to
0.400 in CEIEGT (marker SRCRSP9). The Cuban Pelibuey flock had no private alleles.

Although not all subpopulations shared alleles, it was identified two alleles (110" and
"150" of the OarCP34 and OarJMP29 loci, respectively) that were shared by 23
subpopulations (95.83 %). Table 4 (end of the manuscript) shows the analysis of the
genetic flow (measured by Nm). The highest value of Nm was observed between the
CEIEGT and CEPIPSA subpopulations. Of the 276 possible subpopulation comparisons,
222 (80.43 %) had a Nm higher than 1; 14 (5.07 %) had a Nm higher than 4.

The isolation by distance in the subpopulations was corroborated using Mantel's test
(Figure 2). This analysis showed that the genetic differentiation between the Pelibuey
sheep subpopulations (measured through Nei's unbiased minimum distances) is not
related to their geographic distances (r=-0.062; P>0.05).
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Figure 2: Relationship between the pairs of Nei's unbiased minimum genetic distances
and the geographic distances (r=-0.062; P>0.05)
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A PCA was carried out using the frequencies of the 99 alleles observed in the population.
Figure 3 shows the global PCA. The first two principal components explained 30.21 %
of the total variation. The first axis contributed 17.04 % of the variance and separated the
flocks into two clusters. Subpopulations IN-MOC, IN-MAR, CEIEGT, CEPIPSA, and
ITC comprise the first cluster. The second axis contributed 13.17% of the variance and
separated the UCOL, COLPOS-CORD, Rancho el Paraiso, Universidad Veracruzana,
ITC, and IN-MAR subpopulations.

Figure 3: Principal component analysis between Pelibuey sheep subpopulations in
Mexico. The first two components were included
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The analysis with the STRUCTURE software demonstrated the presence of two ancestral
populations (K), similar to the PCA. The first group included the IN-MOC, IN-MAR,
CEIEGT, CEPIPSA, and ITC subpopulations (Figure 4). Hypothetically, if K=3 or K=4,
it would be possible to observe the formation of new clusters; however, the
subpopulations of the first group remain constant.

Figure 4: Clustering of the different Pelibuey sheep subpopulations in Mexico using the
STRUCTURE software
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Each individual is represented by a vertical bar, which is typically segmented into various colors. The
colors represent the proportions of the ancestral populations (K=2, K=3, K=4) that make up the individual
genome. Black lines separate subpopulations.

Discussion

Genetic diversity of the entire population

This study is the first genetic characterization of Pelibuey sheep using microsatellites.
The average NA was 11, which is lower than the 14.27 value reported in a previous study
carried out in 13 Colombian sheep breeds using 11 microsatellite markers®®; however, it
is very similar to the 10.96 value reported in nine Spanish, Cuban, Mexican, and African
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breeds using 26 microsatellite markers®, The average NE was 3.25, which is lower than
the 3.73 observed in five Chinese sheep breeds®® and the 4.68 value reported in
Colombian sheep breeds®®). When contemplating all loci, the NA was higher than the
NE, which indicates that alleles are irregularly distributed in each of the loci; this could
be because of the geographic isolation or the selection or flow of genetic material between
subpopulations®.

Heterozygosity is a parameter that reflects the genetic diversity in the population. The
average values of HO and HE (0.726 and 0.732, respectively) were very similar in all
loci. Values are similar to those observed in several Spanish, Cuban, Mexican, and
African sheep breeds, in which an average HE value of 0.731 was reported®. A different
study reported HO and HE values of 0.744 and 0.755, respectively, in several Hungarian
sheep breeds®?. In four of the nine analyzed markers (OarFCB304, ILSTS5, SRCRSP5,
and MAF33), the HO was higher than the HE, suggesting an excess of heterozygotes in
the analyzed subpopulations.

The PIC values in this study were greater than 0.7; this indicates that the markers used in
this study correctly measure genetic diversity. The average value of the Shannon Index
(2.1) was similar to the 2.2 value obtained in 14 types of Iranian sheep® and the 2.38
value reported in four Nigerian sheep breeds®. This result reflects the high genetic
variability of the analyzed subpopulations.

