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1. INTRODUCTION

Maintaining genetic variability of a certain population is one of the crucial strategies for an
effective genetic conservation program as it ensures the adaptation of the population to
environmental change and genetic selection. Genetic variability is basically measured by the
expected heterozygosity Nei (1973) known as the probability that two randomly chosen alleles
from the population are different. The heterozygosity and homozygosity are two opposing states
involved in genetic diversity (GD) in the process by which alleles frequency is passed down from
a certain generation to subsequent generations. The reduction of heterozygosity is due to various
reasons from which inbreeding is probably the most substantial because inbreeding is recognized
to increase homozygosity (Curik et al., 2017). According to Woolliams (2007) inbreeding even
causes higher rate loss of alleles in a closed and small population, since the contribution of
founders to the gene pool is not equal. Therefore, studying genetic variability and structure of a
population provides valuable information for a conservation program to approach dual targets:
inbreeding reduction and high genetic variation maintenance.

The inbreeding levels are traditionally estimated according to the method proposed by
Wright (1922) where inbreeding coefficient is defined as the probability that the two alleles at any
locus in an individual are identical by descent. In recent decades, some improved and extended
methods for inbreeding coefficient estimation have been published such as ancestral inbreeding
coefficient (e.g. Ballou, 1997). This method approached the inbreeding with consideration of
whether any allele in an individual has been autozygous at least once in previous generations. It is
assumed that an inbred progeny of non-inbred ancestors is more vulnerable to negative effect of
inbreeding than the inbred progeny of inbred ancestors (Suwanlee et al., 2007).

Genetic variability and inbreeding have been studied for centureries (Darwin and Tangley,
1984), but in recent years, numerous studies have focused on various livestock species for both
commercial and conservation purposes (Carolino et al., 2020; Garcia-Atance et al., 2023;
Gonzalez-Cano et al., 2022; Gvozdanovi¢ et al., 2020; Mandal et al., 2020; Nyman et al., 2022;
Rodriguez-Ramilo et al., 2019; Wang et al., 2022). Among the conservation programs in Hungary
probably the most characterizing is that of the Mangalica pigs, which is an autochthon Hungarian
pig breed group preserved for its biological diversity after having held a significant role in the
commercial lard supply chain (Egerszegi et al., 2003, Ratky et al., 2007).

The Mangalica breed originated in the 1830s when Serbian Sumadia pig breed was crossed
with local Hungarian stock, producing a rustic, curly pig called Blonde Mangalica (Egerszegi et
al., 2003, Botha et al.,2014) through intensive selection. The Swallow-Belly Mangalica was later
developed by crossing Mangalica with Szerémségi pigs (Black Mangalica), while the Red
Mangalica emerged in the early 19th century from crosses with Szalontai and Ujszalontai pigs
(Egerszegi et al., 2003). Mangalica pigs are characterised by excellent fat production, strong
maternal tendencies and a good adaptability to extensive husbandry conditions, but their
reproductive capacity is low Botha et al. (2014).

The Mangalica pig was the most important Hungarian pig breed until the 1950s. After

World War II, Mangalica lost its former popularity due to changing consumer dietary habits and

its less competitive reproductive and growth performance compared to modern breeds (Egerszegi

et al., 2003). The populations were at the risk of extinction when in 1975, only 34 breeding sows

were recorded in the herdbook (Egerszegi et al., 2003). Fortunately, the National Association of
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Mangalica Breeders, originally established in 1927 but suspended during World War II (Egerszegi
et al., 2003), was re-established in 1994 to preserve the genetic and phenotypic appearance of the
Mangalica pig in an unaltered form (Egerszegi et al., 2003). Thanks to their efficient activity, the
number of registered sows and boars (of the three breeds combined) in 2019 was 6,723 and 354,
respectively (Novozéanszky et al., 2019).

Currently, the Mangalica pig exists in three well-known breeds - Blonde, Red, Swallow-
Belly which molecular genetic analysis by Zsolnai et al. (2006) confirmed as distinct breeds. Posta
et al. (2016) studied the population structure and GD based on the data of the pedigree up to 2011
of the Mangalica populations in Hungary. However, during the last decade, the population of these
pig breeds has changed significantly in numbers and an internal change in genetic variation was
highly probable. A comprehensive analysis of updated data from the herdbook up to 2021 is
important to elucidate these changes in population structure, refine our understanding of the
genetic parameters related to these native breeds, and serve as an information basis for further
study. In addition, in terms of breed loss, it is necessary to study the population substructure and
migration in order to make an appropriate assessment of the management and conservation of
genetic variability (Cervantes et al., 2008b) as all breeds are kept in several herds, these herds can
be interpreted as subpopulations.

1.1. Research objectives

1. To assess the genetic variability in Mangalica pig breeds using pedigree data, key metrics
such as inbreeding coefficients, effective population size will be calculated. This evaluation will
help identify levels of genetic diversity, detect bottlenecks and uncover historical breeding patterns
that support preservation of genetic diversity and control of inbreeding rates.

2. To calculate the probability of gene origin, pedigree information will be used to trace
the ancestral contributions within a population. The distribution of gene origins can be estimated,
providing valuable insights into the genetic structure and the influence of different founders on the
current gene pool.

3. To calculate the inbreeding coefticients, different approaches will be employed, allowing
for a comparison of the results and an assessment of a new-inbreeding coefficient, which is
expected to have more negative effects. In addition, the correlation between these various
inbreeding coefficients will be evaluated.

4. To monitor the potential population subdivision among different herds of Mangalica
pigs, pedigree data will be analysed to assess the potential for genetic differentiation between the
herds. This will involve calculating genetic distances using Wright’s Fst. The results will provide
valuable insights into population dynamics and potential isolation.

5. To analyze migration patterns between herds of Mangalica pigs, the birth identified herds
and current identified herds recorded in the pedigree will be used to track movements among
different herds. This approach provides insights into how these movements affect genetic diversity
and population structure across various herds.

10



2. LITERATURE REVIEW
2.1. Characterizing and eliminating the inbreeding load

Inbreeding is defined as the identity by descent probability at any given autosomal locus
and results from the mating of related individuals (Casellas et al., 2008). According to Sonesson
et al. (2005) , truncation selection (picking a portion of breeders with the best calculated value)
based on BLUP (Best Linear Unbiased Prediction) breeding values (Henderson,1975) has become
a standard method in breeding. Unlike phenotypic truncation selection, this approach not only
improves the selection response but also increases the rate of inbreeding. Inbreeding decreases
the frequency of heterozygous individuals relative to a defined base population, and therefore, if
directional dominance is present, a reduction in mean performance for the trait under consideration
occurs (Sewalem et al., 1999). The increase in homozygosity has negative effects on
heterozygosity, which is known as an individual’s genetic diversity (Schéler et al., 2020). As a
result, higher levels of inbreeding lead to lower genetic diversity and inbreeding depression (Haig
et al., 1990; Zhang et al., 2015), which are two out of seven main genetic issues in the field of
conservation biology (Frankham, 1995). It rises the importance of measurement in individual
inbreeding because with such information, breeding programs can be well-designed to control the
unfavourable effects on individual fitness and population dynamics due to inbreeding (Koenig and
Simianer, 2006; Zhang et al., 2015). The level of inbreeding is measured by the inbreeding
coefficient, which is the probability that the two genes at any locus in an individual are identical
by descent (Falconer and Mackay, 1996). In the conventional approach, the inbreeding coefficients
and other diversity-related parameters are pedigree — based statistics (Galla et al., 2022). Although,
in recent years, the advance of technology in generating genome-wide sequencing and genotyping
data has allowed for more accurate estimation levels of homozygosity in the population (Kardos
et al., 2015), the pedigree-based analysis is contended to keep its vital role in conservation
management (Galla et al., 2022).

Inbreeding depression considerably affects the survival of the inbred population Frankham
et al. (2001) and population size. Eventually, species extinction may happen, especially for
populations that are already small in size and have a closed structure. However, inbreeding
depression is not limited to fitness traits, and it may affect any trait of interest in the wild, zoos
and in domesticated animal populations (e.g. Crnokrak and Roff, 1999; Doekes et al., 2021;
Gutiérrez-Reinoso et al., 2022; Kardos et al., 2016; Keller and Waller, 2002; Leroy, 2014; Vega-
Trejo et al., 2022). In order to minimize the unfavourable effects of inbreeding, standard
procedures (Gebregiwergis et al., 2020; Sonesson and Meuwissen, 2000, 2001; Weigel, 2001) can
be applied to maintain long-term sustainable livestock production in the future (Kristensen and
Serensen, 2005).

However, under various circumstances inbreeding avoidance is simply impossible.
Zoological gardens often encounter with the issue of having a captive population originated by a
small number of animals, and obtaining additional animals is not possible. A well-known example
is the Speke’s Gazelle (Gazella spekei) population in the St. Louis Zoo, which was founded in
1969 by one male and two females from wild. In 1972, another female was imported but since
then, no other animals had been introduced (Templeton and Read, 1983). The details of the
management and breeding of this population can be found in the paper by Read and Frueh (1980).
Because of the small population size, the population experienced a severe inbreeding depression.
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However, an unorthodox breeding program was developed based on the following steps: rapidly
increasing the population size, choosing inbred animals with genes from as many different
ancestors as possible to be parents, and producing inbred offspring with diverse genetic ancestry
(Templeton and Read (1983, 1984). Templeton and Read demonstrated that after applying this
breeding program, the inbreeding load was halved in just a three-year long period, so they
concluded that inbreeding depression did not cause an unsolvable problem in the context of long-
term maintenance of a population in which inbreeding cannot be avoided. Although this conclusion
was debated by others and it generated an inspiring back-and-forth debate (Kalinowski et al., 2000;
Templeton, 2002; Templeton and Read, 1998; Willis and Wiese, 1997), the breeding program of
Templeton and Read (1983, 1984) was probably the first example in which the authors deliberately
used the interaction between inbreeding and selection in order to eliminate inbreeding depression
(i.e. decreasing the inbreeding load). This phenomenon is called purging (Hedrick and Garcia-
Dorado, 2016) which has mostly been described in laboratory conditions so far (e.g. Bijlsma et al.,
1999; Miller and Hedrick, 2001; Pérez-Pereira et al., 2021). However, the number of available
studies is much lower in zoo biology (e.g. Moreno et al., 2015) and very low in domesticated
animals (e.g. Hinrichs et al., 2015; Mc Parland et al., 2009).

2.1.1. Parameters characterizing inbreeding load and purging

According to Hedrick and Garcia-Dorado (2016) the inbreeding load is the genetic damage
that is concealed in heterozygosis and would be expressed in a complete homozygote form. Under
some simplified assumptions (fitness multiplicative across unlinked non-epistatic loci), inbreeding
load equals the rate at which fitness declines with increasing inbreeding in the absence of selection
(roughly, the percentage of reduction in fitness expected from each 0.01 increase in F), depression
while purging is the increased purifying selection facilitated by inbreeding that can reduce both
the inbreeding load and the actual of fitness. The related parameters are listed in Table 1. The
characteristics of conventional inbreeding coefficient (F) (Wright, 1922) are considered to be
known. The likelihood of genetic death (11) is also an inbreeding coefficient, but it is only slightly
related to F. When one is zero, the other must also be zero. If a given ancestor is assumed to have
one lethal gene (1) and leads through a separate and uncomplicated line of descent to each of the
parents of a particular animal, the value of (11) will be half of the F value due to this same ancestor,
since F measures homozygosity for L and for I, but (11) measures homozygosity for the latter only.
However, if the lines of descent are not separate or if one or more of the intermediate ancestors is
also inbred with respect of the given ancestor, then the value of (11) will be less than half that of F
(Slatis, 1960) Table 1.
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Table 1. Inbreeding load related parameters

Studies Concept Sign Definition Formula Software
Wright (1922) Inbreeding F The probability that the two 1+ PEDIG
Boichard (2002) coefficient alleles at any locus in an F, = Z <§> (1+ fa(c))

Gutiérrez and Goyache individual are identical by descent ENDOG
(2005)
Suwanlee et al. (2007) Package
Coster (2022) “pedigree
”in R
Morton et al. (1956) ~ The number B The number of deleterious genes Sp = eABF R script
Hoeck et al. (2015) of lethal per gamete that, when combined
equivalents in a homozygous state, would

result in the death of an individual
Slatis (1960) Likelihood of 11 The likelihood of genetic death Equation was not given R script
Kennedy et al. (2014)  genetic death (ie. all founders carry a recessive

lethal gene)
Ballou (1997) Ancestral Fga  The cumulative proportion of an Fpais) + (1 = Feais)) * Fwes) +] GRAIN
Baumung et al. (2015) inbreeding individual’s genome that has been F 1-F F
Doekes et al. (2020) coefficient previously exposed to inbreeding  Fp(,) = baia) + bai@) * Fw

in its ancestors. 2
Kalinowski et al. Ancestral Fxa  The probability that any allele in Equation was not given GRAIN
(2000) inbreeding an individual is  currently
Baumung et al. (2015) coefficient autozygous and has  been
Doekes et al. (2020) autozygous in previous

generations at least once.
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Kalinowski et al.

(2000)

Baumung et al. (2015)
Dockes et al. (2020)

Baumung et al. (2015)
Dockes et al. (2020)

Hinrichs et al. (2007)

Hinrichs et al. (2007)

Gulisija
(2007)

and Crow

Kardos et al. (2015)

Kalinowski
‘Gnew”
inbreeding
coefficient

Ancestral
inbreeding
coefficient
(Ancestral
history
coefficient)
Ancestral
inbreeding
coefficient

New
inbreeding
coefficient

Expressed
opportunity
for purging

Genomic
inbreeding
coefficient

FNew

Anc

Forp

FNew H

Frou

The probability that any allele in
an individual is autozygous for the
first time.

The number that tells how many
times during pedigree segregation
(gene dropping) a randomly taken
allele has been in IBD status

The inbreeding occurring further
back in the population history
(“Old” inbreeding)

The inbreeding
recent  generations
inbreeding)

occurring in
(E(New”

The expressed opportunity for
purging is the potential for
reduction in expressed load in the
present ~ generation as a
consequence of having inbred
ancestors

The proportion of the autosomal
genome, in which autozygosity is
derived from the assumption that
very long stretches of
homozygosity (ROH) can only
result from inbreeding
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Garcia-Dorado et al. Purging d The part of deleterious effect that d =s(1/2-h) PURGd

(2016) coefficient is exposed to genetic purging due

Loépez-Cortegano et al. to inbreeding

(2021)

Lopez-Cortegano et al. Purged g The inbreeding coefficient (F) ~ 1-2d PurgeR
(2021) inbreeding adjusted by the deleterious 9 = 1+ 2d (2N —1)

Loépez-Cortegano coefficient frequency that is expected by

(2022) considering purging

- Fx is the conventional inbreeding coefficient of the individual x, f;« is the inbreeding coefficient of the common ancestors, n and n’ are the number of generations from sire and dam
respectively to the ancestor of individual x.

- FBaly is the ancestral inbreeding coefficient for an individual (x) with the subscripts (s) and (d) representing for the sire and dam, respectively.
- F; 514 (t, u) is the old inbreeding coefficient of individual i in generation u with respect to a base generation at generation t.

- F; new (t,u) is the new inbreeding coefficient of individual i in generation u with respect to a base generation at generation t.

- s is the selection coefficient against the homozygote and / is the dominance coefficient

- 7 is the predicted purged inbreeding coefficient based on the purging coefficient d and effective population size N

- XLron is the total length of all ROH according to a priory specified threshold of succeeding number of homozygotes SNP obtained from the chip arrays, and Laurosome is the specified
length of the autosomal genome covered by SNP in chip

- Og;, is the probability that an allele, autozygous in 7, Fij) is the probability of an allele in / being derived from an allele in j and being autozygous in 7 ;

- Sy is the probability of survival of individuals with an inbreeding coefficient of F, e is the survival in a non-inbred random mating population (F = 0) and B is haploid lethal
equivalents.

- Frew(o 18 Kalinowski “new” inbreeding coefficient of individual x
- Fw(x) 1s Wright’s inbreeding coefficient of individual x, this is sometime called conventional inbreeding coefficient of individual x (Fy)

- Fxalv 1s Kalinowski inbreeding coefficient of individual x

15



The inbreeding load of the population can be characterized by the number of lethal
equivalents (LE) (Hoeck, 2015), Table 1, where if it decreases over time in a given population
then it signals the possibility of purging (Templeton and Read, 1984).

Alternatively, based on the inbreeding coefficients of (F), (Fgai), (Fkal), (Anc) and (Forp),
the possibility of purging is indicated either by the positive interaction between (F) and (Fgar)
(Ballou, 1997) or by the significantly positive effect any of the following inbreeding coefficient:
(F Fgal), (Fkal), (Anc) and (Forp) on the examined trait (i.e., the possibility of purging is indicated
by means of ancestral inbreeding of any type (Ballou, 1997; Baumung et al., 2015; Hinrichs et al.,
2007; Kalinowski et al., 2000) Table 1.

The purging coefficient signals the possibility of purging when it is significantly different
from zero. In that case, the purged inbreeding coefficient is significantly lower compared to the
Wright inbreeding coefficient (i.e., purging is indicated by the so-called inbreeding-purging model
(Lopez-Cortegano et al., 2021) Table 1.

The expressed opportunity for purging (Og) is the potential for reduction in expressed load
in the present generation as a consequence of having inbred ancestors. The procedure wants to
express the reduction of expressed load because of purging as a fraction of expressed load when
purging is absent (Gulisija and Crow, 2007) Table 1.

