o-o0
aO>0
>0
—04

genes

Communication

Genetic Diversity and Population Structure of the Native
Pulawska and Three Commercial Pig Breeds Based on
Microsatellite Markers

Anna Radko *

check for
updates

Citation: Radko, A.; Koseniuk, A.;
Smotucha, G. Genetic Diversity and
Population Structure of the Native
Pulawska and Three Commercial Pig
Breeds Based on Microsatellite
Markers. Genes 2023, 14, 276.
https://doi.org/10.3390/
genes14020276

Academic Editors: Shaochen Sun and

J. Peter W. Young

Received: 30 November 2022
Revised: 5 January 2023
Accepted: 18 January 2023
Published: 20 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Anna Koseniuk

and Grzegorz Smotucha

National Research Institute of Animal Production, Department of Animal Molecular Biology,
Krakowska Street 1, 32-083 Balice, Poland
* Correspondence: anna.radko@iz.edu.pl

Abstract: Swine DNA profiling is highly important for animal identification and parentage verifica-
tion and also increasingly important for meat traceability. This work aimed to analyze the genetic
structure and genetic diversity in selected Polish pig breeds. The study used a set of 14 microsatellite
(STR) markers recommended by ISAG for parentage verification in the native Putawska pig (PUL,
n = 85) and three commercial pig breeds: Polish Large White (PLW, n = 74), Polish Landrace (PL,
n = 85) and foreign breed Duroc (DUR, 1 = 84). Genetic differentiation among breeds accounted for
18% of the total genetic variability (AMOVA). Bayesian structure analysis (STRUCTURE) indicated
that the four distinct genetic clusters obtained corresponded to the four breeds studied. The genetic
Reynolds distances (Bw) showed a close relationship between PL and PLW breeds and the most
distant for DUR and PUL pigs. The genetic differentiation values (Fst) were lower between PL and
PLW and higher between PUL and DUR. The principal coordinate analysis (PCoA) supported the
classification of the populations into four clusters.

Keywords: Sus scrofa; STR; genetic differentiation

1. Introduction

Maintaining high-quality meat production and the preservation of food safety are
directly related to the biodiversity and individual and breed identification of animals.
Swine DNA profiling is highly important for animal identification, parentage verification
and, more recently, meat traceability [1-3]. Pork is the most frequently chosen meat
by consumers; therefore, maintaining high-quality standards in pork production is very
important—not only for commercial pigs but especially for the population of native pig
breeds. Native breed pigs can provide meat that is both high in quality and functional.
Local, primitive breeds give rise to native pig breeds. Breed purity was maintained through
the careful selection of individuals for mating, while breeding work was based on selective
breeding. Many of the traits inherited from primitive ancestors are present in pigs from
native breeds, such as adaptability to local environmental conditions, feed availability and
extensive farming. In addition to high fertility, the animals have good maternal care and
display good breeding performance. The animals live for a long time and are resistant
to stress and pathogens. Products obtained from their meat possess unique sensory and
nutritional quality. The native breeds of pigs in Poland are White Ztotnicka, Ztotnicka
Spotted and Putawska. Polish native breeds are valued not only for the fact that they are
bred in Poland, but also because their meat is used to produce traditional Polish cured
meats with specific technological properties and taste qualities. Regarding the chosen Polish
native pigs breed to study, the Putawska breed originates from the Lublin region. These
pigs have numerous favorable characteristics, such as good health, resistance to disease, low
fodder requirements and fattening tendency. Moreover, the Pulawska breed is recognized
for its early maturation, rapid growth, high feed utilization, high fattening and slaughter
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values and adaptability to local environmental conditions. Through cross-breeding this
pig with the Large White and Berkshire breeds, the Pulawska population was transformed
into a dual-purpose fat-meat type. Now, the Putawska breed is used for commercial
crossing [4]. Putawska, as a rare breed, was included in the Farm Animals Genetic Resources
Conservation Program. Among the Polish local breeds, the distinguishing quality traits of
the Putawska pig are emphasized. Meat obtained from these animals is characterized by
higher culinary value than that from mass production. Recently, products from this breed
have been very popular on the Polish market, e.g., “traditional cold cuts from Pulawiak”.
In order for authentic Pulawska breed meat and meat products to be verified, it should
be included in DNA testing for the individual identification of animals and provision
for the retrieval of this information as and when required, which is very important for
meat traceability. This means that the meat is produced from an identified animal and has
information about its origin. According to ISAG recommendations published in the 1990s,
microsatellite markers (short tandem repeats, STR) can be used to prove the parentage of
farm animals. Moreover, STRs are applied to study genetic structure and diversity, as well
as to track the ancestry of diverse farm animal species [5-9], including pigs [10-17]. The
ISAG conference in 2012 outlined the first microsatellite panel of 24 markers for parentage
verification: IGF1, S0002, S0005, S0026, S0068, S0090, S0101, S0155, S0178, S0215, S0225,
50226, 50227, 50228, S0355, S0386, SW024, SW072, SW240, SW632, SW857, SW911, SW936,
SWO51 [18]. An updated list of recommended markers was released in 2014. The STRs were
divided into core and additional panels. Fifteen microsatellite loci made up the main panel:
50005, S0090, S0101, S0155, 50227, S0228, S0355, S0386, SW24, SW240, SW72, SW857, SW911,
SWO936 and SW951. The additional panel includes seven microsatellites: IGF1, S0002, 50026,
50215, 50225, 50226 and SW632 [19]. In the study, we analyzed DNA microsatellite marker
polymorphisms of the core STR panel [18,19] in Polish native Putawska pigs and three
commercial pig breeds: Polish Large White, Polish Landrace and a foreign breed, Duroc.