Three of the nine markers showed a deviation from the HWE due to either high
(OarFCB304 and ILSTS5) or low heterozygosity (OarJMP29). Although the deviation
from the HWE can have biological implications, such as intensive selection, inbreeding,
migration, mutation, or an insufficient number of samples®®, it is also possible that this
deviation results from errors during genotyping®®. In this study, it was only observed
deviation from the HWE in 20 of the 216 Fisher's exact tests; therefore, it was decided to
keep all markers in subsequent analyses.

The observed FIT value (0.158) indicates a global deficiency of 15.8 % of heterozygotes
in the population. Furthermore, the FST value (0.151) indicates that 15.1 % of the genetic
variation corresponds to differences between subpopulations. Similar values in both
indexes were found in several sheep breeds, where FIT and FST values of 14.2 and
13.4 %, respectively, were observed@®®. Thus, both values indicate that there is moderate
genetic differentiation between the studied flocks.

Genetic diversity between subpopulations

The highest NA, MNA, and NE values corresponded to the UNPA, COL-TEX, Rancho
Libertad, and Posta EI Cuatro subpopulations. The genetic diversity in these
subpopulations can be attributed to the introduction of new individuals, which was
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corroborated with the flocks' record books. Furthermore, Posta El Cuatro corresponds to
a unit intended for the production of record Pelibuey specimens. In recent years, pure
Pelibuey breeders have substantially improved the productive yield of this breed by
resorting to the crosses between different Pelibuey lines. In Rancho Libertad, the high
values of FIS (0.138) do not support the latter. However, this result could be attributed to
the reduced sample size of the subpopulation. The lowest NA, MNA, and NE were
observed in the IN-MOC, IN-MAR, CEIEGT, and CEPIPSA subpopulations; this is
probably because these subpopulations belong to universities and research institutes,
which have remained as closed centers and have not allowed the introduction of new
animals. Thus, the breed's original genetic material is expected to be more conserved in
these subpopulations. The negative FIS values confirm that these flocks follow a
minimum inbreeding policy.

The HO (0.726) and HE (0.731) values obtained in this study were higher than those
observed in a Pelibuey flock in Queretaro, Mexico (HO= 0.652 and HE= 0.659)®.
Furthermore, an HO of 0.72 and an HE of 0.71 was observed in a Colombian Pelibuey
flock®@®. The high global values of HO and HE could be attributed to the analysis of
several subpopulations since the other studies only evaluated one flock.

The total value of FIS was 0.0072. However, in nine subpopulations (IN-MOC, UV,
Rancho El Paraiso, IN-MAR, ITC, UCOL, CEIEGT, CEPIPSA, and Cuba), FIS was
negative, suggesting an excess of heterozygotes. In the remaining subpopulations, FIS
was positive, indicating a deficiency of heterozygotes; this coincides with the
heterozygosity values since, in the same subpopulations, the HO was higher than the HE.
Previous studies in Pelibuey sheep have reported FIS values of 0.023? and 0.02%®),
indicating a slight deficiency of heterozygotes. The negative FIS values could be
explained by the absence of inbreeding, high heterozygosity values, and low selection
pressure, similar to what has been observed in other studies®®. High FIS values (Rancho
Garrido, Rancho Libertad, and Rancho El Carrizal) indicate a deficiency of heterozygotes
commonly associated with selection and inbreeding®”. In farm animal populations,
inbreeding is a common finding due to flaws in reproductive programs and the fact that
they are relatively small populations. Furthermore, the small number of sampled
individuals per subpopulation could also contribute to the estimations obtained in these
subpopulations.