2.1.2. Softwares estimating inbreeding load related parameters

There are several softwares calculating the conventional inbreeding coefficient (F)
(Baumung et al., 2015; Boichard, 2002; Coster, 2022; Gutiérrez and Goyache, 2005) based on the
algorithm of Meuwissen and Luo (1992). On the contrary the other inbreeding coefficients (Fgar),
(Fkal), (Fnew) and (4nc) can be estimated using the GRAIN software developed by Baumung et al.
(2015) which was recently updated by Doekes et al. (2020). The software is based on the stochastic
method of “gene dropping” (MacCluer et al., 1986; Suwanlee et al., 2007) where the number of
the used iteration is generally 1.000.000. Gene dropping is a simulation procedure approaching by
first assigning two unique hypothetical alleles to each founder. Then, a random number generator
1s used to determine which one of each founder’s genes is transmitted to each offspring. At the end
of a single gene drop, every animal in the pedigree has a genotype (MacCluer et al., 1986;
Suwanlee et al., 2007, Baumung et al., 2015).

Likelihood of genetic death (1) can be calculated using the R script developed by Kennedy
et al. (2014).

The purging coefficient (d) and the purged inbreeding coefficient (g) can be calculated
using the PURGA (Garcia-Dorado et al., 2016) and PurgeR (Lopez-Cortegano, 2022).

The lethal equivalent (LE) can be calculated using the R script developed by Hoeck et al.
(2015).

After the parameters listed in the previous section are calculated they must be evaluated
where the method depends on the characteristic of the evaluated trait. If the trait has a normal
distribution, then the effect of inbreeding (F, Fgal, Fxa, Anc and FoLp) is determined by running a
breeding value estimation procedure (animal model) (Henderson, 1975) where the inbreeding
coefficients are treated as covariates. A widely used software for performing breeding value
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prediction is ASREML (Gilmour et al., 2009). On the contrary if the trait of interest is binomial
then generalized linear mixed models (GLMM), has to be fitted using the Ime4 or pedigreemm
package in R (Bates et al., 2015; Bates and Vazquez, 2023). If the purging coefficient and the
purged inbreeding coefficients are used then the non-linear regression method was used to find the
more accurate values of these coefficients (nls function, stats package of R).

2.1.3. Correlation among inbreeding coefficients

There are only few available studies (Curik et al., 2020; Justinski et al., 2023; Piles et al.,
2023; Posta et al., 2020) estimating correlation coefficients among the various inbreeding
coefficients. Based on Spanish and Hungarian rabbit populations Curik et al. (2020) and Piles et
al. (2023) both reported very high (0.97 — 1.00) correlation coefficients between (Fgar) and (Fxai).
Piles et al. (2023) also reported the possible maximum correlation coefficients (1.0) between (Auc)
and (Fga) and (4uc) and (Fxa), while Posta et al. (2020) reported a lower correlation especially
between (4nc) and (Fxar) (0.77). The conventional inbreeding coefficient (F) showed high (0.88 —
0.90) correlation coefficients in both studies with all of the different ancestral inbreeding
coefficients ((Auc), (Fral) and (Fkal)). On the contrary, Piles et al. (2023) reported only medium
correlation coefficients between the old inbreeding (Forp) and the conventional (F) and the other
ancestral type ((4uc), (FBal) and (Fxar)) inbreeding coefficients, where the reported values ranged
between 0.60 and 0.70, respectively. The estimates in German sheep breeds ranged between 0.55
and 0.73 between the conventional and ancestral inbreeding coefficients (Justinski et al., 2023).
The lowest correlations (0.00 — 0.57) were found among the new and ancestral inbreeding
coefficients (Curik et al., 2020; Piles et al., 2023; Posta et al., 2020), but it has to be emphasized
that the calculation of the new inbreeding coefficient was different based on either (Kalinowski et
al., 2000) or (Hinrichs et al., 2007) and consequently the estimated correlations were different in
the various studies where Piles et al. (2023) reported very low (0.00 — 0.20) values while Curik et
al. (2020) and Posta et al., (2020) observed low to moderate (0.17 — 0.57) values. Similarly, the
new and the conventional inbreeding coefficients showed different correlation coefficients in the
two studies due to the same reason mentioned before. Again, the reported values of Piles et al.
(2023) was low (0.20) compared the other studies (Curik et al., 2020; Posta et al., 2020) where
much higher values were reported (0.67 — 0.90). Altogether, the results indicated that the
conventional, new, and ancestral inbreeding coefficients are measuring distinct population
parameters. These findings are important because not all inbreeding is expected to be equally
harmful. As demonstrated by Doekes et al. (2019), inbreeding in recent generations was more
harmful than inbreeding on distant generations for yield, fertility and udder health traits in Dutch
Friesian cattle. Therefore, inbreeding depression can be best characterized by using (Fxai) rather
than the conventional Wright inbreeding coefficient. In addition, according to Schiler et al. (2020),
due to the identification of ancestral inbreeding, it is possible to select individuals with
simultaneously high classical and ancestral inbreeding coefficients and mate them with unrelated
animals in order to achieve purging effects.

2.1.4. Studies signalling purging based on ancestral inbreeding or inbreeding-purging model

The studies which are likely to observe purging are summarized in TableS 1. The first
comprehensive studies analysing the effect of ancestral inbreeding were performed on zoo
populations (Ballou, 1997; Boakes et al., 2007). In these studies, many captive populations were
evaluated but only a small fraction of these showed the signs of purging (one out of 25 in Ballou,
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1997) and 14 out of 119 in (Boakes et al., 2007). Interestingly, the studies by Ballou (1997) and
Boakes et al. (2007) reported conflicting findings regarding purging in the Sumatran tiger
population. Ballou’s 1997 study detected signs of purging, while Boakes et al. (2007) found no
evidence of it when reanalyzing the same population. The discrepancy may stem from differences
in the models used. Ballou (1997) employed a model that included the inbreeding coefficient of
the litter, the inbreeding coefficient of the dam, the interaction between the inbreeding coefficient
and the ancestral inbreeding coefficient of the litter, and the year of birth. In contrast, Boakes et
al. (2007) used a model based on Boakes and Wang (2005), which omitted the interaction term but
included the inbreeding coefficient of the litter, the inbreeding coefficient of the dam, and the
ancestral inbreeding coefficient of the litter as separate variables. Computer simulations
demonstrated that the model proposed by Boakes and Wang (2005) is more advantageous in
situations when inbreeding depression is caused by mildly deleterious alleles.

Computer simulations indicated that purging is more likely to occur when deleterious
mutations are of a large effect and when inbreeding occurs slowly and over many generations
(Hedrick, 1994). The rabbit studies of Curik et al. (2020) and Piles et al. (2023) were highly
adequate from this aspect as they covered 25 — 40 generations where the inbreeding was only
slowly accumulated. The studies show that in the Pannon white rabbit breed (Kovér et al., 2023),
this slow increase in inbreeding level was mainly due to the applied circular mating system (Nagy
etal., 2010). However, by 2017 the Pannon white rabbit showed that more than 65% of the rabbits’
genome has already experienced inbreeding in previous generations making it less susceptible to
inbreeding depression (Curik et al., 2020) (Figure 1). This value is substantially higher than any
of examined zoo population (Boakes et al., 2007) where the populations with the highest (Fgar)
were Addax (Addax nasomaculatus) and Przewalskii's horse (Equus ferus przewalskii) having
mean (Fga) values of 49.50 and 54.60%, respectively. However, it is important to note that the
Pannon white rabbit population has a considerably lower inbreeding coefficient (Figure 1a,b) than
these mentioned zoo populations where the mean (F) values were 18.40 and 21.00%, respectively.
It must be emphasized that in the study of Curik et al. (2020) signs of purging were only detected
between 1992 — 1997 where the litter inbreeding showed significant inbreeding depression on the
survival of kits at birth while one of the ancestral inbreeding coefficients (Fxar) had a significantly
positive effect. However, (Fgal) had no effect on the examined trait. Later, no signs of purging
were detected but inbreeding depression was also absent between 1997 and 2017, so it was
concluded that the effects of new inbreeding involving several genes with large harmful effects
were already purged between 1992 — 1997 (Curik et al., 2020).
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Figure 1. Evolution of the different dam and litter inbreeding coefficients of the Pannon white

rabbits (Wright: a, b; Ballou: ¢, d; Kalonowski: e, f; Kalinowski new: g, h).
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The other rabbit study Piles et al. (2023) was also not fully consistent from the aspect of
purging indication since these authors found the positive effects of the old inbreeding only (Forp)
on the slaughter and weaning weights respectively, while the other ancestral coefficients (Fgal, Fxal
and Anc) had no effect on either trait. In the cattle studies (Hinrichs et al., 2015; Mc Parland et al.,
2009), Hinrichs et al. (2015) found significantly positive effect of (Fgar) (but nonsignificant (Fkar)
on birthweight signalling purging, but this finding is still not favourable as the increasing
birthweight may cause problems with calving. Besides, when Hinrichs et al. (2015) applied the
original model of Ballou (1997) then a significant positive interaction was observed between (F)
and (Fpal) for birth weight and for stillbirth as well, showing the possibility of purging for both
traits. No evidence of purging was detected for calving ease in any of the models. In the study by
Mc Parland et al. (2009), the ancestral inbreeding coefficients (Fpai and Fxa) showed consistent
positive effects on milk and protein yield of Irish Holstein-Friesian population. However, these
coefficients did not influence other traits analyzed, such as fat yield, calving interval, age at first
calving, or survival. Evidence of potential purging were reported in other studies, including
Vostra-Vydrova et al. (2020) for White Shorthorn goats and Perdomo-Gonzélez et al. (2020) for
Pura Raza Espanola mares. In these studies, positive effects of ancestral inbreeding (Fkal) were
observed for milk production in White Shorthorn goats (Vostra-Vydrova et al., 2020) and for
several reproductive traits in Pura Raza Espanola mares, including age at first foaling in months,
the average interval between first and second foaling in months, and the average interval between
foaling in months (Perdomo-Gonzaslez et al., 2020).

When evaluating the potential for purging base on genealogical data, the inbreeding-
purging model represents an alternative methodology to ancestral inbreeding. The theoretical
framework was developed by Garcia-Dorado (2012) and subsequently tested through laboratory
experiments using Drosophila melanogaster with effective population sizes ranging from 6 to 50
(Bersabé and Garcia-Dorado, 2013; Lopez-Cortegano et al., 2016). Both studies recorded purging
coefficients greater than 0 (0.02 — 0.30) and they concluded that in order to show purging the
product of the effective population size and purging coefficient has to exceed 1 that implies that
purging should be efficient for population sizes of order of a few tens or larger but purging might
be inefficient against nonlethal deleterious alleles in smaller populations (Bersabé and Garcia-
Dorado, 2013; Lopez-Cortegano et al., 2016). In the case of captive mammals, Lopez-Cortegano
et al. (2021) evaluated the genealogy of different threatened ungulate species of the Family
Bovidae with different demographic histories: barbary sheep (Admmotragus lervia), Cuvier’s
gazelle (Gazella cuvieri), dorcas gazelle (G. dorcas), and dama gazelle (Nanger dama). These
populations had different sizes ranging between 4 (barbary sheep) and 39 (Dorcas gazelle). The
study estimated purging coefficients larger than zero for all species (ranging from 0.08 to 0.48),
but these estimates were only significant for the Cuvier’s gazelle and dama gazelle. Consequently,
the conventional and the purged inbreeding coefficients (g — Table 1) were clearly separated for
these species (Figure 2).
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Figure 2. Evolution of the standard (F, red) and purged (g, green) inbreeding coefficients
through time.

Purging leads to a fitness rebound, characterized by an initial decline in fitness due to
inbreeding depression followed by a subsequent increase in population fitness, as illustrated in
(Figure 3). The effect is most pronounced in the dama gazelle population. Interestingly, of the
four evaluated populations, neither the smallest (barbary sheep) nor the largest (Dorcas gazelle)
exhibited signs of purging. In the barbary sheep population, genetic drift likely overwhelmed
purging due to its small size, while detecting purging in the Dorcas gazelle population probably
requires additional generations Lopez-Cortegano et al. (2021).

In the domesticated animals according to our best understanding the only available study
is that of Kovér et al. (2023) where the authors re-analysed the Pannon white rabbit data of Curik
et al. (2020). The only other study where the ancestral inbreeding and Inbreeding-Purging model
were applied for the same dataset was Lopez-Cortegano et al. (2018) claiming that Inbreeding-
Purging Model had superior predictive characteristics compared to ancestral inbreeding predicting
the future fitness of the evaluated population. The results of Kovér et al. (2023) were very similar
to that of Curik et al. (2020) finding purging signs only between 1992 — 1997 but not afterwards.
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Concerning the predicted fitness, it showed partial purging (Figure 4) which means that after a
certain period the fitness stabilized and did not show further decrease. It also confirms the
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Figure 3. Evolution of the early survival (Ws). Large dots represent mean Ws, while small dots
correspond to the mean value plus or minus one standard error.

conclusions of Curik et al. (2020) that in the first period genes with large affects were purged
contrary to that of the genes with mild effects.

Advancements in genomic methods have enabled the detection of purging in the absence
of pedigree data through whole-genome analysis (Dussex et al., 2021; Khan et al., 2021;
Kleinman-Ruiz et al., 2022). These studies typically compare different populations of the same
species (i.e. small-isolated and large—connected Bengal tiger (P. tigris tigris) populations (Khan
et al., 2021); 1sland vs. mainland Kakapo (Strigops habroptila) populations (Dussex et al., 2021)
and Iberian (Lynx pardinus) vs. Eurasian (Lynx lynx) lynx populations (Kleinman-Ruiz et al.,
2022) in order to evaluate the differences in the frequency and genomic distribution of potentially
deleterious genotypes.
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2.1.5. Application possibilities of purging and future perspective

Although the purging phenomenon was investigated very extensively, especially in zoo
populations (Ballou, 1997; Boakes et al., 2007) only a small fraction of these population showed
the signs of purging, and the observed amount of the purged inbreeding load was usually not too
large. Since inbreeding can fix harmful mutations there is a general consensus in the field of animal
breeding that intentional inbreeding should be avoided Kristensen and Serensen (2005) when
possible. However, in conservation genetics several studies suggested that based on different
breeding designs (e.g. circular sib mating) inbreeding may be beneficial due to purging (De Cara
et al., 2013; Pérez-Pereira et al., 2022; Theodorou and Couvet, 2015). However, the efficiency of
inbred mating depends on the balance between the loss of diversity, the initial decrease of fitness
and the reduction of the inbreeding load De Cara et al. (2013). Therefore, the so-called application
of purging should be treated with caution (Caballero et al., 2017; Ralls et al., 2020).
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Figure 4. The predicted fitness based on the Wright (Fw) and on the purged (g) inbreeding
coefficients.

2.2. Physiological and genetic aspects of some fitness traits’ performance in pigs

2.2.1. Litter size

Throughout the research conducted, a consistent trend of increasing litter size (total number
born — TNB or number born alive — NBA) has been observed. According to Lanferdini et al. (2018)
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the litter size ranging from 9 to 16 piglets through the examined database. One year later,
Feldpausch et al. (2019) reported the average litter size was 13.18 piglets when analysing two
datasets from EU and US studies with emphasize that the EU studies averaged 2.12 more pigs per
litter comparing to the U.S. studies. Danish pig production witnessing a significant increase from
11.80 total born piglets per litter in 1992 to 19.60 total born piglets per litter in 2020 (Riddersholm
et al., 2021). The average TNB was 17.10 £ 3.40 (mean = SD), with 16.10 £ 3.10 live born and
1.00 = 1.40 stillborn (5.80%) piglets (Van den Bosch et al., 2022).

Litter size, as a complex and sex-limited trait, is influenced by a range of biological,
nutritional, management, and environmental factors (Lukovi¢ and gkorput, 2015; Vaishnav et al.,
2023). The determination of physiological litter size in pigs involves several components that
contribute to its complexity, such as ovulation rate, fertilization, embryonic development, uterus
capacity, and fetal survival (Argente, 2016; Distl, 2007). Argente (2016) found out that the
selection for ovulation rate or/and prenatal survival had been proposed to improve litter size
indirectly. In pigs, it is common to observe high rates of fertilization, typically exceeding 90.00 to
95.00% that can provide the number of potential embryos needed to increase litter size (Geisert
and Schmitt, 2002). Therefore, embryonic loss, especially during the 2nd to 3rd week of gestation
is a significant hurdle to increasing litter size in pigs (Geisert and Schmitt, 2002). According to
Langendijk (2021), the majority of prenatal losses in pigs occur during the embryonic phase
(before day 35), with 20.00 to 30.00% of embryos lost by day 21, and an additional 10.00 to
15.00% lost by day 35. Variations in embryonic growth and elongation rates during the peri-
attachment period (day 12 — 30 of pregnancy) can potentially modify the uterine environment,
resulting in decreased survival rates for less-developed conceptuses (Tan et al., 2022). The success
or failure of pregnancy in pigs is likely to be decided within the first 30 days of gestation (Almeida
and Dias, 2022). In the period of mid-gestation (day 50 — 70 of pregnancy), accelerated fetal
growth has the potential to surpass the uterine capacity, thereby causing the arrest of neighboring
littermates due to overcrowding of conceptus attachment sites (Tan et al., 2022).

In addition, the maternal uterine condition during gestation is crucial for achieving good
reproductive performance in pigs, which includes factors such as litter size, number of live or
stillborn piglets, and growth (Argente, 2016). If the interaction between the embryos and the uterus
is insufficient, the pregnancy may be lost, or there may be a compromise in embryo survival
(Langendijk, 2021). Moreover, a litter with many mummified fetuses found at farrowing can be
caused by various stressors experienced by the sow or developing offspring during the earlier
stages of gestation, such as rough handling, poor nutrition, environmental stressors, or disease
stress (Hines, 2021). Maternal nutrition during pregnancy, whether it is undernutrition or
overnutrition, can alter organ structure, impair prenatal and neonatal growth and development, and
reduce feed efficiency for lean tissue gains in pigs (Ji et al., 2017).

