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ABSTRACT 
 

The Iberian pig breed is widely renowned for their high-quality meat products, 

particularly the famous Jamón ibérico. However, like any livestock species, Iberian pigs 

present unique challenges in breeding and genetics, especially when it comes to 

optimizing their reproductive performance. To maintain the sustainability and 

profitability of pig farming, INGA FOOD S.A. initiated a crossbreeding program to 

produce a hybrid sow called CASTÚA by crossing Retinto and Entrepelado varieties of 

Iberian pigs. The goal is to improve reproductive characteristics and maximize hybrid 

vigor or heterosis in crossbred population. This thesis focuses on the genetic aspects of a 

crossbreeding program including additive and dominance genetic effects, genomic 

imprinting effects, and the correlations between paternal and maternal gametic effects. 

The first part of the thesis estimates the additive and dominance variances in both 

purebred and crossbred populations. The study found that the crossbred population 

exhibited significantly higher additive genotypic variance for Total Number Born (TNB) 

and Number Born Alive (NBA) than the purebred population. Additionally, we observed 

that the genetic correlations between purebred and crossbred performances were higher 

in the Retinto population, with correlations of 0.663 in Entrepelado and 0.881 in Retinto 

populations for TNB and NBA. The study also identified four genomic regions on 

chromosomes 6, 8, and 12, each explaining more than 2% of the additive genetic variance.  

Moreover, this thesis expands upon previous studies that initially discovered imprinting 

effects in this diallelic cross, the second and third parts of the thesis delve deeper into 

genomic imprinting effects. A multivariate gametic model is employed to estimate 

gametic correlations between paternal and maternal effects in reciprocal crosses. The 

results revealed differences in gametic correlations between the two populations, which 

may explain the distinct performance outcomes observed in reciprocal crosses. We 

expanded the model to incorporate the correlations between four gametic effects in each 

parental population. The model, applied to datasets from purebred and crossbred pigs, 

showed that all posterior estimates of the gametic correlations were positive and 

confirmed the influence of imprinting effects on the genetic control of litter size. The 

study also emphasized that maternal genetic contribution plays a more substantial role in 

determining observed reproductive traits compared to paternal genetic contribution. 
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RESUMEN 
 

El cerdo ibérico es reconocido por sus productos cárnicos de alta calidad, en particular el 

famoso Jamón ibérico. Sin embargo, como cualquier especie ganadera, los cerdos ibéricos 

presentan desafíos particulares en cuanto a su mejora genética, especialmente cuando se 

trata de optimizar su rendimiento reproductivo. Para mantener la sostenibilidad y 

rentabilidad de la producción intensiva de cerdo ibérico, la empresa INGA FOOD S.A. 

inició un programa de cruzamiento para producir una cerda híbrida llamada CASTÚA 

mediante el cruce de las variedades Retinto y Entrepelado. El objetivo de este cruce es 

mejorar las características reproductivas y maximizar el vigor híbrido o heterosis en la 

población cruzada. Esta tesis se centra en los aspectos genéticos de un programa de cruce, 

incluyendo los efectos genéticos aditivos y dominantes, los efectos de impronta genómica 

y las correlaciones entre los efectos gaméticos paternos y maternos. 

La primera parte de la tesis estima las varianzas aditivas y dominantes en poblaciones 

tanto puras como cruzadas. El estudio encontró que la población cruzada exhibió una 

varianza genotípica aditiva significativamente mayor para TNB y NBA que la población 

pura. Además, se observó que las correlaciones genéticas entre el rendimiento de puras y 

cruzadas fueron más altas en la población Retinto, con correlaciones de 0.663 en 

poblaciones Entrepelado y 0.881 en poblaciones Retinto para nacidos totales (TNB) y 

nacidos vivos (NBA). El estudio también identificó cuatro regiones genómicas en los 

cromosomas 6, 8 y 12, cada una explicando más del 2% de la varianza genética aditiva.  

Adicionalmente, esta investigación amplía estudios anteriores que inicialmente 

descubrieron efectos de impronta en este cruce dialélico; las segunda y tercera partes de 

la tesis profundizan en los efectos de impronta genómica. Se empleó un modelo gamético 

multivariado para estimar las correlaciones gaméticas entre los efectos paternos y 

maternos en cruces recíprocos. Los resultados revelaron diferencias en las correlaciones 

gaméticas entre las dos poblaciones, lo que puede explicar los resultados distintos 

observados en cruces recíprocos. Además, se amplió el modelo para incorporar las 

correlaciones entre cuatro efectos gaméticos en cada población parental. El modelo 

propuesto, aplicado a datos de cerdos puros y cruzados, mostró que todas las estimaciones 

posteriores de las correlaciones gaméticas fueron positivas y confirmaron la influencia de 

los efectos de impronta en el control genético del tamaño de la camada. El estudio también 
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enfatizó que la contribución genética materna juega un papel más sustancial en la 

determinación de las características reproductivas observadas en comparación con la 

contribución genética paterna. 
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CHAPTER I  GENERAL INTRODUCTION 

Thesis Houssemeddine Srihi                 1 

1. Introduction 

 

1.1. Pig Sector in the World 
 

The global production of pork meat has witnessed substantial growth since the mid-20th 

century, and this upward trend has persisted to the present day. According to United States 

Department of Agriculture (USDA), global pig meat production reached approximately 

115 million tonnes in 2022, establishing it as the most extensively produced meat 

worldwide, surpassing poultry and beef (see Figure 1). 

 

Figure 1: Production of pig Meat in World. (Adapted from USDA , 2023)  

 

China, the European Union, and the United States stand as the foremost contributors to 

pig meat production, collectively accounting for more than half of the global output (refer 

to Figure 2). Other notable contributors to the pork industry encompass Brazil, Canada, 

Russia, and Mexico. The substantial growth in pig meat production can be attributed to 

the increasing demand for pork, advancements in breeding, feeding, and production 

technologies, as well as enhancements in infrastructure and logistics. 



CHAPTER I  GENERAL INTRODUCTION 

Thesis Houssemeddine Srihi                 2 

 

Figure 2: Production of pig meat by country FAO statistics data. (Adapted from 

FAOSTAT, 2022) 

1.2.  Pig Sector in Spain 

 

The pig farming sector in Spain stands as one of the nation's most significant agricultural 

industries, characterized by a rich history and a resilient pork production landscape that 

has evolved over the years. Distinguished by its adoption of advanced technologies and 

specialized breeds, Spain's pork industry relies on intensive production methods. 

According to data from the Spanish Ministry of Agriculture, Fisheries, and Food 

(MAPA), the Spanish pig sector holds a pivotal role within the nation's economy, 

constituting approximately 16% of the Final Agrarian Production. Within the broader 

spectrum of livestock production, the pig sector takes the lead in terms of its economic 

significance, contributing a substantial 42% to the Final Livestock Production. In 2022, 

Spain produced approximately 5 million tonnes of pork, representing a modest decline of 

about 2.2% compared to the previous year. This production was derived from the 

processing of 56.6 million pigs, solidifying Spain's leadership within the European Union 

and securing the third position globally, following only China and the United States in 

terms of pork output. 

Spain's expanding role within the European Union is notable, with the country now 

commanding a 22.9% share of the bloc's pork production, surpassing Germany, which 

holds a 20.3% share (see Figure 3). The pig population in Spain exceeds 30 million (see 

Figure 4). This underscores Spain's increasing influence on the European stage; just half 

a decade ago, its production accounted for a mere 18% of the EU's total. Over the past 

five years, while the EU's pork production increased by a marginal 0.3%, Spain's 
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production surged by nearly 24%, highlighting the sector's remarkable expansion at the 

national level. The distribution of the Spanish pig population across its Autonomous 

Communities reveals that Aragón and Cataluña are the leading regions with highest 

number of pigs. Together, these regions account for over 50% of Spain's pig farming, 

with each boasting approximately eight million pigs. Following closely behind is Castilla 

y León, with a count of four million pigs, solidifying its position as the third-largest pig 

farming region in Spain (constituting 14%). Andalucía and the Region of Murcia follow 

with 8% and 6%, respectively (see Figure 5). 

 

Figure 3: Pig meat in EU Members state. (Adapted MAPA, 2022) 
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Figure 4: Pig population in EU membres. (Adapted from EUROSAT, 2022) 

 

Figure 5: Number of pigs in Spain 2020, by autonomous community. (Adapted from 

Mercasa, 2022) 

The success of the Spanish pig farming industry is exemplified by its status as one of the 

world's leading pork exporters. Spanish pork products reach numerous countries across 

the globe, with primary destinations including Italy, France, Germany, Portugal, and 

China. The widespread global distribution of Spanish pork highlights the nation's 

proficiency in consistently supplying high-quality meat products to meet international 

demand. 

In Spain, the majority of pig production falls into two distinct categories: intensive 

production of international white pig breeds and the breeding of Iberian pigs for premium-

quality products. Currently, just over one-tenth of the total pig livestock census comprises 

the Iberian breed. Iberian pigs are selectively raised to produce top-tier products, with 

breeders adhering to stringent guidelines that require at least 50% Iberian lineage to 

qualify within the four categories for Iberian pigs. While representing only a fraction of 

the country's overall pig production, Spain annually raises approximately three million 

Iberian pigs which represents about 11.3% pigs produced nationwide. 
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1.3. Iberian pigs 
 

Iberian pigs, native to the Iberian Peninsula encompassing Spain and Portugal, were 

traditionally raised in a distinctive agroforestry system known as the 'dehesa.' This 

approach involves extensive or semi-extensive management until the pigs reach a body 

weight of 95–105 kg. Subsequently, during the finishing period, referred to as the 

'montanera,' the pigs graze on acorns and pastures until they reach a body weight of 155–

165 kg, typically occurring between 14 and 18 months of age. Purebred pigs produced 

within this 'montanera' phase fall under the top-quality category known as 'etiqueta negra' 

(black label). 

However, in recent years, most fattened Iberian pigs have resulted from crossbreeding, 

typically involving Duroc or Crossbred (Duroc x Iberian) boars paired with Iberian sows. 

This crossbreeding with the Duroc breed enhances precocity, increases lean deposition 

rates (Serrano et al., 2008). These pigs can be reared in various systems, ranging from 

intensive methods where concentrates form the primary diet, to mixed and extensive 

systems that incorporate natural resources such as pastures and acorns. 

To illustrate the numerical significance of the various rearing systems, let's consider data 

from 2017. During that year, a total of 635,000 Iberian pigs were raised using the 

“montanera” method, consisting of 297,000 purebred and 338,000 crossbred with Duroc. 

In contrast, 664,000 pigs were raised in extensive or semi-extensive systems without 

acorn feeding, with the majority being crossbreeds. Additionally, 1,941,000 pigs were 

raised in intensive systems, all of which were crossbreeds. These statistics highlight that 

only 20% of the pigs were raised using the traditional “montanera” system, and a mere 

10% of the total slaughtered pigs were pure Iberian. 
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Figure 6: Iberian pigs in "dehesa" (Fernando , 2018).  

1.3.1. Genetic diversity of Iberian pigs. 

 

There are numerous varieties of Iberian pigs, each characterized by distinct physical traits. 

Variations in morphological attributes, as depicted in Figure 7, encompass both 

qualitative factors such as coat color, ear shape, hair density, and frontonasal profile, as 

well as quantitative factors like snout and ear width, and weight. These differences have 

been comprehensively observed and documented within various sub-populations, as 

reported by Giraldo & Tovar (2001).  

 

Figure 7: Classification of Iberian Pigs. ( Adapted from Rueda & Diéguez, 2004) 
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These morphological distinctions are particularly pronounced in sub-varieties such as 

Torbiscal, Retinto, Entrepelado, and Lampiño, as compared to other sub-populations, as 

emphasized by Benito-Hernández et al. (1997). Moreover, these morphological variations 

are intricately linked to the pigs' lifestyle and diet, exerting a significant influence on the 

quality and flavor of their meat.  

Over the years, researchers have conducted various studies to characterize the different 

varieties of Iberian pigs, including black (Mata et al., 1998) and red varieties (Pardo et 

al., 1998). This study contributed to the morphological differentiation of these varieties 

and their conservation. Further studies by Cabello et al. (2007), López (2009), Rodrigáñez 

et al. (1999) and Clemente et al. (2008) have provided specific descriptions for different 

strains and lines of Iberian pigs. In particular, the Spanish Ministry of Agriculture, 

Fisheries, and Food (MAPA) now recognizes five varieties based on these characteristics: 

Entrepelado: The name Entrepelado is derived from the Spanish word 'pelado,' which 

translates to 'hairless' or 'bald.' These pigs are called 'Entrepelado' because they have 

relatively sparse hair compared to other sub-varieties of Iberian pigs. The hairlessness of 

the Entrepelado pig makes it more manageable and facilitates processing during the 

slaughtering process, offering a significant advantage in the meat industry. The meat from 

the Entrepelado pig possesses a slightly distinct flavor profile compared to other Iberian 

pigs, primarily due to its lower fat content (MAPA, 2016). 

Retinto: Retinto is a sub-variety of Iberian pigs that are native to the south of Spain. This 

sub-variety has a hair color (or coat) that ranges from cinnamon shades to dark or 'retinto', 

and their distinctive long ears. Retinto pigs are usually medium-sized with a weight range 

of around 100-160 kg (MAPA, 2016). 

Torbiscal: This breed is distinguished by its taller stature, a more extended and straighter 

back compared to other breeds, and limbs that lack the highly valued fine structure. 

Additionally, its hooves often exhibit a light streaking that is generally not preferred by 

breeders. The coat of the Torbiscal pig is a slate-red color, with two variations, light and 

dark, and is covered in abundant bristles. Its head is uniquely characteristic, marked by 

the length of its ears and snout (Rodrigáñez et al., 1999).  

Lampiño: Lampiño is an early-maturing animal that tends to fatten quickly. It either lacks 

hair or has very sparse and fine hair, which exposes its characteristic skin folds. The skin 

itself is thin and comes in two shades: deep black and a lighter slate or pale black. The 
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head is well-proportioned with a small forehead, featuring characteristic wrinkles in its 

skin. Its ears are broad and drooping, although some may also have the typical "roof-

eave" shape. The snout is elongated, terminating in a knot that may exhibit 

depigmentation, another characteristic feature of the Lampiño breed. The tail can also 

appear straight and drooping (MAPA, 2016).  

Manchado de Jabugo: Manchado de Jabugo is a native Andalusian subpopulation that 

originated in the towns of Jabugo and Cortegana, situated in the heart of the Sierra de 

Aracena and Picos de Aroche. This group consists of individuals with elongated bodies 

and coats that are either 'retinta' (a reddish-brown color) or 'jara' (a 'dirty white') with 

black spots. The spots have defined outlines on the 'retinta' coat but are less distinct on 

the 'jara' coat (Clemente López et al., 2007). 

This traditional classification is supported by several studies of genetic diversity. An 

earlier study (Martínez et al., 2000) used microsatellite information and involved female 

pigs from Retinto, Negro Lampiño, Entrepelado, Torbiscal, Manchado de Jabugo, and 

Dorado Gaditano lines, along with two contrasting breeds, Duroc-Jersey and Chato 

Murciano. The findings of this research (Martínez et al., 2000) demonstrated significant 

intraracial diversity within the Iberian pig breed, structured into distinct lines and strains 

with clear genetic differentiation. The genetic definition of individuals from the Negro 

Lampiño, Torbiscal, and Manchado de Jabugo strains was particularly remarkable. 

Furthermore, the study confirmed genetic distances between these subpopulations (Figure 

8), revealing the closest genetic proximity between the Retinto and the Entrepelado 

strains, which was expected given the origin of the latter through crossing between 

individuals from the Retinto and Lampiño strains (Clemente et al., 2006). 
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Figure 8: Unweighted pair group method with arithmetic mean (UPGMA) dendrogram 

for genetic distances of Iberian pig varieties and Duroc (Extracted from Martínez et al., 

2000). 

These results were confirmed by Fabuel et al. (2004) and by a recent study performed 

with high-density genotyping conducted by Alonso et al. (2020), they delve into the 

genomic differentiation among three primary strains of Iberian pigs, namely Entrepelado 

(EE), Retinto (RR), and Torbiscal (TT), using high-density genotyping methods. The 

study confirms the genetic closeness between Entrepelado and Retinto strains, 

corroborating earlier findings by Fabuel et al. (2004).  
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1.3.2. Phenotypic characterization of the Iberian pig 

 

The genetic diversity across the different strains of the Iberian pig implies a great 

heterogeneity in the performance in reproductive, productive and carcass and meat quality 

traits.  

Reproductive Traits 

In general, the reproductive performance of the Iberian pig is substantially worse than the 

performance achieved by selected white pig populations (Silio et al., 2001). A summary 

of the reported performance in reproductive traits is presented in Table 1.  

Table 1: Reproductive traits of the Iberian pig breed. 

Trait Range or Average References 

Age at first parturition 10.0–16.5 months  (Rodriguez et al., 1994) 

Litters per year 2.2  (Leenhouwers & Merks, 2013) 

Litter size 7.5 (6.0 to 8.3) (Fernández et al., 2008; García-

Casco et al., 2012) 

Piglet birth weight 1.1–1.4 kg  (Gómez-Carballar et al., 2009, 

2013) 

Stillborn percentage 1.7–20.6% (Perez-Enciso & Gianola, 1992; 

Saura et al., 2015) 

Mortality rate until 

weaning 

2.5–22.9% (Cebrián et al., 2009; Leenhouwers 

& Merks, 2013) 

Duration of lactation Up to 60 days (39 

days on average) 

(Benito-Hernández et al., 1997; 

Gómez-Carballar et al., 2009) 

Farrowing interval Approximately 173 

days 

(Cebrián et al., 2009; Leenhouwers 

& Merks, 2013) 

Weaning weight 6.9–20.8 kg (Aguinaga et al., 2011; Gómez-

Carballar et al., 2009) 

Trend in lactation 

duration 

Reducing to 25–26 

days 

(Romero et al., 2016) 

 

Nevertheless, it must be noted that the data presented so far predominantly involves 

purebred varieties of the Iberian pig. However, scientific literature also provides 
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compelling evidence for heterosis, or hybrid vigor, when such purebred lines are crossed 

(Falconer & Mackay, 1996). The influence of heterosis in reproductive traits of the 

Iberian pig population has been demonstrated by García-Casco et al. (2012). Moreover, 

a recent study (Noguera et al., 2019) analyzed a diallel cross (Eisen et al., 1983) between 

three Iberian pig populations (Retinto, Entrepelado and Torbiscal). The results of this 

study indicated that the effect of heterosis in litter size was over 0.5 piglets in both Total 

Number Born and Number Born Alive.  

Growth traits  

The growth performance stages are categorized as lactation, growing stage (from weaning 

to approximately 30 kg), and early, middle, and late fattening stages, corresponding to 

approximately 30-60 kg, 60-100 kg, and above 100 kg of live body weight, respectively.  

A summary of the reported performance in growth traits in the literature is presented in 

Table 2.  

Table 2: Growth performance traits of the Iberian pig breed. 

Growth Stage Average Daily 

Gain (g/day) 

Weight Range 

(kg) 

References 

Lactation 257 (168-371) -  (Aguinaga et al., 2011) 

Growing 185-524 Up to 30 (Conde-Aguilera et al., 2011) 

Early Fattening 228-566 30-60 (Fernández-Fígares et al., 2008) 

Middle 

Fattening 

181-800 60-100 (Barea et al., 2006) 

Late Fattening 387-1018 Above 100 (Rey & López-Bote, 2001) 

Overall 

Fattening 

181-800 -  (Seiquer et al., 2018) 

 

Table 2 also delineates the distinct growth stages of Iberian pigs. During the lactation 

stage, the average daily gain is between 168 to 371 g/day, comparable to modern white 

sows, though the lactation period in Iberian pigs is significantly elongated, averaging 

around 39 days. In the subsequent growing and fattening stages, there is evident 

heterogeneity in the daily gain, ranging from 185 to 524 g/day in the growing stage, 228 

to 566 g/day in the early fattening stage, 181 to 800 g/day in the middle fattening stage, 
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and 387 to 1018 g/day in the late fattening stage, with the overall fattening stage also 

ranging between 181 to 800 g/day. These numbers indicate the maximum growth 

potential when animals are fed freely or almost freely, marking 524 g/day in the growing 

stage, 800 g/day in the overall fattening stage, and 1018 g/day post 128 kg. The extensive 

variability in daily gains through these stages can be attributed to diverse production 

systems and nutritional regimens, depicting an encompassing overview of the Iberian pig 

breed’s growth performance traits. 

 

Carcass and Meat Quality. 

Carcass traits are central to the understanding of the Iberian pig's production 

characteristics. Table 3 offers insights into various carcass traits based on a compilation 

of numerous studies. These studies have been diverse in nature, with some emulating the 

practical conditions prevalent in the Iberian pig rearing systems, while others focus on 

specific performance and carcass composition parameters throughout different growth 

stages. A notable observation from the data is the deviation from the standard commercial 

slaughter weight typical for this breed. Additionally, the variability in traits such as back 

fat thickness, muscularity, and muscle thickness indicate the Iberian pig's unique 

propensity for fat deposition and its contrast with lean meat content when compared to 

conventional pig breeds (Almeida et al., 2019). The emphasis on premium cuts in the 

studies further highlights this inclination. 