The National Breeding Program includes the following breeds: Putawska pig (PUL),
Polish Large White (PLW), Polish Landrace (PL) and foreign breeds Duroc (DU), Hampshire
and Pietrain. In Poland, these breeds are used for crossbreeding and fattening in pig
production and are some of the most economically important (https://www.polsus.pl/
index.php/en/pig-breeding, accessed on 29 November 2022). The aims of this study were
to assess the level of genetic diversity and determine the population structure of the native
Pulawska pig and three commercial pig breeds, PL, PLW and DUR, by using a set of
14 STRs. The 14 STRs are recommended for individual pig identification and parentage
verification. No studies present the assessment of the polymorphisms of STR markers
recommended for the identification of pigs in the Polish population. The study by Szmatola
et al. [20] was based only on five STRs not used in routine testing. With the values adjusted
for sample sizes, they discovered four breeds to have high levels of genetic diversity: 0.740
for Polish Landrace, 0.697 for Pietrain, 0.692 for Polish Large White and 0.688 for Putawska.
However, the Duroc breed has the smallest amount of effective alleles, allelic richness and
genetic diversity (0.589). Their findings indicate there has been some gene flow between
breeds, particularly between Polish Landrace and Polish Large White. The Duroc breed
was shown to have the lowest admixture, confirming its great purity. The authors conclude
that further research should probably be performed using more microsatellites and by
analyzing mitochondrial DNA. Here, we test the possibility of using 14 STR markers to
predict the pig breed, which may be useful in the future for meat traceability.

2. Materials and Methods
2.1. Material

Blood samples were collected from pigs undergoing routine parentage testing at
NRIAP. A total of 338 pigs were studied, including Putawska pigs (PUL, n = 85) and three
selected commercial breeds: Polish Large White (PLW, n = 74), Polish Landrace (PL, n = 85)
and Duroc (DUR, n = 84).
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DNA was extracted from blood samples using the Sherlock AX Kit (A&A Biotech-
nology, Gdynia, Poland), following the manufacturer’s protocol. Extracted DNA was
quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,
DE, USA).

In the analysis, we selected 14 loci from the recommended ISAG main panel of
15 markers for the identification of individuals and parentage testing in the pig: S0090,
50101, S0155, S0227, S0228, S0355, S0386, SW24, SW240, SW72, SW857, SW911, SW936 and
SWO951. The markers and used primer sequences are presented by Radko et al. [20,21].

