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Simple Summary: Genomic and phenotypic selection criteria have been crucial in dairy cattle during
the last decade. Udder health and milk production are important factors affecting productivity in
dairy cattle. Furthermore, genomic and phenotypic selection are essential tools for increasing milk
supply for human consumption, decreasing the use of antimicrobial products, improving animal
health and welfare, and developing efficient dairy cattle production systems. The main aim of the
present review is to explore the current advances, novel strategies, and future challenges in genomic
and phenotypic udder evaluation traits for dairy cattle selection. Thus, the present review will
explain the importance of genomic and phenotypic characterization of udder traits related to dairy
cattle’s health, production, and longevity. This review will encompass a comprehensive overview of
the criteria for genomic and phenotypic udder evaluation and highlight potential future perspectives.

Abstract: The traditional point of view regarding dairy cattle selection has been challenged by recent
genomic studies indicating that livestock productivity prediction can be redefined based on the
evaluation of genomic and phenotypic data. Several studies that included different genomic-derived
traits only indicated that interactions among them or even with conventional phenotypic evaluation
criteria require further elucidation. Unfortunately, certain genomic and phenotypic-derived traits
have been shown to be secondary factors influencing dairy production. Thus, these factors, as
well as evaluation criteria, need to be defined. Owing to the variety of genomic and phenotypic
udder-derived traits which may affect the modern dairy cow functionality and conformation, a
definition of currently important traits in the broad sense is indicated. This is essential for cattle
productivity and dairy sustainability. The main objective of the present review is to elucidate the
possible relationships among genomic and phenotypic udder evaluation characteristics to define the
most relevant traits related to selection for function and conformation in dairy cattle. This review
aims to examine the potential impact of various udder-related evaluation criteria on dairy cattle
productivity and explore how to mitigate the adverse effects of compromised udder conformation and
functionality. Specifically, we will consider the implications for udder health, welfare, longevity, and
production-derived traits. Subsequently, we will address several concerns covering the application
of genomic and phenotypic evaluation criteria with emphasis on udder-related traits in dairy cattle
selection as well as its evolution from origins to the present and future prospects.

Keywords: genomic analysis; phenotypic traits; evaluation criteria; milk production; health; welfare;
longevity; dairy cattle

Animals 2023, 13, 1588. https://doi.org/10.3390/ani13101588 https://www.mdpi.com/journal/animals1



Animals 2023, 13, 1588

1. Introduction

For decades, dairy cattle breeding has been focused on increasing milk production [1].
Many functional traits have been described as having negative genomic correlations with
milk production as well as reductions in genetic merit for health and fitness [2]. However,
one of the constant goals and challenges in high-producing dairy cattle has been to bal-
ance fertility, udder health, and metabolic diseases without affecting milk production or
compromising animal welfare [1–4].

Genomic and phenotypic evaluation methods provide accurate and efficient evalu-
ations of udder traits in dairy cattle, allowing farmers to make more informed breeding
decisions for animal selection. Phenotypic evaluation methods use physical measurements
and observations to evaluate udder traits, providing a more holistic evaluation of the cow’s
overall health and productivity. On the other hand, genomic evaluation methods use
DNA sequencing to identify specific genetic markers associated with desirable udder traits,
providing a more direct and precise evaluation.

Combining genomic and phenotypic evaluation methods can provide a complete
picture of a cow’s udder health and milk production potential, allowing for more effective
breeding and selection decisions. Furthermore, using genomic and phenotypic evaluation
methods can ultimately lead to improved udder health, milk production, and overall
profitability for dairy farmers and enhanced quality of dairy products for consumers.

In the dairy cow, different factors, such as udder conformation and size and environ-
mental conditions, contribute to variations in cow performance and functionality, mainly
in longevity and productivity [5]. In recent years, dairy cattle selection has been based
on female-derived traits such as milk production performance and linear conformation
traits [1]. Several of these linear conformation traits are negatively correlated with other
functional traits, such as milk production, which has led to a reduction in health, body
condition, and adaptability-derived traits [6]. Over the last 10–20 years, other traits related
to udder health, such as somatic cell counts (SCCs), productive life (longevity), and other
reproductive-related traits, such as daughter fertility, have been incorporated [3]. These
traits have become increasingly important in the dairy industry, and recently, genomic
selection has created new opportunities for increased accuracy of the selection of such traits
in very young animals [3,7]. In other ruminant species, highly efficient selection schemes
were established based on pyramidal population management with core breeders at the
top. The selection schemes were based on pedigree and official milk records, artificial
insemination results, controlled mating, and the estimation of breeding values with the
aim of accelerating genetic progress [1]. On the other hand, the constant participation of
young bulls in testing and breeding programs has been described in different dairy herds
in the U.S. [8]. For bull selection, udder conformation and the expected difference in milk
production were considered the most essential traits. However, traditionally, the most
important traits for cow selection were milk production followed by udder conformation,
feet and legs, and fat percentage [8]. Nowadays, the need to preserve particular traits of
economic interest for milk production and to ensure positive genetic progress is one of
the main objectives [9–11]. Therefore, current selection programs require specific breeding
plans that take into account milk production and functional traits, including those related
to udder conformation and functionality [12].

Moreover, the heritability assessment and genetic correlations between traits and
selection indices allow identifying the most suitable individuals for selection in dairy
breeds [11,13]. Poor udder and teat conformation has been reported to reduce profitability
in dairy herds [14]. Furthermore, this has an impact on the incidence of mastitis at calving
and leads to decreased productivity during the lifetime of the cow [9]. Therefore, it is
necessary to evaluate the effects of udder conformation on performance and future progeny.

The objective of the present review is to provide a comprehensive description of the
influence of genomic and phenotypic evaluation criteria in dairy cattle selection. It also
aims to answer how these criteria may alleviate the adverse effects of defective udder
conformation and function on different traits related to udder health, longevity, and milk
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production. Subsequently, we will address several concerns covering the application of
genomic and phenotypic evaluation criteria in dairy cattle, its evolution from origins to
the present day, and future prospects. This review is designed and organized as follows:
The first part will briefly describe the udder evaluation criteria from the past to the present.
In the second part, the use of the evaluation criteria based on udder-derived genomic
and phenotypic traits as predictive tools for dairy cattle selection will be described, as
well as several methodologies used for their application. In the third part, genomic and
phenotypic evaluation criteria as evaluation tools for different traits associated with udder
health, milk production (yield and quality), linear conformation, and longevity will be
covered. Moreover, this part includes highly predictive genomic and phenotypic-derived
methods that are key to the prognosis of other complex traits which directly or indirectly
influence the udder conformation and its functionality. Incorporating both genomic and
phenotypic evaluation criteria shows great promise in enhancing the accuracy of predicting
udder-related traits and improving dairy cattle selection. However, this approach also
presents several challenges, including integrating and optimizing these evaluation methods
to develop the ideal selection process for enhancing udder conformation and functionality.
Maximizing genetic gains across multiple traits associated with udder health, longevity, and
milk production in dairy cattle has the potential to significantly boost livestock productivity
and profitability in the future. By prioritizing these traits in breeding programs, farmers
can improve the overall health and milk output of their herds, resulting in higher profits
per animal and a more sustainable and efficient dairy industry.

2. Udder Evaluation Criteria: Past and Present

Udder evaluation has been a part of dairy cattle selection for centuries, with early
breeders selecting cows based on visual inspection and manual palpation of the udder. In
the early 1900s, standardized methods for udder evaluation were developed, including the
linear score system and the udder index score. Dairy cattle breed associations have been
developing classification systems since 1929, when the Holstein-Friesian Association of
America introduced the first official system, intending to utilize these systems as phenotypic
or genetic indicators of milk production ability, longevity, and udder health and milk
production capacity over time [2–5,7–9].

In the mid-1900s, milk production testing became a common method for evaluating
udder health and milk quality, with farmers tracking the amount and quality of milk
produced by each cow. The establishment of modern livestock breeding programs dates
back to the 1960s, when nucleus breeding initiatives emerged that utilized official pedigree
data and milk production records to drive genetic progress [3]. This approach allowed
registered dairy herds to make significant strides in genetic improvement, which could then
be effectively disseminated to commercial herds [1]. As a result, these breeding programs
have played a critical role in transforming the dairy industry and driving improvements in
milk yield, udder health, and other key traits that impact profitability and sustainability.

While increasing milk production and improving quality (such as fat and protein
content) continues to be the top priority for profitability, livestock breeders have also begun
considering other important traits for selection. These may include mechanical milking
ability, udder health, disease resistance (e.g., against mastitis and internal parasites), and
even the nutritional value of milk (such as fatty acid composition) [1,15]. Given the
importance of considering a range of traits beyond just milk production and quality, the
dairy industry has increasingly focused on developing comprehensive selection criteria
that consider factors such as udder health, disease resistance, and mechanical milking
ability. One example of this is the Holstein Association of Canada’s efforts to collect
data on linear conformation traits in dairy cattle from the 1970s to the 1980s as a means
of improving selection criteria based on type-derived traits [16]. The phenotypic linear
traits considered were general appearance, milk form, body capacity, rump, feet and legs,
mammary system, fore udder, and rear udder [16,17]. On the other hand, nine descriptive
traits were also considered: stature, size, style, brisket, floor, loin strength, dorsal width,
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and pin placement [12,17]. Heritability estimates for type traits in dairy cattle ranged
from 0.06 (style) to 0.33 (size). Phenotypic correlations between type traits and calving
interval were essentially zero. The highest beneficial negative genetic correlations with
calving interval were for breast depth (−0.42), rear udder (−0.37), and capacity (−0.34),
and the highest antagonistic positive correlations were for milk yield (0.43) and milk quality
traits (0.38) [17]. Regarding the selection of dairy cows for body size, they usually showed
divergence associated with body weight, body dimensions, and calf birth weight but did
not differ for milk yield. However, udder conformation in relation to body size differed
between large and small cows [16].

In the late 1900s and early 2000s, genomic evaluation methods were developed, allow-
ing for more accurate and efficient evaluations of udder traits. Today, a combination of
visual inspection, manual palpation, milk production testing, and genomic and phenotypic
evaluation methods are becoming widespread to evaluate udder traits in dairy cattle. Thus,
current breeding programs based on the traditional quantitative approach have achieved
appreciable genetic gains for milk production. They have implemented selection for other
traits, including milk composition, udder morphology, somatic cell count, and mastitis
resistance [1,18]. The implementation of novel selection strategies utilizing molecular-
based data to enhance both conventional and high-value traits holds significant promise for
advancing functional improvements in dairy breeds [1]. Recently, genome-wide association
(GWAs)-based studies have demonstrated that udder conformation traits significantly
affect animal health, milk production, and the profitability of Holstein cattle [19]. The
release of complete genome sequences enabled the use of high-performance genetic mark-
ers improving udder trait predictions using genotyping platforms (DNA-derived arrays
or SNP chips) [3]. In addition, DNA microarrays (MGEP) began to be widely used in
functional genomics or transcriptomics [20]. In the coming years, genomics based on
SNP chips or microarrays will possibly be replaced by next-generation sequencing (NGS)
technologies [13,21,22]. Finally, the use of ‘omic’ technologies such as epigenomics, tran-
scriptomics, proteomics, metabolomics, metagenomics, and meta-transcriptomics will open
new horizons to accurately assess novel udder-derived traits for dairy cattle selection [23].
Overall, the integration of new technologies such as genomics, epigenomics, transcrip-
tomics, proteomics, metabolomics, metagenomics, and meta-transcriptomics is crucial to
accurately assess novel udder-derived traits for dairy cattle selection and, thus, improve
the prediction of mammary gland characteristics related to udder health, longevity, welfare,
and milk production.

3. Evaluation Criteria Based on Udder Phenotypic Traits

Phenotypic evaluation has long been a key component of dairy cattle breeding, allow-
ing farmers and breeders to evaluate a cow’s physical traits and characteristics to make
informed breeding decisions. While more recent advancements in genomic evaluation
have provided new tools for evaluating an animal’s genetic potential, phenotypic evalu-
ation remains a critical aspect of the breeding process, particularly when assessing traits
that cannot be measured through DNA analysis. However, several intrinsic and extrinsic
factors should be taken into account together with the phenotypic and genomic udder
evaluation methods for dairy cattle selection (Figure 1). Understanding the criteria used
to assess udder phenotypic traits is an essential aspect of dairy cattle breeding, as these
traits are key indicators of a cow’s milk production potential and overall udder health.
The selection criteria for productive animals based on udder conformation include several
traits associated with the general linear conformation of females, such as stature, strength,
milk production, teat diameter, hind legs (lateral view), rump angle, rump width, anterior
udder attachment, posterior udder height, posterior udder arch, udder depth, suspensory
ligament, and teat placement [12]. The selection criteria based on udder conformation
traits could differ depending on the livestock species, breed, or crossbreed evaluated. In
one study, Montbéliarde (MO) × Holstein (HO) and Viking Red (VR) × HO crossbred
cows were compared with first-calving pure HO cows to evaluate the conformation for
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production and reproductive traits [24]. It was observed that crossbred cows had less
udder-to-hock clearance than HO cows. In addition, crossbred cows had more distance
between the front and rear teats and longer teats than HO cows [24,25]. However, the
frequency of first lactation cows that were discarded because of udder conformation issues
was uniformly low across all groups (<1%) [24]. Although this review mainly focuses on
dairy cattle, it is worth noting that other ruminant species, such as goats, also have their
own linear evaluation systems for assessing individual traits based on their observed range.
The American Dairy Goat Association’s linear evaluation system analyzes individual traits
in an example of other ruminant species such as caprine by assessing each trait based on
its observed range in the animal being evaluated. This is carried out by starting from one
biological end of the trait (such as head structure) and evaluating it until reaching the
other biological end (such as leg structure). A score or grade ranging from 1 to 50 points is
assigned to each trait, and a final type score between 50 and 99 points is calculated based
on the importance given to each of the structural categories, which are general appearance
(35%), dairy character (20%), body capacity (10%), and mammary system (35%) [12]. In sev-
eral countries, particularly the United States, genetic evaluations are performed annually
for the final type score and additional linear type traits, as in dairy goats [25].

Figure 1. Brief scheme of the main elements that should be considered together with the phenotypic
and genomic udder evaluation methods for dairy cattle selection. Orange: intrinsic components such
as health, production, longevity, and linear (conformation) type traits. Yellow: extrinsic components
such as welfare, management, and environment.

Among the selection criteria taken into account in cattle, the direct measuring and
correlated responses to a single trait for milk production could be a convenient method
in dairy production systems [26]. For example, several producers use a selection line
consisting of artificial insemination (AI) bulls selected for their high estimated transmission
capacity for milk production associated with udder conformation [27]. On the other hand,
several studies currently target the genetic evaluation of novel traits based on methods to
predict selection accuracy. These methods are based on reference populations of cows using
indicator traits that could increase the accuracy of genomic selection for important traits
such as udder health [3]. Moreover, in other ruminant species, linear or non-linear genetic
relationships between functional productive life associated with anterior udder attachment,
posterior udder height, posterior udder arch, udder depth, suspensory ligament, and teat
location have been described in U.S. dairy goats [12].
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Furthermore, heritabilities and correlations between traits were estimated through
linear mixed models with additive pedigree genetic relationships and ASREML software
(version 2023) [12]. Therefore, udder conformation traits can be used as a selection criterion
to increase longevity in dairy goats and can be extrapolated to other species, such as cattle.
This consideration of non-linear relationships can help design more efficient breeding
programs using conformation traits [12,28]. However, udder conformation in cows with
large funnel teats, pendulous udders after calving, and blind quarters presented a higher
risk of subclinical mastitis or intramammary infections [29].

Generally, breeders and technicians have considered that there are several traits of
importance to consider, such as milk value and udder conformation [30]. Significant
interactions indicated that dairy aptitude is the most crucial trait [30]. Subjective visual
assessment of dairy cattle by appraisers is carried out to determine various distinguishing
characteristics, including linear type traits related to udder conformation [31]. Thus, genetic
links between routine observations carried out by appraisers during the evaluation process
can be used to validate the classifications from individual appraisers [31,32]. In general,
udder central ligament, teat length, udder (in general), and teat placement receive different
scores that relate to milk production ability in several cattle breeds [31,33,34].

4. Evaluation Criteria Based on Udder Genomic Traits

As genomic evaluation methods have become more prevalent in dairy cattle breeding,
understanding the criteria used to evaluate udder genomic traits has become increasingly
crucial for breeders seeking to make informed decisions about animal selection. The
progress of genetic and genomic evaluation in dairy cattle is based on discovering new
traits of interest for predicting selection accuracy. Thus, the genetic and genomic assessment
aims to improve how using indicator traits could increase the accuracy of genomic selec-
tion [3]. To develop effective selection programs for new traits, it is necessary to create large
databases based on highly reliable estimated genetic values (EGVs) [2,35,36]. For evaluating
the most costly traits, it is possible to perform extensive phenotyping in combination with
genotyping of female dairy cattle to record and characterize their functionality [2]. These
novel traits include udder health, hoof health, feed efficiency, methane emissions, and
others [3]. There are various deterministic methods to estimate the reliability of genomic
evaluations. These depend on factors such as the number of cows used as a reference, the
trait’s heritability, and other population characteristics. This is conducted by analyzing the
impact of individual genetic markers called single nucleotide polymorphisms (SNPs) [3].

When analyzing genetic data, a positive correlation was found between Somatic Cell
Score (SCS) and milk quality and composition traits, highlighting the interconnected nature
of these characteristics [11,20,23]. The genetic traits for milk composition were negatively
correlated with the udder conformation (−0.40) and with rear muscling and udder volume
(−0.28) [11]. These results were obtained by using the current selection index, which mainly
focuses on dairy strength and could negatively influence all other traits [11]. Moreover,
genetic correlations between udder traits are favorable, indicating that selection for a given
trait will positively affect the evolution of overall udder conformation. In particular, the
degree of udder suspension was highly correlated with udder depth (0.82) [26]. Genetic cor-
relations with milk production were low and negative, except for udder depth (−0.48) [26].
Accordingly, more appropriate selection indices based on genetically derived traits should
also be considered, together with functional traits [37]. Recently, a more detailed report
on genomic methods and general conformation traits applied for dairy cattle selection
was published [13]. However, this report did not thoroughly consider the specific udder
conformation and functional traits and their relationship with udder-related genomic traits.
Udder conformation is not only crucial for displaying visual characteristics but also for
high milk production and low incidence of mastitis. A recent study measured different
udder type traits in Sahiwal (Bos indicus) and Karan Fries (Bos taurus × Bos indicus) and their
association with SNPs in vitamin D receptor and protein tyrosine phosphatase, receptor
type (R) genes. The GG genotype of SNP rs454303072 was associated with a wider rear
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udder, larger udder circumference, and longer distance between the front and rear teats
and left and right teats in Karan Fries cattle. On the other hand, in Sahiwal cattle, the
AA genotype of this SNP was found to be associated with a higher and wider rear udder,
larger udder circumference, and wider udder. In addition, the AA genotype of the SNP
rs382671389 was associated with longer front teats in Karan Fries cattle. The TT and CC
genotypes of SNP rs435289107 were associated with udder-type traits in Karan Fries and
Sahiwal cattle, respectively. These results suggest that BTA5 harbors genomic regions
associated with udder traits in Bos indicus and Bos indicus x Bos taurus cattle [38].

All data based on genome sequences from previous generations provides comprehen-
sive information on the polymorphic loci that characterize a given breed and differentiate
it from others. Association analysis with imputed sequences, mainly when applied to mul-
tiple traits simultaneously, is a powerful approach to detecting candidate causal variants
underlying complex phenotypes. Twelve quantitative trait loci (QTL) affecting differ-
ent morphological characteristics of the mammary gland were detected in the German
Fleckvieh cattle population. Most of the QTLs were located in non-coding regions of the
genome but in close proximity to candidate genes that could be involved in mammary
gland morphology (SP5, GC, NPFFR2, CRIM1, RXFP2, TBX5, RBM19, and ADAM12) [39].
In Holstein cattle, genetic analyses of udder conformation traits have been developed [19].
A genome-wide association has been described with five udder conformation traits, includ-
ing anterior udder attachment, central suspensory ligament, posterior udder attachment
height, posterior udder attachment width, and udder depth [19]. Heritability and stan-
dard errors for these five udder traits ranged from 0.04 ± 0.00 to 0.49 ± 0.03. In this
study, phenotypic data were measured on 1000 Holstein cows, and the GeneSeek Ge-
nomic Profiler (GGP) Bovine 100 K SNP chip was used to analyze genotypic data [19].
Numerous candidate genes were identified within 200 kb of significant SNPs. Among all
significant SNPs associated with udder conformation traits, most of them were located
within the following genes: Microsomal Glutathione S-Transferase 1 (MGST1), Microsomal
Glutathione S-Transferase 2 (MGST2), Microtubule-associated scaffold protein 1 (MTUS1),
LOC101903734, LOC112447118, Structural maintenance of chromosomes protein 5 and 6
(SMC5-SMC6), Parkin RBR E3 ubiquitin-protein ligase (PRKN), Syntaxin-Binding Protein
6 (STXBP6), glutamate ionotropic receptor delta-type subunit 2 (GRID2), E2F transcrip-
tion factor 8 (E2F8), Cadherin 11 (CDH11), Forkhead Box P1 (FOXP1), Localisation factor
complex 1 (SLF1), transmembrane protein 117 (TMEM117), SET binding factor 2 (SBF2),
CGPVitamin D binding protein (GC), galectin 2 (LGALS2), adhesion G protein-coupled
receptor B3 (ADGRB3), and Glutamate-Cysteine Ligase Catalytic Subunit (GCLC) as well
as KEGG pathway genes. While one of the SNPs on Chr6 was close (50 kb) to the ubiquitin-
conjugating enzyme E2 K gene (UBE2K), three SNPs on Chr21, Chr29, and Chr18 were
located close (100 kb) to STXBP6, E2F8, and CDH11, respectively [19]. These results could
provide valuable biological information for the genetic structure of udder conformation
traits in Holstein dairy cattle [19].

Several studies have identified quantitative trait loci (QTL) to identify and understand
genetic variants associated with economically relevant phenotypes. However, to identify
QTL and genomic regions associated with phenotypes in Holstein cattle, the GWAS method
has become the most widely used, proving to be an effective tool for identifying genetic
variants associated with economically important traits [40].

5. Evaluation Criteria Based on Genomic and Phenotypic Traits: Udder Health,
Production, and Longevity
5.1. Genomic, Genotypic, and Phenotypic Udder Traits: Impact on Mammary Gland Health

The development of national health registration programs began several decades ago.
Accordingly, the first reports of genetic results based on health traits in the United States
started in 2004 [41]. A few years later, in 2007, Canada reported large amounts of data on
mastitis incidence in cows [42,43]. Available data based on the mastitis incidence can be
analyzed by multi-trait models using SCS data and other derived traits indicative of SCS in
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early lactation, partial SCS, test day SCS, anterior udder attachment, udder depth, and BCS
to perform traditional and genomic evaluations for mastitis resistance [35,43,44]. Udder
health traits associated with bacteriological testing of quarters maximize the information
on infection; however, these tests are not practical on a population scale [45]. In addition,
somatic cell counts (SCCs) are highly variable, difficult to interpret, and not sensitive
indicators of subclinical infections [45].

Nevertheless, several milk enzymes are possible indicators of tissue damage at the
mammary gland level [45]. The heritabilities are around 0.2 for SCCs and 0.1 for other traits,
reflecting genetic variations in the immunological defenses and their effect on the teat,
phagocytosis, and immune response [45]. There is a positive relationship between somatic
cell count (SCC) and milk yield at the genetic level but a strong negative relationship
between them at the phenotypic level [45]. Genetic correlation refers to the degree to which
the same genes affect two different traits, in this case, SCC and milk yield. A positive
genetic correlation between SCC and milk yield means that the genes contributing to higher
milk yield also contribute to higher SCC.

In several countries, the genomic values for mastitis resistance have been adopted as
part of national selection indices [29,36,42,46,47]. A recent study based on milk production
traits aimed to identify genes associated with mammary conformation and health pheno-
types in Holstein, Montbéliarde, and Normande breeds [48]. Cows were genotyped with
medium (50 k) or low (7 to 10 k) density chips and imputed to 50 k, resulting in 1013 genes
associated with udder morphology, mastitis, and production phenotypes (e.g., ESR1, FGF2,
FGFR2, FGFR2, GLI2, IQGAP3, PGR, PRLR, RREB1, BTRC, and TGFBR2, among others) [48].
Another study identified potential candidate genes for novel udder health traits targeting
specific mastitis pathogens and Holstein Friesian cows’ differential somatic cell fractions.
Thirty-five significant SNPs were detected on 14 different chromosomes for cell fractions
and pathogens. In this case, depending on environmental stressors, the HEMK1 gene plays
a role in developing the immune system.

Furthermore, it was observed that the CHL1 gene is up-regulated with stress levels and
influences the mechanisms of the immune system [49]. Therefore, the activity interactions
between the genes may fluctuate depending on environmental stressors. On the other hand,
other authors report that CFAP69, STEAP2, and ITGB3BP genes located on chromosome 4
are related to the mechanisms of the mammary gland immune system [50,51]. The objective
measures of mammary gland conformation and linear type scores are used to predict
mastitis in experimental linear classification programs [1]. However, the relationships be-
tween conformation and mastitis are often inconsistent due to moderate or low correlations
between mastitis indicators [46]. Selection to reduce the occurrence of cows with deep
udders, especially low rear udders, open teats, teats that are set back, and also short and
wide teats, can improve efforts to reduce the incidence of mastitis, along with better health
control, therapeutic managing, and proper milking procedures [46]. A study in the U.S.
reported genetic analyses performed for health traits, including reproductive problems,
metabolic diseases, lameness, and the incidence of mastitis [36]. This study concluded that
genetic selection for health traits using recorded phenotypic data and including genomic
data would substantially improve selection accuracy [36]. In addition to the mentioned
traits, others, such as milk electrical conductivity, are available to help predict mastitis inci-
dence [52]. Conformation traits in Viking Red (VR), Montbéliarde (MO), and Holstein (HO)
crossbred cows in commercial dairy herds were associated with significantly lower health
indices during the first (−23%), second (−29%), and third (−21%) lactation comparing the
VR and MO group with the HO group [14]. Crossbred cows had significantly less udder
to hock spacing but significantly wider rear teat width and longer teat length compared
to the HO group [14]. It is important to note that in the least-developed countries, the
national phenotypic, genetic, and genomic evaluations for udder and other health traits are
not currently being planned. It is, therefore, essential to establish national udder health
registration programs to facilitate future selection protocols [35,36,53].
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There are factors associated with the distribution of clinical bovine mastitis between
the hind and forequarters, in addition to risk factors related to certain aspects of lactation,
udder conformation, and management practices [54–56]. Thus, programs to select sires
whose progeny have the lowest SCCs should be carefully planned, taking into account the
interpretation of SCCs as an immunological defense mechanism [11,27,57,58]. High SCCs
decrease the likelihood of subsequent infections; however, there is a heritable variation
in SCCs in dairy cattle. Therefore, using SCCs as a defense marker should be studied in
greater depth [45]. Clinical mastitis in the hindquarters was found to be more common
among primiparous cows, with a prevalence rate of 61.9% in affected cases [54]. Moreover,
udder conformation does not seem to play an essential role in mastitis incidence and distri-
bution [37,46,59]. In another study, the genetic traits of milking speed (subjectively scored)
and SCS estimation using Restricted Maximum Likelihood (REML) were evaluated [58].
The results showed that heritabilities were 0.15 for milking speed and 0.14 and 0.16 for
mean SCS in the first and second lactation, respectively [58]. Genetic correlations between
milking speed and SCS were 0.41 and 0.25 for the first and second lactation, respectively,
indicating that faster milking was associated with increased SCS [58]. The genetic correla-
tions were higher between udder depth and SCS (−0.26) and between rear udder width
and milking speed (−0.24). Therefore, an udder health index applied to sire selection was
developed for an aggregated genotype, including subclinical mastitis in 1 and ≥2 lactations
and clinical mastitis in 1 and ≥2 lactations concerning milking speed [58]. Finally, the
genetic and phenotypic correlations between type traits, heritability indices, and arithmetic
mean SCCs during lactation were determined using a minimum norm quadratic unbiased
estimator (MINQUE) and two multiple trait REML methods [57]. The heritabilities ob-
tained for all traits were low. Regarding SCCs, heritabilities ranged from 0.09 to 0.11, and
for type traits, from 0.08 to 0.14. The genetic correlations between SCCs and type traits
ranged from −0.22 to 0.30; however, the phenotypic correlations were very low. In general,
the correlations indicate an association between SCCs and udder conformation traits; that
is to say, a desirable type score would be associated with a low SCC [57]. In summary, the
traits included in the health index were milking speed, udder conformation, and SCS in the
first and subsequent lactations [58]. The accuracy of the health index was found to be 0.776.
This was a 15% increase compared to an index that was based on SCS count alone [58].

Prior studies anticipated that variations in udder infection rates could be linked to
udder conformation and milkability [60]. The number of infected quarters was 1.53 for the
low infection rate group and 2.53 for the high infection rate group [60]. Poor udder and teat
conformation were associated with high levels of intramammary infection, as indicated by
increased SCCs [9,55,56,61]. In addition, both udder physical traits and SCCs were related
to the productive life in sheep and cattle [61]. Udder conformation and teat end lesions
have been associated with risk factors such as elevated SCCs and intramammary infections
in dairy cows [31,46,55]. Cows with large udder hindquarters had significantly fewer
Staphylococcus aureus- and Streptococcus uberis-derived infections [54,55]. There was a similar,
although less significant, negative association with Escherichia coli-derived infection [55,62].
Streptococcus agalactiae- and Streptococcus dysgalactiae-derived infections were more frequent
in cows with large pendulous or small udder conformations [55]. Moreover, anatomical
teat characteristics (length, cylinder diameter, and tip) in dairy cows were associated with
intramammary infections caused by teat skin bacterial populations [56,61,63,64]. Because of
this, linear conformation data have been evaluated for udder type in dairy cattle, including
teat position (front or rear), which is associated with the occurrence of clinical mastitis [56].
In addition, GAS6 negatively regulates the Staphylococcus aureus-induced inflammatory
response in the mouse mammary gland [65]. Finally, the NCAM1 gene, also known as
CD56, is a member of the immunoglobulin superfamily and is the phenotypic marker of
natural killer cells [66].

Other udder-related pathologies, such as udder cleft dermatitis (UCD), could be con-
sidered a trait affecting udder health and conformation [47]. Dermatitis is an inflammatory
skin condition associated with mastitis and digital dermatitis that affects the anterior parts
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of the udder in dairy cows [47]. The factors with the most significant effects on such
lesions were days in milk, milk production, and early calving [47]. The etiology of UCD is
probably multifactorial, involving udder conformation traits, other cow-related aspects,
and herd-related risk factors [47]. The high prevalence of severe UCD lesions in dairy cows
from Nordic countries such as Sweden emphasizes the need for preventive genomic and
phenotypic evaluations together with efficient treatments to avoid the occurrence of UCD
in future dairy cattle [47].

Recently, eight different machine learning methods were compared to predict the
udder health status of cows based on somatic cell counts. The study found that all methods
had prediction accuracies above 75%. Neural Network, Random Forest, and linear methods
best predicted udder health classes based on recorded milk traits. The findings suggest
that machine learning algorithms can be a promising tool to improve farmers’ decision-
making in identifying cows with high somatic cell counts, which can improve surveillance
methods and potentially reduce the economic and health impact of bovine mastitis in
dairy farms [67,68]. The use of machine learning and data mining techniques in genomic
and phenotypic udder evaluation for dairy cattle selection has become an essential tool in
improving udder health. Several research groups have been investigating the implementa-
tion of these methods [67,69–71]. Furthermore, integrating both genomic and phenotypic
information has been shown to significantly improve the accuracy of predictions regarding
udder health in dairy cattle.

5.2. Genomic, Genotypic, and Phenotypic Udder Traits: Effects on Milk Production and Quality

Traditionally, dairy cattle have been selected for their ability to produce milk in
quantity and quality [20]. The traditional approach to dairy cattle selection has changed,
and secondary traits are now included in the selection indices, with less emphasis on milk
production and more interest in milk quality and other non-productive traits [20,53,63].
Greater emphasis on non-productive traits is reflected in the industry’s desire to breed
less productive but more functional dairy cattle [20]. According to some studies, there is a
low but statistically significant relationship between conformation traits and the lifetime
production efficiency of cows (Guilford scale), being slightly higher for milk production
than longevity [72]. Type and conformation traits seem to be more suitable for predicting the
lifetime production efficiency of cows compared to other more detailed traits [17,25,72]. For
example, lifetime performance was most strongly related to overall linear score and udder
linear score (r = 0.22), followed by type and conformation scores, feet and hooves (r = 0.13),
and, finally, other detailed traits such as udder width and dairy character (r = 0.14) [72].
Therefore, type and conformation traits seem to be more suitable than genomic traits for
predicting the lifetime production efficiency of cows [11,72].

The phenotypic and genomic traits related to milk yield, protein, and fat are included
in the performance tests in young bulls [8,11]. Several linear-type traits have been added to
the factor analysis. Heritability (h2) estimates for milk yield and milk quality-derived traits
ranged from 0.125 to 0.219 [11,45]. Moreover, genetic estimates for milk yield and milk
quality traits were negatively correlated with traits explaining udder conformation (−0.40)
and rear muscularity [11]. The latter genetic traits also showed a negative correlation with
udder volume (−0.28). Additionally, head typicality and rear leg traits were not correlated
with milk yield and milk quality but were negatively correlated with meat-related traits
such as rear muscularity (−0.32) [11]. The consequence of these results is that the use of
the current selection index, which is mainly focused on milk production traits, may lead
to a deterioration of all other traits. Therefore, more appropriate selection indices should
consider an association between genetic and functional traits [11,23,37,57]. A previous
study revealed that 51 significant SNPs overlapped with 51 protein-coding genes together
with five QTL for SCC. On chromosome BTA18, three QTL for SCC overlapped with
SNP rs41622425, which is located within the intron of a gene encoding a protein called
Pleckstrin Homology-Like Domain Family B Member 3 (PHLDB3). In addition, on the
same chromosome, rs110437995 overlapped with QTL for SCC. They also detected three
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overlapping genes, GAS6, PKD2, and NCAM1, previously associated with inflammation in
humans and mice [73].

The selection and correlation of different traits for milk production based on the
selection of AI bulls preferred for high transmission capacity is now possible [3,27,57].
The estimates regarding sire selection criteria may vary; however, the selection for milk
production traits effectively increases milk production [8]. Nonetheless, in a research
project evaluating the direct and correlated effects of single-trait selection on milk yield all
selective breeding groups increased productivity, but also undesirable responses correlated
with selection for milk production were detected [27]. Sometimes, bull sires from different
genetic lines were selected by progeny testing based on the first lactation productivity
and milk quality by associating traits for fat-corrected milk production, percentage of
daughters discarded at the first lactation, and daughters’ udder conformation. However,
one study showed no differences regarding milk yield among lines [57]. Moreover, negative
correlations existed for milk production traits and quality traits without affecting udder
conformation traits for the selection lines considered. Additionally, cows selected for
the higher production traits tend to have higher health costs, specifically for mammary
treatment [27,74]. Finally, other factors, such as chronic stress, can affect cow welfare, and
acute stress during milking can decrease milk production [6,37]. Therefore, it is important
to quantify whether long-term stress persistence would impact milk production depending
on the genetic line studied [6]. Another study compared the reproductive performance,
milk yield and composition, udder health, and conformation traits of Holstein, F1, and
R1 crossbred Holstein × Simmental cows [75]. Milk yield and fat-protein yield did not
differ between groups [75]. Furthermore, udder conformation traits lacked high scores
in crossbred cows. Finally, Holstein cows had significantly shallower udders and higher
udder spacing than the other groups [75].

It has been observed by RNA sequencing that DDIT3, RPL23A, SESN2, and NR4A1
genes are significantly and differentially expressed between mammary glands of lactating
Holstein cows with extremely high or low protein and fat percentages. Therefore, these
four genes could affect milk production and composition traits [76]. In addition, the genes
identified in another study, such as PGM1 and ARL4A, were related to milk production
traits, lactose synthesis, glucose metabolism [77], and milk production or composition [78].
Finally, the ROR1 gene located on chromosome 3 has been considered a causal determinant
gene for somatic cell count [79]. These studies shed light on the importance of genetic
factors in determining milk production and composition traits and highlight the need for
further research in this area to improve the efficiency and profitability of the dairy industry.

Linear evaluation plays a vital role in estimating the milk production of dairy cows;
however, these evaluations, sometimes taken through subjective methods, can show varia-
tions [5,31]. On the other hand, objective methods for estimating milk productivity provide
more accurate and reliable data but require more sophisticated technologies [5]. In one
study, sire-derived type traits were analyzed in cows with low, medium, or high production
performance during the first lactation [80]. The factors examined in the model included
herd-year-season, age at calving, the month of calving, recording status interaction, change
in herd size, and season. In addition, fat and protein production and type-based sire linear
regressions were analyzed within each group of cows with similar production traits [80].
The impact of leg traits on the number of lactations was almost the same as for udder traits.
In addition, interactions between traits were significant. Conformation-type traits were
of little importance for herd life in low-producing cows. However, few differences were
observed in the relationships between herd life and type in medium- versus high-producing
cows, indicating that there is no need to increase emphasis on type in response to current
trends for higher production [80]. These studies reinforce the idea that a comprehensive and
detailed analysis is necessary to estimate milk production in dairy cows accurately. Further-
more, a primary goal of modern cattle breeding is to attain an equilibrium between various
phenotypic traits and overall functions linked to mammary gland conformation, which can
effectively manifest desirable, productive traits in diverse environments [1,3,11,59,80].
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5.3. Genomic, Genotypic, and Phenotypic Udder Traits: Influence on True and Functional Longevity

Longevity-related traits have garnered growing interest among various milk-producing
species, including sheep, cattle, goats, and other animals, as efforts to enhance the longevity
of these animals continue to gain importance. Therefore, understanding the impact of
genomic, genotypic, and phenotypic udder traits is crucial in determining dairy cows’
true and functional longevity. Functional longevity is defined as the number of days
between first calving and culling, that is to say, the length of cows´ productive life [81].
Functional longevity is an economically important trait to increase the profitability of dairy
management [82]. In different bovine dairy herds, the reasons for culling cows can be
voluntary (mainly because of low productivity) or involuntary (mainly because of health
and low fertility) [81,83]. The longevity-derived traits include (i) true longevity (all reasons
for culling, including productivity) and (ii) functional longevity (all reasons for culling
except productivity) [82]. Conformation traits and functional longevity have been related
by survival analysis (Cox proportional hazards models) in first-lactation Holstein cows [81].
The dairy character had the strongest correlation between a composite trait and functional
longevity, followed by the udder final score [81,84]. Among the descriptive traits, the
highest correlations were observed for traits related to longevity vs. udder attachment
and longevity vs. udder depth [81,83]. Cows with deep udders had significantly lower
functional survival than cows with shallow udders [75]. The highest positive effect on
longevity was exerted by udder score and legs and hooves (r = 0.11), udder placement
(r = 0.14), and anterior udder attachment (r = 0.10) [72]. In addition, central ligament
weakness was associated with significantly reduced cow longevity [81].

A more accurate methodology for improving animal longevity is necessary to decrease
the involuntary culling rates rather than extending traits that influence the herd life [82].
Therefore, the proportional hazard model is helpful for assessing genetic fitness for the
traits influencing herd life. However, the differences between estimates made with the pro-
portional hazards models and those made with linear animal models for one or more traits
are unclear. Productive traits, udder traits, and leg and hoof traits are genetically correlated
with longevity; consequently, these traits are used to assess longevity indirectly [12,16].
The reliability of genetic fitness-related estimates for longevity is increased by combining
direct and indirect estimates [82]. Therefore, these genetic correlations should be reviewed
periodically in different dairy cattle production systems as they vary according to the year
of birth [82]. In light of this, QTLs affecting economically relevant traits were studied
for eight US Holstein cattle genetic lines [85]. A marker on chromosome 14 associated
with differences in fat yield, fat percentage, and milk yield was observed in two genetic
lines. Other markers located on chromosomes 16 and 20 were related to differences in
udder depth and anterior udder attachment, respectively. A marker on chromosome 27
was associated with a difference in milkability index. These additional markers complete
the quantitative trait locus mapping to identify QTLs affecting economically important
traits in a selected commercial Holstein population [85]. Another study in dairy cattle
demonstrated the association of SNPs located within selected genes with traits associated
with longevity [86]. In summary, the polymorphism with the most significant effect on
functional longevity is leptin (LEP-R25C) in dairy cattle [86]. In addition, four potential
candidate genes, ETV1, ONECUT1, MACROD2, and SIRT1, have been identified in Holstein
cows that directly (through disease resistance mechanisms) or indirectly (through milk
productivity) influence longevity [87]. Finally, the three bovine selectin-related genes iden-
tified as SELP, SELL, and SELE have been described as relevant genes for udder traits, with
SELP being the most polymorphic of these genes. It is suggested that these polymorphisms
in SELP and SELE are associated with fertility, milk production traits, and longevity in
Holstein Friesian dairy cows [88].

The relationship between different conformation traits and functional longevity is
essential in dairy cows and has been evaluated for years using survival analyses [80,81]. As
mentioned, the highest correlations among descriptive traits were observed for longevity-
udder attachment and longevity-udder depth [26,35,43,46,59]. However, functional longevity
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decreased with decreasing body condition in dairy cows [81]. Other relevant factors affect-
ing longevity could be related to chronic stress in dairy cattle. For example, environmental
factors can affect genomic and phenotypic traits in the dairy cow [6]. The transition of a
dairy herd to an automatic milking system from a conventional parlor system can also be
stressful for the cow, as many changes occur during this process [6,37]. The robotic milking
methods applied to dairy cows will be essential tools that will probably be introduced,
as a general rule, in all dairy farms [89]. However, there is a substantial possibility that
the robotic methods may not be able to be adapted adequately to the spatial location of
the teats [89]. It has been found that robotic attachment is more successful in cows whose
udder conformation is more suitable. Moreover, the cows showed some signs of discomfort
after the omission of milking when robotic milking systems were used [6,89]. In 60% of
cases, there is milk loss after robotic milking, which indicates ineffectiveness and addi-
tional risk for mastitis, affecting longevity [89]. Therefore, special attention should be paid
to the conformational udder-related traits in cows destined for robotic milking that will
be useful for dairy cows with high performance, good udder conformation, health, and
longevity [3,9,81]. The use of mechanical milking has led to the selection of animals based
on udder morphology (linear scoring) [12,25]. In order to improve longevity, teat placement,
degree of udder suspension, udder depth, and the degree of separation of the two halves
are evaluated using nine-point linear scales [26,90]. It has also been observed that the linear
combination of individual linear traits is crucial for longevity and is highly correlated with
teat placement, degree of udder suspension, and udder depth, with repeatability across
lactation showing a value of 0.76 [26].

Dairy cows have a short productive life, so longevity-derived traits are essential from
an economic perspective [53]. Combining a long lifespan with high functionality could help
improve dairy cow productivity [2,91]. Furthermore, genetic values for milk production,
fertility, udder health, and leg health are indicators that should be positively associated with
the probability of achieving long-lifetime productivity [53,91]. In conclusion, to increase
the lifetime of milk production in dairy herds, producers should select heifers with high
scores for conformation traits involving udder, feet, and hooves. In addition, they need to
consider high genetic values for milk production, fertility, and udder health [53,92].

5.4. Relationship between Genomic, Genotypic, and Phenotypic Udder Traits: Health, Production,
and Longevity

The intricate interplay between genomic, genotypic, and phenotypic udder traits is
fundamental to understanding the complex relationship between health, production, and
longevity in dairy cattle (Figure 2). The dairy cattle sector is significantly impacted by the
economic costs associated with the high incidence and prevalence of clinical and subclinical
mastitis, including expenses related to treatment, production losses, and reduced animal
welfare [59,93]. The large databases generated have allowed for assessing the incidence
of this health problem and investigating the genetic background of clinical mastitis and
its relationships with other udder-derived traits of interest for the dairy industry [59].
There is persistent controversy about low milk SCCs and susceptibility to mastitis [94].
However, high SCCs in milk may indicate inflammation or infection of the mammary
gland [94]. Several studies described that cow selection for mastitis resistance is often based
on genetically correlated indicator traits, such as SCCs, udder depth, and attachment [59,94].
Moreover, genetic correlations showed a significant relationship between clinical mastitis,
SCCs, and udder depth during early lactation [59]. Therefore, SCCs are also a reference
trait for selecting dairy ruminants less prone to mastitis incidence [59]. The selection
programs favoring animals with fewer SCCs are still widely debated [59]. However, the
divergent selection of animals based on lower SCCs could solve future udder-related health
problems [94,95]. It is important to note that the susceptibility to mastitis linked to SCCs is a
phenotypic trait that may be related to immunomodulation but not to selection [75]. Genetic
correlations between clinical mastitis and other economically important traits indicated
that selection would also improve resistance against other diseases, improving fertility and
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longevity [51,74]. However, milk production remains positively correlated with clinical
mastitis, highlighting the importance of including health traits in phenotypic selection
programs to achieve genetic progress for all relevant traits [51,74]. Thus, implementing
new genomic evaluation models in phenotypic-related studies is expected to enhance the
accuracy and efficiency of selecting dairy cattle with improved mastitis resistance [22,34,39].
The genetic variability of mastitis resistance is well established in dairy cattle, with many
studies focused on the estimation of heritabilities and genetic correlation between mastitis-
related phenotypic traits such as SCCs and clinical cases [36,77–82].

Figure 2. Overview of the factors affecting udder genomic, genotypic, and phenotypic traits for
dairy cattle selection. Orange squares on the left: factors affecting udder health, production, and
longevity depending on linear (conformation) type traits. Yellow squares on the right: factors affecting
udder function depending on welfare, management, and environment-related traits. Both direct and
indirect factors are interconnected as they depend on each other and vice versa. Improving dairy
herd selection in the medium- and long-term requires the development of cutting-edge prediction
methods for udder conformation and function, whether genomic or phenotypic, which underscores
their critical importance. Under each factor topic (Health, Production, Longevity, Linear type,
Welfare, Management, and Environment), examples of relevant factors are listed. UCD: Udder Cleft
Dermatitis; SCCs: Somatic Cell Counts; SCSs: Somatic Cell Scores; CFU: Colony-Forming Units.

Other studies involved molecular genome mapping results which provided informa-
tion on quantitative trait loci (QTL) related to mastitis resistance and provided a better
understanding of the genetic relevance of the traits [37]. Many countries have implemented
selection programs based on a linear decrease in SCCs for increasing mastitis resistance [37].
Improving the selection accuracy for mastitis resistance includes advances in modeling,
an optimal combination of mastitis-related traits, and associated udder predictors [37].
In addition, the definition of the overall breeding objective that includes udder-related
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conformational and functional traits and the inclusion of molecular-based information
is now available from QTL [37,96]. These cutting-edge studies will lead to a better un-
derstanding of the genetic background of mastitis resistance and allow for more accurate
selection, improving udder health, animal welfare, and profitability in the future modern
dairy industry [59,97]. Other potential future studies on mastitis resistance will be based
on bacteriology as new indicator traits and tools for dairy cattle selection [59]. The relation-
ship between cows and microorganisms has traditionally been related to intramammary
infections [64]. However, recent metagenomic studies indicate that mammary secretions
from clinically healthy quarters may harbor genomic markers for detecting several bacte-
rial groups, the majority of which were not associated with mastitis but were defined as
“commensal mammary microbiota” [64,98,99]. Whether disruption of udder microbiota
diversity (dysbiosis) plays a role in determining susceptibility to mastitis is still unknown,
and little is known about the contributions of various biotic and abiotic factors on the
composition of udder microbiota diversity [64,100,101]. Therefore, there is a need to study
the teat end, teat canal, and mammary secretions-related microbiota as interconnected
niches of a highly dynamic microbial ecosystem [64,102]. In addition, it is necessary to
analyze host-associated factors, including physiological and anatomical traits, as well as
genetic traits that may affect the udder microbiota [64,103].

Within the domain of conformation traits, a study was conducted to assess the impact
of udder morphological characteristics on milk production in Bos indicus cows [104,105].
First, the udder diameter and height, teat length and diameter, and milk production
were measured, and finally, the study determined the values of udder morphological
characteristics in local zebu cows. The results showed that the udder size was highly and
positively correlated with milk production. These findings will be instrumental in genetic
improvement programs for zebu cows [106]. In studies related to Bos taurus, it has been
observed that udder morphology, as well as teat tip length and diameter, play a significant
role in the incidence of intramammary infection among Jersey crossbred cows in warm and
humid climates [63]. Moreover, pendulous udder, flat and inverted teat tip, and very long
and thick teat characteristics were associated with higher susceptibility to intramammary
infection in Jersey crossbred cows. Therefore, these traits should be considered relevant
when selecting dairy cows [63].

On the other hand, the influence of udder and teat conformation and size on the
teat-seeking behavior of newborn calves is a determining factor for calves suckling for
the first time [23,30,107]. A shorter distance between the udder and ground (low udders)
increased the time spent searching for teats and the time of first suckling, which also
significantly affected calf survival [107]. Finally, longevity is an increasingly important trait
in dairy and beef cattle cows [61,62]. Increased longevity reduces costs and raises incomes
for the producers [63]. The phenotypic relationship between conformation-type traits and
longevity in cattle estimates the effect of voluntary culling [61,63]. It has been described
that udder conformation had no impact on longevity in beef cattle [63]. However, muscle-
derived traits were the most important factors for longevity in beef cows [63]. Therefore,
relevant udder-derived traits in dairy cattle differ from those applicable to beef cattle.

Dairy cattle offer an attractive model for investigating the genes responsible for the
substantial diversity observed both within and between mammalian species concerning
their milk volume, protein, and fat composition, highlighting the potential significance of
genomic traits. Many phenotypes for these traits and the complete genome sequence of
the key founders of modern dairy cattle populations are available. Association tests were
conducted on Holstein and Jersey cattle with exceptional phenotypes to identify variants
within the target regions, while gene expression data were analyzed to pinpoint potential
candidate genes such as BTRC, MGST1, SLC37A1, STAT5A, STAT5B, PAEP, VDR, CSF2RB,
MUC1, NCF4, and GHDC associated with milk production [108]. In Bos taurus, 141 and five
novel genes related to milk production and SCS have been identified, respectively. These
novel genes were also found to be functionally related to heat tolerance (e.g., SLC45A2,
IRAG1, and LOC101902172), longevity (e.g., SYT10 and LOC101903327), and fertility [109].
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In a previous study, polymorphisms in the gene regulating the osteopontin OPN (SPP1)
were found to be associated with milk yield traits and somatic cell score (SCS), a trait used
to estimate the genetic value of udder health in dairy cattle [110]. Several genomic regions
have been found to contain genes, including ZNF683, DHX9, CUX1, TNNT1, and SPRY1,
that may biologically contribute to mastitis development and whose functions range from
regulation of cell proliferation to immune system signaling [111]. Genetic investigation of
the composite risk trait involved a new locus and candidate genes that have potentially
pleiotropic effects related to mastitis [111]. On the other hand, several studies have identi-
fied genetic factors related to mastitis resistance or susceptibility in dairy cows. Classical
traits related to mastitis include somatic cell counts, electrical conductivity, and clinical
cases of the disease. However, new traits such as acute phase proteins, immunological
assays, and milk flow patterns are considered by discovering new biological pathways,
e.g., the role of the mammary epithelium and the nervous system and their relationship
to disease development [112]. Furthermore, the usefulness of these traits for genetic im-
provement has been determined [113]. An additional study detected genomic regions that
hold potential candidate genes linked to mastitis resistance and susceptibility, immune
system and inflammation, milk properties, udder morphology, and various cancer types
situated on a segment of chromosome 8 (SNP rs41609496). Among the genes within this
segment are AKNA, MIR455, ORM1, and GNG10, which play crucial roles in mammary
gland immunity and are relevant to milk production [112].

6. Perspectives and Future Challenges for Genomic, Genotypic, and Phenotypic
Udder Evaluation

Several secondary traits have been included in the selection indices, decreasing the
emphasis on the milk yield-derived trait [114]. The dairy cattle industry has recognized the
importance of including non-production traits in the selection process of functional dairy
cattle. These traits include type, growth, size, body composition, nutritional efficiency,
disease resistance, udder health, reproduction, and management (Figure 3). Most of these
traits can be found within selection indices worldwide, although the relative importance
of each trait is variable [115]. For example, the non-lactation traits mentioned above are
quantitative, where the whole animal’s phenotype represents the sum of minor traits [20].

The development and implementation of genetic evaluations for health traits have
led to an accelerated pace for incorporating new functional traits for dairy cattle selection.
Since 2018, the Council on Dairy Cattle Breeding (CDCB, Bowie, MD, USA) has made
routine official genomic evaluations available to producers for six health-related traits
in Holstein cattle [23]. These traits include resistance to milk fever, abomasal displace-
ment, ketosis, clinical mastitis, metritis, and retained placenta. The genetic merit indices
include these health-related traits [23]. Improving cow health is mainly carried out through
changes in management practices and genetic selection based on SCSs, productive life, and
longevity [23,116]. Genomic testing allows an accelerated improvement of traits with low
heritability, such as health traits; however, phenotypic traits remain essential for successful
genomic evaluations associated with data where appropriate quality control standards
have been applied [23,117]. Mastitis control evaluations are submitted to Interbull together
with SCSs for international validation and udder health evaluation [23]. In addition, the
evaluation includes data from different breeds regarding health traits, using multiple trait
models and additional functional evaluations of new traits such as calf health and feed
efficiency [23,118].

In the present era, a wealth of information can facilitate informed decisions for the
selection of udder-derived traits with greater accuracy than ever before; however, the
development of future decisions will require new and ongoing cooperation among live-
stock industry stakeholders [59]. Therefore, it is crucial to provide accurate and unbiased
information related to udder-derived and other production-related traits [23,119]. Func-
tional traits based on direct information about cow health have also become more critical
due to increasing concerns about animal welfare and consumer demands for healthy and
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natural products [2]. Genetic selection can be applied to quantitative traits, but it is chal-
lenging to link successful genetic selection to physiological traits [20]. The bovine genome
sequence will have an essential role that should not be underestimated in the future of
dairy cattle [20,120]. Completing the bovine genome sequence was the first step towards
modernizing our approach to dairy cattle genetics [20,121].

Figure 3. Scheme of the perspectives and future challenges for genomic, genotypic, and phenotypic
udder evaluation. Current and expected milestones should be considered for the improvement of
dairy cattle selection. miRNA: micro-RNA; siRNA: small interfering RNA; long non-coding RNA.

Nevertheless, finding functional genes is complex, and scanning billions of DNA base
pairs is expensive and time-consuming [20,122]. Moreover, the function of most genes
is unknown or incompletely understood [20]. However, combining all information in a
usable format, known as bioinformatics, opens new doors for the future selection of high-
production dairy cattle [20,122]. The critical information lies in the subtle changes in gene
expression and the cumulative effect that these changes may have [20]. Traditional genetic
selection methods in dairy cattle will complement genetic data in the near future [20,123].
The long-term prognosis for genome science is good, but progress will take time. Genetic
selection in the genome era will be different because DNA sequence analysis may replace
traditional methods for dairy genetic selection [7,13,20,124–127].

The study of microRNAs (miRNAs) remains a challenge. miRNAs are non-coding
RNAs that play an essential role in post-transcriptional regulation [128]. miRNA-148th is
highly expressed and plays a crucial role in epigenetic regulation by decreasing the expres-
sion of DNA methyltransferase 1 [103]. Another important miRNA in milk is miRNA-125b,
which regulates p53 [128]. Therefore, milk-derived miRNAs could be considered potential
biomarkers for different mammary gland traits because changes in immunoregulatory miR-
NAs have been observed in quarters with chronic subclinical mastitis, with bta-miR-223-3p
being the most upregulated miRNA [129]. Furthermore, recent advances report an essential
role of exosomal miRNAs in cell signaling pathways regulating mammary gland immune

17



Animals 2023, 13, 1588

response in ruminants [130]. In the immediate future, understanding miRNAs will enable
their application as genomic markers in dairy cattle as a screening tool for udder health.
For example, the miR-200 family of miRNAs plays an essential role in inhibiting the growth
and progression of future mammary tumors. Thus, the miR-200 family could also offer
a preventive strategy. In addition, increased miR-200 expression in late gestation and
early lactation could be a determinant for the development of mammary gland alveoli or
the regulation of milk production [131]. The regulatory role of miRNAs in response to
most mastitis-causing pathogens is not yet well understood. However, discovering the
function of miRNAs and their post-transcriptional regulation would aid in understanding
the response of the bovine mammary gland to pathogens and improve lactation efficiency,
milk quality, and longevity [132,133].