Table 3: Carcass traits of the Iberian pig breed 

Parameter Average 

Value 

Range References 

Final Body Weight 

(kg) 

170 160 to 

190  

(Dobao et al., 1987; Benito et al., 2000 ; 

Daza et al., 2005; Barea et al., 2006) 

Slaughter Age (days) 407 14 to 15 

months 

(Ayuso et al., 2013; Daza et al., 2006; 

Dunker et al., 2007) 

Back Fat Thickness 

(mm) - Withers 

85 35-90 (García-Valverde et al., 2008; Nieto et al., 

2015; Tejerina & García-Torres, 2010) 

Back Fat Thickness 

(mm) - Last Rib 

58 10-90 (Ayuso et al., 2015; Ibáñez-Escriche et al., 

2016; Mayoral et al., 1999) 

Muscularity - Loin Eye 

Area (cm2) 

7,9 5.8 – 9.6  (Daza et al., 2006; Nieto et al., 2003) 

Muscle Thickness - 

Cranial Edge of 

Gluteus Medius (mm) 

14 11.6-16.5 (Martinez-Macipe et al., 2016; Serrano et 

al., 2008) 
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Meat quality is a complex and multifaceted parameter that encompasses various traits that 

define the taste, nutritional value, and sensory characteristics of the final product. In Table 

4, an in-depth overview of meat and fat quality characteristics is provided, with a specific 

focus on the longissimus muscle and back fat tissue. The studies collated in this table 

highlight the pronounced variability in meat quality, with intramuscular fat content 

showing a wide range, indicative of the diversity present in meat attributes. The fatty acid 

profile of the meat is significantly influenced by factors such as diet and management 

practices, which further emphasize the importance of proper management strategies for 

optimal meat quality (Parrini et al., 2023; Serra et al., 1998).  

Table 4: Meat quality of the Iberian pig breed. 

Parameter Average 

Value 

Range References 

Postmortem pH - 45 

min (longissimus 

muscle) 

6.455 6.29–6.62 (Martinez-Macipe et al., 

2016; Serra et al., 1998) 

Postmortem pH - 24 

hours (longissimus 

muscle) 

5.68 5.61–5.75 (Martinez-Macipe et al., 

2016; García-Torres, & 

Cava, 2012)  

Intramuscular Fat 

Content (%) 

6.9 3.0 – 9.8 (Daza et al., 2007, 2008; 

Dunker et al., 2007; 

Tejerina et al., 2012) 

Color (L, a, b) L: 44 

a*: 11.5 

b*: 6.6 

L: 34 –54,  

a*: 7.5 –14.8 

b*: 1.7 –13.6 

(Cava et al., 2003; Estévez 

et al., 2003; Muriel et al., 

2004) 

Intramuscular Fat 

(SFA, MUFA, PUFA % 

in longissimus muscle)  

SFA: 38 

MUFA: 56 

PUFA :7 

31.3% to 46.3% 

42.8% to 58.4% 

3.5% to 8.7%  

(Cava et al., 2003; Muriel 

et al., 2004; Tejerina et al., 

2012) 

SFA: Saturated Fatty Acids; MUFA: Monounsaturated Fatty Acids; PUFA: Polyunsaturated 

Fatty Acids. 
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The Iberian pig is well-adapted to the “Dehesa” environment in southwestern Spain, 

characterized by a savannah landscape composed of grass, cork, and holm oaks with 

seasonal production. Traditionally, Iberian pig production was dominated by purebred 

varieties and extensive management practices. The genetic improvement was performed 

empirically, leading to the varieties or subpopulations described in the previous chapter. 

However, in the recent decades, the Iberian pig production has been split in several 

productive strategies that ranges between purebred production with traditional extensive 

methods to crossbreeding with Duroc sires and intensive farming practices.  

1. Genetic Improvement in Purebred Iberian Pigs 
 

The heterogeneity of production methods strongly conditioned the genetic improvement 

program conducted by AECERIBER (Asociación Española de Criadores de Cerdo 

Ibérico). The overall objective of the breeding program for the Iberian Pig should take 

into account the existence of highly differentiated productive modalities. The specific 

objectives of selection are: 

- Reproductive performance (prolificacy and maternal aptitude -milk production-) 

- Early growth (weaning weight and weight at 75 days) 

- Carcass quality (percentage of premium cuts: ham, loin and shoulder)  

- Meat Quality (percentage of intramuscular fat) 

 

To achieve these objectives, the breeding program designed by AECERIBER used three 

indexes: maternal, piglet and full cycle. The “Maternal Index” is focused on improving 

the reproductive performance and it implies the genetic evaluation for three traits: 

Number of Piglet Born Alive (NBA), Number of Weaned Piglets (NWP) and Litter 

Weight (LW). The model for genetic evaluation for the three traits is: 

𝒚 = 𝑿𝒃 + 𝒁𝒖 + 𝑾𝒄 + 𝒆 

where y is the vector of phenotypic records, b is the vector of systematic effects that 

includes the general mean plus age of the dam and herd-year-season, u is the vector of 

the additive genetic effects, c is the vector of litter effects and e is the vector of residuals. 

Further, X, Z and W are the corresponding incidence matrices. The assumed heritabilities 

were 0.07, 0.08 and 0.16 for NBA, NWP and LW, respectively. Diving deeper into the 
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heritability for NBA in Iberian pig populations, García-Casco et al. (2012) provided a 

heritability estimate of 0.06. In alignment, Fernández et al. (2008) reported a value of 

0.09 for the same trait. Concurrently, the same research determined the heritability for the 

Number of Weaned Piglets (NWP) to range between 0.10 and 0.20. As for the Litter 

Weight (LW), the ascertained heritability spanned between 0.12 and 0.25 (Fernández-

Fígares et al., 2008). 

The genetic evaluation of the three traits is performed by a univariate BLUP and the 

prediction of genetic indexes is weighted as 0.5 × 𝑁𝐵𝐴 + 0.25 × 𝑁𝑊𝑃 + 0.25 × 𝐿𝑊. 

The LW trait is not recorded in all farms. Therefore, the “maternal index” for farms 

without that index is 0.5 × 𝑁𝐵𝐴 + 0.25 × 𝑁𝑊𝑃. 

Regarding the “Piglet Index” the AECERIBER breeding program focuses on enhancing 

early growth by emphasizing the genetic evaluation of two primary traits: Piglet Weight 

(PW45) and Piglet Weight at 75 days (PL75).  Fernández et al. (2008) provided insights 

into the heritability of litter weight at 21 days, revealing a range of 0.10 to 0.15. Delving 

deeper into the growth trajectory, both PW45 and PL75 exhibit heritability estimates 

ranging from 0.15 to 0.30. This suggests a moderate to high genetic influence, which 

becomes increasingly evident as piglets age. 

The model for this genetic evaluation used by AECERIBER is: 

𝒚 = 𝑿𝒃 + 𝒁𝒖 + 𝑾𝒄 + 𝒆 

 

Where y represents the vector of phenotypic records for Piglet Weight (PW), b denotes 

systematic effects that include the general mean, the gender of the piglet, and a fixed 

effect accounting for seasonal influences. The vector u accounts for the additive genetic 

effects of the piglet, while c captures the environmental effects shared among piglets from 

the same litter, and e signifies the vector of residuals. As before, X, Z and W are the 

corresponding incidence matrices. 

The genetic evaluation is performed through a univariate BLUP approach. Finally, the 

piglet indexes are formulated as 0.5×PW45 + 0.5×PW75, providing breeders with 

insights into early growth potential.  

The “Full Cycle Index”, is also a part of the breeding program for the Iberian pig breed, 

prioritizes the enhancement of premium cuts (hams, shoulders, and loins) which account 
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for 65% of the carcass value. The selection criterion focuses on a combined index that 

encompasses the percentages of the weights of hams and shoulders relative to the carcass 

weight (post fat trimming and prior to salting) as well as the percentage of loins free from 

fat. Studies, notably by Fernández et al. (2003), underscore the high heritability of 

attributes such as weight and yield of noble cuts, pinpointing a heritability range of 0.40 

to 0.50. This observation is consistent with findings by Xie et al. (2023), for other pig 

breeds including Landrace, Yorkshire, and their crossbreeds where they find moderate to 

high heritability’s for 12 distinct carcass traits and six meat quality traits across these four 

pig populations.  

AECERIBER's extensive genetic parameter records, particularly those related to 

premium cut yield, will be used to perform genetic evaluations using a BLUP-Animal 

Model based on a multitrait model. The four traits evaluated are Ham Percentage on the 

Carcass (HP), Shoulder Percentage (SP), Loin Percentage (LP), and Intramuscular Fat 

Percentage (%IMF). 

𝒚𝒊 = 𝑿𝒊𝒃𝒊 + 𝒁𝒊𝒖𝒊 + 𝒆𝒊 

 

In this model, 𝒚𝒊 (with i ranging from 1 to 4) represents records for characteristics: Ham 

Percentage on the Carcass (HP), Shoulder Percentage (SP), Loin Percentage (LP), and 

Intramuscular Fat Percentage (%IMF), respectively. Further, 𝒃𝒊 are the vectors of 

systematic effects, that include the mean, sex effects, covariables of carcass weight (for 

HP, SP, LP) and age at sacrifice (for %IMF). Furthermore, 𝒖𝒊 correspond to the vectors 

of additive genetic effects and 𝒆𝒊 are the vectors of random residuals. 

The predictions of breeding values for HP, SP, and LP are subsequently integrated to 

formulate the “Carcass Yield Index” (CY𝐼𝑖):  

 

CY𝐼𝑖 = 1/3H𝑃𝑖 + 1/3S𝑃𝑖 + 1/3L𝑃𝑖 

 

Finally, the prediction of breeding values for the percentage of Intramuscular Fat (%IMF) 

are directly interpreted as the “Carcass Quality Index” (CQ𝐼𝑖). 

A summary of the genetic indexes using for the genetic improvement of purebred Iberian 

pig in the AECERIBER breeding program are summarized in the Table 5.  
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Table 5: Selection objectives, selection criteria, traits under study and statistical models 

used in the breeding program in Iberian pig.  

Selection objectives Selection criteria Traits 
Statistical 

models 

Prolificacy and 

maternal ability 

 

Maternal Index 

 

NBA, NWP, 

 LW 

ST-BLUP 

 

Growth rate at early 

months of age 

 

Piglet Index 

 
PW45, PL75 

ST-BLUP 

 

Carcass quality as 

noble cuts yield 

Complete Cycle Index 

 

HP, SP, 

LP, %IMF 

MT-BLUP 

 

 

NBA: the Number of Piglets Born Alive; NWP: Number of Weaned Piglets; LW: Litter Weight; 

PW45: piglet Weight at 45 days; L75: piglet Weight at 75 days; HP: Ham percentage on the 

carcass; SP; shoulder percentage; LP: loin percentage; %IMF: intramuscular fat percentage; ST-

BLUP: single trait animal model Best Linear Unbiased Prediction; MT-BLUP: multi trait animal 

model Best linear Unbiased Prediction. 

 

2. Genetic Improvement in Crossbred Iberian Pigs 
 

The breeding program implemented by AECERIBER focuses on purebred Iberian pigs. 

However, the breeding programs of the white pigs are mainly center around a three-way 

cross, involving three populations are involved (see Figure 9). 
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Figure 9: Three Way Cross for pigs.  

 

Two of these populations generate the hybrid sow with the aim of achieving heterosis, 

and the sows are later mated with sires from the third or paternal population that provided 

complementarity. Following the same strategy, the INGA FOOD S. A. company and 

IRTA started a research program to identify the best hybrid sow between the strains of 

Iberian pig. Over the years, the core of this research has been anchored on two 

fundamental pillars. The initial step was to perform a diallel cross between three strains 

of Iberian pig (Retinto, Entrepelado and Torbiscal), focusing on their genetic-productive 

attributes (see Figure 10). The main aim was to harness the benefits of heterosis (hybrid 

vigor) and their mutual complementarity across various traits, encompassing 

reproductive, productive, carcass quality, and meat quality to identify the best cross in 

terms of productive and reproductive characteristics. 
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Figure 10: Diallel Crossbreeding Analysis of Iberian Pig Strains. 

 

The results of the study suggest that the cross between Retinto as sire and Entrepelado as 

dam provided a clear advantage in terms of litter size (Noguera et al., 2019; Varona et al., 

2020) and intramuscular fat (Ibañez-Escriche et al., 2016). Based on these findings, INGA 

FOOD S.A. initiated a breeding program within their private Retinto and Entrepelado 

populations, aiming to enhance the performance of their hybrid sow, known as CASTUA, 

that will be mated later with Duroc boars (Noguera & Ibáñez-Escriche, 2017) (refer to 

figure 11).  
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Figure 11: Crossbreeding design with the CASTUA sows. 

 

Once the crossbreeding (Retinto x Entrepelado) was determined, the CASTUA breeding 

program was designed to improve the reproductive and productive traits in the crossbred 

sows and final products. Therefore, the parental populations, Retinto and Entrepelado, 

are evaluated using two primary genetics indices. The “Maternal Index” assesses Litter 

Size, Variability of Litter Size, and Litter Weight, while the “Paternal Index” focuses on 

Backfat Thickness, Weight at 180 days, and Feed Efficiency for boars. The statistical 

models were equivalent to the ones described for the purebred breeding programs of 

AECERIBER. It is important to note that, nowadays, these genetics evaluations are 

exclusively carried out within pure lines using purebred phenotypic information.  
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The breeding program for crossbred Iberian sows developed by the company INGA 

FOOD S. A. involves the selection of purebred individuals and crossbreeding to generate 

an 100% Iberian hybrid sow known as CASTUA. The CASTUA sows exhibit a 

significant increase in litter size thanks to the heterosis effects, as reported by Noguera et 

al. (2019). However, this increase is still considerably lower when compared to other 

commercial pig breeds (Silio et al., 2001). Additionally, the study of Noguera et al. (2019) 

reveals a noteworthy difference in litter size between the two reciprocal crosses 

(Entrepelado x Retinto and Retinto x Entrepelado).  

The breeding program places particular emphasis on litter size due to its crucial impact 

of the economic efficiency in intensive farms when crossing with Duroc sires. However, 

there are several challenges that need to be addressed to achieve a higher response to 

selection in litter size in the crossbred populations. Among then, the studies developed in 

this thesis will focus on: 

- Assessing the predictive ability of breeding values in purebred populations to 

enhance crossbred performance through the estimation of the genetic correlation 

between purebred and crossbred performance.  

- Exploring the causes of the performance differences between the reciprocal 

crosses Entrepelado x Retinto and Retinto x Entrepelado and their consequences 

in the expected response to selection.  

 

1. Genetic correlation between purebred and crossbred performance 
 

The breeding program implemented by INGA FOOD S. A. is centered around the genetic 

prediction of the breeding values in purebred individuals to enhance the crossbred 

performance in the CASTUA sow. This strategy is built on the assumption of a high and 

positive additive genetic correlation (rpc) between purebred and crossbred performance. 

The genetic correlation (rpc) between purebred and crossbred performance is an important 

parameter, as the response to selection in crossbred performance depends on its value 

when selection is based on purebred performance. However, if the genetic correlation 

between purebred and crossbred performance is low, relying on purebred performance 

might not accurately reflect the crossbred performance. The reasons of a low genetic 

correlation may stem from differences in the allele frequencies between parental lines 
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when non-additive genetic effects are relevant (Duenk et al., 2021), or from genotype x 

environmental interactions under varying environmental conditions (Dekkers, 2007; 

Esfandyari et al., 2015; Ibáñez-Escriche et al., 2009). The literature offers mixed results 

of the estimation of rpc (Wientjes & Calus, 2017), but it has been never explored within 

the context of the Iberian pig or within the cross involved in the generation of the 

CASTUA sow.  

A straightforward method for integrating performance from purebred animals (PB) with 

information from crossbred relatives (CB), involves treating PB and CB performance as 

expressions of distinct traits with a genetic correlation between them (𝑟𝑝𝑐). This approach 

is based on the idea that the genetic correlation between PB and CB performance can be 

estimated and used to predict the performance of CB animals from the performance of 

PB animals (Esfandyari et al., 2015; González-Diéguez et al., 2020; Jiang & Groen, 

1999). The statistical model, developed by Wei & Van Der Werf (1994), describes this 

approach. To illustrate, consider a cross (C) between two purebred populations (A and 

B). Therefore, the multiple trait model of analysis would be as follows:  

(

𝒚𝑨

𝒚𝑩

𝒚𝑪

) = (
𝑿𝑨 0 0
0 𝑿𝑩 0
0 0 𝑿𝑪

)(
𝒃𝑨

𝒃𝑩

𝒃𝑪

) + (
𝒁𝑨 𝟎 𝟎 𝟎
𝟎 𝟎 𝒁𝑩 𝟎
𝟎 𝒁𝑨𝑪 𝟎 𝒁𝑩𝑪

)(

𝒖𝑨

𝒄𝑨𝑪

𝒖𝑩

𝒄𝑩𝑪

) + (

𝒆𝑨

𝒆𝑩

𝒆𝑪

) 

where the vectors 𝒚𝐴, 𝒚𝐵 and 𝒚C contain phenotypic records from breeds A, B and 

crossbred (C) animals, respectively; 𝒃𝑨, 𝒃𝑩 and 𝒃𝑪 are vectors of fixed effects and 𝒆𝑨, 

𝒆𝑩 and 𝒆𝑪 are the vectors of residuals for A, B and C populations, respectively; 𝒖𝑨 and 

𝒖𝑩 are vectors of additive genetic effects for the A and B populations; 𝒄𝑨𝑪 and 𝒄𝑩𝑪 are 

the vectors of additive genetic effects of animals in the C population originating from 

populations A and B, respectively. Further,  𝑿𝑨, 𝑿𝑩, 𝑿𝑪, 𝒁𝑨, 𝒁𝑩, 𝒁𝑨𝑪  and 𝒁𝑩𝑪 are 

incidence matrices that relates phenotypic records with fixed and random effects, 

respectively. The total breeding value of crossbred 𝒖𝑪 includes 𝒄𝑨𝑪 and 𝒄𝑩𝑪 plus the 

mendelian sampling (𝝓𝑪). In this model, the mendelian samplings are included in the 

residuals (𝒆𝑪). 

The variances of the additive genetic effects are: 

𝑉𝑎𝑟 (

𝒖𝑨

𝒄𝑨𝑪

𝒖𝑩

𝒄𝑩𝑪

) = (

𝑔𝐴𝐴𝑨𝑨 𝑔𝐴𝐶𝑨𝑨 0 0
𝑔𝐴𝐶𝑨𝑨 𝑔𝐶𝐶𝐴𝑨𝑨 0 0

0 0 𝑔𝐵𝐵𝑨𝑩 𝑔𝐵𝐶𝑨𝑩

0 0 𝑔𝐵𝐶𝑨𝑩 𝑔𝐶𝐶𝐵𝑨𝑩

) 
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where 𝑨𝑨 and 𝑨𝑩 are the numerator relationship matrices for populations A and B, 

respectively; 𝑔𝐴𝐴 and 𝑔𝐵𝐵 are the additive genetic variances for populations A and B; 

𝑔𝐶𝐶𝐴 and 𝑔𝐶𝐶𝐵 are the additive genetic variances of population A and B alelles in the 

crossbred individuals. Finally, 𝑔𝐴𝐶 and 𝑔𝐵𝐶 are the genetic covariances between the 

purebred (A and B) and the crossbred (C).  

Note that purebred individuals of populations A and B are not genetically related, and 

that the genetic connections between young candidates in the purebred with the crossbred 

populations are only collateral. These constrains of the pedigree information can be 

partially addressed by the advent of genomic selection procedures pioneered by 

Meuwissen et al. (2001), facilitated by the development of SNP chips. The initial 

approach for the genomic evaluation incorporating information from purebred and 

crossbred individuals was formulated by Ibáñez-Escriche et al. (2009), who defined an 

SNP based model assuming population specific substitution effects.  

Later,  Christensen et al. (2014) reformulated the Wei & Van Der Werf (1994) model by 

incorporating breed-specific partial relationships matrices (García-Cortés & Toro, 2006). 

The statistical model of analysis remains consistent with the description above. However, 

in this approach, the genetic covariances for populations A and B were defined as follows: 

 

𝑉𝑎𝑟 (

𝒖𝑨

𝒖𝑨𝑪

𝒄𝑨

𝒄𝑨𝑪

) = 𝚺(𝐴)⨂𝐀(𝐴)    𝑎𝑛𝑑       𝑉𝑎𝑟 (

𝒖𝑩

𝒖𝑩𝑪

𝒄𝑩

𝒄𝑩𝑪

) = 𝚺(𝐵)⨂𝐀(𝐵) 

 

where 𝒖𝑨𝑪  and 𝒖𝑩𝑪 are artificial random vectors that represent the additive genetic effects 

of the crossbred individuals in the purebred populations. Further, 𝒄𝑨 and 𝒄𝑩 are the 

additive genetic effects of purebred individuals for crossbreeding, 𝚺(𝐴) and 𝚺(𝐵) are the 2 

x 2 (co)variances matrices for the purebred and crossbred performance in the A and B 

populations. Finally, 𝐀(𝐴) and 𝐀(𝐵) are the partial numerator relationship matrices 

(García-Cortés & Toro, 2006), that are calculated as: 

 

𝐀(𝐴) = (
𝑨𝑨 0.5𝑨𝑨𝑻𝑪,𝑨

′

0.5𝑻𝑪,𝑨
 𝑨𝑨 𝑨𝑪

(𝐴) )    𝐀(𝐵) = (
𝑨𝑩 0.5𝑨𝑩𝑻𝑪,𝑩

′

0.5𝑻𝑪,𝑩
 𝑨𝑩 𝑨𝑪

(𝐵) ) 

where 𝑨𝑨 and 𝑨𝑩 are the numerator relationship matrix between the individuals of the 

populations A and B, respectively, 𝑨𝑪
(𝐴)

 and 𝑨𝑪
(𝐵)

 are the partial relationship matrices 
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between the crossbred individuals (C) with origin in the A and B populations, 

respectively.  Finally, 𝑻𝑪,𝑨
  and 𝑻𝑪,𝑩

  are the matrices assign purebred parents to crossbred 

origin.  