Numerous studies have found reductions in litter size with increasing levels of inbreeding
(Kock et al., 2009; Saura et al., 2015; Zhang et al., 2022; Farkas et al., 2007; Rodrigafiez et al.,
1998; Rodriguez et al., 2013; Sili6 et al. 2016; Rodriguez et al., 2013; Vitezica et al., 2016; Shi et
al., 2021). The estimation suggests that, on average, there was a reduction of 0.14 percent in the
mean of a trait in domestic animals including pigs for every 1 percent increase in inbreeding,
indicating the presence of inbreeding depression (Leroy, 2014). In a separate study conducted on
Austrian Large White and Landrace pigs, it was observed that both litter and dam inbreeding

24



negatively impacted all reproductive traits, specifically by 10.00% inbreeding coefficient increase
of litter and dam, the weaned litter size decrease 0.16 — 0.29 piglets (Kock et al., 2009). However,
in the case of Large White pigs, sire inbreeding did not have a significant effect, while in Landrace
pigs, it surprisingly showed a significant increase of total number piglets born (0.45) and born
alive (0.43) with 10.00% of sire inbreeding coefficient (Kock et al., 2009). In addition, this
research also figured out the effects of both old and new inbreeding on reproductive traits in
general. Rodrigafiez et al. (1998) found negative effects of litter inbreeding on TNB and NBA in
Large White pigs, with 10.00% increase in litter inbreeding associated with significant mean
reductions of 0.27 piglets born and 0.39 piglets born alive while the dam inbreeding also showed
a similar negative trend, but not statistically significant. Similarly, Farkas et al. (2007) estimated
negative regression coefficients per 10.00% increase in inbreeding for NBA in Hungarian
Landrace (—0.16 to —0.05 by litter inbreeding and —0.20 to —0.04 by dam inbreeding) and
Hungarian Large White (—=0.231 to —0.10 by litter inbreeding and —0.28 to —0.11 by dam
inbreeding) populations. Culbertson et al. (1997) likewise reported negative regression coefficients
of —0.09 and —0.06 per 10.00% inbreeding for NBA in Hampshire and Duroc, respectively.
According to Zhang et al. (2022) an increase of 10% in inbreeding coefficient contributed to a
decrease of approximately 0.50 piglets both for TNB and NBA. Sili6 et al. (2016) reported that
there were significant negative impacts of new and fast inbreeding on litter size of Torbiscal pigs.
Specifically, a 10.00% increase in new inbreeding resulted in a decrease of 0.20 born piglets per
litter, while 1.00% increases in total and new inbreeding rates led to reductions of 0.03 and 0.02
piglets, respectively. For Gamito pigs, the reduction of 0.91 piglets due to a 10.00% increase in
old inbreeding and a decrease of 0.17 piglets associated with X-linked genes inbreeding were
found. Rodriguez et al. (2013) observed a significant decrease of 0.21 (Posterior Prob. > 0= 0.02)
piglets per litter for every 10.00% increase in Fnew Whereas the effects of Foia were non-significant.
In Iberian pigs, Saura et al. (2015) found that a 10.00% rise in Fyom on chromosome 13 reduced
both TNB and NBA by approximately 0.12 piglets. When analysing the pedigree data using all
available information, the estimates of inbreeding depression for NBA indicated a value of —0.197
+ 0.092, representing the negative impact on NBA per 10% increase in the inbreeding coefficient
(Fped). Significant reductions were observed in the number of piglets per 10.00% increase in the
inbreeding coefficients Fsnp (—0.12 + 0.05), Froh (-0.23 £ 0.09), and Froh_long (—0.18 + 0.07) for
SSC13. Vitezica et al. (2016) reported inbreeding depression (based on average homozygosity) of
1.29 and 1.07 piglets born per 10.00% increase in inbreeding for pure line 1 and 2, respectively.
Shi et al. (2021) illustrated reductions in TNB of 0.57, 0.34 and 0.82 piglets (Canadian line) per
10.00% increase in Fron, FGrm (genomic relationship matrix derived from single nucleotide
polymorphism), and Fpep, respectively. However, only Fron showed a significant effect in the
French line, with 0.69 — piglet decline in TNB per 10.00% increase.

Traits such as ovulation rate, embryonic survival, uterine capacity and litter size were
affected by genetic factor (Chen et al., 2022; Yu et al., 2022; Zak et al., 2017; Zhang et al., 2020).
However, the heritability of the embryonic survival rate and ovulation rate was quite high, ranging
from 0.14 — 0.42 (Zak et al., 2017) while the heritability of litter size was in lower range of 0.06 —
0.09 (Chen et al., 2022; Yu et al., 2022; Zhang et al., 2020). This can be inferred that the negative
effects of inbreeding on litter size in pigs are likely mediated indirectly through the regulation of
ovulation and embryonic survival. There is a complex genetic regulation of pigs’ litter size, with
the mapping of more than 50 quantitative trait loci (QTL) associated with litter size traits in pigs

(Distl, 2007; Ernst and Steibel, 2013). Recent relevant research has indicated that in pigs, there are
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multiple genes that have a significant impact on litter size and its component traits, both at allelic
and genome-wide levels (Vaishnav et al., 2023). Litter size traits in pigs have been linked to over
12 candidate genes (Mo et al., 2022; Sell-Kubiak et al., 2022). In addition, Balogh et al. (2019)
found that litter size (total number of piglets born) was associated with 3 SNPs markers located on
chromosome 1, 6 and 13. Similarly, Shi et al. (2021) reported inbreeding depression for TNB in
Canadian pig line linked to chromosome 6,7,8 and 13, with candidate genes CUL7, MAPK14 and
PPARD implicated in placental development, and AREG and EREG associated with oocyte
maturation.

While there have been numerous studies documenting the increasing trend of litter size in
commercial pigs, limited data exists regarding litter size in conservation pig. Litter size, a
multifaceted trait that is influenced by various biological, nutritional, management, and
environmental factors, exhibits complexity and sexual dimorphism. This trait has also been studied
in terms of estimating the influence of inbreeding depression on it. Despite some studies
identifying genes that affect litter size, this trait still exhibits low heritability, and the underlying
physiological mechanisms of inbreeding depression on this trait remain unclear. Further research
is needed to fully understand the genetic and physiological aspects of inbreeding depression and
its impact on litter size.

2.2.2. Piglets born alive/dead.

The proportion of stillborn piglets can vary from 5.00% to 14.30% (Langendijk & Plush,
2019; Lanh & Nam, 2022). The number of piglets born alive was determined by subtracting any
stillborn piglets from the total litter size (Threadgold et al., 2021). Modern breeding sows have
undergone selection processes to enhance their litter sizes, resulting in increase the number of
piglets weaned and ultimately sold. However, a correlation exists between increased litter sizes
and reduced viability of piglets (Rutherford et al., 2013). To enhance the number of piglets born
alive and subsequently improve the weaning count, achieving production targets might be more
effectively accomplished by prioritizing the reduction of stillbirths rather than solely focusing on
increasing the overall litter size (Threadgold et al., 2021).

Leenhouwers et al. (2003) classified stillbirth into four categories: non-fresh (characterized
by partial brown skin colour resulting from tissue degradation and autolysis), prepartum (occurring
before delivery), intrapartum (taking place during the farrowing), and postpartum (occurring
shortly after birth). Non-fresh and prepartum stillbirths are primarily attributed to infectious
agents, while intrapartum and postpartum piglet deaths are predominantly caused by non-
infectious factors (Leenhouwers et al., 2003; Vanderhaeghe et al., 2013). Among all stillborn
piglets, 10% experienced mortality shortly prior to farrowing, 75.00% died during the actual
farrowing process, and the remaining 15.00% death immediately after farrowing (Leenhouwers et
al., 1999). Therefore, studying physiological mechanism of stillborn piglets would focus on non-
infectious factors.

Physiological mechanisms that affect piglets born alive or dead can be influenced by
various factors including genetic factors, maternal factors (body condition, litter size, parity,
gestation length, farrowing duration), piglet factors (birth interval, birth order, and birth weight)
and environmental factors (Vanderhaeghe et al., 2013). According to Jatfa et al. (2018)
approximately 70.00% of the risk factors associated with stillbirth can be attributed to non-
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infectious factors, in which genotype, dystocia and hypoxia were emphasized. Therefore, in this
review the component factors namely the genotype, litter size and birth weight were considered to
clarify.

The heritability of stillborn piglets and NBA are relatively low ranging around 0.05 — 0.08
and 0.02 — 0.12, respectively (Hollema et al., 2020; Ogawa et al., 2019; Paixao et al., 2019), and
they are influenced by a large number of genetic loci with effects that are low to moderate in
magnitude (Bergfelder-Driiing et al., 2015). In addition, heritability based on the sire and dam
components for stillborn piglets ranged between 0.08 to 0.24, respectively (Strange et al., 2013).
This means that genetic factors have a limited influence on total number of piglets born dead.

According to Vanderhaeghe et al. (2013) the incidence of stillborn piglets was genetically
affected by both sows and piglets themselves. Leenhouwers et al. (2003) clarified that the sow's
genetic factors were found to affect the probability of mortality during the farrowing process while
the piglets' genetic factors were found to influence mortality rates before and right after farrowing.
Variations in the occurrence of stillbirth among different lines or breeds of pigs can be attributed
to a complex interplay of genetic factors (Leenhouwers et al., 1999; Vanderhaeghe et al., 2010).
Although Imaeda et al. (2021) found that the incidence of stillborn piglets was higher in
Microminipigs compared to other pig breeds, this could be because of the too small body size of
Microminipig. Canario et al. (2006) documented that stillborn piglets from Meishan sows were
significantly lower than piglets born from Large White, Laconie male line and F1 Duroc x Large
White sows. This difference was speculated by the ability to limit conceptus growth and crowing
uterine based on the vascularity of the placenta and the homogeneity of placenta weight in a litter
of Meishan pigs (Canario et al., 2006). Leenhouwers et al. (1999) similarly reported that purebred
lines tend to have a higher number of stillborn piglets (+0.5 to 1 piglet) per litter compared to
crossbred lines. However, the authors also noted that the differences in the number of stillborn
piglets among different lines may vary depending on the litter size or parity under consideration
(Leenhouwers et al., 1999). It seems that the incidence of stillborn piglets and total number of
piglets born alive are some extents affected by the genetic factor, but the majority effects are
indirectly through the interaction of litter size, birth weight, parities and other components.

The latest version of quantitative trait loci (QTL) mapping in the pig genome includes a
total of 28,720 identified QTLs (Chen et al., 2019). Among these QTLs, a subset of 2,129 QTLs
has been specifically identified for reproduction traits, including 163 QTLs associated with "Total
number born alive", 97 QTLs associated with "Number of stillborn", and 95 QTLs associated with
"Mummified pigs" (Chen et al., 2019). A study has identified specific regions on the pig genome
(QTL SSC5, SSC13) that are linked to early lethality, contributing significantly to the occurrence
of stillborn piglets (Cassady et al., 2001). Wu et al. (2019)reported some specific regions on the
pig genome that affect the number of mummitied and stillborn piglets, specifically being SSC3
(for Landrace at parity 3) and SSC9 (for Large White at parity 2), in which the effect genes
ASTNI1/BRINP2 on SSC9 was also identified.

The research findings indicated that the relationship between litter size and stillbirth was
not linear (Vanderhaeghe et al., 2013). Both large and small litters showed an increased likelihood
of stillbirth, suggesting that the probability of stillbirth was higher in both extremes of litter size
(Vanderhaeghe et al., 2013). However, a recent research found that each additional piglet added
to the litter resulted in a linear increase of 0.50% in the percentage of stillbirths (Van den Bosch
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et al., 2022). Andersson et al. (2016) reported that larger litters can lead to a rise in the number of
piglets born dead, a decline in the proportion of piglets successfully weaned, and greater variability
in the overall quality of the piglets. In the presence of larger litter sizes, low-birth weight piglets
face increased disadvantages when competing with their littermates, and this disadvantage is
further intensified when the litters come from older sows (Cabrera et al., 2012). There was a high
positive correlation (r = + 0.98) between increase number of newborn in the litter and stillborn
piglets since the proportion of stillborn piglets increased significantly from 5.90% to 14.60% when
the number of piglets in the litter increased from 7 — 11 to 17 — 21 piglets (Siraziev & Gruzdova,
2020).

An increase in litter size was connected with fetal crowding and the extended durations of
farrowing (Rutherford et al., 2013; Van Rens and van der Lende, 2004), which subsequently
increases the risk of hypoxia for the piglets (Herpin et al., 2001). Van den Bosch et al. (2023) also
confirmed that prolonged farrowing can reduce piglet survival during birth or in the first day of
life as successive uterine contractions may hinder oxygen supply from the mother to the fetus
through the placenta and umbilical cord. According to Roongsitthichai and Olanratmanee (2021);
Threadgold et al. (2021) asphyxia and dystocia during birth were significant factors leading to
stillbirths and early mortality in live-born piglets. However, Van den Bosch et al. (2022) found no
interaction between litter size and prolonged farrowing duration although both of these two factors
were independently detrimental effect stillborn piglets. In addition, Van den Bosch et al. (2022)
suggested that litter size has a greater influence on stillbirth percentages compared to the duration
of farrowing.

In another aspect, a small litter size has a negative impact on the proportion of stillborn
piglets (Canario et al., 2006; Knol et al., 2002a), as it is potentially associated with the presence
of oversized piglets, resulting in difficulties during the farrowing process (Vanderhaeghe et al.,
2013). Furthermore, small litters (less than 6 piglets) frequently indicate reproductive
abnormalities, which in turn lead to diminished chances of piglet survival when compared to
intermediate litters (6-11 piglets) (Cecchinato et al., 2008).

In relation to stillbirth rate, a low birth weight of the litter (<0.80 kg) was frequently cited
as a commonly reported risk factor (Gourley et al., 2020; Le Cozler et al., 2002; Leenhouwers et
al., 2003; Nam and Sukon, 2021; Udomchanya et al., 2019; Vanderhaeghe et al., 2013; Zaleski
and Hacker, 1993). Gourley et al. (2020) reported that there was a significant association (P <
0.01) between an increased stillborn rate and larger litters with heavier litter weights and lighter
piglet weight at birth. There was a significant difference in piglets birth weight of piglets born
alive and piglets born dead (1,175 vs. 1,002 g, P <0.001), respectively (Udomchanya et al., 2019).
In the same research, the occurrence of stillborn piglets was higher among piglets with a birth body
weight of <1,000 g compared to those with a birth body weight of 1,001 — 1,300 g or >1,300 g.
According to the findings, piglets weighing between 0.10 — 0.60 kg more than the average birth
weight of their litter exhibited the lowest risk of intrapartum stillbirth (Nam & Sukon, 2021).
Conversely, piglets smaller than the average birth weight of their litter and those excessively heavy
had a higher probability of being stillborn (Nam & Sukon, 2021). The presence of a low birth
weight could indicate a diminished quality of uterine support, such as under or malnutrition of the
sow, which in turn can lead to reduced overall vitality of the litter during the onset of parturition
(Vanderhaeghe et al., 2013). In addition, lower body weight piglets may have relatively smaller
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umbilical cords that are more susceptible to umbilical rupture (Vanderhaeghe et al., 2013).
According to Mota-Rojas et al. (2006), Zaleski and Hacker (1993) piglets with lower body weight
may exhibit reduced efficiency in utilizing oxygen due to their lower blood haemoglobin
concentration that make them more susceptible to hypoxia during farrowing. In contrast, piglets
with heavy birth weight (>2.10 kg) may experience dystocia, leading to prolong farrowing
duration, resulting in hypoxia (Canario et al., 2006; Nam and Sukon, 2021; Vanderhaeghe et al.,
2013). Several studies reported a higher incidence of stillbirths and lower individual birth weights
in male piglets compared to their female counterparts, speculating that male piglets were more
risky to be born dead (Canario et al., 2006; Knol et al., 2002b; Vanderhaeghe et al., 2013). Knol
et al. (2002c) documented that selecting for a higher average birth weight had the potential to
reduce postnatal mortality but concurrently lead to an increase in the proportion of stillborn piglets.

Both litter size and birth weight have effects on piglets born alive or dead in a way of
optimum threshold, meaning that the detrimental effects happen to the two extreme values of those
factors. In addition, these two factors exhibit a causal relationship that influences the piglets born
alive or dead, and their interplay is also influenced by various other factors such as environmental
conditions and dam-piglet interactions. It is important to note that their effects are not independent
but rather interconnected within a complex system.

The proportion of stillborn piglets can range from 5.00% to 14.30%, and reducing stillbirths
is important for improving production targets. Genetic factors have a limited influence on the
number of stillborn piglets, with heritability estimates ranging from 0.05 to 0.08. The occurrence
of stillbirths is affected by genetic factors in both sows and piglets. Litter size and birth weight
also play significant roles in stillbirth rates. Both large and small litter sizes increase the probability
of stillbirth, and low birth weight is associated with higher stillbirth rates.

2.2.3. Birth weight

It can be seen from TableS 2 that the average birth weight of piglets is around 1.50 kg,
ranging from 0.30 — 3.30 kg. Most of the published research is related to prolific pig breeds
(Landrace, Yorkshire, Duroc or mixed), so they shared similar average birth weights, except for
Piau pig breed which is Brazilian pure pig breed having lower average birth weight (0.997 kg).
This could be because different genotype made the birth weight variations. According to Moreira
et al. (2020) litters of high prolific sows comparing to low prolificacy had 43.00% higher average
birth weight of total piglets born and total piglets born alive. This can be explained by the fact that
high prolific sows, after many years of selection targeting for bigger litter size, have bigger litter
birth weight.