Besides genomic selection through genetic markers to predict an animal’s breeding
value for udder health and milk productivity, other emerging technologies include auto-
mated milking systems [69], which allow for the real-time data collection on milk yield
and udder health. Additionally, new imaging technologies, such as ultrasound [134] and
thermography [135], can be used to assess udder health and identify potential issues early
on. Machine learning methods, such as neural networks and decision trees, have shown
promising results in predicting udder health status based on somatic cell counts. These
methods can help identify cows at risk of mastitis and enable earlier interventions. Artificial
intelligence, including deep learning algorithms, will likely be explored in the context of
udder health prediction [67]. As data collection and analysis technologies continue to
improve, it is likely that machine learning and artificial intelligence will play an increas-
ingly important role in predicting and managing udder health in dairy cattle. In the near
future, it is likely that these technologies will continue to advance and become more widely
used in the dairy industry, potentially leading to more accurate and efficient selection for
udder-related traits.

7. Conclusions

Implementing genomic, genotypic, and phenotypic udder evaluation criteria for dairy
cattle selection provides solid predictions for improving udder health, milk productivity,
and longevity characteristics, thus generating more sustainable genetic lines. The estimation
criteria of the different udder-derived traits regarding functionality and conformation
should be considered as a whole. Furthermore, the association of both genomic and
phenotypic traits significantly improves the accuracy of the prediction values. Thus, udder-
derived estimation criteria should be based on different genomic and phenotypic databases
to make predictions more reliable. Selection criteria based on genomic and phenotypic
udder-derived traits provide a better understanding of the cattle’s health, milk yield and
quality, welfare, and herd life. This insight becomes highly relevant as estimation criteria
derived from genomic and phenotypic data repositories regarding udder-derived traits
point the way for selecting future herds and accelerating the process of genetic improvement
in dairy cattle.
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Simple Summary: The size of the reference population is critical to the accuracy of genomic pre-
diction. In addition, joining the reference populations from different breeding organizations is a
convenient and effective method by which to enlarge reference populations. By adding the Nordic
Holstein reference population to the Chinese Holstein reference population, we found that the ac-
curacy of genomic prediction in the Chinese Holstein population was improved substantially for
the traits with high or moderate genetic correlation between the two populations; however, the
low-genetic-correlation traits did not improve. These findings are important for the purposes of
multi-country joint genomic evaluation.

Abstract: The size of the reference population is critical in order to improve the accuracy of genomic
prediction. Indeed, improving genomic prediction accuracy by combining multinational reference
populations has proven to be effective. In this study, we investigated the improvement of genomic
prediction accuracy in seven complex traits (i.e., milk yield; fat yield; protein yield; somatic cell count;
body conformation; feet and legs; and mammary system conformation) by combining the Chinese and
Nordic Holstein reference populations. The estimated genetic correlations between the Chinese and
Nordic Holstein populations are high with respect to protein yield, fat yield, and milk yield—whereby
these correlations range from 0.621 to 0.720—and are moderate with respect to somatic cell count
(0.449), but low for the three conformation traits (which range from 0.144 to 0.236). When utilizing the
joint reference data and a two-trait GBLUP model, the genomic prediction accuracy in the Chinese
Holsteins improves considerably with respect to the traits with moderate-to-high genetic correlations,
whereas the improvement in Nordic Holsteins is small. When compared with the single population
analysis, using the joint reference population for genomic prediction in younger animals, results in a
2.3 to 8.1 percent improvement in accuracy. Meanwhile, 10 replications of five-fold cross-validation
were also implemented in order to evaluate the performance of joint genomic prediction, thereby
resulting in a 1.6 to 5.2 percent increase in accuracy. With respect to joint genomic prediction, the bias
was found to be quite low. However, for traits with low genetic correlations, the joint reference data
do not improve the prediction accuracy substantially for either population.

Keywords: genomic prediction; joint reference population; genotype by environment interaction;
multi-trait GBLUP
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1. Introduction

Genomic selection (GS) [1] is a new landmark method of genetic evaluation that
follows the BLUP method [2]. It has already become a tool for routine genetic evaluation
in regard to dairy cattle breeding. The principle of GS is that at least one genetic marker
in the whole genome is in linkage disequilibrium with the quantitative trait loci of the
trait of interest [1]. These genetic markers are used to estimate the effect of each QTL
and then calculate the genomic estimated breeding value for the target trait. In addition,
genetic markers can capture the relationship of individuals who cannot be traced to a
common ancestor in the pedigree. When compared with the traditional BLUP method,
genomic selection substantially improves the prediction accuracy in selection candidates
and shortens the generation interval [3,4]. In the United States, seven years after the
introduction of genomic selection in dairy cattle, the annual rates of genetic gain increased
from 50% to 100% for yield traits, and from three-fold to four-fold for lowly heritable
traits—including female fertility, herd life, and somatic cell count [5].

The reference population size is one of the most important factors for the purposes of
improving genomic prediction accuracy [6,7]. A cost-effective approach is to use genotype
imputation as a strategy in order to reduce cost or to increase/maintain the prediction
accuracy for selection candidates and to render genomic selection economically feasible.
Another cost-effective approach to increase the reference population size is to combine with
other reference populations. Furthermore, it has been reported that combining multiple
reference populations can increase genomic prediction accuracy [8–10]. Indeed, with the
help of frozen semen technology, the genetic material of Holstein dairy cattle has been
delivered globally. As such, this fact has provided a genetic basis for the joint genomic
evaluation of dairy cattle.

When combining multiple populations in order to enlarge the reference population, the
consistency of linkage disequilibrium (LD) among the populations requires consideration. If
high LD consistency exists among the respective populations, then combining the different
populations is expected to improve the genomic prediction accuracy considerably. With
respect to this, the EuroGeomics Consortium [9] and the North American Consortium [11]
combined multiple, genetically related populations into a large reference population,
thereby resulting in a significant improvement with respect to genomic prediction accuracy.
In addition, the combination of the Holstein populations from different countries for the
purposes of cross-country joint assessment resulted in good outcomes for the countries who
possessed relatively small reference populations. For instance, Zhou et al. combined both
Chinese and Nordic Holstein populations, which possessed highly consistent LD (0.97), as
a joint reference population. As such, they found a substantial improvement in the genomic
prediction accuracy of milk production traits in Chinese populations [12]. In addition,
Li et al. found that prediction reliabilities for the Brazilian Holstein population could be
greatly increased by including the data of Nordic and French Holstein populations [8].
Meanwhile, certain studies have, instead, shown that multi-population or multi-breed
genomic selection, via the combination of distantly related populations, could not improve
prediction accuracy and even, in certain circumstances, reduced it [13–15].

Genotype-by-environment interaction (G × E) is also a key factor that influences
the accuracy of multi-population genomic selection. This is due to the fact that many
economically important traits are influenced by a combination of genetics, environment,
and G × E. Moreover, different climates, housing conditions, nutritional levels, disease
pressure, and feeding densities may also cause G × E. Furthermore, when phenotypes
of different reference populations are measured in different environments, ignoring the
influence of G × E decreases the gain in genomic prediction accuracy when combining
reference populations. As such, the biases may increase [16] due to the fact that the LD
differences can lead to an increased bias in the estimation of SNP effects.

It must be noted that genomic selection has been carried out in Chinese Holstein
breeding since 2012. While the reference population mainly comprised cows [17], the
number of progeny-tested bulls in the reference population has been increasing in recent
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years. It is well-known that in a cattle population, a breeding bull possesses a large
number of daughters; thus, the phenotypic information of a bull is of greater importance
than that of a cow. The Chinese Holsteins were originally imported from Europe and
North America, whereby frozen semen and embryos were imported from abroad in recent
decades. Zhou et al. reported very high LD concordance with respect to the adjacent
markers between the Chinese and Nordic Holstein populations, as based on 54 K marker
data and with a correlation of 0.97 [12]. Therefore, after including the bull reference
population of the Nordic Holstein, which consisted of progeny-tested bulls, the genomic
prediction accuracy for the Chinese population is expected to improve considerably.

The objective of this study, therefore, was to investigate the improvement of genomic
prediction in the Chinese Holstein population, with a joint reference population that
consists of Chinese and Nordic Holsteins. We also tested the genomic prediction accuracy
using cross-population prediction, i.e., the Chinese Holstein reference population was used
for the prediction of Nordic Holsteins, and the Nordic Holstein reference population was
used for prediction of Chinese Holsteins.

2. Materials and Methods
2.1. Phenotypes

The dataset utilized in this study was derived from 9206 Chinese Holsteins with
genotypes born between 1984 and 2018 and 7084 Holsteins with genotypes born between
1977 and 2012 in certain Nordic countries (including Denmark, Finland, and Sweden).
The Chinese Holstein population comprises 5333 bulls and 3873 cows, while the Nordic
Holstein population consists of all bulls. Seven traits—milk yield (MY), fat yield (FY),
protein yield (PY), somatic cell score (SCS) (with respect to the Chinese Holsteins) or
somatic cell count (SCC) (regarding the Nordic Holsteins), body conformation (CONF),
feet and legs (FL), and mammary system conformation (MS)—were analyzed. In the
Chinese population, 6000 individuals with records were available for MY, FY, and PY, as
well as 7000 individuals that possessed records for the other traits. In regard to the Nordic
population, the number of individuals with phenotypes for MY, FY, and PY was the same as
in the Chinese population. However, the 6495 Holsteins did possess phenotypes for CONF,
FL, and MS, and 6347 Holsteins possessed phenotypes for SCC. In the two populations, the
numbers of individuals for the three milk-production traits were equal. In addition, the
numbers of individuals for the three types of traits were also the same. The de-regressed
proof (DRP) was a standardized DRP with respect to the Nordic population, but the original
DRP was revealed as a deviation from the base population in the Chinese population. The
summary statistics of the DRP for each trait are listed in Table 1. Among them, in regard
to the Nordic Holstein population, the averaged reliabilities of the DRP for both milk-
production traits and the SCC were found to be higher than or equal to 0.914; further, the
reliabilities of the DRP on type traits ranged from 0.710 to 0.844. In addition, the averaged
reliability of the DRP in the Chinese Holstein population was found to be lower. Moreover,
the milk-production traits and SCS possessed a reliability of 0.502 to 0.660 on average, and
the reliabilities of DRP on all type traits ranged from 0.401 to 0.409.
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Table 1. Descriptive statistics of DRP a regarding the Chinese and Nordic Holstein populations.

Milk
Yield
(kg)

Fat Yield
(kg)

Protein
Yield
(kg)

Body
Conformation

Feet and
Legs

Mammary
System

Conformation

Somatic
Cell Score
(103/mL)

Number of
Records

Nordic 6000 6000 6000 6495 6495 6495 6347
Chinese 6000 6000 6000 7000 7000 7000 7000

Cut-off
date b

Nordic December 2006 January 2017 April 2007
Chinese July 2013 September 2013 June 2013

DRP
reliability

Nordic 0.945 0.945 0.945 0.844 0.710 0.803 0.914

Chinese 0.656 0.660 0.658 0.401 0.409 0.403 0.502

Max
Nordic 132.8 130.3 146.8 159.2 201.4 160.3 150.4
Chinese 4907.8 192.5 130.0 51.5 48.5 48.4 389.5

Min
Nordic 45.0 36.7 7.7 56.8 −60.0 −7.3 51.1
Chinese −5390.9 −185.9 −182.0 −43.8 −37.2 −59.4 215.3

Mean
Nordic 93.6 93.4 90.7 100.0 94.8 91.1 94.7
Chinese 261.3 3.6 7.7 −1.8 −1.3 −1.5 300.1

S.D
Nordic 12.7 12.3 13.8 12.4 15.4 14.9 11.7
Chinese 1237.1 47.0 39.5 10.1 9.7 10.9 18.7
a The DRP is the standardized DRP in the Nordic population, but the original DRP is understood as the deviation
from the base population with respect to the Chinese population. b Cut-off date in order to divide the whole data
into reference and validation sets.

2.2. Genotypes and Quality Control

All the individuals in both populations were genotyped with Illumina BovineSNP50
BeadChip (Illumina Inc., San Diego, CA, USA). For each population, the SNPs with a
minor allele frequency (MAF) of less than 0.01 were deleted. Further, SNPs with a call
rate of less than 0.90 were removed. After genotype quality control was conducted, the
individuals with a call rate of less than 0.90 were excluded.. For the remaining individuals,
the SNPs with missing genotypes were imputed via using Beagle 3.31 software [18]. The
SNPs with an imputation accuracy (R square) less than 0.95 were also removed. As such,
after genotype quality control was performed, a total of 43,613 autosomal SNPs, but no
animals with a call rate of less than 0.90.

2.3. Phenotypes and Quality Control

We analyzed the following three scenarios:
(1) A single-trait GBLUP model was used in order to predict direct genomic breeding

values (DGV) while using thereference data of the same population;
(2) A single-trait GBLUP model was used to predict the DGV while using the reference

data of a population in order to predict another population (i.e., using the Nordic reference
population in order to predict the Chinese validation population);

(3) A two-trait GBLUP model was used for the purposes of genomic prediction while
using the joint Chinese–Nordic population, in which the same trait in the different popula-
tions was treated as different, but as genetically correlated traits.

The variance components and DGV were estimated using DMU [19]. Furthermore,
the algorithm used to estimate variance components was determined by the average
information that restricted the maximum likelihood (REML) [20,21].

2.3.1. Single-Trait GBLUP

The single-trait GBLUP model was defined as

y = 1µ + Zg + e
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where y is the vector of n pseudo-phenotypes (i.e., the de-regressed proof (DRP)); 1 is
a vector of 1 s; µ is the overall mean; g is the vector of additive genetic values with
respect to the individuals with a genotype; Z is the design matrix linking the phenotype
to the genetic values; and e is the vector of the random residuals. The assumptions of the
random effects are: g ∼ N

(
0, Gσ2

g

)
and e ∼ N

(
0, Dσ2

e
)
. Furthermore, σ2

g and σ2
e are the

addictive genetic variance and residual variance, respectively. In addition, G represents the
genomic relationship matrix, which was calculated with method 1, as was described by
VanRaden [22]. Lastly, D is the diagonal matrix of the weights for the residuals [23], where

the diagonal elements were calculated as dii =
1−r2

i
r2
i

, and r2
i is the reliability of the DRP

with respect to the individual i.

2.3.2. Two-Trait GBLUP

Two-trait GBLUP model is:
[

y1
y2

]
=

[
1n1 0
0 1n2

][
µ1
µ2

]
+

[
Z1 0
0 Z2

][
g1
g2

]
+

[
e1
e2

]

where y1 and y2 are the vectors of DRP for trait 1 and trait 2, thus, corresponding to the
pseudo observations in the Chinese Holstein and Nordic Holstein populations, respectively.
Furthermore, µ1 and µ2 are the overall means of the two traits, and g1 and g2 are the
vectors of the additive genetic values of the two traits. Moreover, it was assumed that[

g1
g2

]
∼ N(0, G0 ⊗ G), whereby G0 is the genetic variance and the covariance matrix for

the two traits G0 =

[
σ2

g1
σg1g2

σg1g2 σ2
g2

]
. Then, G is the genomic relationship matrix of all

genotyped animals, and σ2
g1

and σ2
g2

are the additive genetic variance with respect to the
two populations. Further, σg1g2 is the genetic variance-covariance matrix between the two
populations. Next, e1 and e2 are the vectors of the random residuals of the two populations,
which were assumed to be independent of each other with respect to e1 ∼ N

(
0, D1σ2

e
)

and
e2 ∼ N

(
0, D2σ2

e
)
. The construction of G, D1, and D2 were the same as G and D, which

were described in the above single-trait GBLUP model.

2.3.3. Genomic Prediction Accuracy

The genomic prediction accuracy and prediction unbiasedness were obtained through
two ways. The first was in terms of predicting the younger individuals that were using the
older animals. All the individuals from the Chinese and Nordic Holstein populations were
divided into reference and validation population sets, with a ratio around 4:1 in population
size and according to the cut-off date as shown in Table 1. The 1/5 younger individuals were
also used as the validation population, thereby called the Chinese validation population
and the Nordic validation population. The remaining 4/5 individuals of each population
were used as the reference population, thus, called the Chinese reference population and
the Nordic reference population, respectively. Alternatively, a five-fold cross-validation was
also implemented. The prediction accuracy and prediction unbiasedness were obtained
through five-fold cross-validation. For each trait, the individuals in both populations were
randomly split into five groups, in which the numbers of individuals from the Chinese
population and the Nordic population were nearly the same among the five groups. In each
round of cross-validation, one group was taken as the validation population, the other four
groups were used as the reference population. Similarly, either with respect to the Chinese
population or the Nordic population, the five-fold cross-validation of a single population
was carried out via using their own five groups. Furthermore, the five-fold cross-validation
was replicated a total of 10 times.
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The prediction accuracy of the GBLUP was calculated as

acc = cor(DRP,DGV)
r ,

where cor(DRP, DGV) is the correlation between the DRP and the DGV for the animals
in the validation population. In addition, r is the averaged accuracy of the DRP in the
validation population.

Next, the prediction unbiasedness of GBLUP was calculated as:

b =
cov(DRP, DGV)

var(DGV)
(1)

where cov(DRP,DGV) is the covariance between the DRP and the DGV for the animals
in the validation population. Further, the var (DGV) is the variance of the DGV in the
validation population.

3. Results
3.1. Genetic Correlation of Traits in Two Holstein Populations

Table 2 shows the genetic correlations between the Chinese and Nordic Holstein
populations, which were estimated with a two-trait GBLUP model. Regarding the three
milk-production traits (i.e., MY, FY, and PY), the genetic correlations are high and range
between 0.621 to 0.720. Moreover, the SCS possess a genetic correlation of 0.449. Regarding
the type traits (i.e., CONF, FL, and MS), the genetic correlations from the Chinese and
Nordic Holstein populations are low (i.e., less than or equal to 0.236). Moreover, the genetic
correlation between the same trait in the two populations indicates that G×E exists [24].

Table 2. Genetic correlation of traits between Chinese and Nordic Holstein populations.

Traits
Variance

Covariance CorrelationChinese Nordic

Milk yield 470,936.770 102.627 5005.297 0.720
(0.030)

Fat yield 634.546 175.126 94.554 0.715
(0.031)

Protein yield 422.192 124.551 95.1678 0.621
(0.035)

Body conformation 29.540 12.190 102.790 0.221
(0.043)

Feet and legs 40.368 9.601 109.742 0.144
(0.044)

Mammary system conformation 31.657 14.707 123.003 0.236
(0.044)

Somatic cell score 58.536 34.502 101.069 0.449
(0.046)

Regarding the individuals with milk-production trait records, the average genomic
relationships withinthe Chinese and Nordic Holstein populations are 0.030 (±0.043) and
0.033 (±0.038), respectively. The average genomic relationship between the two popula-
tions is 0.022 (±0.022), which is lower than the average genomic relationships within the
populations. With respect to the individuals with type trait records, the average genomic
relationships withinthe Chinese and Nordic Holstein populations are 0.029 (±0.039) and
0.033 (±0.037), respectively. In addition, the average genomic relationship between the
two populations is the same as that found in the milk-production traits. Regarding the
individuals with SCC/SCS records, the average genomic relationship of the Chinese and
Nordic Holstein populations is 0.029 (±0.041) and 0.033 (±0.037), respectively. However,
the average genomic relationship between the two populations is 0.022 (±0.021).
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3.2. Comparison between Single Population and Joint Population Prediction Accuracy

Table 3 shows the prediction accuracy and unbiasedness of the younger validation
individuals with respect to both the Chinese and Nordic Holstein populations, which was
achieved using the own- and joint-reference populations. In regard to the milk-production
traits (i.e., MY, FY, and PY) and the SCS in the Chinese Holstein population, the genomic
prediction accuracies using the single Chinese reference population (i.e., as per the single-
trait model) are 0.402, 0.429, 0.394, and 0.253, respectively. Indeed, the genomic prediction
accuracy via using the joint reference population (i.e., the two-trait model) reaches 0.464,
0.510, 0.433, and 0.276, respectively. Moreover, the joint reference population gains 2.3 to
8.1 percentage points over the single reference population with respect to the accuracy of
genomic selection for the Chinese Holstein population. However, in regard to the Nordic
Holstein population, the prediction accuracy is improved very little when compared with
the own reference population. Further, the MY trait gains the greatest improvement in
terms of prediction accuracy, albeit only from 0.683 to 0.703. With respect to the type traits,
the prediction accuracy, with a negligible change of −0.4 to 0.2 percentage points when
compared to their single own reference groups, is not improved in either of the Chinese
orNordic Holstein populations.

Table 3. Prediction accuracy and unbiasedness regarding the younger individuals with respect to
the seven traits in the Chinese and Nordic Holstein populations, as predicted by the single/joint
reference populations.

Reference Validation Milk
Yield

Fat
Yield

Protein
Yield

Body
Conformation

Feet and
Legs

Mammary
System

Conformation

Somatic
Cell

Score

Single
Nordic

Accuracy 0.683 0.681 0.654 0.752 0.589 0.703 0.682
Unbiasedness 0.823 0.807 0.722 0.993 0.898 0.974 0.987

Chinese
Accuracy 0.402 0.429 0.394 0.439 0.493 0.507 0.253

Unbiasedness 0.937 0.948 0.860 0.839 0.800 0.989 0.726

Joint
Nordic

Accuracy 0.703 0.696 0.665 0.753 0.591 0.704 0.687
Unbiasedness 0.842 0.815 0.731 1.002 0.89 0.973 0.983

Chinese
Accuracy 0.464 0.510 0.433 0.441 0.489 0.507 0.276

Unbiasedness 0.976 0.983 0.898 0.82 0.773 0.946 0.927

For the Chinese Holstein population, the unbiasedness of genomic prediction ofthe
milk-production traits and the SCS is significantly improved when using the joint refer-
ence population. In particular, the unbiasedness of genomic prediction regarding SCS
dramatically improves from 0.726 to 0.927. However, for the type traits, the joint reference
population leads to a bigger bias. For example, the the genomic prediction unbiasedness
of MS is 0.989 when using the single Chinese reference population, but decreases to 0.946
when using the joint reference population. However, the Nordic Holstein population does
not benefit from the joint reference population with respect to the prediction unbiasedness,
as is the case in regards to accuracy.

Table 4 further details the prediction accuracy and unbiasedness, from the single and
joint reference populations in the 10 replicates of the five-fold cross-validation, for both
the Chinese and Nordic Holstein populations. When compared with the single population,
the impact of the joint reference data regarding the genomic prediction from the cross-
validation is consistent with that of the younger validation individuals. Nonetheless, the
improvement in the prediction accuracy of the milk-production traits and the SCS for the
Chinese population is found to be lower, ranging from 1.6 to 5.2 percentage points, than
the prediction accuracy of the younger validation individuals. Indeed, the changes in unbi-
asedness for all traits are small, and the genomic prediction unbiasedness obtained from
the cross-validation is generally found to be better than that from the younger validation
individuals, which is closer to 1.0.
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Table 4. Prediction accuracy and unbiasedness regarding the seven traits in the Chinese and Nordic
Holstein populations, as predicted by the single/joint reference populations in the 10 replicates of
the five-fold cross-validation.

Reference Validation Milk
Yield Fat Yield Protein

Yield
Body

Conformation
Feet and

Legs

Mammary
System

Conformation

Somatic
Cell Score

Single

Nordic
Accuracy 0.860

(±0.007)
0.854

(±0.009)
0.897

(±0.007)
0.783

(±0.013)
0.707

(±0.024)
0.853

(±0.016)
0.763

(±0.015)

Unbiasedness 1.006
(±0.021)

1.004
(±0.018)

1.009
(±0.016)

0.989
(0.033)

1.002
(±0.046)

1.016
(±0.027)

0.982
(±0.030)

Chinese
Accuracy 0.502

(±0.024)
0.475

(±0.026)
0.507

(±0.024)
0.590

(±0.033)
0.680

(±0.035)
0.590

(±0.037)
0.413

(±0.031)

Unbiasedness 1.086
(±0.080)

1.072
(±0.079)

0.897
(±0.007)

0.943
(±0.069)

0.904
(±0.054)

0.989
(±0.085)

1.212
(±0.111)

Joint

Nordic
Accuracy 0.864

(±0.007)
0.860

(±0.023)
0.902

(±0.019)
0.783

(±0.013)
0.708

(±0.024)
0.853

(±0.016)
0.766

(±0.015)

Unbiasedness 1.006
(±0.022)

1.006
(±0.020)

1.010
(±0.019)

0.988
(±0.033)

1.002
(±0.046)

1.016
(±0.028)

0.982
(±0.030)

Chinese
Accuracy 0.547

(±0.026)
0.527

(±0.055)
0.536

(±0.023)
0.593

(±0.032)
0.680

(±0.034)
0.594

(±0.037)
0.429

(±0.033)

Unbiasedness 1.070
(±0.075)

1.058
(±0.023)

1.067
(±0.068)

0.943
(±0.066)

0.904
(±0.053)

0.987
(±0.084)

1.200
(±0.114)

3.3. The Genomic Prediction Accuracy of Cross Population

In addition, we analyzed the genomic prediction with respect to the cross population,
as demonstrated in Tables 5 and 6. Regarding the younger validation individuals, the
prediction accuracy from the cross population (e.g., when predicting with respect to the
Chinese Holstein population using the Nordic reference population) is found to be worse
than the prediction that was obtained using their own, respective, reference population.
More specifically, there is a large decrease in the prediction accuracy of the type traits. For
example, the prediction accuracies of FL, for the validation population of the Chinese and
Nordic Holsteins, are found to be 0.493 and 0.589 (Table 3) when compared with their own
reference populations, respectively. However, the prediction accuracies of the FL, when
estimated from the cross population, are only 0.088 and 0.212 (Table 5) for the Chinese
and Nordic Holstein populations, respectively. This, therefore, implies the importance
of the own reference population. Similar results are also found in regard to the other
traits, but the decrease in accuracy when using the foreign reference population varies. For
example, the decrease in genomic prediction accuracy for milk-production traits is found
to be relatively small. However, the prediction accuracy of the MY trait in the Chinese
validation population predicted by the Chinese reference population is 0.402, while the
accuracy of prediction when using the Nordic reference population is 0.354. Similarly,
as shown in Table 6, the performance of the cross population in regard to the prediction
accuracy obtained in the 10 replicates of five-fold cross-validation is found to be worse,
even when compared with the own or joint reference population.

Table 5. Accuracy of the younger individuals in the cross population prediction.

Reference Validation Milk
Yield

Fat
Yield

Protein
Yield

Body
Conformation

Feet and
Legs

Mammary
System

Conformation

Somatic
Cell Score

Chinese Nordic 0.302 0.280 0.258 0.101 0.088 0.028 0.132
Nordic Chinese 0.354 0.323 0.303 0.198 0.212 0.142 0.194
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Table 6. Accuracy of the cross-population prediction in the 10 replicates of the five-fold
cross-validation.

Reference Validation Milk
Yield

Fat
Yield

Protein
Yield

Body
Conformation

Feet and
Legs

Mammary
System

Conformation

Somatic
Cell Score

Chinese Nordic 0.378
(±0.030)

0.390
(±0.029)

0.364
(±0.025)

0.332
(±0.037)

0.068
(±0.035)

0.349
(±0.030)

0.142
(±0.033)

Nordic Chinese 0.444
(±0.021)

0.468
(±0.028)

0.500
(±0.023)

0.323
(±0.035)

0.122
(±0.040)

0.303
(±0.033)

0.216
(±0.036)

4. Discussion

In this study, we investigated whether enlarging the Holstein reference population,
by combining the Chinese and Nordic Holstein reference populations, could improve the
accuracy of genomic selection in the two Holstein populations. The results show that the
genomic prediction of the milk-production traits (i.e., MY, FY, and PY) and SCC in the
Chinese population is improved substantially using the joint reference population, albeit
this is not the case for the type traits. However, the Nordic Holstein population does not
gain much improvement in terms of the genomic prediction of all the traits. Although the
reference population size of the Chinese and Nordic Holstein is nearly equal (Table 1), the
Nordic reference population provides much more information. This is due to the fact that
the Nordic reference population consists of progeny-tested bulls that possess a higher DRP
reliability with respect to the concerned traits. Therefore, the joint reference population
is found to be more helpful regarding the Chinese Holstein population. Regarding the
aforementioned, Lund et al. also demonstrate that the benefit that is obtained from the
joint reference population is influenced by the DRP reliability of the foreign reference
population [9]. Moreover, in the joint genomic prediction of the Holstein and Jersey
populations (which was conducted in Lund et al.’s study), it was also indicated that the
Jersey population, which possessed a smaller reference population, gained more of an
improvement in terms of genomic prediction, while the Holstein population acquired only
a slight improvement due to its larger reference population [15].

On the other hand, the accuracies of the genomic selection for all traits in the Nordic
Holstein population are higher than in those in the Chinese Holstein population, when their
own reference population (i.e., the progeny-tested bulls) is used only to further demonstrate
the composition of the reference population, which is essential for the purposes of genomic
selection. Nevertheless, it is feasible to add cows with genotypic information in order to
enlarge the reference population for the purposes of improving the genomic prediction
accuracy when the number of bulls is insufficient [25]. Indeed, Ding et al. [17] investigated if
it is plausible to use cows as the Holstein reference population. When 3084 cows were used
as the reference population, the correlation between the genomic EBV and the conventional
EBV, regarding the validation population of the five milk-production traits, went as high as
from 0.594 to 0.760. Moreover, Mc Hugh et al. also showed that the genomic information
that is obtained from cows could improve the genomic prediction accuracy [26]. In addition,
cows can be genotyped using low-density chips and then imputed with high-density chips
in order to achieve a low-cost increase in the cow reference population size [27].

Indeed, the size of the reference population is a critical factor regarding genome
prediction [6,7]. Combining populations is a simple and practical cost-efficient strategy
in order to improve genomic prediction accuracy. Moreover, Li et al. found that adding
Nordic and French bull data in order to enlarge the Brazilian reference population could
improve the genomic prediction reliability of the three milk-production traits by 0.030 to
0.055 [8]. Similar results were obtained by adding 870 foreign Brown Swiss cows to the US
Brown Swiss reference group. Further, the genomic prediction accuracy was improved by
3.2%, on average, with a single-trait model, and by 4.6% with a two-trait model [28]. In our
study, only a two-trait model was used to estimate the genomic breeding values. This was
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decided upon due to the fact that the single-trait model could not be carried out due to the
different scales with respect to the DRP in the Chinese and Nordic populations. Moreover,
the two-trait model could also account for G × E regarding the two populations [29].
Meanwhile, our results also indicate that the joint reference population is helpful with
respect to improving the genomic prediction accuracy of the milk-production traits and the
SCS/SCC, while no such improvements are gained regarding the type traits. The reason for
this could be that the genetic correlations of the three type traits (i.e., CONF, FL, and MS) are
much lower than those of the milk-production traits and the SCS/SCC (Table 2). Indeed, the
high genetic correlations mean that the foreign population could provide more information
and increase the efficiency of using the joint reference population. This point was confirmed
in the study of dairy cattle in the EuroGenomics project that was reported by Lund et al. A
12–19% increase, in the project, with respect to the genomic prediction accuracy was gained
on udder depth, as this trait possessed the highest genetic correlation (0.98) among the
collaborating countries. In contrast, the genetic correlation for the SCS was relatively low
(0.88), thereby resulting in an increase in accuracy of 8–15% [9]. In our study, the genetic
correlations of the type traits between the Chinese and Nordic Holstein populations are
quite low (0.144–0.236), which may be due to the different trait definitions or measurement
methods for these type traits in the two populations. Consequently, combining the two
reference populations does not provide more information than using a single population.
Thus, no improvements in genomic prediction accuracy are obtained.

Although the Chinese Holstein cows mainly originated from Europe and North
America, the differences in climate, feeding environment, selection criterion, etc., between
China and the Nordic countries resulted in different performances with respect to the two
Holstein populations. This could be explained by the existence of G × E in these two
populations. Robertson proposed that a genetic correlation less than 0.80 between the same
trait in two different environments indicates the existence of G × E a [24]. According to this
proposal, all of the traits in this study showed G × E in the Chinese and Nordic populations,
e.g., milk-production traits possess a high genetic correlation (0.621–0.720), SCC/SCS are
moderately genetically correlated (0.449), and the type traits are lowly genetically correlated
(0.144–0.236). In the dairy cattle populations in the Eurogenomics project, the G × E could
be ignored in most traits, e.g., udder depth and SCC, as their genetic correlations were
greater than 0.8. Furthermore, these traits could, thus, be treated as one trait, i.e., a single-
trait model using the joint reference population could be a good approach [9]. However, in
the scenario with G × E, it is not reasonable to implement a single-trait model in terms of
genomic selection, particularly with respect to the traits with low genetic correlations. In
such situations, the single-trait model may generate large bias using a combined reference
population, while the two-trait model could be of better use due to its accounting for
G × E [30]. When treating the same trait of two populations as different traits, it enables
one to capture G × E as a covariance between the populations, which, in turn, allows one to
account for G × E in the model [31]. In addition, the two-trait model is more flexiblewhen
the scales used to measure phenotypes for the same trait are different in the different
populations. For example, the DRP is a standardized DRP in the Nordic population, but
the original DRP serves as a deviation from the base population in the Chinese population
in our study; as such, the single-trait model would, thus, be implausible.

The reliability of the DRP for each trait is found to be much higher in the Nordic
population than in the Chinese population. As such, we, therefore, analyzed whether
the Nordic reference population could yield a higher genomic prediction accuracy for the
Chinese Holstein population than the Chinese reference population could. The results of the
cross-population prediction (Table 5) show that the accuracies are worse when compared
with using the own reference population. Likewise, the Chinese reference population does
not yield a reasonable prediction accuracy with respect to the Nordic population. However,
it is consistent with the report by Ma et al. regarding the prediction of the Chinese Holstein
population when using French and USA reference populations [32]. Our results suggest
that the foreign reference population, in general, cannot lead to the higher accuracy of
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prediction that is found in the Chinese reference population. Having said this, however, the
LD is found to be similar between the two cattle populations [12], while a joint reference
population including the foreign reference population to the Chinese reference populations
is found to be helpful.

The genomic Chinese performance index (GCPI) that is currently used in the genomic
breeding of the Chinese Holstein cows consists of the seven traits that are investigated in
this study. The improvement in the prediction accuracy, regarding the production traits and
the SCS traits, is achieved by combining the Nordic population with the Chinese population,
which is, thus, found to be helpful for the purposes of Chinese Holstein breeding. Moreover,
the longevity traits, reproductive traits, feed conversion traits, etc., will also be gradually
added to the GCPI. The information regarding the reference population from the Nordic
countries and other countries/organizations would be also helpful in order to improve the
genomic prediction efficiency, as indicated in this study. Therefore, it is necessary to carry
out this joint genomic selection for China and for other countries.

5. Conclusions

Genomic prediction when using a foreign reference population may not obtain high
accuracy. However, the joint reference population can improve the prediction accuracy and
prediction unbiasedness. In particular, this is true for the traits that possess moderate-to-
high genetic correlations between the populations. As for traits that possess low genetic
correlations between the populations, a joint reference population may not improve the
prediction accuracy and prediction unbiasedness. However, the difference in prediction
accuracy when using own, foreign, and joint reference populations is also dependent on
the composition of the reference populations.
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Simple Summary: Fertility is one of the most important traits for productivity in extensive beef
production systems, since it has a major effect on the number of calves born and, as a result, the
quantity of weaned calves produced per year. However, it is difficult to improve this trait under
extensive conditions, mainly due to the lack of reliable and easy-to-obtain selection criteria. In this
study, fertility was analyzed using reproductive efficiency, which was calculated as the deviation
between the optimal and real parity number of females at each age. We demonstrated a high h2

value (0.30) using a classic repeatability model and a random regression model (ranging from 0.24 to
0.51), which suggests that the latter model can be recommended to improve fertility in beef breeds
raised under extensive environmental conditions such as the Retinta. In addition, we performed the
first GWAS analysis looking for SNP genetic markers associated with this character in cattle, which
showed five markers significantly associated with the trait located on BTA4 and BTA28. Finally, the
functional analysis revealed the presence of five candidate genes located within these regions, which
were previously shown to be related to fertility in cattle and mice models.

Abstract: In this study, we analyzed the variation of reproductive efficiency, estimated as the deviation
between the optimal and real parity number of females at each stage of the cow’s life, in 12,554 cows
belonging to the Retinta Spanish cattle breed, using classical repeatability and random regression
models. The results of the analyses using repeatability model and the random regression model
suggest that reproductive efficiency is not homogeneous throughout the cow’s life. The h2 estimate
for this model was 0.30, while for the random regression model it increased across the parities,
from 0.24 at the first calving to 0.51 at calving number 9. Additionally, we performed a preliminary
genome-wide association study for this trait in a population of 252 Retinta cows genotyped using
the Axiom Bovine Genotyping v3 Array. The results showed 5 SNPs significantly associated with
reproductive efficiency, located in two genomic regions (BTA4 and BTA28). The functional analysis
revealed the presence of 5 candidate genes located within these regions, which were previously
involved in different aspects related to fertility in cattle and mice models. This new information could
give us a better understanding of the genetic architecture of reproductive traits in this species, as well
as allow us to accurately select more fertile cows.

Keywords: Retinta beef cattle; age at first calving; calving interval; reproductive efficiency; random
regression model; GWAS
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1. Introduction

The productivity of extensive beef production systems relies on the sum of several
traits. Of these, fertility is one of the most crucial, since it has a major effect on the number
of calves born and, therefore, the quantity of weaned calves produced per year [1]. This
has been demonstrated by several studies, which went so far as to quantify reproductive
traits as three times more important than production traits in semi-intensive cattle pro-
duction systems [2–5]. Despite the existence of a sizeable environmental effect, it was also
demonstrated that there is a considerable genetic component affecting fertility in cows, thus
enabling us to select more fertile individuals in order to increase the reproductive efficiency
of the whole system [6]. In this context, there is a general consensus that the ideal beef cow,
in terms of fertility, should be precocious (i.e., first calving at 24 months in Retinta) and
produce one calf per year [7,8]. Therefore, the possibility of selecting individuals that have
a genetic predisposition to meet such objectives could represent a key advantage from a
breeding point of view.

An increase in the calving interval is one of the most common causes of culling in
beef cattle [9]. However, this reproductive trait, closely associated with overall fertility, is
characterized by low heritability and slow genetic progress in cattle [10]. For this reason,
it is rarely included as a selection criterion in breeding programs of beef breeds raised
under extensive environmental conditions. Instead, breeding programs focus more on
increasing the live weight of the individuals, using growth traits such as weight and
average daily weight gain, which correlate negatively with fertility [11]. However, the
inclusion of reproductive traits, either individually or in combination through indexes, has
been considered in certain breeds, although it is not yet a very widespread practice [12].
Cammack, et al. [10] summarized average values and heritabilities in thirteen different
reproduction traits in beef cattle raised under extensive systems reported over 25 years,
showing that most of them focused on the effects of the bull and precocity. However, few
studies have looked into the individual fertility of cows, most likely due to the difficulty in
obtaining a large and reliable dataset in extensive or grazing production systems.

During the last few years, the use of an indirect fertility criterion, including precoc-
ity and the calving interval, which can be estimated indirectly based on reproductive
records, has been demonstrated as an interesting option for selecting more fertile females
in extensively-bred livestock species [13,14]. This parameter, called reproductive efficiency
(Re), is estimated as the percentage deviation of the number of calvings that a cow has at
each age, from the number of calvings that this cow could have had in optimal conditions.
In the Retinta breed, the optimum age at first calving was considered two years and one
year for the optimal calving interval [15]. It has demonstrated increased heritability and re-
liability in comparison with other reproductive traits in beef cattle, such as calving interval
or age at first calving [16]. However, to our knowledge, it has only been analyzed in a few
studies in cattle [17,18]. In addition, reproductive traits have mostly been evaluated from
a genetic point of view, using repeatability models. This methodology assumes that the
Re values at the different calvings are manifestations of the same trait, and therefore the
(co)variance across the trajectory of the parities of the cow is constant. Despite the fact that
this methodology is widely used, Wilson and Réale [19] concluded that this assumption
is not correct since the genetic parameters for this kind of effect vary at different ages.
However, there is still a shortage of reports evaluating the changes in such parameters over
the lifetime of the cows.

In recent years, the genomic revolution has allowed us to identify single nucleotide
polymorphisms (SNPs) associated with phenotypic traits, leading to a better understanding
of complex traits. One of the most powerful tools for analyzing such associations is the
genome-wide association study (GWAS). In beef, a large number of GWAS analyses have
been reported for different traits such as longitudinal, carcass, fatty acid profiles, meat
tenderness and quality, and growth traits [20–26]. However, GWAS studies on reproductive
traits in beef cows are still scarce [27–30].
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Retinta is an autochthonous breed with unique adaptive characteristics linked to an
extensive regime in the Dehesa ecosystem. Nowadays, it is widely bred in the south of
Spain, due to its excellent adaptation to the harsh environment characterized by marginal
pasturelands and the hot, dry climate [31]. In 2018, the breed reported more than 42,000
breeding cows, of which 16,850 were enrolled in the Genealogical Book [32]. Of these,
25% were raised as purebreds, with the rest used in crossbreeding as a maternal line with
other continental breeds, such as Charolais and Limousin, with the aim of increasing prof-
itability by using crossbred individuals [33]. For over 40 years now, the Retinta breeders’
association has not only gathered pedigree records but also a large phenotypic and environ-
mental dataset, including birth and culling records from all the individuals enrolled in the
breed [15]. For this reason, the Retinta breed is an interesting model by which to evaluate
quantitative traits accurately, including those related to fertility.

In this study, we aimed to determine the genetic influence on the fertility of Retinta
breeding cows by measuring the variance component patterns of reproductive efficiency
across the calvings in the Retinta beef breed using random regression models (RRM).
Additionally, we performed a preliminary genome-wide association study for reproduc-
tive efficiency traits to identify genetic variants, genomic regions, and candidate genes
associated with fertility.

2. Material and Methods
2.1. Animal Dataset

In this study, we analyzed 63,421 calving records collected by the National Retinta
Breeders’ Association. The dataset comprises information on 13,888 cows (from 1356 sires
and 9154 dams, of which 5968 are in the data vector), which produced offspring with 3922
different sires. The pedigree was extended to include all the available information in the
breed database, with a total of 20,178 animals. The inbreeding coefficients of the cow (Fc)
and the bull (Fs) were determined according to the methodology described by Meuwissen
and Luo [34] using the optiSel package [35] from the R statistical environment [36] and
clustered into 15 classes of 2 percent intervals each. In addition, we estimated the calving
number (Cn) and the herd-year-breeding season combination (HYS) in each observation
using self-made R-scripts together with the Tidyverse [37] and data.table [38] packages.
We estimated the fertility of the cows using the Re parameter, calculated as the deviation
between the optimal and real parity number of females at each age, as described by
Perdomo-Gonzalez, et al. [39]. After filtering and pruning incomplete and outlying data,
57,018 records from 12,554 cows were retained for the analysis.

2.2. Quantitative Genetic Analysis

Genetic analysis was performed using 2 animal models implemented in ASreml3 [40],
without including Fs since it was not significant (p > 0.05). First, we tested the classical
repeatability model (Rep), in which it is assumed that the Re effect and residual variance
are homogeneous across the Cn scale, as follows:

yijkl ≈ µ+ X1Cni + X2Fcj + Z1am + Z2pn + Z3HYSNk + eijkmn → Rep

where

y is the dependent variable Re.
µ is the average, Cn is the calving number (fixed effect), HYSN is the herd-year-season of
birth of the cow combination (random effect), and Fc is the inbreeding value of the cow
(fixed effect). X1, X2, Z1, Z2, and Z3 are incidence matrixes (0 or 1). e is the residual effect.

In addition, we tested a random regression methodology (RA), in which (co)variance
components for Re varied across the Cn, assuming the existence of 6 classes of residual
variance according to the calving number (eres = 1,2,3,4,5, and 6 or more), using the
following model:
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yijkl ≈ µ+
n

∑
r=0

Φrb1Cni +
n

∑
r=0

Φrb2Fcj + Z3HYSk +
n

∑
r=0

Φram:Cn + IPn + e:res → RA

where b1 and b2 are the fixed regression coefficients modeled by a Legendre polynome
(Φ) of order r = 2 representing the (co)variance variations for Re in Cn (9 classes) and Fc
(16 classes), respectively. Z3 is an incidence matrix (0 or 1).

In both models, am:Cn; pn and HYSk (herd-year-breeding season combination in each
observation) are random effect vectors for the animal and their ancestors; and the repetition
of records of the same trait in the animal and contemporary groups, respectively. Residual
effects were considered homogenous (eijkmn) in Rep, while they were estimated in 6 classes
(e:res) according to Cn in RA. In Rep, X1, X2, Z1, Z2, and Z3 are incidence matrixes (0 or 1)
connecting fixed and random effects, which were replaced (with the exception of Z3) by
Legendre polynomial coefficients (Φ) of r = n order to estimate the results in a longitudinal
way along the calving trajectory of the cows in RA. The parameters by RA model were
estimated using two different approaches with r = 1 and r = 2.

The variance components were estimated per model as follows:

Rep model
Var(y) = Aσ2

a + Ipσ
2
p + IHYSσ

2
HYS + Inσ

2
e

RA model

ar(y) = N[0, (σ2
y = [G0 = (A⊗Ka)] + Ipσ

2
p + IHYSσ

2
HYS + Inσ

2
e:res

In both cases, A is the additive genetic relationship matrix; I is the identity matrix
(number of cows) of the p order. In Rep, σ2

a, σ2
p, σ2

HYS, and σ2
e are the additive, permanent

environmental, HYS and residual variances, respectively. The genetic parameters and the
animal Expected Genetic Values (EGV) for Re were estimated through the direct solution
of the Rep model, assuming that they do not vary across Cn.

In the RA model, the same parameters were estimated along the Cn, using the Ka matrix

Ka = Φi



σ2

ao σaos σaoq

σaso σ2
as σasq

σaqo σaqs σ2
aq


Φ′i

containing the elements related to the intercept, the slope, and the quadratic term for the
additive genetic effects with variances σ2

ao , σ2
as y σ2

aq and their respective covariances σaso ;
σasq y σaoq ; and Ipσ

2
p + IHYSσ

2
HYS + Inσ

2
e represent the same indicators for the variances and

covariances.
(Co)variance components were estimated along the Cn trajectory following the method-

ology proposed by Jamrozik, et al. [41], using the formula σ2
ai
= ΦiKaΦ′i for both genetic

variances and covariances.
Heritability (h2) and repeatability (r) were estimated in Rep by the classical procedure

proposed by Falconer and MCKay [42], while h2 and genetic correlations (rg) were esti-
mated in each ith Cn point included in the respective Legendre polynomials (Φi) in the RA
model as follows:

h2
i =

ΦiKaΦ′i
ΦiKaΦ′i + Ipσ2

p + IHYSσ
2
HYS + Inσ2

e:res
y rgij

=
ΦiKaΦ′j√

ΦiKaΦ′i∗ΦjKaΦ′j

In addition, the RA model allows us to determine the EGV per individual (am) on all
the ith points of the Cn trajectory as follows:

EGVi
m = Φia′m
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where Φi are the polynomial coefficients of the i point across the Cn trajectory, and am =
[ao as aq ] is the animal genetic function estimated by the model described above.

Finally, the Re genetic values obtained using RA in each of the 9 calvings were
summarized in a subjacent index (Ipc) estimated using a PCA analysis, according to
the procedure described by Menendez-Buxadera, et al. [43].

In the second step, we arrived at a new EGV value based on the PCA results (IpcT) by
applying the methodology described by Togashi and Lin [44], as follows:

Ipc1 =
9

∑
i=1

PC1evi ∗ EGVi

Ipc2 =
9

∑
i=1

PC2evi ∗ EGVi

IpcT = Ipc1 + Ipc2

where EGVi are the genetic values of the ith calving, expressed as standardized values, and
PC1evi and PC2evi are the estimations of the PC1 and PC2 for the ith calving, respectively.

2.3. DNA Samples and Genotyping of Samples

In total, 252 Retinta cows were selected for genotyping by their EGV index based
on the PCA results (IpcT), applying the methodology described by Togashi and Lin [44]
(described in the Quantitative Genetic Analysis section). Of these, 40 cows had a negative
IpcT, and 212 cows had an IpcT in the upper quartile. Genomic DNA was isolated from
blood samples using a DNeasy Blood & Tissue Extraction Kit (Qiagen, Hilden, Germany).
The cows were genotyped using the Axiom Bovine Genotyping v3 Array, which includes
63,000 markers uniformly distributed across the genome. The raw genotype data were
processed following the “Best Practices Workflow” procedure in the Axiom Analysis Suite
package v5.0 and were filtered using PLINK v1.9 software [45]. SNP markers with a call-
rate ≤ 0.95 and with a minor allele frequency (MAF) < 0.05 were excluded. In the final step,
the dataset was pruned by linkage disequilibrium in PLINK using the –indep-pairwise 50 5
0.5 command. The final genomic dataset included 29,037 SNPs from the autosomal and
X chromosomes.

2.4. Genome-Wide Association Study (GWAS)

GWAS analysis was performed using GEMMA software [46], employing the following
univariate linear mixed model:

y = Wα + Xβ +µ + �

where y is an n-vector with pseudo-phenotypes (IpcT index); W is an incidence matrix
of covariates (fixed effects) including a column of 1s; α is a vector of the corresponding
coefficients including the intercept; X is an n-vector of marker genotypes; β is the effect
size of the marker; µ is an n-vector of random effects µ ~ N(0, λτ −1 K), where τ−1 is the
variance of the residual errors; λ is the ratio between two variance components; K is the
genomic relationship matrix (estimated from the markers); and � is the n-vector of errors.
In addition, the model included a correction for population stratification based on the first
10 components of a principal component analysis performed in PLINK v.1.9 as covariates.
The statistical significance of the SNP effect was calculated using the Wald test statistic,
which determined a p-value for each SNP.

2.5. Functional Analysis

Potential candidate genes associated within ± 500 Kb of the significant SNPs were
annotated using the Ensembl BioMart database with the last available cow reference
genome (ARS-UCD1.2. https://www.ensembl.org/Bos_taurus/Info/Index (accessed on
28 September 2022). Finally, the function of these genes and their putative relationship
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with fertility processes was established by performing an extensive review of the available
literature in public databases, as well as in the DAVID V6.8 and Uniprot online resources.

3. Results and Discussion

Fertility is one of the key factors in any extensive livestock production system. How-
ever, at the same time, it is one of the most neglected from a genetic point of view, since
it is difficult to study models in such production conditions. For this reason, the use of
indirect traits obtained from pedigree records is becoming an interesting alternative to
evaluating fertility at the population level since it allows us to obtain large phenotypic
datasets, which are crucial for making reliable estimations [13,47]. Using such an approach,
we were able to determine the genetic and environmental effects in a large cohort of beef
cows bred in extensive conditions. To our knowledge, no previous studies have employed
this methodology in cattle.

Re is a novel trait that estimates the deviation between the optimal and real parity
number of females at each age of the cows (considering precocity and calving interval)
throughout their entire productive lives. Our results showed a wide variability in average
Re (across calving) among Retinta cows (Table 1).

Table 1. Descriptive statistics for input data.

Parameter Mean Minimum Maximum Coef.Var.

Reproductive efficiency (%) 72.05 ± 17.33 33 100 24.05
Inbreeding coefficient of the cow (Fc) 0.06 ± 0.08 0 0.46 136.00
Inbreeding coefficient of the bull (Fs) 0.08 ± 0.07 0 0.45 90.93
1st calving age (months) 33.99 ± 6.18 20 48 18.18

Furthermore, Re increased in value almost linearly with the calving number (Figure 1).
This positive correlation (0.97) agrees with the results obtained by Mercadante, et al. [48],
and Swanepoel and Hoogenboezem [49], who concluded that the cows that remain longer
in the herd present better reproductive behavior during their productive lives. In this
context, Balieiro, et al. [50] demonstrated that the most fertile cows that do not “miss” any
breeding seasons are the ones most likely to be allowed to remain in the herd in extensively-
raised beef breeds. Interestingly, those “regular and reliable” individuals show high values
of Re, demonstrating the validity of this trait as an indirect estimator of fertility.
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The same analysis revealed lower variability in the age of first calving (33.9 ± 6.18
months, on average), which can be associated with differences in precocity, as has been con-
vincingly proven in beef breeds [51,52]. This fact is particularly important since precocity
is negatively related to longevity, and cows starting their reproductive lives at later stages
are less likely to be culled for reproductive reasons [53]. Since precocity is not commonly
included in models of calving intervals in beef cattle, we hypothesize that Re may be an
interesting estimator of fertility in cows bred in extensive conditions, reducing a potential
cause of bias within the evaluations.

3.1. Modeling the Genetic Influence on Re Using a Repeatability Model

In this study, we employed two different approaches to estimate the genetic compo-
nent affecting Re: the classical Rep model and the RRM. The former is the most common
methodology employed, having been used for over 20 years [16]. However, the latter has
been increasingly employed during recent years since it allows us to estimate changes in
the variance components of Re (or any reproductive trait) across calvings and, therefore,
to select individuals with increased fertility values at any particular age [54]. However,
regardless of which model is employed, fertility traits in livestock bred in extensive condi-
tions must be analyzed using large reproductive datasets, such as the dataset used with Re
as the trait of interest.

The variance components obtained using the Rep model are shown in Table 2. Heri-
tability was particularly high (near 0.3) for a reproductive character in comparison with
previous reports on beef cows, which are closer to 0.1 (reviewed by Cammack, et al. [10]).
However, none of these employed Re as a fertility estimator for the cows. Likewise, similar
h2 values (near 0.25) were recently reported in goats and horses [13,47]. In addition, it
was also noticeable that the permanent environmental effect of the cow accounted for
nearly 35% of the total variance and the contemporary group (HYS) for only 9%. This
result for the permanent environmental effect is expected in any extensive system in which
environmental factors (such as metritis or retained placentas) with poor treatment can
permanently delay the cow’s fertility within the season [55]. Regarding HYS, the lower
value fits in with the homogeneity of the production conditions across herds and years in
the Spanish Dehesa in which the Retinta cows are bred [33].

Table 2. Variance components and parameter estimates for Reproductive efficiency.

Effect Variance Components % Relative Importance

Additive genetic effect 91.82 30.18
Permanent environmental effect 105.55 34.69

Herd-year-season effect 27.38 9.00
Residual effect 79.52 26.13

Total 304.27

Figure 2 shows the evolution of Re over the years under study, where a clear positive
trend in the breeding values can be seen over recent decades. This could be partly due to
selection against carriers of the Robertsonian translocation 1/29 (rob(1;29)). Despite the
incidence of carrier individuals in the whole population decresing during the last 30 years
from 15.73% in 1992 to 1.06% in 2020, an increase was observed in Re phenotypic values in
the same period. Although this increase in Re can be partially related to the decrease in the
translocation rate, it may also be explained partly by other effects, such as improvements
in animal management [15].
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3.2. Modeling Fertility across the Lifespan of the Cow

One of the drawbacks of the Rep model is the assumption of homogeneity of the variance
components of Re across calvings. This hypothesis can be problematic for traits with low-
moderate heritability, such as fertility-related traits. In contrast, RA models take into account
the possible h2 variations across the stage of production of the individual (the calving number
of the cow, in our case) [54]. In our study, both RA models showed better adjustments than
those obtained using the Rep model (lower logL, AIC, and BIC, Table 3), which supports the
hypothesis that Re behavior is not homogeneous for each calving of the cow. Among the RA
models, the second-order RA (RA2) showed the best adjustment to the data, suggesting that it
can produce the most unbiased estimation of the (co)variance components.

Table 3. Comparison among repeatability (REP) and random regression models (RA).

Model N of Parameters logL AIC BIC

REP 4 −183,253 366,514 366,550
RA r = 1 11 −173,721 347,464 347,563
RA r = 2 14 −169,279 338,587 338,714

In the RA model, heritabilities rose gradually with increased calving number, from
0.246 in the 1st calving to 0.583 in the 9th, mostly due to a slower pace of reduction observed
in genetic variance in comparison with phenotypic variance (Table 4). In this context, only
the estimated heritability at the first calving in RA was lower than the estimated value
using the Rep model. Therefore, the use of RA models allows us to give a better explanation
of the intrinsic variation of the trait, which is not possible using Re. However, the reduction
in the total variance observed for the later calvings can limit the selection possibilities of the
trait, despite the higher heritabilities observed. This can be seen clearly in Figure 3, which
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shows the range of Re variation per calving. The size of this variation is close to 40% for
the first calving but falls to 29% and 24% in the fourth and rest of the calvings, respectively,
which implies that a better response to the selection based on EGVs is expected in the first
calving. However, it is also worth mentioning that the correlated responses for the rest of
the calvings will be lower, due to the decreasing pattern observed in the genetic correlations
between the first and other calvings (Figure 4), despite the fact that all the correlations
estimated among the genetic values for different calvings were high (none were lower than
0.6, Figure 4), and even higher (>0.83) when three or more calvings were considered. For
this reason, our results suggest that the Re estimation for the third calving could be the best
trait for selecting cows for fertility since it combines precocity in the selection practices,
genetic variability, and reliability. In addition, it demonstrates that the order of merit for Re
will vary among calvings, and therefore, selective practices should take this into account.

Table 4. Genetic parameters for reproductive efficiency of the Retinta breed throughout the different
calvings were estimated by repeatability (REP) and random regression models (RA).