The genealogical partial relationship matrices (𝐀(𝐴) and 𝐀(𝐵)) can be replaced by to the 

marker based partial relationship matrix (𝐆(𝐴) and 𝐆(𝐵)) that are computed with an 

algotirhm similar to the one described by VanRaden (2008) for the genomic relationship 

matrix. In particular   

𝐆(𝐴) = (
𝑮𝐴,𝐴

(𝐴)
𝑮𝐴,𝐶

(𝐴)

𝑮𝐶,𝐴
(𝐴)

𝑮𝐶,𝐶
(𝐴)

) and 𝐆(𝐵) = (
𝑮𝐵,𝐵

(𝐵)
𝑮𝐵,𝐶

(𝐵)

𝑮𝐶,𝐵
(𝐵)

𝑮𝐶,𝐶
(𝐵)

) 

which are calculated from the SNP marker information as: 

 

𝑮𝐴,𝐴
(𝐴)

=
(𝒎𝑨 − (2𝒑𝑨 − 1)𝟏′)(𝒎𝑨 − (2𝒑𝑨 − 1)𝟏′)′

𝑠𝐴
 

𝑮𝐴,𝐶
(𝐴)

=
(𝒎𝑨 − (2𝒑𝑨 − 1)𝟏′)(𝒒𝑨 − (𝒑𝑨 − 0.5)𝟏′)′

𝑠𝐴
 

𝑮𝐶,𝐶
(𝐴)

=
(𝒒𝑨 − (𝒑𝑨 − 0.5)𝟏′)(𝒒𝑨 − (𝒑𝑨 − 0.5)𝟏′)′

𝑠𝐴
 

𝑮𝐵,𝐵
(𝐵)

=
(𝒎𝑩 − (2𝒑𝑩 − 1)𝟏′)(𝒎𝑩 − (2𝒑𝑩 − 1)𝟏′)′

𝑠𝐵
 

𝑮𝐵,𝐶
(𝐵)

=
(𝒎𝑩 − (2𝒑𝑩 − 1)𝟏′)(𝒒𝑩 − (𝒑𝑩 − 0.5)𝟏′)′

𝑠𝐵
 

𝑮𝐶,𝐶
(𝐵)

=
(𝒒𝑩 − (𝒑𝑩 − 0.5)𝟏′)(𝒒𝑩 − (𝒑𝑩 − 0.5)𝟏′)′

𝑠𝐵
 

Where 𝒎𝑨 and 𝒎𝑩 are the marker genotype matrices for purebred individuals of the A 

and B population,  𝑠𝐴 and 𝑠𝐵 is a scaling parameter. They have elements 𝑚𝑖𝑗
𝑋= -1, 0 or 1 

if the jth SNP of the ith individual is 11, 12, or 22. The 𝒒𝑨 and 𝒒𝑩 are the marker allele 

matrices with elements 𝑞𝑖𝑗
𝑋= -1,1 if the jth SNP of the ith individual received from the 

population X is 1 or 2, respectively. Finally,  𝒑𝑨 and 𝒑𝑩 are the allelic frequencies in the 

purebred populations A and B. It must be noted that the calculation of 𝒒𝑨 and 𝒒𝑩 requires 

haplotype phasing in the crossbred individuals.  

Nevertheless, Stuber & Cockerham (1966) demonstrated that gene substitution effects 

can be defined within populations or across populations. Furthermore, if all the non-

additive effects are considered, both approaches are equivalent. The definition of the gene 

substitution effects across populations implies the use of “biological” effects linked to the 
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SNP markers rather than “statistical” effects. However, this necessitates transforming 

these “biological” effects into “statistical” effects for calculating additive genetic 

variances, covariances, and correlations. 

 

The relationships between the “biological” and “statistical” definition for a bialelic gene 

or SNP with “biological” effects of a, d and -a for genotypes 11, 12 and 22 are illustrated 

in Table 6 for one population (A) with allelic frequency pA for the 1 allele and qA for the 

allele 2 and their crossbreds with another population (B) with allelic frequencies pA and 

pB. In the table, 𝛼𝐴 = 𝑎 + (1 − 𝑝𝐴)𝑑 and 𝛼𝐴→𝐵 = 𝑎 + (1 − 𝑝𝐵)𝑑 are the allelic 

substitution effects of the A population in the purebred (𝛼𝐴) and in the crossbred (𝛼𝐴→𝐵) 

populations, respectively. 

 

Table 6: “Biological” and “statistical” genetics effects for a biallelic gene with for one 

population (A) with allelic frequency pA for the 1 allele and qA for the allele 2 and their 

crossbreds with another population (B) with allelic frequencies pA and pB. 

 Genotypes 

 1-1 1-2 2-2 

Biological a d -a 

Statistical (Purebred) 2𝑞𝐴𝛼𝐴 (𝑞𝐴 − 𝑝𝐴)𝛼𝐴 −2𝑝𝐴𝛼𝐴 

Statistical (Crossbred) 2𝑞𝐴𝛼𝐴→𝐵 (𝑞𝐴 − 𝑝𝐴)𝛼𝐴→𝐵 −2𝑝𝐴𝛼𝐴→𝐵 

a: additive genetic effect; d: dominance effect; p: The frequency of allele 1 in the 

population; q: The frequency of allele 2 in the population. 

 

Computationally, the “biological” approach does not require the knowledge of the allele 

origin in the crossbred populations, but involves the inclusion of non-additive effects, 

such as the dominance genetic variation.  

 

 

 

 



CHAPTER III                 CHALLENGES 

 

Thesis Houssemeddine Srihi                32 

2. Dominance Genetic Variation 
 

Pig litter size is a trait characterized by low heritability (Bidanel, 2011).Theoretically, the 

genetic variability in traits with low heritability traits is expected to be more associated 

with non-additive mode of inheritance (Falconer & Mackay, 1996). Dominance is a non-

additive genetic effect that refers to the interaction between alleles at the same locus 

(Falconer & Mackay, 1996), where one allele masks the expression of the other. The 

impact of dominance and other non-additive effects on hybrid performance, such as 

heterosis or hybrid vigor, cannot be overlooked in animal breeding programs. Moreover, 

knowledge of non-additive genetic variation can be valuable for the prediction of future 

mating outcomes (Toro & Varona, 2010; Varona & Misztal, 1999).  

The model for estimation of dominance genetic variance includes a dominance effect (d) 

into the standard mixed model equations, as follows: 

𝒚 = 𝑿𝒃 + 𝒁𝒖 + 𝒁𝒅 + 𝒆 

where y is the vector of phenotypic records, b is the vector of systematic effects, u is the 

vector of breeding values (additive genetic effects), d are the dominance effects and e is 

the vector or residuals. The variances of the random effects under this model are: 

𝑉𝑎𝑟 (
𝒖
𝒅
𝒆
) = (

𝑨𝜎𝑎
2 0 0

0 𝑫𝜎𝑑
2 0

0 0 𝑰𝜎𝑒
2

) 

where A represents the numerators relationship matrix, D is the dominance relationship 

matrix, and I is the identity matrix. Further, 𝜎𝑎
2, 𝜎𝑑

2 and 𝜎𝑒
2 denote the additive genetic 

variance, the dominance genetic variance and the residual variance, respectively. The 

estimation of variance component and the prediction of breeding values require the 

calculation of the inverses of A and D, achievable through the procedures outlined by 

Henderson (1976) and Hoeschele & VanRaden (1991), respectively. 

Nevertheless, estimations of non-additive effects using genealogical and phenotypic 

information in livestock population have been limited (Misztal et al., 1998). This scarcity 

is attributed to the fact that the available information is primary derived from the 

resemblance between fullsibs or double cousins. Moreover, the calculations involved are 

complex and, for practical purposes, the statistical additive variance captures biological 

dominance or higher order interaction effects (Hill, 2010).  
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This landscape has undergone a profound transformation with the introduction of massive 

genotypic information provided by SNP chips, addressing some of the previously existing 

limitations. Following the study of Vitezica et al. (2013), the A and D matrices can be 

replaced by the additive (𝑨𝑮) and dominance (𝑫𝑮) genomic covariance matrices. The 

calculation of the 𝑨𝑮 matrix follow the rules described by VanRaden (2008) as follows: 

𝑨𝑮 =
𝑻𝑻′

{𝑡𝑟[𝑻𝑻′] 𝑛⁄ }
 

where the T matrix is the incidence matrix composed by one vector for each individual. 

These vectors include values (2-2pi), (1-2pi) and (-2pi) for the SNP genotypes 11,12, and 

22, respectively. Further, n is the number of SNP and pi is the allelic frequency of the ith 

SNP. 

The calculation of the 𝑫𝑮 linked with the “statistical” dominance deviations was 

described by Vitezica et al. (2013) and Nishio & Satoh (2015) as: 

 

𝑫𝑮 =
𝑾𝑾′

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }
 

 

where 𝑾 is composed by individual vector with values -2(1-pi)
2, 2pi (1-pi) and -2pi

2 for 

the SNP genotypes 11, 12 and 22, respectively. Alternatively, the model can be also 

parameterized as the “biological” genotypic additive and dominant effects (Su et al., 

2012). With this parameterization the 𝑫𝑮 matrix is: 

𝑫𝑮 =
𝑯𝑯′

{𝑡𝑟[𝑯𝑯′] 𝑛⁄ }
 

 

here, H is composed by -2pi (1-pi), 1-2pi (1-pi) and -2pi (1-pi) for the SNP genotypes 11, 

12 and 22. Vitezica et al. (2013) demonstrated the numerical equivalence between the  

“biological” and the “statistical” models. Moreover, the estimates of the “biological” 

genotypic model can be transformed to the “statistical” additive and dominant effects by 

using the vector of the allelic frequencies in the base generation of any population.  

Therefore, the “biological” approach for dominance has been postulated to analyze data 

for purebred (A and B populations) and crossbred (C population) individuals (Vitezica et 

al., 2016) as follows: 
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(

𝒚𝑨

𝒚𝑩

𝒚𝑪

) = (
𝑿𝑨 0 0
0 𝑿𝑩 0
0 0 𝑿𝑪

)(
𝒃𝑨

𝒃𝑩

𝒃𝑪

) + (
𝒁𝑨 𝟎 𝟎
𝟎 𝒁𝑩 𝟎
𝟎 𝟎 𝒁𝑪

)(

𝒖𝑨

𝒖𝑩

𝒖𝑪

) 

+(
𝒁𝑨 𝟎 𝟎
𝟎 𝒁𝑩 𝟎
𝟎 𝟎 𝒁𝑪

)(

𝒗𝑨

𝒗𝑩

𝒗𝑪

) + (

𝒆𝑨

𝒆𝑩

𝒆𝑪

) 

 

with variances: 

𝑣𝑎𝑟 (

𝒖𝑨

𝒖𝑩

𝒖𝑪

) = 𝑮𝒐⨂𝑨𝑮  

𝑣𝑎𝑟 (

𝒗𝑨

𝒗𝑩

𝒗𝑪

) = 𝑫𝒐⨂𝑫𝑮 

 

Being 𝑨𝑮 and 𝑫𝑮 the “biological” additive (𝑨𝑮) and dominance (𝑫𝑮) genomic covariance 

matrices calculated with allelic frequencies p=q= 0.5 for all SNP markers and 𝑮𝒐 and 𝑫𝒐 

are the genotypic additive and dominance covariance matrices as: 

 

𝑮𝒐 = [

𝜎𝑈𝐴

2 𝜎𝑈𝐴𝑈𝐵
𝜎𝑈𝐴𝑈𝐶

𝜎𝑈𝐴𝑈𝐵
𝜎𝑈𝐵

2 𝜎𝑈𝐵𝑈𝐶

𝜎𝑈𝐴𝑈𝐶
𝜎𝑈𝐵𝑈𝐶

𝜎𝑈𝐶

2

] and 𝑫𝒐 = [

𝜎𝑉𝐴

2 𝜎𝑉𝐴𝑉𝐵
𝜎𝑉𝐴𝑉𝐶

𝜎𝑉𝐴𝑉𝐵
𝜎𝑉𝐵

2 𝜎𝑉𝐵𝑉𝐶

𝜎𝑉𝐴𝑉𝐶
𝜎𝑉𝐵𝑉𝐶

𝜎𝑉𝐶

2

] 

 

Being 𝜎𝑈𝑋

2  and 𝜎𝑉𝑋

2  the additive and dominant genotypic variance for the X={A,B or C} 

populations, and 𝜎𝑈𝑋𝑈𝑌
 and 𝜎𝑉𝑋𝑉𝑌

 are the additive and dominant genotypic covariance 

between the X={A,B or C}  and Y={A,B or C}  populations. Given them, the additive 

and dominance variance components (𝜎𝑎𝐴
2  and 𝜎𝑑𝐴

2 ) associated with each SNP are: 

 

[

𝜎𝑎𝐴
2

𝜎𝑎𝐵
2

𝜎𝑎𝐶
2

] =

[
 
 
 
 
 

𝜎𝑈𝐴
2

{𝑡𝑟[𝑻𝑻′] 𝑛⁄ }

𝜎𝑈𝐵
2

{𝑡𝑟[𝑻𝑻′] 𝑛⁄ }

𝜎𝑈𝐶
2

{𝑡𝑟[𝑻𝑻′] 𝑛⁄ }]
 
 
 
 
 

       and         [

𝜎𝑑𝐴
2

𝜎𝑑𝐵
2

𝜎𝑑𝐶
2

] =

[
 
 
 
 
 

𝜎𝑉𝐴
2

{𝑡𝑟[𝑯𝑯′] 𝑛⁄ }

𝜎𝑉𝐵
2

{𝑡𝑟[𝑯𝑯′] 𝑛⁄ }

𝜎𝑉𝐶
2

{𝑡𝑟[𝑯𝑯′] 𝑛⁄ }]
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The additive (𝜎𝐴𝑋

2 ) and dominance (𝜎𝐷𝑋

2 ) genetic variances of the X={A, B} purebred 

population were: 

 

𝜎𝐴𝑋

2 = ∑ 2𝑝𝑋𝑖𝑞𝑋𝑖𝜎𝑎𝑋
2 + 2𝑛

𝑖=1 𝑝𝑋𝑖𝑞𝑋𝑖(𝑞𝑋𝑖 − 𝑝𝑋𝑖)
2𝜎𝑑𝑋

2   

𝜎𝐷𝑋

2 = ∑ (2𝑝𝑋𝑖q𝑋𝑖)
2𝜎𝑑𝑋

2𝑛
𝑖=1   

Where 𝑝𝑋𝑖 and q𝑋𝑖 are the allelic frequencies for A1 and A2 at the ith SNP marker and the 

X= {A,B} population. The estimates of the contributions to the additive variance in the 

crossbred population from the A (𝜎𝐴𝐶(𝐴)

2 ) and B (𝜎𝐴𝐶(𝐵)

2 ) populations were: 

 

𝜎𝐴𝐶(𝐴)

2 = ∑ 2𝑝𝐵𝑖𝑞𝐵𝑖𝜎𝑎𝐶
2 + 2𝑛

𝑖=1 𝑝𝐵𝑖𝑞𝐵𝑖(𝑞𝐴𝑖 − 𝑝𝐴𝑖)
2𝜎𝑑𝐶

2   

𝜎𝐴𝐶(𝐵)

2 = ∑ 2𝑝𝐴𝑖𝑞𝐴𝑖𝜎𝑎𝐶
2 + 2𝑛

𝑖=1 𝑝𝐴𝑖𝑞𝐴𝑖(𝑞𝐵𝑖 − 𝑝𝐵𝑖)
2𝜎𝑑𝐶

2   

 

and, following Vitezica et al. (2016), the additive variance in the crossbred population 

(𝜎𝐴𝐶

2 ) was the average of these two values: 

 

𝜎𝐴𝐶

2 =
1

2
𝜎𝐴𝐶(𝐴)

2 +
1

2
𝜎𝐴𝐶(𝐵)

2   

 

the estimate of the dominance variance of the crossbred population (𝜎𝐷𝐶

2 ) was calculated 

as follows: 

𝜎𝐷𝐶

2 = ∑ 4𝑝𝐴𝑖q𝐴𝑖𝑝𝐵𝑖q𝐵𝑖σ𝑑𝐶

2𝑛
𝑖=1   

 

and the covariance between purebred-crossbred additive genetic effects in the A 

(𝜎𝐴𝐴𝐴𝐶(𝐴)
) and B (𝜎𝐴𝐵𝐴𝐶(𝐵)

) populations were as follows: 

 

𝜎𝐴𝐴𝐴𝐶(𝐴)
= ∑ 2𝑝𝐵𝑖𝑞𝐵𝑖𝜎𝑎𝐴𝑎𝐶

+ 2𝑛
𝑖=1 𝑝𝐵𝑖𝑞𝐵𝑖(𝑞𝐴𝑖 − 𝑝𝐴𝑖)

2𝜎𝑑𝐴𝑑𝐶
  

𝜎𝐴𝐵𝐴𝐶(𝐵)
= ∑ 2𝑝𝐴𝑖𝑞𝐴𝑖𝜎𝑎𝐵𝑎𝐶

+ 2𝑛
𝑖=1 𝑝𝐴𝑖𝑞𝐴𝑖(𝑞𝐵𝑖 − 𝑝𝐵𝑖)

2𝜎𝑑𝐵𝑑𝐶
  

 

 

 

 



CHAPTER III                 CHALLENGES 

 

Thesis Houssemeddine Srihi                36 

 

with 

[
𝜎𝑎𝐴𝑎𝐶

𝜎𝑎𝐵𝑎𝐶
] = [

𝜎𝑈𝐴𝑈𝐶

{𝑡𝑟[𝑻𝑻′] 𝑛⁄ }
𝜎𝑈𝐵𝑈𝐶

{𝑡𝑟[𝑻𝑻′] 𝑛⁄ }

]    and     [
𝜎𝑑𝐴𝑑𝐶

𝜎𝑑𝐵𝑑𝐶
] = [

𝜎𝑉𝐴𝑉𝐶

{𝑡𝑟[𝑯𝑯′] 𝑛⁄ }
𝜎𝑉𝐵𝑉𝐶

{𝑡𝑟[𝑯𝑯′] 𝑛⁄ }

] 

 

From these estimates, the genetic correlations between the purebred and crossbreed 

breeding values in the A and B populations were: 

 

𝑟𝐴𝐴𝐴𝐶(𝐴)
=

𝜎𝐴𝐴𝐴𝐶(𝐴)

√𝜎𝐴𝐴
2 𝜎𝐴𝐶(𝐴)

2
   and   𝑟𝐴𝐵𝐴𝐶(𝐴)

=
𝜎𝐴𝐵𝐴𝐶(𝐵)

√𝜎𝐴𝐵
2 𝜎𝐴𝐶(𝐵)

2
  

 

3. Genomic imprinting and parent of origin effects. 
 

In previous studies, the performance of the reciprocal crosses (Retinto x Entrepelado and 

Entrepelado x Retinto) exhibited significant differences in fat deposition traits (Ibáñez-

Escriche et al., 2016) and litter size (Noguera et al., 2019). One potential explanation for 

this difference can be the presence of genomic imprinting (Barlow & Bartolomei, 2014; 

Reik & Walter, 2001), a phenomenon initially observed approximately 30 years ago 

through pronuclear transplantation experiments (Barton et al., 1984). Genomic imprinting 

is and epigenetic process that involved DNA methylation and other epigenetic marks 

(Kelsey & Feil, 2013), and it refers to the specific expression pattern of genes based on 

their parental origin (see Figure 12). 
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Figure 12: Paternal and Maternal imprinting. 

 

The number of verified imprinted genes is increasing constantly 

(www.geneimpring.com). In humans, in November 2023, there are 129 verified imprinted 

genes, while mice have 150 imprinted genes, with an overlap of approximately 70% 

between the two species. In general, imprinting status is conserved among different 

species (Thorvaldsen & Bartolomei, 2007). Moreover, in human genetics, there are an 

increasing evidence of the association of imprinting genes in several disorders, such as 

Angelman and Prader-Willi syndromes (Mackay & Temple, 2017)  and in mammalian 

development (Thamban et al., 2020).  

In pigs, there 44 verified imprinted genes (www.geneimpring.com). In addition, there are 

several studies that have developed imprinted QTLs (De Koning et al., 2000; Lee et al., 

2003; Nezer et al., 1999), and polymorphisms in some imprinted genes have been 

associated with economically relevant traits, such the IGF2 (Insuline Growth Factor 2) 

(Jungerius et al., 2004; Van Laere et al., 2003). IGF2 is a maternally imprinted gene which 

promotes growth and its over expression can lead to excessive growth and obesity, while 

under expression can lead to restricted growth and developmental problems (O’Doherty 

et al., 2015).  

http://www.geneimpring.com/
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The consequence of genomic imprinting in the quantitative genetic analysis is the 

appearance of parent-of-origin effects, that has been reported in several traits of pigs 

(Neugebauer et al., 2010), cattle (Kenny et al., 2022; Varona et al., 2015), poultry 

(Triantaphyllopoulos et al., 2016) and horses (Perdomo-González et al., 2023). 

The quantitative genetic analysis of parent-of-origin effects relies in the gametic model 

(Gibson, 1988), that was described as follows: 

𝒚 = 𝑿𝒃 + 𝒁𝒂 + 𝑾𝒈 + 𝒆 

where y is the vector of phenotypic data, b is the vector of fixed effects, a is the random 

additive genetic effects, g is the vector of paternal (or maternal) gametic effects and e is 

the vector of residuals. Moreover, X, Z and W are the corresponding incidence matrices. 