Within commercial practice, birth weight is widely utilized as the predominant indicator
to assess a piglet's vigour of survival until the weaning stage (Tucker et al., 2021). The threshold
for defining low birth weight piglets was determined based on a raw value derived from analysing
the relationship between birth weight and the statistical increase in the risk of mortality (Mugnier
et al., 2023). Feldpausch et al. (2019) suggested that piglets with birth weight around 1.11 kg have
more chance to survive until weaning than the others.

Research indicates that increased parity and larger litter sizes have detrimental effects on
piglet birth weight, resulting in a decline in the average birth weight along with an increased level
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of variability (Kitkha et al., 2017). Birth weight of the piglets is affected by large litter size as there
is an association between larger litter sizes and reduced birth weights (HeuB3 et al., 2019).
Peltoniemi et al. (2021) also agreed that increasing litter sizes concomitantly resulted in decreased
piglet birth weight and increased within-litter birth weight variations. Each additional piglet born
to a litter linearly decreased average piglet birth weight (17.60 g, p < 0.01), increased farrowing
duration (11min, p <0.01), and increased stillbirth (0.50%, p = 0.04) (Van den Bosch et al., 2022).
In addition, according to Riddersholm et al. (2021) the impact of litter size on piglet birth weight
(PBW) was found to be statistically significant; for each additional piglet within a litter, the
average PBW decreased by 19.50 g for first-parity sows and 21.70 g for sows with 2nd to 9th
parity. PBW of sows from parity 2 — 9 decreased by 25.80 g with increasing weaning to
insemination interval (p < 0.001). Furthermore, birth weight of piglets and within-litter birth
weight variations were also affected by the parity of the sows, with unfavourable affections came
from older sows (Riddersholm et al., 2021).

The development of the litter is influenced by the quality of follicles, which is determined
in the period before to insemination (Riddersholm et al., 2021). It was reported that the length of
the previous lactation has an influence on litter size (Hoshino and Koketsu, 2009) and a weaning-
to-insemination interval of less than eight days had a negative impact on the high within-litter
variation in piglet birth weight compared to intervals above 21 days (Wientjes et al., 2013). After
the insemination, intrauterine environment with nutritional status of the sow become important
factors for placenta and litter development (Riddersholm et al., 2021). Inadequate placenta
function posed a hindrance to the growth and development of foetus (Town et al., 2004) as well as
the size and effectiveness of the placenta can impact PBW and its variation (Che et al., 2017). In
sows, the crowded uterine affected the sex ratio of litter, the development of placenta and the
expression of embryonic myogenin in early gestation (Tse et al., 2008) such that increased litter
size had negative effects on piglet birth weight and birth weight variations.

Previous research has indicated that the heritability of birth weight was low, ranging from
0.02 to 0.21 (Kaufmann et al., 2000). According to Zaalberg et al. (2023), heritability estimates
were high for mean litter weight at birth (0.33) but low for litter size traits (0.04 — 0.08) and
individual piglet weight (0.06 — 0.07), with maternal heritability being significantly higher for
individual piglet weight than direct heritability. However, applying a Bayesian multivariate
threshold-linear model to a dataset of 22,483 piglets revealed significant estimates indicating
maternal and direct heritability for birth weight ranging from 0.29 to 0.36, respectively (Nguyen
et al., 2021). Another research using the similar model to a data of 21,835 individual piglets
reported similar results with maternal and direct heritability for birth weight range from 0.28 to
0.36, respectively (Roehe et al., 2010). In relation to piglet birth weight, the heritability of birth
weight variability was documented in previous studies, with estimates ranging from 0.08 to 0.12
(Damgaard et al., 2003; Wittenburg et al., 2008). These studies indicated that the heritability of
birth weight was in the wide range from 0.02 to 0.36 and the variation in birth weight was
influenced significantly by both foetal genetic factors and maternal genetic effects, making it
valuable to identify the specific genes or variants responsible for this variability.

The examination of candidate genes such as MyoD (Te Pas et al., 1999) , MSTN (Jiang et
al., 2002), and DBH (Tomas et al., 2006) has led to the identification of several markers associated
with birth weight. A total of 17 genomic regions associated with birth weight were identified, with

30



12 of them overlapping with previously reported QTL regions for piglet birth weight, average birth
weight, and litter birth weight (Zhang et al., 2014). A genome-wide association study (GWAS) on
82 sows with extreme birth weight variability identified 266 genome-wide significant SNPs (p <
0.01), enriched on chromosomes 7, 1, 13, 14, 15, and 18, and further analysis revealed genes
related to plasma glucose homeostasis (GLP1R), lipid metabolism, and maternal-fetal lipid
transport (AACS, APOB, OSBPL10, and LRP1B), suggesting their potential role in birth weight
variability (Wang et al., 2016). Recently, some more genes associated with birth weight were
reported based on genome-wide association study (GWAS), being SKOR2, SMAD2, VAV3,
NTNGI (Li et al., 2020), and ARAP2 and TSN (Lee et al., 2020).

The biological mechanism underlying piglet birth weight involves a combination of
genetic, maternal, and uterine environmental factors. In which, the heritability of birth weight
ranges from 0.02 to 0.36, indicating a significant contribution of both foetal and maternal genetic
effects. Several candidate genes have been associated with birth weight, providing insights into
the genetic basis of birth weight variability in pigs. Larger litter sizes have a negative effect on
piglet birth weight, resulting in decreased average birth weight and increased variability. Factors
such as the quality of follicles, weaning-to-insemination interval, and placenta function also
influence piglet birth weight and birth weight variation within litters.

2.3. Genetic background of Mangalica pigs

According to Egerszegi et al. (2003) tracing the historical origins of ancient swine breeding
in Hungary is challenging due to the scarcity of archaeological evidence. In the research of
Egerszegi et al. (2003), Mangalica was described as progenies of crossing extinct Hungarian
Alfoldi, Szalonta and Bakony breeds and Serbian Sumadia pig breeds in the 19th century. In 1833,
Serbian Prince Milos gifted the first Sumadia stock (9 sows and 2 boars) to Archduke Jozsef, and
these animals were brought to Kisjend in Hungary. Crossbreeding extinct Hungarian pig breeds
with this stock led to the rapid spread of Sumadia bloodlines across Hungary’s large breeding
populations. While there were mentions of Mangalica existing prior to 1833, the widespread
integration of Sumadia genetics standardized the fat-type swine in Hungary, which came to be
known as Mangalica (Egerszegi et al., 2003).

Currently, three Mangalica breeds (Zsolnai et al., 2006) (Figure 5) are recognized in
Hungary namely Blonde, Swallow-Belly, and Red, with the Blonde being the most dominating. In
addition to these three recognized breeds, the Black Mangalica, previously documented as an
extinct color variant in Hungary (Porter, 2020), has been the focus of recent resurgence efforts.
The HNAMB has undertaken initiatives to recreate this variant by crossbreeding, involving a
population of about 700 females and six male lines distributed across 12 herds (personal
communication, 2025).
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Figure 5. Male (upper row) and female (lower row) Mangalica pigs in Hungary: Blonde, Swallow-
Belly, and Red breeds (left to right) (HNAMB, n.a.) (https://moe.org.hu/en/breeding/breeds/).

The development of the Mangalica breeds was documented in (Egerszegi et al., 2003,
Botha et al., 2014) and further illustrated in Figure 6 (Zsolnai et al., 2013). The Blonde Mangalica
likely presented earlier than others and originated from crossing the small, extinct Alfoldi pig with
the Serbian Sumadia swine, followed by crossbreeding with Szalonta and Bakony pigs. The
Swallow-Belly was derived from crosses between Blonde and Black Mangalica pigs. The Red
Mangalica emerged in the late 19" century through mating Blonde sows with Szalonta boars,
producing a type initially named New-Szalonta (NHAMB, n.a.). The Red Mangalica population
shows characteristics closely resembling those of the Blonde Mangalica, with superior meat
quality and enhanced growth performance (Hanko, 1940).

SUMADIA X ALFOLDI ? X SYRMIUM
SZALONTA
BAKONY E
SZALONTA X BLOND X BLACK
RED SwaLLOwW
BELLY

Figure 6. Breeding schemes for Mangalica breeds in accordance with herd books (Zsolnai et al.
2013).
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The advances of genomic technology have facilitated investigations into the historical
origins of the Mangalica population using mitochondrial DNA (mtDNA). Marincs et al., (2013)
conducted a comprehensive comparative analysis of mtDNA D-loop sequences from Hungarian
Mangalica and other European pig breeds to reveal their origins and relationships. The findings
suggest that the existing Mangalica population in Hungary likely developed through two possible
scenarios. These include either the admixture of other European breeds and wild board or
independent evolution following the divergence of ancient European swine lineages. Further
research by Frank et al., (2017), sequenced the mitogenome of one male from each Mangalica
breed, revealing a close relationship between the mitogenome of some Mangalica individuals ant
the Croatian Turopolje breed. This similarity indicates either a shared maternal lineage or historical
admixture between these populations. However, the mitogenome origins of specific purebred
Mangalicas preserved in the Hungarian Mangalica Gene Reserve remain undetermined.
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3. MATERIALS AND METHODS
3.1. Genealogical data

Data for analyzing in this study were provided by the Hungarian National Association of
Mangalica Breeders. The organization recorded the data of the registered Mangalica pigs in the
Herdbook born between 1981 and 2023, respectively. Genealogy analysis was restricted to
breeding animals.

From the examined Mangalica pig breeds the pedigree of the Blonde Mangalica was the
largest containing 12,808 individuals (up to 2021). The Swallow Belly and the Red Mangalica
pedigrees were smaller, and they consisted of 2,393 and 3,963 pigs, respectively. The pigs born in
the period from 2016 to 2021 (REF2021) were determined as reference population which was used
to assess the genetic variability. Besides, several reference populations were defined for pigs born
between 1981-1985, 1986-1991, 1992-1997, 1998-2003, 2004-2009 and 2010-2015, respectively
to characterize the evolution of pedigree-based parameters.

For population subdivision and mingration assessment, the genealogical data were
extended up to 2023 as in Table 2.

Table 2. Number of herds and breeding animals in three Mangalica breeds from 1980 to 2023.

Blonde Swallow-Belly Red
Total number of individuals 14,550 2,638 4,566
Total number of herds 258 94 145
Number of active herds 78 31 55
Total number of sires 748 237 305
Number of active sires 427 129 188
Total number of sows 6,393 1,094 1,779
Number of active sows 3,944 669 951

3.2. Pedigree completeness

The pedigree completeness was evaluated by: (1) the number of full generations traced
which is defined as the number of generations separating the offspring from the furthest generation
of which ancestors are known (Gutiérrez and Goyache, 2005), (2) the maximum number of
generations traced is defined as the number of generations that separates the individual from its
furthest ancestor (Gutiérrez and Goyache, 2005), (3) the complete generations equivalent (CGE)
for each animal in the pedigree data that is computed as the sum over all known ancestors of the
terms computed as the sum of (1/2)", where n is the number of generations separating the individual
from each known ancestor (Maignel et al., 1996), (4) the pedigree completeness index which is
the completeness of each ancestor in the pedigree to the 5™ parental generation and MacCluer et
al. 's (1983) index of completeness. Pedigree of depth d generations for paternal and maternal lines:
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d
1
Idpat/mat = EZ a;
i=1

Where aj is the proportion of ancestors present in generation i. The overall completeness index for
the pedigree of each animal was computed as the harmonic mean of the paternal and maternal
indices MacCluer et al. 's (1983).

Id — 4 Idpat Idmat
Idpat + Idmat

This Iq4 calculates the average proportion of known ancestors from generation 1 to d, using

information on all d generations while weighting them unequally: each parent contributes twice

the influence of each grandparent and so on. This is because inbreeding can only be identified

when both the mother’s and father’s ancestral lines are known MacCluer et al. 's (1983).

3.3. Diversity parameters
3.3.1. Average relatedness coefficient (AR) and inbreeding coefficient

AR of each individual is defined as the probability that an allele randomly chosen from the
whole population in the pedigree belongs to a given animal (Gutiérrez and Goyache, 2005)

Inbreeding coefficient was defined as the probability that the two alleles at any locus in an

individual are identical by descent (Wright, 1922) and was computed following Suwanlee at al.
(2007).

n+n'+1
Fwe = Z (5) (14 fa)

In which x is the individual, n and n' are the number of generations from sire and dam
respectively to the ancestor in question, and fu) is the inbreeding coefficient of the common
ancestors.

Ballou (1997) defined inbreeding as the cumulative proportion of an individual’s genome
that has been previously exposed to inbreeding in its ancestors. The Ballou’s inbreeding coefficient
was calculated as the following formula.

F  [Fsae + (1 = Feau) * Fwes) + Fear@) + (1 = Frai@)) * Fwa)]
Bal(x) — 2

Where Fgq(x) is the ancestral inbreeding coefficient for an individual (x), Fyy is the
Wright’s inbreeding coefficient and the subscripts (s) and (d) represent for the sire and dam,
respectively.

Kalinowski et al. (2000) defined inbreeding coefficient (Fkaix)) as the probability that any
allele in an individual is currently autozygous and has been autozygous in previous generations at
least once. The Kalinowski “new” inbreeding coefficient was defined as the probability that any
alleles in an individual is autozygous for the first time and was calculated as the deduction of Fyy ()
and (Fxaix)) (Kalinowski et al., 2000; Schiler et al., 2020).
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FNewx) = Fwx) — Fxalx)
3.3.2. Generation interval (GI)

The GI determined the average age of parents at the birth of their progeny that were
subsequently kept for reproduction (Gutiérrez and Goyache, 2005), being computed for the 4
pathways (sire — son, sire — daughter, dam — son, and dam — daughter).

3.3.3. Effective population size (/V.)

N, is defined as the number of breeding animals that would lead to the actual increase in
inbreeding if they contributed equally to the next generation (Wright, 1931). In this study, the N.
was estimated from individual increase in inbreeding (AF;) called as “realized effective population
size - N, ) (Cervantes et al., 2008a; Gutiérrez et al., 2009).

Ne = -=1in which AF represents the average increase in inbreeding across individuals in

a reference subpopulation, calculated from individual inbreeding increases (AF;)
3.3.4. Predicting future inbreeding

The inbreeding coefficients in the next 25 years were predicted and the relevant populations
were classified in the five categories of endangerment according to (Alderson, 2009). The
predicted inbreeding coefficients were the sum of initial inbreeding coefficients (t = 0) of reference
populations and the expected inbreeding increase in the next 25 years (t = 25). Using the annual
inbreeding rate (AFy) the inbreeding increase was calculated as Fy = 1 — (1-AFy)""! (Falconer and
Mackay, 1996; Gutiérrez et al., 2009).

3.3.5. Effective number of founders (f.)

The effective number of founders (f.) means the number of founders contributing equally
that would be expected to produce the same amount of GD as in the studied population (Lacy,

1989). This parameter was calculated by the equation: f, = ﬁ where g 1s the genetic
k=19k

contribution of the kth founder (the proportion of genes in the current living, descendant population
that originated from founder k) reference population and f'is the total number of founders. Total
number of founders (f) was defined as ancestors with unknown parents. Under the selection, the
contribution of reproductive individuals is usually unequal so that another parameter known as
effective number of ancestors was calculated to complement for the loss of genetic variability.

3.3.6. Effective number of ancestors (f2)

The effective number of ancestors (f,) is the minimum number of ancestors (not necessarily
founders), explaining the complete genetic diversity of the population (Boichard et al., 1997). This

1

@ 2
2. j=1 Y
which is the genetic contribution made by an ancestor that is not explained by other ancestors

chosen before. The ratio of the two values (f./f.) indicates whether bottleneck effects occur in the
studied population. The bottleneck happens when the ratio value is much lower than one.

parameter is calculated as f, = where ¢gj is the marginal contribution of an ancestor j,
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3.3.7. Effective number of founder genomes (founder genome equivalents — f;)

Founder genome equivalents (fy) is the number of founders that would produce the same
expected heterozygosity in the studied population if the founders equally contributed and were not
lost of alleles (Ballou and Lacy, 1995). This parameter was calculated by the method of Caballero
and Toro (2000).

3.3.8. Genetic diversity (GD)

The loss of GD was considered in two aspects: the unequal contribution of founders and
the genetic drift. The bottleneck effect was characterized by the ratio f, / fe, occurring when the
effective number of ancestors is much smaller than the effective number of founders or the ratio
is much smaller than one.

Total GD of the reference population was estimated according to (Lacy, 1995) with GD =
1-1/(2f;). The loss of genetic variation in both aspects was inferred as 1— GD. Similarly, the total
amount of genetic diversity in the reference population possibly disappeared due to unequal
founder contribution was calculated as GD* = 1-1/(2f.) and the actual GD loss with this reason
was measured as 1-GD*. Finally, the difference of GD* and GD was calculated to expose the
genetic diversity loss because of genetic drift (Caballero and Toro, 2000; Honda et al., 2004).