Random Regression Models of Second-Order

Calving Genetic Var Total Var h2

1 123.18 506.83 0.24
2 85.02 241.00 0.35
3 62.21 163.82 0.38
4 49.64 128.36 0.39
5 43.28 109.33 0.40
6 40.22 94.96 0.43
7 38.60 87.35 0.44
8 37.69 79.86 0.47
9 37.83 74.39 0.51

Repeatability model 91.82 304.27 0.30 ± 0.003
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Figure 4. Genetic correlations of breeding value for reproductive efficiency between calvings, esti-
mated by random regression genetic models.

Finally, the dataset employed in this study allows us to analyze the evolution of EGV
for Re during the last 3 decades, since the beginning of the improvement program (from
1992 to 2018, Figure 5), which showed a positive trend towards increased Re genetic values
in both sexes (7% on average). However, this value was higher in the EGV of the 1st and
3rd calving, which implies that breeding decisions based on fertility were made by breeders
at the early stages of the lives of these cows and bulls.
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3.3. Practical Implications of the RA Results

One of the problems of RA models is the vast amount of information produced in
each analysis. In our case, we estimated 9 EGVs for 38,058 individuals, making it difficult
to obtain reliable and clear conclusions. To cope with this situation, we performed a
multivariate principal component analysis (PCA) in which all the available information
was transformed into vectors (principal components, PC), which account for a certain %
of the (co)variances existing among the variables studied. In this procedure, originally
developed by Togashi and Lin [44], PCs are ordered by the percentage of the total variance
explained across all the response surfaces (all the calvings analyzed, in our case), in order
to summarize the information produced by the RA analysis in a simple and useful way.

Our analysis revealed that 99.7% of EGV (co)variance was explained by two major
λi (PC1 and PC2), which demonstrates that all the variability determined by the RA analysis
can be interpreted in a reliable way using this methodology (Table 5). In our case, all the
eigenvectors (EVs) in PC1 showed a very similar positive trend (close to 0.3), suggesting
that any variation observed will be linear across the calvings (size vector). In contrast,
PC2 (known as the vector of shape) showed positive values until the 4th calving, when it
became negative.

Table 5. Estimated eigenvalues (λi) and eigenvectors (evi) for the principal component analysis results
with the genetic values of reproductive efficiency for each calving, from a total of 38,058 animals.

Variable PC1 PC2

ev1 0.29 0.58
ev2 0.31 0.45
ev3 0.32 0.29
ev4 0.33 0.11
ev5 0.33 −0.07
ev6 0.32 −0.21
ev7 0.32 −0.30
ev8 0.32 −0.33
ev9 0.32 −0.23
λi 9.37 0.59

Variance % 93.6 6.1

Finally, the estimated IpcT (calculated as the combination of Ipc values for PC1 and
2) showed a much more accurate fit to the breeding value distribution observed in all the
population in comparison to that obtained by estimating the average EGV values for each
individual using the RA model (Figure 6). This value has an average of 0 ± 0.014 varying
from −6.812 to 9.70. However, IpcT also allows us to summarize in a single value all the
Re variability per individual across the calvings, thus allowing us to increase the accuracy
of the breeding decisions. The correlation between the breeding values for Rep and IpcT
shows a significant relationship of medium magnitude (0.45), which supports the use of
this index as a pseudophenotype instead of the global EGV of the animal for this trait.

In addition, the use of IpcT permits a significant reduction in the risk of the possible
interaction genotype x environment interaction problems (a different genetic potential in
each calving number, as shown the Table 5) by adding the eingvectors, which by definition
are uncorrelated. The use of PCA in different species and breed selection [43,56–58] and
the results of the correlations between the EGV of each calving and the IpcT demonstrate it
(Table 6).

Table 6. Correlations between the estimated EGV1 and the estimated EGV for each calving number
and Correlations between the IpcT and the estimated EGV (first 9 calvings only).

EGV1 EGV2 EGV3 EGV4 EGV5 EGV6 EGV7 EGV8 EGV9

EGV1 1.00 0.99 0.97 0.92 0.85 0.78 0.74 0.72 0.74
IpcT 0.97 0.99 0.99 0.99 0.96 0.92 0.90 0.89 0.91
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3.4. Differences among Individuals in Re Development and Variation in Calvings

One interesting finding is the fact that individuals with similar EGV values at early
ages can show opposite behaviors in terms of fertility at later stages. This pattern is
observed in Figure 7A, in which 100 individuals with the same genetic estimation for Re at
the first calving diverge profoundly at the fifth calving, in which some individuals showed
a positive EGV while others showed the opposite. In the same way, Figure 7B showed the
Re estimation per calving of 100 individuals with the same value at the 5th calving, in which
some of them showed a highly positive estimation at the 1st calving (with values ranging
around 20%), whereas another group of individuals showed negative values at the same
calving. From a biological point of view, the differences observed among individuals can be
explained by the phenomenon known as “plasticity”, described by de Jong and Bijma [59]
and largely employed in modeling production traits in livestock systems [60,61]. However,
it is worth mentioning that 82% of the best 100 individuals ranked using EGV1 and IpcT
were coincident, and the divergent behaviors were shown by less of the population, which
supports the use of PCA analysis as a robust methodology to perform better matings.

In our case, this parameter, defined as the difference between the genetic values
obtained in the same character in the 1st and 9th calving, showed wide variability over
the whole population. In addition, we determined an asymmetrical distribution with an
increased proportion of negative values, which suggests increased reproductive efficiency
at the first calving. We hypothesize that this deviation could be caused by the increased
environmental variability affecting the Re values at the first calving caused by the age of
the cow, since the age at first calving is influenced not only by the age at puberty but also by
when each breeder decides to include the heifer in the mating lot. This breeder’s influence
is reduced when the calving number increases (in addition to reducing the variability of
the parameter with the elimination of less fertile animals).
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3.5. Genome-Wide Association Study (GWAS) and Functional Analysis

Genome-wide association analyses detected 5 SNPs significantly associated with repro-
ductive efficiency (p-value < 10−4, Table 7), located in 2 genomic regions on chromosomes
BTA4 and BTA28 (Figure 8). The estimated average effect of the significant SNPs in absolute
values was 4.91. The in-silico functional analysis revealed the presence of 5 candidate genes
(NRF1, SSMEM1, CPA5, RYR2, and ZP4) previously linked with known biological processes,
molecular functions, and pathways related to fertility located within ± 500 Kb of the signifi-
cant SNPs (Table 7), among which there were processes related to steroidogenesis, embryonic
development, and spermatogenesis in cattle, goat, rabbit, mouse, and human models.

Table 7. List of SNPs associated with reproductive efficiency and candidate genes related to fertility
in Retinta beef cattle.

Chr SNP Position
(bp) β se p-Wald Candidate Gene

4 AX-124382279 93,739,544 −5.414 1.334 7.199054 × 10−5 NRF1, SSMEM1; CPA5
4 AX-106723907 97,052,195 −4.382 0.964 9.616885 × 10−6

4 AX-185120444 97,052,759 −4.290 0.979 1.926352 × 10−5

4 AX-115113656 97,128,968 −5.936 1.229 2.755483 × 10−6

28 AX-169372743 10,126,454 −4.530 1.086 4.607665 × 10−5 RYR2; ZP4
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The candidate genes located within the significant regions of the SNP AX-124382279
have previously been described in important biological pathways. One of these genes
was nuclear respiratory factor 1 (NRF1), which is involved in mitochondrial biogenesis,
signal transduction, and protein synthesis. In mice, this gene has been related to late gesta-
tional embryonic lethality when a loss of function occurs [62]. Recently, Zhang, et al. [63]
demonstrated the effects of NRF1 on steroidogenesis and cell apoptosis in goat luteinized
granulosa cells. An attenuated expression of NRF1 led to mitochondrial dysfunction,
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disrupted the cellular redox balance, impaired steroid synthesis, and finally resulted in
granulosa cell apoptosis through the mitochondria-dependent pathway. The other two
candidate genes found in this region were SSMEM1 and CPA5, both related to male fertility.
Serine-rich single-pass membrane protein 1 (SSMEM1) is a conserved testis-specific gene in
mammals. Nozawa, et al. [64] demonstrated that SSMEM1 is essential for male fertility in
mice and found that the SSMEM1 protein is expressed during spermatogenesis but not in
mature sperm. The sterility of the SSMEM1 KO mice was associated with globozoospermia
and a loss of sperm motility, which is crucial for fertilization. Similarly, CPA5 (carboxypep-
tidase A5) is involved in spermiogenesis and in the regulation of sperm function, as it is
exclusively or highly expressed in spermatogenetic cells, especially from the secondary
spermatocyte to elongated spermatid stages. However, Zhou, et al. [65] reported that there
were no perceptible changes in reproductive phenotypes in CPA5-KO mice, suggesting that
it is a dispensable factor for spermatogenesis and male fertility in mice.

On BTA28, we found the RYR2 and ZP4 genes located very close to the significant AX-
169372743 marker. RYR2 encodes an intracellular calcium-release channel and is expressed
in many tissues, including the ovaries. In humans, some variants of RYR2 were significantly
associated with weight loss in early pregnancy [66], providing evidence that it may play
a role in fertility. However, its expression was also associated with amphiregulin, a key
mediator of the effect of LH/hCG and a marker for oocyte competence [67]. Finally, the
ZP4 gene codified a glycoprotein that formed the zona pellucida (ZP), the extracellular
matrix that houses mammalian oocytes and embryos. In rabbits, Lamas-Toranzo, et al. [68]
reported that ZP4 has a structural role in the zona pellucida and that rabbits without
ZP4 were subfertile. In vitro, the loss of ZP4 did not affect ovulation, fertilization, or the
early stages of the development of embryos. However, in vivo development was severely
impaired in embryos covered by a ZP4-devoid zone. In addition, two recent studies in rats
showed that ZP4 is not responsible for gamete-specific interaction [69,70].

4. Conclusions

In this study, we were able to model the fertility of cows bred in extensive conditions
using a novel fertility trait, reproductive efficiency (Re), which can be estimated through
the analysis of reproductive records, using two different genetic methodologies. Our results
showed that Re has a significant genetic component, but also that the genetic influence on
Re is not homogeneous during the length of life of the cows, and individuals were observed
showing very different patterns of variability in the breeding values across parities, which
cannot be detected by the Rep model. Therefore, the use of the RA model would be an
option to enhance fertility in the Retinta breeding program. We also determined that the use
of a composite index, based on a principal component analysis could satisfactorily integrate
all the information produced by RA models in an efficient and user-friendly way for the
breeding program. Finally, we demonstrated that evaluating reproductive efficiency using
the RA model makes it possible to differentiate the cows’ genetic potential throughout the
calving trajectory and enjoy greater flexibility in selecting female breeders. Finally, our
preliminary GWAS analysis shows the existence of specific genomic regions influencing
the fertility of Retinta cows. This new information could help us understand the genetic
architecture of reproductive traits in the species better as well as allow us to select more
fertile cows with greater accuracy. However, further analyses including large populations
and different breeds would be required to validate our genomic findings.
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Simple Summary: Today’s Swiss Simmental represents a local dual-purpose breed of cattle. Within
closed populations, deleterious variants can reach problematic frequencies, explaining substantial
proportions of inbreeding depression. Depletions in homozygous genotypes for certain haplotypes
among large cohorts of animals genotyped for the purpose of genomic selection is a widely used
approach to pinpoint undesired recessive alleles. In the course of a reverse genetic screen, we aimed
to identify single recessive Mendelian variants that potentially affect fertility and rearing success
without any phenotypic information available. We detected eleven genome regions showing obvi-
ous depletion of homozygosity based on genome-wide SNP data. Furthermore, after performing
whole-genome sequencing of selected animals, we propose three candidate causative variants affect-
ing different genes with possibly detrimental effects for embryonic development. The established
haplotypes, as well as the identified protein-changing variants, can be directly implemented into
breeding practice to avoid the risk of mating carriers and thereby increase breeding success.

Abstract: We herein report the result of a large-scale reverse genetic screen in the Swiss Simmental
population, a local dual-purpose cattle breed. We aimed to detect possible recessively inherited
variants affecting protein-coding genes, as such deleterious variants can impair fertility and rearing
success significantly. We used 115,000 phased SNP data of almost 10 thousand cattle with pedigree
data. This revealed evidence for 11 genomic regions of 1.17 Mb on average, with haplotypes (SH1
to SH11) showing a significant depletion in homozygosity and an allele frequency between 3.2 and
10.6%. For the proposed haplotypes, it was unfortunately not possible to evaluate associations
with fertility traits as no corresponding data were available. For each haplotype region, possible
candidate genes were listed based on their known function in development and disease. Subsequent
mining of single-nucleotide variants and short indels in the genomes of 23 sequenced haplotype
carriers allowed us to identify three perfectly linked candidate causative protein-changing variants:
a SH5-related DIS3:p.Ile678fs loss-of-function variant, a SH8-related CYP2B6:p.Ile313Asn missense
variant, and a SH9-related NUBPL:p.Ser143Tyr missense variant. None of these variants occurred
in homozygous state in any of more than 5200 sequenced cattle of various breeds. Selection against
these alleles in order to reduce reproductive failure and animal loss is recommended.

Keywords: cattle; Bos taurus; reproduction; breeding; fertility; embryonic lethality; loss-of-function
variants; whole-genome sequencing; SNP genotyping

1. Introduction

Simmental is a globally recognized cattle breed, originating in the Simmental valley
in the canton Bern in Switzerland. Autochthonous of Switzerland, today up to 40 million
cattle worldwide are designated as members of the Simmental breed. However, Sim-
mental are characterized by very different local breeding objectives (http://wsff.info;
accessed on 24 October 2021). In the 19th century, crossbreeding of local cattle with
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Simmental cattle exported from Switzerland led to Fleckvieh populations in neighboring
countries, including Austrian and German Fleckvieh, French Montbeliarde, and Italian
Pezzata Rossa cattle. In the 20th century, introduction of animals of the Holstein breed
into the Swiss Simmental population led to today’s Fleckvieh population in Switzer-
land (Swiss Fleckvieh). A recent analysis of the population structure of Swiss cattle
showed a clear differentiation between today’s Swiss Simmental cattle and all other
Swiss cattle populations, including the modern Swiss Fleckvieh [1,2]. Various historically
younger Central European Simmental populations that descended from the Swiss Sim-
mental can also be clearly distinguished from today’s Swiss Simmental animals, which
showed the highest inbreeding level [3]. In contrast, recent studies found a compara-
tively low degree of genomic inbreeding in purebred Swiss Simmental that might be
explained by the continued use of natural service sires, which is likely the major reason
for their remarkably high level of genetic diversity although this population has been
closed for a long time [1,2]. Therefore, the current so-called Original Simmental breed of
Switzerland represents a unique purebred population. At the end of 2020, more than 23
thousand dual-purpose animals in the Simmental population were registered in the Swiss
herdbook (https://www.swissherdbook.ch/fileadmin/Domain1/PDF_Dokumente/05
-Statistiken-Formulare/53-Jahresstatistik/1_Wichtigste_Zahlen/D_sh_JS_2020_HBZahlen_
web.pdf; accessed on 24 October 2021).

A universal problem in cattle breeding is reproductive failure. It was shown that
the reproduction success is negatively associated with production traits [4,5]. These
effects have been thoroughly studied and possible reasons are selection programs focus-
ing on production traits coupled with negative correlation with reproductive traits [6].
Regarding early pregnancy loss in Simmental cattle, e.g., a Croatian study described the
body condition score, parity, and milk yield as important influencing factors [7]. Lower
reproductive success is an economic problem for farmers and a major reason for cattle
slaughter [8,9]. To tackle fertility issues, one approach is to apply a so-called reverse
genetic screen, where only genomic data is used rather than phenotypic information.
A whole-genome sequencing (WGS)-based approach was suggested by Charlier et al.
(2016), where sequencing data of entire genomes is mined for variants affecting fertility
by causing embryonic lethality [10]. A similar approach proposes scanning the cumula-
tive population-wide SNP genotyping data from genomic selection programs to identify
haplotype regions indicative of a depletion in homozygosity [11]. The analysis includes
the statistical evaluation of segregating haplotypes regarding the Hardy–Weinberg equi-
librium (HWE) [11]. Such genomic regions harboring deficient homozygous haplotypes
indicate potential causal variants for embryonic death or unwanted phenotypes in new-
borns, leading to the exclusion of homozygous animals from breeding programs [11].
This SNP-based reverse genetics approach has been used successfully in diverse breeds
and species (e.g., [11–31]). Haplotypes never observed in homozygous state indicate
the presence of recessive, predominantly embryonic lethal variants. Potential causative
variants were detected by analyzing whole-genome or whole-exome sequencing data
linked to the identified haplotypes (e.g., [10,19–30,32–35]). In general, these approaches
are especially interesting for small populations where phenotypic information is sparse.

In Simmental-derived breeds in Central Europe, eight causal protein-changing
variants for recessively inherited disorders are known so far. In German Fleckvieh
cattle, a SNP-based reverse genetic study identified four deficient homozygous hap-
lotypes located on chromosomes 1, 10, and 12 and proposed two candidate causal
variants in two genes: the FH2-related frameshift variant in SLC2A2 and the FH4-
related missense variant in SUGT1 [21]. In addition, a fifth haplotype is described,
affecting the calf survival due to a congenital heart failure and severe liver damage (
https://www.lfl.bayern.de/itz/rind/122227/index.php; accessed on 24 October 2021).
Based on forward genetic studies, where affected individuals were examined, several
causal variants for Mendelian disorders were found. A frameshift variant in GON4L was
associated with the autosomal recessively inherited disorder dwarfism (OMIA 001985-
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9913) [36]. Furthermore, a nonsense variant in PLD4 causing a recessive genodermatosis
observed in German Fleckvieh (OMIA 001935-9913) and a missense variant in OPA3 asso-
ciated with a form of dilated cardiomyopathy predominantly affecting Swiss Fleckvieh
(OMIA 000162-9913) were described [37,38]. In German Fleckvieh, a MOCS1-related form
of arachnomelia was identified to be due to a frameshift variant (OMIA 001541-9913) [39].
Furthermore, the BH2-related TUBD1 missense variant, known to cause juvenile mortality
in Braunvieh cattle (OMIA 001939-9913), was also observed in German and Austrian
Fleckvieh [23]. To the best of our knowledge, so far, no carriers for any of these eight
deleterious alleles have been found in the purebred Swiss Simmental population.

In purebred Swiss Simmental cattle, no genomic analysis has yet been carried out
to systematically identify recessively inherited harmful variants that affect female repro-
duction or calf rearing. Based on a reverse genetic screen, the present study aimed at
a comprehensive analysis of available SNP and WGS data to identify genomic regions
containing deficient homozygous haplotypes as well as linked candidate causal variants
for hidden phenotypes.

2. Materials and Methods

The national breeding association provided us with the available SNP data, including
all genotyped purebred Swiss Simmental cattle born after 2009 and their ancestors. The
genomic positions of the markers relate to the latest cattle reference sequence ARS-
UCD1.2 [40,41]. Due to the application of several routinely available SNP arrays ranging
from 9000 to 150,000 SNPs, the data had to be imputed. Therefore, the software Fimpute
v2.2 [42] was used with default parameters to increase the number of markers and correct
for wrongly called markers. In order to assure the quality, SNPs with a minor allele
frequency <0.01 were excluded from the dataset. Furthermore, SNPs that could not pass
the quality measures for the call rate per SNP >0.99 were excluded and animals with call
rates <0.8 were excluded too. Quality control was applied before and after imputation.
This resulted in a final SNP data set of 114,890 markers for 9965 animals.

As a first step, haplotypes showing a deviation from the HWE, indicated by deple-
tion of homozygosity, were identified. The first subset of data analyzed included only
fully genotyped trios where the complete trio (sire, dam, and offspring) were genotyped
(n = 2626), further called “trio” approach. The second dataset analyzed included geno-
typed trios where an offspring and two paternal animals (sire and maternal grandfather)
were genotyped (n = 3969), subsequently called parent–grandparent “pgp” approach.
Both data sets, trio and pgp, were used in screening for window size of 50 markers within
the software snp1101 [43]. The analyzed haplotypes overlap, as the windows were con-
tinuously moved marker by marker. The snp1101 software used the Fisher exact test of
HWE [44] to analyze the resulting haplotypes. Furthermore, the p-values were corrected
for a false discovery rate with the Benjamini–Yekultieli method and a significance level
of 5% was applied [45]. For each significant haplotype region, we selected the most
significant haplotype (lowest p-value). Regarding the identification of candidate variants,
haplotype regions were defined by the selected haplotypes and increased on both sides
by 2 Mb in order to make sure that the regions of overlapping significant haplotypes were
included.

Within the 11 regions detected, between 14 and 262 genes were annotated, giv-
ing a total of 669 genes. To these genes, information regarding associated phenotypes
were collected from the various online databases: HUGO Gene Nomenclature Committee
(https://www.genenames.org; accessed on 7 October 2021), Mouse Genome Informatics
(http://www.informatics.jax.org; accessed on 7 October 2021), International Mouse Phe-
notyping Consortium (https://www.mousephenotype.org; accessed on 7 October 2021),
Online Mendelian Inheritance in Man (https://www.omim.org; accessed on 7 October 2021),
Online Mendelian Inheritance in Animals (https://omia.org/home/; accessed on 7 October
2021), and Decipher (https://www.deciphergenomics.org; accessed on 7 October 2021).
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With the selected haplotypes, we predicted individual diplotypes that represent if
an animal carries one, two, or no copies of the haplotype. Based on these diplotypes, we
selected three carrier animals for whole-genome sequencing (WGS) for each haplotype
region. Therefore, 23 Simmental cattle (1 female and 22 male) carrying one or more
significant haplotypes were selected for this study. WGS data were prepared as previously
described [46]. However, recalibration was performed with the variant catalogue of the
1000 Bull Genomes Project run 7 (BQSR file version 2) [47,48]. The 23 genomes sequenced
in this study were submitted to the 1000 Bull Genomes project [47,48] and are therefore
part of the 5116 animals in the recent variant catalogue (run9). This international dataset
was used to evaluate candidate causative variants in a larger cohort and across breeds,
to evaluate breed specificity as well as reduced homozygosity. Furthermore, we had
access to an additional 115 publicly available genomes from the Swiss Comparative
Bovine Resequencing project, deposited in the European Nucleotide Archive under
project accession PRJEB18113, that were yet not added to the 1000 Bull Genomes project.
The combined WGS dataset of 5231 genomes includes 62 purebred Swiss Simmental
cattle.

In order to identify haplotype-associated candidate causal variants, linkage dise-
quilibrium (LD) analysis was performed using plink v1.9 [49]. LD (r2) was calculated
between the diplotype state and the WGS-derived genotypes for the 23 animals that were
selected for WGS. Analysis was restricted to protein-changing variants, including vari-
ants annotated by SnpEff (version 4.3; [50]) with the following sequence ontology terms:
missense_variant, start_lost, stop_gained (nonsense), stop_lost, stop_retained_variant,
splice_acceptor_variant, splice_donor_variant, conservative_inframe_deletion, conser-
vative_inframe_insertion, disruptive_inframe_deletion, disruptive_inframe_insertion,
exon_loss_variant, frameshift_variant, and gene_fusion.

Furthermore, to improve the understanding of candidate causal variants, their
base conservation scores from UCSC database called PhyloP and PhastCons were ap-
plied [51,52]. To apply these values, firstly, the variants of the bovine genome needed to
be mapped to the human genome 38 [53] with the tool LiftOver of the UCSC tools. Sec-
ondly, the conservation scores of 99 vertebrates for these human positions were obtained.
Additionally, the effects of protein-changing variant were estimated using PROVEAN [54]
and PredictSNP [55].

3. Results

In this reverse genetic study, we used SNP data to identify haplotypes showing a
depletion in homozygosity and applied WGS data to pinpoint candidate causal variants
in purebred Swiss Simmental animals. Reduced homozygosity due to hidden recessive
variants in cattle could, so far, only be causally explained by coding variants. Therefore, we
focused on variants having a moderate impact, such as missense variants, conservative in-
frame insertions and deletions up to a size of 50 bp, as well as on all other protein-changing
with high impact including loss-of-function variants, such as stop-gains (nonsense), splice
site-disrupting SNVs, frameshift indels in a coding sequence, or deletions that remove
coding exons.

3.1. Identification of Deficient Homozygous Haplotypes in Swiss Simmental Cattle

We detected seven haplotype regions with the trio approach and nine haplotype
regions applying the pgp approach (Table 1, Figure 1, Table S1). Five of these haplotype re-
gions appear in both analyses. We named the haplotype regions, in accordance to previous
studies performed in other cattle breeds, as Simmental Haplotypes (SH) 1 to 11 [22] (Table
1, Table S1). All 11 identified haplotypes show a deficiency of at least 85 percent of the
expected homozygous animals within the studied Swiss Simmental population (Table 1,
Table S1). Four selected haplotypes (SH5, SH7, SH8, and SH10) presented a complete
deficit of observed homozygous animals, whereas the others showed a partial deficiency
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ranging from 85 to 96% of the expected homozygotes (Table 1; Table S1). The average
length of the eleven haplotypes is 1.17 Mb and ranges from 0.73 to 1.94 Mb (Table 1).

Table 1. List of deficient homozygous haplotypes in Swiss Simmental cattle.

Number of Homozygotes

Haplotype a Analysis Chr Position (Mb) b Length (Mb) Observed Expected Deficiency (%) Allele Frequency

SH1 trio and
pgp 1 65.793–66.891 1.10 3 17 85 0.042

SH2 trio 2 1.191–1.920 0.73 1 16 94 0.040

SH3 pgp 7 104.784–105.640 0.86 1 17 94 0.041

SH4 pgp 11 29.389–30.353 0.96 4 22 85 0.047

SH5
trio

12
46.828–47.837 1.01

0 38 100 0.062pgp 46.831–47.843 1.01

SH6 pgp 14 11.304–12.373 1.07 2 15 88 0.039

SH7
trio

16
6.120–8.011 1.89 0 30 100 0.055

pgp 6.122–8.060 1.94 5 111 96 0.106

SH8
pgp

18
48.763–50.005 1.24

0 11 100
0.0337

trio 48.806–50.017 1.21 0.0338

SH9 trio and
pgp 21 41.855–42.851 1.00 2 19 96 0.043

SH10 pgp 24 41.945–43.140 1.20 0 10 100 0.032

SH11 trio 28 38.937–40.069 1.13 1 12 92 0.035
a SH meaning Simmental Haplotype. b in accordance with the reference sequence ARS-UCD1.2.
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3.2. Identification of Candidate Genes in Haplotype Regions

The intensive analysis of all annotated protein-coding genes in the defined haplotype
regions, extended by 2 Mb on each side, led to a comprehensive list of candidate genes
possibly affecting either prenatal or postnatal lethality or associated sub-lethal phenotypes.
We extracted 145 positional candidate genes of special interest, as they are associated with
mammalian autosomal recessive disorders in human, mice, or other animals and listed
in the consulted databases (Table S2). Loss-of-function mouse models of many of these
genes have revealed defects that affect embryonic or perinatal to pre-weaning survival
and therefore represent suitable functional candidates for this study. The presented short
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list of the 43 most probable candidate genes includes all genes that are associated with
sub-lethal or lethal phenotypes (Table 2).

Table 2. List of candidate genes known to cause recessive disorders with lethal and sub-lethal phenotypes in human.

Haplotype Gene Gene Description Recessive Disorder

SH1

IQCB1 § IQ motif containing B1 Senior-Loken syndrome 5

MYLK § myosin light chain kinase Megacystis-microcolon-intestinal
hypoperistalsis syndrome 1

CASR * calcium sensing receptor Hyperparathyroidism, neonatal

POGLUT1 * protein O-glucosyltransferase 1 Limb-girdle muscular
dystrophy-dystroglycanopathy

TIMMDC1 * translocase of inner mitochondrial membrane
domain containing 1

Mitochondrial complex I deficiency, nuclear
type 31

SH2
HERC2 *,§ HECT and RLD domain containing E3

ubiquitin protein ligase 2 Mental retardation, MRT 38

OCA2 *,§ OCA2 melanosomal transmembrane protein Albinism, brown oculocutaneous

SH4

CRIPT * CXXC repeat containing interactor of PDZ3
domain

Short stature with microcephaly and
distinctive facies

EPCAM * epithelial cell adhesion molecule Congenital diarrhea with tufting enteropathy

FSHR *,§ follicle stimulating hormone receptor Ovarian dysgenesis 1

MSH2 § mutS homolog 2 Mismatch repair cancer syndrome 2

MSH6 mutS homolog 6 Mismatch repair cancer syndrome 3

PIGF * phosphatidylinositol glycan anchor
biosynthesis class F

Onychodystrophy, osteodystrophy, impaired
intellectual development, and seizures

syndrome

PPP1R21 * protein phosphatase 1 regulatory subunit 21 Neurodevelopmental disorder with hypotonia,
facial dysmorphism, and brain abnormalities

TTC7A * tetratricopeptide repeat domain 7A Gastrointestinal defects and immunodeficiency
syndrome

SH5 PIBF1 * progesterone immunomodulatory binding
factor 1 Joubert syndrome 33

SH6 MYC * MYC proto-oncogene, bHLH transcription
factor Burkitt lymphoma, somatic

SH7

CFH complement factor H Basal laminar drusen, complement factor H
deficiency

CR2 § complement C3d receptor 2 Immunodeficiency, CVID7

IL10 § interleukin 10 Critical role in the control of immune responses

SH8

ARHGEF1 § Rho guanine nucleotide exchange factor 1 Immunodeficiency 62

BCKDHA * branched chain keto acid dehydrogenase E1
subunit alpha Maple syrup urine disease, type Ia @

B9D2 * B9 domain containing 2 Meckel syndrome 10, Joubert syndrome 34

COQ8B * coenzyme Q8B Nephrotic syndrome, type 9

DLL3 § delta-like canonical Notch ligand 3 Spondylocostal dysostosis 1

ERF * ETS2 repressor factor Spondylocostal dysostosis 1

ETHE1 § ETHE1 persulfide dioxygenase Ethylmalonic encephalopathy
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Table 2. Cont.

Haplotype Gene Gene Description Recessive Disorder

LTBP4 § latent transforming growth factor beta binding
protein 4 Cutis laxa, autosomal recessive, type IC

MEGF8 * multiple EGF-like domains 8 Carpenter syndrome 2

PLEKHG2 pleckstrin homology and RhoGEF domain
containing G2 Leukodystrophy and acquired microcephaly

RYR1 * ryanodine receptor 1 Neuromuscular disease

SMG9 * SMG9 nonsense mediated mRNA decay factor Heart and brain malformation syndrome

SPINT2 * serine peptidase inhibitor, Kunitz type 2 Diarrhea 3, secretory sodium, congenital,
syndromic

SPTBN4 spectrin beta, non-erythrocytic 4 Neurodevelopmental disorder with hypotonia,
neuropathy, and deafness

TGFB1 * transforming growth factor beta 1 Inflammatory bowel disease,
immunodeficiency, and encephalopathy

TIMM50 * translocase of inner mitochondrial membrane
50 3-methylglutaconic aciduria, type IX

XRCC1 * X-ray repair cross complementing 1 Spinocerebellar ataxia, SCAR26

SH9 NUBPL * nucleotide binding protein-like Mitochondrial complex I deficiency, nuclear
type 21

SH10

AFG3L2 * AFG3-like matrix AAA peptidase subunit 2 Spastic ataxia 5

LAMA1 * laminin subunit alpha 1 Poretti–Boltshauser syndrome

MC2R § melanocortin 2 receptor Glucocorticoid deficiency due to ACTH
unresponsiveness

NDUFV2 * NADH:ubiquinone oxidoreductase core
subunit V2

Mitochondrial complex I deficiency, nuclear
type 7

PIEZO2 * piezo type mechanosensitive ion channel
component 2

Arthrogryposis, distal, with impaired
proprioception and touch

* Homozygous lethal with complete penetrance, § homozygous lethal with incomplete penetrance, @ disorder described in cattle (OMIA-ID:
000627-9913).

3.3. Identification of Candidate Causal Variants

For three deficient homozygous haplotypes (SH5, SH8, and SH9), by linkage disequi-
librium analysis, we found perfectly linked (r2 = 1) candidate causal variants. These three
haplotypes were detected with both the pgp and the trio approach. For each of these
haplotypes, we propose a protein changing SNV (Table 3; Table S3). These three variants
never occur in homozygous state in the analyzed 5231 bovine genomes of various cattle
breeds (Table S3). Interestingly, the SH8-associated variant is apparently specific for Swiss
Simmental; however, the variants associated with SH5 and SH9 occur sporadically in
single animals of some other breeds (Table S3).

Table 3. Candidate causal variants for deficiency of homozygotes in Swiss Simmental cattle.

Haplotype Gene OMIM Variant Transcript a Coding DNA
Change

Predicted Protein
Change

SH5 DIS3 607533 1 bp insertion (frameshift) XM_025000110.1 c.2032dupA p.Ile678AsnTer2
SH8 CYP2B6 123930 SNV (missense) NM_001075173.1 c.938T > A p.Ile313Asn
SH9 NUBPL 613621 SNV (missense) NM_001193042.1 c.428C > A p.Ser143Tyr

a According to the NCBI Annotation Release 106 (National Center for Biotechnology Information, 2018b).

62



Animals 2021, 11, 3535

Among the three proposed non-synonymous variants are two missense variants
altering evolutionary conserved residues and a frameshift variant that significantly trun-
cates the encoded protein. The SH8-related SNV in exon 4 of the bovine cytochrome P450
family 2 subfamily B member 6 (CYP2B6) gene on chromosome 18 at position 50296371 is a
missense variant (NM_001075173.1: p.Ile313Asn) that was predicted by PROVEAN to
have a deleterious effect (Table 3, Table S3). The SH9-related SNV located in exon 6 of the
bovine nucleotide binding protein-like (NUBPL) gene on chromosome 21 at position 42154344
represents a missense variant (NM_001193042.1: p.Ser143Tyr) predicted to be deleterious
by PROVEAN and PredictSNP (Figure 2, Table 3, Table S3). Both presented missense
mutations altering evolutionary conserved amino acids (Figure 2). The SH5-associated
1 bp insertion located in exon 16 of the bovine DIS3 homolog, exosome endoribonuclease
and 3’-5’ exoribonuclease (DIS3) gene on chromosome 12 at position 47511687 represents a
loss-of-function variant. It was predicted to result in a frameshift after isoleucine 678 with
a premature stop codon (NP_025000110.1: p.Ile678AsnTer2), resulting in a significantly
shortened amino acid sequence, if expressed, when compared with the wild-type protein
(Table 3; Table S3). In addition, the comparative DNA sequence approach (PhyloP and
phastCons) showed a high conservation across species for all three variant positions
(Table S3).
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4. Discussion

For the first time, the genomic data of the current Swiss Simmental dual-purpose
cattle population were analyzed for reduced homozygosity due to hidden recessive mono-
genic variants and validated using the international variant catalogue of the 1000 Bull
Genomes Project. In addition to environmental factors, inherited deleterious variants
lead to natural or artificial selection against homozygous individuals, which also ex-
plains embryonic lethality, reduce rearing success, or the exclusion from the breeding
population due to poor development. Unfortunately, these phenomena are not system-
atically monitored and are therefore difficult phenotypes to study. Although reduced
reproductive success can theoretically be detected in the sires estimated breeding values
for certain fertility traits, these effects are only noticeable for deleterious alleles that have
reached a high frequency in the population [56]. To overcome this issue, we performed
a genome-wide missing homozygosity scan, revealing eleven haplotype regions with
considerable homozygous depletion. After subsequent mining of genome sequence data
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for candidate causal variants, we propose three non-synonymous variants that probably
cause the obvious deficiency of homozygous animals.

We applied two different approaches, a trio and pgp approach, that include geno-
typed trios and applies a Fisher exact test. Therefore, we were able to detect haplotypes
that segregate at a lower allele frequency. As expected, we found more haplotype regions
with the pgp approach in comparison to the trio approach, most likely because more
genotyped groups were available. Nevertheless, the trio approach, detecting two regions
not found with pgp, appears very powerful, probably because it directly traces the inheri-
tance of the haplotypes. Previous approaches used the assumption of random mating and
the deviation from HWE based on allele frequencies or used the deviation from expected
number of homozygous offspring based on the haplotype state of the sire and maternal
grandsire [14,20]. In contrast, the herein applied trio approach allows performing such
an analysis with a small population such as Simmental. The five haplotype regions that
were found in both analyses are the most probable genome regions harboring hidden
harmful variants. Especially the haplotypes that never occur in homozygous state led to
the suspicion of embryonic lethal variants segregating in the population. It is suspected
that some haplotypes arose due to imputation errors introduced due to genotyping bias,
SNP density/panel, sample size, and a bias introduced by the chosen software [57]. This
would explain the haplotype regions SH3 and SH11 that arose in regions for which we
could not identify any plausible functional candidate genes. Otherwise, we were able to
identify candidate genes within all missing homozygous regions. Unfortunately, effect es-
timations of the haplotypes towards traits of female fertility and rearing success were not
reasonable, as the available phenotypic data is currently limited. To avoid the detection
of mostly sporadic associations rather than actual effects, it is planned to conduct such
haplotype association studies in the future.

Candidate causal variants are proposed for the haplotypes SH5, SH8, and SH9 in
the genes DIS3, CYP2B6, and NUBPL, respectively. These variants all show complete
depletion in homozygosity, perfect LD to the associated haplotype, and high conservation
scores when compared across 99 genomes, indicating their importance in basic biological
functions. As in other mammals, it is expected that ~100 harmful recessive variants will
be found per individual in cattle, of which up to five of these impact essential genes
and cause embryonic lethality or severe disease when homozygous [10]. Nevertheless,
it is recognized that it is very difficult to clarify the actual deleterious functions of these
variants, although given the genes involved, it is assumed that these variants influence
fitness. Reverse genetic screens to identify genes with major effects, as used in the current
study, are therefore helpful to assign function to variants in candidate genes and/or so
far less characterized genes such as DIS3 and CYP2B6.

The SH5-related loss-of-function variant found in bovine DIS3, most likely lead-
ing to missing homozygosity, represents the first time a pathogenic variant that most
likely causes embryonic lethality has been identified. If the mutant mRNA transcript
were to escape nonsense-mediated decay, even if this truncated protein was expressed,
it would lack roughly 30 percent of the C-terminal part, and therefore it is not expected
to contribute any function. DIS3, also known as ribosomal RNA-processing protein 44
(RRP44), is a RNase II/R-like enzyme located primarily in the nucleus (Table S3) [58].
The protein has catalytic function in the RNA exosome complex, which is responsible
for 3′-end processing and RNA degradation of a broad variety of RNAs [58,59]. Bio-
logical functions are associated with RNA metabolism, mitotic control, spindle-fiber
formation, antibody diversification, microtubule production, and growth and develop-
ment [60]. Recently, pathogenic variants in genes encoding both structural and catalytic
subunits of the RNA exosome have been linked to human disease, such as EXOSC3 and
EXOSC8 related forms of pontocerebellar hypoplasia, representing recessive neurode-
generative diseases [61]. To our knowledge, the DIS3 gene has not yet been associated
with Mendelian diseases, but variants are reported to be associated with various types
of cancers and multiple myeloma [60–62]. Interestingly, the book of Fasken et al. (2020)
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provides a summary of the most common variants in DIS3 which all occur in heterozy-
gous state, are associated with multiple myeloma, and seem to have mild effects only,
while Tomecki et al. (2014) suggests the potential lethality of mutations in the PIN
domain of DIS3. In Drosophila, a knock-down model led to wingless animals implicat-
ing an important role in development [63]. Nevertheless, the inactivation of DIS3 in B
cells was shown to lead to an increase in unbalanced DNA translocations [64]. Lastly,
public databases for mouse phenotypes indicate a complete pre-weaning lethality of
DIS3 knock-out mice (https://www.mousephenotype.org/data/genes/MGI:1919912;
http://www.informatics.jax.org/marker/MGI:1919912; accessed on 7 October 2021).

Despite a long list of candidate genes located within the SH8-region, we propose a
missense variant in the CYP2B6 gene as a candidate causal variant. The main reason for
this is the perfect LD to the haplotype, the complete absence of homozygous animals, and
the prediction of the DNA position to be highly conserved and the amino acid exchange
to be deleterious. Regarding the gene function, CYP2B6 is a protein of the cytochromes
P450 subfamily 2B (HGNC: 20604). This enzyme is known to be of importance for drug
metabolism, as well as endogenous compounds, environmental toxins, and other sub-
stances [65,66]. For example, the susceptibility to Efavirenz depends on the individual
CYP2B6 genotype (OMIM: 123930). Several SNV were detected in human that are associ-
ated with the expression level and activity (increased and decreased) of CYP2B6 with a
population-wide importance [65] (https://www.pharmvar.org/gene/CYP2B6; accessed
on 26 October 2021). In monkeys and human, it was shown that CYP2B6 is expressed in
the brain and affected by nicotine and alcohol consumption; however, its neurological
function remains unclear [65–67]. The protein is also expressed in the placenta [68] and it
was shown that the pregnancy hormone estradiol induces the expression of CYP2B6 [69].
Nevertheless, what the function and importance of CYP2B6 is in maintaining pregnancy
is unclear. As the herein identified bovine variant is predicted to be deleterious, we
speculate that function of CYP2B6 might be impaired during development.

Lastly, we propose the missense variant in the bovine NUBPL gene, exchanging a
strongly conserved residue predicted to be deleterious and affecting a highly conserved
nucleotide, to be causal for the deficit of homozygosity of SH9. As we observe few haplo-
type carriers in our data, we speculate that the effect of the variant is not fully penetrant
or that signs of poor development appear later in life, after initial genotyping of young
animals. NUBPL, also known as iron-sulfur protein required for NADH dehydrogenase (IND1),
is a protein that is vital for the assembly of the respiratory complex I [70]. More precisely,
the NUBPL supplies Fe/S clusters to the respiratory complex I and thereby ensures that
important subunits are delivered to build the whole complex [70]. In human, pathogenic
variants affecting NUBPL are associated with the autosomal recessive mitochondrial
complex I deficiency disorder (OMIM: 613621, 618242) [71–73]. These variants include
missense, frameshift and splice site variants, as well as small and large insertions and dele-
tions. Clinical symptoms of mitochondrial complex I deficiency include, among others,
ataxia, dysarthria, hypotonia, nystagmus, spasticity, and tremor [73]. Furthermore, vari-
ants in NUBPL were hypothesized as risk factors for Parkinson’s disease [74]. A mouse
model identified the necessity of the protein as knock-out alleles led to homozygous
lethality (MGI: 1924076) [75].

However, if the proposed variants are indeed depleted in a number of homozygous
animals, it needs to be evaluated by further genotyping of larger cohorts before imple-
mentation into selection schemes. This is planned by adding the variants to a custom
array for genotyping larger cohorts of further animals, both Swiss Simmental as well as
other local cattle populations. An alternative approach to confirm the absence of homozy-
gous animals, particularly in the offspring of carrier-by-carrier mating’s, would strongly
support the deleterious nature of the variants as shown before [10]. In particular, for the
NUBPL-associated variant, the observed homozygous animals should be examined in
detail.
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The chosen approach requires that the haplotype and the causative variant are in
near perfect linkage disequilibrium and, obviously, this is not always the case. This could
be an explanation for the fact that we could not identify any potentially causal variants in
the other haplotype regions. An alternative approach, therefore, is to mine the genome
sequence data for candidate variants, e.g., loss-of-function in the listed essential candidate
genes, and to genotype these directly in large cohorts of Swiss Simmental cattle. Using
this approach, nine causal variants were uncovered in cattle that would not have been
detected using SNP-based haplotype approaches [10].

Finally, another drawback of our study was the restriction to protein-changing
variants. Moreover, we had no evidence for perfectly linked non-coding regulatory
variants, as well as the limitation to consider only SNV and short indels, overlooking
possible larger structural variants.

5. Conclusions

In the presented project, we mined SNP and WGS data by applying a reverse genetic
approach. Without any phenotypic evidence but mining the data of almost 10 thou-
sand SNP genotyped Swiss Simmental cattle and more than 5200 WGS animals from
a variety of breeds, we propose three candidate variants in the genes DIS3, CYP2B6,
and NUBPL causing embryonic lethality and/or yet unknown recessive developmental
disorders. After phenotypic validation of these variants, selection against these variants
is recommended.
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Simple Summary: An important element of livestock breeding is the selection that leads to the
consolidation and improvement of the traits with utility value. The use of single-nucleotide poly-
morphism (SNP) markers offers the opportunity to select the appropriate genotype linked to the
phenotype, which manifests itself in significant breeding benefits. Polymorphic sites within the genes
coding the somatotropic axis are directly and indirectly associated with the phenotype, particularly
concerning the production properties of growth and carcass as well as reproductive function. This
study analyzed the effect of selected polymorphisms in the Janus Kinase 2 (JAK2) gene on perfor-
mance characteristics of cattle and sheep. The impact of the mutations on the development of selected
traits, which are important from the economic standpoint, was evaluated. Such studies can be utilized
to enhance the growth characteristics of cattle and sheep, thereby facilitating the development of
more profitable and sustainable breeding methods.

Abstract: The Janus Kinase 2 (JAK2) tyrosine kinase is an essential component of signal transduction
of the class II cytokine receptors, including the growth hormone receptor. Therefore, it may play a
crucial role in the signaling pathway of the somatotropic axis, which influences growth, development,
and reproductive traits in ruminants. For this purpose, for three breeds of cattle (Hereford, Angus,
and Limousin; a total of 781 individuals), two polymorphic sites located in exon 16 (rs210148032;
p.Ile704Val, within pseudokinase (JH2)) and exon 23 (silent mutation rs211067160, within JH1 kinase
domain) were analyzed. For two breeds of sheep (Pomeranian and Suffolk; 333 individuals in total),
two polymorphic sites in exon 6 (rs160146162 and rs160146160; encoding the FERM domain) and one
polymorphic site in exon 24 of the JAK2 gene (rs160146116; JH1 kinase domain) were genotyped. In
our study, the associations examined for cattle were inconclusive. However, Hereford and Limousin
cattle with genotypes AA (e16/RsaI) and AA (e23/HaeIII) tended to have the highest body weight
and better daily gains (p ≤ 0.05). No clear tendency was observed in the selected reproductive
traits. In the case of sheep, regardless of breed, individuals with the AA (e6/EarI), GG (e6/seq),
and AA (e24/Hpy188III) genotypes had the highest body weights and daily gains in the study
periods (p ≤ 0.01). The same individuals in the Pomeranian breed also had better fertility and lamb
survival (p ≤ 0.01). To the best of our knowledge, these are the first association studies for all these
polymorphic sites. Single-nucleotide polymorphisms in the JAK2 gene can serve as genetic markers
for growth and selected reproductive traits in ruminants given that they are further investigated in
subsequent populations and analyzed using haplotype and/or combined genotype systems.

Animals 2023, 13, 2470. https://doi.org/10.3390/ani13152470 https://www.mdpi.com/journal/animals71
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1. Introduction

Genomic selection using single-nucleotide polymorphisms (SNP) is revolutionizing
livestock breeding. The primary advantage of genomic selection, in comparison to tra-
ditional pedigree-based methods, is the ability to obtain individuals with the desired
phenotype and performance traits in the initial generation of selection. There are many
studies confirming the effectiveness of the above-mentioned selection. Furthermore, a
strong correlation between phenotypic data and predicted genomic values has been consis-
tently demonstrated [1,2].

The biological foundation underlying the development of livestock performance char-
acteristics is rooted in the elements comprising the somatotropic axis [3]. The somatotropic
axis in the postnatal life stimulates cell hyperplasia and hypertrophy, thus contributing
to the further growth of organs and tissues [4]. Proper growth requires the growth hor-
mone (GH) secreted by the pituitary gland to bind to its specific receptor and activate
a complex signaling cascade. The GH receptor (GHR) is initially produced as a dimer
and then transported unliganded to the cell surface. Binding of GH to the GHR dimer
results in a conformational change of the dimer, activation of intracellular Janus Kinase
2 (JAK2), and phosphorylation of the signal transducer and activator of transcription 5B
(STAT5B). The phosphorylated STAT5B dimers are then translocated into the nucleus,
where they transcriptionally activate various genes, including insulin-like growth factor 1
(IGF1), IGF binding protein 3, and the acid-labile subunit (ALS) [5]. The presence of two
JAK2 molecules results in the transphosphorylation and activation of one JAK2 by the
other, which in turn leads to the phosphorylation of downstream GHR tyrosine residues.
Phosphorylated and dimerized GHR triggers a multiple-signal cascade translocated to the
nucleus, where STATs or other non-receptor tyrosine kinases bind to a specific site in the
DNA sequence, activating target genes [6].

The primary structure of JAK2 kinase consists of seven homologous domains (Figure 1),
designated JH1–JH7, from the carboxyl terminus to the amino terminus [7]. The C-terminal
kinase (JH1) domain is responsible for the correct enzymatic activity, while the JH2 domain
(pseudokinase) acts as an inhibitor and regulator of the aforementioned JH1 domain. The
SH2 homologous region (JH3–JH4 domains) is located in the center of JAK2 proteins,
binding directly to JAK-interacting proteins. The N-terminal part of the JAK is built by the
FERM domain (JH5–JH7; F for 4.1 protein, E for ezrin, R for radixin, and M for moesin).
The FERM domain is highly conserved among many cellular proteins and is involved in the
localization of JAKs in relation to the cell membrane and cytoskeleton–including binding
to target receptors, e.g., GHR [8]. Constitutive JAK2 activity can occur in various neoplastic
processes [9]. Alternatively, JAK2 inhibition may be associated with additional regulatory
proteins. A typical JAK kinase is a relatively large protein (more than 1100 amino acids)
with a molecular weight of 120–140 kDa. Depending on the species, the genes encoding the
individual kinases are located on different chromosomes [10].

The cytokine-activated kinase (JAK) and signal transducer and activator of transcrip-
tion (STAT) signaling pathway serves as a crucial link between proteins within the cell,
directly influencing processes such as cell proliferation, apoptosis, mammary gland devel-
opment, lactation, and immune responses. This pathway plays a vital role in transmitting
information from cell surface receptors to the cell nucleus, ultimately regulating gene
expression through transcription [11].

There are many studies confirming the influence of Janus Kinase 2 on the performance
characteristics of dairy cows. Among other things, it has been shown that the JAK-STAT
pathway regulates lactation and that PI3K/Akt within the JAK-STAT pathway is overex-
pressed in lactating cows [12]. Analysis of gene deletions in mice has documented the
important role of JAK-STAT signaling in lactation and mammary gland development [13].
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Moreover, an important role of the JAK-STAT pathway in blood cell differentiation and ca-
sein gene regulation during milk production has been documented [14]. Prolactin also uses
JAK-STAT signaling and regulates lactation and reproduction in mammals [15]. In the re-
search conducted by Szewczuk [16], a clear relationship was found between JAK2/e20/RsaI
polymorphism and milk-yield traits. The SNP was associated with higher milk, protein,
and fat yield. With regard to growth and reproductive traits, there is a lack of literature
describing the influence of the JAK2 gene on, among other things, body weight and daily
gains at different periods of the animal’s life as well as fertility, prolificacy, or calving inter-
val. The only studies in this area are the results presented by Padzik and Szewczuk [17],
which also involved the bovine JAK2/e20/RsaI polymorphic site. In contrast, with regard
to the ovine JAK2 gene, a preliminary study by Padzik et al. [18] only focused on allele and
genotype frequencies and did not consider animal performance traits.
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The aim of the present study was to analyze the possible relationship between poly-
morphisms in the Janus Kinase 2 (JAK2) gene and selected growth and reproductive traits
in cattle and sheep. Attention was primarily focused on gene fragments encoding crucial
domains that determine JAK2 kinase activity.

2. Material and Methods
2.1. Animals

A total of 781 blood samples were collected from three breeds of cattle, including
Hereford (n = 276), Angus (n = 345), and Limousin (n = 160). In regard to sheep, a total of
333 blood samples of two breeds were collected (138 Pomeranian and 195 Suffolk sheep).
All animals were kept on a single farm located in West Pomeranian Province, Poland. All
animals were kept in a pasture and indoor system. Feeding was carried out in accordance
with the standards accepted for these species [19], based on grass and other roughage and
concentrates depending on the season. The animals had constant access to water and salt
licks.

2.2. DNA Isolation

DNA was extracted using a MasterPure DNA Purification Kit Version II (Epicentre
Technologies, Madison, WI, USA) from 3 mL of blood collected into tubes containing EDTA
(IMPROVACUTER® K3 EDTA, Guangzhou, China). Briefly, this kit uses a rapid desalting
process (red and white cell lysis solutions followed by protein precipitation solution) to
remove contaminating macromolecules and avoid toxic organic solvents. Rinsing twice
with 70% ethanol and resuspending the DNA in TE buffer (10 mM Tris-HCl (pH 7.5), 1 mM
EDTA) allows samples to be stored for many months at <−20 ◦C.
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2.3. Sequencing

Three fragments of the bovine JAK2 gene (covering whole exons 3, 16, and 23) and
four fragments of the ovine JAK2 gene (exons 6, 12, 13, and 24) were selected for sequencing
(Table S1 included in the Supplementary Materials). Each of the selected exons poten-
tially contained a minimum of two known polymorphic sites (according to Ensembl–the
ARS-UCD1.2 assembly (cow) and the Oar_rambouillet_v1.0 assembly (sheep)). For each
exon, 10 pooled samples consisting of 10 individuals were sequenced (Genomed, Warsaw,
Poland). Fluorograms were analyzed using Chromas ver. 2.6.6. (Technelysium Pty Ltd.,
Sydney, Australia). Only the polymorphic sites that had three or more heterozygote-specific
results after sequencing of the pooled samples were selected for further genotyping. An
additional consideration was the type of mutation detected (order of importance: missense,
synonymous, intronic), and all of the detected SNPs had to be present within all breeds
under analysis.

2.4. Bovine JAK2 Gene Polymorphism

Because the most used commercial enzymes were not available for the native sequence,
genotyping of both polymorphisms detected within the three breeds under study was
carried out using a polymerase chain reaction–artificially created restriction site (PCR-
ACRS) method (Table 1). Primers were designed using Primer3web ver. 4.1.0 online
software (https://primer3.ut.ee/) (accessed on 22 July 2021), and correct enzyme digestions
after the introduction of a single-nucleotide mismatch were confirmed online by WebCutter
v. 2.0 (http://heimanlab.com/cut2.html) (accessed on 22 July 2021) and NEBcutter V2.0
(http://nc2.neb.com/NEBcutter2/) (accessed on 22 July 2021).

Table 1. Characterization of selected single-nucleotide polymorphisms within bovine JAK2 gene.

Primer Sequence (5′ → 3′) Polymorphism Position **
and Type

Codon and
Amino Acid(s) ***

PCR-ACRS
(Restriction Enzyme, Cleavage

Site, and Genotypes)

JAK2e16mF
gggccctggacatactaagtg

JAK2e16mR
gtcttttggcaaaactgtaG *

rs210148032

g.39400906A>G

Missense

ATT→ GTT

p.Ile704Val

RsaI (gtˆac)
PCR amplicon 211 bp

AA 190 bp + 21 bp
AG 211 bp + 190 bp + 21 bp

GG 211 bp (no cut)

JAK2e23mF
catatattgacaagagtaaaagccG *

JAK2e23mR
tccccacctttcaaaacttc

rs211067160

g.39383281A>G

Synonymous

CCA→ CCG

p.Pro1057

HaeIII (ggˆcc)
PCR amplicon 211 bp

AA 211 bp (no cut)
AG 211 bp + 185 bp + 26 bp

GG 185 bp + 26 bp

* Mismatch is underlined (ACRS-PCR); ** position according to: RefSeq NC_037335.1 Chromosome 8 ARS-UCD1.2
Primary Assembly; *** amino acids abbreviations: Ile, isoleucine; Val, valine; Pro, proline.

2.5. Ovine JAK2 Gene Polymorphism

After analysis of the sequencing data, two polymorphic sites in the ovine JAK2 gene
were selected and genotyped using a polymerase chain reaction–restriction fragment length
polymorphism (PCR-RFLP) method. Unfortunately, it was not possible to select an optimal
methodology for the third SNP (rs160146160). Therefore, all samples were individually
sequenced (Genomed, Warsaw, Poland) (Table 2).
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Table 2. Characterization of selected single-nucleotide polymorphisms within ovine JAK2 gene.