2.2. Methods

The one-multiplex reaction containing the 14 STR loci was amplified using the Type-It
Microsatellite PCR Kit (Qiagen Inc, Hilden, Germany) reagents and fluorescently labeled
primers. The reaction mixtures, with a final reagent volume of 12.5 uL, contained 50 ng
DNA. The Veriti® Thermal Cycler amplifier was used for the PCR reaction (Applied Biosys-
tems, Foster City, CA, USA) with the following thermal profile: 5 min initial denaturation
at 95 °C, followed by 28 cycles of denaturation at 95 °C for 30 s, annealing at 57 °C for
90 s, elongation of primers at 72 °C for 30 s and final elongation of primers at 60 °C for
30 min. The PCR products were analyzed using an ABI 3500xI capillary sequencer (Applied
Bio-Systems, Foster City, CA, USA). The amplified DNA fragments were subjected to elec-
trophoresis in 7% denaturing POP-7 polyacrylamide gel in the presence of a size standard
of 500 LIZ (Thermo Fisher Scientific) and a reference sample with a known DNA profile for
allele standardization. The results of the electrophoretic separation were analyzed using
the GeneMapper® Software 4.0 (Applied Biosystems, Foster City, CA, USA).

2.3. Data Analysis

Analysis of molecular variance and genetic differentiation.
Analysis of molecular variance (AMOVA) and pairwise estimates of genetic differenti-
ation (Fst) across populations were performed using the GenAlEx ver. 6.51 software [21].

Population Structure and Genetic Distance

Population structure was analyzed using a Bayesian clustering algorithm implemented
in STRUCTURE software version 2.3.4 [22-24], considering an admixture model with
correlated allele frequencies between breeds. The lengths of the burn-in and Monte Carlo
Markov Chain (MCMC) simulations were 100,000 and 500,000, respectively, in 5 runs
for each number of clusters (K) ranging between 2 and 5. The results were exported to
STRUCTURE HARVESTER [25] to plot the likelihood membership coefficient (AK) values.

Genetic distance was analyzed using pairwise estimates of genetic differentiation—
FST and Reynolds distance—0w [26]. The individual-animal-based neighbor-joining den-
drogram was generated from the estimated pairwise genetic distances between shared
alleles using the DARwin ver. 6 software (http://darwin.cirad.fr/, accessed on 29 Novem-
ber 2022).

The population relationships based on principal coordinate analysis (PCoA) were
obtained using the GenAlEx ver. 6.51 software [21].

3. Results and Interpretation

The development of reliable molecular tools for genetically distinguishing between
two breeds of species and identifying breed components in food products has become
increasingly important due to the increasing demand for improved quality control. For the
purpose of the identification of animals and products, microsatellites (STRs) are widely
used as molecular markers. STR markers used in this context have to present high diversity.
The genetic diversity of microsatellite loci is determined based on genetic parameters
such as the PIC index and heterozygosity. These parameter values show the usefulness of
markers for further research, including individual identification and genetic population
diversity. Previous studies have shown that all 14 STR markers, recommended by ISAG
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for pig identification, were polymorphic in the sampled groups [27]. Based on the STRs,
we calculated the medium genetic differentiation for the breeds studied. Interestingly,
the average value of heterozygosity (HE) and the polymorphic information content (PIC)
were above 0.5 for all breeds except DUR (PIC = 0.477) [27]. These polymorphism results
demonstrate the potential of the analyzed STRs for the individual identification of pigs.

The F-statistic is commonly chosen for studying population structures. It is frequently
applied to decompose the genetic variance into within-individual, within-population and
among-population components [28]. The analysis of molecular variance (AMOVA) is
commonly implemented for estimating the F-statistic [29,30].

3.1. Analysis of Molecular Variance (AMOVA)

AMOVA is an important element of molecular analysis that allows the statistical infer-
ence of genetic variation among and within populations. In our study, the variance analysis
(AMOVA) was performed using all 14 polymorphic STRs and revealed that variation
among individuals was greater than the variation in the inter-population.

The average genetic differentiation between the breeds was 18% (p < 0.001), while the
total variability was 82%. Details of AMOVA results are presented in Table 1 and Figure 1.

Table 1. Analysis of molecular variance (AMOVA) based on 14 STR markers. The AMOVA result
revealed that individual variation was greater (82%) than the variation in the inter-population (18%).

Source of Variation df Sum of Squares  Variance Components % Variation

Among populations 3 481.869 0.957 18%

Within populations 328 1396.500 4.258 82%
Total 655 3112.256 5.512 100%

AMOVA on model base population of four pig breeds (PLW—Polish Large White; PL—Polish Landrace;
PUL—Putawska Pig; DUR—Duroc); df—degree of freedom.

Percentages of Molecular Variance

Within Indiv
82%

Figure 1. Percentages of AMOVA based on 14 STR markers.