The variance of random effects under this model are: 

𝑣𝑎𝑟 (
𝒂
𝒈
𝒆
) = (

𝑨𝜎𝑎
2 𝟎 𝟎

𝟎 𝑷𝜎𝑝
2 𝟎

𝟎 𝟎 𝑰𝜎𝑒
2

) 

Here, A is the numerator relationship matrix, P is the gametic relationship matrix and I is 

the identity matrix. Further, 𝜎𝑎
2 is the additive genetic variance, 𝜎𝑝

2 is the paternal (or 

maternal) gametic variance and 𝜎𝑒
2 is the residual variance. The mixed model equations 

associated with this model are: 

(

𝑿′𝑿 𝑿′𝒁 𝑿′𝑾
𝒁′𝑿 𝒁′𝒁 + 𝑨−𝟏𝛼𝐴 𝒁′𝑾

𝑾′𝑿 𝑾′𝒁 𝑾′𝑾 + 𝑷−𝟏𝛼𝑃

)(
𝒃̂
𝒂̂
𝒈̂
) = (

𝑿′𝒚

𝒁′𝒚

𝑾′𝒚

) 

where 𝛼𝐴 = 𝜎𝑒
2 𝜎𝑎

2⁄  and 𝛼𝑃 = 𝜎𝑒
2 𝜎𝑝

2⁄ . The inverse of A is easily calculated by the 

procedure described by Henderson (1976), and the inverse of P can be obtained with the 

algorithm proposed by Schaeffer et al. (1989). 

The above described model assumes that there is only a paternal (or maternal) gametic 

effect. However, the genetic variation of a quantitative trait can be due to some genes that 

act additively plus genes paternally imprinted and genes maternally imprinted. In this 

sense, Meyer & Tier (2012) develop a model that include two genetic effects (one paternal 

and one maternal). 

𝒚 = 𝑿𝒃 + 𝒁𝒑𝜶 + 𝒁𝒎𝜷 + 𝒆 
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where 𝜶 and 𝜷 are the vector of the paternal and maternal genetic effects and 𝒁𝒑 and 𝒁𝒎 

are the corresponding incidence matrices. The variance of random effects under this 

model are: 

𝑣𝑎𝑟 (
𝜶
𝜷
𝒆
) = (

𝑷𝜎𝛼
2 𝑷𝜎𝛼𝛽 𝟎

𝑷𝜎𝛼𝛽 𝑷𝜎𝛽
2 𝟎

𝟎 𝟎 𝑰𝜎𝑒
2

) 

Here, 𝜎𝛼
2 and 𝜎𝛽

2 are the paternal and maternal genetic variance, respectively, 𝜎𝛼𝛽 is the 

covariance between the paternal and maternal genetic effects and 𝜎𝑒
2 is the residual 

variance. It must be noted that the size of the P matrix is 2n x 2n, with n the number of 

animals in the pedigree. Moreover, the mixed model equations are: 

(

𝑿′𝑿 𝑿′𝒁𝒑 𝑿′𝒁𝒑

𝒁𝒑′𝑿 𝒁𝒑
′𝒁𝒑 + 𝑷−𝟏𝛾1 𝒁𝒑′𝒁𝒎 + 𝑷−𝟏𝛾2

𝒁𝒎′𝑿 𝒁𝒎′𝒁𝒑 + 𝑷−𝟏𝛾2 𝒁𝒎′𝒁𝒎 + 𝑷−𝟏𝛾3

)(
𝒃̂
𝒈𝒑̂

𝒈𝒎̂

) = (

𝑿′𝒚

𝒁𝒑′𝒚

𝒁𝒎′𝒚

) 

with  

(
𝛾1 𝛾2

𝛾2 𝛾3
) = 𝜎𝑒

2 (
𝜎𝛼

2 𝜎𝛼𝛽

𝜎𝛼𝛽 𝜎𝛽
2 )

−1

 

Under this model, the total genetic variance is 𝜎𝛼
2 + 𝜎𝛽

2, the imprinting variance (𝜎𝑖
2) is 

𝜎𝛼
2 + 𝜎𝛽

2 − 2𝜎𝛼𝛽, the mendelian or additive variance (𝜎𝑎
2) is 2𝜎𝛼𝛽 and the paternal (𝜎𝑔𝑝

2 ) 

and maternal (𝜎𝑔𝑚
2 ) imprinting variances are 𝜎𝛼

2 − 𝜎𝛼𝛽 and 𝜎𝛽
2 − 𝜎𝛼𝛽, respectively. 

This model can be also reparametrized as: 

𝒚 = 𝑿𝒃 + 𝒁𝒂 + 𝒁𝒑𝒈𝒑 + 𝒁𝒎𝒈𝒎 + 𝒆 

where 𝒈𝒑 is the vector of paternal gametic (or imprinting) effects and 𝒈𝒎 is the vector of 

maternal gametic (or imprinting) effects. Under this parameterization, the variances of 

random effects are: 

𝑣𝑎𝑟 (

𝒂
𝒈𝒑

𝒈𝒎

𝒆

) =

(

 
 

𝑨𝜎𝛼
2 𝟎 𝟎 𝟎

𝟎 𝑷𝜎𝑔𝑝
2 𝟎 𝟎

𝟎 𝟎 𝑷𝜎𝑔𝑚
2 𝟎

𝟎 𝟎 𝟎 𝑰𝜎𝑒
2
)
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The adaptation of these models to the use of genomic information from the SNP chips 

under a GBLUP approach were proposed by Nishio & Satoh (2015). These authors 

described to two alternative models (GBLUP-I1) and (GBLUP-I2) that include additive 

(a), dominance (d) and imprinting (i) models.  

The first model (GBLUP-I1) is 

𝒚 = 𝑿𝒃 + 𝒁𝒂𝒂 + 𝒁𝒅𝒅 + 𝒁𝒊𝒊 + 𝒆 

with 𝑣𝑎𝑟(𝒂) = 𝑮𝒂𝜎𝑎
2, 𝑣𝑎𝑟(𝒅) = 𝑮𝒅𝜎𝑑

2 and 𝑣𝑎𝑟(𝒊) = 𝑮𝒊𝜎𝑖
2,  

where 𝑮𝒂 and 𝑮𝒅 are the additive and dominance genomic relationship as described by 

VanRaden (2008) and Vitezica et al. (2013), respectively. The imprinting genomic 

relationship is calculated as: 

𝑮𝒊 =
𝑴𝒊𝑴𝒊′

∑ 2𝑝𝑗(1 − 𝑝𝑗)
𝑵𝒔𝒏𝒑

𝒋

 

Being 𝑝𝑗 the allelic frequency of the “1” allele at the jth SNP and 𝑴𝒊  is a matrix of number 

of individual x number of SNP whose values are 0 is the individual in homozygous (11 

and 22), +1 if it has received the “1” allele from its father and the “2” allele from its 

mother and -1 if is have received the “2” allele from its father and the “1” allele from its 

mother.  

The second model proposed by Nishio & Satoh (2015) (GBLUP-I2) is: 

𝒚 = 𝑿𝒃 + 𝒁𝒑𝜶 + 𝒁𝒎𝜷 + 𝒁𝒅𝒅 + 𝒆 

where 𝜶 and 𝜷 are the vector of paternal and maternal genetic effects following the same 

notation as Meyer & Tier (2012), and 𝒁𝒑 and 𝒁𝒎 are the corresponding incidence 

matrices. The variances of 𝜶 and 𝜷  are 𝑣𝑎𝑟(𝜶) = 𝑮𝜶𝜎𝜶
2, 𝑣𝑎𝑟(𝜷) = 𝑮𝜷𝜎𝜷

2 with 

𝑮𝜶 =
𝑴𝒑𝑴𝒑′

∑ 𝑝𝑗(1−𝑝𝑗)
𝑵𝒔𝒏𝒑
𝒋

 and 𝑮𝜷 =
𝑴𝒎𝑴𝒎′

∑ 𝑝𝑗(1−𝑝𝑗)
𝑵𝒔𝒏𝒑
𝒋

 

The 𝑴𝒑 and 𝑴𝒎 are matrices of number of individual x number of SNP whose values are 

(1-𝑝𝑗) is the individual have received the “1” from its father (or mother) or (-𝑝𝑗) if it has 

received the allele “2”. Both models (GBLUP-I1) and (GBLUP-I2) are equivalent, and 

they require to know the paternal and maternal haplotype phases of the phenotyped 

individuals.  
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Therefore, the development of methods for unrevealing the parent of origin of alleles or 

haplotype phasing is required. Haplotype phasing is the process of inferring haplotypes 

from genotype data and involves determining the parental origin of alleles within an 

individual's genome (see Figure 13). 

  

Figure 13: Haplotype-phasing. 

Several algorithms and statistical models have been developed to infer haplotype phases 

from genotypic information, by using within family and across population information. 

Among them, it is worth to mention Alphaphase  (Hickey et al., 2011), Beagle (Browning 

& Browning, 2008), FImpute (Sargolzaei et al., 2014), Impute2 (Howie et al., 2009), 

Findhap (VanRaden et al., 2013) and ShapeIt2 (O’Connell et al., 2014). Several studies 

comparing these software tools (Miar et al., 2017, Srihi et al., 2023) have demonstrated  

comparable performance among them. However, it is important to note that these tools 

operate with predefined blocks of SNP genotypes and require the specification of 

parameters such as “core length” and “tails length” (Figure 14). Adjusting these 

parameters can significantly impact the results (Srihi et al., 2023). 

 

Figure 14: A core and its adjacent tails.

https://www.nature.com/articles/s41467-020-20536-y
https://www.nature.com/articles/s41467-020-20536-y
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/beagle
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Determining core and tail lengths relies on factors such as SNP density, expected 

recombination rates, and the genetic data's structure. Short cores may lead to incomplete 

phasing, while overly extended cores may encompass multiple recombination events, 

resulting in inaccurate phasing. Similarly, the tail length should provide sufficient data to 

accurately identify surrogate parents without unnecessary complexity in the analysis. 
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The main objective of this thesis is to generate new information that may contribute to 

the improvement of the selection strategies for Iberian crossbreed pigs, with a focus on 

improving litter size due to its significant impact on economic efficiency in intensive 

farming.  

This main objective aims to address two main challenges in the implementation of these 

selection strategies: 

- The predictive ability of breeding values in the purebred populations to improve 

the crossbred performance.  

- The causes of the performance differences between the reciprocal crosses 

(Entrepelado x Retinto) and (Retinto x Entrepelado) and its consequence in the 

expected response to selection.  

The first topic (Chapter V) was addressed using the model developed by Vitezica et al. 

(2016) that allows to infer the genetic correlations between purebred and crossbred 

populations from a multiple trait analysis, by capturing the information provided by the 

genomic information from purebred and crossbred individuals. 

The second topic was addressed with two different approaches. The first one (Chapter 

VI) involves the development a multi-trait generalization of the method described by 

Nishio & Satoh (2015) for the genomic analysis of gametic (or parent-of-origin) effects. 

However, as the available genomic information is scarce, the second one (Chapter VII) 

uses only phenotypic and genealogical information and involves the development of a 

multivariate gametic model that allows covariance between gametic effects within the 

same genetic origin (Entrepleado and Retinto), by incorporating purebred and crossbred 

genealogical and phenotypic information. 
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Abstract 

 (1) Background: INGA FOOD S. A. has produced a hybrid Iberian sow called CASTÚA 

by crossing the Retinto and Entrepelado varieties. Selection of parental populations is 

based on purebred information under the assumption that the genetic correlation between 

purebred and crossbred performance is high; however, these correlations can be less than 

one because of a GxE interaction or the presence of non-additive genetic effects. This 

study estimated the additive and dominant variances of the purebred and crossbred 

populations for litter size and calculated the additive genetic correlations between 

purebred and crossbred performances. (2) Methods: the data set consisted of 2,030 litter 

size data from the Entrepelado population, 1,977 litters from the Retinto, and 1,958 litters 

from the crossbred population. Individuals were genotyped with GeneSeek® GGP 

Porcine70K HD chip. The model of analysis was a ‘biological’ multivariate mixed model 

that included additive and dominant SNP effects. (3) Results: the additive genotypic 

variance of effects for total number born (TNB) ranged from 0.248 (Entrepelado) to 0.546 

(Crossbred), and the dominance genotypic variance effects ranged from 0.170 (Retinto) 

to 0.265 (Crossbred). The genetic correlations between purebred and crossbred 

performance were 0.663 in Entrepelado and 0.881 in Retinto. After back solving to obtain 

estimates of the SNP effects, the additive genetic variance associated with genomic 

regions containing 30 SNPs was estimated and identified four genomic regions in the 

chromosomes (SSC) no. 6, 8 and 12; one region in SSC6, two regions in SSC8 and one 

region in SSC12 that each explained > 2% of the additive genetic variance.  

Keywords: Pig; Iberian; Additive; Dominance; Genetic Correlation; Crossbreeding; 

Genomic Selection. 

1. Introduction 
 

The Iberian pig breed is one of the porcine populations that has the highest meat quality 

(Serra et al., 1998). Historically, Iberian pig production has been developed extensively 

with purebred varieties, which has taken advantage of the Dehesa environment in 

southwestern Spain. In recent decades, however, many traditional breeders  have been 

replaced by intensive production systems  that use crossbreeding with Duroc populations 

to improve growth and efficiency (Serrano et al. 2008). Normative that regulates Iberian 

pig products (Boletín Oficial del Estado, 2014) obligate the breeders when crossing 
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Iberian and Duroc varieties, to cross boars from Duroc and sows from Iberian variety. 

Prolificacy, which is lower than that of white pig populations, is the major limitation in 

the intensive production of crossbred pigs from Iberian dams (Silio et al., 2001). INGA 

FOOD, S.A. company has developed a crossbreeding scheme between two Iberian 

varieties (Retinto and Entrepelado) that has created a hybrid so that has an important 

heterosis effect in prolificacy (Noguera et al., 2019). In addition, the company has been 

developing a breeding scheme for increasing litter size through selection in the parental 

Retinto and Entrepelado populations.  

Theoretically, the optimal strategy for selection for crossbreeding is Recurrent Reciprocal 

Selection (Comstock et al., 1949); however, it has not been routinely used in pig breeding 

because it involves a delay in the generation interval. Therefore, parental purebred 

populations are selected based on purebred phenotypic information and under the 

assumption that the genetic correlation between purebred and crossbred performance is 

high (Wientjes & Calus, 2017). Those genetic correlations can be imperfect (< 1) because 

of genotype-by-environment (GxE) interactions and the presence of non-additive genetic 

effects (Wientjes & Calus, 2017). 

Genomic information facilitates the analysis of crossbreeding data, even if genotyped and 

phenotyped individuals are not directly related (Vitezica et al., 2016), by the definition of 

an additive-dominant genotypic model that provides estimates of genotype x 

environmental interactions through genotypic correlations. In addition, the estimates of 

genotypic and dominance variances can be used to estimate the additive genetic 

correlation between purebred and crossbred performances. Backsolving, as proposed by 

Wang et al. (2012), provides an estimate of the SNP effects and allows to calculate the 

amount of additive genetic variance associated with each genomic region in purebred and 

crossbred performances. 

This study estimated the additive and dominant genotypic and genetic variances and 

covariances, which were used to calculate the genetic correlations between purebred and 

crossbred performances in the Retinto and Entrepelado populations. In addition, the 

distribution of the additive genetic variance within the autosomal genome for purebred 

and crossbred performance was quantified. 
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2. Materials And Methods 
 

The phenotypic data included the number of piglets born alive (NBA) and the total 

number born (TNB) for 306 Entrepelado and 313 Retinto purebred sows, and for 333 

crossbred (Entrepelado x Retinto) sows (Table 7).  

Table 7: Number of records (and number of sows between brackets) and mean ± standard 

deviation of the Number Born Alive and Total Number Born in Entrepelado, Crossbred 

and Retinto populations.  

 Entrepelado Crossbred  Retinto 

N (NS) 2,030 (306) 1,958 (333)  1,977 (313) 

NBA 7.75 ± 1.85  8.57 ± 2.27  8.07 ± 2.07 

TNB 8.02 ± 1.89 8.80 ± 2.29  8.33 ± 2.11 

N: Number of records; NS: Number of sows; NBA: Number Born Alive; TNB: Total Number 

Born. 

 

Genotypes for each sow were identified based on the GeneSeek® GPP Porcine 70K 

HDchip (Illumina Inc., USA). Filtering excluded genotypes that had a minor allele 

frequency < 0.05 and a SNP call rate < 0.90 in the overall population. From that, 34,316 

SNP markers were used to build the genomic relationship matrices with own developed 

software. The model of analysis assumed that the phenotypic values of individuals (y) 

(TNB and NBA) are explained by the (biological) additive (u) and dominant (v) effects 

of the SNPs, and a covariate (c) with the average homozygosity (f), the systematic effects 

(b) – order of parity (1, 2, 3, and >3) and sire of service breed (Entreplado, Retinto, or 

Duroc) and herd-year-season (122 levels), the sow permanent environmental effects (s) 

and the residuals (e) for the Entrepelado (E), Retinto (R) and Crossbred (ER) populations, 

as follows:  

[

𝒚𝑬

𝒚𝑹

𝒚𝑬𝑹

] = [

𝒇𝑬 0 0
0 𝒇𝑹 0
0 0 𝒇𝑹𝑬

] [

𝑐𝐸

𝑐𝑅

𝑐𝑅𝐸

] + [
𝑿𝑬 0 0
0 𝑿𝑹 0
0 0 𝑿𝑹𝑬

] [

𝒃𝑬

𝒃𝑹

𝒃𝑬𝑹

] + [
𝑻𝑬 0 0
0 𝑻𝑹 0
0 0 𝑻𝑹𝑬

] [

𝒔𝑬

𝒔𝑹

𝒔𝑬𝑹

]

+ [
𝑻𝑬 0 0
0 𝑻𝑹 0
0 0 𝑻𝑹𝑬

] [

𝒖𝑬

𝒖𝑹

𝒖𝑬𝑹

] + [
𝑻𝑬 0 0
0 𝑻𝑹 0
0 0 𝑻𝑹𝑬

] [

𝒗𝑬

𝒗𝑹

𝒗𝑬𝑹

] + [

𝒆𝑬

𝒆𝑹

𝒆𝑬𝑹

] 
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where X and T are the corresponding incidence matrices. Following Vitezica et al., 

(2016), u and v can be described in terms of the vectors of additive (a) and dominant (d) 

SNP genotypic effects as follows: 

 

[

𝒖𝑬

𝒖𝑹

𝒖𝑹𝑬

] = [
𝒁𝒂𝑬

𝒁𝒂𝑹

𝒁𝒂𝑬𝑹

]and  [

𝒗𝑬

𝒗𝑹

𝒗𝑹𝑬

] = [

𝑾𝒅𝑬

𝑾𝒅𝑹

𝑾𝒅𝑬𝑹

] 

 

The matrices Z= (z1……zm) and W= (w1…….wm) are equal to 1, 0, -1 and 0, 1, 0 for 

SNP genotypes A1A1, A1A2 and A2A2, respectively. 

 

The covariance across individual genotypic additive (u) and dominant (v) effects are: 

 

𝑐𝑜𝑣 [

𝒖𝑬

𝒖𝑹

𝒖𝑹𝑬

] = 𝑮𝒐⨂𝑮   and    𝑐𝑜𝑣 [

𝒗𝑬

𝒗𝑹

𝒗𝑹𝑬

] = 𝑫𝒐⨂𝑫 

 

with 

  

𝑮𝒐 = [

𝜎𝑈𝐸

2 𝜎𝑈𝐸𝑈𝑅
𝜎𝑈𝐸𝑈𝐸𝑅

𝜎𝑈𝐸𝑈𝑅
𝜎𝑈𝑅

2 𝜎𝑈𝑅𝑈𝐸𝑅

𝜎𝑈𝐸𝑈𝐸𝑅
𝜎𝑈𝑅𝑈𝐸𝑅

𝜎𝑈𝐸𝑅

2

]       and       𝑫𝒐 = [

𝜎𝑉𝐸

2 𝜎𝑉𝐸𝑉𝑅
𝜎𝑉𝐸𝑉𝐸𝑅

𝜎𝑉𝐸𝑉𝑅
𝜎𝑉𝑅

2 𝜎𝑉𝑅𝑉𝐸𝑅

𝜎𝑉𝐸𝑉𝐸𝑅
𝜎𝑉𝑅𝑉𝐸𝑅

𝜎𝑉𝐸𝑅

2

] 

 

and 

 

𝑮 =
𝒁𝒁′

{𝑡𝑟[𝒁𝒁′] 𝑛⁄ }
    and     𝑫 =

𝑾𝑾′

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }
 

 

The variance components were estimated by REML (Patterson & Thompson, 1971) 

through the EM-REML algorithm with the remlf90 software (Lourenco et al., 2020) and, 

to obtain the average information matrix, we used one extra iteration with airemlf90. 