Primer Sequence (5′ → 3′) Polymorphism Position *
and Type

Codon and
Amino Acid **

PCR-RFLP
(Restriction Enzyme, Cleavage

Site, and Genotypes)

oJAK2e6F
ttgaccttgttaaatgtatatgttctg

rs160146162

g.73397955A>G

Synonymous

GAA→ GAG

p.Glu177

EarI (CTCTTC(1/4)ˆ)
PCR amplicon 280 bp

AA 280 bp (no cut)
AG 280 bp + 170 bp + 110 bp

GG 170 bp + 110 bp

oJAK2e6R
ttgcataagaaaattacctgatagagc

rs160146160

g.73398012G>A

Synonymous

ACG→ ACA

p.Thr196

PCR amplicon 280 bp
not applicable (sequencing)

oJAK2e24F
tctgcttgaaattaaatgtaccaaa

oJAK2e24R
tcagtgaactgcataaactgacc

rs160146116

g.73442093A>G

Synonymous

CTA→ CTG

p.Leu1082

Hpy188III (TCˆNNGA)
PCR amplicon 261 bp

AA 205 bp + 56 bp
AG 205 bp + 137 bp + 68 bp + 56 bp

GG 137 bp + 68 bp + 56 bp

* Position according to: RefSeq NC_056055.1 Chromosome 2 ARS-UI_Ramb_v2.0 Primary Assembly; ** amino
acids abbreviations: Glu, glutamic acid; Thr, threonine; Leu, leucine.

2.6. PCR Conditions

The PCR reaction was carried out with a total volume of 25 µL of the solution mixture
consisting of 12.5 µL 2X PCR Master Mix (Thermo Scientific, ABO, Gdansk, Poland), 0.1 µL
of primers (each at concentration of 10 pmol/mL), 2 µL of genomic DNA, and nuclease-free
water up to 25 µL. Amplification was performed using Biometra TGradient thermal Cycler
(Analytik, Jena, Germany). The first run was at 95 ◦C for 5 min, followed by subsequent
33 cycles of 95 ◦C × 30 s, 60 ◦C × 45 s (all primers), and 72 ◦C × 45 s and the last run at
72 ◦C for 5 min (final elongation). The yield and specificity of PCR products were evaluated
by electrophoresis in 2% agarose gels (BASICA LE GQT, Prona, ABO, Gdansk, Poland)
with ethidium bromide, viewed under UV light and scored in a gel documentation system.

2.7. Digestion

In regard to the first polymorphism within the bovine JAK2 gene (rs210148032), am-
plicons (211 bp) were digested with 5U of the RsaI restriction enzyme (37 ◦C/3 h; MBI
Fermentas, ABO, Gdansk, Poland), which recognized one GT↓AC sequence within the
PCR product. The second bovine polymorphic site (rs211067160) was also characterized by
an amplicon of 211 bp. (However, it relates to a different region of the gene; Table 1) In this
case, the HaeIII restriction enzyme recognized one polymorphic site containing this SNP
(5 U at 37 ◦C/3 h; MBI Fermentas, ABO, Gdansk, Poland). A polymorphism within the
280 bp fragment of exon 6 of the ovine JAK2 gene was detected using the EarI restrictase
(also 5 U, 37 ◦C/3 h; MBI Fermentas, ABO, Gdansk, Poland). The ovine variant within exon
24 was differentiated using the Hpy188III restriction endonuclease (5 U at 37 ◦C/3 h; New
England BioLabs Inc., Ipswich, MA, USA). Electrophoretic separation and visualization
were identical to that described above.

2.8. Statistical Analysis

Analyses of the association between genotype and selected growth and reproductive
traits were carried out on the basis of data obtained from the breeding records of individual
herds maintained by the Polish Union of Meat Cattle Breeders and Producers and the
Polish Union of Sheep Farmers. For cattle, the following traits were analyzed: birth weight
(BWT), weaning weight adjusted to 210 days of age (WWT210), average daily gain from
birth to weaning (ADG), age and body weight at first calving, and calving interval. Traits
studied in sheep included body weight at 2, 30, and 56 days of age; average daily gain
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from 2 to 56 and 30 to 56 days of age; and body weight at mating. Additionally, fertility,
prolificacy, and lamb survival were analyzed.

Statistical analysis was performed using the STATISTICA software (13.3 PL software
package, Statsoft Inc., Kraków, Poland, 2020). The differences between particular genotypes
were evaluated with Duncan’s test. Statistical calculations were performed using a general
linear model (GLM).

The following statistical models were used:

• (Growth traits—cattle: BWT, ADG, and WWT210; sheep: BW2D, BW30D, BW56D,
BWM, ADG2–56, and ADG30–56)

(1) Yijklm = µ + Gi +sj + BYSk + [LSl] + eijklm where Yijklm is the analyzed trait; µ the overall
mean; Gi the fixed effect of JAK2 genotype (i = 1, . . .3); sj the random effect of sire
(Hereford j = 1, . . .31; Angus j = 1, . . .39; Limousin j = 1, . . .24; Pomeranian j = 1, . . .3;
Suffolk j = 1, . . .5); BYSk the fixed effect of birth year/season (Hereford k = 1, . . .20;
Angus k = 1, . . .20; Limousin k = 1, . . .20; Pomeranian k = 1, . . .16; Suffolk k = 1, . . .16);
[LSl] the fixed effect of litter size of mother (only in sheep: 1 single, 2 twins), and eijklm
the random error.

• (Cattle: age and body weight at first calving as well as calving interval)

(2) Yijkl = µ + Gi + sj +CYSk + eijkl where Yijkl is the analyzed trait; µ the overall mean;
Gi the fixed effect of JAK2 genotype (i = 1, . . .3); sj the random effect of sire (Here-
ford j = 1, . . .30; Angus j = 1, . . .39; Limousin j = 1, . . .21); CYSk the fixed effect of
year/season of 1st calving (Hereford k = 1, . . .22; Angus k = 1, . . .27; Limousin
k = 1, . . .21); and eijkl the random error.

• (Only sheep: fertility, prolificacy, and lamb survival)

(3) Yijkl = µ + Gi + LSj + LYk + eijkl where Yijkl is the analyzed trait; µ the overall mean;
Gi the fixed effect of JAK2 genotype (i = 1, . . .3); LSj the fixed effect of litter size
(1 single, 2 twins); LYk the fixed effect of lambing year (Pomeranian k = 1, . . .6; Suffolk
k = 1, . . .8); and eijkl the random error.

The chi-square test was used to verify whether each population was in Hardy–
Weinberg equilibrium.

3. Results
3.1. Sequencing

After a total of 100 individuals from three breeds of cattle were sequenced, two
polymorphic sites were identified in the coding region of the bovine JAK2 gene (Figure 2).
In the case of the sheep JAK2 gene, three polymorphic sites were previously identified and
described by Padzik et al. [17].

3.2. Bovine JAK2 Frequencies

A total of 769 individuals from three breeds of cattle were genotyped for the JAK2/e16/
RsaI polymorphism (Table 3; Figures S1 and S2 included in the Supplementary Materi-
als). Regardless of breed, the largest number of individuals was identified with the AA
genotype (p.Ile704 variant; 58.3–59.4%), followed by heterozygotes (33–34.4%). In contrast,
individuals with the GG genotype (p.Val704 variant; 7.25–8.41%) were rarely identified.
For this reason, the A allele was most commonly observed (75%, regardless of breed). The
genotype frequencies of Hereford and Limousin cows were consistent with HWE (p-value
0.25 and 0.24, respectively), while the distribution of genotypes in the herd of Angus cows
was inconsistent with HWE (p-value = 0.03).
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Table 3. The number and frequency of the JAK2/e16/RsaI and the JAK2/e23/HaeIII genotypes and 

alleles in the three bovine breeds under study. 

Breed 
JAK2/e16/RsaI 

Total 
allele 

 AA AG GG A G 

Hereford 
n 161 95 20 276 

0.7554 0.2446 
Frequency 0.5833 0.3442 0.0725 1.0000 

Angus 
n 195 110 28 333 

0.7508 0.2492 
Frequency 0.5856 0.3303 0.0841 1.0000 

Limousin 
n 95 53 12 160 

0.7594 0.2406 
Frequency 0.5937 0.3313 0.0750 1.0000 

Breed 
JAK2/e23/HaeIII 

Total 
allele 

 AA AG GG A G 

Hereford 
n 165 83 23 271 

0.7620 0.2380 
Frequency 0.6088 0.3063 0.0849 1.0000 

Angus 
n 61 132 152 345 

0.3681 0.6319 
Frequency 0.1768 0.3826 0.4406 1.0000 

Limousin 
n 28 72 43 143 

0.4476 0.5524 
Frequency 0.1958 0.5035 0.3007 1.0000 

n, number of individuals. 

More diverse results between the three breeds of cattle in terms of genotype and allele 

frequencies were obtained for the JAK2/e23/HaeIII polymorphism (Table 3) after testing 

Figure 2. Chromatograms for two polymorphic sites identified within the bovine JAK2 gene.
green—adenine, black—guanine, red—thymine, blue—cystosine.

Table 3. The number and frequency of the JAK2/e16/RsaI and the JAK2/e23/HaeIII genotypes and
alleles in the three bovine breeds under study.

Breed
JAK2/e16/RsaI

Total
allele

AA AG GG A G

Hereford
n 161 95 20 276

0.7554 0.2446Frequency 0.5833 0.3442 0.0725 1.0000

Angus n 195 110 28 333
0.7508 0.2492Frequency 0.5856 0.3303 0.0841 1.0000

Limousin
n 95 53 12 160

0.7594 0.2406Frequency 0.5937 0.3313 0.0750 1.0000

Breed
JAK2/e23/HaeIII

Total
allele

AA AG GG A G

Hereford
n 165 83 23 271

0.7620 0.2380Frequency 0.6088 0.3063 0.0849 1.0000

Angus n 61 132 152 345
0.3681 0.6319Frequency 0.1768 0.3826 0.4406 1.0000

Limousin
n 28 72 43 143

0.4476 0.5524Frequency 0.1958 0.5035 0.3007 1.0000

n, number of individuals.

More diverse results between the three breeds of cattle in terms of genotype and
allele frequencies were obtained for the JAK2/e23/HaeIII polymorphism (Table 3) after
testing 759 individuals. In the case of the Hereford breed, as in the previous SNP, the
AA genotype was most frequently identified (60.9%), followed by heterozygotes (30.6%).
Hereford cows with the GG genotype were rarely identified (8.5%). This distribution was
not consistent with HWE (p-value = 0.01). The opposite situation was noted for the Angus
breed. The most numerous were cattle with the GG genotype (44%) and slightly less often
heterozygous individuals (38.3%). Individuals with the AA genotype constituted only
17.7% of the population of Angus cows. This distribution was also not consistent with
HWE (p-value = 0.00). The distribution of genotypes in the herd of Limousin cows was
different. Half of the herd consisted of heterozygous individuals (50.3%). There were also
numerous cows with the GG genotype (30.1%). The AA genotype was the least frequently
identified (19.6%). The distribution was consistent with HWE (p-value = 0.83). The above
results were reflected in allele frequencies. The A allele clearly dominated only in the
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Hereford breed (76.2%) and the G allele in the Angus herd (63.2%). The allele frequency in
the Limousin herd was more even (allele A accounted for 44.8% of cases and allele G for
55.2%).

3.3. Bovine JAK2/e16/RsaI Associations

In the case of the polymorphism in exon 16 (rs210148032, p.Ile704Val) (Table 4), the
birth weight of Hereford and Limousin calves with the AA genotype (p.Ile704) was sig-
nificantly higher than that of the individuals with the GG genotype (p.Val704; +1.8 kg
and +2.6 kg, respectively; p ≤ 0.05). However, for the Angus breed, the opposite results
were reported, with GG individuals born heavier by 2.2 kg compared to AA individuals
(p ≤ 0.05). A similar situation was noted for the weaning weight (WWT210). Hereford and
Limousin calves with the AA genotype were significantly heavier compared to the GG
genotypes (+11.1 kg (p ≤ 0.05) and +27.2 kg (p ≤ 0.01), respectively). For the Angus breed,
the differences in WWT210 were nonsignificant. In addition, although only for the Hereford
breed, there were significant differences in average daily gains (ADG) (p ≤ 0.01). Indi-
viduals with the frequent AA genotype had higher ADG compared to both heterozygotes
(+132 g) and individuals with the rare GG genotype (+165 g). For the other breeds, the
differences in ADG were statistically nonsignificant. The observed trends were maintained
until the first calving. The body weight of the cow at the first calving differed significantly
depending on the identified genotype. In the case of Hereford, individuals with the AA
genotype were significantly heavier than both heterozygous individuals (+17.9 kg, p ≤ 0.05)
and individuals with the rare GG genotype (+28.8 kg, p ≤ 0.01). In contrast, Limousin cows
with the AA and AG genotypes had an almost identical average body weight at first calving
(~610 kg) and were significantly different (p ≤ 0.05) from the GG genotypes, which had an
average body weight 29 kg lower than the other cows.

Table 4. The effect of JAK2/e16/RsaI genotypes on the growth performance and selected reproductive
traits in cows.

Breed Genotype Birth Weight
(kg)

Average
Daily Gain

(g)

Weaning
Weight (kg)

Age at First
Calving
(Days)

Body Weight
at First

Calving (kg)

Calving
Interval
(Days)

Hereford

AA 34.7 a

(0.36)
1091 AB

(13.11)
262.2 a

(2.85)
1039 A

(28.20)
589.4 Aa

(2.11)
499 ab

(16.06)

AG 34.0
(0.33)

959 A

(14.84)
254.3
(3.50)

975 a

(31.00)
571.5 a

(5.90)
420 a

(13.57)

GG 32.9 a

(0.51)
926 B

(16.60)
251.1 a

(6.97)
813 Aa

(37.69)
560.6 A

(6.79)
399 b

(16.36)

Angus

AA 36.2 a

(0.30)
994

(7.76)
247.1
(1.87)

1076
(19.20)

564.6
(3.33)

416 Aa

(2.02)

AG 37.3
(0.39)

1011
(8.13)

251.6
(2.50)

1057
(26.91)

562.3
(3.81)

403 ab

(2.23)

GG 38.4 a

(0.59)
1012
(8.58)

255.5
(7.89)

1011
(25.83)

574.5
(8.46)

389 Ab

(1.22)

Limousin

AA 35.2 a

(0.41)
1001

(23.62)
275.5 A

(3.22)
1077

(14.55)
610.8 a

(10.27)
469

(21.51)

AG 34.2
(0.57)

1001
(35.12)

261.3
(3.61)

1045
(14.83)

610.3 b

(13.77)
479

(27.96)

GG 32.6 a

(0.65)
954

(10.35)
248.3 A

(6.19)
1090

(15.67)
581.2 ab

(5.69)
466

(6.69)

The means in the columns marked with the same letters within the same breed differ significantly at: small letters,
p ≤ 0.05; capitals, p ≤ 0.01. Numbers in parentheses are the standard errors of the means.

Some relationships were also noted for selected reproductive traits of cattle, although
they were statistically confirmed only for Hereford and Angus breeds. Hereford individuals
with the GG genotype, despite having the significantly lowest birth weight and body weight
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in later periods, as described above, had the lowest average age of first calving (~27 months)
compared to the other genotypes, with the difference between the GG genotype and
the heterozygous AG genotype being 162 days (i.e., ~5.5 months difference, p ≤ 0.05)
and between GG and the most common AA genotype being as much as 226 days (i.e.,
~7.5 months difference, p ≤ 0.01). In the case of the Angus and Limousin breeds, no
significant differences were found because the age of the first calving was similar, occurring
at around 33–36 months of age for cows of both breeds. Cows with the GG genotype also
had a shorter calving interval. Within the Hereford breed, the differences were as much as
100 days compared to cows with the AA genotype (p ≤ 0.05). Also, heterozygotes in the
JAK2/e16/RsaI polymorphism for the Hereford breed had a 79-day shorter calving interval
compared to cows with the AA genotype (p ≤ 0.05). The calving interval of Angus cows
was even more diverse within the genotypes. As with Hereford, cows with GG genotype
had a 27-day shorter calving interval compared to cows with AA genotype (p ≤ 0.01) and
14 days shorter than heterozygous cows (p ≤ 0.05). Heterozygotes also had a shorter
calving interval by 13 days compared to AA cows (p ≤ 0.05). In the case of the Limousin
breed, there were no significant differences in the calving interval of cows with the different
JAK2/e16/RsaI genotypes. Irrespective of breed and genotype, all calvings were single and
uncomplicated.

3.4. Bovine JAK2/e23/HaeIII Associations

Regardless of breed, there was no association between the silent mutation in exon
23 (rs211067160) and birth weight of calves (Table 5). In the case of weaning weight in
the Hereford and Limousin populations, individuals with AA genotype were heavier by
16.4 kg and 14.3 kg, respectively, compared to individuals with GG genotype (p ≤ 0.05) and
had better average daily weight gains of 154 g (p ≤ 0.01) and 91 g, respectively (p ≤ 0.05).
In addition, heterozygous Hereford cows also had higher ADG than GG cows (+112 g;
p ≤ 0.01). However, Limousin cows with the previously preferred AA genotype had
36.8–38.3 kg lower body weight at first calving compared to cows with the other genotypes
(p ≤ 0.05). For other breeds, no statistical differences in body weight at the first calving
were noted.

Similarly to the previously discussed polymorphic site, the age of first calving in Angus
and Limousin cows (from 34 to 36 months) did not depend on JAK2/e23/HaeIII genotypes
in contrast to Hereford cows, for which, again, individuals with the rare GG genotype had
significantly earlier age at first calving (~29 months) than AA cows (~34 months) (p ≤ 0.05).
At the same time, cows of this breed, also with the GG genotype, had a 90-day shorter
calving interval compared to the AA genotype (p ≤ 0.05). In the population of Limousin
cows, the most numerous heterozygotes had a significantly longer calving interval by
90 days than cows with the rarest AA genotype (p ≤ 0.05).

For the Angus breed, no statistically significant differences were observed between
JAK2/e23/HaeIII genotypes for the growth and reproductive traits. Additionally, it was
noted that regardless of breed or genotype, all births were single and occurred without
complications or human assistance.
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Table 5. The effect of JAK2/e23/HaeIII genotypes on the growth performance and selected reproduc-
tive traits in cows.

Breed Genotype Birth Weight
(kg)

Average
Daily Gain

(g)

Weaning
Weight (kg)

Age at First
Calving
(Days)

Body Weight
at First

Calving (kg)

Calving
Interval
(Days)

Hereford

AA 34.5
(0.34)

1060 A

(12.86)
260.8 a

(2.53)
1020 a

(27.83)
584.9
(3.26)

487 a

(15.87)

AG 34.1
(0.38)

1018 B

(24.03)
257.9
(4.95)

988
(37.85)

575.6
(4.05)

430
(14.72)

GG 33.9
(1.03)

906 AB

(16.51)
244.4 a

(3.47)
874 a

(51.07)
571.9
(7.08)

397 a

(16.73)

Angus

AA 37.16
(0.71)

1005
(14.27)

249.6
(3.66)

1065
(25.94)

559.4
(5.42)

423
(4.37)

AG 37.40
(0.42)

1017
(11.25)

250.8
(2.92)

1021
(25.59)

563.9
(4.72)

400
(1.71)

GG 36.3
(0.29)

993
(7.37)

248.4
(1.99)

1084
(20.98)

566.0
(3.28)

410
(2.08)

Limousin

AA 35.5
(0.77)

1058 a

(17.42)
274.5 a

(4.38)
1075

(18.39)
580.5 ab

(3.13)
413 a

(28.82)

AG 34.2
(0.40)

990
(32.90)

271.3
(3.91)

1078
(15.23)

618.8 a

(12.95)
504 a

(27.69)

GG 35.2
(0.73)

967 a

(36.69)
261.2 a

(4.13)
1056

(25.25)
617.3 b

(17.77)
483

(32.79)

The means in the columns marked with the same letters within the same breed differ significantly at: small letters,
p ≤ 0.05; capitals, p ≤ 0.01. Numbers in parentheses are the standard errors of the means.

3.5. Ovine JAK2 Frequencies

For three polymorphic sites, 138 Pomeranian and 195 Suffolk individuals were geno-
typed (Table 6; Figures S3 and S4 included in the Supplementary Materials).

Table 6. The number and frequency of genotypes and alleles for three different JAK2 polymorphisms
among two sheep breeds under study.

Breed
JAK2/e6/EarI

Total
allele

AA AG GG A G

Pomeranian
n 32 58 48 138

0.4420 0.5580Frequency 0.2319 0.4203 0.3478 1.0000

Suffolk
n 29 43 123 195

0.2590 0.7410Frequency 0.1487 0.2205 0.6308 1.0000

Breed
JAK2/e6/seq

Total
allele

AA AG GG A G

Pomeranian
n 55 59 24 138

0.6123 0.3877Frequency 0.3986 0.4275 0.1739 1.0000

Suffolk
n 49 110 36 195

0.5333 0.4667Frequency 0.2513 0.5641 0.1846 1.0000

Breed
JAK2/e24/Hpy188III

Total
allele

AA AG GG A G

Pomeranian
n 43 67 28 138

0.5544 0.4456Frequency 0.3116 0.4855 0.2029 1.0000

Suffolk
n 49 128 18 195

0.5795 0.4205Frequency 0.2513 0.6564 0.0923 1.0000

n, number of individuals.
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In the case of the first polymorphic site (JAK2/e6/EarI), for the Pomeranian breed,
numerous occurrences of individuals of each genotype were noted, with the largest number
of individuals being heterozygous (42%), followed by sheep with the GG genotype (34.8%),
and slightly less often, individuals with AA genotype were identified (23.2%). Allele
frequencies were similar (A, 44.2%; G, 55.8%). The genotype distribution was consistent
with HWE (p-value = 0.08). However, in the flock of Suffolk sheep, the GG genotype
(63%) and the G allele (74%) clearly dominated, and the distribution of genotypes was not
consistent with HWE (p-value < 0.01).

In the case of the second polymorphic site (JAK2/e6/seq), heterozygotes (POM 42.7%
and SUF 56.4%) were the most numerous in both breeds, followed by individuals with the
AA genotype (39.9% and 25.1%, respectively) and with the GG genotype (17.4% and 18.5%,
respectively). The A allele occurred more frequently than the G allele (61.2% vs. 53.3%).
The distribution of genotypes in both populations was consistent with HWE (p-value =
0.24 for the Pomeranian breed and p-value = 0.06 for the Suffolk breed).

The polymorphism in exon 24 (JAK2/e24/Hpy188III) was also characterized by a
slight dominance of heterozygous individuals (POM 48.6% and SUF 65.6%), followed by
sheep with the AA genotype (31.2% and 25.1%, respectively) and the least frequent being
sheep with the GG genotype (20.3% and 9.2%, respectively). The frequencies of the A allele
were similar (55.4% and 57.8%). The distribution of genotypes in the Pomeranian sheep
population was consistent with HWE (p-value = 0.84) and inconsistent with HWE in the
Suffolk sheep herd (p-value < 0.01).

3.6. Ovine JAK2 Associations—Growth Traits

At the early stages of animal life, highly significant differences depending on the
genotype were observed for most of the analyzed growth performance traits and for each
polymorphic site (Table 7). The exception was the subsequent body weight at mating,
which was significant only for the Suffolk breed.

Sheep with the AA genotype for the JAK2/e6/EarI polymorphic site were significantly
heavier than the other sheep on day 2 (+0.3–0.7 kg for Pomeranian and +0.7–0.8 kg for
Suffolk), on day 30 (+1.2–1.3 kg; only Suffolk), and on the 56th day of life (Pomeranian
+1.2–2.2 kg and Suffolk 2.8–3.6 kg) and at mating (+4.1 kg; only Suffolk), especially from the
worst-performing individuals with the GG genotype (p ≤ 0.01) compared to heterozygous
sheep and sheep with the AA genotype (Pomeranian +16–27 g and Suffolk +40–53 g)
between 2 and 56 days of age. For Suffolk sheep, between 30 and 56 days of age, even
higher differences in average gains were noted (+62–90 g).

Table 7. Means and standard errors (in parentheses) of weights and gains traits in sheep with different
JAK2 genotypes of three polymorphic sites.

Breed Genotype

Body
Weight at

2 Days
(kg)

Body
Weight at

30 Days (kg)

Body
Weight at 56

Days (kg)

Average
Daily Gains

between
2–56 Days

(g)

Average
Daily Gains

between
30–56 Days

(g)

Body
Weight at

Mating
(kg)

JAK2/e6/EarI

Pomeranian

AA 4.3 AB

(0.04)
n/a 19.3 AB

(0.19)
278 AB

(3.52)
n/a 54.4

(0.43)

AG 4.0 BC

(0.03)
n/a 18.1 BC

(0.15)
262 Ba

(2.78)
n/a 53.8

(0.28)

GG 3.6 AC

(0.02)
n/a 17.1 AC

(0.18)
251 Aa

(3.20)
n/a 53.2

(0.43)

Suffolk

AA 4.8 AB

(0.05)
14.2 AB

(0.13)
23.5 AB

(0.21)
347 AB

(3.44)
359 AB

(7.24)
62.0 AB

(0.55)

AG 4.1 B

(0.02)
13.0 B

(0.19)
20.7 Ba

(0.25)
307 Ba

(4.39)
297 Ba

(9.86)
58.9 B

(0.39)

GG 4.0 A

(0.03)
12.9 A

(0.15)
19.9 Aa

(0.18)
294 Aa

(2.96)
269 Aa

(4.95)
57.9 A

(0.26)
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Table 7. Cont.

Breed Genotype

Body
Weight at

2 Days
(kg)

Body
Weight at

30 Days (kg)

Body
Weight at 56

Days (kg)

Average
Daily Gains

between
2–56 Days

(g)

Average
Daily Gains

between
30–56 Days

(g)

Body
Weight at

Mating
(kg)

JAK2/e6/seq

Pomeranian

AA 3.8 A

(0.04)
n/a 17.9 A

(0.18)
261 A

(3.16)
n/a 53.8

(0.31)

AG 3.9 B

(0.04)
n/a 17.7 B

(0.16)
256 B

(2.73)
n/a 54.2

(0.34)

GG 4.3 AB

(0.05)
n/a 19.4 AB

(0.24)
280 AB

(4.01)
n/a 54.9

(0.53)

Suffolk

AA 4.1 A

(0.06)
12.7 A

(0.25)
19.8 A

(0.34)
292 A

(5.32)
275 A

(8.56)
58.4 A

(0.54)

AG 4.1 B

(0.03)
13.1 a

(0.14)
20.3 B

(0.17)
301 B

(2.93)
278 B

(5.79)
58.4 B

(0.25)

GG 4.6 AB

(0.06)
13.7 Aa

(0.20)
22.5 AB

(0.32)
333 AB

(5.29)
338 AB

(8.67)
60.2 AB

(0.59)

JAK2/e24/Hpy188III

Pomeranian

AA 4.2 AB

(0.05)
n/a 19.2 AB

(0.20)
279 AB

(3.83)
n/a 54.4

(0.43)

AG 3.9 AC

(0.04)
n/a 17.8 AC

(0.13)
258 AC

(2.14)
n/a 53.8

(0.28)

GG 3.6 BC

(0.05)
n/a 16.8 BC

(0.15)
244 BC

(2.98)
n/a 53.2

(0.43)

Suffolk

AA 4.5 AB

(0.06)
14.1 AB

(0.16)
22.7 AB

(0.26)
338 AB

(4.07)
332 AB

(9.04)
60.1 Aa

(0.54)

AG 4.1 AC

(0.02)
13.0 AC

(0.12)
20.2 AC

(0.15)
298 AC

(2.46)
278 AC

(4.99)
58.7 Ba

(0.23)

GG 3.7 BC

(0.05)
11.4 BC

(0.40)
17.7 BC

(0.35)
260 BC

(5.98)
243 BC

(11.28)
54.9 AB

(0.46)

The means in the columns marked with the same letters within the same breed differ significantly at: small letters,
p ≤ 0.05; capitals, p ≤ 0.01. n/a: for the Pomeranian breed, such data were not recorded.

In the case of the second polymorphic site (JAK2/e6/seq) in both breeds, sheep with
the GG genotype had the greatest body weights on day 2 (+0.4–0.5 kg), day 30 (+0.6–1 kg;
only Suffolk), and 56 days of age (Pomeranian +1.5–1.7 kg and Suffolk +2.2–2.7 kg) and
daily gains for the period from 2 to 56 days of age (Pomeranian +19–24 g and Suffolk
+32–41 g) and for the period from 30 to 56 days of age (+60–63 g; Suffolk only) (p ≤ 0.01)
compared to heterozygotes and AA genotypes. For the Suffolk breed, the weight of sheep
with the GG genotype was also higher by 1.8 kg during mating than in sheep with the other
genotypes (p ≤ 0.01).

Polymorphism within exon 24 (JAK2/e24/Hpy188III) was also characterized by highly
significant associations (p ≤ 0.01), where individuals with the AA genotype had the highest
body weights compared to heterozygotes and individuals with the GG genotype on the
2nd day of life (Pomeranian +0.3–0.6 kg and Suffolk +0.4–0.8 kg) as well as on day 30
(+1.1–2.7 kg; Suffolk only) and on day 56 (Pomeranian +1.4–2.4 kg and Suffolk 2.5–5 kg). It
was similar with daily gains both in the period from 2 to 56 days (Pomeranian +21–35 g
and Suffolk +40–78 g) and in the period from 30 to 56 days (+54–89 g; Suffolk breed only).
Also, during mating, sheep with the AA genotype were characterized by a higher weight
than the other individuals (+1.4–5.2 kg; only in the Suffolk breed).

3.7. Ovine JAK2 Associations-Reproductive Traits

Table 8 presents the values of reproduction traits for Pomeranian and Suffolk sheep
as well as lamb rearing in relation to three polymorphic sites located in the JAK2 sheep
gene. Genetic origin differentiated the average values of all the analyzed reproductive
characteristics of mothers. In the case of the polymorphism in exon 6 (JAK2/EarI), the
highest fertility was shown by heterozygous Pomeranian sheep (95.8%), while the lowest
(82.34%) was found in sheep with the GG genotype (82.34%). Statistically significant differ-
ences (p ≤ 0.01) were noted between individuals with the GG genotype and individuals
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that were homozygous AA (+11.96%) and heterozygous AG (+13.54%). In the case of the
Suffolk breed, the highest fertility rate was shown in heterozygous individuals (94.41%)
and the lowest in AA individuals (91.03%). However, no statistically significant differences
were found in Suffolks. The prolificacy was similar among the genotypes within the breeds;
however, statistically significant differences were noted in the Suffolk breed, where individ-
uals with the GG genotype were characterized by the lowest prolificacy in comparison to
individuals with the AA genotype (p ≤ 0.01) and heterozygotes (p ≤ 0.05).

Regardless of breed, the best lamb survival rates were noted for heterozygous sheep
(94.28% Pomeranian; 96.34% Suffolk). The lowest lamb survival rates in sheep of both
breeds were found in GG individuals, which was confirmed statistically (p ≤ 0.01).

For the second polymorphic site (JAK2/e6/seq), there were clear differences between
breeds. In Pomeranian sheep, the GG genotype was associated with the highest fertility
(+7.52% AG, p ≤ 0.05; +9.53% AA, p ≤ 0.01), while in Suffolk sheep, similar fertility was
observed in individuals with AA and AG genotypes, which significantly (p ≤ 0.05) differed
from mothers with the GG genotype (+4.28–4.4%).

The prolificacy of sheep in both groups, regardless of the genotype, did not exceed 1.18
and was similar. No statistically significant differences were observed. The Pomeranian
sheep with the GG genotype reared the largest percentage of lambs (97.68%) compared
to other mothers, and statistical differences were shown only for mothers with the AA
genotype (+11.5%; p ≤ 0.01). Different relationships were confirmed statistically (p ≤ 0.01)
in Suffolk sheep; the lamb survival was higher (92.09%) when ewes had the AG genotype
than when the ewes had the GG genotype (difference +11.27%).

The relationship of the JAK2/e24/Hpy188III genotypes with fertility and lamb survival
showed that, regardless of breed, sheep with AA genotype were characterized by the highest
values of the analyzed traits (p ≤ 0.01; p ≤ 0.05). The difference in fertility between mothers
with the AA genotype and individuals with the GG genotype was nearly 14% in Pomeranian
sheep and 6% in Suffolk sheep, while the differences in lamb survival were approximately
12% for Pomeranian sheep and 19.5% for Suffolk sheep. In the case of the prolificacy,
statistical differences were demonstrated in the Pomeranian breed, where individuals with
the GG genotype differed significantly from the other individuals (0.14–0.19; p ≤ 0.01).

Table 8. Influence of genotypes on reproductive performance of Pomeranian and Suffolk sheep
breeds.

Breed Genotype Fertility (%) Prolificacy (n/ewe) Lamb Survival
(%)

JAK2/e6/EarI

Pomeranian

AA 94.30 A

(2.23)
1.15

(0.05)
93.55 A

(2.21)

AG 95.88 B

(1.45)
1.11

(0.04)
94.28 B

(1.67)

GG 82.34 AB

(2.70)
1.18

(0.05)
81.38 AB

(3.86)

Suffolk

AA 91.03
(2.89)

1.19 A

(0.06)
95.40 A

(1.92)

AG 94.41
(1.11)

1.18 a

(0.05)
96.34 B

(1.48)

GG 94.40
(1.66)

1.09 Aa

(0.02)
84.52 AB

(2.00)
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Table 8. Cont.

Breed Genotype Fertility (%) Prolificacy (n/ewe) Lamb Survival
(%)

JAK2/e6/seq

Pomeranian

AA 88.30 A

(2.35)
1.11

(0.04)
86.20 A

(2.88)

AG 90.31 a

(2.05)
1.18

(0.04)
89.69
(2.64)

GG 97.83 Aa

(1.59)
1.13

(0.05)
97.68 A

(1.66)

Suffolk

AA 94.62 a

(1.77)
1.13

(0.04)
87.06
(2.84)

AG 94.74 b

(1.11)
1.14

(0.03)
92.09 A

(1.53)

GG 90.34 ab

(2.47)
1.06

(0.03)
80.82 A

(4.23)

JAK2/e24/Hpy188III

Pomeranian

AA 95.17 A

(1.76)
1.13 A

(0.04)
95.77 A

(1.66)

AG 93.48 B

(1.79)
1.08 B

(0.03)
90.66
(1.93)

GG 81.33 AB

(3.74)
1.27 AB

(0.08)
84.00 A

(4.46)

Suffolk

AA 95.05 a

(1.44)
1.15

(0.03)
92.64 A

(2.43)

AG 94.17
(1.13)

1.11
(0.03)

89.44 B

(1.66)

GG 88.89 a

(3.81)
1.11

(0.05)
73.15 AB

(5.43)

The means in the columns marked with the same letters within the same breed differ significantly at: small letters,
p ≤ 0.05; capitals, p ≤ 0.01. Numbers in parentheses are the standard errors of the means.

4. Discussion

Selection based on genetic markers focuses primarily on improving the performance
characteristics of animals, such as milk yield and growth performance. The rate of ge-
netic improvement can be increased by genotype-based selection [20]. Fertility traits are
also increasingly taken into consideration during animal selection, as these traits directly
influence production efficiency. The intensity of selection depends on factors such as
the number of calves or lambs born per year and the interval between generations. In a
production system that involves both milk and meat production, irregular reproduction
patterns, such as long generation interval, can lead to economic unprofitability [21]. The
use of SNP markers offers the possibility of selecting the appropriate genotype/haplotype
or a combination of genotypes with a related phenotype, resulting in significant breeding
benefits. An example of this is found in dairy and beef cattle-breeding programs in North
America and Europe, where the use of molecular genetics contributes to the profitability of
farms and the continuous improvement of production values [22].

4.1. GWAS Studies

Most of the target performance traits in livestock are polygenic, which are primar-
ily suitable for testing using the genome-wide association study (GWAS) method [23].
Keogh et al. [24] performed GWAS (Charolaise and Limousin breeds) for SNPs involved in
the reproductive potential of these breeds (calving interval, calving difficulty, and calf mor-
tality) and selected production-related traits. The highest signals for carcass weight were
noted for BTA2 (dominant effect of the myostatin gene) and BTA6 (non-SMC condensin I
complex, subunit G (NCAPG)/ligand-dependent nuclear receptor corepressor-like (LCORL)
locus). The ovine JAK2 gene, located on the Ovis aries chromosome 2 (similarly to the ovine
myostatin gene), does not appear directly as a strong signal in GWAS studies in sheep. In
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contrast, one region on OAR6 (13 SNPs) was associated with body weight (NCAPG/LCORL
locus, similar to cattle on BTA6) [25]. An important methodological limitation of GWAS
studies is the inclusion in the analyses of only frequent gene variants, i.e., SNPs that occur
in more than 5% of individuals in the population, and indicating only strong signals above
the conventional threshold line. Weaker signals that may be missed by GWAS analysis can
be identified and described using traditional quantitative trait locus (QTL) mapping, as
long as these signals are associated with genes involved in complex biological pathways
and processes [26].

4.2. Physiological Implications

Body weight is the most crucial indicator of growth and development in cow and
sheep production. It directly and indirectly affects meat and wool production as well as
the reproduction of animals [27]. Growth regulation is controlled by multiple signaling
pathways that change throughout the life of the animal. Doubtlessly, the somatotropic axis
(GH/IGF-I along with their receptors and many signaling proteins) is involved in these
complex signaling pathways. This pathway is also essential for cell growth, differentiation,
and development, in particular for the modulation and amplification of gonadotropin,
follicle-stimulating hormone (FSH), and luteinizing hormone (LH) activity during follicle
growth in the ovary [28]. After birth, skeletal muscle development is controlled by the
classical Wnt (portmanteau word formed by combining “Wingless” and “Integration-
1”) signaling pathway, while the nonclassical Wnt signaling pathway mainly mediates
the self-renewal and the growth of muscle fibers [29]. There is also evidence that the
JAK2/STAT3 pathway mediates the regulation of muscle satellite cell differentiation [30]
and regulates the expression of genes related to skeletal muscle development and energy
metabolism, especially affecting the expression of the MyoD and Myf5 genes [31]. The
IL-6/JAK2/STAT3 pathway may be a principal mediator in denervated skeletal muscle
atrophy [32]. The JAK2-STAT5 pathway is activated by the pulsatile release of GH in
response to acute aerobic exercise in human skeletal muscle [33]. Even a single amino acid
variation in the JAK2 molecule can carry severe consequences. In humans, most patients
with polycythemia vera (PV), one-half of the cases of essential thrombocythemia (ET), and
other myeloproliferative neoplasms (MPNs) cases possess an JAK2 p.V617F mutation (exon
12) [34] leading to constitutive activity of the JAK2 gene-encoded tyrosine kinase. Identical
mutations of the JAK2 gene and consequences occur in dogs [35]. Of the five SNPs analyzed
in this manuscript, only one (rs210148032 in exon 16 of the bovine JAK2 gene) may have
analogous physiological implications. However, there is a lack of research in this area. A
more in-depth analysis is necessary in relation to genetic implications.

4.3. Genetic Implications

A total of five polymorphic sites (two in cattle and three in sheep) located in different
regions of the JAK2 gene were analyzed. To our knowledge, this is the first attempt to
assess the relationship between these SNPs and selected cattle and sheep production traits.
They are an example of two different types of gene polymorphism, which may determine
their different partial influence on the observed differences in shaping growth performance
and reproductive characteristics in these animal species.

The polymorphic site rs210148032 in exon 16 of the bovine JAK2 gene is a typical
example of a missense mutation (the first letter of the codon). This determines the re-
placement of the isoleucine amino acid with valine at position 704 of the amino acid
chain in the JH2 domain (i.e., pseudokinase) of active JAK2. Such a change may there-
fore determine the function of JAK2, as the JH2 domain directly regulates the activity
of the tyrosine kinase JH1 domain. The rate at which amino acids are seen to mutate to
other residues in homologous proteins has been extensively studied [36]. The isoleucine–
valine substitution (as well as leucine–valine and leucine–isoleucine) is quite common
in nature. The severity of such amino acid substitution is estimated at the levels 2–4
(http://www.insilicase.com/Web/SubstitutionScore.aspx) (accessed on 14 May 2023),

85



Animals 2023, 13, 2470

where, for example, tryptophan is highly conserved and rarely changes to any other
amino acid (level 17). Alanine, valine, isoleucine, and leucine are closely related in physico-
chemical properties because they are small, hydrophobic residues similar to methionine [37].
Being hydrophobic, isoleucine/valine prefers to be buried in protein hydrophobic cores.
This may partly explain the fact that ambiguous results were obtained in the three cattle
breeds. Hereford and Limousin cows with the p.Ile704 were always the heaviest and had
the best weight gains. However, Angus cows with the rare p.Val704 had higher weights,
although for most traits, this was not statistically confirmed. Rather, this SNP may be
linked to other SNPs of greater importance, and the significance of the change of these
particular A/G nucleotides can be explained in a similar way as for silent mutations.

The second polymorphic site in exon 23 of the bovine JAK2 gene (rs211067160) and
both SNPs in exon 6 (rs160146162 and rs160146160) as well as in exon 24 (rs160146116)
of the sheep JAK2 gene are examples of silent mutations. Generally, those SNPs do not
result in alteration of gene expression, and there are no changes in the function and
structure of the mature protein. However, even a simple A/G change may result in
posttranscriptional changes such as alterations in mRNA splicing and stability, followed by
nucleocytoplasmic export through the nuclear pore complex (NPC) by receptor-mediated
and Ran-GTP gradient-dependent active transport [38]. In addition, synonymous codons
may influence ribosome occupancy time and thus can increase or decrease elongation rates
during translation [39]. The location of the JAK2/e23/HaeIII polymorphism is extremely
important (codon for p.Pro1057), as it is the central part encoding the JH1 tyrosine kinase
domain with the conserved tyrosine sites in JAK2: p.Tyr1007 and p.Tyr1008. Similarly, in
sheep, a p.Leu1082 residue also in the JH1 domain (encoded, among others, by exon 24
where JAK2/Hpy188III SNP is positioned) may also play a crucial role in the function of
kinase. The stability of this fragment determines the ability to transmit a signal inside the
target cell after activation of the receptor–ligand, which is usually a member of the gp130

receptor family and class II cytokine–receptor family (such as interleukin 3 receptor family,
erythropoietin receptor (EPO), growth hormone (GH) receptor, prolactin receptor, and
thrombopoietin (TPO) receptor) [40]. Another silent A/G mutation (rs110298451) located
in exon 20 of the bovine JAK2 gene was described by Padzik and Szewczuk [17] at the
third nucleotide of the lysine codon (AAA→ AAG) at position 912 (p.K912) of the mature
amino acid chain (also JH1 domain with tyrosine kinase activity). The influence of the
polymorphism on growth traits varied depending on the breed: for the Hereford breed, the
GG genotype was favored; for the Angus breed, the heterozygous genotype; and for the
Limousin breed, the AA genotype. Therefore, synonymous SNP within exons encoding the
JH1 kinase domain may be associated with other causative mutations in the JAK2 gene or a
completely different gene involved in developing growth performance traits in cattle. In
sheep, two SNPs located in exon 6 (codons for p.Glu177 and p.Thr196) were analyzed. This
exon encodes a fairly conservative FERM domain, which primarily determines the binding
of the JAK2 molecule to the target receptor (receptor association). However, apart from
binding to the receptor, this domain plays a role in the overall organization of the tyrosine
kinase structure and its subsequent activation/deactivation: a third level of regulation of
kinase activity [41]. Sheep of both breeds with a combination of AA/GG/AA genotypes
of SNPs located in exon 6 and exon 24 appear to be heavier and have better daily gains
compared to other individuals. Since these are the first association studies for these SNPs,
the results cannot be compared to studies by other authors. Therefore, this observation
needs to be confirmed statistically in separate analyses considering haplotypes or genotype
combinations.

4.4. Involvement of JAK2 in the Formation of Reproductive Traits

The optimal level of reproduction in beef cattle herds is closely tied to the potential
economic benefits, which largely rely on beef production [42,43]. Two of the important
indicators determining the fertility of cows are the age of the first calving and the length of
the calving interval. Earlier age at first calving reduces the cost of rearing heifers through
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earlier conception, which is influenced by body weight and condition of the cows [44], while
the extension of the rearing period of heifers increases costs incurred by breeders [45,46].

Regardless of the polymorphic location, Hereford cows of the GG genotype calved
the earliest and had the shortest calving interval compared to the AA genotype. In Angus
cows, statistically significant differences were observed only for the JAK2/e16/RsaI poly-
morphism and the calving interval, where, once more, individuals with the GG genotype
had a shorter calving interval. Cows with a short birth intervals are usually characterized
by the best fertility and the highest reproductive efficiency [45]. The length of the period in
question is more important in the case of dairy cattle, while in the case of beef production,
attention is paid to the calving rhythm, which means that breeders keep cows with regular
calving intervals for further breeding [45]. The results obtained in this paper are difficult to
relate to the studies of other authors in the context of the analyzed polymorphisms and the
discussed reproductive traits. The only work on a similar subject is the study by Padzik
and Szewczuk [17], which identified a silent mutation in exon 20 (dbSNP ID: rs110298451)
in the JAK2 gene in the same breeds of cattle. The age of cows at first calving was later
(average days: Limousin: 1118, Hereford 1038, and Angus 1085, respectively). Moreover,
the authors did not find a significant relationship between JAK2/e20/RsaI polymorphism
and age at first calving.

Reproductive traits in sheep have low heritability. Therefore, traditional selection
by phenotype results in small annual genetic progress [47]. Identification of candidate
genes is one strategy for improving these traits. These genes directly or indirectly affect
fertility [48,49], prolificacy [50,51], and lamb rearing [51,52], which are of great importance
and may contribute to increasing the rate of genetic improvement of these traits. It should
be remembered that polygenic traits are traits that are constantly dispersed, referring
to the existence of many genes that help in the expression of various gene traits (it is
selective). Environmental elements, including animal stress, also significantly affect gene
expression [27,53]. Therefore, in our study, the observations were made on the same farm,
with the same management and feeding system for both sheep breeds. The sheep spent
most of the year on pasture, where the nutritional properties of forage change depending on
the season, which may affect gene expression. Metzler-Zebeli et al. [54] stated that different
feeding levels can alter gene expression. Sheep grazing, stimulated by hot summers and
cold winters, can also alter gene expression [55].

Because no reports are available in the literature on the relationships between the three
polymorphic sites analyzed in our study and performance and reproduction traits of sheep,
it is not possible to contrast and compare our results with those of other authors. Therefore,
we discussed our results in terms of their economic importance and their influence on the
genetic improvement of sheep.

In the case of polymorphisms located in exons 6 (JAK2/EarI) and 24 (JAK2/Hpy188III)
in the group of sheep with the GG genotype, a certain tendency was observed associated
with the deterioration of fertility and lower rearing of lambs, which is also associated with
the economic aspect of production [56,57].

An inverse relationship was found in sheep of the autochthonous Pomeranian breed
in the case of the JAK2/e6/seq polymorphism, where the fertility and lamb survival in
ewes of the GG genotype exceeded 97%, which indicates excellent reproduction. Suffolk
ewes with the GG genotype were also characterized by high fertility (90.34%). It is assumed
that the value of the indicator can be considered satisfactory when it is 90%, good if it
exceeds 95%, and very good when it is close to 100% [58]. Preliminary analyses showed
that ewes with the AA and AG genotypes had better fertility and lamb survival, apart from
Pomeranian sheep in the case of the JAK2/e6/seq polymorphic site. Irrespective of the
analyzed polymorphic site, the GG ewes reared fewer lambs than other mothers (except for
sheep of the Pomeranian breed JAK2/e6/seq). The values of the index oscillate between
73.15–84.52%, which means that the losses of lambs in the analyzed groups of mothers
with GG genotypes exceeded the acceptable level of 5% [59–61]. In these groups of sheep,
there were lambs from twin pregnancies, which, according to Clune et al. [59], may be
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less developed and quite often show reduced viability immediately after birth [60], which
delays or even prevents proper colostrum intake [62]. As a result, deaths may occur in the
first hours of life. Losses during the rearing period may also be due to the lack of colostrum
or its poorer quality and insufficient milk yield of mothers. For this reason, lambs are often
fed with preparations containing powdered colostrum and, in further rearing, with milk
replacers [61]. Therefore, it should be considered that greater care provided by breeders
may improve lamb-rearing results in this breed of sheep. The selection and elimination of
individuals with the GG JAK2/e6/seq genotype should also be considered.

Lamb survival is an important element of sheep production closely related to the
prolificacy and profitability of production. The prolificacy of sheep in both breed groups
was similar, regardless of the genotype, and did not exceed 1.18. The prolificacy of Suffolk
sheep was relatively low (1.06–1.19). The results for PZO indicate it has good potential in
terms of prolificacy [63].

The assumed profitability of the production of lambs for slaughter occurs from at
least 1.5 lambs raised from the mother [64], which in practice is difficult in the case of
native breeds, such as Pomeranian sheep, except for prolific breeds. This trait in sheep
depends to a large extent on, e.g., the breed, nutrition, and age of the ewes [57,64]. Taking
into account the possibilities and predispositions of the analyzed sheep breeds in the
context of higher prolificacy, attention should be paid to the nutrition of ewes before
and during breeding [65], which, according to Łozicki [66], could increase the number of
maturing ova and, consequently, improve fertility by 10–30%. In addition, the introduction
of biotechnological methods in reproduction, namely the stimulation of the functioning of
the reproductive system but also the induction of superovulation, according to Skliarov
et al. [67], suggests the possibility of a significant improvement in this indicator.

5. Conclusions

The phenotypic characteristics of cattle and sheep are the result of a complex interac-
tion of many genetic and environmental factors, which usually act simultaneously, and it is
difficult to determine the degree of influence of each of them. Therefore, early identification
of genetic features in young animals enables more effective selection management and
effective breeding in the herd. Production indicators, such as, body weight, daily gains
of lambs and calves at different stages of their lives, as well as reproductive indices, are
important factors that are crucial for successful ruminant production and thus translate
into profitability of production. Identification of genomic regions and biological pathways
that contribute to the understanding of variability in body weight traits and reproductive
traits is important for selection purposes. Therefore, the identification of a number of genes
with a moderate and low impact on the traits discussed in the paper will allow the use of
genetic-marker-assisted selection for in-breed selection in order to achieve higher body
weight, daily gains, and better fertility and rearing of lambs and calves in various housing
and feeding conditions. The results obtained in the study are ambiguous, and additional
association studies are needed on other herds and within different breeds of cattle and
sheep. For this reason, an analysis of haplotypes and/or combined genotypes of the JAK2
gene and selected polymorphic sites located in the genes encoding the somatotropic axis
should be performed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13152470/s1, Figure S1: Electrophoretic separation of re-
striction fragments resulting from digestion with the RsaI restriction enzyme (ACRS-PCR; bovine
JAK2/e16/RsaI polymorphism); lane 1 (M), mass standard pUC19 DNA/MspI; lane 2, AG geno-
type; lane 3, AA genotype; lane 4, GG genotype; Figure S2: Electrophoretic separation of restric-
tion fragments resulting from digestion with the HaeIII restriction enzyme (ACRS-PCR; bovine
JAK2/e23/HaeIII polymorphism); lane 1 (M), mass standard pUC19 DNA/MspI; lane 2, AG geno-
type; lane 3, AA genotype; lane 4, GG genotype; Figure S3: Electrophoretic separation of restriction
fragments resulting from digestion with the EarI restriction enzyme (PCR-RFLP; ovine JAK2/e6/EarI
polymorphism) polymorphic site; lane 1 (M), mass standard pUC19 DNA/MspI; lane 2, AG geno-
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type; lane 3, AA genotype; lane 4, GG genotype; Figure S4: Electrophoretic separation of restric-
tion fragments resulting from digestion with the Hpy188III restriction enzyme (PCR-RFLP; ovine
JAK2/e24/Hpy188III polymorphism); lane 1 (M), mass standard pUC19 DNA/MspI; lane 2, AG
genotype; lane 3, AA genotype; lane 4, GG genotype; Table S1: A summary of the JAK2 gene
fragments used for DNA sequencing and subsequent identification of polymorphic sites.
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Simple Summary: Teat number is important for the mothering ability of a sow, but this trait has
seldom been investigated by high-depth genomic data-based genome-wide association study (GWAS).
Here, we performed GWAS for the teat number-related traits in 100 Chinese native Qingping pigs by
recording their left and right teat numbers and analyzing their genetic variations through 10-fold
whole-genome sequencing. T-Box Transcription Factor 3 (TBX3) on Sus scrofa chromosome (SSC) 14 and
Wnt signaling pathway are revealed to be associated with teat number-related traits, with important
roles in mammary gland morphogenesis and development.

Abstract: Teat number plays an important role in the reproductive performance of sows and the
growth of piglets. However, the quantitative trait loci (QTLs) and candidate genes for the teat
number-related traits in Qingping pigs remain unknown. In this study, we performed GWAS based
on whole-genome single-nucleotide polymorphisms (SNPs) and insertions/deletions (Indels) for
the total number of teats and five other related traits in 100 Qingping pigs. SNPs and Indels of
all 100 pigs were genotyped using 10× whole genome resequencing. GWAS using General Linear
Models (GLM) detected a total of 28 SNPs and 45 Indels as peak markers for these six traits. We also
performed GWAS for the absolute difference between left and right teat number (ADIFF) using Fixed
and random model Circulating Probability Unification (FarmCPU). The most strongly associated SNP
and Indel with a distance of 562,788 bp were significantly associated with ADIFF in both GLM and
FarmCPU models. In the 1-Mb regions of the most strongly associated SNP and Indel, there were five
annotated genes, including TRIML1, TRIML2, ZFP42, FAT1 and MTNR1A. We also highlighted TBX3
as an interesting candidate gene for SSC14. Enrichment analysis of candidate genes suggested the
Wnt signaling pathway may contribute to teat number-related traits. This study expanded significant
marker-trait associations for teat number and provided useful molecular markers and candidate
genes for teat number improvement in the breeding of sows.

Keywords: teat number; Qingping pig; whole genome resequencing; TBX3; Wnt signaling pathway

1. Introduction

Porcine teats are located from the anterior to posterior limb bud and symmetrical to
the abdominal midline, and teat number is an important trait for the mothering ability
of a sow, which can affect the piglets’ weight gain and mortality. It has been shown that
teat number is a quantitative trait with a medium level of heritability (0.32) [1]. Using
genetic markers can speed up the genetic improvement of teat number. Thus far, 655
teat number quantitative trait loci (QTLs) in pigs have been reported and included in the
PigQTL database [2]. Previous genome-wide association studies (GWAS) found microsatel-
lite markers or single nucleotide polymorphisms (SNPs) in popular breeds, including
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Durocs [1,3], Large Whites [4], and their crosses with Meishan pigs [5,6]. GWAS were also
performed for teat number-related traits in several Chinese native pig breeds, including
Erhualian [7], Sushan [8] and Beijing black [9]. However, the genetic architecture for teat
number in Qingping pig, a Chinese native pig breed, is still not clear.

In 2000, Wada et al. revealed two QTLs for teat number on SSC1 and SSC7 by QTL
analysis of 265 F2 offspring of the Meishan and Göttingen miniature pig [10]. Since then,
an increasing number of studies have used microsatellite markers to confirm the QTL on
SSC7 in other pig populations, including Meishan × Duroc F2 resource population [5],
F2 populations of Yorkshire boars and Meishan sows [11], and Meishan × Large White
F2 pigs [12]. Additionally, a number of studies detected associated SNPs for teat number
near or within this QTL on SSC7 in Duroc pig [1,3,13,14], White Duroc × Erhualian F2
resource population [15], a commercial swine population [16], and Large White pig [17].
Notably, VRTN (located at 103.4 Mb on SSC7 on Sscrofa10.2) was a credible candidate
gene in this major QTL for teat number on SSC7. These studies also indicated that QTLs
for teat number-related traits are distributed across the genome on every chromosome.
Several other genes have also been annotated as teat number-associated genes, such as
Lysine Demethylase 6B (KDM6B) [15], TOX High Mobility Group Box Family Member
3 (TOX3) [17], Estrogen Receptor 1 (ESR1) and Nuclear Receptor Subfamily 5 Group A
Member 1 (NR5A1) [8]. However, most previous studies have not used the high-density
single-nucleotide polymorphisms (SNPs) detected by high-throughput sequencing data to
investigate teat number-related traits.

The purpose of the current study was to detect genome-wide associations for teat
number-related traits in Qingping pigs using whole-genome SNPs and insertions/deletions
(Indels) based on whole-genome resequencing.

2. Materials and Methods
2.1. Sample and Sequencing

In this study, all 100 pigs were raised indoors in the Qingping pig Conservation Farm
in Yichang, Hubei, China. Ear tissues were collected and stored in liquid nitrogen until
further analysis. Genomic DNA samples were extracted from ear tissues, using a standard
phenol–chloroform method. Sequencing libraries were constructed and sequenced by
the Novogene Bioinformatics Institute (Novogene, Beijing, China). High-throughput
sequencing was performed as paired-end 150 sequencing using a HiSeq 4000 sequencing
system (Illumina, San Diego, CA, USA).

2.2. Phenotypic Data

In this study, three independent persons observed all 100 pigs and counted the teat
number of the left and right lines. A total of six teat number-related traits were obtained:
(i) the number of teats on the left side (LTN); (ii) the number of teats on the right side (RTN);
(iii) the total number of teats (TNUM = LTN + RTN); (iv) the maximum number of teats in
LTN and RTN (MAXAP); (v) the difference between the two sides (L-R = LTN − RTN) and
(vi) the absolute difference between left and right teat number (ADIFF = |LTN − RTN|).
The mean, standard deviation, minimum value, maximum value, and coefficient of variance
for each trait were calculated using R (version 3.6.0) (R Core Team, Vienna, Austria).