In the pig population studied, the AMOVA revealed that most of the variance was at-
tributed to differences within populations, among individuals, and 18% could be attributed
to differences among the four pig groups. A similar genetic differentiation was observed
with other breeds in other studies using STR markers [13,29].

3.2. Structure Analysis

STRUCTURE is the first approach giving an insight into the population structure
resulting from the sample set and providing a prelude to other genetic analyses. Assigning
individuals to breeds is often useful in population genetics studies, in which obtaining a
population classification can provide an inference of individual ancestry that may not have
been adequately defined beforehand [22,31,32]. The population structure and degree of
admixture of the four pig breeds were evaluated using Bayesian model-based clustering in
the STRUCTURE software. The structure of the breeds studied was determined based on
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the degree of admixture for each individual using the correlated allele frequencies model
implemented in the software STRUCTURE. The obtained AK value was highest at K = 4.
On the basis of the 14 STRs, the results of STRUCTURE revealed the subdivision of
the pig breeds into four genetic clusters (Figure 2). The average proportion of assignment
to the cluster of above 95% was found for all pig breeds. The highest assignment value
was found in the DUR (Q = 0.9716). Such a high probability may allow the assignment of
unknown individuals to particular breeds. The between-individual tree of Figure 3 shows
the same results—four clusters grouping the individuals that belong to the same breed.

1.00
0.80
o.s0

K = 3 0.40
0.z0

0.00

1.00
0.80

0.60
K=4 ...

0.20

» PL PLW PUL DUR
Figure 2. STRUCTURE analysis of 14 STR genotypes from pigs studied. The samples were grouped
by the 4 breeds (K = 4). PLW—Polish Large White; PL—Polish Landrace; PUL—Pulawska Pig;
DUR—Duroc.

3.3. Genetic Differentiation

The study of the genetic differentiation of the breeds derived by the population
structure analysis considered measures of two common estimates of differentiation—Fgr
and the Reynolds genetic distance (6w). The pairwise Fsr values between breeds varied
from 0.106 (between PL and PLW) to 0.283 (between PUL and DUR). Similarly, genetic
distance was the greatest between PUL and DUR (6w = 0.430) and the smallest between PL
and PLW (6w = 0.109) (Table 2).

Table 2. Reynolds genetic distance (8w) and pairwise estimates of genetic differentiation (Fgsr)
among 4 studied pig breeds (PUL—Putawska; PLW—Polish Large White; PL—Polish Landrace;
DUR—Duroc). The 8w values are above the diagonal, and Fst estimates are below the diagonal.

PL PLW PUL DUR

PL 0.109 0.275 0.422

PLW 0.106 0.288 0.429

PUL 0.146 0.147 0.430
DUR 0.201 0.222 0.283

The pairwise Fst and the Reynolds distances among the breeds showed that the
national PL and PLW breeds formed one cluster, while Duroc was relatively distant from
the other breeds. This indicated that Poland’s pig breeds are separated by the largest
genetic distance from the foreign Duroc breed. This reflects the fact that Duroc originated
in the USA by the crossing of Red Guinea pigs and Iberian pigs with the Berkshire breed
and was introduced to Poland relatively recently—in the 1970s.

The close genetic relationship between the PL and PLW breeds was proven by STRUC-
TURE analysis with K = 3 (Figure 2), the pairwise Fst and 8w values. This was further
supported by the results of the principal coordinate analysis (PCoA). The obtained results
of PCoA analysis show four pig clusters—Duroc (DUR), Putawska (PUL) and the Polish
Landrace (PL) and Polish Large White (PLW) together (Figure 4). The PL and PLW breeds
were included in one cluster, which confirmed the genetic relationship between these
breeds and confirmed the clear distinction of the DUR breed from the Polish population.



Genes 2023, 14, 276

6 0f 9

1803 o33
mE=———— et

= 169—1?,.56130'4

_‘_._d:.cﬂ.m
1022123

0

- 316 DUR
8302 "

=79

— Tt 2'311 ——276

1

0.1

3788

PUL

PLW

PL

Figure 3. Genetic relationships among pigs with the use of a neighbor-joining tree obtained from a
method based on genetic distance. PLW—Polish Large White; PL—Polish Landrace; PUL—Putawska

Pig; DUR—Duroc.