3.4. Population subdivision

The genealogical data were used to analyse the structure of the subpopulations using the
concept of Wright’s F—statistics (Wright, 1978), calculated according to Caballero and Toro (2000)
for each specified subpopulation. As described in Gutiérrez and Goyache (2005), we first
calculated the average pairwise coancestry coefficient (fj) between individuals from two distinct
subpopulations labelled i and j. The analysis includes all possible pairs of individuals within the
entire metapopulation, considering the size of these subpopulations, so that the total of NixN; pairs
are considered. According to Caballero and Toro (2000), pedigree-based calculations assume that
all coancestries are known through genealogical information back to the base population, in which
all individuals are unrelated. Within a given subpopulation, labelled i, the following metrics can
be calculated: the average coancestry, represented as fj;, the average self-coancestry among the Nj
individuals, represented as si, and the average inbreeding coefficient, represented as F; =2s; — 1.
The average distance between individuals of subpopulations i and j (or the kinship distance — Dk,
for moleculary coancestry) is given by

efo )

From these parameters (si, sj, fij) and the corresponding within subpopulation means (fii,
fj)), Caballero and Toro (2000, 2002) derived Nei's (1987) minimum genetic distance between two
subpopulations (Dyj) as Djj = Djj — [(Dii + Dj)/2] = [(fii + fjj))/2] — fij. Thus, the average minimum
Xij=1Dij NiNj

Nf

Finally, Wright’s F-statistics (Wright, 1978) (also called Wright’s 1nbreed1ng coefficients)

genetic distance over the entire metapopulation is D =

are calculated using the following formulae: where F;s = f FST ]; _j: = 1— and F;r = i }c

where Fis is defined as the inbreeding coefficient of an 1nd1v1dua1 with respect to the
subpopulations, Fsris defined as the mean inbreeding coefficient of the subpopulation with respect
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to the entire metapopulation, Fris defined as the inbreeding coefficient of an individual in relation
to the entire population and while f and F are the average coancestry coefficient and inbreeding

coefficient for the entire metapopulation and f is the average coancestry coefficient for the
subpopulation. Wright’s inbreeding coefficients are not independent, as they are functionally
interrelated since (1 — Fir) = (1 — Fis) (1 — Fsr). The concept of population structure has more often
been theorised as a deviation from the Hardy—Weinberg equilibrium, where Fisr, for example, was
originally defined as the correlation between random gametes within subdivisions
(subpopulations) relative to gametes in the entire population. For the link between the original
concept and Wright’s F coefficients estimated from pedigree, see Wright (1965). In population
genetics theory, the Fsris often regarded as a parameter that quantifies genetic drift and is therefore
interpreted as a genetic distance ranging between zero and one (no difference in allele frequency
if the Fsris zero, or different alleles are fixed in each population if the Fs7is one). In this concept,
the population structure can be represented by an Fsr matrix formed from the pairwise distances
or the pairwise Fsr coefficients (distances) between all subpopulations. Here, the Fsrmatrix was
visualised using a heat map. The normality of the Fsr coefficients was evaluated by an Anderson—
Darling normality test. We checked all Fsr values for every herd from which the largest value for
each herd was taken. Then, we sorted these (maximum) Fsr values from lowest to highest and
calculated the proportion of the total population they represent. Finally, the results were depicted
as histograms and the cumulative population proportion according to the maximum Fisr values per
each herd.

3.5. Migration assessment

The actual migration of pigs among herds derived from the stud book was visualised by
the chord diagram. Every individual’s herd ID was documented from birth to the most recent
assessment. Those with incomplete ID information at either birth or the present assessment were
excluded from the parameter analysis. Chord diagrams were employed to illustrate the transition
of individuals from their birth herds to another current herd, with separate diagrams for males and
females, as well as a combined one. However, to enhance clarity, only individual chord diagrams
for male and female migrations were presented.

3.6. Programme used

ENDOG software programs version 4.8 (Gutiérrez and Goyache, 2005) was utilized to
calculate all pedigree parameters and the Fsr matrix based on the differentiation between the herds
(pairwise Fsr coefficients). The subpopulations submenu in the population menu was used to
compute Fst values. The outcomes were documented in the table Fis Fsts of a Gener.mdb file.
Based on the Fsr results from ENDOG’s running, the Fsrdiagonal full matrices were created in
Ms Excel 365. The function heatmap.2 of the R package “gplots” was used to create a heatmap to
visualise the pairwise Fsr matrix.

Different inbreeding coefficients were determined using the GRain software version 2.2
(Doekes et al., 2020, Baumung et al. 2015). Spearman correlations and the significance among the
different inbreeding coefficients were tested by the Performance Analytics-package in R-studio.
The chordDiagram function from the R package “circlize” (Gu, 2014) was used to create the chord
diagram of migration intensity. The direction of arrows in the chord chart showed the direction of
migration, and arrows sizes reflect the number of migrants.
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4. RESULTS AND DISCUSSION
4.1. Characterization of the pedigree structures and completeness

The pedigree structures were briefly described in Table 3, in which the number of
individuals was the largest for the Blonde-pig pedigree and the smallest for the Red one.

Table 3. The characterization of the pedigree structures and completeness

Breeds Blonde Swallow- Red
Belly

No. of animals in the whole pedigree 12,808 2,393 3,963
Complete generation equivalent (CGE) 7.08 4.29 6.17
No. of complete generations 6 5 6
Max no. of generations traced 22 18 18
No. of animals in the reference population 2,058 243 629
(REF2021)

Complete generation equivalent in reference 9.73 6.87 9.03
population

The number of animals in the reference population (REF2021) was accounted for less than
20.00% compared to the number of pigs in the whole pedigree, specifically the population Blonde
and Red shared similar proportion of 16.06% and 15.87%, respectively, whereas that of the
Swallow-Belly was lower with 10.15%. The longest and most complete pedigree was found in the
Blonde Mangalica pig population both for the whole and in the reference populations. The Blonde
pedigree could be traced maximum 22 generations, being 4 generations longer than other
pedigrees.

Figure 7 explicitly presented the completeness of the pedigrees. The Blonde and Red
shared similarity of more than 90.00% of pedigree completeness up to the sixth generation while
that proportion of the Swallow-Belly was observed in the fifth generation.
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Figure 7. Average percentage of known ancestor per generation of each reference population
(2016-2021).

According to Perdomo-Gonzalez et al. (2022) pedigree analysis continues to be the most
useful method for the reproduction management of populations even in the genomic era if the
pedigree has sufficient depth and reliability. Being representative of the quality of the pedigree -
to estimate the genetic diversity parameters - the CGE indicates the reliability of the results relying
on pedigree data. The longer the CGE is the more reliable estimation parameters are but in order
to avoid underestimated inbreeding measure, pedigree data should show CGE more than 4
(Michels and Distl, 2022). In the present study, the CGE values of the evaluated Mangalica
populations ranged between 4.29 and 9.73 and between 6.78 and 9.73 in the whole period and in
REF2021, respectively. These reported values of CGE were similar to that of Krupa et al. (2015)
in five Czech Republic pig breeds with CGE in the range of 5.21 to 8.80 or to that of Wilmot et al.
(2020) who analyzed the pedigree of Wallon Piétrain pig population and reported an average CGE
of 5.78 generations. Among the various pig related studies Melka and Schenkel, (2010) reported
exceptionally high CGE in four Canadian swine breeds with most CGE being higher than 10
generations. On the contrary in autochthon Brasilian and Croat pig breeds very low (1.32 and 2.05)
CGE values were calculated (Carneiro et al., 2014; Gvozdanovic et al. 2020). The relatively large
CGE in the current study indicates that all of the analyzed Mangalica pedigrees were sufficiently
deep and complete making reliable genetic variability and population structure analyses possible.

4.2. Average relatedness coefficient (AR) and inbreeding coefficients

The evolutions of the various inbreeding and AR coefficients of the different Mangalica
breeds were depicted in Figure 8, 10, 12. In general, most parameters increased continuously

except for Fnew which decreased in all breeds in the last decade. The rate of increase was the
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highest for Fga which reached high values by the end of the examined period, especially for the
Blonde and for the Red population where their mean values exceeded 20.00% and 25.00%.
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Figure 8. The evolution of different inbreeding coefficients and average relatedness in the Blonde
pedigree. F: inbreeding coefficients, AR: average relatedness, Fw: Wright’s inbreeding, Fga:
Ballou’s inbreeding, Fxa: Kalinowski’s inbreeding, Fnew: Kalinowski’s New inbreeding.

Compared to those breeds the Swallow-Belly Mangalica breed showed substantially lower
mean Fga value. AR and Fw coefficients increased in parallel during the last two decades for all
breeds and similarly to that of Fga the highest and lowest values were observed for the Red and
for the Swallow Belly Mangalica breeds, respectively. Nevertheless, in the REF2021 68.00% of
the Fw of the Swallow Belly Mangalica breed was composed of Fnew while in the other two breeds
(Blonde and Red) the proportion of ancestral inbreeding Fxa exceeded (51.00% and 56.00%,
respectively) that of the new inbreeding.

The estimated correlation coefficients among the different inbreeding coefficients of the
Mangalica breeds can be found in (Figure 9, 11, 13). These values were all positive except for
Fnew and Fgal which were significantly negative in all breeds, but the strength of correlation was
negligible. In general Fw showed strong correlation with Fnew and low correlation with Fgay while
the correlation coefficients among the two types of ancestral inbreeding coefficients (Fgal and Fxar)
ranged between moderately strong and strong in every breed.
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Figure 9. The correlations among inbreeding coefficients in the Blonde pedigree. F-W:
Wright’s inbreeding, F-Bal: Ballou’s inbreeding, F-Kal: Kalinowski’s inbreeding, F-New:
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Figure 10. The evolution of different inbreeding coefficients and average relatedness in the
Swallow-Belly pedigree. F: inbreeding coefficients, AR: average relatedness, Fyw: Wright’s
inbreeding, Fgai: Ballou’s inbreeding, Fxai: Kalinowski’s inbreeding, Fnew: Kalinowski’s New
inbreeding.
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Figure 12. The evolution of different inbreeding coefficients and average relatedness in the Red
pedigree. F: inbreeding coefficients, AR: average relatedness, Fw: Wright’s inbreeding, Fga:
Ballou’s inbreeding, Fxa: Kalinowski’s inbreeding, Fnew: Kalinowski’s New inbreeding.
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The average relatedness (AR) sharply increased in the Red population from 1991 to 2003,
ranking first at the current end pedigree with 12.67% Figure 12 comparing to 8.50% (Figure 8)
and 6.59% (Figure 10) of the Blonde and Swallow-Belly populations, respectively. These
parameters explain the highest and lowest inbreeding coefficients of the Red and the Swallow-
Belly, respectively, because mating of closer relatives causes higher inbreeding levels. Inbreeding
is known as the status heterozygosity decrease in an individual to the population, consequence
lowering the genetic diversity (Schéler et al., 2020; Zhang et al., 2015). It was confirmed in this
research that the highest inbred Mangalica population experienced the highest genetic diversity
loss in the Red population.
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Figure 13. The correlations among inbreeding coefficients in the Red pedigree. F-W: Wright’s
inbreeding, F-Bal: Ballou’s inbreeding, F-Kal: Kalinowski’s inbreeding, F-New: Kalinowski’s
New inbreeding.

However, the consequence of inbreeding somewhat depends on the historical inbreeding,
that first time inbred individuals expose to negative effects of inbreeding more severely than inbred
individuals of inbred parents (Suwanlee et al., 2007). The inbreeding level calculated by different
methods was generally the highest in the Red (Figure 12) and smallest in the Swallow-Belly
(Figure 10). Fw ranging from 4.30 to 7.54 for the Swallow-Belly and Red population, respectively
is similar to the research of (Posta et al., 2016), meaning that after a decade Fw in this Mangalica
population is likely maintained. In contrast, Balteanu et al. (2019) found higher Frou in the
Swallow-Belly and Red breeds (0.14) than in Blonde (0.10) using SNP data from the same
populations. Comparing inbreeding levels of different breeds is only meaningful with similar CGE.
Our results were comparable with that of Krupa et al. (2021) who reported CGE and Fw of 7.53
and 7.95%, respectively for a local Czech pig breed. Showing an exceptionally long and complete
pedigree, the estimated inbreeding levels of the various Canadian pig breeds were also high
(ranging between 5.00 and 18.00%) exceeding our values (Melka and Schenkel, 2010). On the
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contrary Fw values of the Mangalica pig breeds were much higher than reported other conservation
pig populations (0.06% and 3.26%) (Carneiro et al., 2014; Gvozdanovi¢ et al., 2020). However,
as mentioned before the low CGE of these pigs breeds (1.32 and 2.05) made these inbreeding
estimates unreliable.

The different approaches of inbreeding coefficient allow looking insight into the time
scaling and potential effects of inbreeding. Besides the conventional Fw, Fga considers the
autozygous alleles previously happened. The Kalinowski and Kalinowski “new” inbreeding
coefficient splits the autozygous alleles to two parts the proportion that was autozygous already in
the past and for the first time. Although recently the concept of old and new inbreeding is getting
more and more recognition in animal science (e.g. Addo et al., 2017; Krupa et al., 2021) in pig
related studies the two types of Kalinowski inbreeding coefficients (Fka and Fnew) have not yet

been applied, except for the study of Schiler et al. (2020) who examined only 76 pigs.

Fga accounted for the highest inbreeding values, being three to five times higher than Fw.
According to Perdomo-Gonzalez et al. (2022) the Fga and probability of harmful genes occurrence
in the individuals and the populations are negatively correlated. Schéler et al. (2020) suggested
that for the mating plan pigs with high Fga, Fw should be identified and mated but with low
coancestry.

Among three Mangalica populations examined in this study the Red population has highest
Fnew value compared to the lowest one of the Blonde population (Figure 12 and Figure 8,
respectively). This finding for the Red population was confirmed by its higher genomic coverage
(129.4Mb, 5.30% autosomal genome) of very long run of homozygosity (ROH, >30 Mb),
indicating recent and strong inbreeding compared to Blonde and Swallow-Belly breeds (Balteanu
et al., 2019). Fnew showed a decreasing tendency in the final decade (2010-2021) with the
corresponding increase of Fka, which is favourable for the conservation program of this Red
population from the aspect of possible inbreeding depression (Doekes et al., 2019).

For the Swallow-Belly population, the inbreeding coefficient Fw was mainly composed of
the Fnew, meaning recent inbreeding events predominate, which likely exacerbates inbreeding
depression. Besides, in this population the Fnew showed a very strong correlation with Fw while
these correlations were lower on the two other breeds (Figure 11). The correlation between Few
and Fw was only moderate (0.53) in the the study of Schéler et al. (2020) carried out on pigs, while
in other species (horse and rabbit) the estimated correlations were strong (0.73 — 0.84) (Perdomo-
Gonzales et al., 2022; Curik et al., 2020) but they were far from unity. Compared to the Swallow-
Belly Mangalica pigs similar results were reported in German dogs (Michels and Distl, 2022)
where 62.00% of the conventional inbreeding was Fnew. Consequently, the authors suggested that
the mating plan of this dog breed should focus on Fnew instead of Fw. The weak correlation
between Fnew/Fw and Fpal indicates that recent and ancestral inbreeding metrics provide distinct
information, which could be useful for comprehensive assessment of inbreeding load in
conservation or breeding programs. The slight negative correlation between Fnew and Fgal suggests
a possible trade-off between recent and historical inbreeding, but its practical impact is small.
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4.3. Generation interval (GI)

The four-pathway generation intervals were shown in Table 4. The average GI for Blonde
population was the shortest of 3.06 years and the longest one belonged to Swallow-Belly
population with 3.45 years. The difference in average GI between pathways was not significant.
The sire — son and dam — son paths were longer than the sire — daughter and dam — daughter paths
in all breeds.

Table 4. Average GI (years) for different pathways in the pedigrees

Color variation Blonde Swallow-Belly Red
— — — Mean SD
X+SD X£+SD X+SD
GI for S-S 3.76 + 3.444 4.11 +£4.155 3.60 +£2.654 3.82 0.261
(n=647) (n=185) (n=262)
GI for S-DT 2.93 £2.398 3.40+3472 2.96 £2.177 3.10 0.263
(n=5536) (n=930) (n=1549)
GI for D-S 3.32+2.854 4.33 £4.086 3.68 +3.360 3.78 0.512
(n=646) (n=184) (n=261)
Gl for D-DT 3.08 £2.559 3.18 £ 2.696 3.49 +3.721 3.25 0.214
(n=5523) (n=913) (n=1543)
Average GI 3.06 £2.567 3.45+3.319 3.29 +£3.057 P-value = 0.0637
(N=12352) (N=2212) (N=3615)

GI: generation interval, SD: standard deviation, S-S: sire-son, S-DT: sire-daughter, D-S: dam-son, D-DT: dam-
daughter.

The lengths of average GI of the different Mangalica breeds were not significantly different
among the four different pathways in this study (Table 4). This result is different from other
studies, where the sire-offspring pathways were usually longer than the dam-offspring pathways
(Klein et al., 2022; Nagy et al., 2010). It was explained that in a conservation program the sires
and the dams were kept in breeding as long as possible, to reduce the genetic variation loss (Klein
etal., 2022). However, the contribution of male breeding animals tended to be longer in productive
cycle compared to females as the sperm could be stored and artificial insemination (Al) could be
implemented (Nagy et al., 2010). Since Al was not practiced in these Mangalica populations, this
is likely a reason for the non-significant difference of GI among pathways. The average GI in the
populations of the present study was about 3.27-years long which is about a year shorter than the
GI (4.31 years) of the autochthon Moura pig (Carneiro et al., 2014). The GI value of this present
study is around 1.00 to 1.50 years longer than that reported by (Krupa et al. 2021) in a local pig
breed (having GI of 2.50 years) or in commercial pig breeds (Krupa et al., 2015; Melka and
Schenkel, 2010; Tang et al., 2013) where the GI was generally lower than 2.00 years. The breeding
animals were well maintained in this Mangalica conservation program such that the GI increased
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nearly by one-year (3.27 vs 2.46 years) compared to that parameter reported by Posta et al. (2016)
for the same Mangalica breeds.