2.3. Genotyping and Quality Control

Clean reads from all 100 pigs were aligned to the Sscrofa11.1 reference genome by the
BWA software (version: 0.7.8) (Wellcome Trust Sanger Institute, Hinxton, UK) [18]. To
reduce mismatches generated by PCR amplification before sequencing, duplicated reads
were removed using SAMtools (Wellcome Trust Sanger Institute, Hinxton, UK) [19]. SNPs
and Indels calling were initially performed to generate a gvcf file using UnifiedGenotyper
in GATK (version 3.6) (Broad Institute, Cambridge, MA, USA) [20]. SNPs and Indels were
divided using SelectVariants in GATK. Hard filtering of SNPs was applied to the raw
variant set using “QUAL < 30.0 || QD < 2.0 || FS > 60.0 || MQ < 40.0 || SOR > 3.0 ||
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ReadPosRankSum < −8.0”. Hard filtering of Indels was applied to the raw variant set using
“QUAL < 30.0 || QD < 2.0 || FS > 200.0 || SOR > 10.0 || ReadPosRankSum < −20.0 ||
MQ < 40.0 || MQRankSum < −12.5”. SNPs and Indels in the VCF files were quality-filtered
using VCFtools (v0.1.16) (Wellcome Trust Sanger Institute, Hinxton, UK) to remove variants
with sequencing depth less than 3 [21]. SNPs and Indels were further filtered using PLINK
2.0 (Complete Genomics, Mountain View, CA, USA) [22]. Missing genotypes were imputed
using beagle.03Jul19.b33.jar [23], followed by filtering SNPs and Indels again using PLINK
2.0 to obtain the high-quality common SNPs and Indels of 100 pigs for further analysis
(individual call rate > 0.90; minor allele frequency > 0.05; call rate > 0.90, SNPs and Indels
in Hardy–Weinberg equilibrium (p > 1 × 10−6) and excluding SNPs and Indels located on
the sex chromosomes).

2.4. SNP-Based Heritability

The phenotypic variance explained by genome-wide SNPs (SNP-based heritability)
was estimated using GREML in Genome-wide Complex Trait Analysis (GCTA) [24]. Briefly,
the genetic relationships between pairwise individuals from all the autosomal SNPs were
estimated using the genetic relationship matrix (GRM) based on high-quality common
SNPs, followed by GRM and phenotype for restricted maximum likelihood (REML) analysis
to estimate the variance explained by the SNPs.

2.5. Principal Component Analysis

Principal component analysis (PCA) was used to explore the population structure of
Qingping pigs and determine whether principal components (PCs) should be added to
the GWAS. PCA was performed using MVP.Data.PC in rMVP R (version 3.6.0) (Huazhong
Agricultural University, Wuhan, China) [25] package based on high quality common SNPs.
PC1 and PC2 were visualized using MVP.PCAplot in rMVP R (version 3.6.0) package.

2.6. GWAS Using General Linear Model (GLM)

In the present study, GLM in rMVP R (version 3.6.0) package was used to perform the
GWAS for teat number-related traits based on high-quality common SNPs and Indels [26].
Principal component analysis showed no discernible clustering. Therefore, no principal
component was adjusted in the subsequent association analysis. Each SNP or Indel for teat
number-related traits was tested by GLM as follows:

y = Xb + e

where y is the vector of each teat number-related trait in Qingping pigs; X, a matrix of
test SNP or Indel; b, an incidence vector for X; e, a vector of residuals following a normal
distribution with a mean of zero and Iσ2

e covariance, where I is the identity matrix and σ2
e

is the residual variance.

2.7. GWAS Using FarmCPU

The Fixed Effect Model (FEM) and the Random Effect Model (REM) are used iteratively
in FarmCPU [27], and FarmCPU in rMVP R (version 3.6.0) package was also used to
perform GWAS for ADIFF. In the GLM model, some genetic markers were significantly
associated with ADIFF with a whole-genome significant p-value (2.16 × 10−9 for SNPs and
2.44 × 10−8 for Indels). These markers can be used to define kinship in the REM step of
FarmCPU to avoid the model over-fitting problem in FEM. The FEM is used to test each
genetic marker, one at a time. Pseudo QTNs are included as covariates to control false
positives. Specifically, the FEM could be expressed by the following equation:

yi = Mi1b1 + Mi2b2 + · · ·+ Mitbt + Sijdj + ei

where yi is the phenotype of the ith individual; Mi1, Mi2, . . . , Mit, the genotypes of t.
pseudo QTNs, initiated with no QTN; b1, b2, . . . , bt, the corresponding effects of the pseudo

94



Animals 2022, 12, 1057

QTNs; Sij, the genotype of the ith individual and jth genetic marker; dj, the corresponding
effect of the jth genetic marker; ei, the residual having a distribution with zero mean and
variance of σ2

e .
The REM is used to optimize the selection of pseudo QTNs from markers with whole

genome significant p-values (2.16 × 10−9 for SNPs and 2.44 × 10−8 for Indels) and positions
by using the SUPER algorithm [28]. The REM could be expressed by the following equation:

yi = ui + ei

where yi and ei. are the same as in FEM, and ui indicates the total additive genetic effect of
the ith individual. The expectations of the individuals’ total genetic effects are zeros. The
variance and covariance matrix of the individuals’ total genetic effects can be expressed by
G = 2Kσ2

a , where σ2
a is an unknown genetic variance and K is the kinship matrix calculated

by pseudo QTNs. The FEM and REM are iterated until no new pseudo QTNs are added, or
the specified maximum number of iterations is reached.

2.8. Comparison with Known QTLs and Haplotype Analysis

Pig QTLs based on Sscrofa11.1 were downloaded from the PigQTL database. The
information of QTLs for teat number-related traits was obtained using R (version 3.6.0),
followed by comparing the significant SNPs and Indels with these QTLs using R (version
3.6.0). For the strongest significant SNP (rs322863105) for ADIFF on SSC17, SNPs with
suggestive significant p-values (1/557,540, 1.79 × 10−6) around rs322863105 were used for
haplotype block analysis to evaluate the linkage disequilibrium (LD) patterns of selected
SNPs within this region using Haploview version 4.2 [29]. The effects of this SNP on ADIFF
were plotted using ggplot2 R (version 3.6.0) package.

2.9. Annotation of Candidate Genes and Functional Enrichment Analysis

Candidate genes, including or close to the significant SNPs and Indels, were annotated
using the biomaRt [30] R (version 3.6.0) package based on Sscrofa11.1. Candidate genes
located in 1-Mb regions of significant SNPs and Indels were also annotated. Gene ontology
(GO) and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analyses
and visualizations were performed using the clusterProfiler R (version 3.6.0) package [31].

3. Results
3.1. Genotyping and Phenotypic Statistics

After whole-genome sequencing, 2.76 TB of sequences were generated, with a mean cov-
erage of 98.47% at an average of 9.66-fold depth for 100 Qingping pigs in this study (Table S1).
Clean data were mapped to the pig reference genome (Sscrofa11.1), with 36,482,281 SNPs and
4,859,001 Indels being called with GATK. After filtering, 23,193,931 SNPs and 2,053,221 Indels,
with a distribution roughly proportional to autosomal chromosomes of pigs, were retained
for subsequent analyses (Figure 1).
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Figure 1. The distribution of SNPs and Indels on autosomal chromosomes of pigs.
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Table 1 shows the descriptive statistics of teat number-related traits of Qingping pigs.
The average teat number [standard deviation (SD)] was seen to be 14.78 (0.97), ranging
from 14 to 17, which was higher than the values of Beijing Black Pig (13.6) [9], Japanese
Duroc (13.73) [3], American (10.90) and Canadian Duroc (10.92) [14], but lower than the
value of Erhualian pigs (19.13) [7]. The meansvalues (SD) for the other teat number-related
traits, were 7.36 (0.48), 7.42 (0.61), 7.50 (0.59), −0.06 (0.51) and 0.22 (0.46) for LTN, RTN,
MAXAP, L-R and ADIFF, with coefficient of variation (CV) values of 6.55, 8.17, 6.56 and
7.93% for LTN, RTN, TNUM and MAXAP, respectively.

In Table 1, it was shown that the values of SNP-based heritability (h2
SNP) for teat

number-related traits were 0.29, 0.19, 0.36, 0.38, 0.00 and 0.24 for LTN, RTN, TNUM,
MAXAP, L-R and ADIFF in Qingping pigs, respectively. Unfortunately, the standard errors
(SE) were large, which reflects the low accuracy of the heritability estimates. Therefore,
we compared the results of the teat number-related heritability estimates in Qingping pigs
with those of other pig breeds. In Qingping pigs, the narrow-sense heritability for TNUM
(0.36) (only considering the contribution of additive genetic effects) was consistent with
the values of purebred Korean Yorkshire pigs (0.37) [4] and Duroc pigs (0.34 ± 0.05) [3]. In
previous studies, the h2

SNP values of LTN, RTN, MAXAP and L-R were 0.16, 0.26, 0.261 and
0.00, which were consistent with our results [17]. Unexpectedly, ADIFF had a medium h2

SNP
value (0.24), which was virtually null in previous studies [16,17]. These results suggest that
estimates of the heritability of teat number-related traits in Qingping pigs were reliable,
but caution is required due to the large standard errors.

Table 1. Summary of phenotypic data in terms of mean, standard deviation, minimum, maximum,
coefficient of variance, and SNP-based heritability and standard error (SE) for each trait.

Trait N Mean SD Min Max C.V. h2
SNP SE

LTN 100 7.36 0.48 7.00 8.00 6.55 0.29 0.21
RTN 100 7.42 0.61 6.00 9.00 8.17 0.19 0.21

TNUM 100 14.78 0.97 14.00 17.00 6.56 0.36 0.23
MAXAP 100 7.50 0.59 7.00 9.00 7.93 0.38 0.22

L-R 100 −0.06 0.51 −2.00 2.00 NA 0.00 0.20
ADIFF 100 0.22 0.46 0.00 2.00 NA 0.24 0.20

LTN: the number of teats on the left side; RTN: the number of teats on the right side; TNUM: the total number
of teats (TNUM = LTN + RTN); MAXAP: the maximum number of teats in LTN and RTN (MAXAP); L-R: the
difference between the two sides (L-R = LTN − RTN); ADIFF: the absolute difference between left and right teat
number (ADIFF = |LTN − RTN|).

3.2. GLM GWAS for Teat Number-Related Traits

PCA results indicated that Qingping pigs could not be clustered into groups (Figure S1),
so GWAS was performed using GLM with no principal component. The Bonferroni correc-
tion assumes that each of the tests is independent, an is thereby inherently conservative
when considering SNPs in LD. We calculated the effectively independent tests based on the
estimated number of independent markers [32]. A total of 557,540 SNP and 28,629 Indel
independent tests were suggested, with the threshold p-value of 8.97 × 10−8 (0.05/557,540)
for SNPs and 1.75 × 10−6 (0.05/28,629) for Indels.

Figures 2 and 3 show the Manhattan plots for LTN, RTN, TNUM, MAXAP, L-R and
ADIFF, and Figure S2 presents the Q-Q plots for these traits. A total of 28 significant SNPs
and 45 significant Indels were detected as peak associated variants for LTN, RTN, TNUM,
MAXAP, L-R and ADIFF (Table 2). Among the 28 SNPs identified, 10 SNPs were located
within 11 genes and the others (18 SNPs) were located at 3798 to 46,070,668 bp from the
nearest genes (Table 2). Among the 45 Indels identified, 21 Indels were located within
22 genes and the others (24 Indels) were located 2660 to 137,303 bp from the nearest genes
(Table 2).
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Figure 2. Manhattan plots of GLM GWAS for teat number-related traits in Qingping pigs, including
LTN, RTN, TNUM, MAXAP, L-R and ADIFF based on SNPs. LTN: the number of teats on the left
side; RTN: the number of teats on the right side; TNUM: the total number of teats (TNUM = LTN
+ RTN); MAXAP: the maximum number of teats in LTN and RTN (MAXAP); L-R: the difference
between the two sides (L-R = LTN − RTN); ADIFF: the absolute difference between left and right teat
number (ADIFF = |LTN − RTN|).
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Figure 3. Manhattan plots of GLM GWAS for teat number-related traits in Qingping pigs, including 

LTN, RTN, TNUM, MAXAP, L-R and ADIFF based on Indels. LTN: the number of teats on the left 

side; RTN: the number of teats on the right side; TNUM: the total number of teats (TNUM = LTN + 
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Figure 3. Manhattan plots of GLM GWAS for teat number-related traits in Qingping pigs, including
LTN, RTN, TNUM, MAXAP, L-R and ADIFF based on Indels. LTN: the number of teats on the left side;
RTN: the number of teats on the right side; TNUM: the total number of teats (TNUM = LTN + RTN);
MAXAP: the maximum number of teats in LTN and RTN (MAXAP); L-R: the difference between the
two sides (L-R = LTN − RTN); ADIFF: the absolute difference between left and right teat number
(ADIFF = |LTN − RTN|).
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Compared with known QTLs for teat number-related traits in the PigQTL database,
14 significant SNPs and 24 significant Indels overlapped with known QTLs (Table 2). Inter-
estingly, Manhattan plots showed similar trends between SNPs and Indels. In Table 2, there
were several significant SNPs and Indels were located at the same teat number-related
traits QTLs in the PigQTL database. For RTN, significant SNP (rs345573243) and Indel
(chr18:48316684) on SSC18 were located at QTL 7470 and QTL 24290, and coincidentally,
rs345573243 and chr18:48316684 also showed significant associations with TNUM. For
MAXAP, significant SNP (rs703282466) and Indel (rs793312568) on SSC3 were located
at QTL 4250 and 4256, and coincidentally, rs793312568 also exhibited a significant as-
sociation with TNUM. For ADIFF, significant SNPs (rs326371568 and rs342451777) and
Indel (rs1113667849) on SSC2 were located at QTL 4255; significant SNP (rs701874475)
and Indel (chr13:134712100) on SSC13 at QTL 7479; significant SNP (rs326978910) and
Indel (chr15:84277014) on SSC15 at QTL 7468. Additionally, five new significant SNPs
were closed to significant Indels, including rs1108940033 was closed to chr1:44973455 and
chr1:46840905 on SSC1, rs338649298 was closed to chr8:131927486 on SSC8, rs343864506
was closed to chr13:188309252 on SSC13, rs1109225784 was closed to chr15:12585471 on
SSC15, chr17:8221026 was closed to rs700363122 on SSC17.

3.3. FarmCPU GWAS for ADIFF

The GLM GWAS results of ADIFF showed significant associations even using whole
genome SNPs or Indels to decide the thresholds (SNP: 0.05/2,319,3931; Indels: 0.05/2,053,221).
However, Q-Q plots and genomic inflation factors (λSNP = 1.37, λIndel = 1.36) indicated
possible false positives (Figure S2). FarmCPU, a powerful and efficient GWAS model, was
used to control false positives and retain true positives. Q-Q plots and genomic inflation
factors (λSNP = 0.98, λIndel = 0.86) were improved by FarmCPU (Figure S3). In Figure 4a and
Table 3, 9 SNPs and 9 Indels were shown to be significantly associated variants for ADIFF
on SSC1, 2, 3, 6, 8, 10, 11, 12, 13, 14, 15 and 17, with six SNPs and five Indels included in
known QTLs (Table 3).

Three of the 9 significant SNPs were located within four genes and six SNPs were
located 15,848 to 133,156 bp from the nearest genes (Table 3). Three of the 9 significant
Indels were located within three genes and six Indels were located 3267 to 99,873 bp from
the nearest genes (Table 3). Compared with the GLM GWAS results for ADIFF, 4 SNPs
(rs325963999, rs1109963100, rs1109225784, rs322863105) and four Indels (chr1:77875820,
chr1:118273285, chr15:84277014, rs700363122) were duplicated in the FarmCPU GWAS
results, suggesting the reliability of the results (Table 3).

The strongest significant SNP in GLM for ADIFF on SSC17 (rs322863105,
p-value = 6.01 × 10−11) also showed significant association with ADIFF in FarmCPU

(p-value = 3.34 × 10−13). The effect of rs322863105 on the ADIFF was estimated by geno-
typing Qingping pigs for this SNP. Individuals with the TT genotype had a lower ADIFF,
suggesting LTN and RTN were more symmetrical (Figure 4b). Linkage analysis of the
suggestive significant SNPs around this SNP identified one haplotype block of 8 kb between
rs338532551 and rs322792299, including rs322863105 (Figure 4c). Three annotated genes
were contained in the 1-Mb region around rs322863105, including tripartite motif family like
1 (TRIML1), tripartite motif family like 2 (TRIML2), and ZFP42 zinc finger protein (ZFP42).
Moreover, a peak Indel (rs700363122) close to this SNP showed significant associations
with ADIFF in the results of both GLM (1.13 × 10−8) and FarmCPU (9.10 × 10−16), with
two annotated genes in the 1-Mb region around this Indel, including FAT Atypical Cadherin
1 (FAT1), and Melatonin Receptor 1A (MTNR1A).
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retested in FarmCPU. (c) Haplotype block analysis of selected suggestive significant SNPs associated
with ADIFF on SSC17 in GLM, including rs322863105. ADIFF: the absolute difference between left
and right teat number (ADIFF = |LTN − RTN|).

3.4. Functional Enrichment of Candidate Genes

Annotated genes within 1-Mb regions of significant SNPs and Indels were defined as
candidate genes. A total of 397 annotated genes were found in these regions (Table S2).
In Figure 5a, GO enrichment analysis showed the enrichment of these candidate genes in
epidermis development (p = 2.31 × 10−7), epidermal cell differentiation (p = 4.61 × 10−9),
and skin development (p = 1.12 × 10−7). In Figure 5b KEGG pathway analysis revealed the
enrichment of candidate genes in the pathways, such as the Sphingolipid signaling path-
way (p = 1.27 × 10−3), ECM-receptor interaction (p = 4.79 × 10−3), and Glycine, serine and
threonine metabolism (p = 5.43 × 10−3). Furthermore, we also paid attention to the Wnt sig-
naling pathway (Figure 5c), due to its important role in initiating mammary morphogenesis
and all subsequent stages of mammary formation as previously reported [33].
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4. Discussion

During the first month after birth, piglets only have sow milk as a source of nutrients,
which contributes to the regulation of their basal metabolism and temperature. Therefore,
the sow’s ability to produce milk can influence the health and growth of piglets, probably
with a long-term effect post-weaning. The sows’ lactation performance can be improved by
enhancing the growth of the mammary gland and sows with a low prolactin/progesterone
ratio before farrowing were reported to have a higher colostrum yield [34]. Addition-
ally, milk production could be increased by adding L-arginine to the diets of lactating
primiparous sows [35]. Moreover, for primiparous sows, teat suckling only for the first
2 days postpartum ensures the optimal mammary development and milk yield in the next
lactation [36]. Furthermore, the lactating ability of sows can also be improved by increasing
the teat number. As shown in the present study, teat number is heritable, with a genetic
correlation to numerous microsatellite sites and SNPs (especially a QTL on SSC7).

The h2
SNP of most teat number-related traits in Qingping pigs was moderate, except for

L-R, suggesting it is feasible to improve teat number in pigs through genetic selection. SNPs
and Indels associated with teat number-related traits might play an essential role in teat
number improvement. Several candidate genes were reported to be related to mammary
gland development and breast cancer. CDYL2, including an Indel significantly associated
with LTN on SSC6, positively regulates breast cancer cell migration, invasion and epithelial-
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to-mesenchymal transition through p65/NF-κB and STAT3 [37]. FAM3C, which is in the
1-Mb region of an Indel on SSC18 and associated with ADIFF, encodes Interleukin-Like
Epithelial-Mesenchymal Transition Inducer for the proliferation and migration of breast
cancer cells [38]. WWOX, including an Indel (chr6:9186279) significantly associated with
RTN, is known to play a role in breast cancer [39]. TRIML2 and MTNR1A were close to
SNP (rs330045817) and Indel (rs700363122), respectively, on SSC17. As mentioned above,
these two different types of variants were close to each other and significantly associated
with ADIFF in both GLM and FarmCPU models. TRIML2 was significantly associated with
prognosis, with a higher expression in triple-negative breast cancer cell lines than in normal
mammary cell lines [40]. Common variants in MTNR1A may contribute to breast cancer
susceptibility [41]. TBX5, encoding T-Box Transcription Factor 5, was close to the significant
Indel (rs701717756) for ADIFF on SSC14. In a large German family, TBX3 and TBX5 dupli-
cation was reported to be associated with Ulnar-Mammary syndrome [42]. Importantly,
TBX3 was the placode marker required for the formation of mammary placodes and the
development of fetal mammary glands in all mammals [43]. Although not located in the
1-Mb region of rs701717756, TBX3 was close to this Indel with a distance of 625,516 bp.

Unlike earlier studies, the present study failed to detect significant association signals
in genome regions around VRTN on SSC7, which was reported as a credible candidate
gene for the teat number and the vertebra number [17,44]. Zhuang et al. suggested that the
genetic heterogeneity of variants in VRTN may exist in different populations and VRTN
may not be a strong or the only causal gene for teat number based on their finding that
VRTN mutation was significantly associated with the teat number in Canadian Duroc pigs,
but not in American Duroc pigs [14]. Moreover, VRTN mutation on SSC7 was also not
significantly associated with the teat number in Chinese pig breeds, including Beijing Black
pig and Sushan pig [8,9], but significantly associated with the vertebra number in Beijing
Black pig. Furthermore, VRTN was reported to modulate somite segmentation [44]. These
reports suggested that VRTN plays a more important role in vertebra number and varies in
its role in teat number among populations with different genetic backgrounds. Therefore,
the teat number in Qingping pigs is speculated to involve other genes or pathways.

The GO enrichment results showed significant enrichment in skin development, epi-
dermis development, and epidermal cell differentiation. The mammary gland is an epithe-
lial organ, and epithelial–stromal crosstalk is a key aspect of mammary morphogenesis [45].
In KEGG enrichment analysis, the Wnt signaling pathway did not reach a significance level
of 0.05 (0.078). Interestingly, candidate genes, including WNT11, WNT16 and FZD3, were
located at key positions in this pathway (Figure 5c). WNT16 and FZD3 were also involved
in GO terms, skin development and epidermis development. The Wnt signaling cascade is
implicated in almost all stages of mammary development and is pivotal for the specification
and morphogenesis of the mammary gland [46]. WNT11 was expressed in stromal cells and
basal cells in the adult mammary gland [46]. Chu et al. reported that WNT11 and FZD3
were expressed in mammary buds at E12.5 and E15.5 [47]. Importantly, Wnt signaling
interacted with TBX3 in mammary placode development [47]. These reports suggested
that candidate genes might affect teat number during mammary gland morphogenesis.
Unlike other breeds, the teat number of Qingping pigs showed a medium heritability (0.24)
for ADIFF, implying the potential involvement of candidate genes in mammary gland
morphogenesis. Therefore, our candidate genes related to mammary gland morphogenesis
and development can be assumed to contribute to teat number improvement and even
may influence milk production.

5. Conclusions

In this study, GLM and FarmCUP GWAS were carried out to detect associated SNPs
and Indels for 6 teat number-related traits. We found a total of 33 SNPs and 50 Indels for teat
number. The most significant SNP and Indel were located on SSC17. Six candidate genes
were enriched in the Wnt signaling pathway with an important role in mammary gland
morphogenesis and development. A novel candidate gene on SSC14, TBX3, was detected
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as a mammary placode marker. These findings contribute to our understanding of the
genetic architecture of teat number and provide genetic markers for genetic improvement
of teat number in Qingping pigs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12091057/s1. Figure S1: Principal component analysis of
Qingping pigs; Figure S2: The Q-Q plots of the GLM GWAS for teat number-related traits in Qingping
pigs, including LTN, RTN, TNUM, MAXAP, L-R and ADIFF. (a–f) The Q-Q plots of GLM GWAS
based on SNPs. (g–l) The Q-Q plots of GLM GWAS based on Indels; Figure S3: The Q-Q plots of
the FarmCPU GWAS for ADIFF in Qingping pigs. (a) The Q-Q plot of FarmCPU GWAS based on
SNPs. (b) The Q-Q plot of FarmCPU GWAS based on Indels; Table S1: Sequencing reads, alignment
statistics, and mean coverage for each sample in this study; Table S2: Annotated genes within 1-Mb
regions of significant SNPs and Indels.
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Simple Summary: In this study, we conducted a comprehensive investigation of the fatty acid
composition in Ningxiang pigs using a genome-wide association study. Our findings revealed
a combination of previously reported and novel candidate genes associated with saturated fatty
acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs).
Notably, we identified significant single-nucleotide polymorphisms (SNPs) that are closely linked
to specific fatty acids, and some of these genes explained substantial phenotypic variance. These
noteworthy discoveries have the potential to significantly improve meat quality and fat deposition
in Ningxiang pigs through targeted breeding approaches. Our research provides valuable insights
into the intricate composition of fatty acids, thus offering practical implications for elevating meat
quality and ultimately benefiting both the pig industry and consumers. The significance of this
study is underscored by its potential to drive positive changes in society by promoting healthier and
superior-quality pork products.

Abstract: Ningxiang pigs exhibit a diverse array of fatty acids, making them an intriguing model
for exploring the genetic underpinnings of fatty acid metabolism. We conducted a genome-wide
association study using a dataset comprising 50,697 single-nucleotide polymorphisms (SNPs) and
samples from over 600 Ningxiang pigs. Our investigation yielded novel candidate genes linked to five
saturated fatty acids (SFAs), four monounsaturated fatty acids (MUFAs), and five polyunsaturated
fatty acids (PUFAs). Significant associations with SFAs, MUFAs, and PUFAs were found for 37, 21,
and 16 SNPs, respectively. Notably, some SNPs have significant PVE, such as ALGA0047587, which
can explain 89.85% variation in Arachidic acid (C20:0); H3GA0046208 and DRGA0016063 can explain
a total of 76.76% variation in Elaidic Acid (C18:1n-9(t)), and the significant SNP ALGA0031262 of
Arachidonic acid (C20:4n-6) can explain 31.76% of the variation. Several significant SNPs were
positioned proximally to previously reported genes. In total, we identified 11 candidate genes
(hnRNPU, CEPT1, ATP1B1, DPT, DKK1, PRKG1, EXT2, MEF2C, IL17RA, ITGA1 and ALOX5), six
candidate genes (ALOX5AP, MEDAG, ISL1, RXRB, CRY1, and CDKAL1), and five candidate genes
(NDUFA4L2, SLC16A7, OTUB1, EIF4E and ROBO2) associated with SFAs, MUFAs, and PUFAs,
respectively. These findings hold great promise for advancing breeding strategies aimed at optimizing
meat quality and enhancing lipid metabolism within the intramuscular fat (IMF) of Ningxiang pigs.
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1. Introduction

Ningxiang is a famous breed of pig in China, with a history spanning more than
1000 years. As an obese breed, Ningxiang is superior to lean meat breeds in terms of
intramuscular fat (IMF). Its market weight is approximately 74 kg, and the carcass slaughter
rate is approximately 74 percent [1]. Ningxiang pork products are popular due to their
unique flavor and nutritional value. Research has shown that the flavor and nutritional
value of meat are closely related to the IMF content and fatty acid composition [2–4].

Fatty acids play a crucial role in the flavor of pork as fat-soluble flavor precursors [5,6].
Oleic acid (C18:1) is a major monounsaturated fatty acid (MUFA) in the fatty acid compo-
sition and is the most abundant, accounting for approximately 40% of the total fatty acid
content. C18:1 in beef fat provides the meat with good tenderness, flavor, and antioxidant
capacity [7,8]. Moreover, the type and content of fatty acids in meat diets can impact human
health. For example, linoleic acid aids in slowing the progression of atherosclerosis [9].
Furthermore, the ratios of n-3, n-6, and other polyunsaturated fatty acids (PUFAs) are
closely related to human diseases, such as cardiovascular disease and depression, as well
as growth and development [10–13]. In summary, the fatty acid profile of pork is a crucial
evaluation criterion for meat quality.

Genome-wide association studies (GWAS) can efficiently and accurately identify
candidate genes related to target traits using single nucleotide polymorphisms (SNPs)
as genetic molecular markers. In recent years, researchers have discovered numerous
candidate genes associated with porcine IMF deposition and fatty acid composition through
GWAS. A GWAS of the IMF in the Italian White breed by Davoli et al. revealed seven new
SNPs, and three new candidate genes were annotated. These genes were not related to the
IMF content [14]. Van et al. [15] used data from the Axiom pig 660K array to conduct a
GWAS on the IMF of 454 Duroc and 659 Landrace boars and identified two quantitative
trait locus (QTL) regions for newly synthesized fatty acid traits on SSC4 and SSC14 in Duroc
pigs. Viterbo et al. [16] performed a GWAS on the fatty acid composition of 480 purebred
Duroc pigs, identifying 25, 29, and 16 SNP loci significantly associated with stearic acid,
oleic acid, and saturated fatty acids (SFAs), respectively. The genetic factors contributing
to the fatty acid composition of Ningxiang pigs remain unknown. This study aimed
to examine significant candidate genes for specific fatty acid compositions and explore
potential biological pathways by conducting a GWAS on the fatty acid composition of
Ningxiang pigs.

2. Materials and Methods
2.1. Animal Harvest and Sample Collection

The feeding and dietary conditions of all Ningxiang pigs were the same, and samples
were collected in two batches (July 2019 and August 2020). Longissimus dorsi samples (taken
from the 12th ribs) were collected from 691 Ningxiang pigs that were slaughtered at a
predetermined age (180 ± 5 days age) at the Ningxiang Chu Weixiang Slaughterhouse and
Meat Processing, LLC (Ningxiang City, Hunan Province, China). A sample of approxi-
mately 2 × 1 × 1 cubic centimeters was quickly taken and stored in a self-sealing bag with
dry ice for IMF measurement. Additionally, the samples used for DNA extraction were
simultaneously stored in a liquid nitrogen tank.

2.2. Determining Intramuscular Fat and Fatty Acids

In this study, we used Soxhlet extraction to measure the IMF contents of the 691 longis-
simus dorsi samples according to the standard “Meat and Meat Products-Determination of
Free Fat Content” (GB/T 9695.1-2008) [17]. The composition of fatty acids was determined
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via gas chromatography (GC), with the specific procedure detailed below. First, 0.5 g of
sample powder was accurately weighed, dried to a constant weight and placed in a 10 mL
centrifuge tube. Next, 2 mL of a benzene and petroleum ether mixture (1:1 by volume) was
added, and the tube was wrapped in tin foil and left in a dark place for 24 h. Then, 2 mL of
a 0.4 mol/L KOH methanol solution was added for methylation. The sample was shaken
well and left to stand for 15 min. Double-distilled water was added to a volume of 10 mL,
and the sample was centrifuged at 10,000 rpm for 10 min to obtain 100 µL of supernatant.
The supernatant was finally diluted with hexane. A gas chromatograph (Agilent 7890A,
Santa Clara, CA, USA) was used to determine the content of medium- to long-chain fatty
acids. The GC analysis conditions were as follows: the chromatographic column was
an SP-2560 (100 m × 0.25 mm, 0.20 µm) capillary column, and high-purity nitrogen was
used as the carrier gas. The heating program was as follows: initial temperature of 140 ◦C
maintained for 5 min, then increased to 240 ◦C at 4 ◦C/min; sample inlet temperature
of 260 ◦C; flame ionization detector (FID) temperature of 260 ◦C; split ratio of 100:1; and
injection volume of 1 µL. A total of 25 fatty acids were detected (Table S1), and only those
present in more than 80% of individuals (N ≥ 533) were retained (Table 1).

Table 1. Detailed information on 14 fatty acids present in the IMF of the longissimus dorsi of
Ningxiang pigs.

Fatty Acid N Relative Content
(±SE) (%) h2 (±SE)

IMF
(Intramuscular fat) 691 3.65 (±0.04) 0.72 (±0.02)

SFA
(Saturated fatty acid) 691 39.35 (±0.38) 0.61 (±0.04)

C14:0
(Myristic acid) 649 1.42 (±0.01) 0.80 (±0.03)

C16:0
(Palmitic acid) 651 26.38 (±0.06) 0.76 (±0.03)

C17:0
(Margaric acid) 645 0.15 (±0.001) 0.45 (±0.08)

C18:0
(Stearic acid) 651 13.42 (±0.06) 0.89 (±0.02)

C20:0
(Arachidic acid) 649 0.21 (±0.002) 0.87 (±0.04)

MUFA
(Monounsaturated fatty acid) 691 41.88 (±0.42) 0.84 (±0.02)

C16:1
(Palmitoleic acid) 650 3.28 (±0.40) 0.87 (±0.03)

C18:1n-9(t)
(Elaidic acid) 627 0.11 (±0.001) 0.37 (±0.09)

C18:1n-9(c)
(Oleic acid) 651 40.28 (±0.12) 0.74 (±0.03)

C20:1
(Eicosenoic acid) 650 0.80 (±0.01) 0.78 (±0.03)

PUFA
(Polyunsaturated fatty acid) 691 12.78 (±0.18) 0.60 (±0.03)

C18:2n-6(c)
(Linoleic acid) 651 10.12 (±0.10) 0.61 (±0.03)

C18:3n-3
(α-Linolenic acid: ALA) 572 0.36 (±0.01) 0.63 (±0.08)

C20:2
(Eicosa-11,14-dienoic acid) 649 0.33 (±0.003) 0.67 (±0.05)

C20:3n-6
(Dihomo-γ-linolenic acid) 647 0.38 (±0.01) 0.88 (±0.03)
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Table 1. Cont.

Fatty Acid N Relative Content
(±SE) (%) h2 (±SE)

C20:4n-6
(Arachidonic acid) 649 2.42 (±0.04) 0.55 (±0.05)

N is the number of individuals with this fatty acid in the population. Relative content is the mean value of the
content, and SE is the standard error. h2 is heritability.

2.3. DNA Extraction, Genotyping and Quality Control
2.3.1. DNA Extraction and Genotyping

Genomic DNA was extracted from muscle tissue using the standard phenol-chloroform
method, and the DNA was dissolved in TE buffer. The concentration and purity of the
DNA samples were measured using a Nanodrop One spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Samples with an A260/280 ratio of 1.7~2.0 were genotyped
using the GeneSeek Genomic Profiling (GGP) version 2 Porcine 50K SNP chip (Neogen
Corporation, Lincoln, NE, USA), which comprises 50,697 SNP loci.

2.3.2. Quality Control and Genotype Imputation

First, SNPs located on the X and Y chromosomes and unknown or duplicate locations
were removed. To decrease the missing genotype rate, Beagle 5.1 software [18] was em-
ployed to impute the remaining 38,817 SNPs. Then, quality control was conducted using
PLINK v1.9 [19] with the following criteria: (1) SNP call rate ≥ 90%; (2) minor allele fre-
quency (MAF) ≥ 1%; and (3) Hardy–Weinberg equilibrium (HWE) testing p value ≥ 10−6.
After quality control, 12,201 SNPs were removed due to missing genotype rates, MAFs,
and HWE. Finally, 691 individuals and 25,809 SNPs remained for subsequent analysis
(Figure 1).
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Figure 1. Distribution plot of SNPs after quality control.

2.4. Population Stratification

To mitigate the risk of concealed population stratification leading to spurious results
in the GWAS, we conducted principal component analysis (PCA) using imputed genotypes
(25,809 SNPs) with PLINK v1.9 (command: --pca). As depicted in Figure 2a, the population
exhibited significant population stratification, necessitating the incorporation of the first
principal components (PCs) for correction.
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2.5. Genome-Wide Association Study

The association between SNPs and fatty acids was examined using the BLINK model
(Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway) using the
GAPIT 3.0 package [20]. BLINK, an enhanced version of FarmCPU, enhances statistical
power by relaxing the assumption of even distribution of trait-related genes across the
genome and incorporates the Bayesian information criterion (BIC) in fixed effects models
to improve computational efficiency [21]. The model integrates Equations (1)–(3) according
to the BIC strategy, iteratively calculating and excluding all pseudo-quantitative trait
nucleotides (QTNs) to identify significant loci.

y = Xa + Zb + e (1)

y = Xa + Zb + Qp + e (2)

y = Xa + Qp + e (3)

where y is a vector of phenotypic data; a is the vector of fixed effects or covariates, including
IMF content and the first five PCs; b is a vector of marker effects; p is the effect of pseudo-
QTNs; X, Z, and Q are the incidence matrices corresponding to a, b, and p, respectively;
and e is the vector of residual errors. The BLINK model uses Equation (1) to define pseudo-
QTNs as a covariate for Equation (2). The SNP obtained from Equation (2) determines
the information of QTNs according to linkage disequilibrium (LD) and then employs
Equation (3) to perform accuracy detection of QTNs using the BIC strategy. The false
discovery rate (FDR) method of multiple testing, as described by Benjamini-Hochberg,
was utilized to measure the statistical significance of association studies at a genome-wide
level. The cut-off for considering SNPs as significant was set at FDR ≤ 0.1. The phenotypic
variance explained (PVE) by genetic effects was calculated as follows [22]:

PVE =
2α2MAF(1 − MAF)

2α2MAF(1 − MAF) + (se(α2)2N × MAF(1 − MAF)
(4)

where MAF is the minor allele frequency for the SNP, α2 is the effect of the SNP marker, N
is the sample size, and se

(
α2) is the standard error of α2.
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2.6. Estimation of Heritability and Genetic Correlation

Heritability (h2) was estimated using the following Formula (5) in HIBLUP [23]:

h2 =
σ2

a
σ2

a + σ2
e

(5)

where σ2
a and σ2

e are the additive genetic variance and the residual variance, respectively.
The phenotypic and genetic correlation (rp and rg) between IMF and FAs were estimated
using HIBLUP software [23].

rP =
COVPxy√
σ2

Px
× σ2

Py

; rG =
COVGxy√
σ2

Gx
× σ2

Gy

(6)

where COVPxy and COVGxy represent the phenotypic and genetic covariance, respectively.
σ2

P and σ2
G are the phenotypic and genetic variance, respectively.

2.7. Identification of Candidate Genes

Candidate genes were identified based on their physical positions and functions
according to the Sus scrofa 10.2 reference genome assembly. The SNP-containing or nearest
annotated genes for each potential SNP were obtained from the Sus scrofa (10.2) gtf
file (http://ftp.ensembl.org/pub/release-80/gtf/sus_scrofa/Sus_scrofa.Sscrofa10.2.80.gtf.
gz accessed on 1 May 2015) and taken as candidate genes.

2.8. Functional Enrichment Analysis

The g:Profiler website [24] was used for Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis. A tailor-made algorithm was chosen
for multiple testing correction (adjusted p value < 0.05).

3. Results
3.1. Descriptive Statistics for IMF and Fatty Acid Composition

The statistical analysis results of IMF and 25 fatty acids are presented in Table S1. The
IMF content in the longissimus dorsi of Ningxiang pigs was determined to be 3.65%. In the
overall fatty acid distribution, MUFAs had the highest proportion at 41.88%, followed by
SFAs at 39.35%, and PUFAs at 12.78%. Eleven fatty acids, including C22:6n-3, C17:1, and
C15:0, were removed due to a sample size below 553 individuals (<80%). The remaining
14 fatty acids and IMF were used for subsequent analysis (Table 1). Among these fatty
acids, oleic acid (C18:1n-9(c)) exhibited the highest content (40.28%), while elaidic acid
(C18:1n-9(t)) had the lowest content (0.11%).

3.2. Estimation of Genetic Parameters

The results of the correlation analysis between fatty acids and IMF are presented
in Figure 3a,b. In the phenotypic correlation analysis, the majority of fatty acids, except
for SFA, C20:0, and C18:3n-3, exhibited a significant correlation with IMF (p < 0.001).
SFA demonstrated significant positive phenotypic correlations with MUFAs and PUFAs
(p < 0.001) but showed negative genetic correlations with four MUFAs and five PUFAs
(p < 0.05). Furthermore, SFA, MUFA, and PUFA were significantly positively correlated
with five SFAs, four MUFAs, and five PUFAs, respectively (p < 0.05). In the genetic cor-
relation analysis, C16:1 had the highest correlation with IMF (rg = 0.64), and SFA was
negatively correlated with most MUFAs and PUFAs, except C16:1 and C18:1n-9(t). All fatty
acids had moderate to high heritabilities (0.37~0.89). Fatty acids C17:0 and C18:1n-9(t) had
the lowest heritability estimates (0.45 and 0.37, respectively). Most fatty acids exhibited
heritability estimates above 0.6. Notably, C18:0 exhibited the highest heritability estimate
of 0.89 (Table 1).
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3.3. Genome-Wide Association Study Results for Fatty Acids

After quality control, 25,809 SNPs for 691 Ningxiang pigs were retained for the GWAS.
In total, 74 genome-wide level SNPs were identified for 14 FAs in this study.

3.3.1. SFA

Thirty-seven genome-wide significant SNPs were identified for five SFAs (C14:0, C16:0,
C17:0, C18:0, and C20:0). C20:0 had the most loci, which were located on SSC2, SSC3, SSC4,
SSC5, SSC7, SSC8, SSC13, SSC14, and SSC16 (Figure S1). Moreover, some loci, such as
ALGA0047587 (89.85%), ASGA0059505 (11.39%), and DRGA0011206 (6.85%) (Table S2),
explained a large portion of the phenotypic variance.

3.3.2. MUFA

The Manhattan plots showed that 21 genome-wide significant loci were identified on
12 chromosomes (SSC1, SSC2, SSC3, SSC4, SSC5, SSC7, SSC9, SSC11, SSC13, SSC14, SSC16,
and SSC17) for four MUFAs (Figure S2). H3GA0046208 explained the largest portion of the
phenotypic variance (45.24%) for C18:1n-9(t) (Table S2).

3.3.3. PUFA

The Manhattan plots showed that 16 genome-wide significant loci on seven chromo-
somes (SSC1, SSC2, SSC5, SSC8, SSC9, SSC13, and SSC16) were identified for five PUFAs
(Figure S3).

3.4. Identification of Candidate Genes

Four hundred and fifty-three genes were identified within a 500 kb region upstream
and downstream of the significant SNPs (Table S2). For SFAs, 354 genes were found in a 1
Mb genomic region; 40 genes were close to 37 loci, of which 11 SNPs (WU_10.2_3_116903421,
ASGA0074106, WU_10.2_4_119395133, M1GA0024654, WU_10.2_3_142168876, ALGA0010
606, WU_10.2_11_3591593, ALGA0080940, H3GA0041501, MARC0054269, and WU_10.2_
16_59778879) were located within 11 genes (ALK, MFAP3, CEPT1, NPEPPS, ENSSSCG00000
008655, SWI5, CDK8, AVPI1, ALOX5, ITGA1, and SLIT3). For MUFAs, six SNPs (ALGA001
5731, ASGA0064960, H3GA0025990, H3GA0046208, WU_10.2_5_13180559, and ASGA003
1521) were intragenic variants. For PUFAs, 16 SNP loci were identified in 16 genes.
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3.5. Functional Enrichment of Candidate Genes

The GO and KEGG enrichment analyses were performed using the g:Profiler website
for all fatty acid traits. The functional genes were significantly enriched in 262 GO terms
(p_adj < 0.05) (see File S1). The top 10 molecular functions were involved in binding. The
top 10 cellular components were cellular anatomical entities (GO:0110165) and membrane-
bound organelles (GO:0043227). There were some GO terms associated with lipid and
fatty acid metabolism in the biological process category (Figure 4a), such as fatty acid
biosynthetic process (GO:0006633), unsaturated fatty acid metabolic process (GO:0033559),
lipid biosynthetic process (GO:0008610), and lipid metabolic process (GO:0006629). In
this study, annotated genes were significantly enriched in 12 KEGG pathways, such as
metabolic pathways (KEGG:01100), inflammatory bowel disease (KEGG:05321), and Th17
cell differentiation (KEGG:04659) (Figure 4b). These KEGG pathways can be categorized
into three groups on the KEGG website: Metabolism, Organismal Systems, and Human
Diseases (https://www.kegg.jp/kegg/pathway.html (accessed on 1 October 2023)).
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4. Discussion
4.1. Phenotypic and Genetic Correlations

In this study, a total of 25 fatty acid species were detected in the longissimus dorsi of
Ningxiang pigs, with 14 species commonly found in the population. SFA was the most
abundant among them, while the MUFA relative content was the highest. According to
research, the distribution pattern of fatty acids in different varieties of pork is similar [25].
However, there are significant differences in the composition of fatty acids in different
tissues [26], which is also influenced by sex [27]. Interestingly, docosahexaenoic acid (DHA)
has only been found in the tissues of Ningxiang pigs [26,28], but not in any other pig
breeds or tissues [29,30]. DHA belongs to the omega-3 family alongside alpha-linolenic
acid (ALA) and eicosapentaenoic acid (EPA), which are essential nutrients integral to
human life. Both linoleic acid (h2 = 0.88) and eicosa-11,14-dienoic acid (h2 = 0.63) from the
omega-3 family exhibit high heritability in the longissimus dorsi of Ningxiang pigs, which
is an interesting phenomenon [31]. To ensure the safety and health of pork products, pig
industry breeders and researchers have long sought to enhance the PUFA content and
distribution in pork [32,33].

As an important indicator of pork quality, IMF has consistently garnered significant
attention. Numerous studies have provided evidence for the impact of IMF on meat
quality [34]. In recent years, the hypothesis that IMF deposition in muscle is impacted by
fatty acid structure was verified [35]. By conducting a correlation analysis between IMF and
various fatty acid components in the longissimus dorsi of Ningxiang pigs (Figure 3), it was
observed that IMF exhibits a notably low correlation with SFAs. Furthermore, IMF exhibited
a significant positive correlation with MUFAs and a significant negative correlation with
PUFAs. Realini et al. [36] investigated the relationship between IMF deposition and fatty
acid composition in New Zealand sheep and found results consistent with those of our
study, revealing a negative correlation between MUFAs and IMF deposition, a positive
correlation between PUFAs and IMF deposition, and a correlation coefficient of −0.72
between linoleic acid and IMF deposition. This phenomenon might be attributed to the
endogenous synthesis rate and desaturation sequence of SFAs.

4.2. Candidate Genes for Fatty Acid Composition

Currently, the molecular mechanisms underlying fat deposition are a topic of interest.
Fat deposition not only directly impacts the growth, development, and meat production
traits of animals but also holds valuable implications for addressing human diseases.
Ningxiang pigs are an excellent model for obesity research, and an increasing number of
genes, regulatory factors, and metabolic pathways related to fat deposition in Ningxiang
pigs have been identified [37]. In this study, we performed a comprehensive GWAS focusing
on 14 fatty acids in the longissimus dorsi of Ningxiang pigs, and most of them exhibited
significant correlations with IMF content. Seventy-four genome-wide significant SNPs were
identified in this study, most of which were intronic and intergenic variations (Table S2).
Only WU_10.2_2_9630034 is a missense mutation, and there is no research on the gene
(SDHAF2) related to fatty acids.

A total of 40 genes were identified from 37 significant loci associated with SFAs which
included hnRNPU [38], CEPT1 [39], ATP1B1, DPT, DKK1 [40], PRKG1, EXT2 [41], MEF2C,
IL17RA [42], ITGA1 [43] and ALOX5. Among these, heteronuclear heterogeneous ribonucle-
oprotein particles (hnRNPs) represent a group of proteins with diverse functions, playing
pivotal roles in RNA biogenesis, cellular localization, and transport [44]. Specifically, hn-
RNP U is involved in the Blnc1/hnRNPU/EBF2 heterogeneous ribonucleoprotein particle
complex, thus promoting the expression of brown adipocyte genes [38]. Additionally, Dick-
kopf WNT signaling pathway inhibitor 1 (DKK1) can regulate placental lipid metabolism
through the WNT signaling pathway [40]. Surprisingly, muscle cell enhancer factor 2C
(MEF2C) not only plays a crucial regulatory role in skeletal muscle cells but also exerts
significant regulatory effects on adipose tissue deposition [45]. Elias et al. found that
both ALOX5 and ALOX5AP are involved in the browning of white adipose tissue through
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lipotoxin A4 [46]. In our study, arachidonic acid 5-nenenebb lipoxygenase (ALOX5) and
its partner, arachidonic acid 5-lipoxygenase activator protein (ALOX5AP) were genes near
the C20:0 and C16:1 significant SNP loci, respectively. In Ossabaw pig epicardial adipose
tissue, ALOX5 is positively correlated with n-3 PUFAs [47].

Twenty-five genes were annotated in the upstream and downstream regions of twenty-
one loci related to MUFAs. Among them, genes such as ALOX5AP [46], MEDAG [48],
ISL1 [49], RXRB [50], CRY1 [51], and CDKAL1 [52] were found to be related to lipid
synthesis and metabolism. Interestingly, ALOX5AP and MEDAG are two genes upstream
and downstream of the MARC0099145 locus. Additionally, MEDAG is involved in fat
metabolism, playing a crucial role in backfat deposition in most Western pig breeds [48].
Retinol-X receptor β (RXRB) is a member of the nuclear receptor superfamily of retinoic
acid X receptors (RXRs) and is expressed in almost all tissues. In the liver, the activation
of RXRB leads to increased expression of stearyl CoA desaturation (SCD) and CD36 fatty
acid transferase [50], RXRB is consistent with the results of this study and a study on the
black Iberian pig [53]. Cryptochrome gene 1 (CRY1) is a member of the circadian clock
gene family and plays a vital role in adipocyte biology. CRY1 is regulated by the classic
Wnt/β-catenin signaling pathway, which influences fat differentiation [54]. Moreover,
CRY1 contains two interaction regions that regulate its degradation to achieve diurnal
blood glucose control [55], further affecting conditions such as obesity [51,56].

Nineteen genes were annotated in the upstream and downstream regions of 16 loci
related to PUFAs. Genes such as NDUFA4L2, SLC16A7, OTUB1, EIF4E [57], and ROBO2 [58]
were found to be associated with lipid synthesis and metabolism. Mitochondrial dysfunc-
tion can cause an increase in NDUFA4L2 expression, leading to lipid accumulation in renal
cells [59]. In addition, ssc-mir-708 is associated with fatty acids, but miR-708 has only been
reported in the regulation of cardiomyocyte proliferation to date [60]. Finally, eukaryotic
translation initiation factor 4E (EIF4E) enhances the translation of various messenger RNAs
involved in lipid metabolism processing and storage pathways, leading to weight gain after
a high-fat diet [57]. These genes may influence the fatty acid composition. The majority of
the fatty acids in Ningxiang pigs exhibit medium to high heritability, indicating that candi-
date genes are likely to impact the fatty acid composition of the longissimus dorsi. Therefore,
the candidate genes related to fatty acids identified in this study can be considered for
use in enhancing the fatty acid composition of imported or commercial pig meat, thereby
improving the meat quality of commercial pigs.

5. Conclusions

This GWAS identified 74 genome-wide SNPs associated with 14 fatty acids in the
longissimus dorsi. Some SNPs were located within or near reported genes, but some were
novel for fatty acid composition. In total, twenty-two genes, such as hnRNPU, ALOX5AP,
and NDUFA4L2, can be used as candidate genes for fatty acid composition in Ningxi-
ang pigs. Our findings will be helpful for understanding the genetic basis of fatty acid
composition and providing new targets for further breeding of pigs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ani13203192/s1, Table S1: Detailed information on 25 fatty acids present
in IMF of the longissimus dorsi of Ningxiang pigs; Table S2. Genome-wide significant SNPs loci for
SFAs, MUFAs and PUFAs in Ningxiang pigs; File S1: GO and KEGG enrichment analysis; Figure S1.
Manhattan plot for five SFAs (C14:0, C16:0, C17:0, C18:0, and C20:0). The x-axis represents the
chromosomes, and y-axis represents the −log10 (p_value). The green line is genome-wide level
threshold, the green dashed line is chromosome-level threshold; Figure S2. Manhattan plot for four
MUFAs (C16:1, C18:1n-9(c), C18:1n-9(t), and C20:1). The x-axis represents the chromosomes, and
y-axis represents the −log10 (p_value). The green line is genome-wide level threshold, the green
dashed line is chromosome-level threshold; Figure S3. Manhattan plot for five PUFAs (C18:2n-
6(c), C18:3n-3, C20:2, C20:3n-6, and C20:4n-6). The x-axis represents the chromosomes, and y-axis
represents the −log10 (p_value). The green line is genome-wide level threshold, the green dashed
line is chromosome-level threshold.
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Simple Summary: Castration is a standard method for eliminating boar taint in industrial hog
production, but it also causes enormous fat accumulation in the carcass. Secreted phosphoprotein 1
(SPP1) was selected to investigate its functions on the regulation of adipose deposition based on our
previous data. In the present study, SPP1 overexpression and interference bidirectionally verified
that SPP1 inhibited adipogenic differentiation of porcine bone marrow mesenchymal stem cells
(pBMSCs). Testosterone-treated cell models were used to simulate the androgen status of intact
pigs, and testosterone addition influenced SPP1 mRNA levels during the differentiation of pBMSCs.
Moreover, we identified novel-miR-659 and targeted the 3′ untranslated region of SPP1 based on
bioinformatics analysis and dual-luciferase assays, and found that the novel-miR-659 upregulation
promoted adipogenesis while novel-miR-659 downregulation suppressed adipogenesis in pBMSCs
detected by Oil Red O staining and adipogenic markers. Collectively, the interaction between novel-
miR-659 and SPP1 can regulate adipose accumulation in castrated male pigs. Our data provide a
theoretical basis for further study on the fat deposition mechanism caused by castration.

Abstract: Castration is usually used to remove boar taint in commercial pork production, but the
adipose accumulation was increased excessively, which affected the meat quality of pigs. Based
on our previous study, secreted phosphoprotein 1 (SPP1) was significantly differentially expressed
between castrated and intact male pigs. However, the role of SPP1 in regulating adipose growth and
fat storage caused by castration is unknown. In this study, SPP1 was identified to inhibit adipogenesis
by the expression of adipogenic markers PPARγ and FABP4 as well as Oil red staining assay during
differentiation of porcine bone marrow mesenchymal stem cells (pBMSCs). Subsequently, testosterone
was used to treat pBMSCs to simulate the androgen status of intact pigs. Compared with the control
groups without testosterone, the SPP1 expression in the testosterone group was markedly increased
in the late stage of pBMSCs differentiation. Furthermore, novel-miR-659 was predicted by TargetScan
and miRDB to target SPP1 and verified through a dual-luciferase reporter assay. Oil Red O staining
assay indicated that novel-miR-659 overexpression significantly promoted adipogenesis, whereas
novel-miR-659 inhibition suppressed adipogenesis. The expressions of adipogenic markers PPARγ

and FABP4 showed the same tendency. Taken together, our study found that the targeted interaction
between novel-miR-659 and SPP1 is involved in regulation of fat deposition in castrated male pigs.

Keywords: SPP1; castration; fat deposition; novel-miR-659
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1. Introduction

Adipose tissue is a loose connective tissue, which is primarily made up of adipocyte
and plays a significant function in energy storage. Moreover, adipose tissue is an active en-
docrine organ that could secrete a variety of factors that regulate adipogenesis via paracrine
signals [1]. Obesity is a global health issue [2], which is linked to an increased risk of death
from diseases such as type 2 diabetes, hyperlipidemia, and steatohepatitis [3]. Current
studies have shown that sex hormones also influence the metabolism and deposition of
adipose tissue [4]. Multiple studies have shown that androgens such as testosterone and
dihydrotestosterone could stimulate steatolysis and release energy, and that low testos-
terone causes obesity in animals, implying that androgen is a principal player in visceral
adiposity [5,6]. Traditional surgical castration and immunocastration based on synthetic
gonadoliberin were typical procedures for reducing boar taint in industrial pork produc-
tion, both of which have been widely reported to promote the fat deposition in male pigs
since they dramatically limit the secretion of androgens [7–12]. Castrated boars have rapid
fat deposition, similar organ size, metabolic characteristics, cardiovascular system, and
high homology with humans; therefore, it is the best animal model for studying human
androgen-deficiency-related disorders [13–15]. However, the underlying molecular basis
between androgen and fat deposition in organisms is unknown.

Secreted phosphoprotein 1 (SPP1), also known as Osteopontin (OPN), was originally
discovered in osteoblasts and functions similarly to BMPs proteins [16]. SPP1 is a secreted
extracellular matrix (ECM) glycoprotein implicated in a wide range of pathogenesis. in-
cluding insulin resistance, inflammation, tumor metastasis, and bone remodeling [17,18],
and can be used as a biomarker for cancer and other intractable diseases [19,20]. SPP1
has a critical role in bone mineralization and calcification inhibition. In addition, SPP1
is highly expressed in normal, nonmineralized epithelial tissues such as kidneys, livers,
lactating breast, immune cells, and salivary glands [21,22]. SPP1 is divided into two types
in mammals, based on its structure and function: secreted-SPP1 (sOPN) and intracellular-
SPP1 (iOPN) [23,24]. Currently, a lot of research has displayed that SPP1 is overexpressed
in obese people, implying that SPP1 may play a significant regulatory function in en-
ergy homeostasis [25–27]. Numerous studies have identified that SPP1 is synthesized by
adipocytes, and both adipocytes and adipose tissue are the main targets for SPP1 func-
tion [26,28]. Additionally, high levels of SPP1 are related to fat deposit, lipid accumulation,
and inflammation in adipose tissue, and SPP1 expression rose markedly in visceral adi-
pose tissue in obese individuals [29,30]. Recently, SPP1 can accelerate the development of
white preadipocytes into brown adipocytes via CD44-dependent pathways [31–33], and the
interaction of SPP1 with integrin αv/β1 inhibits the adipogenesis of mesenchymal stem
cells (MSCs) [34]. It suggests that SPP1 has varied roles in the regulation of fat deposition,
depending on the circumstances.