Coord. 2

Principal Coordinates (PCoA)

¢ PUL

¢ DUR
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Coord. 1

Figure 4. Principal coordinate analysis (PCoA) of the four pig breeds. DUR—Duroc; PUL—Putawska
Pig; PL—Polish Landrace; PLW—Polish Large White. A two dimensional plot of the PCoA analysis

show the clustering of four breeds. The first and second coordinates account for 56.9% and 24.5%,
respectively, of the total variation.
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Figure 4 illustrates the population relationships based on the PCoA using 14 STR
markers. The first principal coordinate distinguished clearly the DUR breed from the PUL,
PL and PLW breeds. The second principal coordinate separated the PL and PLW breeds
from the other two pig breeds. The first, second and third principal coordinates (PCoA)
represented 56.9%, 24.5% and 18.6%, respectively, of the total variation.

Nowadays, single-nucleotide polymorphism markers are increasingly used for bio-
diversity studies and the identification and parentage control of livestock, including
pigs [33-36]. SNP genotyping has been used already to develop an SNP panel for dis-
criminating breeds, meat and other pig products [37,38]. However, STR markers are still
widely used in routine studies due to their reliability, sensitivity and cheaper analysis
methods. Therefore, STR analysis in the pig population should continue.

4. Conclusions

The present study analyzed the genetic differentiation of selected pig breeds, Polish
Large White, Polish Landrace, Putawska pigs and Duroc, and the possibility of using DNA
tests for pig breed prediction.

The analysis of the genetic structure of the pig populations based on 14 STRs showed
a clear division of the population into four groups, representing the four selected breeds
for study. Our study demonstrates that a panel of microsatellite markers recommended by
ISAG for the individual identification of pigs also may be useful for pig breed prediction
and, in the future, for meat traceability. It is especially important for the population of
native or local pigs, such as the Putawska breed, which can provide meat that is both high
in quality and functional.

The presented work can be the first step to developing a system to determine whether
meat comes from a pig of the declared breed and whether the meat was produced consis-
tently with the declaration on the packaging.

Author Contributions: Conceptualization, A.R.; methodology, A.K. and G.S.; statistical analysis,
A.R.; writing—original draft preparation, A.R.; writing—review and editing, A.R., A.K. and G.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lim, H.T; Seo, B.Y.; Jung, E.J.; Yoo, C.K.; Zhong, T.; Cho, I.C.; Yoon, D.H; Lee, ].G.; Jeon, ].T. Establishment of a Microsatellite
Marker Set for Individual, Pork Brand and Product Origin Identification in Pigs. J. Anim. Sci. Technol. 2009, 51, 201-206. [CrossRef]

2. Oh,].-D.; Song, K.-D; Seo, J.-H.; Kim, D.-K.; Kim, S.-H.; Seo, K.-S.; Lim, H.-T.; Lee, ].-B.; Park, H.-C.; Ryu, Y.-C.; et al. Genetic
Traceability of Black Pig Meats Using Microsatellite Markers. AJAS 2014, 27, 926-931. [CrossRef] [PubMed]

3. Zhao,],;Li, T; Zhu, C,; Jiang, X.; Zhao, Y; Xu, Z.; Yang, S.; Chen, A. Selection and Use of Microsatellite Markers for Individual
Identification and Meat Traceability of Six Swine Breeds in the Chinese Market. Food Sci. Technol. Int. 2018, 24, 292-300. [CrossRef]
[PubMed]

4. Babicz, M.; Hatabis, M.; Skalecki, P.; Domaradzki, P.; Litwificzuk, A.; Kropiwiec-Domarnska, K.; Lukasik, M. Breeding and
Performance Potential of Putawska Pigs—A Review. Ann. Anim. Sci. 2020, 20, 343-354. [CrossRef]

5. Rychlik, T.,; Krawczyk, A. Kontrola wiarygodnosci rodowodéw owiec w oparciu o markery genetyczne klasy 1. Wiad. Zootech.
2008, R.XLVI, 3-8.

6. Radko, A.; Rychlik, T.; Slota, E. Genetic Characterization of the Wrzoséwka Sheep Breed on the Basis of 14 Microsatellite DNA
Markers. Med. Weter. 2006, 62, 1073-1075.