Additive and dominance variance components were calculated in each of the populations 

(E, R, and ER) as follows: 
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[
 
 
 𝜎

^

𝑎𝐸
2

𝜎
^

𝑎𝑅
2

𝜎
^

𝑎𝐸𝑅
2 ]

 
 
 

=

[
 
 
 
 
 
 𝜎

^
𝑈𝐸
2

{𝑡𝑟[𝒁𝒁′] 𝑛⁄ }

𝜎
^
𝑈𝑅
2

{𝑡𝑟[𝒁𝒁′] 𝑛⁄ }

𝜎
^
𝑈𝐸𝑅
2

{𝑡𝑟[𝒁𝒁′] 𝑛⁄ }
 ]

 
 
 
 
 
 

       and         

[
 
 
 𝜎

^

𝑑𝐸
2

𝜎
^

𝑑𝑅
2

𝜎
^

𝑑𝐸𝑅
2 ]

 
 
 

=

[
 
 
 
 
 
 𝜎

^
𝐷𝐸
2

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }

𝜎
^
𝐷𝑅
2

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }

𝜎
^
𝐷𝐸𝑅
2

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }
 ]

 
 
 
 
 
 

 (1) 

 

 

The additive (𝜎𝐴
2)and dominance (𝜎𝐷

2) genetic variances of the purebred populations 

were calculated as follows: 

𝜎
^

𝐴𝐸

2 = ∑ 2𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖𝜎
^

𝑎𝐸
2 + 2𝑛

𝑖=1 𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖 (𝑞
^

𝐸𝑖 − 𝑝
^

𝐸𝑖)
2

𝜎
^

𝑑𝐸

2  (2) 

𝜎
^

𝐷𝐸

2 = ∑ (2𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖)
2

𝜎
^

𝑑𝐸

2𝑛
𝑖=1  (3) 

𝜎
^

𝐴𝑅

2 = ∑ 2𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖𝜎
^

𝑎𝑅
2 + 2𝑛

𝑖=1 𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖 (𝑞
^

𝑅𝑖 − 𝑝
^

𝑅𝑖)
2

𝜎
^

𝑑𝑅

2  (4) 

𝜎
^

𝐷𝑅

2 = ∑ (2𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖)
2

𝜎
^

𝑑𝑅

2𝑛
𝑖=1  (5) 

Where 𝑝
^

𝑋𝑖 and 𝑞
^

𝑋𝑖 are the raw estimates of the allelic frequencies for A1 and A2 at the 

ith SNP marker and the X= {E, R or ER} population. The estimates of the contributions 

to the additive variance in the crossbred population from the Entrepelado (𝜎𝐴𝐸𝑅(𝐸)

2 ) and 

Retinto (𝜎𝐴𝐸𝑅(𝑅)

2 ) were obtained by (Vitezica et al., 2016) as follows: 

𝜎
^

𝐴𝐸𝑅(𝐸)

2 = ∑ 2𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖𝜎
^

𝑎𝐸𝑅
2 + 2𝑛

𝑖=1 𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖 (𝑞
^

𝐸𝑖 − 𝑝
^

𝐸𝑖)
2

𝜎
^

𝑑𝐸𝑅

2  (6) 

𝜎
^

𝐴𝐸𝑅(𝑅)

2 = ∑ 2𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖𝜎
^

𝑎𝐸𝑅
2 + 2𝑛

𝑖=1 𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖 (𝑞
^

𝑅𝑖 − 𝑝
^

𝑅𝑖)
2

𝜎
^

𝑑𝐸𝑅

2  (7) 

 

And, following  Vitezica et al. (2016), the additive variance in the crossbred population 

was the average of the two  values resulted from the equations 6 and 7 

𝜎
^

𝐴𝐸𝑅

2 =
1

2
𝜎
^

𝐴𝐸𝑅(𝐸)

2 +
1

2
𝜎
^

𝐴𝐸𝑅(𝑅)

2  (8) 
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The estimate of the dominance variance of the crossbred population (Vitezica et al., 2016) 

was calculated as follows: 

𝜎
^

𝐷𝐸𝑅

2 = ∑ 4𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖𝜎
^

𝑑𝐸𝑅

2𝑛
𝑖=1  (9) 

and the covariance between purebred-crossbred additive genetic effects in the 

Entrepelado (𝜎𝐴𝐸𝐴𝐸𝑅(𝐸)
) and Retinto (𝜎𝐴𝑅𝐴𝐸𝑅(𝑅)

) population were as follows: 

𝜎
^

𝐴𝐸𝐴𝐸𝑅(𝐸)
= ∑ 2𝑝

^

𝐸𝑖𝑞
^

𝐸𝑖𝜎
^

𝑎𝐸𝑎𝐸𝑅
+ 2𝑛

𝑖=1 𝑝
^

𝐸𝑖𝑞
^

𝐸𝑖 (𝑞
^

𝐸𝑖 − 𝑝
^

𝐸𝑖) (𝑞
^

𝑅𝑖 − 𝑝
^

𝑅𝑖)𝜎
^

𝑑𝐸𝑑𝐸𝑅
 (9) 

𝜎
^

𝐴𝑅𝐴𝐸𝑅(𝑅)
= ∑ 2𝑝

^

𝑅𝑖𝑞
^

𝑅𝑖𝜎
^

𝑎𝑅𝑎𝐸𝑅
+ 2𝑛

𝑖=1 𝑝
^

𝑅𝑖𝑞
^

𝑅𝑖 (𝑞
^

𝑅𝑖 − 𝑝
^

𝑅𝑖) (𝑞
^

𝐸𝑖 − 𝑝
^

𝐸𝑖) 𝜎
^

𝑑𝑅𝑑𝐸𝑅
 (10) 

with 

              [
𝜎
^

𝑎𝐸𝑎𝐸𝑅

𝜎
^

𝑎𝑅𝑎𝐸𝑅

] =

[
 
 
 

𝜎
^
𝑈𝐸𝑈𝐸𝑅

{𝑡𝑟[𝒁𝒁′] 𝑛⁄ }

𝜎
^
𝑈𝑅𝑈𝐸𝑅

{𝑡𝑟[𝒁𝒁′] 𝑛⁄ }]
 
 
 

        and        [
𝜎
^

𝑑𝐸𝑑𝐸𝑅

𝜎
^

𝑑𝑅𝑑𝐸𝑅

] =

[
 
 
 

𝜎
^
𝑉𝐸𝑉𝐸𝑅

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }

𝜎
^
𝑉𝑅𝑉𝐸𝑅

{𝑡𝑟[𝑾𝑾′] 𝑛⁄ }]
 
 
 

 (11) 

 

Therefore, the genetic correlations between the purebred and crossbreed breeding values 

in the Entrepelado and Retinto populations were computed as follows: 

 

𝑟
^

𝐴𝐸𝐴𝐸𝑅(𝐸)
=

𝜎
^
𝐴𝐸𝐴𝐸𝑅(𝐸)

√𝜎
^

𝐴𝐸
2 𝜎

^

𝐴𝐸𝑅(𝐸)
2

           and        𝑟
^

𝐴𝑅𝐴𝐸𝑅(𝑅)
=

𝜎
^
𝐴𝑅𝐴𝐸𝑅(𝑅)

√𝜎
^

𝐴𝑅
2 𝜎

^

𝐴𝐸𝑅(𝑅)
2

 (12) 

 

The vector of the SNP additive effects (𝒂
^

𝑬, 𝒂
^

𝑹 and 𝒂
^

𝑬𝑹 ) were obtained by backsolving 

(Wang et al., 2012) as: 

𝒂
^

𝑬 =
𝜎
^
𝑎𝐸
2

𝜎
^

𝑈𝐸
2

𝒁𝑮−1𝒖
^

𝑬,     𝒂
^

𝑹 =
𝜎
^
𝑎𝑅
2

𝜎
^

𝑈𝑅
2

𝒁𝑮−1𝒖
^

𝑹    and       𝒂
^

𝑬𝑹 =
𝜎
^
𝑎𝐸𝑅
2

𝜎
^

𝑈𝐸𝑅
2

𝒁𝑮−1𝒖
^

𝑬𝑹 (13) 

and the vector of SNP dominant effects (𝒅
^

𝑬, 𝒅
^

𝑹 and 𝒅
^

𝑬𝑹 ) as follows: 

𝒅
^

𝑬 =
𝜎
^
𝑑𝐸
2

𝜎
^

𝑉𝐸
2

𝑾𝑫−1𝒗
^

𝑬,     𝒅
^

𝑹 =
𝜎
^
𝑑𝑅
2

𝜎
^

𝑉𝑅
2

𝑾𝑫−1𝒗
^

𝑹   and      𝒅
^

𝑬𝑹 =
𝜎
^
𝑑𝐸𝑅
2

𝜎
^

𝑉𝐸𝑅
2

𝑾𝑫−1𝒗
^

𝑬𝑹 (14) 
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With those, the genetic additive variances (𝜎𝐴𝐸(𝑘)
2 , 𝜎𝐴𝑅(𝑘)

2 , 𝜎𝐴𝐸𝑅(𝐸)(𝑘)
2  𝑎𝑛𝑑 𝜎𝐴𝐸𝑅(𝑅)(𝑘)

2 ) 

explained by the kth segment of the genome were calculated as follows: 

 

𝜎
^

𝐴𝐸(𝑘)
2 = ∑ 2𝑝

^

𝐸𝑖𝑞
^

𝐸𝑖𝑎
^

𝐸𝑖

2 + 2𝑛(𝑘)
𝑖=1 𝑝

^

𝐸𝑖𝑞
^

𝐸𝑖 (𝑞
^

𝐸𝑖 − 𝑝
^

𝐸𝑖)
2

𝑑
^

𝐸𝑖

2  (15) 

𝜎
^

𝐴𝑅(𝑘)
2 = ∑ 2𝑝

^

𝑅𝑖𝑞
^

𝑅𝑖𝑎
^

𝑅𝑖

2 + 2𝑛(𝑘)
𝑖=1 𝑝

^

𝑅𝑖𝑞
^

𝑅𝑖 (𝑞
^

𝑅𝑖 − 𝑝
^

𝑅𝑖)
2

𝑑
^

𝑅𝑖

2  (16) 

𝜎
^

𝐴𝐸𝑅(𝐸)(𝑘)
2 = ∑ 2𝑝

^

𝑅𝑖𝑞
^

𝑅𝑖𝑎
^

𝐸𝑅𝑖

2 + 2𝑛(𝑘)
𝑖=1 𝑝

^

𝑅𝑖𝑞
^

𝑅𝑖 (𝑞
^

𝐸𝑖 − 𝑝
^

𝐸𝑖)
2

𝑑
^

𝐸𝑅𝑖

2 (17) 

𝜎
^

𝐴𝐸𝑅(𝑅)(𝑘)
2 = ∑ 2𝑝

^

𝐸𝑖𝑞
^

𝐸𝑖𝑎
^

𝐸𝑅𝑖

2 + 2𝑛(𝑘)
𝑖=1 𝑝

^

𝐸𝑖𝑞
^

𝐸𝑖 (𝑞
^

𝑅𝑖 − 𝑝
^

𝑅𝑖)
2

𝑑
^

𝐸𝑅𝑖

2 (18) 

 

Where n(k) is the number of SNP markers within the kth segment, which was set to 30. 

To identify the genes within the genomic regions that explained > 2.0% of the total 

genetic variance, we used the biomart tool (www.ensembl.org). 

 

3. Results And Discussion 
 

The results based on TNB and NBA were similar, which was expected because they have 

a high genetic correlation (Bidanel, 2011); therefore, here we focused on the results with 

the TNB, and the results for NBA are presented as Supplementary Information (Table S1 

to S3 and Figure S1 to S3). The REML estimates of the additive genotypic (co) variances 

are shown in Table 8.  

Table 8: REML estimates of the additive genotypic (co)variances for Total Number 

Born (TNB). 

 Entrepelado Crossbred Retinto 

Entrepelado 0.248 ± 0.161 0.259 ± 0.178 0.200 ± 0.135 

Crossbred - 0.546 ± 0.268 0.388 ± 0.170 

Retinto - - 0.282 ± 0.146 
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The additive genotypic variance was higher in the crossbred than it was in the purebred 

populations. In addition, the estimates of the genotypic covariances between purebreds 

(Entrepelado and Retinto) and the crossbred population were all high and positive, and 

they corresponded to additive genotypic correlations of 0.704 (0.259 √0.248 × 0.546⁄ ) 

between Entrepelado and Crossbred, 0.988 (0.388 √0.546 × 0.282⁄ ) between Retinto 

and Crossbred, and 0.756 (0.200/√0.248 × 0.282) between the two purebreds. Those 

results indicated that the genotype x environmental interaction was small, and the additive 

genotypic correlations were similar to those obtained by (Vitezica et al., 2016) in white 

pig populations. In addition, they were similar to those obtained in cattle (Karoui et al., 

2012) and goat (Carillier et al., 2014) breeds.  

The REML estimates of the dominance genotypic (co)variances ranged from 0.170 

(Retinto) to 0.265 (Crossbred) (Table 9).  

 

Table 9: REML estimates of the dominance genotypic (co)variances for Total Number 

Born (TNB). 

 Entrepelado Crossbred Retinto 

Entrepelado 0.177 ± 0.165 0.212 ± 0.171 0.166 ± 0.152 

Crossbred - 0.262 ± 0.210 0.202 ± 0.179 

Retinto - - 0.172 ± 0.199 

 

The estimates of the dominance genotypic covariances were all positive and reflected 

genotypic dominance correlations > 0.95. The analysis provided the REML estimates of 

the sow permanent and residual effects (Table 10). 

Table 10: REML estimates of the permanent environmental and residual variances for 

Total Number Born (TNB) in in Entrepelado, Crossbred and Retinto populations. 

Variances Entrepelado Crossbred Retinto 

𝜎𝑆
2 0.191 ± 0.105 0.009 ± 0.029 0.268 ± 0.120 

𝜎𝐸
2 2.810 ± 0.099 4.467 ± 0.155 3.534 ± 0.128 

𝜎𝑆
2: Sow permanent environment variance; 𝜎𝐸

2: Residual variance. 
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The additive and dominance genotypic (co) variances were used to calculate the additive 

and dominance genetic variances in purebred populations based on expressions (1) to (5) 

(Table 9). The estimates of the additive genetic variances were 0.170 (Entrepelado) and 

0.150 (Retinto), and the estimates of the dominance genetic variances were 0.074 

(Entrepelado) and 0.056 (Retinto). The heritability estimates were 0.052 (Entrepelado) 

and 0.037 (Retinto), which were within the range or slightly lower than those of white pig 

(Bidanel, 2011; Ogawa et al., 2019; Putz et al., 2015) and Iberian (Fernández et al., 2008; 

García-Casco et al., 2012; Noguera et al., 2019) populations. The dominances ratios 

(0.023 for Entrepelado and 0.014 for Retinto) were smaller than were the heritability’s. 

Nevertheless, their ratios with respect to the heritabilities were about 40%, higher than 

were those reported for white pig populations (Culbertson et al., 1998; Vitezica et al., 

2016). 

We used expressions (6) and (7) to calculate the additive variances for crossbred 

performance in the purebred populations, which were 0.413 (Entrepelado) and 0.293 

(Retinto). Therefore, the additive genetic variance in the crossbred population was the 

average of the two (0.353), which was higher than the additive genetic variances in the 

purebred populations, which were similar to the results of Vitezica et al. (2016). 

Nevertheless, Xiang et al. (2016) found the opposite in a cross between Landrace and 

Yorkshire breeds. In our study, the dominance genetic variance in the crossbred 

population (0.079) was calculated based on (8), which was similar to the dominance 

genetic variance in the purebreds; however, its ratio with the additive genetic variances 

was lower (22%). Given those variance components, the heritability and dominance ratio 

estimates in the crossbred population were 0.072 and 0.016, respectively. 

In addition, the additive genetic correlations between purebred and crossbred 

performances in the Entrepelado and Retinto populations were calculated based on 

expressions (9) to (12), which were 0.663 in Entrepelado and 0.881 in Retinto. Those 

correlations were within the range of the estimates summarized by Wientjes & Calus 

(2017), and suggest that the efficiency of selection for increased crossbred performance 

by selecting for purebred performance will be more effective in Retinto than in 

Entrepelado.  

We used expressions (13) and (14) to calculate the additive and dominance genotypic 

effects associated with each of the 34,316 SNP markers, which were used in expressions 
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(15) to (18) to calculate the proportion of the additive genetic variance that was explained 

by segments of 30 consecutive SNPs (Figure 15). 

 

Figure 15: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 30 SNPs within the autosomal genome of purebred and crossbred 

performance for Total Number Born (TNB) in the Entrepelado and Retinto varieties. 

Four genomic regions can be highlighted, each explained > 2% of the additive genetic 

variance in at least one of the populations. The SNPs at the center of each of the 

genomic regions that explained the highest amount of additive genetic variance, and the 

genes in the Sus_Scrofa 11.1. genomic map that were within 1 Mb downstream or 

upstream are presented in Table 11. 
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Table 11: SNPs at the center of each of the four genomic regions that explained > 2% of 

the additive genetic variance in at least one of the populations, and genes located within 

1 Mb downstream or upstream. 

SNP: Single Nucleotide Polymorphism; SSC: Sus Scrofa Chromosome; bp: base pair. 

 

Among those genes, several can be proposed as candidate genes for explaining the 

additive genetic variation. The genomic region surrounding bp 7597405 in SSC6 included 

BCO1 (Beta-Carotene Oxygenase 1), which encodes an enzyme that catalyzes the 

breakdown of provitamin A and provides retinoids for embryogenesis (Quadro et al., 

2020; Wassef et al., 2013). Furthermore, the GCSH (Glycine Cleavage System H) protein 

plays an important role in embryonic viability (Leung et al., 2021).   

Two genomic regions were identified in SSC8 around bp 11585865 and bp 137540516. 

Among the genes within those regions, PRDM8 (PR/SET Domain 8), is involved in 

neurogenesis (Kinameri et al., 2008) of the FGF5 (Fibroblast Growth Factor 5), a member 

of the fibroblast growth factor family that is involved in several biological processes 

including embryonic development, cell growth, and morphogenesis (Beer et al., 2005; 

Haub & Goldfarb, 1991). The genomic region around bp 46079417 in SSC12 contains, 

among others, the GIT1 (G protein-coupled receptor kinase interactor 1) gene, which 

plays a role in spine morphogenesis (Segura et al., 2007), the NSRP1 (Nuclear Speckle 

Splicing Regulatory Protein 1) development process, and in utero embryonic 

development (Kim et al., 2011), and ANKRD1 (Ankyrin Repeat Domain 1), which is 

involved in neuron projection development (Stam et al., 2007). 

SNP SSC bp Genes 

rs326244568 6 7597405 
BCO1, PKD1L2, GCSH, ATMIN, CENPN, 

CDYL2, DYNLRB2 

rs81401202 8 11585865 CD38, FGFBP1, PROM1, TAPT1, LDB2 

rs81406142 8 137540516 CFAP299, FGF5, PRDM8, ANTXR2 

rs345468811 12 46079417 

TAOK1, ABHD15, TP53I13, GIT1, ANKRD1, 

CORO6, EFCAB5, NSRP1, SLC6A4, BLMH, 

TMIGD1,CPD, GOSR1 
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4. Conclusions 
 

1) the additive genetic variance and the heritabilities were higher in the crossbred than 

those in the purebred populations, 2) the genetic correlation between purebred and 

crossbreed performances were higher in Retinto than it was in Entrepelado, and 3) the 

additive genetic variances were heterogeneously distributed throughout the autosomal 

genome, and several genomic regions in SSC6, SSC8, and SSC12 were identified. 

 

Supplementary Material: The following figure and tables are available in supplementary 

materials.  

Table S1: REML estimates of the additive genotypic (co)variances for Number Born 

Alive (NBA).  

Table S2: REML estimates of the dominance genotypic (co)variances for Number Born 

Alive (NBA).  

Table S3: REML estimates of the permanent environmental and residual variances for 

Number Born Alive (NBA).  

Table S4: GO (Gene Ontology) terms for biological process of the proposed candidate 

genes.  

Figure S1: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 30 SNPs within the autosomal genome of purebred and crossbred 

performance for Number Born Alive (NBA) in the Entrepelado and Retinto varieties. 

Figure S2: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 20 SNPs within the autosomal genome of purebred and crossbred 

performance for Total Number Born (TNB) in the Entrepelado and Retinto varieties. 

Figure S3: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 40 SNPs within the autosomal genome of purebred and crossbred 

performance for Total Number Born (TNB) in the Entrepelado and Retinto varieties. 
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Abstract 

 INGA FOOD, S.A. initiated a crossbreeding program between two Iberian pig varieties, 

Retinto (R) and Entrepelado (E), with the goal of producing a hybrid sow (F1). Several 

studies have been conducted to evaluate its productive performance, and these studies 

have revealed differences in litter size between two reciprocal crosses, suggesting the 

presence of genomic imprinting effects. To further investigate these effects, this study 

introduces a multivariate gametic model designed to estimate gametic correlations 

between paternal and maternal effects originating from both genetic backgrounds 

involved in the reciprocal crosses. The dataset consisted of 1,258 records (the total 

number born—TNB and the number born alive—NBA) from 203 crossbred dams for the 

Entrepelado (sire) × Retinto (dam) cross and 700 records from 125 crossbred dams for 

the Retinto (sire) × Entrepelado (dam) cross. All animals were genotyped using the 

GeneSeek® GPP Porcine 70 K HDchip. The results indicated that the posterior 

distribution of the gametic correlation between paternal and maternal effects was 

distinctly different between the two populations. Specifically, in the Retinto population, 

the gametic correlation showed a positive skew with posterior probabilities of 0.78 for 

the TNB and 0.80 for the NBA. On the other hand, the Entrepelado population showed a 

posterior probability of a positive gametic correlation between paternal and maternal 

effects of approximately 0.50. The differences in the shape of the posterior distribution 

of the gametic correlations between paternal and maternal effects observed in the two 

varieties may account for the distinct performance observed in the reciprocal crosses. 

 

 1. Introduction 
 

The Iberian breed is widely renowned for its ability to produce some of the highest-quality 

pork (Serra et al., 1998). This breed is particularly well-adapted to the “Dehesa” 

environment in southwestern Spain, which is characterized by a savannah landscape and 

is composed of grass, cork, and holm oaks with seasonal production. Traditionally, 

Iberian pig production was dominated by purebred varieties and extensive management 

practices. However, in recent decades, there has been a shift toward more intensive 

farming practices that incorporate crossbreeding with Duroc boars to improve growth and 

efficiency at commercial stages (Serrano et al., 2008). 
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The regulatory norms for Iberian pig production allow crossbreeding, as long as the sow 

is of purebred Iberian stock. The reproductive performance of the Iberian sows is lower 

than that of white pig populations (Silio et al., 2001), which is a major limitation of its 

use in intensive farms. Therefore, improvement in the reproductive efficiency of Iberian 

sows is crucial for their economic efficiency. Several studies have identified genetic 

variability for prolificacy within and between varieties of Iberian pig (Fernández et al., 

2008; García-Casco et al., 2012). To take advantage of this variability, the INGA FOOD, 

S.A. company has developed a crossbreeding scheme between two Iberian varieties 

(Retinto and Entrepelado) to generate an F1 hybrid sow, which exhibits significant 

heterosis for litter size (Noguera et al., 2019). However, this study also found differences 

in the reproductive performance between the two reciprocal crosses (Entrepelado × 

Retinto, ER, vs. Retinto × Entrepelado, RE), suggesting that these differences may be 

attributed to parental imprinting (Reik & Walter, 2001)(i.e., the effects from alleles may 

differ whether they are transmitted by paternal or maternal gametes). In fact, there is 

increasing evidence of the importance of imprinting in placenta development (Hanna, 

2020), and certain imprinted genes have been proposed as candidates for pig litter size 

(Coster et al., 2012). 