Other recent studies have also shown that the SPP1 gene has an effect on fat deposi-
tion [35,36]. Castration is known to significantly reduce androgen levels in pigs [7,37]. SPP1
was significantly differentially expressed between castrated and intact male pigs based
on our previous data, and we hypothesized that the expression of SPP1 may be regulated
by androgen. Therefore, we aimed to study the relationship between the SPP1 gene and
obesity caused by androgen deficiency. Our research contributes to the development of a
molecular basis for androgen regulation of fat metabolism.

2. Materials and Methods
2.1. Cell Culture and Differentiation

pBMSCs were cultivated in a medium (DMEM, 10% FBS and 1% Ps) at 37 ◦C in a
5% CO2 humidified environment. When the cell density was 100% confluent, pBMSCs
were incubated in an adipocyte differentiation medium containing 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX), 60 mM indomethacin, 100 nM dexamethasone, and 10 mg/mL
insulin for 3 days. Next, they were changed to an adipocyte maintenance medium with
10 mg/mL insulin for another 1 day. This was performed three times.
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2.2. Plasmid Constructs, RNA Interference, and Cell Transfection

SPP1 CDS was amplified by PCR using full length SPP1 as a template, and subcloned
into the PCDH vector. The sequences used here are as follows: sense (5′-TGACCTCCATAG
AAGATT ATGAGAATTGCAGTGATAGCC-3′) and antisense (5′-TAAATTCGAATTCGCTA
GTCAGTTGATCTCAGAAGACGC-3′). SiRNA was provided from GenePharma (Jiangsu,
China); its sequence information is described in Table S1. Furthermore, cell transfection
was conducted according to the instructions of Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). In short, pBMSCs were plated in the 6-well plate, and allowed to grow to 90%
confluence. The cells were incubated for 1 h with the Opti-MEM, and then transfected with
4 ug of the PCDH-SPP1 vector, while 4 ug of the PCDH empty vector was used as a control
by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). However, the transfection con-
centration of the SPP1 gene wild type and mutant 3′UTR plasmid was 200 ng. Regarding
RNA interference, pBMSCs were transfected with 100 nM siRNA when they grew to 90%
confluency. The Opti-MEM was replaced by the complete DMEM, containing 10% FBS at
five hours after transfection. Forty eight hours after transfection, the cells were harvested
and detected by qPCR.

2.3. Testosterone Test

Our previous study found that 100 nM testosterone has a significant inhibitory effect
on the adipogenic differentiation of pBMSCs. Therefore, we added 100 nM of testosterone
during the differentiation of pBMSCs, and added the same volume of methanol and
testosterone to the control group. Given that pBMSCs need 2 weeks to differentiate into
mature adipocytes, we chose 18 days as the induction differentiation time of pBMSCs.

2.4. Oil Red O Staining

The Oil Red O was used to stain adipocytes, as previously described [33]. The cells
were fixed by 10% formaldehyde for 30 min. Next, the formaldehyde-free cells were rinsed
with 60% isopropanol for 10 s. After that, Oil Red O solution was used to stain the cells for
30 min. At last, the colored cells were inspected under a microscope.

2.5. Real-Time PCR

The total RNA was separated from cells using TRIzol® reagent and reverse transcrip-
tion to synthesize cDNA. Quantitative PCR was carried out according to the instructions of
Real-Time System. β-actin served as a housekeeping gene. Primer Premier 5.0 software
was used to create the primer sequences for quantitative PCR (Table S2).

2.6. Dual Luciferase Reporter Assay

SPP1-3′UTR wild type (SPP1-3′UTR-WT) and mutant plasmid (SPP1-3′UTR-MUT)
were synthesized by Beijing Genomics Institution (BGI, Beijing, China), and miRNA mimics
were provided by GenePharma. In the present study, 100 nM miR-659 mimics or mimics
control and 200 ng plasmids (SPP1-3′UTR-WT or SPP1-3′UTR-MUT) were co-transfected
into 293T cells with Lipofectamine 2000. Then, 48 h after transfection, a Dual-Glo luciferase
reporter gene was used to observe luciferase activities. Finally, the ratio of the Renilla
fluorescence to the firefly fluorescence was calculated.

2.7. Statistical Analysis

All data were repeated at least three times in each experiment and showed as the
mean ± SEM. Differences were analyzed by using t-test and one-way ANOVA associated
with GraphPad Prism 8.0.1 software. * p < 0 05 was regarded as significant.

3. Result
3.1. Adipogenic Differentiation of pBMSCs

Bone marrow mesenchymal stem cells (BMSCs) were deemed to be good candidate
cells for exploring de novo generation of adipocyte due to their easy availability. To validate
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the adipogenic differentiation ability of pBMSCs, lipid droplet accumulation of pBMSCs
were visualized by Oil Red O staining at different time points. Results showed that there
was no obvious droplet formation during the first 6 days, and multitudinous intracellular
lipid droplets did not appear until 12 days later. Furthermore, the buildup of lipid droplets
grew with the prolongation of differentiation time (Figure 1A). Additionally, the expression
of adipogenic-specific genes PPARγ and FABP4 were analyzed by qRT-PCR. The PPARγ
was expressed at the early stage of pBMSCs differentiation while the expression of FABP4
increased over time (Figure 1B), which was consistent with previous reports [38]. These
results demonstrated the successful differentiation of pBMSCs into adipocytes.
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Figure 1. Adipogenic differentiation of pBMSCs. (A) Oil Red O was used to stain the pBMSCs,
differentiated on day 0 (A-a), 3 (A-b), 6 (A-c), 9 (A-d), 12 (A-e), 15 (A-f), and 18 (A-g) (bar = 200 µm).
(B) PPARγ and FABP4 mRNA levels on the relevant days were examined by qRT-PCR.

3.2. SPP1 Overexpression Suppressed the Adipogenic Differentiation of pBMSCs

Overexpression of the SPP1 gene was performed by transfecting PCDH-SPP1 into
pBMSCs (Figure 2A). Then the Oil Red O staining assay and analysis of the expressions of
adipogenesis marker factors were used for validating the functions of SPP1 in pBMSCs.
The results showed that after 14 days of induction differentiation, the pBMSCs containing
the PCDH-SPP1 vector displayed a significant decrease in accumulation of lipid droplets
compared with the PCDH empty vector group (Figure 2B). Meanwhile, the expression
of PPARγ and FABP4 were also significantly lower in the PCDH-SPP1 group than in the
PCDH empty vector group (Figure 2C) (p < 0.01). These results demonstrated that the
overexpression of SPP1 inhibited the adipogenic differentiation of pBMSCs.
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Figure 2. SPP1 overexpression suppressed the adipogenic differentiation of pBMSCs. (A) pBMSCs
were transfected with the PCDH empty vector (PCDH) or the SPP1 overexpression vector (PCDH-
SPP1), and SPP1 expression was measured by qRT-PCR. (B) The transfected pBMSCs were induced
to differentiate for 14 days and lipid droplets were observed by Oil Red O staining (bar = 200 µm).
(C) Adipose marker factors PPARγ and FABP4 mRNA expression of pBMSCs harboring PCDH or
PCDH-SPP1 were detected by qRT-PCR. ***, p < 0.001; **, p < 0.01.

3.3. Inhibition of SPP1 Promoted the Adipogenic Differentiation of pBMSCs

To further explore the role of SPP1 on pBMSCs differentiation, three pairs of SPP1
siRNA (si-212-SPP1, si-810-SPP1, and si-925-SPP1) were designed and transfected into
pBMSCs. The quantitative PCR displayed that si-925-SPP1 had the best inhibitory effect
(Figure 3A). Oil Red O staining results revealed that treatment with the si-925-SPP1 group
accumulated great quantities of fat droplets, which was contrasted with the negative control
(NC) group after 14 days of induction differentiation (Figure 3B). The mRNA levels of
PPARγ and FABP4 were significantly upregulated after si-925-SPP1 transfection (Figure 3C).
These results demonstrated that the inhibition of SPP1 could promote the adipogenic
differentiation of pBMSCs.
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Figure 3. Inhibition of SPP1 promoted the adipogenic differentiation of pBMSCs. (A) pBMSCs
were transfected with siRNA (si-212-SPP1, si-810-SPP1, and si-925-SPP1) or negative control, and
to assay-interfering efficiency by expression of SPP1 two days after transfection. (B) Lipid droplet
accumulation of pBMSCs transfected with si-925-SPP1 and negative control were verified by Oil
Red O staining induction at 14 days (bar = 200 µm). (C) The mRNA levels of PPARγ and FABP4 in
the si-925-SPP1 group and the negative control group were confirmed by qRT-PCR. ***, p < 0.001;
**, p < 0.01; *, p < 0.05.

3.4. Testosterone Regulates the Expression of SPP1

This study tested whether the differential expression of SPP1 in castrated and intact
male pigs was caused by testosterone. In vitro, pBMSCs were treated with testosterone
to simulate the androgen status of intact pigs. In contrast with the control group, the
expression of SPP1 in the testosterone group was slightly decreased at the early stage of
pBMSCs differentiation. However, the SPP1 expression levels in the testosterone group
was markedly higher than those in the control group at the adipose deposition stage (after
12 days) (Figure 4), which was consistent with the function of SPP1 in pBMSCs. The results
indicated that the expression of SPP1 was regulated by testosterone.

127



Animals 2022, 12, 944
Animals 2022, 12, x FOR PEER REVIEW 7 of 12 
 

 
Figure 4. Testosterone regulates the expression of SPP1. The mRNA expression of SPP1 was de-
tected by PCR at a different stage of pBMSCs differentiation. Ctrl, control group. Test, testosterone 
group. **, p < 0.01; *, p < 0.05. 

3.5. Novel-miR-659 Promoted Adipogenesis of pBMSCs by Targeting SPP1 
Our previous study indicated that SPP1 is a potential target of novel-miR-659 by Tar-

getScan and miRDB software. To verify the targeting relationship between novel-miR-659 
and SPP1, two plasmids containing either the WT or MUT 3′-UTR of SPP1 were con-
structed (Figure 5A). Subsequently, cotransfection of novel-miR-659 mimics or mimics NC 
into 293T cells was performed. Notably, novel-miR-659 mimics markedly decreased the 
activity of WT SPP1 compared with the mimics NC, but no significant changes were noted 
for the MUT (Figure 5B). Meanwhile, we determined the expression profile of novel-miR-
659 in pBMSCs during adipogenesis induced by an adipogenic medium at different time 
points. This trend was the opposite of the expression trend of SPP1 in adipogenesis of 
pBMSCs (Figure S1). These findings indicate that novel-miR-659 can directly target the 3′-
UTR of SPP1. 

To further investigate the function of novel-miR-659 on pBMSCs differentiation, 
novel-miR-659 mimics and inhibitors were transfected into pBMSCs. Transfection effi-
ciency of novel-miR-659 and expression of SPP1 were validated at day 14 of induction by 
qRT-PCR. The expression of SPP1 decreased with novel-miR-659 upregulation and in-
creased with novel-miR-659 knockdown, indicating that the expression trend of the SPP1 
gene was opposite to that of novel-miR-659 (Figure S2). After 14 days of induction Oil Red 
O staining, results showed that novel-miR-659 mimics promoted the formation of fat 
droplets while novel-miR-659 inhibitors inhibited the formation of fat droplets compared 
with mimics and inhibitors NC, respectively (Figure 5C). Quantitative PCR revealed that 
novel-miR-659 mimics significantly improved the expression of adipogenesis marker 
PPARγ and FABP4, whereas the novel-miR-659 inhibitor-treated group expressed lower 
amounts of these mRNAs (Figure 5D,E). Collectively, these results manifested that novel-
miR-659 promoted adipogenesis of pBMSCs by repressing SPP1. 

  

Figure 4. Testosterone regulates the expression of SPP1. The mRNA expression of SPP1 was detected
by PCR at a different stage of pBMSCs differentiation. Ctrl, control group. Test, testosterone group.
**, p < 0.01; *, p < 0.05.

3.5. Novel-miR-659 Promoted Adipogenesis of pBMSCs by Targeting SPP1

Our previous study indicated that SPP1 is a potential target of novel-miR-659 by
TargetScan and miRDB software. To verify the targeting relationship between novel-miR-
659 and SPP1, two plasmids containing either the WT or MUT 3′-UTR of SPP1 were
constructed (Figure 5A). Subsequently, cotransfection of novel-miR-659 mimics or mimics
NC into 293T cells was performed. Notably, novel-miR-659 mimics markedly decreased
the activity of WT SPP1 compared with the mimics NC, but no significant changes were
noted for the MUT (Figure 5B). Meanwhile, we determined the expression profile of novel-
miR-659 in pBMSCs during adipogenesis induced by an adipogenic medium at different
time points. This trend was the opposite of the expression trend of SPP1 in adipogenesis
of pBMSCs (Figure S1). These findings indicate that novel-miR-659 can directly target the
3′-UTR of SPP1.

To further investigate the function of novel-miR-659 on pBMSCs differentiation, novel-
miR-659 mimics and inhibitors were transfected into pBMSCs. Transfection efficiency of
novel-miR-659 and expression of SPP1 were validated at day 14 of induction by qRT-PCR.
The expression of SPP1 decreased with novel-miR-659 upregulation and increased with
novel-miR-659 knockdown, indicating that the expression trend of the SPP1 gene was
opposite to that of novel-miR-659 (Figure S2). After 14 days of induction Oil Red O staining,
results showed that novel-miR-659 mimics promoted the formation of fat droplets while
novel-miR-659 inhibitors inhibited the formation of fat droplets compared with mimics
and inhibitors NC, respectively (Figure 5C). Quantitative PCR revealed that novel-miR-659
mimics significantly improved the expression of adipogenesis marker PPARγ and FABP4,
whereas the novel-miR-659 inhibitor-treated group expressed lower amounts of these
mRNAs (Figure 5D,E). Collectively, these results manifested that novel-miR-659 promoted
adipogenesis of pBMSCs by repressing SPP1.
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binding site of novel-miR-659 and SPP1 3′UTR was predicted by TargetScan and miRDB. (B) Novel-
miR-659 directly targeted the 3′UTR of SPP1, normalized Renilla fluorescence activity forty eight
hours following cotransfection of novel-miR-659 mimics and mimics NC with SPP1-3′UTR-WT
and SPP1-3′UTR-MUT. (C) Adipogenesis of pBMSCs transfected with mimics/inhibitors NC or
miR-659 mimics/inhibitors were stained by Oil Red O at 14 days after differentiation (bar = 200 µm).
(D,E) Expressions of PPARγ and FABP4 in mimics NC, miR-659 mimics, inhibitors NC, and miR-659
inhibitors groups were detected by qPCR on day 14 after induction. **, p < 0.01; *, p < 0.05.

4. Discussion

Obesity is a global health issue, and androgen insufficiency has been linked to male
obesity in animals. Our previous study identified differentially expressed mRNAs in
backfat and abdominal fat tissues from intact and castrated full-sib male pigs, and found
that SPP1 was related to fat deposition. Some researchers have confirmed that blockage
of SPP1 expression facilitated MSCs adipogenic development but suppressed osteoclast
formation [26]. Furthermore, Veronica et al. found that progenitor cells lacking SPP1 were
more efficient in adipogenic differentiation [27]. Additionally, Tang et al. displayed that
SPP1 prevents ASCs from becoming adipogenic by connecting to the external receptors’
integrin αν/β1 and CD44 [28]. In line with these previously published findings, our studies
of in vitro experiments revealed that pBMSCs from SPP1 silence (or SPP1 overexpression)
were more (or less) effective in lipogenesis than NC controls, as identified by enhanced (or
receded) fat-droplet accumulation (Figures 2 and 3), indicating that SPP1 was a negative
regulator of adipogenesis [31].

It has been reported that SPP1 expression in epididymis main cells may be influenced
by circulating testosterone [39]. Likewise, our results also revealed that the expression
of SPP1 was affected by testosterone, and the SPP1 mRNA level was suppressed by the
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testosterone in the early stage of pBMSCs differentiation. However, testosterone promoted
the SPP1 expression during the later stages of pBMSCs differentiation (Figure 4), which was
in keeping with the inhibition of SPP1 on lipid deposition. The differentiation process from
MSCs to mature adipocytes is generally considered to go through two stages. The first stage
is called commitment, where MSCs are converted into preadipocytes. The preadipocyte
is the intermediate stage between MSCs and adipocytes, and it can differentiate into
adipocytes. The second stage, named terminal differentiation, is the transformation of
preadipocytes into mature adipocytes. Preadipocytes are not morphologically distinguish-
able from adipocytes and lack specific markers to distinguish between the two stages [40].
Therefore, we believe that testosterone may play different roles in the control of SPP1
expression at different stages of pBMSCs differentiation.

To learn more about the role of SPP1 in the control of fat deposition. novel-miR-
659 directly targeted the 3′UTR of SPP1, as shown in the dual-luciferase reporter assay
(Figure 5B). Both novel-miR-659 overexpression and inhibition experiments demonstrated
that novel-miR-659 promoted adipose deposition of pBMSCs by suppressing SPP1 (Fig-
ure 5C–E). The novel-miR-659 is a novel miRNA in pigs, and its relationship with fat
deposition is rarely studied. Recent studies have shown that miR-659 was obesity-specific,
being expressed only in amnion from obese women than control women [41]. This is
consistent with our findings that miR-659 promoted the accumulation of lipid droplets in
pBMSCs.

5. Conclusions

In summary, our results show that SPP1 negatively regulated adipogenic differentia-
tion of pBMSCs, and the SPP1 expression in adipose tissue of pigs is regulated by testos-
terone and novel-miR-659. The interaction between novel-miR-659 and SPP1 coregulate fat
deposition in castrated male pigs. These data expand our mechanistic understanding of fat
deposition in pigs caused by testosterone deficiency.
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Simple Summary: In this study, we investigated the role of chi-miR-99b-3p in goat skeletal muscle
satellite cells (SMSCs). We confirmed that chi-miR-99b-3p promoted proliferation through targeting
Caspase-3 and nuclear receptor corepressor 1, and inhibiting the intrinsic apoptosis-related genes
in SMSCs, whereas inhibition of chi-miR-99b-3p had the opposite effect. Furthermore, integrative
transcriptomic analysis revealed that overexpression of chi-miR-99b-3p induced various differentially
expressed (DE)-gene-associated processes. In addition, 47 dysregulated miRNAs, including 16 upreg-
ulated and 31 downregulated miRNAs, which were involved in the biological pathways associated
with the DE genes, were identified. Our study demonstrated that chi-miR-99b-3p was an effective
facilitator of goat SMSCs. This study is helpful for future studies in skeletal muscle development.

Abstract: We previously found that chi-miR-99b-3p was highly expressed in the skeletal muscle
of 7-month-old (rapid growth period) goats and speculated that it may be associated with muscle
development. To further investigate the role of chi-miR-99b-3p in goats, we found that chi-miR-99b-
3p acted as a myogenic miRNA in the regulation of skeletal muscle development. Dual-luciferase
reporter assays, qRT-PCR, and Western blot results confirmed that Caspase-3 and nuclear receptor
corepressor 1 were direct targets for chi-miR-99b-3p as their expression was inhibited by this miR.
Cell proliferation and qRT-PCR assays showed that chi-miR-99b-3p promoted proliferation through
relevant targets and intrinsic apoptosis-related genes in goat skeletal muscle satellite cells (SMSCs),
whereas inhibition of chi-miR-99b-3p had the opposite effect. Furthermore, integrative transcriptomic
analysis revealed that overexpression of chi-miR-99b-3p induced various differentially expressed
(DE) genes mainly associated with the cell cycle, relaxin signaling pathway, DNA replication, and
protein digestion and absorption. Notably, most of the cell-cycle-related genes were downregulated
in SMSCs after miR-99b-3p upregulation, including the pro-apoptosis-related gene BCL2. In addition,
47 DE miRNAs (16 upregulated and 31 downregulated) were determined by Small RNA-sequencing
in SMSCs after chi-miR-99b-3p overexpression. Based on the KEGG enrichment analysis, we found
that these DE miRNAs were involved in the biological pathways associated with the DE genes. Our
study demonstrated that chi-miR-99b-3p was an effective facilitator of goat SMSCs and provided
new insights into the mechanisms by which miRNAs regulate skeletal muscle growth in goats.

Keywords: chi-miR-99b-3p; proliferation; apoptosis; goat; Caspase-3; NCOR1

1. Introduction

As an economically important agricultural animal, the goat provides humans with
high-quality and low-cholesterol mutton. Muscle is an important tissue in goats, and
constitutes the main form of mutton. Therefore, the identification of methods to improve
goat muscle development and growth is an important economic problem. The formation of
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animal muscle tissue mainly depends upon the accumulation of proteins and the coordina-
tion of muscle cell proliferation, differentiation, and apoptosis, and includes three main
stages: myotube formation, myotube differentiation into muscle fibers, and muscle fiber
growth and maturation [1]. Skeletal muscle satellite cells (SMSCs) have stem-cell-like prop-
erties and are involved in postnatal skeletal muscle regeneration and growth [2–4]. Due
to their myogenic and adipogenic differentiation capacity, SMSCs have become a suitable
model for investigating postnatal muscle growth and intramuscular adipogenesis [5]. The
development of SMSCs is a complex and delicate process that is regulated by many factors,
including muscle cell migration, proliferation, differentiation, and apoptosis, and needs the
coordinated control of multiple signal switches. For example, knockdown of MUSTN1 in-
hibited the proliferation and differentiation of chicken SMSCs and promoted the apoptosis
of SMSCs, while overexpression of MUSTN1 showed the opposite effect [6], demonstrating
the potential relationship among apoptosis, proliferation, and differentiation of SMSCs.

MicroRNAs (miRNAs) represent endogenous, small noncoding RNAs with a length of
20~25 bp, and are widely found in many species. They are highly evolutionarily conserved
and play important roles in the complex and dynamic network that regulates development.
miR-487b-3p downregulated IRS1 expression to suppress goat myoblast cell proliferation
and differentiation through the IRS1/PI3K/Akt pathway [4], miR-181a could suppress
SMSC proliferation [2], and miR-223-3p was involved in muscle regeneration via the
regulation of inflammatory cytokine secretion in the skeletal muscle microenvironment [7].

miR-99b-3p is evolutionarily conserved among different species. However, few stud-
ies have investigated the role of miR-99b-3p in goats, as most have been performed on
human cancer cell proliferation. For example, evidence shows that miR-99b-3p can target
protocadherin 19 to promote hepatocellular carcinoma metastasis and cell proliferation [8].
Furthermore, Hsa-miR-99b-3p is considered a novel prognostic marker for oral cancer, as
its increased expression showed a trend toward the advanced tumor stage. In addition,
high hsa-mir-99b-3p expression levels were related to better survival [9]. Here, miR-99b-3p
exerted an antiproliferative effect and arrested gastric cancer cells in the S phase of the
cell cycle by inhibiting cell viability and targeting HoxD3, which is upregulated in GC cell
lines [10]. In addition, miR-99b-3p was reported to contribute to angiotensin-II-induced
cardiac fibrosis in mice [11].

Studies have shown that miRNAs expressed in human skeletal muscle are associ-
ated with muscle size, strength, and mass. Muscle strength and cross-sectional area were
positively correlated with miR-99b-5p expression in middle-aged men [12]. In our pre-
vious study, we found that chi-miR-99b-3p was highly expressed in the muscle tissue
of Chongming white goats during the fast-growing period (7 months old), while it was
downregulated in postweaning goats, which caused growth retardation in early weaned
lambs [13,14]. Therefore, we speculated that chi-miR-99b-3p might be related to muscle
development [13]. Here, we systematically investigated the potential role of chi-miR-99b-3p
in goat SMSCs. Our findings help with understanding the function of miRNAs in skeletal
muscle development and provide a theoretical basis for the molecular breeding of goats.

2. Materials and Methods
2.1. Cell Culture and Cell Transfection

Isolated goat SMSCs (separated from Anhui white goats) were a kind gift from Dr.
Yinghui Ling (College of Animal Science and Technology, Anhui Agricultural University,
Hefei, China). Detailed isolation steps for SMSCs can be found in a previous study [3]. The
9th to 12th generations of satellite cells were used in this study. The SMSCs were cultured
in DMEM/F12 (Gibco, Grand Island, NY, USA) growth media containing 20% FBS (Gibco,
Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA).
The chi-miR-99b-3p mimic, negative control (NC mimic), chi-miR-99b-3p inhibitor were
transfected into cells using EntransterTM-R4000 reagent (Engreen, Beijing, China) according
to the manufacturer’s protocol. Cells were collected for further analysis at the indicated
times. Oligonucleotides were designed and synthesized by Shanghai GenePharma Co., Ltd.

135



Animals 2022, 12, 2368

(Shanghai, China), and their sequences can be found in Table S1. For cell-differentiation-
related analysis, SMSCs were first cultured in growth media until the cells grew to about
80% density. Differentiation medium, including 2% FBS (Gibco, Grand Island, NY, USA)
and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA), was used to induce cell
differentiation. Cells collected 1 d after the addition of differentiation medium were used
as the control.

2.2. RNA Isolation and qRT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Waltham, MA, USA) and
determined in an ND-2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA),
and the qRT-PCR was performed as previously described [13]. Briefly, the expression
levels of miRNAs and mRNA were determined using qRT-PCR performed on an ABI
QuantStudio 5 PCR System (Applied Biosystems, Foster City, CA, USA) using SYBR Green
PCR Master Mix (Fast Start Universal SYBR Green Master; Roche, Basel, Switzerland).
Primer sequences are listed in Table S2. Glyceraldehyde 3-phosphate dehydrogenase was
used as an endogenous control gene for mRNA, and U6 for miRNA. Relative quantitative
levels were calculated based on the 2−∆∆Ct method [4].

2.3. Western Blotting

Total protein was purified from satellite cells using radioimmunoprecipitation assay
(RPMI) buffer (Beyotime, Shanghai, China), and electrophoresed on an 8−12% sodium
dodecyl sulfate polyacrylamide gel, and transferred to polyvinylidene fluoride membranes
(Millipore Sigma, Burlington, MA, USA). Next, the membranes were blocked with 5% (w/v)
bovine serum albumin and incubated with primary antibodies against Caspase-3 (GB11767c;
Servicebio, Wuhan, China), Caspase-7 (27155-1-ap; Proteintech, Chicago, IL, USA), Caspase-9
(GB11053-1; Servicebio, Wuhan, Hubei, China), BCL2 (BF9103; Affinity Biosciences, OH,
USA), and β-actin (8227; Abcam, Cambridge, MA, USA), and visualized using an ECL
Western blot detection kit (Thermo Scientific, Rockford, IL, USA) and ImageQuant LAS
4000 (GE Healthcare, Piscataway, NJ, USA).

2.4. Dual Luciferase Reporter Assay

Wild-type and mutated sequences of the 3′UTR of chi-miR-99b-3p were synthesized
and cloned into psiCHECK-2 plasmid (Promega, Madison, WI, USA). Subsequently, the
plasmids were cotransfected with the miRNA mimic or negative control miRNA into
HEK293T cells. At 30 h post-transfection, luciferase activity was detected using a Dual-
Glo® Luciferase Assay System (Promega) according to the manufacturer’s instructions.

2.5. Cell Proliferation Assays

Cells were seeded into a 96-well plate and cell proliferation was measured using a
cell counting kit-8 (CCK-8) reagent (Beyotime, Shanghai, China) 30 h after transfection
according to the manufacturer’s protocol.

2.6. Transcriptome Sequencing Analysis

Total RNA from the miRNA-treated cells was purified with beads containing oligo
(dT) and then used to generate cDNA with adapter addition to generate cDNA fragments
by PCR. The products were sequenced on a BGISEQ-500 system (BGI, Shenzhen, China).
Clean reads were obtained by removing reads containing adapter, unknown ploy N, and
low-quality reads from the raw data. Bowtie 2 (V2.2.5) (http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml, Baltimore, USA) (accessed on 2 March 2022) was used to align
the clean reads to produce sets. Differentially expressed genes (DEGs) were quantified
using the cutoff |log2 fold change| > 1, p ≤ 0.05 by DESeq2 (https://bioconductor.org/
packages/release/bioc/html/DESeq2.html) (accessed on 2 March 2022). The pathway
enrichment analysis was performed by searching against the KEGG database. Significant
terms with correction and p ≤ 0.05 were considered statistically significant.
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2.7. Small RNA Sequencing Analysis

Total RNA from the miRNA-treated cells was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) and qualified using an Agilent 2100 Bioanalyzer (Thermo Fisher
Scientific, Waltham, MA, USA). Libraries were prepared with a Small RNA Cloning Kit
(TaKaRa, Dalian, China) and sequenced on a BGISEQ-500 platform (BGI, Shenzhen, China).
Clean tags were mapped against miRBase for miRNA with Bowtie 2 (V2.2.5). MiRanda
(v2.041) (https://www.cs.kent.ac.uk/people/staff/dat/miranda/downloads/cygwin/)
(accessed on 2 March 2022), RNAhybrid (v2.1) (https://bibiserv.cebitec.uni-bielefeld.
de/rnahybrid, Bielefeld, Germany) (accessed on 2 March 2022), and TargetScan (v5.0)
(https://www.targetscan.org/vert_50/, Cambridge, USA) (accessed on 2 March 2022)
were used to predict the target genes of miRNAs. Only overlapping genes were selected as
candidate targets of the DE miRNAs. Then, the candidate targets were further screened
by the DE genes above, and only genes recognized by the DE genes and predicted tar-
gets were considered as candidate genes targeted by the DE miRNAs. To annotate gene
functions, all target genes were aligned against the Kyoto Encyclopedia of Genes (KEGG)
database using phyper in R software (v3.3.1) (https://www.r-project.org/) (accessed on
2 March 2022). Differential expression analysis was performed using DEGseq (v1.4.5)
(https://www.bioconductor.org/packages/release/bioc/html/DEGseq.html) (accessed
on 2 March 2022) under the standard of |log2 fold change | ≥ 1 and Q value ≤ 0.001.
Sequencing data were deposited into the NCBI SRA database with accession number
PRJNA844520. The same total RNA from miRNA treated cells with triplicate biological
replicates was used for transcriptome and small RNA-sequencing analysis.

2.8. DEmiRNA and DEG Interaction Analysis

The interaction network between the DE miRNAs and the DE genes was constructed
using Cytoscape v.3.7.2 software (https://cytoscape.org/release_notes_3_7_2.html) (ac-
cessed on 2 March 2022) as previously described [13].

2.9. Statistical Analysis

One-way analysis of variance and Tukey’s test were used for statistical analysis.
Results are presented as the mean ± SEM of at least triplicate replicates. For statistically
significant differences, p < 0.05 was required. All statistical analyses were carried out
using SPSS 24.0 software (https://www.ibm.com/support/pages/downloading-ibm-spss-
statistics-24) (accessed on 2 March 2022).

3. Results
3.1. Caspase-3 and NCOR1 Are Targeted by chi-miR-99b-3p

To determine the molecular function of chi-miR-99b-3p in muscle development, we
first confirmed the mature sequence of chi-miR-99b-3p, and found that it was conserved in
different species (Figure 1a); then, the potential targets of chi-miR-99b-3p were predicted
by miRanda, Pita, and TargetScan software, as shown in Table S3. A total of 35 genes
related to the development of skeletal muscle were predicted to be targeted by chi-miR-
99b-3p. Among them, Caspase-3, histone deacetylase 9 (HDAC9), and nuclear receptor
corepressor 1 (NCOR1) were the predicted targets of chi-miR-99b-3p. To further elucidate
the relationship between chi-miR-99b-3p and the above three potential targets, we measured
the expressions of chi-miR-99b-3p, Caspase-3, HDAC9, and NCOR1 on different days post-
culture of SMSCs during their differentiation (Figure 1b,c). The results showed that the
endogenous expression of chi-miR-99b-3p increased, and the mRNA expressions of Caspase-
3, HDAC9, and NCOR1 decreased at 3 and 5 d of SMSC differentiation (Figure 1c). The
expressions of Caspase-3, HDAC9, and NCOR1 were significantly increased on day 7, with
no significant difference in chi-miR-99b-3p expression between 1 d and 7 d of SMSC
differentiation (Figure 1b).
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We then used a vector psiCHECK-2 to construct 3′-UTR vectors and the corresponding
mutant vectors for the potential target genes NCOR1, HDAC9, and Caspase-3. As shown
in Figure 2a,b, enhanced chi-miR-99b-3p significantly inhibited the luciferase activity
of NCOR1-3′-UTR-WT and CASP3-3′-UTR-WT (p < 0.01), but not of HDAC9 NCOR1-
3′-UTR-WT (Figure S1), indicating that NCOR1 and CASP-3 were directly targeted by
chi-miR-99b-3p. Furthermore, the levels of chi-miR-99b-3p and its target genes (Caspase-3
and NCOR1) were measured at 30 h in goat skeletal muscle cells after transfection with a
chi-miR-99b-3p mimic or inhibitor, and revealed that enhanced chi-miR-99b-3p expression
repressed the mRNA expression of Caspase-3 and NCOR1, whereas they were increased
after the transfection with a chi-miR-99b-3p inhibitor (Figure 2c).
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3.2. chi-miR-99b-3p Targets Caspase-3 and NCOR1 to Regulate Cell Proliferation
and Differentiation

Compared with NC, the mRNA and protein expressions of the apoptosis-related genes
Caspase-9, 7, and BCL2 were all successfully downregulated by the miR-99b-3p mimic, but
were activated after transfection with the miR-99b-3p inhibitor (Figure 3a). The effects of
cell viability and cell-differential-related gene expression at 30 h post-transfection were
further analyzed (Figure 3b,c). Overexpression of miR-99b-3p significantly increased cell
viability and inhibited the protein levels of BCL2, while the mRNA expression levels of
apoptosis-related genes Caspase-9, Caspase-7, and BCL2 were significantly increased in
SMSCs after chi-miR-99b-3p downregulation compared with the control mimic-treated
SMSCs (Figure 3a). Additionally, the mRNA expression levels of MyoG and Pax7 were
significantly increased in chi-miR-99b-3p-inhibited cells (Figure 3c).
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chi-miR-99b-3p mimic or inhibitor. (b) Cell counts detected by CCK-8 analysis. (c) mRNA levels of
differentiation-related genes after transfection with chi-miR-99b-3p mimic or inhibitor. * p < 0.05;
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3.3. mRNA Profile Analysis after Upregulation of chi-miR-99b-3p

Using mRNA sequencing analysis, 1490 DE genes were obtained |log2 fold change
|≥1 and Q value ≤ 0.001 in miR-99b-3p mimic-transfected cells compared with the NC
miRNA-treated cells (Figure 4a). Further functional analysis of these DE genes showed that
after overexpression of chi-miR-99b-3p, the DEGs in the skeletal muscle cells were mainly
involved in the cell cycle, relaxin signaling pathway, DNA replication, and protein digestion
and absorption (Figure 4b), demonstrating that chi-miR-99b-3p was mainly involved in
cell cycle regulation. In addition, the DE genes associated with the cell cycle process are
listed in Table S4. Most of the cell-cycle-related genes were downregulated in SMSCs
after chi-miR-99b-3p upregulation; among them, the pro-apoptosis-related gene BCL2,
which is demonstrated to be downregulated in Figure 3a, was decreased in chi-miR-99b-3p
upregulated cells based on sequencing data. However, we did not see downregulation
of Caspase-3 or NCOR1 in the SMSCs after chi-miR-99b-3p upregulation, based on the
filter condition of |log2 fold change | ≥ 1 and Q value ≤ 0.001. In addition, we also
found 34 genes, including SH2D4A, ABCB10, B3GNT6, OPCML, and SPATA13, predicted
to be candidate targets of chi-miR-99b-3p, which were downregulated in the cells after
miR-99b-3p upregulation (Table S5).
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3.4. miRNA Profile Analysis after chi-miR-99b-3p Upregulation

To evaluate the potential miRNAs influenced by chi-miR-99b-3p upregulation, small
RNA-sequencing analysis was performed, and the DE miRNAs are shown in Table S6.
Here, chi-miR-99b-3p upregulation induced 47 DE miRNAs, of which 16 were upregulated
and 31 downregulated, including 30 known mature miRNAs (Figure 5a) and 17 novel
miRNAs. Among them, chi-miR-199c-3p, chi-miR-199a-3p, chi-let-7c-3p, chi-let-7c-5p,
chi-miR-10a-5p, chi-miR-125b-3p, and chi-miR-99a-5p represented the seven most highly
expressed miRNAs in SMSCs after chi-miR-99b-3p upregulation. We next explored the
potential targets of the DE miRNAs by screening the DE genes mentioned above, and over-
lapping genes were considered as candidate genes targeted for the DE miRNAs (Table S7),
and were subsequently used for KEGG analysis. Further functional analysis revealed
that these DE miRNAs were involved in the cell cycle, relaxin signaling pathway, DNA
replication, and protein digestion and absorption (Figure 5b), and this was consistent with
the results seen for the DE genes (Figure 4b).
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3.5. Integration Analysis of the DE miRNAs and DEGs

As shown in Figure 6, most miRNAs had multiple potential target genes, while
different miRNAs could regulate the same target. For example, miR-671-5p was the
regulator of TTC4, CASQ2, ORC1, SLC6A17, and AQP7; whereas miR-199a-3p, miR-199b-
3p, and miR-199c-3p, which belong to the miR-199 cluster, could regulate the expressions
of ITGA6 and TXNIP. In addition, chi-miR-99b-3p could regulate ORC1, SLC6A17, and
TTC4, which were downregulated in SMSCs after miR-99b-3p overexpression (Table S3).
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4. Discussion

Skeletal muscle is the most abundant tissue in the body and possesses remarkable
regenerative capacity. It consists of a diversity of cell types including multinucleated
myofibers, SMSCs, endothelial cells, pericytes, mesenchymal progenitor cells, and immune
cells [15]. SMSCs participate in postnatal muscle growth and regeneration in animals,
which has been shown to be regulated by miRNAs [2,16]. For example, BMP2 is targeted
by miR-378 to regulate the proliferation of sheep myoblast [17] and inhibit apoptosis
in skeletal muscle [16]. miR-181a regulates the proliferation and differentiation of Hu
sheep SMSCs by directly targeting YAP1 [2]. Here, we found that miR-99b-3p was able to
promote cell proliferation and inhibit apoptosis in Anhui white goat SMSCs by blocking
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the intrinsic apoptosis pathway via targeting caspase-3 and NCOR1. Moreover, integrated
mRNA–miRNA analysis revealed that the overexpression of miR-99b-3p upregulated
several cell-cycle-associated miRNAs that regulate the cell cycle in SMSCs. These results
suggested that miR-99b-3p is an important component of skeletal muscle development.

Skeletal muscle development relies on the proliferation, differentiation, and regenera-
tion of SMSCs to form new myofibers [15,18]. The myogenic regulatory factors, MyoD and
MyoG, are the core components of the myogenic pathway, which play important roles dur-
ing myogenesis and skeletal muscle differentiation [19]. Pax7 is only expressed in satellite
cells and is involved in regulating the self-renewal of adult skeletal muscle [20]. We found
that the expression levels of MyoG and Pax7 significantly increased after miR-99b-3p down-
expression, while no significant difference was found with miR-99b-3p overexpression.
Furthermore, we detected the expression level of miR-99b-3p during the differentiation
process, and found that it first increased but then decreased, while the mRNA expression
levels of Caspase-3 and NCOR1 were opposite to that of chi-miR-99b-3p. Additionally, the
dual-luciferase reporter system confirmed the binding relationship between miR-99b-3p
and Caspase-3, as well as NCOR1. These results indicated that miR-99b-3p might par-
ticipate in the cell cycle regulation process of SMSCs. Additionally, we found that the
expression levels of MyoD and MyoG gradually increased during the differentiation process
(Figure S3), especially in the 7 d of SMSCs differentiation, when the expression of chi-miR-
99b-3p decreased. However, whether chi-miR-99b-3p is related to the regulation of cell
differentiation needs to be further explored.

Caspases are the main initiators of apoptosis and play crucial roles in mammals.
caspase-8, -9 and -10 are initiator caspases, involved in the onset and amplification of
apoptosis; caspase-3, -6, and -7 are effector caspases, involved in the execution of apop-
totic programs [21]. High expression of caspase-3 was associated with augmented muscle
protein catabolism and promoted apoptosis of SMSCs in hemodialysis patients [22]. Down-
regulation of Caspase-3 protects denervation-induced muscle atrophy through inhibiting
apoptosis [23]. Furthermore, NCOR1 is a master regulator of mitochondrial metabolism in
muscle, which is inversely associated with key mitochondrial and MyoGenic genes [24].
These studies found that NCOR1-null mice had increased muscle mass, which was ac-
companied by increases in the number and activity of mitochondria in muscle cells, and
significantly enhanced exercise capacity [25]. In addition, a previous study found that
miR-99b-3p promoted the proliferation of hepatocellular carcinoma [8]. Here, we consis-
tently found that miR-99b-3p inhibited the expressions of caspase-3, -7, -9, and BCL2, which
promoted the intrinsic apoptotic pathway [26]. In addition, CCK-8 assays showed that the
miR-99b-3p mimic promoted cell proliferation, while the miR-99b-3p inhibitor suppressed
cell proliferation. Caspase-3 and NCOR1 are direct targets of miR-99b-3p. Thus, our findings
indicated that miR-99b-3p might act as a “gatekeeper” for the intrinsic apoptotic pathway
in skeletal muscle, which provides further insights into the mechanisms underlying the
regulation of intrinsic skeletal muscle apoptosis.

To further investigate the detailed regulatory role of miR-99b-3p in skeletal muscle,
RNA sequencing was used to assess the integrated miRNA–mRNA network changes after
miR-99b-3p upregulation in SMSCs. We identified that the DE genes were enriched in
the pathways associated with cell cycle, relaxin signaling, DNA replication, and protein
digestion and absorption. Among them, the cell cycle pathway was the most enriched
pathway, and the 48 DE genes were screened to participate in this pathway. Most of
the DE genes were significantly downregulated in SMSCs after miR-99b-3p upregulation,
including the pro-apoptosis-related gene BCL2, further suggesting that overexpression of
miR-99b-3p can inhibit apoptosis in SMSCs. However, we did not find any downregulation
of Caspase-3 or NCOR1 in SMSCs after miR-99b-3p overexpression by sequencing, which
might have been due to the limitation of sequencing depth.

Additionally, we found that several miRNAs, including miR-199c-3p, miR-199a-3p,
let-7c-3p, let-7c-5p, miR-10a-5p, miR-125b-3p, and miR-99a-5p, were highly expressed in
SMSCs after miR-99b-3p upregulation, and these have been reported to enhance muscle
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regeneration [27–30] or promote cell proliferation in some cancers [31–33]. Furthermore,
miR-199c-3p, miR-199a-3p, miR-99a-3p, and miR-99b-3p belong to the same miRNA cluster,
suggesting that overexpression of miR-99b-3p induces the expression of a series of cell
cycle regulation related miRNAs, further promoting cell proliferation and differentiation in
SMSCs. Subsequently, KEGG enrichment analysis of these DE miRNAs revealed that most
of the DE genes were predicted to be targeted by the DE miRNAs and were involved in the
cell cycle process, further confirming a role for miR-99b-3p in SMSCs.

Although we identified potential miRNA–mRNA interactions regulated by miR-99b-3p
and involved in goat skeletal muscle development, it is worth noting that further ex-
perimental studies are required to validate these miRNA–mRNA interactions in goat
skeletal development.

5. Conclusions

The results of this preliminary study confirmed that chi-miR-99b-3p is an miRNA
associated with the proliferation and differentiation of goat SMSCs. Overexpression of miR-
99b-3p promoted SMSC proliferation by targeting Caspase-3 and NCOR1 and inhibiting
the expression of apoptosis-related genes. Upregulation of miR-99b-3p promoted the
expression of several miRNAs including miR-199c-3p, miR-199a-3p, let-7c-3p, let-7c-5p,
miR-10a-5p, miR-125b-3p, and miR-99a-5p, which are closely related to differentiation,
proliferation, and apoptosis. These results suggested that miR-99b-3p may regulate the
differentiation, proliferation, and apoptosis of SMSCs through Caspase-3 and NCOR1
in goats.
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Simple Summary: During the present decade, highly selected caprine farming has increased in
popularity due to the hardiness and adaptability inherent to goats. Recent advances in genetics
have enabled the improvement in goat selection efficiency. The present review explores how genetic
technologies have been applied to the goat-farming sector in the last century. The main candidate
genes related to economically relevant traits are reported. The major source of income in goat farming
derives from the sale of milk and meat. Consequently, yield and quality must be specially considered.
Meat-related traits were evaluated considering three functional groups (weight gain, carcass quality
and fat profile). Milk traits were assessed in three additional functional groups (milk production,
protein and fat content).

Abstract: Despite their pivotal position as relevant sources for high-quality proteins in particularly
hard environmental contexts, the domestic goat has not benefited from the advances made in
genomics compared to other livestock species. Genetic analysis based on the study of candidate genes
is considered an appropriate approach to elucidate the physiological mechanisms involved in the
regulation of the expression of functional traits. This is especially relevant when such functional traits
are linked to economic interest. The knowledge of candidate genes, their location on the goat genetic
map and the specific phenotypic outcomes that may arise due to the regulation of their expression act
as a catalyzer for the efficiency and accuracy of goat-breeding policies, which in turn translates into a
greater competitiveness and sustainable profit for goats worldwide. To this aim, this review presents
a chronological comprehensive analysis of caprine genetics and genomics through the evaluation of
the available literature regarding the main candidate genes involved in meat and milk production
and quality in the domestic goat. Additionally, this review aims to serve as a guide for future research,
given that the assessment, determination and characterization of the genes associated with desirable
phenotypes may provide information that may, in turn, enhance the implementation of goat-breeding
programs in future and ensure their sustainability.

Keywords: breeding; SNP; genomics; does; bucks; meat; milk

1. Introduction

Caprine farming has spread to almost every country in the world, due to the good
prices and high value of goat-derived products (especially milk), attracting new farmers
and investors [1]. The majority of the world caprine population is located in developing
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countries, occupying marginal territories under extreme climate conditions and held under
elder farming systems [2]. This scene contrasts with that of Europe and North America,
where otherwise, high-technological and intensive conditions rule the goat industry, which
is highly focused on milk production and exploiting high-performance breeds subjected
to genetic selection schemes [3]. In this context, the benefits that the domestic goat has
obtained, as derived from the achievements made in the areas of genetics, nutrition and
animal management, are rather limited in comparison to the level of integration that such
techniques account for in other species.

The aforementioned framework evidences the secondary role to which caprine has
been relegated within the scope of stockbreeding history [4]. This secondary position may
be the result of two main conjoined facts; the traditional disregard of the caprine species as
a destructive animal for pasture [5], and consumer preferences for other domestic species,
which have conferred caprine-derived products with a low international market value,
thus pushing caprine production to a marginal role in farming [6].

Recent archaeological findings indicate that the domestication of the goat took place
more than 10,000 years ago in the ‘Fertile Crescent’ (Figure 1). This region is where the
first settled agricultural communities of the Middle East and Mediterranean basin are
thought to have originated, and would have covered the area from the Anatolian peninsula
to the eastern territories of current Iran [7]. Wild bezoar (Capra aegagrus) and markhor
(Capra falconeri) are thought to be the most likely ancestors of the domestic goat, according
to phylogenetic studies implementing Y chromosome AMELY and ZFY sequences [8].
Additionally, other studies evaluating the major histocompatibility complex led to the
possible inclusion of the Iberian mountain goat (Capra pyrenaica) and Alpine ibex (Capra
ibex) in the history of goat domestication [3].
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Figure 1. Relief Representation of Goatherd with Goat and Trees, ca. 1350–1333 BCE. New
Kingdom, Amarna Period. Late Dynasty 18. Limestone, 8 1/4 × 16 3/4 × 2 1/2 in., 22.5 lb.
(21 × 42.5 × 6.4 cm, 10.21 kg). Brooklyn Museum, Gift of the Ernest Erickson Foundation, Inc., New
York, NY, USA, 86.226.30.

A higher tolerance to human handling and a better adaptability to the driven grazing
may have been determining factors, which aimed to boost the popularity of certain animal
populations [9]. Apart from the early breeding objectives that were sought following the
domestication of the goat, the first civilizations became interested in the functional selection
objectives linked to productive traits, such as the aptitude to captive breeding, prolificacy
or body size [10].

The domestication and world dissemination of the species led to the first distinctive
morphological traits of the original goat populations, such as the shape of the horns and
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ears [3]. This source of phenotypic variability could be the result of human/artificial
selection, in addition to genetic drift and founder effects [11], which may explain the
appearance of the characteristic traits in a lineage as a consequence of a narrow genetic base
in its original population and its isolation. This may also be evidenced by other features,
such as the presence of wattles, hair length or the wide variety of possible coat colours that
have been developing as other distinctive traits in the first goat populations [3].

After centuries of their relationship with humans, natural selection for caprine adapt-
ability to different environments and the artificial selection for productive, morphological
and behaviour traits led to the appearance of 576 modern domestic goat breeds [10]. The
Angora goat, whose presence in Phrygia and Cilicia (current Anatolia peninsula) was
described 2400 years BC [12], was the first caprine breed in which a preliminary process
of standardization was attempted. However, it would not be until 1890 and 1895 when
the first caprine dairy goat breed standardization would take place in Switzerland, for the
Saanen and Toggenburg goat breeds, respectively [13].

Although this event was a milestone and marked the beginning of caprine milk
selection history [13], most of the significant advances would have to wait until the 1960s
in France, when a bovine selection model would be applied to dairy goat production [14].
This turning point was promoted by the massive growth in the French cheese industry after
the Second World War, which led to the development of intensive milking farm regions
connected to the cheese factories. This improvement in animal production required farms
to implement highly technical support, which brought about the routinization of progeny
testing and artificial insemination [13]. It would take another decade for caprine meat
breeding programmes (which have been dramatically scarcer than dairy goat breeding
programs) to appear, with Boer goat breeding programmes being one of the few examples,
appearing by the end of the 1970s in South Africa [15] (Figure 2).

The first documented register describing a caprine-selection-focused attempt dates
back to 1962 [16], when the ‘Universidad de Puerto Rico’ studied the most profitable
crosses between Puerto Rican local goat breeds and high-performance dairy goats. The
study sought the most appropriate cross that would result in animals parallelly presenting
the best adaptability, through the evaluation of goat kid survival rate, and the greatest
productivity, through the evaluation of milk yield.

It was three years later (1965) when the first heritability estimations were performed
in caprine [17]. This advance resulted from the integration of genealogical information as a
compulsory step towards animal breeding estimations, which is a crucial step during the
first stages of any breeding programme. The advances not only concerned the available
genetic components or biostatistical tools, but also the revolution of phenotypic data collec-
tion. Contextually, the onset of 305-day lactation normalization in 1979 [18] made it possible
to objectively compare the productivity of does from different breeds and controlled at
different moments within lactation [19], which not only permitted farmers’ taking directed
decisions based on factual data, but also laid the grounds for genetic evaluations. Still, the
control of environmental effects was challenging, and reliable estimations were not feasible.

After the implementation of Best Linear Unbiased Prediction methods (BLUP) in
caprine in the mid-1980s [20], along with the Animal Model [21] for breeding value calcula-
tions, the design of more complex selection schemes arose. This permitted the complete
and reliable integration of genealogical information into genetic evaluations, but also the
evaluation of animals that were phenotypically controlled in broadly distinct environmen-
tal conditions. This means that BLUP allowed for the separate estimation of the genetic
and non-genetic (environmental) factors; hence, the heritable fraction of functional traits
could be isolated and more appropriately controlled.
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The ‘Genomic Era’ began with the discovery and utilization of microsatellite markers,
which would be applied in the context of domestic goats as an extension of the use of bovine
and ovine microsatellite panels in 1993 [22]. One year later, in 1994, the first description
of caprine specific microsatellites was published [24]. The genomic information obtained
from caprine microsatellite studies in these years permitted the development of studies
based on the relationship between specific genomic regions, Quantitative Trait Loci (QTL),
and desirable production traits [19].

QTLs are regions of the genome for which an association with the phenotypic vari-
ance of a certain trait has been proved [34]. Such an association may be supported by
the fact that QTL regions may contain genes codifying for the specific regulation of the
expression of a certain functional feature. For several years, many QTL were described
using microsatellite genetic markers. However, even if they are still valid and preferrable
when economic resources for research are scarce, the large size of some QTL [34] makes
their mapping resolution and confidence intervals limited if the application of other, more
efficient techniques is possible [35].

As previously mentioned, despite the fact that microsatellites offer a high degree of
polymorphism for each marker, they are not as abundant as SNPs, and hence provide
insufficient coverage of the genome [36]. In this regard, the first study of a caprine Single
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Nucleotide Polymorphism (SNP) was published in 2006 [37]. SNP would progressively
replace microsatellites as the preferred genetic marker.

Additional milestones were quickly reached in the following years. For instance, the
first study using the Canadian Test-Day Model in caprine was published in 2007 [38]. The
Canadian Test-Day Model is a 12-trait random regression animal model, in which the traits
are milk, fat, and protein test-day yields, and somatic cell scores on test days within each
of the first three lactations. Test-day records from later lactations are not used. Random
regressions (genetic and permanent environmental) are based on Wilmink’s three parameter
function, which includes an intercept, regression on days in milk, and regression on an
exponential function to the power –0.05 times days in milk (b0 + b1 × Exp(−0.05 × days in
milk) + b2 × days in milk) [39]. This translates into genetic evaluations based on a better
modelling of the lactation curve, providing more accurate results, which consequently
enhances the selection progress.

These advances led to the publication of the first ‘Copy Number Variations Regions’
(CNVR) map for the domestic goat in 2010 [31]. Recent studies have shown that CNVR
(intraspecific gains or losses of ≥1 kb of genomic DNA), represent important sources of
variability of mammalian genomes (~0.4–25% of the genome). Their importance lies in the
fact that CNVRs can change the gene structure and dosage, regulate gene expression and
function and, hence, potentially have more effects than the most frequent single-nucleotide
polymorphisms (SNPs) in determining phenotypic differences.

In 2012, the ‘International Goat Genome Consortium’ (IGGC) developed the first SNP
chip for domestic goats; a high-density chip with 53,347 SNPs called ‘Illumina 50K SNP
BeadChip’ (Illumina Inc., San Diego, CA, USA) [30]. In 2014, a new version of the high
density SNP chip was developed, which is the most advanced goat SNP chip at present,
called the ‘Illumina 52K SNP BeadChip’ a 60,000 SNP chip (Illumina Inc., San Diego, CA,
USA), which is also carried out under the support of the IGGC [40]. Due to its robustness,
low genotyping costs, automatic allele calling and the ability to interrogate the goat genome
at high resolutions, these SNP chips were used to study the genetic diversity and population
structure of native goats in various countries [41].

In 2013, after several attempts [23,25,42], the whole caprine genome was sequenced
and optically mapped in China [29]. This advance made the reference genome sequence
of the domestic goat available for the first time. The knowledge of the caprine genomic
map was preceded by the first ‘Bacterial Artificial Chromosome Library’ published for
caprine [43]. Recently, a new, ‘de novo’ genetic assembly (ARS1) has been developed. It
allows for high-quality genomic mapping, thanks to the advanced sequencing method-
ology ‘single-molecule PacBioRSII’ [27]. This methodology uses single-molecule, real-time
(SMRT) sequencing technology, which takes advantage of an immobilized DNA poly-
merase/template complex nested in thousands of small wells (called zero-mode waveg-
uides). The value of these new technologies lies in the fact that they are characterized by
their high-throughput characteristics. Hence, they provide the opportunity to produce
millions of reads with an inexpensive sequencing.

The use of SNP analysis in goat association studies marked a milestone with the
first ‘Genome Wide Association Study’ (GWAS) in 2018 [26]. Thanks to GWAS tools,
researchers could obtain more in-depth knowledge of the association between specific
genome sequences and the phenotypic variation in traits of interest. GWAS appeared as an
alternative to QTL and microsatellite studies, given that it allows for the identification of
narrower genomic regions [34,44].