7. Radko, A. Microsatellite DNA Polymorphism and Its Usefulness for Pedigree Verification of Cattle Raised in Poland. Ann. Anim.
Sci. 2008, 4, 311-332.

8.  Zabek, T.; Fornal, A. Evaluation of the 17-Plex STR Kit for Parentage Testing of Polish Coldblood and Hucul Horses. 2009.

Available online: https://depot.ceon.pl/handle/123456789 /2227 (accessed on 29 November 2022).


http://doi.org/10.5187/JAST.2009.51.3.201
http://doi.org/10.5713/ajas.2013.13829
http://www.ncbi.nlm.nih.gov/pubmed/25050032
http://doi.org/10.1177/1082013217748457
http://www.ncbi.nlm.nih.gov/pubmed/29277102
http://doi.org/10.2478/aoas-2019-0073
https://depot.ceon.pl/handle/123456789/2227

Genes 2023, 14, 276 80f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Salamon, D.; Gutierrez-Gil, B.; Arranz, ].J.; Barreta, J.; Batinic, V.; Dzidic, A. Genetic Diversity and Differentiation of 12 Eastern
Adriatic and Western Dinaric Native Sheep Breeds Using Microsatellites. Animal 2014, 8, 200-207. [CrossRef]

Laval, G.; Iannuccelli, N.; Legault, C.; Milan, D.; Groenen, M.A.; Giuffra, E.; Andersson, L.; Nissen, P.H.; Jorgensen, C.B,;
Beeckmann, P; et al. Genetic Diversity of Eleven European Pig Breeds. Genet. Sel. Evol. 2000, 32, 187-203. [CrossRef]

Fabuel, E.; Barragan, C.; Sili6, L.; Rodriguez, M.C.; Toro, M.A. Analysis of Genetic Diversity and Conservation Priorities in Iberian
Pigs Based on Microsatellite Markers. Heredity 2004, 93, 104-113. [CrossRef]

Vicente, A.A.; Carolino, M.I; Sousa, M.C.O.; Ginja, C.; Silva, ES.; Martinez, A.M.; Vega-Pla, ].L.; Carolino, N.; Gama, L.T. Genetic
Diversity in Native and Commercial Breeds of Pigs in Portugal Assessed by Microsatellites. ]. Anim. Sci. 2008, 86, 2496-2507.
[CrossRef] [PubMed]

Sollero, B.P; Paiva, S.R.; Faria, D.A.; Guimaraes, S.E.F,; Castro, S.T.R.; Egito, A.A.; Albuquerque, M.S.M.; Piovezan, U.; Bertani,
G.R.; Mariante, A.d.S. Genetic Diversity of Brazilian Pig Breeds Evidenced by Microsatellite Markers. Livest. Sci. 2009, 123, 8-15.
[CrossRef]

Lin, Y.-C; Hsieh, H--M.; Lee, J.C.-I,; Hsiao, C.-T; Lin, D.-Y.; Linacre, A.; Tsai, L.-C. Establishing a DNA Identification System for
Pigs (Sus Scrofa) Using a Multiplex STR Amplification. Forensic. Sci. Int. Genet. 2014, 9, 12-19. [CrossRef] [PubMed]
Kramarenko, S.S.; Lugovoy, S.I; Kharzinova, V.R.; Lykhach, V.Y.; Kramarenko, A.S.; Lykhach, A.V. Genetic Diversity of Ukrainian
Local Pig Breeds Based on Microsatellite Markers. Regul. Mech. Biosyst. 2018, 9, 177-182. [CrossRef]

Margeta, P.; Skorput, D.; Salamon, D.; Mencik, S.; Gvozdanovi¢, K.; Karolyi, D.; Lukovic, Z.; Salajpal, K. 12-Plex Highly
Polymorphic Microsatellite Marker Set for Parentage Analysis in Banija Spotted Pigs. J. Cent. Eur. Agric. 2019, 20, 50-54.
[CrossRef]

Charoensook, R.; Gatphayak, K.; Brenig, B.; Knorr, C. Genetic Diversity Analysis of Thai Indigenous Pig Population Using
Microsatellite Markers. Asian-Australas . Anim. Sci. 2019, 32, 1491-1500. [CrossRef]

ISAG Conference 2012, Cairns, Australia, Pig Molecular Comparison Test Report. Available online: https:/ /www.isag.us/docs/
piggengenomics2012.pdf (accessed on 29 November 2022).