4.4. Effective population size (V)

Trends of the estimated effective population sizes obtained from individual inbreeding
increased were presented in Table 5. The Blonde and the Red Mangalica breeds showed the largest
and the smallest population sizes throughout the whole examination period. Compared to their
starting values the effective population size doubled in the Red and Swallow-Belly and tripled in
the Blonde population. Then all three breeds showed erratic changes where their effective
population sizes were subsequently increased and decreased several times. In the REF2021 of all
Mangalica breeds the estimated effective population sizes were within the ranges of 50 and 100,
respectively.

Table 5. Effective population size computed via individual increase in inbreeding through the
pedigrees

Color variation 1981-  1986- 1992- 1998-  2004- 2010- 2016-
1985 1991 1997 2003 2009 2015 2021
Blonde 45 156 92 96 71 88 86
Swallow-Belly - - 46 95 54 62 77
Red - 20 45 43 50 53 58

The effective population size (N¢) is to quantify the genetic variation loss and inbreeding
in real-world population (Wang et al., 2016). Some research proposed the Ne should be preserved
more than 50 individuals to withstand the negative effects of inbreeding (Welsh et al., 2010, Wang
et al., 2016) and a size of 500 individuals should be achieved for GD maintenance in several
generations (Krupa et al., 2015). None of three effective population sizes is smaller than 50
individuals but also none of them is bigger than 500 individuals, expecting that the studied
Mangalica populations are capable of avoiding inbreeding depression in a short term. Besides,
comparing our results with those of Posta et al. (2016) the effective population size of every breed
has been increased during the last decade which also signals the efficiency of the conducted
conservation programs of these breeds. The increasing of N. contributed to lowering the genetic
variation loss in the Swallow-Belly and Red populations but not in the Blonde since the effective
number of founders genome decreased in this population. The Mangalica populations of this study
was comparable with that of the local Czech pig breeds having similar CGE and Fw that the
Hungarian Mangalica breeds. On the other hand, the Mangalica pig breeds had much higher Ne in
comparison both to Canadian (Melka and Schenkel, 2010) commercial pig breeds and to Black
Slavonian (Gvozdanovi¢ et al., 2020) and to Brazilian (Bisaro) local pigs (Paixao et al, 2018)
where the effective population sizes ranged between 14 and 36, respectively.

47



4.5. Predicting future inbreeding

Based on the criteria of inbreeding level predicted in 25 years every Mangalica pig breed
was classified into degrees of endangerment (Table 6) ranging from “Critical” (most endangered)
to “Transitional” (least endangered) categories (Alderson, 2009). It can be seen that the future
inbreeding level for the next 25 years only exceeded the 10% threshold in the Red Mangalica breed
which falls the least severe endangered “Transitional” category while the other two Mangalica
breeds are non-endangered.

Table 6. The categorization of breeds based on predicted inbreeding coefficients

Color variation Predicted inbreeding Category
Blonde 9.98 non-endangered
Swallow-Belly 8.73 non-endangered
Red 13.67 transitional

From the predicted inbreeding coefficients for the next 25 years, only the Red population
is in the lowest category of endangerment (Transitional) while the Blonde and Swallow-Belly
breeds are not falling to this endangered scale at all. Among the reference populations, Fw of the
Red population was the highest and the rate of inbreeding was also higher around 0.87% per
generation. For the Blonde and Swallow-Belly Mangalica populations, although they showed
similar inbreeding rate (approximately 0.60% per generation), the Blonde has higher current
inbreeding coefficient. Thus, as predicting the Blonde might be likely to enter the endangered
category in the future than the Swallow-Belly population. However, at present none of these two
populations have reached any category of endangerment (Alderson, 2009) regarding only
inbreeding coefficient, meaning that the existence and genetic diversity of these populations are in
optimistic perspective at least in the next 25 years.

4.6. Probability of gene origin

The probability of gene origin parameters was presented for the Blonde, Swallow-Belly,
and Red populations, respectively (Table 7, 8, 9). Compared to their starting values, all
populations showed increased number of founders, effective number of founders, effective number
of ancestors and effective number of founder genomes, respectively. Then all population witnessed
decreases from 2009 for all of the above-mentioned parameters where the largest and smallest
values were recorded for Blonde and the Red Mangalica breeds, respectively.

The number of effective founders (f.) were much smaller than the total number of founders
in all three REF2021, accounting for 35.51%, 39.56% and 34.21% in the Blonde, Swallow-Belly
and Red, respectively. After 1986 the effective number of founder genomes (f;) were shown a
decreased tendency in the Blonde and Red populations. Concerning the Swallow-Belly population,
this decrease was only detected from 2004, giving the highest f; for the Swallow-Belly REF2021.
The Blonde and Swallow-Belly reference populations shared the similar number of effective
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Table 7. Parameters of GD and GD loss throughout the Blonde pedigree

1981-1985 1986-1991 1992-1997  1998-2003  2004-2009  2010-2015  2016-2021
Total number of founders (f) 65 91 143 176 183 150 138
Effective number of founders (fc) 20 38 49 50 54 49 49
Effective number of ancestors (f) 20 34 30 22 23 21 21
Effective number of founders genome (f;) 16.12 20.42 16.49 12.56 12.18 10.25 8.91
Ratio f./fe 1.00 0.89 0.61 0.44 0.43 0.43 0.43
GD 0.969 0.976 0.970 0.960 0.959 0.951 0.944
1-GD (GD loss) 0.031 0.024 0.030 0.040 0.041 0.049 0.056
1-GD*(GD loss due to unequal founder 0.025 0.013 0.010 0.010 0.009 0.010 0.010
contributions)
GD*-GD (GD loss due to random genetic 0.006 0.011 0.020 0.030 0.032 0.039 0.046
drift)
No of ancestors explaining 50% of the 8 12 11 8 8 8 7
gene pool
No of ancestors explaining 80% of the 27 33 34 24 24 21 20
gene pool
No of ancestors explaining 100% of the 61 83 131 156 158 131 123

gene pool
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Table 8. Parameters of GD and GD loss throughout the Swallow-Belly pedigree

1981-1985 1986-1991  1992-1997 1998-2003  2004-2009  2010-2015 2016-2021
Total number of founders (f) 13 37 65 120 99 93 91
Effective number of founders (fz) 10 22 29 40 38 35 36
Effective number of ancestors (fz) 8 13 16 27 25 23 22
Effective number of founders genome (fy) 6.45 10.49 8.83 17.84 15.13 10.87 8.74
Ratio f./fe 0.80 0.59 0.55 0.68 0.66 0.66 0.61
GD 0.922 0.952 0.943 0.972 0.967 0.954 0.943
1-GD (GD loss) 0.078 0.048 0.057 0.028 0.033 0.046 0.057
1-GD*(GD loss due to unequal founder 0.050 0.023 0.017 0.013 0.013 0.014 0.014
contributions)
GD*-GD (GD loss due to random genetic 0.028 0.025 0.039 0.016 0.020 0.032 0.043
drift)
No of ancestors explaining 50% of the 4 5 6 10 10 8 8
gene pool
No of ancestors explaining 80% of the 7 13 21 32 24 22 21
gene pool
No of ancestors explaining 100% of the 9 23 44 97 78 75 78

gene pool
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Table 9. Parameters of GD and GD loss throughout the Red pedigree

1981-1985 1986-1991  1992-1997  1998-2003  2004-2009  2010-2015  2016-2021
Total number of founders (f) 8 37 51 81 92 79 76
Effective number of founders (fz) 4 20 28 22 27 26 26
Effective number of ancestors (f) 4 17 16 13 16 14 14
Effective number of founders genome (fy) 3.20 12.99 10.98 8.40 8.92 7.02 5.72
Ratio f./fe 1.00 0.85 0.57 0.59 0.59 0.54 0.54
GD 0.844 0.962 0.954 0.940 0.944 0.929 0913
1-GD (GD loss) 0.156 0.038 0.046 0.060 0.056 0.071 0.087
1-GD*(GD loss due to unequal founder 0.125 0.025 0.018 0.023 0.019 0.019 0.019
contributions)
GD*-GD (GD loss due to random genetic 0.031 0.013 0.028 0.037 0.038 0.052 0.068
drift)
No of ancestors explaining 50% of the 2 6 7 5 6 6 6
gene pool
No of ancestors explaining 80% of the 4 15 18 13 17 14 14
gene pool
No of ancestors explaining 100% of the - 30 35 63 72 60 57

gene pool
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ancestors (f;) of 21 and 22 individuals, respectively while this number of the Red was smaller
with only 14 individuals.

The ratio f./fo was 1.00 between 1981-1985 in the Blonde and Red, meaning that the
bottleneck had happened in these two populations afterwards. On the contrary, signals for
bottlenecks were already observed in the Swallow-Belly population during the first five years of
the examined period. The ratios f./f. in the reference populations (2016 —2021) were ranging from
0.43 to 0.61 in the various breeds meaning that the bottleneck effects were not so severe. The
Blonde Mangalica pigs were expected to be the most vulnerable to the bottleneck effects.

The whole gene pool in the Red and Swallow-Belly REF2021 could be explained only by
57 and 78 ancestors, respectively while this parameter in the Blonde REF2021 was almost double
with 123. The number of ancestors contributes to 50.00% of gene pool is very small only 6
individuals in the Red, 7 individuals in the Blonde, and 8 individuals in the Swallow-Belly
REF2021. From these parameters, the Red population would have suffered the most substantial
genetic variability loss.

The genetic diversity of the in the Blonde and Red populations both showed similar
decreasing tendencies after an initial increase while this parameter fluctuated throughout the
Swallow-Belly breed. However, the GD of Swallow-Belly and Red populations was higher in their
REF2021 than at the beginning of the evaluated period. In the REF2021, the Blonde and Swallow-
Belly had biggest genetic diversity of approximately 94.00% comparing to the lowest of 91.30%
in the Red. This means that the genetic diversity loss in the REF2021 of the Red Mangalica pigs
was accounted for the highest proportion of 8.70% and these proportions of the Blonde and
Swallow-Belly were 5.60 % and 5.70%, respectively. The loss of GD was dominated by random
genetic drift in comparison to the unequal founder contributions.

The total number of founders (f) increased remarkably from 1981 to 2009 in the Blonde
and Red populations and up to 2003 in the Swallow-Belly. This indicated that new founders had
continuously been migrated into these three populations during a relatively long period, making
population structure of the Mangalica breeds temporarily open. Consequently, the contribution of
these migrated founders could have enriched the GD of these populations and may have lowered
the inbreeding coefficients supposing they had not related each other and to the other members of
these populations. It must be noted however, that these migrated “founders” might have caused
underestimating of inbreeding coefficients to some extent if they violated the before mentioned
assumptions. Only molecular genetic analyzes could clarify the possible effect of the described
migration on the estimated parameters. Nevertheless, it can be noted that the CGE within the three
Mangalica reference populations (2016-2021) were still quite long ranging between 6.87 and 9.73
(Table 3). Thus, these Mangalica pedigrees still provide sufficient information for estimating
inbreeding level and genetic variability.

The f. of three REF2021 was much smaller than the total number of founders, showing the
unequal genetic contribution of founders in the current populations. This phenomenon could
happen when some animals were used as parents more frequently than the others (Krupa et al.,
2015). The imbalance of founder contributions was highest in the Red, followed by the Blonde
population, whereas the less unequal contribution was found in the Swallow-Belly population. The
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ratios between f./f in this study ranging from 34.21% (Red) to 39.56% (Swallow-Belly) are similar
to the results of Mangalica pigs reported by Posta et al. (2016). The values in this research were
higher than the results reported for Czech and Canadian pigs (Krupa et al., 2015 and Melka and
Schenkel, 2010). The difference is probably due to the different breeding goals and selection
intensity between the gene reserve and commercial pig breeds.

The effective number of ancestors (fz) followed similar pattern of fe that they increased in
some early periods and then decreased. The effective number of ancestors (f;) are relatively smaller
than those numbers found by Posta et al. (2016). This could be explained that in Posta et al. (2016),
the pedigree reached in 2011 and the f; numbers decreased afterwards (Table 7, 8, 9), If the f; is
much lower than the f., being the ratio between f, / fo much lower than 1, that population
experienced bottleneck effects (Posta et al., 2016). Among the three Mangalica populations, the
Blonde reference population has got the highest bottleneck effects due to the lowest ratio fu/f. of
0.43, following by the Red and the Swallow-Belly.

Only seven ancestors in the Blonde and six ancestors in the Red and eight ones in the
Swallow-Belly contributed to 50% of the current reference gene pool. The 100% of reference gene
pool were responsible by 57, 78, 123 ancestors in the Red, Swallow-Belly, and Blonde
populations, respectively. Based on the genetic contribution of ancestors, the Blonde population is
expected to have higher genetic variability than the Red and Swallow-Belly breeds. However,
Balteanu at al. (2019) found that the Blonde Mangalica had higher observed heterozygosities (Ho
=0.31) than Swallow-Belly (Ho= 0.29) but lower than in the Red Mangalica (Ho= 0.32). Notably,
the study did not include statistical tests to determine if these differences are significant. The most
noticed discrepancy is the elevated Ho in the Red Mangalica breed, which contrasts with its
pedigree-based analysis of small population size and inbreeding. This breed also presented higher
Fron (0.14), high Ho, and substantial wild-boar ancestry in admixture analysis (Balteanu at al.
2019). It strongly suggests unrecognized introgression from wild boars’ population which
simutniously increase heterozygosity at divergent loci while preserving autozygous segments from
the domestic background. The GD of the Blonde retained 94.40% of its original value which was
higher than the Swallow-Belly and Red with 94.30% and 91.30%, respectively. In other words,
the GD loss of the Red was the highest, followed by the Swallow-Belly and the Blonde with the
loss ranging between 8.70%, 5.70% and 5.60%, respectively. The GD losses observed in the
present study fall in the range of results of commercial pig breeds in Czech Republic and China
reported by (Krupa et al., 2015; Tang et al., 2013)) but it is lower than that proportion of Hampshire
and Lacombe pig breeds (Melka and Schenkel, 2010). Wu et al. (2022) reported lower GD loss
(0.80% to 1.40%, 0.10% to 0.70%, 0.30% to 1.40% for Duroc, Landrace and Yorkshire,
respectively) in three commercial pigs in Taiwan. Similarly in the Czech Spotted Dog (Machova
et al., 2020) the GD loss was as high as 38.20% coincided with extremely high Fw and AR values
(36.45% and 74.83%). On the contrary examining the endangered Bisaro pigs (Paixao et al., 2018)
the proportion of the retained GD was 99.20% contrary to the high Fw (10.48%). Nevertheles,
compared to other pig related studies the population size (219,701) and the number of ancestors
(4,323) were huge that kept the AR low (1.60%). The loss of GD could be experienced because of
two reasons: the unequal founder contributions and the genetic drift (Lacy, 1995). The results
(Table 7, 8, 9) showed the GD loss due to random genetic drift accounted for higher proportion
than the GD loss due to unequal founder contributions. Similar tendency was in most pig related
studies (Melka and Schenkel, 2010; Paixao et al., 2018; Tang et al., 2013). Although the Blonde
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Mangalica population experienced more severe bottleneck effect (f./f. ~ 0.43), the GD loss of the
Red was still the largest among the Mangalica breeds. This can be explained that in a smaller
population, the bottleneck causes more severe genetic diversity loss. In general, smaller
populations are most likely to experience loss of genetic diversity. However, the results of
Balteanu at al. (2019) did not support the pedigree-based calculation in the Red breed.

From the predicted inbreeding coefficients for the next 25 years, only the Red populations
is in the lowest category of endangerment (Transitional) while the Blonde and Swallow-Belly
breeds are not falling to this endangered scale at all. Among the reference populations, Fw of the
Red population was the highest and the rate of inbreeding was also higher around 0.87% per
generation. For the Blonde and Swallow-Belly Mangalica populations, although they showed
similar inbreeding rate (approximately 0.60% per generation), the Blonde has higher current
inbreeding coefficient. Thus, as predicting the Blonde might be likely to enter the endangered
category in the future than the Swallow-Belly population. However, at present none of these two
populations have reached any category of endangerment (Alderson, 2009), meaning that the
existence and genetic diversity of these populations are in optimistic perspective at least in the
next 25 years.

4.7. Population subdivision

The population differentiation of the Blonde, Swallow-Belly and Red breeds is illustrated
by the pairwise F'sr coefficients, which are visualised in heatmap presentations (FigureS 1, S 3, S
5 and Figures 14, 16, 18). The distribution of the Fsr coefficients was not normal in any breed (p
<0.001). The average F'sr coefficients were 0.04 for the Blonde and 0.047 for the Swallow-Belly
and the Red, which are significant smaller than 0.05 (p-value < 0.05), while these parameters were
even smaller (0.03 and 0.04, respectively) for the active herds. The heatmaps and histogram
revealed that the Swallow-Belly breed has the highest prevalence of stratification in total herds
(Fst > 0.15), followed by the Red and Blonde breeds (FigureS 1, S 3, S 5, and FigureS 2(a), S
4(a), S 6(a)). The proportion of herds with Fsr > 0.15 was 15.96%, 12.41% and 12.40%
respectively. In addition, the proportion of animals with an Fsr bigger than 0.15 was 1.21%, 0.81%
and 0.38%, respectively (FigureS 2(b), S 4(b), S 6(b)). In the currently active herds, highly
differentiated herds with large distances (Fis7 > 0.15) were only observed in the Blonde and Red
breeds, accounting for 6.41% and 3.64% (Figure 14, 16, 15a, 19a), which represents a significant
reduction compared to the total herds. A very small proportion of animal with an Fisr bigger than
0.15 was found in the Blonde active herds, with 0.14%, and in the Red one, with 0.09% (Figure
15b and 19b).
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Within the Blonde Mangalica, three active herds (1645, 1630 and 1358) show considerable
differentiation from each other (Figure 14). Despite the presence of these widely separated herds,
the proportions of animals with Fis7 values bigger than 0.15 were 0.38% and 0.14% in the overall
herds and in the active herds, respectively (FigureS 2(b) and Figure 15(b)).
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Figure 14. Heatmap based on pairwise Fisr coefficients between the active herds of the Blonde
Mangalica breed. The color ranging from yellowish to dark red represents the scale of Fisr
coefficients from zero onward. The x and y axes show the herd name.