These new genomic tools are promising in terms of genetic selection within breeding
programmes, because they allow scientists to locate the candidate genes that are directly
involved in phenotypic traits of economic impact. Hence, they enable the acceleration of
genetic progress. Therefore, the present review provides a chronological analysis of the
advances made in caprine genetics and genomics and describes the main candidate genes
for caprine meat and milk production and quality that have been reported in the literature
to date.
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2. Data Collection

A comprehensive bibliographic analysis was performed of the documents published
over the last 10 years. Reviews, articles, short notes, Doctoral theses, and Master’s theses
were considered. The search for documents was performed using the ‘Google Scholar’
search engine (https://scholar.google.com/, accessed on 17 May 2021). This search engine
was chosen as suggested by other papers developing bibliographic studies of a similar
kind, as they comprise tools that enable data extraction for analysis [45–47]. The keywords
chosen to perform the search of documents were “caprine candidate genes, caprine meat genes,
caprine milk genes”. Semantic fields were also considered.

The selection criteria for the documents included in the final dataset comprised:
(1) date, looking for those that were published during the past 10 years (2) content, giving
priority to those based on the study of candidate genes, and (3) species, including those
primarily dealing with the caprine species, but also considering those involving the caprine
species, in addition to other species, such as the ovine. In the case of data overlapping
in different documents, the data published in the most recent publication were chosen.
Only two reviews based on caprine candidate genes were found. The first was published
in 2009 and the second in 2020. Based on the bibliographic references that these reviews
provided, it was possible to expand the information and to include more candidate genes
involved in caprine meat and milk production. A remarkable lack of articles dealing with
candidate genes in the caprine species was observed during the last two years of this study.
Particularly, references exclusively dealing with the caprine species were sparse. Gene data
(karyotype location and information) were obtained using the database of the National
Centre of Biotechnology Information NBCI (https://www.ncbi.nlm.nih.gov/gene/). This
database was last accessed on 5 July 2021 [48].

3. Candidate Genes Regulating the Expression of Economically Relevant Traits
in Caprine
3.1. Candidate Genes Regulating the Expression of Goat Meat Breeding Criteria and Traits

Growth performance and weight gain are two of the most relevant traits in caprine
farming, given that they directly relate to the shortening of puberty age and the number
of kilograms of meat to be sold, hence benefitting the farmer [49]. Contextually, body
weight increases until 5–6 years of age, at which time it begins to decrease. The literature
indicates the existence of sexual dimorphism, with males being heavier than females and a
progressive decrease in weight gain as the number of kids born increases, with single-birth
kids being heavier than double-birth kids, and these, in turn, being heavier than multiple-
birth kids. Among other important factors, the season of birth, nutrition management,
farming system, and the age and birth order of the doe have been reported to influence
body-weight-related traits [50].

The current selection framework is characterized by a lack of reciprocity between
caprine dairy and meat production. Hence, in practice, this is one of the main challenges
that the sector needs to face; improving dairy characteristics, which negatively correlate
with those related to butchering production [51], while taking advantage of the sturdiness
and improved adaptability of caprine breeds [52].

The breeding objectives used in artificial selection to obtain a desirable dairy morphol-
ogy are the opposite to those seeking the enhancement of meat/butcher traits. This may
explain the marked differences that exist between the characteristic shape of goat dairy
breeds (thin and triangular forms), and meat breeds (short, rectangular and excellent body
conformation) [49].

Carcass dressing percentage in goats is approximately 50–55%, and is usually lower
than in ovine. This is due to the greater bone proportion in caprine, along with a different
carcass fat deposition, which, in goats, is perivisceral rather than subcutaneous or intramus-
cular [53]. In the same way, the caprine carcass has a lower fat coverage; hence, moisture
losses (which can reach 8%) are greater than those in sheep. However, the lower intramus-
cular fat deposition in caprine makes chevon meat a healthier alternative to lamb [54].

152



Animals 2022, 12, 988

In terms of meat quality characteristics, organoleptic traits include muscle appearance,
juiciness, texture, hardness, flavour and aroma [55]. Many factors condition the expression
of these traits, including nutrition, exercise/physical activity, age, and method of slaughter
and bleeding [55]. Regarding nutritional quality, chevon muscle is high in amino acid
diversity and is very lean, presenting a lower degree of fat interspersion than other species
(but with more polyunsaturated fatty acids) [6].

Body weight and butcher performance, body growth, body weight gain, kid survival
rate, feed conversion index and dressing percentage of the carcass are among the most
frequently considered quantitative traits within the framework of caprine selection. Table 1
presents a summary of the most frequently addressed breeding criteria and traits concerning
selection for meat production in goats. Figure 3 presents a scheme of caprine candidate
gene background regulating the expression of meat production.
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Table 1. Breeding criteria and traits for caprine meat production.

Breeding Criteria Traits Reference

Body weight Birth weight, body weight at 7, 14, 21 and 28 days, monthly weighing until
18 months of age

[56,57]

Growth Average daily gain (ADG) before weaning, from 3 to 6 months of age, from 6 to
12 months of age

[57]

Conformation/corporal
structure

Body length, height at the withers, chest girth, shoulder width and
pin-bone width

[58]

Carcass quality Hot (immediately after slaughter) and cold (before chilling) carcass weight;
weights of the head, skin, heart, and thoracic and abdominal viscera; carcass
dressing percentage; leg length and carcass width; and carcass fat coverage
and lean meat and bone yield percentages

[56,59]

Meat quality Muscle pH measurements, colour, water retention capacity, nutritional
composition (protein, fat, and collagen percentages), and fatty acid profile in
samples of longissimus thoracis et lumborum, triceps brachii and semimembranosus

[56]
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3.1.1. Actual and Potential Candidate Genes Regulating the Expression of Body Growth
and Weight Gain

Among the genes for which a significant association has been reported with the
regulation of the expression of body growth and weight gain, the following are the most
relevant. First, the Adenylate Cyclase 1 gen (ADCY1), which encodes for a molecule
involved in Cyclic Adenosine Monophosphate (cAMP) synthesis, is associated with chest
width [60]. This gene regulates cellular division and mitosis [61], but also has been reported
to hold regulatory control over Growth Hormone (GH) release [62].

Second, the Sorting Nexin 29 gene (SNX29), which has been described as a controller
of the differentiation and proliferation of myocytes, has been directly ascribed to the
complex of genes regulating the expression of muscle growth [63]. In parallel with this, its
association with chest width and pin bone width, both relevant traits due to their association
with dressing aptitude, has been recently reported [60]. Third, the LIM Domain Binding
Factor 2 gene (LDB2), which encodes for a protein playing a crucial role in lymphocyte
migration and atherosclerosis [64], has been shown to have a strong relationship with daily
body weight gain in other species, such as poultry, as derived from GWAS studies [65].

Fourth, Myeloid-associated Differentiation Marker gene (MYADM) has been reported
to be involved in the cytoplasmatic membrane synthesis of the myeloid-line cells and has
impact on the erythrocyte morphology. Its association with post-weaning body weight in
lambs has been described, which suggests it may be worth exploring in kids [66]. Fifth, the
Insulin-like Growth Factor 1 Receptor gene (IGF1R) encodes for receptors for IGF-1 binding,
modulating its blood concentration and activity, and has been shown to be associated with
body growth and height in dogs [67].

Sixth, the Apolipoprotein L3 gene (APOL3) encodes for a protein involved in lipid
transport and metabolism, and has been ascribed an interesting potential influence on milk
and growth traits [68]. Seventh, and similar to the aforementioned, the Stromal Interaction
Molecule 1 gene (STIM1) encodes for a membrane calcium transporter that is related to
prolificacy traits [69], and has been suggested as a candidate gene for growth traits [70].
Eighth, the HMG-Box Containing 3 gene (HMGXB3), which has been described to be
involved in cellular proliferation in neoplasia [71], has also been reported to be of great
interest in meat production [70].

Ninth, among growth-hormone-linked genes, the Growth Hormone gene (GH), which
encodes for the main hormone involved in the vertebrate corporal development, has been
reported to be strongly related to body weight at birth and weight gain in goat kids [72]. In
this regard, those genes linked to regulation or control of GH, such as the Growth Hormone
Secretagogue Receptor gene (GHSR), may be relevant. For instance, GHSR encodes for a
G protein-associated receptor that binds ghrelin, a GH-release-stimulating hormone [73].
Similarly, the Growth Hormone Receptor gene (GHR) encodes for the proteins to which
GH binds, modulating the molecular mechanisms that this hormone sets in motion, which
have a direct impact on corporal development [74].

Tenth, the insulin-like growth-factor-related genes, such as the insulin-like growth
factor gene (IGF-1) play a pivotal role in the mammalian somatotrophic axis, participating in
many metabolic functions involved in the regulation of the expression of growth, lactation,
and reproduction traits. Indeed, its effects on the carcass conformation and fat distribution
of cattle have been acknowledged in the research [75]. Additionally, the Insulin-like
Growth Factor 2 Binding Protein 1 gene (IGF2BP1) encodes for a protein that takes part
in the ‘sonic hedgehog’ route, which is a metabolic chain impacting body/organ growth
and development [76]. This is also extendible to the Insulin-like Growth Factor Binding
Protein 3 gene (IGFBP3), which encodes for a protein that regulates the activity of an IGF-1
subfamily, but is also associated with growth, body size and prolificacy traits [77]. Another
‘sonic hedgehog’ metabolic route participant is the Fibroblastic Growth Factor Receptor 1
(FGFR1), which unleashes a molecular-signals cascade associated with metabolism and
organic development [78]. Eleventh, the Bone Morphogenic Protein gene (BMP) encodes
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for a transforming growth factor β (TGF-β) superfamily. Many of the genes in this complex,
such as BMP4 [79] and BMP15 [80], have been reported to relate to growth traits.

Twelfth, the Nonsense-mediated mRNA Decay Factor gene (SMG6) has been sug-
gested to affect growth due to its genome stabilization functions, given that genome
instability inhibits mitosis and decreases cellular division and tissue growth [81]. Thir-
teenth, the Cell Adhesion Molecule 2 gene (CADM2) encodes for a synaptic signalling
vector that is abundant in the brain and muscle, and has been described to be involved in
weight at slaughter and corporal length [82]. Table 2 reports a summary of the candidate
genes associated with body growth and weight gain that have been described in goat
breeds, the chromosome location, exon counts, physiological function, and where to find
them in the literature.

Table 2. Summary of the candidate genes associated with body growth and weight gain that have
been described in goat breeds, their chromosome location, exon counts, physiological function and
where to find them in the literature.

Acronym Gene Name Chromosome Exon
Count Transcripts Physiological Function Goat Breeds in Which the

Gene Has Been Described Reference

ADCY1 Adenylate Cyclase
1 4 20 2

Involved in energetic
metabolism, cellular

mitosis and GH releasing.
Cameroon, West African

Dwarf, Small East African and
Landim goat

[60]

SNX29 Sorting Nexin 29 25 21 2
Regulates myoblast
differentiation and

proliferation.

LDB2 LIM Domain
Binding Factor 2 6 9 7

Modulates
transendothelial leucocyte

migration.
Nanjiang yellow goat [83]

MYADM
Myeloid-associated

Differentiation
Marker

18 1 1

Involved in cellular
membrane formation in a

wide variety of cellular
lines.

Bamu wild goat, Khonj wild
goat, Australian feral

Rangeland goats, Boer goats
and Australian cashmere goat

[84]

IGF1R
Insulin-like

Growth Factor 1
Receptor

21 21 1 Regulates IGF-1 activity.

APOL3 Apolipoprotein L3 5 4 6 Involved in lipid blood
transport and metabolism. Leizhou goat [70]

STIM1 Stromal Interaction
Molecule 1 15 14 4 Associated with body

weight gain.

HMGXB3 HMG-Box
Containing 3 7 21 3

Demonstrated
relationship with cellular
proliferation in neoplasia.

GH Growth Hormone 19 5 1

Related to corporal
development.

Thai Native, Anglo-Nubian,
Boer and Saanen goat [85]GHR Growth Hormone

Receptor 20 13 6

IGFBP3
Insulin-like

Growth Factor
Binding Protein 3

4 5 1

BMP4 Bone Morphogenic
Protein 4 10 6 5

Boer goat, Chinese Xuhuai
white goat and Chinese

Haimen goat
[85]

BMP15 Bone Morphogenic
Protein 15 10 2 1 Jining Grey goat [85]

IGF-1 Insulin-like
Growth Factor 5 7 9

Involved in corporal
metabolism, growth and

development.

Malabari and Black Attappady
goat [86]

IGF2BP1
Insulin-like

Growth Factor
Binding Protein 1

19 15 2 Involved in endocrine
routes associated with

body growth and
development.

Shaanbei White Cashmere goat [87]

FGFR1
Fibroblastic

Growth Factor
Receptor 1

27 20 13

SMG6
Nonsense-

mediated mRNA
Decay Factor

19 20 2 Genome stabilization
functions

CADM2 Cell Adhesion
Molecule 2 1 11 3

Involved in cellular
migration and
proliferation.

White and Black Guizhou,
Nubiann, Boer and Huai goat. [82]

GHSR
Growth Hormone

Secretagogue
Receptor

1 3 2 Regulates GH realise Boer, Xuhuai and Haimen goat [73]
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3.1.2. Actual and Potential Candidate Genes Regulating the Expression of Body Size and
Carcass Quality

The genes presented in this subsection have been reported to be associated with body
size and carcass quality, either skeletal quality or muscle quality. First, the quest to find
caprine specific genes related to the aforementioned traits is challenging, given the lack
of existing species-specific literature. In this context, among the only examples found, the
PR/SET Domain 6 gene (PRDM6) encodes for a histone methyltransferase, a molecule with
an important role in corporal development and reproduction, and is, therefore, suspected
to be related to body growth [88], and the Nerve Growth Factor gene (NGF) encodes for a
crucial protein in the development and differentiation of the nervous system. However, it
also plays an important role in muscle growth and prolificacy [89] in goats.

Interestingly, some of the genes for which an association with economically relevant
traits has been reported have an additional relevance, as they coregulate the expression
of dual-purpose traits; that is, they are associated with better carcass features while they
regulate for better milk-quality traits. The Pituitary-specific Positive Transcription Factor 1
gene (POU1F1 or PIT-1) encodes for a positive regulator of many hormones, such as the
Growth Hormone, Prolactin or Thyroid-stimulating Hormone, and has been shown to
have a role in growth and lactation traits in caprine [90]. Furthermore, a certain degree of
association is presumed with carcass conformation, owing to its relationship with body
depth and leg size in bovine, alongside some milking morphological traits [91].

Additionally, regarding muscle development, the Leptin gene (LEP), which regulates
the expression of a hormone that exerts its effects on daily voluntary food intake, energetic
waste and corporal metabolic balance [92], has been proven to condition carcass weight,
corporal fat yield and lean meat percentage in ovine [93]. The Myostatin gene (MSTN) is
considered to be a highly relevant candidate gene for meat production, due to its widely
studied association with body growth and muscle mass development in bovine [37].

Concerning bone quality and development, the T-box Transcription Factor 15 gene
(TBX15) is highly expressed in mesenchymal precursor cells and chondrocytes, and has
a direct impact on bone development [94]. This was also reported for the Drosha and
DiGeorge Syndrome Critical Region gene 8 (DGCR8), which is involved in osteoclastic and
bone-reabsorbing activity, and hence in the determination of skeletal development [95].

Regarding muscle development, the Cell Division Cycle 25 Homolog A gene (CDC25A)
has been reported to take part in the cellular quiescence G1 phase and to be involved in
myoblast differentiation in mice [96]. Additionally, the Solute Carrier Family 26 Member 2
gene (SLC26A2) encodes for a protein that seems to modify sulphate transporting residual
activity, and is associated with short body size and skeletal dysplasia [97]. Table 3 summa-
rizes the candidate genes associated with body size and carcass quality described in goat
breeds to date, as well as their chromosome location, exon counts, physiological function
and where to find them in the literature.

Table 3. Summary of the candidate genes associated with body size and carcass quality that have
been described in goat breeds, their chromosome location, exon counts, physiological function and
where to find them in the literature.

Acronym Gene Name Chromosome Exon
Count Transcripts Physiological Function Goat Breeds in Which the

Gene Has Been Described Reference

TBX15 T-box Transcription
Factor 15 3 9 2

Related to body size and
chondrocytes and
mesenchymal cell

precursors regulator. Gizhou Small goat [98]

DGCR8

Drosha and DiGeorge
Syndrome Critical

Region microprocessor
complex subunit gene 8

17 16 1

Associated with body size
and involved in the

osteoclastic development
and remodelling bone

activity.
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Table 3. Cont.

Acronym Gene Name Chromosome Exon
Count Transcripts Physiological Function Goat Breeds in Which the

Gene Has Been Described Reference

CDC25A Cell Division Cycle 25
Homolog A 22 15 1

Responsible for corporal
development and

involved in myoblast
differentiation and G1

quiescence.
LEP Leptin 4 3 1 Related to corporal and

muscle mass development.MSTN Myostatin 2 3 1

PRDM6 PR/SET Domain 6 7 8 1
Regulates skeletal

development and body
mass index.

Shaanbei White Cashmere
goat [88]

NGF Nerve Growth Factor 3 3 2
Involved in muscle and

nervous tissue
development.

Black Attappady and
Malabari goat [89]

SLC26A2 Solute Carrier Family 26
Member 2 7 9 8 Involved in bone tissue

development. Leizhou goat [70]

POU1F1
Pituitary-specific

Positive Transcription
Factor 1

1 6 2

Plays an important role in
corporal metabolism,
growth and corporal

development.

Thai Native, Ango-nubian,
Boer and Saanen goat [85]

3.1.3. Actual and Potential Candidate Genes Regulating the Expression of Carcass
Lipidic Profile

Among the genes regulating the expression of the lipidic profile of caprine carcasses
we first find the Peroxisome Proliferator-activated Receptors Gamma gene (PPARγ),
which encodes for a protein that is directly related to carcass lipids, thanks to its regula-
tory activity over the expression of other genes involved in fat metabolism, promoting its
mRNA synthesis and protein formation [99]. Second, the Lipoprotein Lipase gene (LPL),
modulates fatty acid metabolism due to its implication in muscle lipid composition as
reported in cattle [100].Third, following the aforementioned line, the Acetyl-Coenzyme
A Carboxylase gene (ACACA) encodes for one of the most important enzymes involved
in tissue fatty acid synthesis, and is associated with conformation traits and meat fat
composition in bovine [101]. The Sterol Regulatory Element-binding Protein 1 (SREBF1
or SREBP-1c) encodes for transcription factor family modulating lipid homeostasis [102]
and seems to promote the expression of ACACA [103] and PPARγ’s transcription. Hence,
its involvement in fatty acid metabolism is presumed [104]. Fourth, the Thyroid Hor-
mone Responsive SPOT14 gene (THRSP) seems to mediate the expression of other genes
that are involved in lipid synthesis, and is known to be related to the fatty acid profile
in bovine muscle [105]. Fifth, the Carnitine Palmitoyl-transferase 1A gene (CPT1A),
which encodes for a mitochondrial enzyme responsible for acyl-carnitine synthesis,
has been proven to promote fatty acid transport into the mitochondria [106]. Certain
genes are associated with fatty acid and adipose tissue metabolism in other species. For
instance, a study in pigs [107] showed that the Retinol deshidrogenase-16 gene (RHD16)
plays a role in the metabolic reactions in adipose tissue [107], while the Heart Fatty
Acid-Binding Protein gene (H-FABP) is reported to be involved in lipid metabolism and
seems to influence the intramuscular fat composition in pigs [108]. However, their role
in caprine has yet to be confirmed [59]. Table 4 presents a summary of the candidate
genes associated with carcass lipidic profile that have been described in goat breeds,
their chromosome location, exon counts, physiological function and where to find them
in the literature.
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Table 4. Summary of the candidate genes associated with carcass lipidic profile that have been
described in goat breeds, their chromosome location, exon counts, physiological function and where
to find them in the literature.

Acronym Gene Name Chromosome Exon
Count Transcripts Physiological Function Goat Breeds in Which the

Gene Has Been Described Reference

PPAR-γ
Peroxisome

Proliferator-activated
Receptors Gamma

22 6 1
Regulates adipose

differentiation and lipid
metabolism.

White Yaoshan goat [59]LPL Lipoprotein Lipase 8 10 2
Involved in triglycerides
degradation, obtaining
glycerol and fatty acids.

H-FABP
(FABP3)

Heart Fatty Acid-Binding
Protein (fatty acid binding

protein 3)
2 5 2 Related to lipid

metabolism.

SREBF1 Sterol Regulatory
Element-binding Protein 1 19 8 1

Modulates expression
of other lipid-metabolism-

related genes.

ACACA Acetyl-Coenzyme A
Carboxylase 19 60 7 Involved in liver fatty

acid synthesis.

THRSP
(SPOT14)

Thyroid Hormone
Responsive 29 2 1

Regulates expression of
other lipid-metabolism-

related genes.

CPT1A Carnitine
Palmitoyl-transferase 1A 29 19 1

Responsible for
acyl-carnitine obtention,

product of fatty acid
degradation.

Moroccan goat breeds [109]

RDH16 Retinol deshidrogenase-16 5 4 1 Involved in energetic
metabolism. Gizhou goat [98]

3.2. Candidate Genes Regulating the Expression of Goat Dairy Breeding Criteria and Traits

The international caprine milking sector comprised 215 million animals in 2019, which
was one-quarter of the world caprine census [110]. Europe, with only 5% of the world
caprine dairy census, produced 15% of the caprine worldwide milk production, which
could mainly be ascribed to its high degree of specialization [1].

This high European productivity is supported on high-technology farms, on which
goat breeds such as the Alpine, Saanen or Toggenburg have been bred under the scope
of strict genetic selection schemes and breeding programmes [3]. However, this is only
one side of the same coin and the opposite situation is found in developing countries.
Specifically, in developing countries, genealogic control and productivity registers are
barely available or are of poor quality [1]. The caprine European dairy sector is a well-
regulated industry, where almost all the milk is processed into cheese [1]. Most of the
farms’ income derives from milk production, while the sale of chevon for the meat industry
is a marginal source of income, due to the relatively low value of caprine meat within
developed countries [6].

According to García, et al. [111], milk quality is defined as the milk’s ability to tolerate
the technological processes that lead to a market-demanded product in terms of nutritional
value, food safety and sensorial parameters. This is especially relevant in the framework
of the cheese industry, given that increasing milk protein and percentage (known as ‘dry’
or ‘cheese extract’) increases the chances to enhance farms’ rentability and profitability,
even more than milk volume production (in litres) [112]. Furthermore, traditional breeding
criteria (milk yield in volume; milk lactose, fat and protein percentages; fatty acid profile
and omega 3 (technologic quality); and somatic cell count (hygienic quality) [111]) have
recently been joined by postprocessing technological traits related to cheese-making quality
indicators, in order to improve cheese production efficiency. Among these traits we find,
for instance, milk cheese yield (%CY) or the dairy cheese efficiency (dCY) [112], and the
newly implemented term of ‘recuperation’ (%REC) for each milk component (proteins and
fat) from the junket.
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3.2.1. Actual and Potential Candidate Genes Regulating the Expression of Milk
Production/Yield

Given the greater economic repercussion of goat dairy products against caprine-
meat-derived products, it is understandable that the progress and knowledge on genes
associated with milk yield and quality surpasses those for goat meat production-related
genes. The evaluation of the literature suggested that a large fraction of the genes in-
volved in meat quality- and/or yield-related traits correlatedly regulate the expression
of milk yield- and content-related traits; hence, they indirectly correlate with the qual-
ity of milk and the products that derive from it, for example, cheese. For instance, the
Pituitary-specific Positive Transcription Factor 1 gene (POU1F1) is associated with the
expression of genes that encode for hormones regulating mammary gland development
and milk production, such as prolactin, growth hormone, insulin-like growth factor 1,
progesterone and oestrogens [113]. Among them, contextually, the Insulin-like Growth
Factor 1 gene (IGF-1) is associated, as mentioned in the previous sections, with body
growth and development or metabolism, but has also been reported to participate in the
regulation of the expression of milk protein and fat [75], or the Vacuolar Protein Sorting
13 gene (VPS13) family, which is actively involved in milk production, as was proven
in other mammalian domestic species [70]. For example, while the VPS13C gene seems
to affect glucose homeostasis in high-productive milk cattle [114], the VPS13B gene was
detected in a QTL related to leg length (which is associated with fertility, prolificacy and
milk production) [115]. Among the genes which were found to be associated with dairy
yield or quality, first, the Leptin gen (LEP) was reported as a candidate gene for milk
yield and quality traits, due to its implications for the regulation of daily voluntary food
intake, energetic distribution and metabolism in cattle [116]. Consequently, this brings
about the implications of the Leptin Receptor gene (LEPR), which has also been reported
to have an influence on milk traits, due to its function in leptin blood concentration and
physiological activity [117]. Second, the ATP Binding Cassete Subfamily G Member 2 gen
(ABCG2), besides its acknowledged membrane drug and xenobiotics’ transporting activity,
is presumably linked to a decrease in milk production and an increase in milk protein
and fat [118]. Third, the Growth Hormone Receptor gene (GHR) encodes for the GH
transmembrane receptors that unleash the cellular mechanisms set off by this hormone,
and is directly associated with carbohydrate and lipid metabolism, and involved in the be-
ginning and maintenance of lactation [119]. Fourth, it is common for genes regulating the
expression of milk yield to have a negative or positive correlation with milk composition
(protein, fat, lactose and somatic cell count, among others). In this context, the Prolactin
gene (PRL), which encodes for a physiological multi-function hormone, whose specific
actions occur at the reproductive and lactation levels, and, hence, influences milk yield
and milk protein and fat percentages [120]. In the same way, the Prolactin Receptor gene
(PRLR), which encodes for a receptor associated with a wide range of endocrine functions,
such as mammalian lactation and body growth, is one of the most frequently addressed
candidate genes for milk traits in the literature, given its regulation of the expression of
milk yield and lactose, protein and fat percentages [121]. Fifth, the high expression of
these genes in the mammary gland seems to be responsible for their implications for milk
production/yield and quality. Contextually, these include the Ribosomal Protein L3 gene
(RPL3), which has been described to have an especially high expression in the mammary
gland, being involved in the regulation of energetic balance [122], or the Osteopontin gene
(OPN), which encodes for a protein involved in many processes, such as cellular adhesion,
chemotaxis and inflammation, cellular survival, and tissue remodelling, but is also poten-
tially involved in milk production [123]. Furthermore, the Growth Hormone 1 gene (GH1)
has been reported to likely be useful in stimulating the udder development in transgenic
goats and, therefore, increasing their milk yield [48] as it has been reported for cattle
milk production [124]. Sixth, the regulation of the expression of traits linked to hygieni-
cal quality of milk, measured through somatic cells counts, may be associated with the
Lactoferrin gene (LTF), which is a very likely candidate gene for mastitis resistance. This
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occurs because, among the several functions in which it is involved, it has been reported
to have a light antimicrobial effect in the mammary gland, which prevents the release
of inflammatory mediators, such as the interleukins 1β and 6 or the α-tumoral necrosis
factor [125]. This has also been reported for the Breast Cancer Type 1 gene (BRCA1), which
encodes for a protein that is considered to be a DNA disorder-fixing molecule and to
regulate the cell division cycle, as a potential early marker of disease, which has also been
reported to increase somatic cell count in case of mastitis [126].

3.2.2. Actual and Potential Candidate Genes Regulating the Expression of Milk
Content/Composition

First, casein genes conform to the most widely explored milk trait genes’ expression
regulation complex in the research. They attract special attention due to their implications
for milk yield and quality determination [127]. Recent research advances in goat breeds
such as Murciano-Granadina, Norwegian and Sarda goats have addressed the implication
of the whole casein complex in milk production and contents (protein, fat, dry matter,
lactose and somatic cells counts) [128–139]. The CSN1S1, CSN1S2 and CSN2 genes encode
the αs1-casein, αs2-casein and β-casein, which are calcium-sensible caseins, while the
CSN3 gene encodes for κ-casein, which is involved in micelle stability [140]. Second, the
α-Lactalbumin gene (α-LA) encodes for α-Lactalbumin, a highly important milk serum
protein, which regulates the production of lactose in the milk of in all mammals. Contex-
tually, this gene has been reported to increase lactose percentage in early-lactation milk
from transgenics animals [141]. Third, the β-Lactoglobulin gene (β-LG) encodes for the
β-Lactoglobulin, another essential milk serum protein, whose primary biologic functions
seems to be related to phosphorus metabolism at the mammary gland, although its asso-
ciation with milk production and composition has not been comprehensively described
in goat breeds [142]. Fourth, besides its acknowledged membrane drug and xenobiotics’
transporting activity, the ATP Binding Cassette Subfamily G Member 2 gen (ABCG2), is
presumably linked to a decrease in milk production and an increase in milk protein and
fat [118]. This correlated action in genes, regulating the expression between milk traits
and those of another nature, has been relatively frequently addressed in the literature.
For instance, the Insulin-like Growth Factor 1 gene (IGF-1) is associated, as mentioned in
the previous sections, with body growth and the development or metabolism, but has
also been reported to participate in regulating the expression of milk protein and fat,
respectively [75].

Even in genes specifically reported to participate in the regulation of the expression
of milk fat contents, a multifunction character has often been suggested. For instance,
the Diacylglycerol Acyltransferase gene (DGAT1) encodes for a acetyl-coenzyme A
variant, which is involved in lipid and other biomolecules’ synthesis, and was proved
to associate with milk fat and protein contents [143]. The 1-acylglicerol-3-phosohate-
O-acyltransferase gene (AGPAT6), which encodes for a crucial enzyme in glycolipids
and triglycerides synthesis, the two main types of lipids present in milk, has been
reported to present a high expression in the mammary gland epithelium; therefore, it
has been suggested to have repercussions for milk fat percentage [144]. This was also
noted for other genes, such as the Butyrophilin Subfamily 1 Member A1 gene (BTNA1),
which was identified in a copy number variation analysis [84], and presents a widely
acknowledged role in fat drops’ secretion in the mammary gland [145]. The Fatty Acid
Synthase gene (FASN), which encodes for a protein involved in fatty acid synthesis,
and the Acetyl-CoA Carboxylase gene (ACACA), which encodes for a liver fatty acids
synthesis mediator protein, have been proved to present a certain association with milk
lipid profile and fat percentage in dairy cattle, respectively [146,147]. The Stearoyl-
CoA Desaturase gene (SCD) which encodes for a protein with a strong association
to monounsaturated fatty acids synthesis in adipose tissue and mammary gland, has
a direct repercussion for milk fatty acid profile [148]. The action of particular genes
may not be direct but derive from these genes’ regulatory potential. Accordingly, the
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Peroxisome Proliferator-activated Receptor Gamma gene (PPARγ) encodes for a protein
with a high impact on other lipid-metabolism-related genes’ transcription, such as LPL,
FASN, ACACA y SCD, PLIN2, PLIN3, FABP3, PNPLA2, in same way as it regulates the
expression of NR1H3 y SREBF1 genes [149]. The Adipophilin gene, also known as
Perilipin 2 gene (PLIN2) [150] and the Perilipin 3 gene (PLIN3 ó TIP47) [151] take part in
cytoplasmatic lipid transport and storage, and their implication for lipid secretion into
milk has been widely reported. This also occurs at RNA levels, as was addressed for
the Sterol Regulatory Element-binding Protein 1 (SREBF1 or SREBP-1c). This encodes
for a transcription factor molecule, which is a protein that regulates the expression of
protein synthesis from mRNA, modulating the expression of those genes that encode
for proteins with a fat milk percentage impact [152].

As those genes whose effects are highly expressed in the mammary gland should
always be presumed to have an association with the expression of milk-related traits,
either quantitative or qualitative. For example, the Patatin-like Phospholipase Domain
Containing 2 gene (PNPLA2) encodes for a lipase that seems to be involved in intracel-
lular triglycerides’ degradation in adipocytes, and for which overexpression in cattle
mammary gland was proved [149], or the Aldehyde Dehydrogenase 2 gene (ALDH2),
which is thought to take part in triglyceride synthesis and mammary gland epithelium
cell apoptosis in bovine, with repercussions for fat milk yield and somatic cell count [153].
Many of the genes involved in fatty acid metabolism or fat mobilization have also been
reported to participate in the regulation of the expression of milk quality traits, espe-
cially those reported with the fat fraction of milk. he faTtty Acid Binding Protein 3 gene
(FABP3), which encodes for a protein participating in long-chain fatty acid intracellular
transport, as well as other lipids’ cytoplasmatic movements, was proven to be associated
with milk fat percentage [154]. Additionally, the Liver X Receptor-α (NR1H3) encodes
for a transcription factor as well, ruling out the expression of other genes expression
involved in fatty acids, cholesterol and carbohydrate metabolism, and was proved to
contribute to milk lipid profile [155], as suggested for other genes, such as the Oxidized
Low-Density Lipoprotein Receptor gene (OLR1), which encodes for a protein with fatty
acid transport and oxidated-low density lipoprotein degradation functions, and has
been reported to impact milk fat profile [156]. These genes not only directly affect the
particular glands in which milk is produced, but may also be involved in the regulation
of higher neurological routes. For example, the Brain-derived Neurotrophy Factor gene
(BDNF), which encodes for a protein that regulates voluntary food intake and energetic
distribution at the hypothalamic level, has been reported to be associated with fat milk
percentage in cattle [157] or the Fat Mass and Obesity-associated Protein gene (FTO),
which plays a central role in energetic homeostasis and waste control. This is, therefore,
thought to affect the fat milk percentage [158]. The relationship across milk constituents
may also be based on a correlated regulation of the function of certain genes, but this may
affect other economically relevant traits, such as prolificacy. Therefore, the Acetyl-CoA
Acetyltransferase gene (ACAT), which encodes for a cholesterol-metabolism regulating
protein [159], has shown associations with other desirable productive traits (milk protein
contents and fertility) in Holstein cattle [160] or the Long-chain Acyl-CoA Synthetase
Isoform 1 gene (ACSL1), which encodes for a basic protein in triglycerides, phospho-
lipids and cholesterol synthesis, making it a great candidate gene for milk-quality-related
traits [161]. Table 5 presents a summary of the candidate genes associated with milk
content that have been described in goat breeds, their chromosome location, exon counts,
physiological function and where to find them in the literature, and Figure 4 presents a
schematic representation of dairy goat candidate genes and their functions.
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Figure 4. Dairy goat candidate genes interrelations’ scheme.Figure 4. Dairy goat candidate genes interrelations’ scheme.

4. Conclusions

The knowledge concerning the main candidate genes affecting caprine meat and
milk’s qualitative and quantitative production offers new opportunities to direct breeding
practices towards the accurate and efficient selection of desirable traits. In this way, the latest
genomic advances may allow to increase the response to selection, enabling a further genetic
progress. There are pieces of evidence that suggest that the regulation of the expressions of
very diverse traits (from body growth to milk composition) may somehow intertwine. This
leads to the conclusion that gene regulation of the expression of caprine milk or meat very
likely occurs in a multidimensional manner, taking place at different levels from central
neurological control to the specific parts of the body, where, for instance, the meat and
milk nutrients are produced. Consequently, knowing these functional regions of genomes
may not only boost the efficiency, accuracy and progress of breeding schemes, but could
also permit the reinforcement of local breeds’ conservation strategies by enhancing the
sustainability and profitability of their products.
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Simple Summary: Lameness and claw disorders are important animal welfare issues in dairy goats,
and knowledge is limited. Estimates of genetic parameters for occurrence and susceptibility to clinical
lameness and claw disorders and the genetic associations with milk production traits in dairy goats
were obtained in this study. These results indicate that a selection index can be developed to select
animals resistant or tolerant to lameness and claw disorders.

Abstract: The New Zealand goat industry accesses niche markets for high-value products, mainly
formula for infants and young children. This study aimed to estimate the genetic parameters of
occurrence and susceptibility of clinical lameness and selected claw disorders and establish their
genetic associations with milk production traits. Information on pedigree, lameness, claw disorders,
and milk production was collected on three farms between June 2019 and July 2020. The dataset
contained 1637 does from 174 sires and 1231 dams. Estimates of genetic and residual (co)variances,
heritabilities, and genetic and phenotypic correlations were obtained with uni- and bi-variate animal
models. The models included the fixed effects of farm and parity, deviation from the median kidding
date as a covariate, and the random effects of animal and residual error. The heritability (h2) estimates
for lameness occurrence and susceptibility were 0.07 and 0.13, respectively. The h2 estimates for
claw disorder susceptibilities ranged from 0.02 to 0.23. The genotypic correlations ranged from weak
to very strong between lameness and milk production traits (−0.94 to 0.84) and weak to moderate
(0.23 to 0.84) between claw disorder and milk production traits.

Keywords: goat; heritability; genetic correlation; genetic evaluation; lameness; claw disorder; suscep-
tibility; occurrence; milk production

1. Introduction

Dairy goats produced 2% of the total milk produced in New Zealand in 2017 [1]. Under
the management of the Dairy Goat Co-operative (NZ) Ltd. (Hamilton, New Zealand),
the dairy goat industry in New Zealand became the first commercial producer of dairy
goat infant formula and has continued to dominate this niche market internationally [1].
Lameness has been identified as a problem in some dairy goat herds.

Given the potential economic impact, lameness prevention, and control could con-
tribute to farm efficiency, sustainability, and productivity by improving goat welfare. Two
New Zealand studies have investigated lameness [2,3]. The first study followed a small
cohort of goats during their first two years of life [2]. Deeming et al. [2] reported a small
percentage (0 to 8.9%) of lame goats within the group across four locomotion-scoring events
after parturition. The second study recorded lameness prevalence between 6.7 and 25.5%
in four dairy goat herds [3]. It is unknown what causes lameness in dairy goat herds
and whether claw disorders are the predominant reason for lameness. Due to such large
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variability of lameness prevalence within and between past studies, it is worth exploring
risk factors associated with it, including genetics.

Lameness is the impairment of normal locomotion due to pain caused by an injury,
disease, or claw disorder [4]. Its etiology can be infectious or non-infectious [5]. Infectious
claw diseases are caused by pathogenic bacteria or viruses that colonize on or within
their host animal and cause injury to that animal when the conditions are favorable. Non-
infectious factors, such as farm management, environment, or genetics, may predispose
the goat to lameness.

Selective breeding has been investigated as a long-term option to reduce the preva-
lence of lameness and claw disorders in dairy cattle and sheep [6–8]. Heringstad et al. [8]
extensively reviewed the genetics of claw health (infectious and non-infectious claw disor-
ders) in dairy cattle. Overall, claw disorders had low to moderate (0.01 to 0.39) heritabilities
across studies. Grouping the claw disorders as one claw health trait or grouping based
on etiology resulted in higher estimates for heritabilities. Heritabilities for lameness and
claw disorders were low, 0.02 to 0.34. Higher heritability estimates were obtained when
lameness was treated as an ordinal trait (1–5 score) than a binary trait (0.08 to 0.15 vs.
0.02 to 0.04, respectively).

A few studies have reported the heritability of claw disorders and lameness in sheep.
Studies investigating footrot in 8 to 9 months old lambs reported heritabilities between
0.03 and 0.41 when an occurrence (binary) recording system was used [9–11]. Conington
et al. [6] studied the prevalence of white line disease and reported heritabilities between
0.09 and 0.33. O’Brien et al. [12] analyzed lameness in various breeds of ewes and lambs
and reported an overall heritability for lameness between 0.06 and 0.12. Despite heritability
studies in sheep [9–11], none have reported genetic or phenotypic correlations between
different claw disorder traits and lameness traits.

After an extensive literature search using Web of Science, Scopus, and Google Scholar,
only two studies were found that referenced genetics in the occurrence of lameness and
claw disorders in dairy goats. Hill et al. [13] reported that the incidence of horn separation
was random and, therefore, most likely caused by external factors rather than genetic
factors. A second, more recent study reported a moderate to high repeatability of limb
problems (arthritis and overgrown claws) and lameness in Damascus, a dairy goat breed in
Greece. Repeatability includes the genetic and environmental effects, and low repeatability
suggests a greater influence of the temporary environment on the trait of interest [14]. The
evidence in sheep and dairy cows suggests that the heritabilities of lameness and claw
disorders need to be investigated further in dairy goats.

Exploration of selection against the occurrence and susceptibility of lameness and claw
disorders in dairy goats requires estimating genetic parameters, variance and covariances,
heritabilities, and genetic and phenotypic correlations between production traits, and oc-
currence of lameness and claw disorders. Currently, the Dairy Goat Co-operative (NZ) Ltd.
(Hamilton, New Zealand). manages the yearly genetic evaluation of dairy goats for lacta-
tion yields of milk, fat, protein, lactose, and average somatic cell score (SCS) [15]. Therefore,
the objective of this study was to estimate the genetic parameters (genetic variances and
covariances, heritability, and genetic and phenotypic correlations) for the occurrence and
susceptibility of lameness, claw disorders, and milk production and composition traits in
dairy goats.

2. Materials and Methods

The animal study protocol was approved by the Ethics Committee of Massey Univer-
sity, New Zealand (MUAEC Protocol 19/51, 29/05/2019).

2.1. Data

Data were collected from three dairy goat farms in Waikato, New Zealand, for
one production year, from June 2019 to June 2020. All farms volunteered to participate in
this study and were shareholders in the Dairy Goat Co-operative (NZ) Ltd. (Hamilton, New
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Zealand). These farmers had witnessed lameness within their herds and were interested
in reducing its prevalence on their farms. Two selected farms had herd sizes around the
national average of 750 milking does [16], while one farm was significantly larger, with
over 1600 milking does.

The final dataset of seasonal lactation goats contained observations from 1637 does.
The pedigree included 174 sires and 1231 dams spanning two generations. Of the does,
83% had records of the sire and the dam, 14% had only information on the dam, and 3%
had only information on the sire.

There were a few reference sires between farms, where farm A shared one sire with
farm B and three sires with farm C. There was one sire shared between farms B and C. The
goat breeds on the three farms consisted mainly of Saanen crosses with other breeds, such
as Toggenburg, Alpine, and Nubian [16]. Despite many crosses within the herd, heterosis
was not estimated as the data input for the breed information of the animal, sire, and dam
and was not precisely recorded within the pedigree.

2.2. Milk Trait Characteristics

An orthogonal polynomial model of order 3 was used to predict the total yields of
milk, protein, fat, and lactose to 270 days [17]. Aside from calculating total production
yields, milk concentrations and ratios were also calculated. The lactation fat, protein, and
lactose percentages were calculated by taking the respective lactation yields and dividing
these by the total milk yield and then multiplying them by 100. The protein-to-fat ratio
(P:F), protein-to-lactose ratio (P:L), and lactose-to-fat plus protein ratio (L:(F + P)) were
calculated from the total yields for the respective milk characteristics.

2.3. Lameness and Claw Disorder Trait Definitions

Locomotion and claw disorder scoring events were carried out five times for farm
A and four times for farms B and C across one lactation from July 2019 to June 2020.
Lameness was scored using a 5-point locomotion scale developed by Deeming et al. [18]
with minor modifications (Table S1). Briefly, the scores were defined as 0—normal, 1—
uneven, 2—mildly lame, 3—moderately lame, and 4—severely lame. A goat was classified
as clinically lame if its locomotion was scored as a three or a four. The clinical lameness
traits were susceptibility (continuous variable) and occurrence (binomial variable). Clinical
lameness susceptibility was the number of times the goat was clinically lame (scored 3
or 4) over the total number of times they were scored between July 2019 and June 2020.
The clinical lameness occurrence trait was the diagnosis of clinical lameness (presence or
absence) recorded during at least one locomotion scoring event across the production year.

Three claw disorders were selected to focus on; horn separation, rot, and granulomas.
Horn separation, a form of white line disease, was a combination of minor and severe
hoof horn separation. Minor horn separation was defined as less than 50% of the hoof
horn being removed. Severe horn separation was defined as 50% or more of the hoof wall
being removed. Severe horn separation was included as a separate trait because it was
also associated with clinical lameness (unpublished). Rot was defined as the combination
of digital dermatitis and footrot. Granulomas were cherry-like tissue growths protruding
from the claw. Each claw disorder was classified as present or absent at each hoof-trimming
event. The five claw disorder traits estimated were horn separation susceptibility, severe
horn separation susceptibility, rot susceptibility, granuloma susceptibility, and claw disor-
der occurrence. Claw disorder (horn separation, rot, and granuloma) susceptibility was
calculated by the number of times the goat was diagnosed with one of these disorders over
the total number of times the hoof trimmer assessed the goat between July 2019 and June
2020. Claw disorder occurrence was the binomial score given (presence or absence) if the
goat had at least one case of horn separation or rot or granuloma.
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2.4. Models to Estimate Genetic Parameters

The genetic parameters (heritability, genetic and phenotypic variances, and covari-
ances) were estimated by Restricted Maximum Likelihood procedures using ASReml
version 4 [19]. The milk production traits, lameness, and claw disorder susceptibilities
were treated as continuous variables, while lameness and claw disorder occurrence traits
were treated as binary variables. This study classified the occurrence as a binary trait
and susceptibility as a continuous trait. Both classifications of the traits were assumed to
have a normal distribution for both animal and residual variances. In matrix notation, the
univariate animal model can be represented as:

y = Xb + Za + e

where y is the vector of phenotypic observations from measured goats based on one trait,
b is the vector of fixed effects for goats, a is the vector of random animal effects, e is the
vector of random residual errors, X is the incidence matrix for the fixed effects, and Z is the
incidence matrix combining observations with the random animal additive genetic effects.

Fixed effects in vector b include farm, parity, and deviation from the median kid-
ding date as a covariate. The following expectations (E) of the variables were assumed
E(y) = Xb, E(a) = 0, and E(e) = 0. The variances of random effects were assumed as fol-
lows: var(a) = Aσ2

a and var(e) = Iσ2
e, where σ2

a is the additive genetic variance, σ2
e is the

random residual variance, A the numerator relationship matrix between all animals con-
sidered in the data set, and I is an identity matrix of order equal to the number of animals
with records.

Heritabilities for various traits were estimated with the following equation using
variances obtained from the previous univariate analysis:

h2 =
σ2

a
σ2

p

where σ2
p is the phenotypic variance calculated as the sum of genetic and environmental

variances. Heritability estimates ranging 0–0.10, 0.10–0.60, and 0.60–1.00 were considered
as low, moderate, and high, respectively [20]. The bivariate animal model was as follows:

[
y1
y2

]
=

[
X1 0
0 X2

][
b1
b2

]
+

[
Z1 0
0 Z2

][
a1
a2

]
+

[
e1
e2

]
,

where y1 and y2 are the vectors of phenotypic observations from measured goats based on
the two traits of interest, b1 and b2 are the vectors of fixed effects, a1 and a2 are the vectors
of random animal effects, e1 and e2 are the vectors of random residual errors, X1 and X2
are the incidence matrices for the fixed effects, and Z1 and Z2 are the incidence matrices for
the random animal effects. The distribution properties of the variance–covariance elements
for traits used in the model for the random animal additive genetic effects and the residual
effect are as follows:

var
[

a1
a2

]
=

[
Aσ2

a1 Aσa12
Aσa21 Aσ2

a2

]
,

and

var
[

e1
e2

]
=

[
Iσ2

e1 Iσe12
Iσe12 Iσ2

e2

]
,

where σ2
a1, σ2

a2, and σa12 are the additive genetic (co)variance components for the traits
of interest, and σ2

e1, σ2
e2, and σe12 are the error (co)variance components for the traits

of interest.
The following equations defined phenotypic and genotypic correlations:
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Phenotypic correlation (rP)

rP =
σp12(

σp1 × σp2
)

Genotypic correlation (rG)

rG =
σa12

(σa1 × σa2)
,

where σp12 and σa12 are the phenotypic and additive genetic covariance between two traits,
σp1 and σa1 are the phenotypic and additive genetic standard deviations for one trait, and
σp2 and σa2 are the phenotypic and additive genetic standard deviations for the second trait.

3. Results
3.1. Descriptive Statistics

Descriptive statistics are presented in Table 1. The coefficient of variation (CV) was
high for all traits. The CV for production traits ranged from 11.8 to 23.5, while the CV for
milk concentration traits ranged from 3.93 to 11.4. The CV for lameness and claw disorders
were the highest out of all the traits, ranging from 50 to 338.

Table 1. Descriptive statistics 1 for milk production, lameness, and claw disorder traits in dairy goats
from three farms within New Zealand, collected between July 2019 and June 2020.

Trait N Average SD Min Max CV

Lactation length (days) 1637 257 67.5 33.0 350 26.2
Total yields (kg; 270 days)

Milk 1637 978 228 442 1718 23.3
Fat 1637 31.0 6.99 13.9 54.3 22.6

Protein 1637 30.9 6.76 13.7 53.9 21.9
Lactose 1637 44.4 10.5 19.8 79.4 23.5

Somatic cell score 2 1637 9.48 1.12 5.98 13.1 11.8
Milk percentages (%)

Fat 1637 3.19 0.36 1.91 4.37 11.4
Protein 1637 3.18 0.23 2.47 4.08 7.31
Lactose 1637 4.54 0.18 3.62 5.14 3.93

Milk ratios 3

Protein:fat 1637 1.01 0.11 0.74 1.49 10.8
Protein:lactose 1637 0.70 0.05 0.53 0.96 7.46

Lactose:fat + protein 1637 0.72 0.06 0.56 0.93 7.83
Clinical lameness

Susceptibility 1625 0.09 0.18 0.00 1.00 208
Occurrence 1637 0.24 0.42 0.00 1.00 180

Claw disorders
Horn sep. sus. (×103) 4 1637 0.43 0.32 0.00 1.00 75.3

Severe horn sep. sus. (×103) 4 1637 0.18 0.23 0.00 1.00 127
Rot susceptibility 1637 0.05 0.13 0.00 1.00 244

Granuloma susceptibility 1637 0.04 0.15 0.00 1.00 338
Occurrence 5 1637 0.80 0.40 0.00 1.00 50.0

1 N = number of records, SD = standard deviation, Min = minimum value, Max = maximum value,
CV = coefficient of variation. 2 Somatic cell score = average log2 (somatic cell count/1000). 3 Ratios were
calculated using percentages. 4 Horn sep. sus. = horn separation susceptibility; Severe horn sep. sus. = Severe
horn separation susceptibility. 5 Occcurence is the presence of at least one claw disorder or clinical lameness event
across the year.

3.2. Genetic Parameters

Estimates of variance components and heritabilities for the different traits are pre-
sented in Table 2. The heritabilities for milk production traits ranged from 0.24 to 0.69.
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Meanwhile, heritabilities for lameness and claw disorder traits ranged from 0.07 to 0.13
and 0.02 to 0.23, respectively.

Table 2. Estimates of additive genetic and residual variances, heritability, and the corresponding
standard errors in parenthesis for milk production, lameness, and claw disorder traits in dairy goats
from three farms within New Zealand collected between July 2019 and June 2020 production year.

Traits Additive Genetic Variance Residual Variance Heritability

Total yields (kg; 270 days)
Milk 8508 (2035) 24,206 (1914) 0.26 (0.06)
Fat 8.93 (1.95) 23.9 (1.84) 0.27 (0.06)

Protein 6.24 (1.53) 19.6 (1.47) 0.24 (0.06)
Lactose 19.3 (4.40) 50.3 (4.10) 0.28 (0.06)

Somatic cell score 1 0.28 (0.06) 0.31 (0.07) 0.80 (0.07)
Milk percentages (%)

Fat (×104) 0.05 (0.01) 0.07 (0.01) 0.56 (0.06)
Protein (×104) 0.03 (0.00) 0.02 (0.00) 0.69 (0.06)
Lactose (×104) 0.02 (0.00) 0.01 (0.00) 0.63 (0.06)

Milk ratios 2

Protein:fat (×103) 3.92 (0.63) 5.57 (0.53) 0.56 (0.06)
Protein:lactose (×103) 1.77 (0.20) 0.86 (0.15) 0.67 (0.06)

Lactose:fat + protein (×103) 1.82 (0.22) 1.20 (0.17) 0.60 (0.06)
Clinical lameness

Susceptibility (×103) 4.03 (1.76) 26.4 (1.84) 0.13 (0.06)
Occurrence (×103) 0.01 (0.01) 0.15 (0.01) 0.07 (0.05)

Claw disorders
Horn sep. sus. (×103) 3 0.02 (0.00) 0.05 (0.00) 0.23 (0.06)

Severe horn sep. sus. (×103) 3 0.01 (0.00) 0.03 (0.00) 0.22 (0.06)
Rot susceptibility (×103) 1.84 (0.71) 12.1 (0.77) 0.13 (0.05)

Granuloma susceptibility (×103) 0.45 (0.82) 21.1 (1.08) 0.02 (0.04)
Occurrence (×103) 0.01 (0.01) 0.11 (0.01) 0.11 (0.05)

1 Somatic cell score = average log2(somatic cell count/1000). 2 Ratios were calculated using percentages. 3 Horn
sep. sus. = horn separation susceptibility; Severe horn sep. sus. = Severe horn separation susceptibility.

Table 3 present the estimates for the genetic and phenotypic correlations. Generally, if
there was a relationship, it was due to moderate to very strong positive genetic correlations
among the milking traits (0.62 to 0.97). There were a few exceptions. Firstly, a weak
positive correlation was observed between somatic cell score and P:F. Secondly, there were
strong negative correlations of L:(F + P) with protein percentage and P:L. Lastly, there were
moderate negative correlations between P:L and fat percentage, between P:L and milk
yield, and between fat yield and P:F.

There were five strong to very strong positive genetic correlations between claw
disorder traits and between lameness and claw disorder traits. The correlations were
between horn susceptibility and claw disorder occurrence, granuloma susceptibility and
rot susceptibility, granuloma susceptibility and lameness occurrence, rot susceptibility and
lameness susceptibility, and rot susceptibility and lameness occurrence.

Generally, the correlations between lameness and claw disorder traits and milk traits
ranged from near zero to weak, with some exceptions. There was a very strong positive
correlation between lameness occurrence and fat percentage. A very strong negative
correlation was also found between lameness occurrence and lactose percentage. Rot and
granulomas had weak to very strong correlations with milk production yield traits. Horn
separation susceptibility and severe horn separation susceptibility had weak and moderate
correlations with milk concentration traits, respectively. There were also weak correlations
between lactose percentage and granuloma susceptibility and between lactose percentage
and claw disorder occurrence.
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Generally, the phenotypic correlations between milk production traits were positive
and strong or very strong. The two exceptions were for L:(F + P) with protein percentage
and P:L, where the strong correlations were negative.

There were only three correlations between the lameness and claw disorder traits.
There was one very strong correlation between lameness susceptibility and lameness occur-
rence, one moderate correlation between horn separation susceptibility and claw disorder
occurrence, and one weak correlation between the two horn separation traits. Overall, there
were no strong phenotypic correlations between lameness and claw disorder traits with
milk traits. There was only a moderate correlation between milk protein percentage and
lameness occurrence. There were also weak correlations for lameness occurrence with fat
percentage and lactose percentage, between lameness susceptibility and fat yield, between
horn separation susceptibility and protein percentage, and between severe horn separation
and lactose percentage.

4. Discussion
4.1. Heritability Estimates

Results from our study indicate that lameness susceptibility, horn separation suscep-
tibility, and rot susceptibility traits are heritable and could be selected against dairy goat
breeding programs to improve animal welfare on farms. Our study reported the heritability
of lameness susceptibility as a continuous trait rather than a binomial or ordinal trait.
Previous studies have reported lameness traits as a binary trait (similar to the occurrence
trait in this study) or as an ordinal trait. In dairy cows, the heritability of lameness as
a binary trait has ranged from 0.01 to 0.04 using either a linear or threshold model. In
contrast, the heritability of lameness as an ordinal trait has ranged from 0.03 to 0.15 [8].
The results in our study were consistent with the study of Weber et al. [21], which also
used a 5-point locomotion scale and classified clinical lameness as a locomotion score ≥ 3.
Heritability of lameness prevalence was 0.08 and 0.15 when using a linear and threshold
model, respectively, similar to our study’s 0.07 and 0.13 for lameness occurrence as a binary
trait and lameness susceptibility as a continuous trait, respectively. When modeling binary
or ordinal traits, threshold models can account for multiple cases over time, while linear
models cannot [8]. Clinical lameness susceptibility had a higher heritability than clinical
lameness occurrence. As susceptibility within our study considers multiple cases over
a specific time period, it could explain why these heritabilities were similar to the results
reported when using the threshold model.

Another factor that may explain the higher heritability estimate for clinical lameness
susceptibility than for clinical lameness occurrence is that the calculation of lameness sus-
ceptibility includes some degree of the permanent environment effect. Vouraki et al. [14]
indicated moderate to high (0.51) between-animal variation of lameness in Damascus dairy
goats; however, they were unable to separate the genetic variation from the permanent
environmental effects. A permanent environmental effect influences an individual’s perfor-
mance for a repeated trait. For example, if a doe is recorded as clinically lame in one visit,
it could also be identified with clinical lameness in the subsequent visit because she was
permanently damaged in the first event. Lameness susceptibility can capture this variation
over time, whereas lameness occurrence cannot account for this effect.