ISAG Conference 2014, Xi’an, China, Pig Genetics and Genomics. Available online: https://www.isag.us/docs/pig%20genetics%
20genomics%20and%?20ct_2014.pdf (accessed on 22 August 2014).

Szmatota, T.; Ropka-Molik, K.; Tyra, M.; Piérkowska, K.; Zukowski, K.; Oczkowicz, M.; Blicharski, T. The Genetic Structure of
Five Pig Breeds Maintained in Poland. Ann. Anim. Sci. 2016, 16, 1019-1027. [CrossRef]

Smouse, PE.; Banks, S.C.; Peakall, R. Converting Quadratic Entropy to Diversity: Both Animals and Alleles Are Diverse, but
Some Are More Diverse than Others. PLoS ONE 2017, 12, e0185499. [CrossRef] [PubMed]

Pritchard, ] K.; Stephens, M.; Donnelly, P. Inference of Population Structure Using Multilocus Genotype Data. Genetics 2000, 155,
945-959. [CrossRef]

Hubisz, M.].; Falush, D.; Stephens, M.; Pritchard, ].K. Inferring weak population structure with the assistance of sample group
information. Mol. Ecol. Resour. 2009, 9, 1322-1332. [CrossRef]

Falush, D.; Stephens, M.; Pritchard, ].K. Inference of population structure using multilocus genotype data: Linked loci and
correlated allele frequencies. Genetics 2003, 164, 1567-1587. [CrossRef] [PubMed]

Earl, D.A.; vonHoldt, B.M. STRUCTURE HARVESTER: A Website and Program for Visualizing STRUCTURE Output and
Implementing the Evanno Method. Conserv. Genet. Resour. 2012, 4, 359-361. [CrossRef]

Reynolds, ]J.; Weir, B.S.; Cockerham, C.C. Estimation of the Coancestry Coefficient: Basis for a Short-Term Genetic Distance.
Genetics 1983, 105, 767-779. [CrossRef] [PubMed]

Radko, A.; Smotucha, G.; Koseniuk, A. Microsatellite DNA Analysis for Diversity Study, Individual Identification and Parentage
Control in Pig Breeds in Poland. Genes 2021, 12, 595. [CrossRef] [PubMed]

Wright, S. Variability within and among Natural Populations. In Evolution and the Genetics of Populations; University of Chicago
Press: Chicago, IL, USA, 1978; Volume 4.

Meirmans, P.G. Using the Amova Framework to Estimate a Standardized Genetic Differentiation Measure. Evolution 2006, 60,
2399-2402. [CrossRef]

SanCristobal, M.; Chevalet, C.; Haley, C.S.; Joosten, R.; Rattink, A.P,; Harlizius, B.; Groenen, M.A.; Amigues, Y.; Boscher, M.-Y,;
Russell, G.; et al. Genetic Diversity within and between European Pig Breeds Using Microsatellite Markers. Anim. Genet. 2006, 37,
189-198. [CrossRef]

Royal, C.D.; Novembre, J.; Fullerton, S.M.; Goldstein, D.B.; Long, J.C.; Bamshad, M.].; Clark, A.G. Inferring Genetic Ancestry:
Opportunities, Challenges, and Implications. Am. ]. Hum. Genet. 2010, 86, 661-673. [CrossRef]

Porras-Hurtado, L.; Ruiz, Y.; Santos, C.; Phillips, C.; Carracedo, A_; Lareu, M. An Overview of STRUCTURE: Applications,
Parameter Settings, and Supporting Software. Front. Genet. 2013, 4, 98. [CrossRef]

Dadousis, C.; Mufioz, M.; Ovilo, C.; Fabbri, M.C.; Aratjo, ].P; Bovo, S.; Potokar, M.C.; Charneca, R.; Crovetti, A.; Gallo, M.; et al.
Admixture and breed traceability in European indigenous pig breeds and wild boar using genome-wide SNP data. Sci. Rep. 2022,
12,7346. [CrossRef]