In recent years, some algorithms have been proposed to develop a genomic analysis of 

imprinting (Nishio & Satoh, 2015) from the genomic information provided by 

commercial genotyping devices. However, knowledge of the parental haplotype phase of 

the SNP markers is required to differentiate the paternal or maternal gametic effects, but 

some approaches have been developed to reconstruct haplotype phases (Hickey et al., 

2011). 

Phenotypic information from reciprocal crosses offers the opportunity to compare the 

paternal and maternal effects of each parental population. In the absence of imprinting, a 

correlation between the paternal and maternal effects from the same population should be 

performed. Imprinting, on the other hand, results in a lower correlation. Accordingly, the 

goal of this study was to apply the multivariate gametic model developed in a previous 

study (Srihi et al., 2022) that utilizes genomic information and is capable of estimating 

the paternal and maternal gametic contributions of Retinto and Entrepelado varieties in 

the ER and RE crosses, along with their correlations. 
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2. Materials And Methods 
 

Phenotypic and Genomic Data. The phenotypic data used in this study consisted of the 

total number born, TNB, and the number of piglets born alive, NBA, in 203 ER and 125 

RE sows. The ER sows were the offspring of 38 purebred Entrepelado boars and 139 

Retinto dams, whereas the RE sows were generated from 38 Retinto boars and 92 

Entrepelado dams. A summary of the data is presented in Table 12. 

 

Table 12 : The number of records (and sows between brackets), mean (± standard 

deviation) of the total number born, TNB, and the number born alive, NBA, for 

Entrepelado × Retinto and Retinto × Entrepelado crosses. 

 Entrepelado × Retinto Retinto × Entrepelado 

N1 (NS)2 1,258 (203) 700 (125) 

TNB3    8.78 ± 2.24 8.85 ± 2.37 

NBA4 8.55 ± 2.23 8.62 ± 2.34 

N: number of records; NS: number of sows; TNB: total number born; NBA: number born alive. 

 

Genotyping was performed with the GeneSeek® GPP Porcine 70 K HDchip (Illumina 

Inc., USA) on all ER and RE crossbred sows, as well as on 341 Retinto and 350 

Entrepelado purebred individuals. Due to shared purebred ancestors, there was some 

degree of relationship between a subset of the ER and RE crossbred sows and the purebred 

individuals, although not all of them were genotyped. The original genotype data 

consisted of 60,224 autosomal SNPs, which were filtered by excluding SNP markers with 

a call rate below 0.90 and a minor allele frequency lower than 0.05 in each population. 

Among these 4,212 were discarded due to a call rate lower than 0.90, 11,234 were found 

to be monomorphic, and 9,876 and 11,516 has a minor allele frequency lower than 0.05 

in the Entrepelado and Retinto populations, respectively. Finally, a total of 23,386 SNPs 

were retained. 

 

Haplotype Phasing. AlphaPhase software (Hickey et al., 2011) was used for each 

chromosome separately, utilizing genotypes of both crossbred and purebred individuals, 

as well as a pedigree of 1601 individuals. AlphaPhase was executed with a tolerance of 

1% of genotype errors and 1% disagreement between genotypes and haplotypes. The 
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number of surrogates and percentage of surrogate disagreement was set to 10. Nine 

different scenarios were applied with core lengths of 75, 100, and 125 SNPs and tail 

lengths of 100, 150, and 200 SNPs (see Table 13). The scenarios were evaluated for 

concordance, and haplotype assignments that coincided in seven or more scenarios were 

retained for subsequent analysis. 

 

Table 13: Parameters (core and tail length) in the nine scenarios of haplotype phasing.  

Scenario Core Length Tail Length 

S1 75 100 

S2 75 150 

S3 75 200 

S4 100 100 

S5 100 150 

S6 100 200 

S7 125 100 

S8 125 150 

S9 125 200 

 

Statistical Model. Once the haplotype phases were calculated, data were analyzed with 

the model proposed by  Srihi et al. (2022) 

In this equation, 𝑦(𝐸𝑅) and 𝑦(𝑅𝐸) refer to the vectors of phenotypic records (TNB or NBA) 

for the ER and RE crosses, respectively. The terms 𝒃(𝐸𝑅) and 𝒃(𝑅𝐸) correspond to 

systematic effects, and 𝒔(𝐸𝑅) and 𝒔(𝑅𝐸) represent the permanent sow environmental 

effects. Paternal effects for the Entrepelado (E) and Retinto (R) populations are denoted 

by 𝑝(𝐸) and 𝑝(𝑅), respectively. Maternal effects for the Entrepelado (E) and Retinto (R) 

are represented by 𝑚(𝐸) and 𝑚(𝑅). Additionally, 𝑒(𝐸𝑅) and 𝑒(𝑅𝐸) are the residual effects 

for the ER and RE crosses, respectively. The systematic effects vectors included the order 

of parity with five levels (first, second, third, fourth, and fifth or more) and herd–year–

season with thirty-four levels.  

 

Further 𝑿𝑬𝑹, 𝑿𝑹𝑬, 𝑩𝑬𝑹, 𝑩𝑹𝑬, 𝒁𝑬𝑹, 𝒁𝑹𝑬,𝑾𝑬𝑹, and 𝑾𝑹𝑬 are the corresponding incidence 

matrices. 

𝒚(𝐸𝑅) = 𝑿(𝐸𝑅)𝒃(𝐸𝑅)  +  𝑩(𝐸𝑅)𝒔(𝐸𝑅)  +  𝒁(𝐸𝑅)𝒑(𝐸)  +  𝑾(𝐸𝑅)𝒎(𝑅)  + 𝒆(𝐸𝑅) 

𝒚(𝑅𝐸) = 𝑿(𝑅𝐸)𝒃(𝑅𝐸)  +  𝑩(𝑅𝐸)𝒔(𝑅𝐸)  +  𝒁(𝑅𝐸)𝒑(𝑅)  +  𝑾(𝑅𝐸)𝒎(𝐸)  +  𝒆(𝑅𝐸) 
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Following (Srihi et al., 2022), the prior distribution of the permanent sow environmental 

effects was: 

[
𝒔(𝐸𝑅)

𝒔(𝑅𝐸)
] ~𝑁 (

0
0
, 𝑰⨂𝑺) 

where 

𝑺 = [
𝜎𝑠(𝐸𝑅)

2 0

0 𝜎𝑠(𝑅𝐸)
2 ] 

where 𝜎𝑠(𝐸𝑅)
2  and 𝜎𝑠(𝑅𝐸)

2  are the variances of the permanent sow environmental effects for 

ER and RE, respectively. The prior distributions of the gametic effects for the Entrepelado 

(E) and Retinto (R) populations are: 

 

[
𝒑(𝐸)

𝒎(𝐸)
]~𝑁 (

0
0
, 𝑮𝑬⨂𝑽𝑬) [

𝒑(𝑅)

𝒎(𝑅)
]~𝑁 (

0
0
, 𝑮𝑹⨂𝑽𝑹) 

 

where 

𝑽𝑬 = [
𝜎𝑝(𝐸)

2 𝜎𝑝𝑚(𝐸)

𝜎𝑝𝑚(𝐸) 𝜎𝑚(𝐸)
2 ] 

and 

𝑽𝑹 = [
𝜎𝑝(𝑅)

2 𝜎𝑝𝑚(𝑅)

𝜎𝑝𝑚(𝑅) 𝜎𝑚(𝑅)
2 ] 

 

where 𝜎𝑝(𝐸)
2 , 𝜎𝑚(𝐸)

2 , and 𝜎𝑝𝑚(𝐸) refer to the variances of the paternal and maternal gametic 

effects and the covariance between them for the Entrepelado population. Similarly, 𝜎𝑝(𝑅)
2 , 

𝜎𝑚(𝑅)
2 , and 𝜎𝑝𝑚(𝑅) represent the variances of the paternal and maternal gametic effects 

and the covariance between them, respectively, for the Retinto population. Additionally, 

𝑮𝑬 and 𝑮𝑹 are the gametic relationship matrices of the Entrepelado or Retinto gametes, 

respectively, regardless of whether they are transmitted as paternal or maternal gametes. 

These matrices describe the relationships among the gametes from Entrepelado and 

Retinto origins, and they are calculated using the algorithm proposed by Nishio & Satoh 

(2015): 
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where 𝑴𝑬 and 𝑴𝑹 are the matrices of the number of genotyped individuals (n) × the 

number of SNP (𝑁𝑆𝑁𝑃), whose elements 𝑀𝐸(𝑖, 𝑗) (or 𝑀𝑅(𝑖, 𝑗) take the value 𝑞(𝐸)𝑗 ) (or 

𝑞(𝑅)𝑗) or  − (1 − 𝑞(𝐸)𝑗) (or  − (1 − 𝑞(𝑅)𝑗)), depending on whether the jth allele of 

the gametes transmitted for the ith individual is A1 or A2 and of Entrepelado (or Retinto) 

origin. Additionally, 𝑞(𝐸)𝑗 and 𝑞(𝑅)𝑗 represent the allelic frequencies of the A2 allele in 

the Entrepelado (E) and Retinto (R) populations, respectively. The prior distributions for 

the (co) variance components and the systematic effects were assumed to be flat. The 

analysis was performed using Bayesian inference with the Gibbs sampler (Gelfand & 

Smith, 1990) and implemented with Gibbsf90 software (Misztal et al., 2018). The 

analysis was performed using 10 million iterations after discarding the first million. 

At each iteration of the Gibbs sampler, the (co) variances components samples were 

utilized to compute the samples from the marginal posterior distribution of the 

correlations between the paternal and maternal gametic effects for Entrepelado (𝑟𝑝𝑚(𝐸)) 

and Retinto (𝑟𝑝𝑚(𝑅)): 

 

𝑟𝑝𝑚(𝐸) =
𝜎𝑝𝑚(𝐸)

√𝜎𝑝(𝐸)
2 𝜎𝑗(𝐸)

2
      and        𝑟𝑝𝑚(𝑅) =

𝜎𝑝𝑚(𝑅)

√𝜎𝑝(𝑅)
2 𝜎𝑗(𝑅)

2
 

 
 

 

3. Results And Discussion 
 

Haplotype Phasing. The results of comparing haplotype phasing using nine 

combinations of core length and core tail parameters using Alphaphase software are 

presented in Figure 16. 

𝑮𝑬 =
𝑴𝑬𝑴𝑬

’

∑ 𝑞(𝐸)𝑖(1 − 𝑞(𝐸)𝑖)
𝑁𝑆𝑁𝑃

𝑖

 𝑮𝑹 =
𝑴𝑹𝑴𝑹

’

∑ 𝑞(𝑅)𝑖(1 − 𝑞(𝑅)𝑖)
𝑁𝑆𝑁𝑃

𝑖  
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Figure 16: Degree of similitude between estimated haplotype phases in the nine scenarios 

of phasing. 

The average degree of similitude was 0.89, and it was consistently above 0.86. 

Specifically, the predicted haplotype phase was identical across all nine scenarios for only 

78.74% of the analysis but had concordance in more than seven scenarios in 92.5% of 

SNPs. These findings indicated that the output of the phasing algorithm was highly 

dependent on the specific set of parameters used for its implementation when medium-

density SNP chips were used. 

 

Calculation of Gametic Matrices. The diagonal values of the gametic matrices for the 

Entrepelado population ranged from 0.894 to 1.100, while for the Retinto population, they 

ranged from 0.901 to 1.179. Table 14 shows the distribution of the gametic relationships 

observed in the off-diagonal elements of the gametic matrices. 
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Table 14: Distribution of gametic relationships between the Entrepelado and Retinto 

gametic effects. 

Gametic Relationship ENTREPELADO RETINTO 

<0.05 92,276 (86.03 %) 94,144 (87.77 %) 

0.05–0.10 8130 (7.58 %) 8900 (8.29 %) 

0.10–0.20 4670 (4.35 %) 3130 (2.92 %) 

0.20–0.30 1076 (1.00 %) 582 (0.54 %) 

0.30–0.40 480 (0.44 %) 252 (0.23 %) 

0.40–0.50 396 (0.36 %) 188 (0.18 %) 

>0.50 228 (0.21 %) 60 (0.05 %) 

 

The calculated gametic matrices yielded results consistent with the familiar relations of 

the individuals, as gametic relationships around 0.50 indicated that the individuals shared 

sire (or dam), while gametic relations around 0.25 suggested that the sires (or dams) of 

the individuals were fullsibs. 
 

 

Variance Components. The posterior mean and standard deviation estimate of the 

variance components are presented in Table 15. 

Table 15: Posterior mean (and standard deviation) of the variance components for the 

total number born, TNB, and the number born alive, NBA. 

Variance Component TNB NBA 

𝝈𝒔(𝑬𝑹)
𝟐  0.144 (0.098) 0.142 (0.097) 

𝝈𝒔(𝑹𝑬)
𝟐  0.357 (0.187) 0.365 (0.191) 

𝝈𝒑(𝑬)
𝟐  0.206 (0.103) 0.199 (0.100) 

𝝈𝒎(𝑬)
𝟐  0.197 (0.114) 0.199 (0.115) 

𝝈𝒑(𝑹)
𝟐  0.224 (0.132) 0.222 (0.128) 

𝝈𝒎(𝑹)
𝟐  0.163 (0.087) 0.151 (0.080) 

𝝈𝒆(𝑬𝑹)
𝟐  4.296 (0.187) 4.251 (0.185) 

𝝈𝒆(𝑹𝑬)
𝟐  4.795 (0.288) 4.607 (0.278) 
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Furthermore, Figure 17 shows the posterior distributions of the ratios of gametic 

variances in the Entrepelado × Retinto (ExR) and Retinto × Entrepelado (RxE) crosses. 

The posterior mean estimates were similar, ranging between 0.034 for the Retinto 

maternal gametic effects in the ER cross and 0.043 for the Entrepelado paternal gametic 

effects in the RE cross. 

 

Figure 17: Posterior distributions of the ratio of gametic effect in the Entrepelado × 

Retinto and in the Retinto × Entrepelado crosses. 

These results indicate that there are no relevant differences in the amount of genetic 

variance contributed by the paternal and maternal origins in either of the two reciprocal 

crosses, based on the available information. 

 

Gametic Correlations. The posterior distribution of the gametic correlations for the TNB 

and NBA in the Entrepelado and Retinto populations are presented in Figures 18 and 19, 

respectively. 

 

 

Figure 18: Posterior distributions of the gametic correlation between the paternal and 

maternal effects in the Entrepelado population. 
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Figure 19: Posterior distributions of the gametic correlation between the paternal and 

maternal effects in the Retinto population. 

The posterior distribution of the correlation between gametic effects in Retinto and 

Entrepelado showed notable differences in shape. Specifically, the posterior distributions 

of the gametic correlations in the Retinto population exhibited a higher degree of positive 

asymmetry compared to those in the Entrepelado population. In fact, the posterior 

probabilities of a positive gametic correlation in the Retinto population were 0.80 and 

0.78 for the TNB and NBA, respectively. In contrast, the posterior probabilities of a 

positive gametic correlation in the Entrepelado population were 0.50 (TNB) and 0.54 

(NBA). 

Although caution is needed in interpreting the results due to the limited amount of 

phenotypic and genotypic information, the shape of the posterior distribution of gametic 

correlations suggests a potential role of genomic imprinting. This is because a gametic 

correlation substantially lower than one indicates that the same combination of alleles in 

a gamete may produce different effects on offspring depending on whether they are 

transmitted by paternal or maternal gametes, which is consistent with the theory of 

genomic imprinting. Genomic imprinting is an epigenetic phenomenon that causes genes 

to be expressed depending on whether they are inherited from the father or mother (Reik 

& Walter, 2001). 

Several theories have been postulated to explain the evolutionary origin of genomic 

imprinting (Patten et al., 2014), and one of the most popular is the parental investment 

theory (Moore & Haig, 1991). This theory argues that imprinting is the result of a conflict 

between the evolutionary success of paternally and maternally derived genes. In 

mammalian reproduction, the evolutionary success of paternally inherited genes is 

associated with the increase in fetal growth, while for maternally inherited genes, it is 

associated with the number of offspring. This theory is reinforced by the discovery of 
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numerous imprinted genes known to regulate aspects of mammalian development 

(Thamban et al., 2020), including growth, behavior, and placental function (Fowden et 

al., 2011), furthermore, there is increasing evidence of imprinted genes in the pig genome 

(Coster et al., 2012; Wu et al., 2020; Zhang et al., 2012). 

From a practical perspective, a low or null gametic correlation between paternal and 

maternal gametes within the same population indicates that a selection program to 

improve the performance of the crossbreeding individuals needs to be specifically 

designed, especially in the Entrepelado population. This is because the selection of 

purebred animals to increase the performance in the Entrepelado × Retinto cross may not 

have any noticeable consequences in the performance in the Retinto × Entrepelado cross. 

Furthermore, this result also may explain the differences in performance among the 

reciprocal crosses observed by Noguera et al. (Noguera et al., 2019), who proposed using 

the Retinto variety as a boar and the Entrepelado as a sow, providing better performance 

than the opposite cross. 

 

4. Conclusions 
 

The bivariate model proposed in this study provides estimates of the gametic effects of 

each founder population as either paternal or maternal, as well as their correlation. In the 

absence of parental imprinting, a perfect correlation of one would be expected. However, 

our results detect a significant deviation from this ideal scenario, indicating possible 

differences in the performance of crossbred individuals depending on the paternal or 

maternal origin of the gametes. These findings provide evidence of the presence of 

imprinting effects in Iberian pig populations, which could have implications for the 

design of future breeding programs. 
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Abstract 

Crossbreeding plays a pivotal role within pig breeding programs, aiming to maximize 

heterosis and improve reproductive traits in crossbred maternal lines. Nevertheless, 

there is evidence indicating that the performance of reciprocal crosses between two 

genetic lines might exhibit variability. These variations in performance can be 

attributed to differences in the correlations between gametic effects, acting as either 

sire or dam, within purebred and crossbred populations. To address this issue, we 

propose a multivariate gametic model that incorporates up to four correlated gametic 

effects for each parental population. The model is employed on a dataset comprising 

litter size data (total number of piglets born –TNB- and number of piglets born alive 

–NBA-) derived from a reciprocal cross involving two Iberian pig populations: 

Entrepelado and Retinto. The dataset comprises 6,933 records from 1,564 purebred 

Entrepelado (EE) sows, 4,995 records from 1,015 Entrepelado x Retinto (ER) 

crosses, 2,977 records from 756 Retinto x Entrepelado (RE) crosses, and 7,497 

records from 1,577 purebred Retinto (RR) sows. The dataset is further supplemented 

by a pedigree encompassing 6,007 individual-sire-dam entries. The statistical model 

also included the order of parity (with six levels), the breed of the service sire (five 

levels), and the herd-year-season effects (141 levels). Additionally, the model 

integrates random dominant and permanent environmental sow effects. The analysis 

employed a Bayesian approach, and the results revealed all the posterior estimates of 

the gametic correlations to be positive. The range of the posterior mean estimates of 

the correlations varied across different gametic effects and traits, with a range 

between 0.04 (gametic correlation between the paternal effects for purebred and the 

maternal for crossbred in Retinto) and 0.53 (gametic correlation between the paternal 

effects for purebred and the paternal for crossbred in Entrepelado). Furthermore, the 

posterior mean variance estimates of the maternal gametic effects were consistently 

surpassed those for paternal effects within all four populations. The results suggest 

the possible influence of imprinting effects on the genetic control of litter size, and 

underscore the importance of incorporating crossbred data into the breeding value 

predictions for purebred individuals. 

Key Words: Crossbreeding, Reciprocal Cross, Gametic Correlation, Parent of 

Origin. 
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1. Introduction 
 

The Iberian pig breed is renowned for its adaptability to the natural Mediterranean 

ecosystem in Southwestern Spain, as well as its product quality (Lopez-Bote, 1998). 

Despite the Iberian pigs exhibit slower growth, lower feed efficiency, and reduced 

prolificacy compared to other commercial pig populations, their meat quality (Gilles, 

2009) and specialized derivative products contribute to their sustainability. However, 

in recent decades, the traditional extensive production methods that solely relied on 

purebred Iberian individuals have been partly replaced by intensive farming practices 

involving crossbreeding with Duroc pigs. The rationale behind this crossbreeding is 

to enhance growth and efficiency (Serrano et al., 2008). This shift towards intensive 

farming has yielded several advantages, such the collection of productive data and 

the implementation of genetic selection programs. It is important to note that 

regulatory norms governing the production of Iberian pig products stipulate that the 

sow must belong to a pure Iberian lineage. This highlights the importance of 

improving the reproductive efficiency of Iberian sows to ensure the economic 

sustainability of the breed.  

INGA FOOD S.A. is a Spanish company specializing in the production and 

distribution of premium pig products. As part of their breeding program, they have 

successfully developed a hybrid Iberian sow called CASTUA. This hybrid sow is the 

result of crossbreeding between the Retinto and Entrepelado populations of the 

Iberian breed. Through this crossbreeding, the CASTUA hybrid sow exhibit 

improved litter size traits due to heterosis, as confirmed by Noguera et al. (2019). 

Furthermore, INGA FOOD S.A. is actively implementing a breeding program with 

the aim of further enhancing litter size based on the performance of purebred 

individuals. The foundation of this program is built upon the assumption of a positive 

genetic correlation between the performance of purebred and crossbred pigs 

(Wientjes & Calus, 2017). This hypothesis finds support in a preceding study (Srihi 

et al., 2022) that quantified the genetic correlation between the performance of 

purebred and crossbred animals within the Entrepelado and Retinto populations. 