Private alleles are defined as those that occur in a single population or subpopulation.
Nine private alleles were detected in six of the evaluated subpopulations. The
subpopulation with the highest number of private alleles (3) was Posta El Cuatro. The
CEIEGT, COLPOS-CORD, Rancho San Alberto, Rancho Belbesah, Rancho Libertad,
and Rancho Jalapa had one private allele. Except for allele "95" (CEIEGT subpopulation,
locus SRCRSP9), which had a 0.400 frequency, private alleles showed relatively low
frequencies (0.083-0.125). Thus, these private alleles are more at risk of disappearing if
not considered in breeding programs. Private alleles with higher frequencies indicate that
a population is unique and has a certain degree of isolation®), which is compatible with
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the recent history of the CEIEGT flock; this flock has behaved as a closed core, avoiding
the introduction of new genetic material. Additionally, the negative FIS (-0.064) rules out
the possibility that the high frequency of the allele mentioned above is due to an
inbreeding process.

The private alleles observed with low frequencies in the analyzed subpopulations could
be due to relatively recent mutation events®®. Microsatellites have high mutation rates
that range from 107 to 1x10°2“9; this allows the appearance of a mutation in 1/1,000,000-
1/100 individuals per generation. Additionally, private alleles could also be due to the
high gene flow between subpopulations®V; this is corroborated by the global FST (0.151)
observed in this study, which indicates a moderate gene flow between subpopulations.

The private allele analysis could not differentiate the Cuban subpopulation from the
Mexican flocks. It is important to consider the founder effect that resulted from the
introduction of the Pelibuey breed into Mexico, in which only a few specimens of the
total Cuban population were selected. The genetic drift of the Pelibuey specimens
introduced into Mexico played an important role in the extinction or fixation of available
alleles. Furthermore, mutations could significantly contribute to the emergence of new
alleles within the newly formed flock. Therefore, a substantial difference between the
genetic diversity of the Mexican and Cuban flocks would be expected. However, in this
study, it was observed that the Cuban flock shares alleles with the Mexican flock; this
could be because the Cuban subpopulation consisted of only five individuals, representing
a minimum sample of the actual genetic diversity. Therefore, it is impossible to carry out
an objective comparison of both subpopulations; results should only be considered
indicative.

The analysis of shared alleles did not identify alleles shared between all subpopulations.
However, alleles 110" and "150", corresponding to the OarCP34 and OarJMP29 loci,
were found in 23 of the 24 analyzed subpopulations; only UV and Rancho Belbesah were
missing these alleles. Future research should determine if these alleles could be used as
markers of the Pelibuey breed.

The gene flow analysis, measured by the Nm, showed that CEIEGT and CEPIPSA (Nm=
16.39) had the highest gene flow, which corresponds with their record books. These
flocks belong to the Universidad Nacional Autdnoma de México (UNAM), where rams
from CEIEGT have been regularly introduced to CEPIPSA for some years. Furthermore,
the Nm analysis confirmed that the value was greater than one in 80.43 % of the
subpopulation pairs. Meanwhile, 5.07 % of the subpopulation pairs reached values higher
than four. Nm values lower than one indicate that the gene flow is not enough to
counteract the differentiation caused by the genetic drift between subpopulations;
therefore, subpopulations tend to differentiate. Values greater than one prevent
differentiation. Moreover, if the Nm is higher than four, subpopulations behave as a
panmictic population®?:; this is corroborated by the global FST (0.151), which indicates
a moderate gene flow between subpopulations.
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The correlation between the genetic and geographic distances was nonsignificant; this
means that the genetic structure of the Pelibuey flocks does not correspond to isolation
by distance model between subpopulations. This could be attributed to the flow of
Pelibuey specimens across the country.

Genetic relationships between subpopulations and population
structure analysis

The PCA showed that the first component separated the IN-MOC, IN-MAR, CEIEGT,
CEPIPSA, and ITC subpopulations from the rest. This result was expected since these
populations belong to research institutes and universities, where the main focus is
research and breed conservation. The latter was previously corroborated by the negative
FIS values that indicate high heterozygosity. The second group was conformed of flocks
from other universities and research institutes (BUAP, COL-TEX, COL-COR, UCOL,
and UNPA), all the private producers, and the Cuban flock. The divergence of the second
group is probably due to the current flow of specimens between Pelibuey subpopulations
in Mexico; this is supported by the moderate FST value of 0.151 and the significant
proportion of subpopulation pairs with an Nm greater than one. Recently, reproductive
technologies, such as embryo transfer and artificial insemination, have enabled faster
genetic improvement®. Such technologies and the specimen flow (especially rams)
between production units have substantially modified the original Pelibuey sheep genetic
diversity. Additionally, the crossings with other breeds have significantly increased,
resulting in greater divergence. Exhaustive studies should verify the breed's genetic
erosion.