Murioz, M.; Bozzi, R.; Garcia-Casco, J.; Nufez, Y.; Ribani, A.; Franci, O.; Garcia, E; Skrlep, M.; Schiavo, G.; Bovo, S.; et al. Genomic
diversity, linkage disequilibrium and selection signatures in European local pig breeds assessed with a high density SNP chip.
Sci. Rep. 2019, 9, 13546. [CrossRef]


http://doi.org/10.1017/S1751731113002243
http://doi.org/10.1186/1297-9686-32-2-187
http://doi.org/10.1038/sj.hdy.6800488
http://doi.org/10.2527/jas.2007-0691
http://www.ncbi.nlm.nih.gov/pubmed/18567729
http://doi.org/10.1016/j.livsci.2008.09.025
http://doi.org/10.1016/j.fsigen.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24528574
http://doi.org/10.15421/021826
http://doi.org/10.5513/JCEA01/20.1.2407
http://doi.org/10.5713/ajas.18.0832
https://www.isag.us/docs/piggengenomics2012.pdf
https://www.isag.us/docs/piggengenomics2012.pdf
https://www.isag.us/docs/pig%20genetics%20genomics%20and%20ct_2014.pdf
https://www.isag.us/docs/pig%20genetics%20genomics%20and%20ct_2014.pdf
http://doi.org/10.1515/aoas-2016-0006
http://doi.org/10.1371/journal.pone.0185499
http://www.ncbi.nlm.nih.gov/pubmed/29088229
http://doi.org/10.1093/genetics/155.2.945
http://doi.org/10.1111/j.1755-0998.2009.02591.x
http://doi.org/10.1093/genetics/164.4.1567
http://www.ncbi.nlm.nih.gov/pubmed/12930761
http://doi.org/10.1007/s12686-011-9548-7
http://doi.org/10.1093/genetics/105.3.767
http://www.ncbi.nlm.nih.gov/pubmed/17246175
http://doi.org/10.3390/genes12040595
http://www.ncbi.nlm.nih.gov/pubmed/33921663
http://doi.org/10.1111/j.0014-3820.2006.tb01874.x
http://doi.org/10.1111/j.1365-2052.2005.01385.x
http://doi.org/10.1016/j.ajhg.2010.03.011
http://doi.org/10.3389/fgene.2013.00098
http://doi.org/10.1038/s41598-022-10698-8
http://doi.org/10.1038/s41598-019-49830-6

Genes 2023, 14, 276 90f9

35. Silio, L.; Barragén, C.; Fernandez, A.IL; Garcia-Casco, J.; Rodriguez, M.C. Assessing effective population size, coancestry and
inbreeding effects on litter size using the pedigree and SNP data in closed lines of the Iberian pig breed. J. Anim. Breed. Genet.
2016, 133, 145-154. [CrossRef] [PubMed]

36. Zanella, R;; Peixoto, J.O.; Cardoso, EF.; Cardoso, L.L.; Biegelmeyer, P.; Cantao, M.E.; Otaviano, A.; Freitas, M.S.; Caetano, A.R,;
Ledur, M.C. Genetic diversity analysis of two commercial breeds of pigs using genomic and pedigree data. Genet. Sel. Evol. 2016,
48, 24. [CrossRef] [PubMed]

37. Rogberg-Mufoz, A.; Wei, S.; Ripoli, M.; Guo, B.; Carino, M.; Lirén, J.; Giovambattista, G. Effectiveness of a 95 SNP panel for the
screening of breed label fraud in the Chinese meat market. Meat Sci. 2016, 111, 47-52. [CrossRef]

38. Munoz, M.; Garcia-Casco, J.; Alves, E.; Benitez, R.; Barragan, C.; Caraballo, C.; Fernandez, A.; Garcia, F,; Nufez, Y.; Ovilo, C.; et al.
Development of a 64 SNV panel for breed authentication in Iberian pigs and their derived meat products. Meat Sci. 2020, 167,
108152. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/jbg.12168
http://www.ncbi.nlm.nih.gov/pubmed/26059912
http://doi.org/10.1186/s12711-016-0203-3
http://www.ncbi.nlm.nih.gov/pubmed/27029213
http://doi.org/10.1016/j.meatsci.2015.08.014
http://doi.org/10.1016/j.meatsci.2020.108152
http://www.ncbi.nlm.nih.gov/pubmed/32361066

	Introduction 
	Materials and Methods 
	Material 
	Methods 
	Data Analysis 

	Results and Interpretation 
	Analysis of Molecular Variance (AMOVA) 
	Structure Analysis 
	Genetic Differentiation 

	Conclusions 
	References