In the Swallow-Belly breed, a large differentiation was observed in many overall herds
(FigureS 1). However, all active herds in this population had an Fsr < 0.15, indicating that there
was no significant genetic differentiation between the current active herds (Figure 16 and 17).
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Figure 15. Fsr coefficients in the Blonde Mangalica active herds: (a) Histogram of Fsr values with
density; (b) Cumulative proportion of the population related to the maximum Fisr of the herds.
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Figure 16. Heatmap based on pairwise Fsr coefficients between the active herds of the
Swallow_Belly Mangalica breed. The color ranging from yellowish to dark red represents the
scale of Fsr coefficients from zero onward. The x and y axes show the herd name.
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Figure 17. Fsr coefficients in the Swallow-Belly Mangalica active herds: (a) Histogram of Fsr
values with density; (b) Cumulative proportion of the population related to the maximum Fsr

of the herds

In the Red breed, large distances are observed between herds 198, 1436, 1646, 1385, 1325
and 1493 (FigureS 5). The active herds in this breed showed a significant differentiation between
herds 1436, 1646 and 1664 (Figure 18). The proportions of animals with a maximum Fsr by 0.15
were 0.81% and 0.09% in the overall herds and in the active herds, respectively (FigureS 6(b) and

Figure 19(b)).
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Figure 18. Heatmap based on pairwise Fsr coefficients between the active herds of the Red
Mangalica breed. The color ranging from yellowish to dark red represents the scale of Fisr

coefficients from zero onward. The x and y axes show the herd name.
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Figure 19. Fsr coefficients in the Red Mangalica active herd: (a) Histogram of Fisr values with
density; (b) Cumulative proportion of the population related to the maximum Fisr of the herds.
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The three Mangalica breeds show a uniform Fis7 pattern between the herds. The small Fsr
group (Fsr < 0.05) accounts for the largest proportion of more than 58% of the total, namely,
71.26%, 61.29% and 58.83% for the Blonde, Swallow-Belly and Red breeds, respectively (Table
10). Conversely, the large Fisr set (Fsr > 0.15) represents a consistently minimal percentage of
around 1.00%. The Red breed has the highest percentage (40.33%) of moderate differentiation
between herds (0.05 < Fsr < 0.15), followed by the Swallow-Belly breed with 37.27% and the
Blonde breed with 27.55%. It is noteworthy that the Red breed shows a tendency to separate herds,
with the majority of moderately differentiated herds. However, the strong stratification between
herds was found in a very small proportion of only 0.84% (Table 10).

While the proportion of the strongly differentiated herds was below 2.00% for the three
breeds, the Blonde breed stands out with the highest average distance value (average Fsr) within
this group, which is 0.24 (between 0.15 and 0.35). In comparison, the Swallow-Belly and Red
breeds are smaller, with an average Fisr of 0.20 (between 0.15 and 0.35) and 0.21 (between 0.15
and 0.34), respectively. Conversely, the average Fsr values for the small and moderate groups were
approximately 0.03 and 0.07, respectively (Table 10).

Of the total herds, approximately 30% were active, with proportions of 30.23%, 32.98%
and 35.71% for the Blonde, Swallow-Belly and Red breeds, respectively. Looking at the genetic
distances between active herds, over 99.70% fall into the small and medium Fsr groups. This leads
to a remarkable decrease in the proportion of large Fsr groups, which account for less than 0.30%
in all three breeds, except for the Swallow-Belly breed, where the percentage is 0.00% (Table 10).

Some studies on genetic variability between breeds have been carried out in Mangalica
pigs (Molnar et al., 2013; Zsolnai et al., 2006, Balteanu et al., 2019, Zsolnai et al., 2013). Analyses
utilising mtDNA markers were unable to distinguish subpopulations within this Mangalica
population (Molnar et al., 2013). However, a study on the Hungarian population of Mangalica pigs
genotyped at 10 microsatellite loci revealed the presence of three clusters representative of three
different breeds, namely, Swallow-Belly, Red and Blonde (Zsolnai et al., 2006). Balteanu et al.
(2019) and Zsolnai et al., (2013) confirmed three distinct breeds by analysing SNPs data.
Therefore, in breeding management and breed conservation, the three different coat colour variants
of the Mangalica in Hungary are treated as three separated breeds.
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Table 10. Average pairwise Fsr coefficients among herds sorted by differentiation intensity

Total Herds Active Herds
Breed Fsr_Group
N Mean Percent Mean Percent
S 23,625 0.02+0.014 71.26 2,368 0.02+0.014 78.85
Blonde M 9,133 0.07+0.019 27.55 627 0.07 £ 0.017 20.88
L 395 0.24 +£0.077 1.19 8 0.18 £ 0.062 0.27
S 2,679 0.03 +£0.013 61.29 310 0.03+0.012 66.67
Swallow-Belly M 1,629 0.07 +£0.020 37.27 155 0.07+0.014 33.33
L 63 0.20 £ 0.052 1.44 0 0 0
S 6,142 0.03+£0.013 58.83 972 0.03£0.013 65.45
Red M 4,210 0.07 £0.018 40.33 512 0.06 £0.013 34.48
L 88 0.21 £0.058 0.84 1 0.30 0.07

Fsr: Wright’s Fsr coefficient, S: Fsr<0.05, M: 0.05 < Fsr<0.15, L: Fsr> 0.15, N: number of observations.
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There is no crossbreeding between these different breeds. A study of the genetic variability
within the populations and structure within these breeds could contribute to understanding their
evolutionary patterns during more than four decades of conservation efforts in numerous herds.

Traditionally, conservation efforts have focused on diversity between breeds, because
according to Barker (2002), the most important goal in conserving the diversity of domestic
animals is the conservation of specific breeds. However, it is argued that approaches that
emphasise the component of genetic diversity between breeds may not be the most effective, as
they neglect the component of variation within breeds (Barker, 2001; Caballero and Toro, 2002;
Ollivier and Foulley, 2005). According to Cervantes et al. (2008), accessing genetic variability
within populations, understanding population structures and analysing gene flow are crucial steps
in the implementation of selection programmes. This assessment plays a central role in the
formulation of efficient management strategies for genetic stock with the aim of improving the
genetic basis for selection purposes. According to Molnar et al. (2013), populations within a breed
that are geographically and/or ecologically isolated may acquire different physiological traits due
to the specific selection criteria applied in the breeding process. Consequently, these isolated
populations may differ genetically from other populations of the same breed that exhibit similar
phenotypes, which may result in them being recognised as different breeds (Molnar et al., 2013).
According to Wilkinson et al. (2012), the genetic substructure within a breed, as revealed by
individual clustering methods, is likely to be rare in domestic species, with the presence of a
limited genetic substructure typically observed in only one or two exceptional breeds. However,
within-breed stratification has been detected in several livestock species, e.g., chickens (Wilkinson
et al., 2012), horses (Glowatzki-Mullis et al., 2006), castles (Lazebnaya et al., 2020), goats
(Martinez et al., 2015; Menezes et al., 2020), rabbits (Alves et al., 2015; Jochova et al., 2017),
dogs (Chang et al., 2009; Wiener et al., 2017) and pigs (Snegin et al., 2021; Wilkinson et al., 2011).

The estimated Fsr coefficients provide information on the degree of differentiation between
a group of populations, as applied in the present study to assess the differentiation between the
herds of three Mangalica breeds. The Fsr coefficients, which range from 0.00 to 1.00, indicate the
extent of genetic differentiation. A value of zero means that the genetic material is completely
shared, allowing free crossbreeding. In contrast, a value of one indicates that all genetic variation
is integrated into the population structure, meaning that there is no shared genetic divergence and
populations are considered fixed or divergent (Hartl and Clark, 2007). The interpretation
guidelines for Wright’s Fsr coefficient were presented by Hartl and Clark (2007) as follows: an
Fsrbelow 0.05 indicates low genetic differentiation; an Fis7from 0.05 to 0.15 indicates moderate
genetic differentiation; an Fsrfrom0.15 to 0.25indicates high genetic differentiation; an
Fsrabove 0.25 indicates very high genetic differentiation. In addition, Frankham et al. (2002)
reported that Fisr values above 0.15 indicate significant differentiation, while Fsr values below
0.05 indicate insignificant differentiation. In the present study, the Fsr coefficients between herds
were between 0.00 and 0.35, as indicated by the colour spectra in the heatmap (FigureS 1, S 3 and
S 5). Most of the analysed herds, representing more than 58.00% of the total population (Table
10), showed insignificant genetic differentiation according to the guidelines of Frankham et al.
(2002). This group (with Fsr < 0.05) is even more dominant in active herds, with more than
65.00%. The Fsrrange estimated in this study is broader compared to that in the research on Greek
black pigs (Michailidou et al., 2014), where the Fisrvalues range from 0.06 to 0.30. Similarly, it
exceeds the Fisrreported in studies on four commercial pig breeds and on Monteiro pigs, with Fsr
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values ranging between 0.07 and 0.17 (Snegin et al., 2021) and from 0.01 to 0.06 (Silva et al.,
2020), respectively. The variations observed may be attributed, in part, to the fact that the current
study estimates Fs7 based on pedigree data, as opposed to the molecular data used in other research.
Although the Fsr range in this study is quite broad, with some herds reaching up to 0.35, the
average Fst coefficient across herds is not high (less than 0.047), which is significantly lower than
0.05 (p-value < 0.05). This Fs7 value is higher than the Fs7 of 0.01 observed in the study of black
Slovenian pigs (Gvozdanovic et al., 2020) but lower than the inter-herd Fsr (F'sr= 0.07) within the
same commercial breeds according to Snegin et al. (2021). It means that there are some divergent
herds, but overall, there is a low genetic differentiation between herds in the three breeds analysed.
Wilkinson et al. (2011) used a Bayesian analysis of population structure based on genotypic data
to detect a substructure within the British Meishan pig breed, but this was not present in other
methods. Snegin et al. (2021) found high variability between individual herds within the four
commercial pig breeds, which contributed to the significant differences between the breeds
analysed.

The Swallow-Belly and Red breeds showed a stronger tendency towards internal
differentiation, with a larger percentage of herds showing moderate genetic differences than in the
Blonde breed. Nevertheless, the average Fsr coefficients between herds remained similar for all
three breeds (0.04). This phenomenon may be explained by the smaller population sizes of the
Swallow-Belly and Red breeds.

The populations analysed, which have been listed in pedigrees since 1981, include both
active and previously inactive herds. Analysing entire populations provides a comprehensive
overview, but precise information on genetic subdivision depends on the active herds. Genetic
differentiation was observed in certain herds across the entire populations analysed (FigureS 1, S
3 and S 5). However, among the active herds, these differentiated herds make up a tiny proportion,
less than 0.30% (8 out of 3,003) (Table 10). When analysing these herds, e.g., 1645, 1630 and
1358 in the Blonde breed (Figure 14) and 1436, 1646 and 1664 in the Red breed (Figure 18), each
herd had only one selected sire. When calculating the average herd coancestry, the predominance
of self-coancestry contributes to high Fsr coefficients. However, despite this observed
differentiation, the details of the substructure within the breeds remain unclear with the applied
approaches.

4.8. Migration assessment

The migration of individuals within herds was considerable, affecting over 60.00% of the total
current herds, specifically impacting 61.63% of the Blonde breed, 75.53% of the Swallow-Belly
breed, and 63.64% of the Red breed. A consistent pattern emerged across all three breeds,
suggesting that an enormous number of females were transferred between herds, while in
comparison, the number of males in every moving remained relatively low. Within the three
breeds, the herd numbered 872 was the most active and dominant in providing sires to
neighbouring herds (FigureS 7(a), S 8(a), S 9(a) and Figure 20(a), 21(a), 22(a))
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Figure 20. Migration of the Blonde breed in active herds: (a) Male; (b) Female. Large color-coded circles represent source herds with herd IDs,
smaller inner circles indicate destination herds, and arrows show the direction and volume of animal movement (thicker arrows = more animals).
The red square indicates the top sire-providing herd.
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Figure 21. Migration of the Swallow-Belly breed in active herds: (a) Male; (b) Female. Large color-coded circles represent source herds with
herd IDs, smaller inner circles indicate destination herds, and arrows show the direction and volume of animal movement (thicker arrows = more
animals). The red square indicates the top sire-providing herd.
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Figure 22. Migration of the Red breed in active herds: (a) Male; (b) Female. Large color-coded circles represent source herds with herd IDs,
smaller inner circles indicate destination herds, and arrows show the direction and volume of animal movement (thicker arrows = more animals).
The red square indicates the top sire-providing herd.
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In the Blonde breed, the maximum number of male pigs migrating from a particular farm
to a particular herd was 10, exceeding the numbers for the Swallow-Belly and Red breeds, at 6 and
4, respectively. In contrast, the range for female pigs is much wider, reaching up to around 270
animals. In contrast the numbers for the Swallow-Belly and Red breeds were lower, with 86 and
78 individuals, respectively.

The connectivity among migrating herds revealed that more than 80% were connected by
a single sire. More specifically, this percentage was 80.72% in the current Blonde herds, 87.00%
in the current Swallow-Belly herds and 90.34% in the current Red herds. At the same time, 90%
of these herds established connections involving more than two sows, and this pattern applied to
all three breeds.

Within the Blonde breed, herd 872 stands out as the main source of sires for neighbouring
herds, while herd 954 attracts the most out-migrating sires, as shown in FigureS 7(a) and Figure
20(a). In addition, herds 1509 and 1466 play an important role in the migration of approximately
270 sows, as shown in FigureS 7(b) and Figure 20(b).

FigureS 8(a) and Figure 21(a) show that herd 872 has the most significant migration, both
in terms of out-migrating and incoming sires of the Swallow-Belly breed. In terms of the out-
migration of females, there was significant movement from herd 721 to herd 1322, but the most
significant influx was observed in herd 1460, as shown in FigureS 8(b) and Figure 21(b).

For the Red breed, FigureS 9(a) and Figure 22(a) show that herd 872 gave most sires to
neighbouring herds, while herd 751 received most sires and shared them with other breeds. For

female pigs, herd 675 was the largest contributor and herd 657 is the largest recipient, as shown in
FigureS 9(b) and Figure 22(b).

The results showed a strong migration between the herds of the three breeds, as about 60.00%
of the herds are connected to other herds in some way. In addition, more than 90.00% of the
migration involved one sire and more than two sows. The extensive exchange of animals between
individual herds could be the reason for genetic similarity between herds in this study. Achmann
et al. (2004) found in the studies of Lipizzaners that the exchange of horses between studs plays a
crucial role in mitigating genetic divergence between subpopulations. Dumasy et al. (2012)
illustrated that an increase in genetic distance was due to a reduced connectivity between herds.
This conclusion was drawn by examining the correlation between Reynolds genetic distances and
the shortest path lengths calculated by the exchange network method. In addition, the Blonde breed
has a lower average Fsr (0.04) compared to the Swallow-Belly and Red breeds (0.047), which
could be due to a higher number of exchanged animals between herds within the Blonde breed.
Dumasy et al. (2012) pointed out the importance of considering the number of exchanged animals
when explaining genetic differentiation, and the increase in exchanged animals within the Blonde
breed was consistent with its lower Fsr coefficient. Both male and female individuals play crucial
roles in creating robust connections between herds within breeds. Significantly more females were
exchanged in the breeds analysed. However, it must be noted that the two sexes show different
migration characteristics. The exchange of boars between herds is a continuous process, and
generally, it consists of one or few animals. On the contrary, the female exchange is occasional,
and its aim can be establishing a new herd, the herd size enlargement of an existing herd or the re-
establishment of a previously closed herd. In addition, the Mangalica farms do not use artificial

66



insemination (personal communication with HNAMB), but the boars are moved between herds
under control. This could support the contribution to the gene flow between the herds of sires.

According to Snegin et al. (2021), the differentiation within the breed has been attributed
to many factors, including the gene flow, geographic isolation, breeding preferences and
distinctive genetic backgrounds found in the genealogical groups (sire/dam lines) of the breed’s
founders. Geographic isolation contributed to the emergence of intra-breed differentiation in local
goats in Spain and Portugal (Martinez et al., 2015). However, there was no impact of geographical
differences on genetic differentiation within the Monteiro pig breed in the Brazilian Pantanal
Ecosystem. This is attributed to the presence of evidence indicating a high level of gene flow
within this population (Silva et al., 2020). This can be linked to the present study; even Mangalica
pigs are kept in many different regional herds, and the intensive connection between herds has
contributed to the low genetic differentiation. Differentiation in dog breeds, as demonstrated by
Wiener et al. (2017), was driven by the direction of breeding or artificial selection (Wiener et al.,
2017). This is primarily not happening in the current study, as all registered herds follow the
consistent breeding strategy prescribed by the HNAMB. In addition, no barriers to gene exchange
were identified in this study.
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5. CONCLUSIONS AND RECOMMENDATIONS

The pedigree analysis of Blonde Mangalica (6 generations), Swallow-Belly Mangalica (5
generations), and Red Mangalica (6 generations) showed sufficient depth and completeness (CGE
values of 7.08, 4.29, and 6.17, respectively) to reliably estimate key genetic diversity parameters.