 

Furthermore, as highlighted by Noguera et al. (2019), variations in the performance 

of reciprocal crosses suggest that the gametic contribution to genetic variance may 
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diverge when the populations act as either sires or dams in the crossbreeding process 

(Srihi et al., 2023). While previous literature has employed gametic models to 

identify differences in parent-of-origin effects (Meyer & Tier, 2012; Varona et al., 

2015), to the best of our knowledge, these models have not been previously 

implemented within the context of crossbreeding. Hence, the goal of this study is to 

develop a multivariate gametic model encompassing both paternal and maternal 

gametic effects for purebred and crossbred performance. This framework will enable 

the estimation of gametic correlations between these effects. Additionally, the model 

will also incorporate a dominance effect.  

2. Material And Methods 
 

The dataset used in this study consisted of a total of 22,402 records for two 

reproductive traits: total number of piglets born (TNB) and number of piglets born 

alive (NBA). These records were collected from 4,912 sows that were part of a 

complete diallelic experiment involving two strains of the Iberian pig breed: Retinto 

(RR) and Entrepelado (EE). Additionally, the dataset included their reciprocal 

crosses: Entrepelado × Retinto (ER) and Retinto × Entrepelado (RE). Along with the 

phenotypic data, a pedigree containing 6,007 individual-sire-dam entries was 

included for genetic analysis. Table 16 provides a summary of the phenotypic data 

used in this study. 

Table 16: Number of phenotypic records (and number of sows producing them in 

brackets), mean (± standard deviation) of Total Number Born (TNB) and Number Born 

Alive (NBA) for Entrepelado (EE), Retinto (RR) and Entrepelado x Retinto (ER) and 

Retinto × Entrepelado (RE) crosses. 

 N: number of phenotypic records; NS: number of recorded sows.  

 

 EE RR ER RE 

N (NS) 6,933 (1,564) 
7,497 

(1,577) 

4,995 

(1,015) 

2,977 

(756) 

TNB 8.23 ± 2.14 8.44 ± 2.22 8.55 ± 2.27 8.51 ±2.28 

NBA 7.87 ± 2.11 8.05 ± 2.18 8.27 ± 2.25 8.18 ± 2.25 
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The data were analyzed with the following models: 

𝒚𝐸𝐸 = 𝑿𝐸𝐸𝒃𝐸𝐸 + 𝒁𝐸𝐸𝒑𝐸𝐸 + 𝑾𝐸𝐸𝒎𝐸𝐸 + 𝑸𝐸𝐸𝒅𝐸𝐸 + 𝑯𝐸𝐸𝒓𝐸𝐸 + 𝒆𝐸𝐸  

𝒚𝐸𝑅 = 𝑿𝐸𝑅𝒃𝐸𝑅 + 𝒁𝐸𝑅𝒑𝐸𝑅 + 𝑾𝐸𝑅𝒎𝐸𝑅 + 𝑸𝐸𝑅𝒅𝐸𝑅 + 𝑯𝐸𝑅𝒓𝐸𝑅 + 𝒆𝐸𝑅 

𝒚𝑅𝑅 = 𝑿𝑅𝑅𝒃𝑅𝑅 + 𝒁𝑅𝑅𝒑𝑅𝑅 + 𝑾𝑅𝑅𝒎𝑅𝑅 + 𝑸𝑅𝑅𝒅𝑅𝑅 + 𝑯𝑅𝑅𝒓𝑅𝑅 + 𝒆𝑅𝑅 

𝒚𝑅𝐸 = 𝑿𝑅𝐸𝒃𝑅𝐸 + 𝒁𝑅𝐸𝒑𝑅𝐸 + 𝑾𝑅𝐸𝒎𝑅𝐸 + 𝑸𝑅𝐸𝒅𝑅𝐸 + 𝑯𝑹𝑬𝒓𝑅𝐸 + 𝒆𝑅𝐸 

 

In the given equations, 𝒚𝐽𝐾 is the vector of phenotypic records (TNB or NBA) for 

the JK= {EE, ER, RR, RE} population. Here, J= {E, R} denotes the paternal 

population, and K = {E, R} denotes the maternal. Additionally, 𝒃𝐽𝐾  is the vector of 

systematic effects, including order of parity (6 levels), breed of service sire (5 levels) 

and herd-year-season (141 levels). Moreover,  𝒑𝐽𝐾, 𝒎𝐽𝐾, 𝒅𝐽𝐾, 𝒓𝐽𝐾  and 𝒆𝐽𝐾 are the 

paternal, maternal, dominance, permanent environmental and residual effects of the 

JK population, respectively. It must be noted that 𝒑𝐽𝐾 is the vector of the paternal 

gametic effects of the J={E, R} population in the JK cross, and that 𝒎𝐽𝐾 is the vector 

of the K={E,R} maternal gametic effects in the JK={EE, ER, RR, RE} cross.  Besides, 

𝑿𝐽𝐾 , 𝒁𝐽𝐾 ,𝑾𝐽𝐾 , 𝑸𝐽𝐾 and 𝑯𝐽𝐾 are the corresponding incidence matrices involved in the 

equations. 

The statistical model was analyzed by employing a Bayesian approach with a Gibbs 

sampler (Gelfand & Smith, 1990). In this analysis, bounded uniform distributions 

were employed as prior distributions for the systematic effects and variance 

components. The prior distributions for the gametic, dominance, permanent 

environmental and residual effects were modelled as multivariate Gaussian 

distributions, characterized by a zero mean and a variance as outlined before: 

𝑣𝑎𝑟

(

 
 
 
 
 

𝑝𝐸𝐸

𝑝𝑅𝑅

𝑝𝐸𝑅

𝑝𝑅𝐸

𝑚𝐸𝐸

𝑚𝑅𝑅

𝑚𝐸𝑅

𝑚𝑅𝐸)

 
 
 
 
 

= 𝑻⨂𝑮 , 𝑣𝑎𝑟 (

𝑑𝐸𝐸

𝑑𝑅𝑅

𝑑𝐸𝑅

𝑑𝑅𝐸

) = 𝑸⨂𝑫 , 𝑣𝑎𝑟 (

𝑟𝐸𝐸

𝑟𝑅𝑅

𝑟𝐸𝑅

𝑟𝑅𝐸

) = 𝑹⨂𝑰  and  𝑣𝑎𝑟 (

𝑒𝐸𝐸

𝑒𝑅𝑅

𝑒𝐸𝑅

𝑒𝑅𝐸

) = 𝑬⨂𝑰 

where G and D are the gametic and dominance relationship matrix (Smith, 1984), I 

is the identity matrix, and 
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𝑻 =

[
 
 
 
 
 
 
 
 
 

 

𝜎𝑃𝐸𝐸
2 0 𝜎𝑃𝐸𝐸𝑃𝐸𝑅

0 𝜎𝑃𝐸𝐸𝑀𝐸𝐸
0 0 𝜎𝑃𝐸𝐸𝑀𝑅𝐸

0 𝜎𝑃𝑅𝑅
2 0 𝜎𝑃𝑅𝑅𝑃𝑅𝐸

0 𝜎𝑃𝑅𝑅𝑀𝑅𝑅
𝜎𝑃𝑅𝑅𝑀𝐸𝑅

0

𝜎𝑃𝐸𝐸𝑃𝐸𝑅
0 𝜎𝑃𝐸𝑅

2 0 𝜎𝑃𝐸𝑅𝑀𝐸𝐸
0 0 𝜎𝑃𝐸𝑅𝑀𝑅𝐸

0 𝜎𝑃𝑅𝑅𝑃𝑅𝐸
0 𝜎𝑃𝑅𝐸

2 0 𝜎𝑃𝑅𝐸𝑀𝑅𝑅
𝜎𝑃𝑅𝐸𝑀𝐸𝑅

0

𝜎𝑃𝐸𝐸𝑀𝐸𝐸
0 𝜎𝑃𝐸𝑅𝑀𝐸𝐸

0 𝜎𝑀𝐸𝐸
2 0 0 𝜎𝑀𝐸𝐸𝑀𝑅𝐸

0 𝜎𝑃𝑅𝑅𝑀𝑅𝑅
0 𝜎𝑃𝑅𝐸𝑀𝑅𝑅

0 𝜎𝑀𝑅𝑅
2 𝜎𝑀𝑅𝑅𝑀𝐸𝑅

0

0 𝜎𝑃𝑅𝑅𝑀𝐸𝑅
0 𝜎𝑃𝑅𝐸𝑀𝐸𝑅

0 𝜎𝑀𝑅𝑅𝑀𝐸𝑅
𝜎𝑀𝐸𝑅

2 0

𝜎𝑃𝐸𝐸𝑀𝑅𝐸
0 𝜎𝑃𝐸𝑅𝑀𝑅𝐸

0 𝜎𝑀𝐸𝐸𝑀𝑅𝐸
0 0 𝜎𝑀𝑅𝐸

2

  

]
 
 
 
 
 
 
 
 
 

  

where 𝜎𝑋𝐽𝐾

2  represents the paternal (X=P) or maternal (X=M) gametic variance in the 

JK population, JK can represent any of the following combinations {EE, ER, RR, 

RE}. Similarly, 𝜎𝑋𝐽𝐾𝑌𝐿𝑀
 denotes the covariance between the gametic effects between 

the paternal (if X=P) or maternal (if X=M) gametic variance in the JK cross with the 

paternal (if Y=P) or maternal (if Y=M) gametic variance in the LM cross, where JK 

and LM can each be EE,ER,RR and RE, respectively. It is essential to emphasize that 

in this analysis, the covariances between gametic effects from distinct populations 

(Retinto or Entrepelado) are explicitly fixed at zero, allowing no correlation between 

them. Conversely, the model allows for non-null covariance between gametic effects 

from the same population.  

Further,  

𝑸 =

[
 
 
 
 

 

𝜎𝑑𝐸𝐸

2 0 0 0

0 𝜎𝑑𝑅𝑅

2 0 0

0 0 𝜎𝑑𝐸𝑅

2 0

0 0 0 𝜎𝑑𝑅𝐸

2

  

]
 
 
 
 

 ,  𝑹 =

[
 
 
 
 

 

𝜎𝑟𝐸𝐸
2 0 0 0

0 𝜎𝑟𝑅𝑅
2 0 0

0 0 𝜎𝑟𝐸𝑅
2 0

0 0 0 𝜎𝑟𝑅𝐸
2

  

]
 
 
 
 

, and 

                                     𝑬 =

[
 
 
 
 

 

𝜎𝑒𝐸𝐸
2 0 0 0

0 𝜎𝑒𝑅𝑅
2 0 0

0 0 𝜎𝑒𝐸𝑅
2 0

0 0 0 𝜎𝑒𝑅𝐸
2

  

]
 
 
 
 

 

with 𝜎𝑑𝐽𝐾

2 , 𝜎𝑟𝐽𝐾
2  and 𝜎𝑒𝐽𝐾

2  are the dominance, permanent environmental and residual 

variances of the JK population, respectively. 

The inverse of the gametic relationship matrix (G-1) was calculated using a 

FORTRAN program that follows the algorithm proposed by Meyer & Tier (2012). 

The gametic relationship matrix (G) was itself calculated by direct inversion using R 
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software (R Core Team., 2021). Subsequently, the elements of G were employed to 

derive the elements of the dominance relationship matrix (D) according to the 

following expression: 

𝑑𝑖𝑗 = 𝑔𝑖𝑝𝑗𝑝𝑔𝑖𝑚𝑗𝑚 + 𝑔𝑖𝑝𝑗𝑚𝑔𝑖𝑚𝑗𝑝 

Here, dij represents the dominance relationship between the ith and jth individuals. 

Specifically, gixjy signifies the relationship between the gametes of the ith individual 

(paternal or maternal, depending on x) and the jth individual (paternal or maternal, 

depending on y). 

The implementation of the Gibbs Sampler was conducted using the BLUPF90 suite 

of programs, specifically with the gibbsf90+ program (Misztal et al., 2018). The 

analysis involved a single long chain comprising 1,100,000 iterations, with the initial 

100,000 iterations discarded to guarantee convergence towards the stationary 

distribution. 

During each iteration, the following parameters were calculated: 

1. Ratios of paternal (𝑝𝐽𝐾
2 ) or maternal (𝑚𝐽𝐾

2 ) gametic variances for the JK cross 

𝑝𝐽𝐾
2 =

𝜎𝑝𝐽𝐾
2

𝜎𝑝𝐽𝐾
2 + 𝜎𝑚𝐽𝐾

2 + 2𝜎𝑝𝐽𝐾𝑚𝐽𝐾 + 𝜎𝑑𝐽𝐾

2 + 𝜎𝑟𝐽𝐾
2 + 𝜎𝑒𝐽𝐾

2
 

𝑚𝐽𝐾
2 =

𝜎𝑚𝐽𝐾
2

𝜎𝑝𝐽𝐾
2 + 𝜎𝑚𝐽𝐾

2 + 2𝜎𝑝𝐽𝐾𝑚𝐽𝐾 + 𝜎𝑑𝐽𝐾

2 + 𝜎𝑟𝐽𝐾
2 + 𝜎𝑒𝐽𝐾

2
 

 

2. Ratio of dominance variance (𝑑𝐽𝐾
2 ) for the JK cross 

𝑑𝐽𝐾
2 =

𝜎𝑑𝐽𝐾

2

𝜎𝑝𝐽𝐾
2 + 𝜎𝑚𝐽𝐾

2 + 2𝜎𝑝𝐽𝐾𝑚𝐽𝐾 + 𝜎𝑑𝐽𝐾

2 + 𝜎𝑟𝐽𝐾
2 + 𝜎𝑒𝐽𝐾

2
 

 

3. Broad sense heritability (𝐻𝐽𝐾
2 ) for the JK cross. 

𝐻𝐽𝐾
2 =

𝜎𝑝𝐽𝐾
2 + 𝜎𝑚𝐽𝐾

2 + 2𝜎𝑝𝐽𝐾𝑚𝐽𝐾 + 𝜎𝑑𝐽𝐾

2

𝜎𝑝𝐽𝐾
2 + 𝜎𝑚𝐽𝐾

2 + 2𝜎𝑝𝐽𝐾𝑚𝐽𝐾 + 𝜎𝑑𝐽𝐾

2 + 𝜎𝑟𝐽𝐾
2 + 𝜎𝑒𝐽𝐾

2
 

 

4. Gametic correlations (𝑟𝑋𝐽𝐾𝑌𝐿𝑀
) between the X (paternal –P- or maternal –M) 

gametic effects of the from JK population with the Y ((paternal –P- or 

maternal –M-) gametic effects of the LM population 
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𝑟𝑋𝐽𝐾𝑌𝐿𝑀
=

𝜎𝑋𝐽𝐾𝑌𝐿𝑀

𝜎𝑋𝐽𝐾

 𝜎𝑌𝐿𝑀

  

 

3. Results And Discussion 
 

Variance Components. The posterior means (and standard deviations) of the variance 

components for TNB and NBA are presented in Tables 17 and 18, respectively. 

Table 17: Posterior means (and standard deviations) of the permanent environmental 

(𝜎𝑟
2), paternal (𝜎𝑝

2), maternal (𝜎𝑚
2 ), dominance (𝜎𝑑

2) and residual (𝜎𝑒
2) variance 

components for Total Number Born (TNB) in the Entrepelado (EE), Entrepelado x 

Retinto (ER), Retinto x Entrepelado (RE) and Retinto (RR) populations. 

Population 𝝈𝐫
𝟐 𝝈𝐩

𝟐 𝝈𝐦
𝟐  𝝈𝐝

𝟐 𝝈𝐞
𝟐 

EE 0.18 (0.07) 0.14 (0.06) 0.28 (0.07) 0.14 (0.07) 3.50 (0.07) 

RR 0.11 (0.04) 0.14 (0.04) 0.20 (0.05) 0.10 (0.04) 4.08 (0.07) 

ER 0.14 (0.06) 0.26 (0.09) 0.36 (0.09) 0.13 (0.07) 4.13 (0.09) 

RE 0.16 (0.07) 0.15 (0.06) 0.38 (0.10) 0.14 (0.07) 4.17 (0.12) 

 

Table 18: Posterior means (and standard deviations) of the permanent environmental 

(𝜎𝑟
2), paternal (𝜎𝑝

2), maternal (𝜎𝑚
2 ), dominance (𝜎𝑑

2) and residual (𝜎𝑒
2) variance 

components for Number Born Alive (NBA) in the Entrepelado (EE), Entrepelado x 

Retinto (ER), Retinto x Entrepelado (RE) and Retinto (RR) populations. 

Population 𝝈𝐫
𝟐 𝝈𝐩

𝟐 𝝈𝐦
𝟐  𝝈𝐝

𝟐 𝝈𝐞
𝟐 

EE 0.19 (0.07) 0.13 (0.05) 0.24 (0.06) 0.11 (0.06) 3.47 (0.07) 

RR 0.11 (0.04) 0.14 (0.04) 0.19 (0.05) 0.11 (0.04) 3.86 (0.07) 

ER 0.13 (0.06) 0.26 (0.08) 0.33 (0.08) 0.12 (0.06) 4.01 (0.09) 

RE 0.16 (0.07) 0.16 (0.07) 0.35 (0.09) 0.14 (0.06) 3.96 (0.11) 

 

To begin with, it is important to emphasize that the posterior estimates of paternal and 

maternal gametic variances in both traits were found to be greater in the crossbred 

populations (ER and RE) when contrasted with the purebred populations (EE and RR). 

This discrepancy could potentially be attributed to a scale effect (Falconer & Mackay, 
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1996), since the phenotypic variance is also higher in the crossbred populations. Another 

contributing factor to this discrepancy is the model's allowance for covariance between 

the two gametic effects within the purebred populations, which adds twice the value of 

𝜎𝑋𝐽𝐾𝑌𝐿𝑀
 to the genetic variance. 

Nevertheless, the outcomes of our analysis demonstrate that both paternal and maternal 

gametic effects contribute to the phenotypic variability of litter size traits, as evidenced 

by their posterior distributions significantly deviating from zero. However, it is important 

to acknowledge that the variances of maternal gametic variances consistently surpass 

those of paternal gametic effects. This suggests that the alleles inherited from the mother 

exert a more pronounced influence on the phenotypic variation of litter size. These 

findings are further illustrated by the ratios of paternal to maternal gametic variance, 

visually depicted in Figure 20 for TNB and Supplementary Figure S4 for NBA. 

 

 

Figure 20: Posterior distributions of the ratios of paternal and maternal gametic variances 

in the Entrepelado x Entrepelado, Entepelado x Retinto, Retinto x Entrepelado and 

Retinto x Retinto populations for Total Number Born. 
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These findings align with those obtained by Stella et al. (2003) in white pigs, suggesting 

a similar trend. One plausible explanation for this phenomenon is the potential existence 

of paternal genomic imprinting (Reik & Walter, 2001), a mechanism ensuring certain 

alleles are only expressed upon heritance from either the mother or father. Numerous 

theories have been proposed to elucidate the evolutionary origins of genomic imprinting, 

comprehensive reviewed by Patten et al., (2014). One of the most prominent being the 

parental investment theory (Moore & Haig, 1991). In accordance with this theory, 

imprinting arises due to a conflict between the evolutionary interest of the alleles inherited 

from the father and those inherited from the mother. Within mammalian reproduction, the 

evolutionary success of the alleles inherited from the father is associated with augmented 

fetal growth, while the success of the alleles inherited from the mother is linked with 

offspring number. This theory finds support in the identification of numerous imprinted 

genes governing diverse facets of mammalian development (Thamban et al., 2020), 

encompassing growth, behavior, and placental function (Fowden et al., 2011). 

Additionally, a growing body of evidence indicating the presence of imprinted genes in 

the pig genome (Coster et al., 2012; Wu et al., 2020; Zhang et al., 2012) is available. 

It is important to underline that the paternal and maternal gametic variances exhibited 

higher values in the crossbred populations when compared to the purebred populations. 

As mentioned earlier, this divergence could stem from a scale effect or from the inclusion 

of covariances between the paternal and maternal gametic effects within the purebred 

populations. Consequently, the covariance between these effects also contributes to the 

overall genetic variation. Notably, the posterior distributions of the broad-sense 

heritabilities showed similar patterns across all purebred and crossbred populations, as 

there are weighted by the increase of phenotypic variation in crossbreds. The posterior 

mean estimates spanned from 0.125 in the RR population to 0.160 in the EE population 

for TNB, and from 0.125 (RR) to 0.149 (EE) for NBA, as depicted in Figure 21 for TNB 

and Supplementary Figure S5 for NBA. 
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Figure 21: Posterior distributions of the broad-sense heritabilities and ratios of 

dominance variance in the Entrepelado x Entrepelado, Entrepelado x Retinto, Retinto x 

Entrepelado and Retinto x Retinto for Total Number Born. 

These figures also present the posterior distribution of the ratios of dominance variance, 

featuring posterior mean estimates ranging from 0.021 in RR to 0.031 in EE for TNB, 

and from 0.024 in RR to 0.029 in RE for NBA. In general, the ratios of dominance 

variance were modest, indicating that the implementation of a mate allocation procedure 

(González-Diéguez et al., 2020; Toro & Varona, 2010) to capture favorable dominance 

effects may yield limited or insignificant results, even if genotyping information were 

available. 

 

Gametic Correlations. The proposed model provides the estimates of the gametic 

covariances and correlations between four gametic effects stemming from each parental 

population (paternal for purebred, maternal for purebred, paternal for crossbred, and 

maternal for crossbred). Figures 22 and 23 display the posterior distributions of gametic 

correlations among these four gametic effects for TNB in the Entrepelado and Retinto 

populations, respectively. Furthermore, Supplementary Figures S6 and S7 provide the 

posterior distributions of gametic correlations for NBA. 
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Figure 22: Posterior distribution of the correlations between the four gametic from each 

parental population (paternal for purebred –EE-, maternal for purebred –EE-, paternal for 

crossbred –ER-, and maternal for crossbred –RE-) in the Entrepelado population for Total 

Number Born. 
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Figure 23: Posterior distribution of the correlations between the four gametic from each 

parental population (paternal for purebred –RR-, maternal for purebred –RR-, paternal 

for crossbred –RE-, and maternal for crossbred –ER-) in the Retinto population for Total 

Number Born. 