The second component of the PCA separated the UCOL, COLPOS-CORD, Rancho el
Paraiso, Universidad Veracruzana, ITC, and IN-MAR subpopulations. These
subpopulations belong to research institutes, universities, and private producers.
Although it is difficult to explain, this clustering could be due to the practices to which
the flocks have been subjected in recent years. For example, the UCOL and IN-MAR
populations have drastically decreased; furthermore, Rancho El Paraiso has started
introducing new genetic material.

The analysis with the STRUCTURE software suggests that all the Pelibuey
subpopulations in Mexico originated from two ancestral populations that have diverged
after several years of adaptation to different environments and practices. Furthermore,
each of the subpopulations has a mixture of both clusters to a greater or lesser degree.
The IN-MOC, IN-MAR, CEIEGT, CEPIPSA, and ITC subpopulations were grouped into
one cluster, as observed in the PCA (first component). The relationship between the
Mexican reference subpopulations and the other flocks was confirmed with the shared
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allele analysis previously mentioned. Furthermore, the analysis with STRUCTURE
shows low mixture levels between the subpopulations in this cluster and the second one.
Additionally, it has been confirmed that the main objective of those populations is
research and breed conservation. If hypothetically is considered a K= 3 or K= 4, it would
be possible to observe that the IN-MOC, IN-MAR, CEIEGT, CEPIPSA, and ITC
subpopulations continue clustering together; this allows to conclude that these
subpopulations have the most preserved genetic material.

Conclusions and implications

The Pelibuey sheep subpopulations in this study showed high genetic diversity and were
genetically different from each other. The principal component analysis and the
population structure study conclude that the IN-MOC, IN-MAR, CEIEGT, CEPIPSA,
and ITC subpopulations have the most preserved genetic material. These results suggest
that animals from these subpopulations could be used to implement national conservation
programs for the Pelibuey breed. During this study, was observed that despite the
significant importance of the Pelibuey breed in sheep farming and research, there are
flocks, such as IN-MAR and UCOL, in which the number of individuals has decreased
and could potentially disappear. Currently, there are research groups and organizations in
Mexico, such as the Unidad Nacional de Ovinocultores [National Unit of Sheep Farmers],
that have recognized the importance of the Pelibuey breed in Mexican sheep farming.
Through individual efforts, they have tried to contribute to its conservation. A
comprehensive plan is required for the conservation of this breed and the preservation of
their genetic material. Further studies are essential to determine if there is genetic erosion
of the Pelibuey sheep in Mexico.
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Table 3: Private and shared alleles in 24 Pelibuey sheep subpopulations genetically characterized with nine microsatellite markers

OarCP34  OarFCB304 OarJMP29  OarJMP58  DYMSL  ILSTS5 SRCRSP5 SRCRSP9  MAF33
Private alleles
E\'S‘f)r‘],;’sr of PA 0 (0) 2 (4.33) 2 (8.33) 0(0) 0(0) 0 (0) 2 (8.33) 1(417)  2(833)
Rancho COLPOS- San
. Libertad CORD Alberto
SP with PA Posta El Cuatro 474" 1) 172 (0.100)  CEIEGT 170 (0.100)
Alleles — 140 (0.083) o — — — 2O p R
(frequency) 210 (0.083) osta ancho 95 (0.400) ancho
' Cuatro Jalapa Belbesah
180 (0.083) 200 (0.125) 160 (0.100)
Shared alleles
Most shared 110 164 150 135 175/200 225 152 125 120
allele 23 15 23 16 16/16 19 17 14 18
Number of S (95.83) (62.5) (95.83) (67.5) (66.7/66.7)  (79.17) (70.83) (58.3) (75)
(%)
Least shared 100 150 110/140 177/185 225 180 154 135 155
allele 2 7 313 202 ) 3 2 5 5
Number of SP (8.33) (29.17) (12.5/125)  (8.33/8.33) 16.67 (12.5) (8.33) (20.8) (20.83)
(%)
SP mean with 11 103 9 7.36 10.91 9.89 7.4 9.2 8.18
SA (45.8) (42.8) (37.5) (30.7) (45.45) (44.79) (33.3) (38.3) (34.1)
(%)