In the reference population (REF2021), the number of ancestors explaining the entire gene
pool was 57, 78, and 123 for the Red, Swallow-Bellied, and Blonde Mangalica breeds, respectively,
with corresponding genetic diversity losses of 8.70%, 5.70%, and 5.60%. Wright’s inbreeding
coefficient (Fw) were 5.50 for reference population of Blonde, 4.30 for Swallow-Belly, and 7.54
for Red Mangalica while Kalinowski’s new inbreeding coefficients were 2.82, 2.95, and 3.29,
respectively.

The Red population has the highest genetic diversity loss, smallest effective population
size, and highest inbreeding coefficient that needs to be monitored. In addition, mating plans
should be focused on reducing new inbreeding in all Mangalica populations, especially in the
Swallow-Belly Mangalica. The estimate inbreeding coefficients over the next 25 years were 9.98,
8.73, and 13.67 for the Blonde, Swallow-Belly, and Red Mangalica, respectively, bringing only
Red Mangalica into transitional category.

The correlations between different inbreeding coefficients were calculated. Wright’s
inbreeding coefficient is moderately to highly correlated with Fxa and Fnew but shows a low
correlation with Fgal. Fear and Fkal are moderately correlated, whereas Fgal is negatively correlated
with Fnew. These findings indicated that different approaches to estimate inbreeding coefficients
capture different aspects of inbreeding.

Analyzing Wright’s Fsr coefficients by heatmap and calculation cumulative proportion of
population relative to different levels of Fsr, the substructure within the Blonde, Swallow-Belly
and Red breeds could not be found.

The frequency of extensive animal exchange between individual herds and the uniformity
of mating strategies confirm genetic homogeneity within these breeds. The patterns observed
indicate that the breeds studied, with the aim of maintaining genetic diversity and minimising the
risk of inbreeding, show positive signs consistent with conservation objectives.

Pedigree analysis generally assumes that founder individuals are unrelated and non-inbred,
which can underestimate inbreeding coefficients by ignoring potential background relatedness.
Integrating genomic data (e.g. single nucleotide polymorphism data) overcomes this limitation,
yielding more accurate estimates and revealing undocumented inbreeding or relatedness events
absent from the pedigree.

Further research can decompose the inbreeding coefficient into partial inbreeding
coefficients to identify ancestors with a high inbreeding load in Mangalica populations. This
approach could add more information that enables breeders to develop smarter mating strategies
by selecting pairs with lower inbreeding load.
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6. NEW SCIENTIFIC RESULTS

1. The genealogical data, updated through 2023, now includes a more comprehensive complete
generation equivalent (CGE), reported as 9.73, 6.87, and 9.03 for Blonde, Swallow-Belly, and Red
Mangalica, respectively. This updated dataset provides a robust foundation for analyzing potential
population struture and genetic patterns with accuracy.

2. In the reference population (REF2021), the number of ancestors explaining the entire gene pool
was 57, 78, and 123 for the Red, Swallow-Bellied, and Blonde Mangalica breeds, respectively,
with corresponding genetic diversity losses of 8.70%, 5.70%, and 5.60%.

3. Wright’s inbreeding coefficient (Fyw) were 5.50 for reference population of Blonde, 4.30 for
Swallow-Belly, and 7.54 for Red Mangalica while Kalinowski’s new inbreeding coefficients were
2.82,2.95, and 3.29, respectively. Kalinowski’s new inbreeding coefficient showed an increasing
trend in the Swallow-Belly Mangalica reference population but presented highest value in the Red
Mangalica reference population. The estimate inbreeding coefficients over the next 25 years were
9.98, 8.73, and 13.67 for the Blonde, Swallow-Belly, and Red Mangalica, respectively, bringing
only Red Mangalica into transitional category.

4. Wright’s inbreeding coefficient (Fw) is moderately to highly correlated with Fxa and Fnew but
shows a low correlation with Fpa. Fpa and Fxa are moderately correlated, whereas Fgal is
negatively correlated with Fnew. These findings indicated that different approaches to estimate
inbreeding coefficients capture different aspects of inbreeding.

5. The research did not detect the actual genetic differentiation within the breeds of Mangalica.
The average Wright’s Fsr coefficients were 0.04 for the Blonde breed and 0.047 for the Swallow-
Belly and Red Mangalica breeds, while these parameters were lower in the active herds at 0.03
and 0.04, respectively.

6. The research examined migration patterns within the Mangalica breeds. The migration of
individuals between herds was 61.63% for the Blonde breed and 75.53% and 63.64% for the
Swallow-Belly and Red Magalica breeds, respectively.
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7. SUMMARY

Maintaining genetic variability is crucial for effective genetic conservation, ensuring
populations adapt to environmental changes and genetic selection, with expected heterozygosity
as a key measure of diversity. Inbreeding, which increases homozygosity and reduces
heterozygosity, is a major cause of allele loss, particularly in small, closed populations, leading to
inbreeding depression. The inbreeding coefficient, traditionally estimated using Wright’s method,
measures the probability that two alleles at a locus are identical by descent, while newer methods
like ancestral inbreeding consider past autozygosity. In recent decades, modern genomic
technologies provide more accurate homozygosity estimates. Yet pedigree-methods remain
essential for conservation management when the pedigrees are complete and sufficiently detailed.

Inbreeding depression threatens population survival, especially in small populations, and
can affect various traits in wild, zoo, and domesticated animals. Standard procedures can mitigate
inbreeding’s adverse effects to ensure sustainable livestock production. In cases where inbreeding
is unavoidable, such as in the Speke’s Gazelle population at St. Louis Zoo, a small founding group
led to severe inbreeding depression. Templeton and Read’s breeding program for this population
rapidly expanded its size and selected diverse inbred animals as parents, halving the inbreeding
load in three years. This approach, though debated, demonstrated that deliberate inbreeding
combined with selection can reduce inbreeding depression, which is known as purging
phenomenon, offering insights for managing captive populations.

Many researchers aim to quantify inbreeding load, the hidden genetic damage in
heterozygotes that manifests in homozygotes, using parameters like the inbreeding coefficient,
ancestral inbreeding coefficients, likelihood of genetic death, or the number of lethal equivalents
to assess its impact on population fitness. These metrics help estimate the burden of deleterious
alleles that reduce survival or reproduction when expressed in homozygous individuals. However,
detecting purging—the process by which natural selection removes harmful alleles from a
population—requires significant effort and resources. Despite extensive studies, evidence for
purging remains inconsistent or limited across different methods and populations, making it
challenging to draw universal conclusions.

The Mangalica pig, an autochthonous Hungarian breed, exists in three variants—Blonde,
Red, and Swallow-Belly—and has been preserved for its biological diversity despite near
extinction by the 1990s. Originating in the 1830s through crosses with local and Serbian breeds,
Mangalica pigs are valued for fat production and adaptability but have low reproductive capacity.
The National Association of Mangalica Breeders, re-established in 1994, has significantly
increased the population, with 6,723 sows and 354 boars registered by 2019. Recent studies on
Mangalica genetic diversity and population structure, based on pedigree data up to 2011, require
updates to reflect changes over the past decade. Key metrics like inbreeding coefficients, effective
population size, and gene origin probabilities will be calculated using updated pedigree data to
assess genetic diversity and historical breeding patterns. Genetic differentiation between herds will
be evaluated using Wright’s Fs7 to monitor potential subpopulation isolation. Migration patterns
between herds will be analyzed using pedigree data to understand their impact on genetic diversity
and population structure.
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The research found that the pedigrees of Mangalica breeds range from 5 generations for
Swallow-Belly to 6 generations for Blonde and Red Mangalica, with complete generation
equivalents of 4.29 for Swallow-Belly, 7.08 for Blonde, and 6.17 for Red breeds.

Wright’s inbreeding coefficient of reference population (REF2021) is highest in Red
Mangalica (7.54%) and 4.30% and 5.50% for Swallow-Belly and Blonde, respectively. In which
Swallow-Belly is the only population having Kalinowski new inbreeding being higher than
Kalinowski inbreeding (2.95% vs. 1.35%). The inbreeding coefficient Fw is strongly correlated
with Fnew but weakly with Fga, while Fga and Fxa show a moderate to strong correlation across
all studied breeds. Fnew and Frai have a slightly negative correlation in all breeds.

The average generation intervals ranged from 3.06 years for Blonde, 3.45 years for
Swallow-Belly, and 3.29 year for Red Mangalica, but the differences are not statistically
significant. In the REF2021, the estimated effective population sizes (N¢) were within the ranges
of 50 and 100, with Blonde Mangalica at 85.57, Swallow-Belly Mangalica at 76.91, and Red
Mangalica at 57.74. Based on predicted breeding levels over 25 years, only Red Mangalica was
classified in transitional category (least endangered), while the other breeds were out of categories.

The f./fe ratios in the REF2021 of Mangalica breeds ranged from 0.43 to 0.60, indicating
that the bottleneck effects happened but were not so severe. The whole gene pool in the Red and
Swallow-Belly REF2021 could be explained only by 57 and 78 ancestors, respectively while this
parameter in the Blonde REF2021 was almost double with 123. The number of ancestors
contributes to 50.00% of gene pool is very small only 6 individuals in the Red, 7 individuals in the
Blonde, and 8 individuals in the Swallow-Belly REF2021. The genetic diversity loss in the
REF2021 of the Red Mangalica pigs was accounted for the highest proportion of 8.70% and these
proportions of the Blonde and Swallow-Belly were 5.60 % and 5.70%, respectively.

No population subdivision was detected in Mangalica breeds, with only 0.27% of active
Blonde Mangalica herds, 0.00% of Swallow-Belly Mangalica herds, and 0.07% of Red Mangalica
herds having Wright’s Fsr coefficients greater than 0.15. Considerable migration between herds,
at 61.63% for Blonde Mangalica, 75.53% for Swallow-Belly Mangalica, and 63.64% for Red
Mangalica, likely contributes to this genetic homogeneity.

The pedigree of Mangalica pigs were explicit depth and completeness to reliably estimate
key genetic diversity parameters. The Blonde, Swallow-Belly, and Red Mangalica breeds are not
at risk of endangerment from inbreeding over the next 25 years, supported by prolonged keeping
sires and dams without using artificial insemination. Using different approaches to estimate
inbreeding coefficients and calculating their correlations enables a comprehensive assessment of
inbreeding load, enhancing understanding of genetic diversity and inbreeding dynamics in these
breeds. The Red population shows the highest genetic diversity loss, the smallest effective
population size, and the highest inbreeding coefficient that need to be monitored. In addition,
mating plans should be focused on reducing new inbreeding in all Mangalica populations,
especially in the Swallow-Belly Mangalica. The potential genetic differenciation within the
Blonde, Swallow-Belly and Red breeds could not be detected that could be partly explained by the
frequent migration of individuals between herds.
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TableS 1. The observed purging cases in different species

APPENDICES

Species/Breeds

Analyzed trait

Used methodology

Reference

Sumatran tiger
Peromyscus polinatus
rhoadsi
Peromyscus polinatus
rhoadsi
Amur tiger
Black-footed ferret
Lesser kudu
Grey dorcopsis
wallaby
Hippopotamus
Congo peafowl
Black-footed ferret
Bontebok
Goeldi's marmoset
Wied's Black-tufted-
ear marmoset
Wyoming toad
Golden lion tamarin
Reindeer

Gunther's dik-dik

Irish Holstein-Frisean

German Holstein-
Frisean
Border collie dog

Pannon white rabbit

Neonatal survival rate

Litter size
Litter weight and
weaning
Survival to 7 days
Survival to 7 days
Survival to 7 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Survival to 30 days
Milk yield
Protein yield
Birthweight
Hip dysplasia

Survival at birth

97

inbreeding

(Ballou, 1997)

(Lacy and Ballou, 1998)

(Lacy and Ballou, 1998)

(E.
(E.
(E.
(E.
(E.
(E.
(E.
(E.
(E.
(E.
(E.
(E.
(E.

(E.

H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)
H. Boakes et al., 2007)

H. Boakes et al., 2007)

(Mc Parland et al., 2009)

(Mc Parland et al., 2009)

(Hinrichs et al., 2015)

(Acs et al., 2020)

(Curik et al., 2020)



Pura Raza Espanola
mares
White shorthair goat
Prat rabbit line
Prat rabbit line
Drosophila
melanogaster
Drosophila
melanogaster
Drosophila
melanogaster
Gazella cuvieri
Nanger dama

Pannon white rabbit

Pannon white rabbit

Jersey cattle
Indian tiger
Kakapo

Iberian lynx

AFF, 112, AIF -
Milk production -
Weaning weight -

Slaughter weight -

(Perdomo-Gonzalez et al.,
2020)
(Vostra-Vydrova et al., 2020)
(Piles et al., 2023)

(Piles et al., 2023)

Egg to pupae viability Inbreeding-Purging (Bersabé and Garcia-Dorado,

Model
Noncompetitive pupae —
productivity
Competitive —
productivity
Early survival —

Early survival —
Survival at birth —

Survival at birth Expressed
opportunity for
purging
Fitness -

NA Whole genome
analysis

NA —

NA —

2013)
(Lopez-Cortegano et al., 2016)

(Lopez-Cortegano et al., 2016)

(Lopez-Cortegano et al., 2021)

(Lopez-Cortegano et al., 2021)
(Kovér et al., 2023)

(Kovér et al., 2023)

(Gulisija and Crow, 2007)
(Khan et al., 2021)
(Dussex et al., 2021)

(Kleinman-Ruiz et al., 2022)

AFF: age at first foaling in months; 112: average interval between first and second foaling in months; AIF: average
interval between foaling in months; NA: non-applicable; (—) characters indicate that a given cell contains the same
methodology as it appears above.
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TableS 2. Studies reported average birth weight of piglets

Study Journal Genetics Parity  Obs. Avg. Birth Avg. litter
(piglets) weight (kg)  weight (kg)
Lanferdini et Livestock NA All 3,294 1.45 NA
al. (2018) science (0.8-2.1)
Feldpausch et Translational Large White 1-9 4,068 1.51+0.38 NA
al. (2019) Animal x Landrace; (0.5-2.3)
Science Triumph TR4
x PIC 1050
Moreira et al. Animal Yorkshire, All 7,148 1.53 NA
(2020) Physiology Landrace, (1.23-1.89)
and Animal Large White
Nutrition
Baxter et al. Applied Landrace x All 757 1.46+0.02 19.98+£1.04
(2011) Animal (Large White
Behaviour x Duroc)
Science
Hellbriigge et Animal German NA 13,971 15+0.4 11.2+3.6
al. (2008) Landrace (0.3-3.3)
De Oliveira Tropical Piau breed NA 3,548 0.997+0.271 NA
etal. (2022)  Animal (0.3 -1.766)
Health and
Production
Nam and Veterinary (Landrace All 1,257 14+£04 NA
Sukon (2021) World x Yorkshire) x
Duroc
Riddersholm  Animals Danish 1-10 8,677 1.235+0.335 NA
et al. (2021) Landrace x (0.29 -2.91)
Danish
Yorkshire
(DanBred
Duroc)

NA: not available information; Obs: Observations; Avg: average
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FigureS 1. Heatmap based on pairwise Fsr coefficients between the herds of Blonde

Mangalica breed. The color ranging from yellowish to dark red represents the scale of Fisr
coefficients from zero onward. The x and y axis show herd name.
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FigureS 2. Fsr coefficients in the Blonde Mangalica total herds: (a) Histogram of Fsr values
with density; (b) Cumulative proportion of population related to the max Fsr of the herds.
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FigureS 3. Heatmap based on pairwise Fsr coefficients between the herds of Swallow-Belly
Mangalica breed. The color ranging from yellowish to dark red represents the scale of Fsr
coefficients from zero onward. The x and y axis show herd name.

=2 1001 .. -
154 =3 ’
IE }
et
i
: {
o T513
ColorKey @ !
101 s H
2 B> : |
- --— '
- 01 & !
54 o .
00 & :
2 251
k- |
=
0 s |
: . | . . Q 04 | | .
00 01 g2 @3 0.1 0.2 0.3
Fst value max(Fst) value
(a) (b)

FigureS 4. Fsr coefficients in the Swallow-Belly Mangalica total herds: (a) Histogram of Fls7
values with density; (b) Cumulative proportion of population related to the max Fsr of the
herds.
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FigureS 5. Heatmap based on pairwise Fisr coefficients between the herds of Red Mangalica
breed. The color ranging from yellowish to dark red represents the scale of Fsr coefficients

from zero onward. The x and y axis show herd name.
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FigureS 6. Fsr coefficients in the Red Mangalica total herds: (a) Histogram of Fsr values
with density; (b) Cumulative proportion of population related to the max Fsr of the herds.
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FigureS 7. Migration of the Blonde Mangalica in total herds: (a) Male; (b) Female. Large color-coded circles represent
source herds with herd IDs, smaller inner circles indicate destination herds, and arrows show the direction and volume of
animal movement (thicker arrows = more animals). The red square indicates the top sire-providing herd.
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(a) (b)

FigureS 8. Migration of the Swallow-Belly in total herds: (a) Male; (b) Female. Large color-coded circles represent source
herds with herd IDs, smaller inner circles indicate destination herds, and arrows show the direction and volume of animal
movement (thicker arrows = more animals). The red square indicates the top sire-providing herd.
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FigureS 9. Migration of the Red in total herds: (a) Male; (b) Female. Large color-coded circles represent source herds with

herd IDs, smaller inner circles indicate destination herds, and arrows show the direction and volume of animal movement
(thicker arrows = more animals). The red square indicates the top sire-providing herd.
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