Claw disorder susceptibility does not appear to have been studied previously in any
species. In our study, horn separation susceptibility had the highest heritability estimate,
while the estimate for granuloma susceptibility was the lowest. In the current study,
horn separation could be comparable to severe white line disease in dairy cattle, while
rot includes digital dermatitis, which has been extensively studied in dairy cattle. The
heritability estimates for white line disease and digital dermatitis were higher in this study
than those published for dairy cattle. In an extensive review of published heritabilities for
claw disorders in dairy cows, traits were classified as binary variables, either presence or
absence [8]. White line disease had estimates between 0.01 and 0.10, while digital dermatitis
had estimates between 0.01 and 0.09 [8]. These differences in heritability estimates of the
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two claw disorders could be due to the different definitions of claw disorders. Horn
separation is a more severe form of white line disease; therefore, the phenotype would be
better defined, easier to identify, and more accurately recorded than white line disease. The
more accurately recorded the phenotype is, the higher the heritability [22]. Rot in this study
was broadly defined. It encompassed digital dermatitis and footrot because they are similar
in their appearance in goats [23]. Due to digital dermatitis appearing differently in cows
than goats, the goat’s genetic response may differ from cows. More in line with our study’s
estimates were the heritabilities for horn separation and footrot in sheep. Heritability
estimates for horn separation have been reported to be between 0.03 and 0.61 [6]. For
footrot, estimates were between 0.09 and 0.33 [9–11]. These estimates varied depending on
the animal’s age (lamb or ewes), breed (Mule or Blackface ewes), number of feet scored, and
the type of model used (threshold or linear). One of the traits defined by Nieuwhof et al. [9]
had a similar definition to rot susceptibility in this study. Nieuwhof et al. [9] combined and
then averaged the footrot scores for Mule ewes across four events. For this trait and using
a linear model, they reported a heritability between 0.13 and 0.19 with standard errors
between 0.09 and 0.10, which is consistent with the results for rot susceptibility in our study
(0.13). Nieuwhof et al. [9] reported that the heritability estimate increased to between 0.21
and 0.23 when the number of affected feet was considered. They also reported that when
multiple scores were accounted for over several events, the heritabilities were higher than
if only one score was considered [9].

Heritability estimates reported in our study indicate underlying genetic variations for
phenotypic traits within dairy goats. Consistent with previous studies, milk production
traits in our study showed genetic variation [24]. Our study is the first to report heritability
estimates for lameness and claw disorder traits in dairy goats and depicted genetic variation,
a novel insight into goat health and breeding. This is in line with a recently published
paper that indicated that limb problems and lameness had a moderate to high repeatability
in dairy goats; therefore, the potential role of genetics on the occurrence of lameness
is indicated [14]. Our study also suggests that lameness and claw disorders should be
included in dairy goat breeding programs on commercial dairy goat farms.

4.2. Phenotypic Correlations

Currently, clinical lameness and claw disorder traits are not considered in breeding
programs for the genetic improvement of dairy goats. One important aspect of introducing
them into the breeding program is how the trait is phenotypically and genetically related
to other measured traits. The phenotypic correlation between lameness susceptibility and
clinical lameness occurrence was strongly positive (0.84), indicating that these two traits
are related. However, the genetic correlation was not estimable, possibly due to a low
number of observations. The genetic correlations between clinical lameness occurrence
and susceptibility and between rot and granuloma susceptibility were positively strong
(though relatively high standard errors were also noted to be present), while the phenotypic
correlations were weak. Strong genetic correlations indicate that if there is genetic selection
against lameness, there will also be genetic selection against rot and granulomas. Weber
et al. [21] reported relatively high genetic correlations of 0.60 to 0.95 between lameness and
claw disorders (including and excluding digital dermatitis), which was in line with the
results of our study. When Weber et al. [21] included digital dermatitis within the claw
disorder trait, the genetic correlation with lameness decreased, which is the opposite in
our study, where digital dermatitis (included in ‘rot’) had a very strong relationship with
clinical lameness. Our study suggests that digital dermatitis in cows may differ from digital
dermatitis in dairy goats, which is supported by Groenevelt et al. [25]. The strong genetic
correlations estimated in this study between lameness and claw disorders indicate that
lameness can be used as an indicator trait for rot and granulomas or vice versa.

Our study determined that there were weak phenotypic correlations between claw
disorders. The exception was between all horn separation and the most severe horn
separation cases. The weak genetic correlation and strong phenotypic correlation between
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these two traits indicate that the environment is an important factor in determining the
presence of horn separation.

4.3. Genotypic Correlations

There were underlying genetic correlations, varying in strength, between the claw
disorders. Despite a high standard error, the strongest genetic relationship was between rot
and granuloma. The mechanisms behind granuloma development are currently unknown.
The granulomas’ low heritability suggests that granulomas occur due to environmental
factors. Winter [26] suggested granulomas were related to trimming injuries, although
results from our study indicate that this may not be entirely correct. Our results suggest
that the relationship between granulomas and hoof-trimming injuries remains unclear.
Alternatively, there may be an indirect genetic relationship between rot healing and granu-
lomas developing due to hoof trauma. In addition, horn separation (a form of white line
disease) and rot (encompassing digital dermatitis and footrot) susceptibility were very
weakly correlated. These were in line with previous research completed in dairy cows on
digital dermatitis and white line disease, where genetic correlations ranged from −0.33 to
0.08 [8].

One important aspect of a breeding program for the genetic improvement of dairy
goats is how health traits, such as lameness and claw disorders, are phenotypically and
genetically related to milk production traits. In our study, clinical lameness susceptibility
had a weak negative phenotypic correlation with fat percentage and a weak positive
genotypic correlation with P:L ratio. Unlike previous dairy cattle studies, there was little
correlation between lameness and milk yield. In our study, the correlation was less than
0.10, while in dairy cattle, it ranged from 0.17 to 0.44 [27,28].

The genetic correlation between the occurrence of clinical lameness and fat percentage
was moderately positive (0.75). A reason for this relationship could be the goat’s change in
fat percentage in response to metabolic problems, as described for acidosis in dairy cattle.
The fat percentage has been linked to negative energy balance and ruminal acidosis in
dairy cattle [29]. Negative energy balance has indirectly been associated with the increased
risk of lameness through loss of body condition [30,31]. Milk fat depression has been
linked with subacute ruminal acidosis in cows [32]. The production of endotoxins resulting
from acidosis, which are released into the bloodstream, has been associated with lameness-
causing-laminitis [32]. Therefore, in dairy goats, events that may cause a goat to be in
a negative energy balance, such as parturition, could increase fat percentage or P:F and
indicate a higher risk of lameness in the herd. The results from this study also indicate
that there may be some underlying genetic material that could be inherited. Within the
breeding goal, selecting goats with higher estimated breeding values for fat percentage
could indirectly select goats more susceptible to clinical lameness.

The opposite could be true for lactose concentrations. There was a strong negative
genetic correlation between the occurrence of clinical lameness and lactose percentage
(−0.94) and subsequently with milk production. It is possible that the control of lactose
percentage shares some underlying biological mechanisms relating to the health status
and potentially the immune system within dairy goats, as suggested in dairy cows [33,34].
In dairy cows, some studies have reported a negative association between lactose per-
centage and mastitis [35,36]. While there was not a strong genetic relationship between
lameness occurrence and somatic cell score in our study, in dairy cows, one study observed
a moderate and weak relationship between lactose yield, mastitis (0.52), and ketosis (0.42),
respectively [36]. As Ingvartsen et al. [33] suggested, the effects of genotype, nutrition,
time, and management could affect the immune system via the metabolic pathway, which
increases the animal’s susceptibility to disease, in this case, lameness. Our study results
suggest that lactose percentage may be an important indicator of lameness occurrence
within a lactation. This relationship should be further investigated with a larger dataset
to validate these results. Other health traits and the relationship with lactose percentage
should also be explored in the future.
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Claw disorders have weak to moderate genetic correlations with milk production
traits. Horn separation traits were negatively correlated with fat percentage and posi-
tively correlated with lactose percentage, while rot and granuloma susceptibility were
positively correlated with milk yield. This suggests that genetic selection for higher yields
of production traits may increase the goat’s genetic susceptibility to rot and granulomas.
In contrast, genetic selection for higher concentrations of fat could increase the goat’s
genetic susceptibility to horn separation. However, caution should be exercised for this
interpretation due to the strength of the correlations. Estimates of genetic correlation
between claw disorders and production traits are few in dairy cattle. Depending on the
model, Koenig et al. [37] and König et al. [28] reported genetic correlations between digital
dermatitis and milk yield of 0.07 to 0.24, which was similar to the values reported in this
study (0.31). They also reported correlations of 0.17 to 0.28 between hoof wall disorders and
milk yield, which were higher estimates than this study (0.05 to 0.07). Gernand et al. [38]
reported weak genetic correlations between digital dermatitis and protein yield, fat and
protein percentages (−0.11 to 0.05) which, considering the higher standard error, was still
lower than the values calculated in this study (0.08 to 0.41). From the limited number of
studies published, the relationship between milk production traits and claw disorder traits
in dairy goats is still unclear. Based on dairy cow studies, a negative relationship exists
between production traits and claw health. Our study tends to agree with this, although
further investigation, with a larger cohort of animals, is needed in goats before conclusions
can be made to determine the underlying genetic relationship between claw health and
production traits.

4.4. Limitations

One of this study’s limitations is the limited number of observations available. Many
observations need to be collected on phenotypes of interest to precisely estimate genetic
parameters (reducing the standard errors). The current methodology for measuring lame-
ness and claw disorders in dairy goats is time consuming. Locomotion scoring would
ideally need to be completed objectively and routinely. Introducing cameras that can record
this information automatically would help the farmers immensely. An incentive must
also be included for farmers and hoof trimmers to record information on lameness and
claw disorders. The farmers would invest in equipment and additional services from the
hoof trimmer. Dairy goat hoof trimmers and farmers can only be expected to record this
information with reliable technology—preferably designed for dairy goats.

It would also be important to run a multivariate analysis rather than a bivariate
analysis to investigate various trait combinations in one model so that covariances can be
evaluated simultaneously. This requires more herds with genetic links among the sires.
This would only be possible once artificial insemination is widely used within the dairy
goat population of New Zealand.

Another approach to estimating heritabilities and variances is using threshold models
rather than linear ones. Heritabilities of lameness and claw disorders traits in sheep and
dairy cattle have previously been estimated using either threshold or linear models [6,8,9],
while genetic and environmental variances can be obtained using linear or liability-threshold
models. Threshold models can be better used when the trait of interest is binomial or ordi-
nal and has an underlying continuous phenotype with a low heritability [39]. It is based on
the probability of a phenotype being expressed depending on environmental or genetic
conditions being met. However, depending on the information available and the trait being
used, there may be little difference between the results of the two models [40]. As linear
models (using either restricted maximum likelihood or least-squares) are simple and more
widely used to estimate genetic parameters, therefore, linear instead of threshold models
were chosen to model the estimates in our study [11,41]. However, Heringstad et al. [8]
explained that, unlike linear models, threshold models are already adjusted for the time
when there are repeated measures of ordinal traits for individuals. Therefore, instead of
using the linear model in our study, where we modeled one trait over one lactation at the
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test-day level (to account for repeated measures over time), the threshold model may have
been better for the two binomial traits in our study.

There are two alternatives to the current model that could be used to analyze lameness
and claw disorder traits in the future. Firstly, including breed and the heterosis effect
within our models. There are significant differences in milk production traits in different
dairy goat breeds [24,41], and heterosis has been known to affect milk production traits
significantly [15]. In dairy cows and sheep, the breed was a risk factor for developing
lameness and claw disorders [6,42]. Therefore, heterosis should be included in the model
to capture variation associated with the breed. To do this reliability, the data input of the
breeds by the farmers needs to be accurate, which is challenging to achieve when only
a pedigree is available.

Secondly, investigate the heritabilities of claw disorder and lameness traits at the
test-day level rather than over one lactation. The genetic parameters for milk production
traits have been reported to change the lactation [43], and this could also be the case for the
genetic parameters of claw disorders and lameness. In dairy cattle, test-day milk yield has
been associated with claw disorders [28]. Therefore, it should be established whether claw
disorders and/or lameness traits are more heritable at the test-day level rather than at the
lactation level.

This study is the first of its kind in dairy goats. It creates the foundation for future
research on the genetic parameters of health traits besides the somatic cell score (related to
mastitis). The objective would be to eventually include lameness and claw disorder traits
in a breeding index to reduce lameness and claw disorder prevalence in herds and improve
animal welfare in dairy goats. The economic values and weights need to be estimated
before these traits are included in the breeding goal or selection index [44]. The model to
estimate these economic values needs to include direct and indirect costs. Indirect costs,
such as additional farm labor, should be included, as these costs are realized even when
lameness scores are low. In contrast, the direct costs, such as those associated with loss of
milk production, are not significant until lameness is severe [45]. Indirect costs may vary
depending on the prevalence of lameness and the causes of lameness (which affects the
duration) on the farm. The economic weights derived from the influence of other traits,
such as milk production traits, claw disorders, and lameness, also need to be included.
Finally, using the economic weight and including the desired gains value would establish
a selection index for the breeding goal. The desired gains approach would capture costs
that may not be monetary, such as animal welfare, and add value to the trait.

Improving claw health through genetics creates permanent gains [8]. Due to the
low heritability of health traits, many observations are needed to produce reliable genetic
evaluations. Agreeing on the definition of traits is important to be universally understood
and have phenotypes accurately recorded.

5. Conclusions

This study reported heritability and phenotypic and genetic correlation estimates
for claw disorder and lameness traits in dairy goats. The moderate heritability estimates
suggest that selecting against clinical lameness, horn separation, and rot susceptibility is
possible. There appear to be weak to strong genetic and phenotypic correlations between
lameness and claw disorders traits with fat and lactose concentrations in milk. Further
investigation into the relationship between these traits is required to determine the under-
lying biological relationships. If claw disorder and lameness traits are to be included in
the breeding goal and selection index for dairy goats, research on the economic impact
of these traits is needed in order to assign appropriate economic weights. Before this can
be conducted, investing in better technology for dairy goat farmers and hoof trimmers to
collect information on lameness and claw disorders is the next step forward.
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Simple Summary: This study attempts to elucidate the prevalence and genetic factors associated
with four angular hoof deviations in the Pura Raza Española horse: splay-footed forelimb (SFF),
pigeon-toed forelimb (PTF), splay-footed rear limb (SFR), and pigeon-toed rear limb (PTR). From a
total of 51,134 horses evaluated, only 15.75% did not have any of the four investigated angular hoof
defects, while the rest presented varying degrees of defect. We identified the factors influencing these
defects, including age, inbreeding coefficient, sex, and birth stud size, using a Bayesian multivariate
animal model with the BLUPF90 software. The heritability estimates ranged from 0.11 (SFR) to
0.31 (PTR) for model A (three categories.), indicating the genetic influences of varying categories;
and ranged from 0.11 (SFR) to 0.29 (PTR) for model B (two categories). Additionally, the study
explored the genetic correlations between these defects and their relationship with the diameter of
the superficial digital flexor tendon (SDFT) and the proportionality index (PI). The findings revealed
that diameter of the SDFT is strongly correlated with inward-toe conditions (PTF and PTR), while
PI is associated with outward defects (SFF and SFR). These results provide valuable insights into
angular hoof deviations in PRE horses, shedding light on their prevalence, genetic factors, and
associations with other anatomical features, which can have general implications for a horse’s health
and performance.

Abstract: Abnormalities in hoof shape are usually connected with limb conformation defects. The
role of angular hoof deviations is important for longevity in sports competitions and is increasingly
recognized as a factor associated with lameness in performance horses. In this paper, we measured
the prevalence of four defects related to the angulation of the hoof in the Pura Raza Española horse
(PRE): splay-footed forelimb (SFF), pigeon-toed forelimb (PTF), splay-footed rear limb (SFR), and
pigeon-toed rear limb (PTR). A total of 51,134 animals were studied, of which only 15.75% did not
have any of the four angular hoof defects investigated, while 26.61%, 23.76%, 79.53%, and 3.86%
presented SFF, PTF, SFR, and PTR, respectively. Angular defects were evaluated using two different
models; model A was a linear scale composed of three categories, where 0 corresponded to the
absence of defects, 1 to a minor presence of the defect and 2 to the highest degree of the defect. Model
B was composed of two categories, where 0 corresponded to the absence of defects and 1 to the
presence of defects, joining classes 1 and 2. We measured the factors influencing the appearance of
these defects: age, inbreeding coefficient, sex, and birth stud size. The heritability of each defect was
also estimated using a multivariate animal model, using the Gibbsf90+ software from the BLUPF90
family, resulting in heritability estimates of 0.18 (s.d. = 0.009), 0.20 (s.d. = 0.010), 0.11 (s.d. = 0.009), and
0.31 (s.d. = 0.010) for SFF, PTF, SFR, and PTR defects, respectively, for model A, and 0.17 (s.d. = 0.008),
0.19 (s.d. = 0.009), 0.11 (s.d. = 0.009), and 0.29 (s.d. = 0.009) for SFF, PTF, SFR, and PTR defects,
respectively, for model B. Finally, the genetic correlation between the diameter of the superficial
digital flexor tendon (SDFT) and the proportionality index (PI) in relation to the higher or lower
prevalence of the defects was analyzed. We concluded that diameter of SDFT development is strongly
correlated with inward toe conditions (PTF, PTR; P 6=0 ≥ 0.95), while PI is associated with outward
toe defects (SFF, SFR; P 6=0 ≥ 0.95).
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1. Introduction

The hoof structure plays a critical role in locomotion, weight distribution, and shock
absorption during movement in equines [1], and disorders at the hoof level are consid-
ered to be a potential risk factor of lameness [2]. Defects in equine limbs usually consist
of anomalies or irregularities in the structure or functionality of the joints in the limbs,
including the hoof, the hock (tarsal joint), and the stifle [3]. Orthopedic diseases are of pa-
ramount importance in equine medicine, as they have a significant impact on a horse’s
health, performance, and longevity.

Angular hoof deviations encompass a spectrum of abnormalities that involve the
alignment and orientation of a horse’s hooves in relation to the limb axis. These deviations
impact the biomechanics of the horse’s limbs and, consequently, influence the horse’s
performance in various activities, including work and sports competitions, or simply
its ability to move comfortably without pain. These areas’ defects are associated with
a series of factors, such as injuries, inflammation, bio-mechanical imbalances, abnormal
development during the horse’s growth, or even genetic factors. The main consequence is
the effect on the horse’s ability to move correctly [4,5]. Throughout history, horse breeders
have developed routine trimming and shoeing techniques aimed at improving hoof balance
by addressing factors such as hoof angle, length, mediolateral equilibrium, sole thickness,
and the way the hoof interacts with the ground [6] to improve the horse movement.
But also, a substantial body of research exists about the ‘optimal’ conformation of sport
breed horses, such as Thoroughbreds [7–10], Warmbloods [11,12], Hanoverian warmblood
horses [13], Trotting [14], Arabian [15], New Zealand Standardbred [16], Iceandic [17],
and Pura Raza Española (PRE) [18]. Wilson et al. [6] identified a significant relationship
between movement asymmetry and foot conformation in horses. In the same way, Ducro
et al. [11] described that uneven feet have a moderate negative genetic relationship with foot
conformation grade and this, in turn, has a genetic relationship with sporting performance
in Warmblood riding horses. In addition, Ducro et al. [19] pointed out that uneven feet
are known to negatively impact the competitive longevity of sport horses; given the
observed prevalence of uneven feet in sports disciplines, it can be inferred that this is an
undesirable characteristic, especially in elite jumping. Oosterlinck et al. [20] described
that, while mild toed-in deviations have been found to have no significant impact on
soundness or performance [21], there is empirical evidence suggesting that severe toed-in
conformation is associated with an elevated risk of injury and a shortened lifespan for
equine athletes. Nevertheless, more objective information regarding the biomechanical
effects of toed-in and toed-out conformation during locomotion is necessary, even when,
in horsemanship belief, the equine conformation is associated with performance and
durability, as described in Thoroughbreds [9]. Thus, angular hoof deviations represent a
specific area of interest, especially when considering the health, performance, and longevity
on sport competition horses.

In this context, although all the above-mentioned risks produce themselves financial
losses and a lower quality of life for the horse, from a population management point of view,
knowledge about the genetic implications is of great interest. The identification and study
of limb defects are essential for implementing the appropriate selection measures to reduce
their incidence and improve the health and athletic performance of the breed, especially
when considering sport competition horses such as the Pura Raza Española (PRE) horse.
The PRE is a native Spanish breed, one of the oldest in Europe and one of the most important
at the international level. This breed has gained international recognition in the field of
Classical Dressage, taking part annually in a significant number of competitions, both in
Spain and worldwide [22]. In general, PRE horses that excel in dressage performances have
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a higher economic value compared to other animals of the same breed, as this is one of the
main objectives of their breeding program, which aims to enhance not only conformation
and dressage functionality, but also, most importantly, gait quality, which is a key factor in
optimizing dressage performance [23].

This study aims to provide a more comprehensive understanding of the factors af-
fecting hoof health in PRE horses, with potential implications for the breeding program,
management practices, and overall well-being of this equine breed. In this study, the
incidence of hoof defects in the PRE horse population was estimated and the potential
influencing risk factors in the presentation of angular hoof deviation were analyzed. Addi-
tionally, genetic parameters related to these defects were examined to determine if there is a
genetic basis contributing to their occurrence. Finally, the relationship between the presence
of hoof defects and morphological variables, specifically the diameter of the superficial
digital flexor tendon (SDFT) and the proportionality index (PI), were explored.

2. Materials and Methods
2.1. Database and Description Traits

In our study, we analyzed hoof conformational data from 51,134 Pura Raza Española
(PRE) horses (16,920 males and 34,214 females). The sample encompassed a variety of
hoof conformational defects (Figure 1): hoof defects in the front legs were divided into
‘splay-footed forelimb’ (SFF) and ‘pigeon-toed forelimb’(PTF), and those in the back legs
into ‘splay-footed rear limb’ (SFR) and ‘pigeon-toed rear limb’ (PTR). Therefore, each
angular hoof defect was analyzed independently. The average evaluation age of the horses
was 4.86 (s.d. = 2.25) years. Data collection took place between 2012 and 2022, during
the mandatory morphological assessment, which occurs once in a horse’s lifetime before
they are officially registered in the primary section of the PRE stud book. The evaluations
were conducted by a total of 12 specially trained veterinarians responsible for performing
standardized aptitude tests in this breed. Each horse was evaluated by a single evaluator.
For the phenotypic evaluation of conformational defects, the horses were examined while
standing on a firm, level surface with their limbs in a natural position. The fore and hind
legs were placed in a parallel position as close to perpendicular as possible, with their
hooves aligned. If the horse was still and there were doubts about the angular hoof defect,
it was evaluated while the horse was in motion (walk or trot) to assign a defect category.
For the evaluation of hoof deviation we considered, on the one hand, the forelegs, and, on
the other hand, the hind legs for phenotyping angular defects in the limbs. This is because,
in most cases, if one limb has an angular defect, it is common for the adjacent limb to also
have one. Notably, no sedatives were administered during the evaluation process.

The four analyzed defects were as follows:

• Defects of the ‘splay-footed forelimb’ (SFF) and ‘pigeon-toed forelimb’ (PTF). These
defects are related to the direction of the front hooves when seen from the front. An
individual exhibits these defects when the hoof points either inwards or outwards,
respectively, in relation to the vertical plumb line, as measured from the outer edge of
the shoulder joint and the humero-cubital joint to the ground.

• Defects of the ‘splay-footed rear’ limb (SFR) and ‘pigeon-toed rear limb’ (PTR). These
defects are related to the direction of the rear hooves when seen from the back. An
individual has an SFR or PTR defect when the hoof tips either inwards or outwards,
respectively, in relation to the vertical plumb line, as measured from the point of the
hip and tibia-fibula joint to the ground, when seen from the rear.
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Figure 1. Conformational hoof defects (angular hoof deviations) in Pura Raza Española horses. 

The estimation of genetic parameters was performed with two different models: 
For model A, the four conformational hoof defects were recorded on a linear scale 

from 0 to 2. Category 0: represents a lack of the defect, the hooves are vertical, or slightly 
turned outwards (SFF or SFR) or inwards (PTF or PTR), with, at most, 5 degrees of angu-
lation. Category 1: a minor presence of the defect, the hooves are turned outwards (SFF or 
SFR) or inwards (PTF or PTR) between 5 and 20 degrees of angulation. Category 2: the 
most significant level of the defect, the hooves are turned outwards (SFF or SFR) or in-
wards (PTF or PTR) with more than 20 degrees of angulation. 

For model B, the four conformational hoof defects were recorded as a dichotomous 
model. Category 0: represents a lack of the defect, the hooves are vertical, or slightly 
turned outwards (SFF or SFR) or inwards (PTF or PTR), with, at most, 5 degrees of angu-
lation. Category 1: presence of the defect, the hooves are turned outwards (SFF or SFR) or 
inwards (PTF or PTR), with more than 5 degrees of angulation. 

In PRE horses, SFF and SFR defects are considered to be severe when they are in 
category 2, and PTR and PTF defects are considered to be very severe when they are in 
category 2. When a PRE horse, in any part of its body, has more than 2 very severe defects 
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Figure 1. Conformational hoof defects (angular hoof deviations) in Pura Raza Española horses.

The estimation of genetic parameters was performed with two different models:
For model A, the four conformational hoof defects were recorded on a linear scale from

0 to 2. Category 0: represents a lack of the defect, the hooves are vertical, or slightly turned
outwards (SFF or SFR) or inwards (PTF or PTR), with, at most, 5 degrees of angulation.
Category 1: a minor presence of the defect, the hooves are turned outwards (SFF or SFR)
or inwards (PTF or PTR) between 5 and 20 degrees of angulation. Category 2: the most
significant level of the defect, the hooves are turned outwards (SFF or SFR) or inwards (PTF
or PTR) with more than 20 degrees of angulation.

For model B, the four conformational hoof defects were recorded as a dichotomous
model. Category 0: represents a lack of the defect, the hooves are vertical, or slightly turned
outwards (SFF or SFR) or inwards (PTF or PTR), with, at most, 5 degrees of angulation.
Category 1: presence of the defect, the hooves are turned outwards (SFF or SFR) or inwards
(PTF or PTR), with more than 5 degrees of angulation.

In PRE horses, SFF and SFR defects are considered to be severe when they are in
category 2, and PTR and PTF defects are considered to be very severe when they are in
category 2. When a PRE horse, in any part of its body, has more than 2 very severe defects
or more than 4 severe defects, the horse cannot be registered as a breeder of the PRE breed.

The covariates analyzed were the evaluation age (in years; from 2 to 23 years) and the
classical inbreeding coefficient (F; from 0.00 to 0.47). The F value, following Wright [24],
defined as the probability that the two alleles at any locus in an individual are identical by
descent, was computed using the Endog software (v.3.0) [25]. The fixed effects analyzed
were: sex (2 levels; male and female), birth stud size (3 levels; small: <3 foals born/year,
medium: from 3 to 9 foals born/year, and large: >9 foals born/year); those effects are
statistically significative for the four angular hoof defects analyzed. A comparison of the
different methodological approaches was based on the deviance information criterion (DIC)
parameters [26].
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Additionally, heritabilities and genetic correlations between the hoof defects and two
morphological variables, the diameter of the superficial digital flexor tendon (SDFT), and
the proportionality index (PI) were analyzed. The SDFT extends from the elbow region to
the distal interphalangeal joint in the forelimb or from the hock region in the hind limb.
The diameter of the SDFT was measured on a linear scale from 1 to 9, depending on the
thickness of the tendon of the four limbs as a whole, where 1 is very thin and 9 is highly
developed (larger diameter); the evaluation is unique, grouping, in a single evaluation,
both forelimb and rear limb diameter. This tendon is a fundamental part of the connective
system that allows for the function of hoof flexion in the horse’s limbs. The PI was defined
as the height at the withers * 100 divided by the scapular-ischial length (distance of the
straight segment from the union of the scapular-humerus joint to the point of the buttock).
The PI is a variable widely used in equine breed characterization [27], and also because of
its possible relationship with conformational defects [28].

2.2. Statistics and Genetic Analysis

A multivariate Generalized Non-linear Model (GLZ), with a multinomial logit distri-
bution, was used to examine associations between the conformational hoof defects and
their potential factors. All the statistical analyses were conducted using Statistica 11 for
Windows software [29].

For the genetic evaluations, the genealogical information was obtained from the PRE
StudBook managed by ANCCE [30], ensuring a minimum of 5 known generations for
each animal in the performance control dataset. The pedigree file comprised total of
101,574 individuals. A multivariate model with the six variables (SFF, PTF, SFR, PTR, SDFT,
and PI) was applied to study the genetic parameters of the conformational hoof defects.
The equation in matrix notation used to solve the mixed model was:

y = Xb + Zu + e

u ∼ N(0, Aσ2
u), e ∼ N

(
0, Iσ2

e

)

where y is the vector of observations, X is the incidence matrix of fixed effects, Z is the
incidence matrix of the animal genetic effect, b is the vector of fixed effects, u is the vector
of the direct animal genetic effect, e is the vector of residuals, σ2

u is the direct additive
genetic variance, σ2

e is the residual variance, I is an identity matrix, and A is the numerator
relationship matrix.

The genetic parameters were estimated using the Blupf90 software [31]. A Bayesian
approach with threshold models was applied using GIBBSF90+. A total of 100,000 iterations
were performed, with the initial 20,000 being considered as burn-in, after which, every
10th sample was saved. Therefore, 8000 chains were available for a post Gibbs analysis.
Prior values were settled as similar to those reported for similar traits [3,32]. Finally, a
post-Gibbs analysis was performed using POSTGIBBSf90 [33] to compute posterior means,
additive and residual variances, and the standard deviations. Convergence was tested
using the Z criterion of Geweke [34], and Monte Carlo sampling error was computed
using time series procedures, as described in [35]. The Monte Carlo standard errors were
small, ranging between 0.0004 (PTR) and 0.0010 (SFR) for model A, and ranging between
0.0004 (PTR) and 0.0020 (SFR) for model B. A lack of convergence was not detected by the
Geweke test, ranging between −1.5130 (PTF) and 0.1670 (PTR) for model A, and ranging
between −1.3929 (SFR) and 0.6989 (SFF) for model B. In order to identify the precision of
the parameters, the 95% highest posterior density (HPD) intervals were determined from
their marginal posterior distributions.

3. Results

The basic statistical results for angular hoof deviations in the PRE horses are shown
in Table 1. The largest number of observations was for the SFR defect (50,717 records),
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with a mean value of 1.05, and the smallest number of observations was for the PTR defect
(10,797 records), with a mean value of 0.05. Regarding the mode, all the defects had a mode
of 1, except the SFR defect, with a mode of 0. Additionally, the highest 95% confidence
interval was observed for PTF, and the smallest for PTR.

Table 1. Basic statistics of angular hoof defects in the Pura Raza Española horse.

Hoof Angular
Deviations N Mean 1

(s.e.)
s.d. Mode Confidence 2

−95%
Confidence 2

+95%

SFF 41,614 0.326
(0.003) 0.583 0 0.320 0.332

PTF 40,061 0.467
(0.004) 0.842 0 0.460 0.476

SFR 50,717 1.051
(0.003) 0.677 1 1.046 1.058

PTR 10,797 0.045
(0.002) 0.240 0 0.041 0.050

1 Mean: mean value of angular deviation score based on 0–2 ratings. 2 Confidence intervals of the mean.
N: number of records, s.e.: standard error, s.d.: standard deviation, SFF: splay-footed forelimb, PTF: pigeon-toed
forelimb, SFR: splay-footed rear limb, and PTR: pigeon-toed rear limb.

The percentage of affected animals (category 1 or 2) for each hoof defect can be ob-
served in Figure 2. For the SFF defect, category 0 had a prevalence of 73.39%, while
categories 1 and 2 had a prevalence of 26.61% (20.61% and 5.99%, respectively, for cat-
egories 1 and 2). In the case of the PTF defect, category 0 had a prevalence of 76.24%,
while categories 1 and 2 had a prevalence of 23.76% (0.73% and 23.03%, respectively, for
categories 1 and 2). On the other hand, for the SFR defect, category 0 had a prevalence of
20.47% compared to a total of 79.53% of animals presenting this defect (53.89% and 25.64%,
respectively, for categories 1 and 2). Category 0 for the PTR defect showed a prevalence of
96.14%, with only 3.86% of the animals presenting this defect (3.16% and 0.70%, respectively,
for category 1 and 2). Finally, the percentages of PRE horses simultaneously exhibiting
category 2 for the SFF-SFR, SFF-PTR, PTF-SFR, and PTF-PTR defects were 2.92%, 0.02%,
5.49%, and 0.05%, respectively.
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Figure 2. Percentage of affected animals for each of the angular hoof deviations in Pura Raza Española
horse. SFF: splay-footed forelimb, PTF: pigeon-toed forelimb, SFR: splay-footed rear limb, and PTR:
pigeon-toed rear limb.

In the analysis of angular hoof deviations in PRE horses, multiple effects were evalu-
ated, including age, inbreeding, sex, and birth stud size (Table 2). A Generalized Non-Linear
Model (GLZ) test revealed that, in the case of the PTF defect, all the effects studied were
statistically significant. Regarding sex, significant differences were observed, with 20.34%
of males and 25.30% of females being affected. Furthermore, birth stud size displayed
statistically significant differences, with values of 23.90% (small), 23.46% (medium), and
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23.99% (large) of animals being affected. In the case of the SFF and SFR defects, statistically
significance differences were noted for age, but not for inbreeding. For SFF, statistically
significant differences were found for sex, with 30.77% of males and 24.4% of females
being affected. For SFR, significant differences were also found for birth stud size, with
78.44% of horses being affected in small studs, 79.92% in medium-sized studs, and 80.40%
in large studs. Furthermore, for the PTR defect, no statistically significant differences were
found for age or inbreeding, nor in sex. However, significant differences were observed
for birth stud size, with 3.82% of animals being affected in small studs, 4.55% in medium
studs, and 3.01% in large studs. These findings underscore the importance of considering
age, inbreeding, sex, and birth stud size in genetic models when addressing angular hoof
deviations and associated injuries in PRE horses.

Table 2. Generalized Non-linear Model (GLZ) between the angular hoof deviations with the risk
factors for all PRE horses analyzed.

Hoof Angular
Deviations

Age
(p-Value)

Inbreeding
Coefficient
(p-Value)

Sex Birth Stud Size

Male
(%)

Female
(%) p-Value Small

(%)
Medium

(%)
Large
(%) p-Value

SFF 0.050 0.477 30.77 24.40 <0.001 26.90 26.01 27.02 0.259
PTF <0.001 0.019 20.34 25.30 <0.001 23.90 23.46 23.99 0.006
SFR <0.001 0.568 79.64 79.40 <0.001 78.44 79.92 80.40 <0.001
PTR 0.829 0.652 4.21 3.69 0.301 3.82 4.55 3.01 0.007

SFF: splay-footed forelimb; PTF: pigeon-toed forelimb; SFR: splay-footed rear limb; PTR: pigeon-toed rear limb;
small: <3 foals born/year; medium: 3 to 9 foals born/year; large: >9 foals born/year, and (%): percentage of
animals affected.

The evolution of the four defects studied in the PRE horses over the last 20 years
based on the horses’ birth year is shown in Figure 3a. In the first 5 years (from 2000 to
2005), irregularities were observed in the percentages affected for all four defects, with
fluctuations during that period. From 2006, the percentages of animals affected stabilized.
Notably, the SFR defect appeared to be the most prevalent, with an incidence ranging from
83% to 77% over time. Conversely, the PTR defect appeared to be the least prevalent, with
an incidence fluctuating between 3% and 6% across the time series.
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Figure 3. Evolution of the last 20 years of hoof defects in Pura Raza Española horses based on the
year of birth (a) and incidence based on the level of consanguinity (b). SFF: splay-footed forelimb,
PTF: pigeon-toed forelimb, SFR: splay-footed rear limb, and PTR: pigeon-toed rear limb.

Figure 3b illustrates the incidence of the four hoof defects based on the inbreeding
coefficient of the PRE horses. A clear upward trend in the number of individuals affected
was observed as consanguinity rose. The SFR defect saw the most significant increase,
going from 76.5% (in the range from ≥0 to ≤0.0625) to 83.3% (in the range of >0.25). On
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the other hand, the PTR defect exhibited a greater stability, ranging from 2.9% (in the range
from ≥0 to ≤0.0625) to 4.4% (in the range of >0.25).

The variance components and heritability values for the four hoof defects studied in
PRE horses are shown in Table 3. In model A, for the defects in the front hoof, heritability
values of 0.18 (s.d. = 0.009) (SFF) and 0.20 (s.d. = 0.010) (PTF) were obtained, compared
to values of 0.11 (s.d. = 0.009) (SFR) and 0.31 (s.d. = 0.010) (PTR) for back hoof defects. In
model B, for the defects in the front hoof, heritability values of 0.17 (s.d. = 0.008) (SFF) and
0.19 (s.d. = 0.009) (PTF) were obtained, compared to values of 0.11 (s.d. = 0.009) (SFR) and
0.29 (s.d. = 0.009) (PTR) for back hoof defects. According to the DIC, the best fitting model
was B. Although the genetic parameters obtained with model A and B were very similar,
note that the percentage of animals that coincided between both models, according to the
genetic value, in the 80th percentile (animals with higher genetic values for each of the
defects), coincided at 96.67% for the PTR defect, at 86.65% for the PTF defect, at 84.98% for
the SFF defect, and at only 20.50% for SFR defect.

The genetic correlations among the four hoof defects are presented in Table 4. In
model A, the genetic correlation between PTF-SFR was negative, with a value of −0.31
(s.d. = 0.046), indicating an inverse association between these two defects. The other
genetic correlations were positive, with a low to moderate magnitude, ranging between
0.09 (s.d. = 0.033) for SFF-PTR and 0.27 (s.d. = 0.031) for PTF-PTR. This genetic correlations
were different from zero, as indicated by the symmetric HPD at 95% that did not include
zero and the high probability to be greater or lesser than zero (P 6=0 ≥ 0.95). On the other
hand, for model B, the genetic correlations between SFF-PTR, SFF-SFR, and PTF-PTR were
positive, with values of 0.14 (s.d. = 0.031), 0.35 (s.d. = 0.054) and 0.30 (s.d. = 0.030) for the
three genetics correlations with a P 6=0 = 1. The genetic correlation between PTF-SFR was
small, with a value of −0.05 (s.d. = 0.055), and not different from zero, as indicated by
the symmetric HPD at 95% that included zero (ranged from −0.053 to 0.159) and the low
probability of being different from zero (P 6=0 = 0.17).

Table 5 represents the means and heritability values for the diameter of the superficial
digital flexor tendon (SDFT) and proportionality index (PI) in the dataset analyzed, as well
as the genetic correlations between them and the four hoof defects, for both models, in the
PRE horses. The means were 4.87 (s.d. = 1.083) for the SDFT and 99.80 (s.d. = 2.379) for the
PI. For model A, the heritability of SDFT was 0.076 (s.d. = 0.014), and for PI, it was 0.348
(s.d.: 0.011), while for the model B, the heritability of SDFT was 0.077 (s.d. = 0.014), and
for PI, it was 0.336 (s.d. = 0.010). Regarding the diameter of the superficial digital flexor
tendon (SDFT), for model A, the PTF and PTR defect showed moderate, positive genetic
correlations of 0.283 (s.d. = 0.060) and 0.276 (s.d. = 0.046), respectively. For model B, the
PTF and PTR showed moderate, positive genetic correlations of 0.272 (s.d. = 0.051) and
0.266 (s.d. = 0.049), respectively. These genetic correlations were different from zero, as
indicated by the symmetric HPD at 95% that did not include zero and the high probability
to be greater than zero (P 6=0 = 1.00) In model B, for the SFF and SFR defects, there was no
evidence of a relationship between these factors (P 6=0 = 0.77 and 0.03, respectively).

Regarding the proportionality index (PI), opposite correlations were observed com-
pared to the SDFT. For model A, the defects SFF and SFR displayed low to moderate
positive correlations of 0.212 (s.d. = 0.030) and 0.124 (s.d. = 0.041), respectively. For model
B, the defect SFF displayed low to moderate positive correlation of 0.222 (s.d. = 0.031). In
both models, for the PTF defect, there was no evidence of a relationship between these
factors, not different from zero, as indicated by the symmetric HPD at 95% that included
zero and the low probability to be lesser than zero (P 6=0 = 0.87 in model A and P 6=0 =
0.54 in model B). In model B, for the SFR defects, there was no evidence of a relationship
between these factors, not different from zero, as indicated by its symmetric HPD at 95%
that included zero and the probability to be lesser than zero (P 6=0 = 0.94).
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Table 4. Genetic correlations (rg) among the angular hoof deviations studied in Pura Raza Española
horses.

Model rg (s.d.)
PTR HPD 95% P 6=0

rg (s.d.)
SFR HPD 95% P 6=0

A
SFF 0.09 (0.033) 0.025–0.154 1.00 0.09 (0.045) 0.003–0.180 0.97
PTF 0.27 (0.031) 0.207–0.331 1.00 −0.31 (0.046) (−0.389)–(−0.208) 1.00

B
SFF 0.14 (0.031) 0.086–0.200 1.00 0.35 (0.054) 0.228–0.444 1.00
PTF 0.30 (0.030) 0.251–0.364 1.00 −0.05 (0.055) −0.053–0.159 0.17

SFF: splay-footed forelimb, PTF: pigeon-toed forelimb, SFR: splay-footed rear limb, PTR: pigeon-toed rear limb, rg:
genetic correlations, s.d.: standard deviation, and HPD 95%: 95% higher posterior density. P 6=0 (rg > 0): probability
of genetic correlation being higher than zero. P 6=0 (rg < 0): probability of genetic correlation being lower than zero.

Table 5. Mean and heritability (h2) of the superficial digital flexor tendon development (SDFT) and
proportionality index (IP) variables and their genetic correlations (rg) with angular hoof deviations in
Pura Raza Española horses.

SDFT PI

Mean (s.d.) 4.87 (1.083) 99.80 (2.379)

h2

(s.d.)
Model A 0.076 (0.014) 0.348 (0.011)
Model B 0.077 (0.014) 0.336 (0.010)

rg (s.d.) HPD 95% P 6=0 rg (s.d.) HPD 95% P 6=0

M
od

el
A SFF −0.081 (0.054) (−0.188)–0.028 0.93 0.212 (0.030) 0.151–0.270 1.00

PTF 0.283 (0.060) 0.171–0.400 1.00 −0.034 (0.030) (−0.093)–0.024 0.87
SFR −0.113 (0.064) (−0.234)–0.003 0.96 0.124 (0.041) 0.039–0.201 1.00
PTR 0.276 (0.046) 0.188–0.367 1.00 −0.088 (0.026) (−0.142)–(−0.039) 1.00

M
od

el
B SFF −0.040 (0.052) (−0.145)–0.057 0.77 0.222 (0.031) 0.165–0.293 1.00

PTF 0.272 (0.051) 0.167–0.364 1.00 0.037 (0.031) (−0.046)–0.069 0.54
SFR −0.118 (0.068) (−0.014)–0.243 0.03 0.071 (0.045) (−0.012)–0.160 0.94
PTR 0.266 (0.049) 0.171–0.357 1.00 −0.088 (0.025) (−0.138)–(−0.035) 1.00

SDFT: superficial digital flexor tendon; PI: proportionality index; SFF: splay-footed forelimb; PTF: pigeon-toed
forelimb; SFR: splay-footed rear limb; PTR: pigeon-toed rear limb; s.d.: standard deviation; and HPD 95%: 95%
higher posterior density. Highest posterior density interval at 95% in brackets. P 6=0 (rg > 0): probability of genetic
correlation being higher than zero. P 6=0 (rg < 0): probability of genetic correlation being lower than zero.

4. Discussion

Addressing horse limb defects, especially hoof angular deviations, is essential to ensur-
ing a horse’s health, genetic quality, and performance, particularly in the context of sports
competitions [36] and breeding programs. The uneven conformation of horses’ hooves
is frequently studied and is of significant clinical importance for most equine breeds [37].
Angular deviation in a horse’s hoof leads to asymmetric limb loading, with subsequent
implications for performance, injuries, and lameness [38]. Furthermore, Ducro et al. [19]
demonstrated a link between uneven hoof conformation and a shorter competitive lifespan.

In the context of the basic statistical results, we observed significant variability in
angular hoof deviations among the different defects analyzed (SFF, PTF, SFR, and PTR) in
the PRE horses. The SFR defect exhibited the highest mean value and a wider confidence
interval, indicating greater data dispersion compared to the PTR defect, which had the
lowest mean value and the smallest confidence interval (Table 1). These intervals provide a
measure of confidence in the variability of the mean estimates. Furthermore, this finding
suggests the SFR defect was more prevalent compared to the PTR defect, as corroborated
in Figure 2. The standard deviations turned out high, which is an indicator that further
studies are needed to understand the mechanisms affecting the occurrence of these defects.

In the PRE horse, the outward deviation hoof defect can vary in severity and may
appear in the forelimbs and/or rear limbs, although it is more common in the rear limbs
(SFR) [39]. Horses, including racehorses, often exhibit some degree of inward-turning
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hocks [7], and as confirmed in the article by Ripolles et al. [3], in the case of PRE horses.
This tendency can lead to the hoof turning slightly outward, contributing to a higher
prevalence of SFR defect. The prevalence of this anomaly has been documented in various
studies [40–42], underscoring this defect as one of the primary cases of angular deviation in
the hindquarters of the equine breed. At times, the forelimbs may have good alignment, but
are spoiled by a defect known as knock-knee. It can also occur that, while the metacarpal
joint, carpal joint, and metatarsal bone are correctly aligned, the horse has SFF due to
the outward twist of the fetlock, which usually causes the hoof to point in the same
direction [43]. On the other hand, the inward deviation hoof defect can vary in severity, and
can also appear in both pairs of limbs, although it is more common in the forelimbs (PTF).
A very wide chest, conversely, results in widely separated front knee joints, leading to the
hoof pointing inward [39]. In other cases, the defect exists when the horse has dropped
heels, very long fetlocks, is bench-kneed, or has divergent hocks [43].

In each of the four hoof deviation defects, categories 1 and 2 represented the individ-
uals affected, with significantly different percentages being observed among the defects
(Figure 2). This indicates variations in the prevalence of the defects within the studied
population. The prevalence of having any hoof deviation defect varies among breeds. In
the PRE horse, it was 84.24%, which is similar to the prevalence in the Dutch Warmblood
horse (85%) [44]. Moreover, this prevalence is lower in mules and Dutch Warmblood horses,
with incidences of 37.1% [45] and 8% [11], respectively. It is important to focus on reducing
the incidence because, as seen previously, horses that simultaneously exhibit PTR-PTF
defects in category 2 (considering both defects are very severe for the PRE breed) are the
animals most likely to be unsuitable as breeders for the breed, as they only require one
more very severe defect, either in the limbs or elsewhere in the body, to be disqualified.

To achieve an accurate, comprehensive understanding of the patterns in hoof deviation
defects, we need to consider that both environmental and genetic factors can influence the
occurrence and severity of conformational defects. Although most widely published works
have addressed the clinical perspective, no detailed genetic analyses for hoof deviation
defects in PRE horses have been extensively conducted until now. In our study, we
examined not only the influence of sex and age, but also the individual coefficient of
inbreeding and the breeding stud size (Table 2). Overall, all these effects were statistically
significant for most of the hoof deviation defects analyzed. The effects mentioned in this
study have previously been implemented in estimations of the genetic parameters for
morphological abnormalities in the PRE breed, such as cresty neck [46], ewe neck [28], or
limb deformities [3], as well as those associated with medical conditions, like obesity [47]
or the presence of cutaneous melanomas [48]. Additionally, they have also been included
in the assessment of various PRE variables, including morphological [49] variables.

Hoof variations depend not only on the constant movements made during work [50]
and the type of terrain where the horse treads, but also on the horse’s age. The age of
evaluation plays a crucial role in the development and conformation of a horse’s limbs.
Skeletal growth, hoof development, and the proper ossification of limb bones are critical
factors to consider when evaluating hoof conformation. Newborn foals typically have a
weaker conformation, narrow chests, and long legs relative to their size. This can lead to
an outward hoof posture as they need to provide support to their forelimbs [51]. Over
time, this may result in a correction of the inward hoof posture [52]. Events that affect a
foal’s intrauterine environment, such as placentitis during pregnancy or severe metabolic
diseases in the mare, can compromise the proper ossification of these bones, but this only
becomes a problem when hoof conformation defects persist with age [51].

Regarding sex, males exhibited a higher incidence of hoof deviation defects compared
to females, which aligns with the findings in the lameness study conducted by Ross [53].
This sex disparity may be linked to factors such as differences in the intensity of the use
of the horse. In sports competitions, there is often a higher participation of males, and
pregnant mares generally undergo less intense exercise.
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An association between the size of the breeding stud and the percentage of affected
horses was also observed. Large-scale birth studs primarily focus on breeding, while
smaller and medium-sized ones are mainly dedicated to competition. This distinction is
crucial, because the type of livestock management significantly influences aspects such as
the type of exercise horses undergo, the management regimen, the intensity of training, and
other related factors. In this context, it has been documented that foals raised in large herds
with extensive management may develop limb conformation irregularities due to uneven
load patterns during grazing [54], as horses tend to systematically extend the same limb
while grazing [55]. While exercise is obviously crucial for development, excessive exercise
can lead to the development of angular deviations [56]. Another relevant consi-deration is
nutritional imbalance, which can influence disproportionate growth in foals.

Regarding the evolution of defects related to consanguinity levels (Figure 3b), it is
evident that there is a trend toward an increase in the percentage of animals affected as
inbreeding values rise. These results support the theory that inbreeding plays a significant
role in the occurrence and transmission of these genetic defects in the horse population.
Increases in consanguinity are typically associated with a decrease in animal fitness and,
consequently, a reduction in their performance in terms of capacity or physiological ef-
ficiency [57]. This finding underscores the importance of carefully considering genetic
diversity and relatedness in horse breeding programs.

Conformation defects have been evaluated in numerous equine breeds using a linear
scale that usually ranges from 5 classes [32,58] or 9–10 classes [12,59–61], where opposing
defects are placed in the classes located at the extremes of the linear scale (for example,
in a 5-category scale, where category 1 would be the SFF defect at its maximum grade,
category 2 the SFF defect at its low grade, category 3 the animal does not present any defect,
category 4 would be the PTF defect at its low grade, and category 5 would be the PTF
defect at its maximum grade). However, recently, Ripollés et al. [3] showed that the best
methodology for the genetic evaluation of conformation defects is to use an independent
scale for each of the defects, where all the scale categories refer to assessing the grades of
the defect presentation considered. Probably some of the genes involved in the presentation
of a particular defect, even if they are related to the same anatomical area, may be different.
Another issue when using a very large scale to evaluate a defect, especially when it is
complex to assess through visual inspection, such as angular hoof defects, is that eva-
luators may not be able to utilize the entire scale and find it challenging to determine the
differences between two consecutive categories. It is advisable to reduce the number of
categories for phenotypically evaluating this type of defect. The heritabilities found in other
studies have been higher than those obtained in the four defects studied in PRE horses
(Table 3), with values of 0.45 in Icelandic horses [58], 0.40 in Brazilian sport horses [60],
0.12–0.27 found in KWPN breeds [11], and 0.26 (0.109) in the Pura Raza Menorquina [32].
The heritability of other hoof deformities was estimated to be 0.13 (0.022) for front hoof
and 0.007 (0.018) for rear hoof in Warmblood foals [12] and 0.25 in Belgian horses [62].
In this study, despite the high residual variances, the heritabilities obtained suggest that
selective breeding can be used to reduce the prevalence in the breed, even though the
genetic component is smaller than the environmental one, with a moderate magnitude. It
is also worth noting that the heritabilities from the two models (A and B) were very similar,
so model B may also be effective when morphologically assessing angular hoof defects in
horses. Although model B is the best fit, according to the DIC, it is important to work with
three categories (model A), since, as has been seen, when we have a significant number of
animals in category 1 and category 2 for a defect (example of the SFR defect; Figure 2), the
percentage of animals that match according to the genetic value, at the 80th percentile, is
very low (only 20.50% for the SFR defect). Therefore, model A allows us to diffe-rentiate
the animals that transmit any of the defects studied to a greater degree. In this sense, it is
very interesting for the breeder to be able to genetically identify the animals that are going
to transmit some of the defects to a greater degree.

199



Animals 2023, 13, 3471

Regarding the genetic correlations between different hoof deviation defects, our results
support that different sets of genes are involved in coordinating hoof deviation defects,
depending on whether they occur in an outward or inward position (Table 4). In a study
conducted in the Dutch Warmblood horse population, moderate correlations were observed
between hoof deviation defects and traits of the distal limb [11]. Specifically, the heel height
showed negative correlations with the cannon angle (−0.42) and hoof shape (−0.41),
indicating that high heels are associated with narrow hooves and more vertical cannons.

The equine limb behaves like a large system of springs due to the extension of the
metacarpophalangeal joint and the elastic recoil in tendons [63,64]; specifically, the SDFT
is specialized in storing elastic energy [65]. It has been observed that the conformation
of a horse’s hoof may be related to predisposition for certain tendon defects [66,67]. An-
gular hoof defects can influence how a horse distributes its weight when bearing weight,
affec-ting the load on associated tendons and ligaments, thus increasing its susceptibility
to injuries [36,68,69]. Injuries to the SDFT are common in racehorses, especially in the
forelimbs, with a prevalence ranging from 10% to 30% [66,70]. Additionally, it has been
observed that the prevalence of these injuries tends to increase with a horse’s age [71–73].
In our study, positive correlations were observed between the SDFT and angular hoof
deviations (PTF and PTR; Table 5). These correlations may be related to the biomechanics of
horse limbs. Excessive development of the SDFT could affect how a horse places its limbs
during movements, which could influence their weight bearing and, in turn, contribute
to certain inward hoof deviation defects. Additionally, Shade et al. [67] determined a
correlation of −0.26 between static and dynamic angles of the metacarpophalangeal joint
and the SDFT in Campeiro and Mangalarga Marchador horses.

On the other hand, the PI in horses seems to be a determining factor that influences
movement and, consequently, plays an essential role in maintaining proper balance and
hoof conformation [51]. This perspective underscores the importance of carefully consi-
dering the relationship between PI and hoof angular deviations. Furthermore, the need
for hoof volume to be correctly adjusted to the horse’s size and robustness, as suggested
by Giles [74], fully justifies the inclusion of PI as a relevant study variable in this research.
In contrast to SDFT, positive genetic correlations were observed between PI and outward
angular deviations (SFF and SFR; Table 5), which suggests that horses with outward hoof
defects tend to have a higher PI. Robust, broad-chested horses typically used for heavy
pulling tasks have a lower withers height and often exhibit an inward hoof tread pattern,
which is related to the occurrence of defects like PTF and PTR [1]. These types of horses
tend to have larger hooves compared to saddle horses [51]. In contrast, horses destined for
sports activities, such as dressage, as is the case with PREs, often exhibit a greater withers
height and narrower chest conformation, resulting in a higher PI. These horses tend to bear
weight in a way that directs the hooves outwards, which is associated with a more frequent
occurrence of defects like SFF and SFR in breeds of this type. Furthermore, according
to [75], there is a genetic correlation between height at withers and a hoof conformation of
0.15, which is directly related to PI.

It is possible that there may be limitations in this work, as it was not possible to
stan-dardize the age of all the animals since the animals were not evaluated at the same age.
Additionally, the presence of animals assessed both with and without horseshoes, as well
as their participation in competitions, could have introduced biases in the assessment of
angular defects, as footwear and exercise can impact the correction of these issues. Another
limitation of phenotyping in the study is the assessment by a single evaluator, rather
than using consensus from multiple evaluators for each horse, and variability between
horses since there were different single evaluators across the large dataset. Despite this,
this work had a significant representation of active PRE horses and it demonstrated that
the angular hoof deviations affect limb biomechanics, influencing the horse’s ability to
perform, which may also have genetic implications, justifying the implementation of sui-
table selection measures to reduce their incidence and improve both the breed and equine
sports performance. All these findings emphasize the importance of breeding programs
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that not only focus on the quality of movements and functionality in dressage, but also
place a fundamental emphasis on conformational defects of the horses’ limbs.

5. Conclusions

A high prevalence of angular hoof defects was found in the PRE population, with
a higher occurrence in males and significant variations with an increasing inbreeding
coe-fficient and breeder herd size. It was demonstrated that genetic factors play a role in the
occurrence of these defects, with moderate heritability values. Furthermore, we observed
genetic correlations between the defects analyzed, pointing to the existence of specific genes
related to the presence of particular defects. Our study also underscored the signi-ficance
of taking into account factors such as the proportionality index (PI) and development of
the superficial digital flexor tendon (SDFT). It revealed correlations between these factors
and the direction of angular hoof defects, with the SDFT being associated with inward
defects and the PI with outward defects. Breeders and veterinarians should take into
account, when organizing the mating of the stud, the genetic values of the breeding animals
for each of the angular hoof deviation defects (SFF, PTF, SFR, and PTR), along with the
genetic values of the rest of the morphological defects of the breed, both in the limbs
and other areas of the body. From a reproductive perspective, breeders should prioritize
horses whose genetic values, for each of the conformation defects analyzed in the breed
(regardless of the anatomical region), have a high probability of not being transmitted to
the offspring. Well-organized horse pairings based on the genetic value of the offspring
will reduce defects in the population.
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