PA= private alleles; SP= subpopulation; SA= shared alleles.
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Table 4: Gene flow measured through the number of migrants (Nm) between pairs of Pelibuey sheep subpopulations in Mexico.

* The numbering of the subpopulations follows the same order as Table 2.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 J—
2 | 313 —
3 | 25 | 173 —
4 | 262 | 1.83 | 16.39 —
5 | 166 | 234 | 129 | 225 —
6 | 215 | 1.42 1.48 1.62 | 2.10 —
7 1094 | 105 | 087 | 092 | 1.74 | 540 —
8 | 081 | 077 | 082 121 | 149 | 140 | 141 —
9 | 079 | 0.80 | 0.96 113 | 1.04 | 223 | 190 | 135 | —
10 | 1.12 | 1.07 1.18 122 | 1.21 | 417 | 208 | 107 | 220 | —
11 | 065 | 093 | 071 | 0.78 | 1.39 | 256 | 241 | 080 | 1.26 | 155 | —
12 | 1.17 | 1.09 129 | 213 | 111 | 239 | 116 | 081 | 1.17 | 191 | 1.00 —
13 | 1.06 | 0.92 104 | 119 | 105 | 219 | 136 | 090 | 1.37 | 2.64 | 145 | 1.92 —
14 | 1.16 | 1.13 1.32 136 | 1.26 | 3.05 | 168 | 1.04 | 131 | 214 | 145 | 191 | 340 | —
15 | 1.18 | 1.36 1.56 193 | 140 | 240 | 224 | 131 | 220 | 643 | 1.37 | 434 | 391 | 553 | —
16 | 1.04 | 1.09 1.98 179 | 107 | 1.73 | 117 | 0.82 | 1.08 | 149 | 0.84 | 1.87 | 1.90 | 1.92 | 541 | —
17 | 082 | 0.73 | 0.93 105 | 094 | 818 | 187 | 084 | 199 | 241 | 381 | 152 | 512 | 314 | 181 | 118 | —
18 1 059 | 098 | 073 | 080 | 1.37 | 1.25 | 153 | 073 | 098 | 1.30 | 1.28 | 086 | 1.29 | 116 | 1.34 | 081 | 1.12 | —
19 | 0.90 | 0.91 1.16 129 | 085 | 154 | 093 | 0.70 | 1.31 | 153 | 093 | 253 | 208 | 1.80 | 250 | 238 | 1.13 | 0.75 | —
20 | 0.91 | 0.95 1.18 114 | 118 | 178 | 131 | 1.07 | 238 | 149 | 107 | 147 | 225 | 181 | 221 | 178 | 171 | 0.86 | 212 | —
21 | 154 | 119 1.43 199 | 155 | 773 | 177 | 108 | 128 | 1.73 | 097 | 225 | 169 | 3.15 | 289 | 247 | 141 | 096 | 1.78 | 165 | —
22 | 1.13 | 1.06 1.28 166 | 1.53 | 259 | 148 | 187 | 1.77 | 337 | 1.34 | 153 | 785 | 3.07 | 946 | 2.05 | 214 | 1.05 | 142 | 273 | 252 | —
23 1080 | 087 | 08 | 087 | 097 | 281 | 201 | 099 | 268 | 3.79 | 1.32 | 1.62 | 454 | 236 | 572 | 193 | 193 | 099 | 230 | 1.77 | 144 | 241 | —
24 | 133 | 1.12 1.06 129 | 117 | 235 | 1.14 | 089 | 1.25 | 255 | 090 | 156 | 251 | 186 | 275 | 162 | 1.26 | 096 | 1.75 | 1.37 | 2.18 | 1.94 | 1.55
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