Every posterior mean estimate of the gametic correlations were positive, spanning from 

0.04 (paternal gametic effects for purebred and maternal gametic effects for crossbred in 

Retinto) to 0.53 (paternal gametic effects for purebred and paternal gametic effects for 

crossbred in Entrepelado). As far as we know, there are no existing estimates of gametic 

correlations between purebred and crossbred performance available in the literature. 

However, our estimates fall within the lower range of the genetic correlation estimates 

for a wide spectrum of traits available in the literature and reviewed by Wientjes & Calus 
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(2017). It’s noteworthy that the posterior probability of a gametic correlation surpassing 

0.75 was consistently remained below 0.20 for all the gametic correlations. This suggest 

that selection in the purebred populations might not yield optimal outcomes in the 

crossbred population. These results differ from those obtained by Srihi et al. (2022); 

however it's important to recognize that their study was conducted with a notably smaller 

dataset. 

Furthermore, it is interesting to observe that the pattern of gametic correlations differs 

between purebred and crossbred performance in both populations. Within the Entrepelado 

population, the gametic effects acting as the sire in the purebred context (paternal for 

purebred) exhibit relatively high correlations with performance within the crossbred 

population, whether as a sire (posterior mean of 0.53 with paternal for crossbred) or as a 

dam (posterior mean of 0.40 with maternal for crossbred). Conversely, the correlations 

involving the gametic effects when acting as the dam within the purebred population 

(maternal for purebred) were lower with performance in the crossbred population, both 

as a sire (posterior mean of 0.21 with paternal for crossbred) and as a dam (posterior mean 

of 0.32 with maternal for crossbred). In contrast, the scenario in the Retinto population 

was reversed. The correlations between the gametic effects acting as the sire within the 

purebred population (paternal for purebred) showed lower correlations with the crossbred 

population (posterior mean of 0.17 with paternal and 0.04 with maternal gametic effects 

in the crossbred), whereas the gametic effects acting as the dam (maternal for purebred) 

displayed elevated correlations (posterior mean of 0.46 with paternal and 0.41 with 

maternal gametic effects in the crossbred). 

These findings reinforce the importance of using crossbred data to predict the breeding 

values of purebred individuals and confirm the need to evaluate them for both purebred 

and crossbred performance. By doing so, balanced selection strategies can be optimized 

for crossbreeding purposes. Moreover, the observed diversity in the correlation between 

gametic effects also suggest the potential influence of imprinting effects, which should 

be considered in genetic evaluation. These results open up alternative strategies for 

crossbreeding selection and breeding program design. 

The populations that contribute as sires or dams in crossbreeding should be selected based 

on the prediction of their gametic effects when performing as sires or dams in the 

crossbred population, respectively. In the example provided, the CASTUA population is 
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commercially produced by crossing Retinto sires with Entrepelado dams. Hence, the 

selection of the Retinto population should rely on gametic prediction of paternal gametic 

effects for crossbred, while the Entrepelado population should be selected for maternal 

gametic effects for crossbred. 

In the proposed model, the performance within the purebred populations contributes to 

the prediction of gametic effects in crossbreeding via gametic covariances (or 

correlations). Nonetheless, it should be noted that the covariances (or correlations) 

between gametic effects from different populations (Retinto or Entrepelado in this 

example) were assumed to be zero. Future research is required to develop a model that 

integrates genomic information and accounts for potential covariances among these 

gametic effects, potentially through adaptations of the metafounders analysis (Xiang et 

al., 2017).  

The findings of this study can be summarized as follows: 1) maternal gametic effects 

consistently exhibit greater variances than paternal gametic effects, indicating a stronger 

influence of alleles inherited from the mother on litter size, and 2) distinct patterns of 

gametic correlations were observed between purebred and crossbred performances within 

the Entrepelado and Retinto pig populations. These results suggest the potential impact 

of imprinting effects on the genetic regulation of litter size and underscore the importance 

of including crossbred data in breeding value predictions for purebred individuals
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Crossbreeding is commonly employed technique in commercial breeding programs 

spanning diverse animal species, aiming to leverage heterosis and complementarity 

(Falconer & Mackay, 1996). In white pigs, the most frequent strategy involves a three-

way cross, primarily designed to attain heterosis for reproductive traits in the crossbred 

sow. Simultaneously, this strategy seeks complementarity with the terminal sire 

concerning growth, carcass traits or meat quality (Cassady et al., 2002).   

The Iberian pig presents a distinct scenario. A large proportion of Iberian pig farmers uses 

Duroc sires to enhance growth rates and efficiency (Serrano et al., 2008). The adoption 

of intensive management practices has underscored the pivotal role of the reproductive 

efficiency in ensuring sustainability of Iberian pig farming. Quinton et al. (2006) 

emphasized that the number of weaned piglets per sow in a year (or numerical 

productivity) is one of the most important factors in the profitability of pig farms, and 

litter size is its most important component. 

In contrast to other commercial pig populations where efforts to enhance prolificacy in 

maternal lines through crossbreeding have been commonplace, Iberian pig farmers 

historically refrained from utilizing crossbred sows. Instead, they traditionally have bred 

exclusively one of the varieties of the Iberian breed (Martínez et al., 2000). However, 

several studies have revealed genetic variability for prolificacy within (Fernández et al., 

2008; Rodriguez et al., 1994) and between (García-Casco et al., 2012) varieties of Iberian 

pig. Regulatory norms of the Iberian pig production mandate the use purebred Iberian 

sows. Consequently, INGA FOOD, S.A. initiated a diallel cross involving three varieties 

(Retinto, Entrepelado and Torbiscal) to identify the best hybrid sow of complete Iberian 

genetic origin. This research demonstrated that the cross between Retinto and Entrepelado 

yielded the highest prolificacy and a notable percentage of heterosis (Noguera et al., 

2019). Since then, INGA FOOD, S. A. has started a breeding program to improve the 

purebred Retinto and Entrepelado populations with a focus on improving litter size. The 

ongoing breeding program relies solely on purebred phenotypic information to predict 

the breeding values of the candidates to selection. 

The efficacy of this approach hinges on the genetic correlation between purebred and 

crossbred performance (rpc). This correlation is a key determinant in the response to 

selection for crossbred performance when the selection is based on purebred (PB) 

performance metrics. When rpc is low, the integration of crossbred information becomes 
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increasingly important in the selection process for choosing the best purebred animals. 

Despite extensive research establishing purebred-crossbred correlation in several species 

(Calus et al., 2023; Wientjes & Calus, 2017), there exist a notable gap when it comes to 

Iberian pigs. The absence of specific research in this domain poses a challenge in 

accurately predicting and enhancing breeding outcomes for Iberian pigs.  

One of the primary objectives of the initial study in this thesis is to address this gap. 

Additionally, the investigation conducted in Chapter V is designed to estimate the 

additive and dominance genetic variances and covariances within both purebred and 

crossbred populations. The study also seeks to pinpoint the genomic regions linked to 

additive genetic variation in both types of performance. To achieve this, the study follows 

the procedure described by Vitezica et al. (2016), which adopts a genotypic or 

“biological” model and necessitates the transformation of the results into the “statistical”  

model to estimate additive and dominance variance components. Further, the procedure 

was expanded with an adaptation of the method for the calculation of the SNP effects as 

described by Wang et al. (2012).  

The key findings of this study revealed higher additive genetic variances and heritabilities 

in crossbred populations compared to purebred populations. This suggests that the genetic 

response in crossbred performance may surpass that of purebred performance. 

Furthermore, positive purebred-crossbred genetic correlations (0.663 in Entrepelado and 

0.881 in Retinto) were observed, falling within the range of correlations estimated in other 

pig populations (Wientjes & Calus, 2017). otably, several genomic regions on 

chromosomes 6, 8 (two regions), and 12 were identified, explaining a substantial 

percentage of the additive genetic variation. The analysis highlighted potential candidate 

genes, including BCO1 (β-Carotene Oxygenase 1), GCSH (Glycine Cleavage System H), 

PRDM8 (PR/SET Domain 8), GIT1 (G protein-coupled receptor kinase interactor 1), 

NSRP1 (Nuclear Speckle Splicing Regulatory Protein 1), and ANKRD1 (Ankyrin Repeat 

Domain 1). These genes play pivotal roles in essential biological processes such as 

embryonic development, cell growth, and morphogenesis (Beer et al., 2005; Haub & 

Goldfarb, 1991; Kim et al., 2011; Segura et al., 2007; Wassef et al., 2013). It is 

noteworthy that the GCSH (Glycine Cleavage System H) protein plays an important role 

in embryonic viability (Leung et al., 2021).  These genomic regions could potentially be 

given higher weight in the implementation of Weighted GBLUP (Fragomeni et al., 2017; 

Zhang et al., 2016). However, it's crucial to recognize that these results should be treated 
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as preliminary due to the constraints of the available genotypic and phenotypic dataset. 

Additionally, the routine application of genomic selection techniques at INGA FOOD, 

S.A. is still in its early stages. Furthermore, the practical implementation of Weighted 

GBLUP is a subject of ongoing discussion (Ren et al., 2021), and its advantages have 

been demonstrated primarily when specific regions with substantial variance are involved 

in the genetic determinism of the trait  (Ren et al., 2021). 

The finding of this first study suggest that the purebred selection should be efficiently for 

enhancing crossbreeding performance. However, the results must be taken with caution, 

because the model described by Vitezica et al. (2016) assumes the equivalence of the 

phenotypic performance in reciprocal crosses, that was not observed in a previous study 

(Noguera et al., 2019). Motivated by the intriguing results of this study, our research 

aimed to further investigate parent of origin effects in Iberian pigs. This exploration was 

conducted using two distinct methodologies. The initial study (Chapter VI) was 

developed using genotypic information, while the subsequent one (Chapter VII) focused 

solely on genealogical and phenotypic information. 

The presence of parent of origin effects is often associated with genomic imprinting, a 

phenomenon wherein genes express themselves  It is a phenomenon in which genes are 

expressed differently depending on whether they are transmitted by paternal or maternal 

gametes (Reik & Walter, 2001). The first approach developed in this thesis involved 

harnessing molecular information through a novel Bayesian multivariate gametic model. 

In recent years, some algorithms have been proposed to develop a genomic analysis of 

imprinting (Nishio & Satoh, 2015) from the genomic information provided by 

commercial genotyping devices. In this study, we expand upon their approach to a 

encompass a multivariate scope, considering the performance of Retinto x Entrepelado 

and Entrepelado x Retinto as two different but correlated traits. As a result, up to four 

gametic effects were taken into account: Retinto paternal and maternal gametic effects 

and Entrepelado paternal and maternal effects. The model also allows for the correlation 

between the paternal and maternal gametic effects within each population.  

To implement this model, haplotype phasing was necessary. After a preliminary study 

(Srihi et al., 2023) that compare the performance of AlphaPhase (Hickey et al., 2011), 

FImpute (Sargolzaei et al., 2014) and Findhap (VanRaden et al., 2013), the AlphaPhase 

software (Hickey et al., 2011) was utilized separately for each chromosome, using 
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genotypes from both crossbred and purebred individuals, as well as a pedigree consisting 

of 1601 individuals. We tested nine combinations of 'CoreLength' (200, 300, and 400) 

and 'CoreTail' (75, 100, and 125), notable differences in the phasing outcomes with an 

average similarity of 85.77% ± 4.86% across different settings, and only haplotype 

assignments that coincided in seven or more scenarios were retained for subsequent 

analysis. 

The model was implemented using a Gibbs Sampler with the blupf90+ software (Misztal 

et al., 2018). Despite the limited size of the phenotypic and genotypic datasets, the 

posterior distribution of the gametic correlations between paternal and maternal effects 

exhibited distinct patterns in the Retinto than in the Entrepelado populations. In the 

Retinto population, the posterior distribution was clearly skewed with a posterior 

probability of a positive gametic correlation larger than 0.80, while in Entrepelado, the 

posterior probability of a positive gametic correlation were only 0.50.  

However, the analysis using this molecular approach provided results that were not as 

informative as anticipated. This limitation was attributed to the small dataset size and the 

constraints of the available molecular information. To overcome these limitations and 

obtain a more comprehensive understanding to imprinting effects, we proceeded with the 

second methodology, which harnessed genealogical information through the application 

of gametic models (Chapter VII). Gametic models (Meyer & Tier, 2012; Schaeffer et al., 

1989; Varona et al., 2015) has been widely used for the identify differences in parent-of-

origin effects. Still, to the best of our knowledge, they have not been implemented in the 

context of crossbreeding. Therefore, the initial challenge of the study was to develop a 

multivariate model with up to eight gametic effects (including Entrepelado as sire of 

Entrepelado, Entrepelado as dam of Entrepelado, Entrepelado as sire of the crossbred, 

Entrepelado as dam of the crossbred, Retinto as sire of Retinto, Retinto as dam of Retinto, 

Retinto as sire of the crossbred and Retinto as dam of the crossbred). Additionaly, the 

gametic effects within the same population (Entrepelado and Retinto) are allowed to be 

covariated, as it is illustrated in Figure 24. 
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Figure 24: Representation of the structure of the gametic variances and covariances in 

purebred Retinto and Entrepelado and their reciprocal cross 

The model also integrated dominance and the permanent sow environmental effects.  The 

calculation of the gametic and dominance relationship matrices was developed using a 

self-made program in FORTRAN (see APPENDIX 1), and they were used into the 

gibbsf90 software (Misztal et al. 1998). The model implementation provides posterior 

distributions for gametic variances and covariances, as well as the dominance, permanent 

environmental, and residuals variances. All of them were used to calculate the posterior 

distributions of the ratios of paternal and maternal gametic variances, the ratios of the 

dominance variance, the broad-sense heritability and gametic correlations within the 

gametic effects from the same population.  

The results of the study unveiled that the posterior mean variance estimates of the 

maternal gametic effects consistently surpassed those for paternal effects within all four 

populations, including both purebred and crossbred. Furthermore, all the posterior mean 

estimates of the correlations were positive, albeit they ranged between 0.04 (gametic 

correlation between the paternal effects for purebred and the maternal for crossbred in 

Retinto) and 0.53 (gametic correlation between the paternal effects for purebred and the 

paternal for crossbred in Entrepelado).  

The imperfect gametic correlations (r≠1) and the disparities between maternal and 

paternal gametic variances align consistently with the findings of the preceding study 
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within this thesis and with those reported by Stella et al. (2003) in with pigs, respectively. 

Both results align with the hypothesis of the existence of parent-of-origin effects caused 

by genomic imprinting.  

Several theories have been proposed to unravel the evolutionary origins of genomic 

imprinting (Patten et al., 2014). Among them, one of the most prominent is the parental 

investment theory (Moore & Haig, 1991), which posits that imprinting arises from a 

conflict between the evolutionary interest of the alleles inherited from the father and those 

inherited from the mother. In the case of mammalian reproductive traits, the evolutionary 

success of the alleles inherited from the father is associated with enhanced pre- and 

postnatal growth, whereas the success of the alleles inherited from the mother is linked 

to the number of progenies, with litter size plays a prominent role. 

From a practical perspective, the findings of this study may also carry some important 

consequences. If the gametic correlations within the same population deviate significantly 

from unity, the selection procedure must have adjusted accordingly. For example, if the 

final product is a crossbred (CASTUA) between Retinto sires and Entrepelado dams, he 

selection process for the purebred Retinto population should be based on predicting the 

paternal gametic effects for the crossbred. Simultaneously, the selection of the 

Entrepelado population should rely on predicting the maternal gametic effects for the 

crossbred. The remaining gametic effects should not be factored into the selection 

process, and their contribution would be beneficial only through their gametic correlation. 

 

Limitations of the study and future perspectives  

While this thesis provides valuable insights into crossbreeding between Iberian pig 

populations, there are certain limitations that should be acknowledged. One significant 

constraint is the limited availability of reference databases with sufficient size and genetic 

diversity, particularly in the context of Iberian pigs. This limitation affects the robustness 

and generalizability of the findings. 

The research outcomes presented here should be viewed not as conclusions, However, it 

serves as a starting point for several interesting research topics. 

1. Simulation Studies: It would be valuable to conduct a simulation study that compare 

the selection response achieved using gametic models for evaluating purebred individuals 
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for crossbred performance with the selection response achieved using the standard animal 

model. 

 

2. Integrating Genomic and Genealogical Data:  The parent-of-origin studies has been 

developed separately with genomic (Chapter VI) and genealogical (Chapter VII) 

information. It will be very interesting to combine the genealogical genomic relationship 

matrix (Meyer & Tier, 2012; Schaeffer et al., 1989) with the genomic gametic relationship 

matrix (Nishio & Satoh, 2015) under a single-step (Legarra et al., 2014)  based procedure. 

 

3. Exploring Genetic Relationships and Metafounders: Both the genomic and the 

genealogical analysis of parent-of-origin assumed that the Retinto and the Entrepelado 

effects were unrelated, as they come from different genetic origins. However, as pointed 

out in the introduction, there are several studies about the genetic differentiation of the 

Iberian strains (Alonso et al., 2020; Fabuel et al., 2004), that suggest that some of them 

can be closely related. Therefore, the development of new procedures that consider the 

potential relationship between the parental population trough the adaptation of the 

metafounders theory (Legarra et al., 2015; Xiang et al., 2017) to gametic models . 

 

4.  Comparative Model Study : Incorporating a comparative study utilizing the models 

developed by Christensen et al. (2014), following Wei & Van Der Werf (1994), which 

use genomic information through marker-based partial relationship matrices.  

 

5. Study of Epistatic interactions: The crossbreeding model developed in Chapter V 

only included additive and dominance effects. However, heterosis and combination 

ability between populations may be determined by complex genetic interactions. 

Therefore, the implementation of models that consider epistasis (Vitezica et al., 2017; 

Varona et al., 2018;) may provide a better understanding of these processes. 
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CONCLUSIONS  
 

The conclusions of this study are: 

1. Crossbred population between Retinto and Entrepelado exhibit higher additive genetic 

variance and heritability than purebred populations, suggesting that crossbreds might be 

more responsive to selection. 

2. There was a higher genetic correlation between purebred and crossbred performances 

in Retinto pigs compared to Entrepelado pigs.  

3. Four genomic regions on chromosomes SSC6, SSC8, and SSC12 were associated with 

a higher percentage of additive genetic variance, and they harbor several candidate genes, 

including BCO1 (β-Carotene Oxygenase 1), GCSH (Glycine Cleavage System H), 

PRDM8 (PR/SET Domain 8), GIT1 (G protein-coupled receptor kinase interactor 1), 

NSRP1 (Nuclear Speckle Splicing Regulatory Protein 1), and ANKRD1 (Ankyrin Repeat 

Domain 1). 

4. The genomic and genealogical analysis of the data from a reciprocal cross between the 

Entrepelado and Retinto detected a relevant deviation from the expected perfect 

correlation between paternal and maternal gametic effects and suggest the presence of 

imprinting effects in litter size. 

5. The maternal gametic effects have shown consistently greater variances than paternal 

effects, indicating a stronger influence of alleles inherited from the mother on litter size 

traits 

6. The presence of parent of origin effects indicates that selection strategies can be 

modified to achieve a better selection response by using gametic models. 

7. The importance of crossbred phenotypic information for the implementation of 

selection of crossbred performance is reinforced.  
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CONCLUSIÓNES 
 

 

Las conclusiones de este estudio son las siguientes: 

1. La población cruzada entre Retinto y Entrepelado presenta una mayor varianza 

genética aditiva y heredabilidad que las poblaciones de pura raza, lo que sugiere 

que los cruzados podrían ser más receptivos a la selección. 

2. Se ha identificado una mayor correlación genética entre el rendimiento de pura 

raza y cruzado en cerdos Retinto en comparación con los cerdos Entrepelado. 

3. Cuatro regiones genómicas en los cromosomas SSC6, SSC8 y SSC12 se asociaron 

con un mayor porcentaje de varianza genética aditiva y albergan varios genes 

candidatos, incluyendo BCO1 (β-Caroteno Oxigenasa 1), GCSH (Sistema de 

Clivaje de Glicina H), PRDM8 (Dominio PR/SET 8), GIT1 (Interactor 1 de 

Quinasa Receptora Acoplada a Proteína G), NSRP1 (Proteína Reguladora de 

Empalme de Espeque Nuclear 1) y ANKRD1 (Dominio de Repetición de 

Anquirina 1). 

4. El análisis genómico y genealógico de los datos de un cruce recíproco entre 

Entrepelado y Retinto detectó una desviación relevante de la correlación perfecta 

esperada entre los efectos gaméticos paternos y maternos, lo que sugiere la 

presencia de efectos de impronta en el tamaño de camada. 

5. Los efectos gaméticos maternos han mostrado consistentemente mayores 

varianzas que los efectos paternos, indicando una influencia más fuerte de los 

alelos heredados de la madre en las características del tamaño de camada. 

6. La presencia de efectos de origen parental indica que las estrategias de selección 

pueden modificarse para lograr una mejor respuesta a la selección utilizando 

modelos gaméticos. 

7. Se refuerza la importancia de la información fenotípica de los cruzados para la 

implementación de la selección del rendimiento de los cruzados 
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 APPENDIX 
 

 

APPENDIX 1 : 

 

INTEGER, PARAMETER :: NANIS=6007,NGAMETES=2*NANIS 

      REAL (KIND=8), DIMENSION (0:NANIS)::EFF !INBREEDING 

      REAL (KIND=8), DIMENSION (0:NGAMETES):: DIAG,PXP,PXG ! STORAGE OF G 

INVERSE 

      INTEGER, DIMENSION (2,0:NGAMETES):: GED ! GAMETIC PEDIGREE 

      REAL (KIND=8) :: RLOG1 

 eff=0 

 diag=0 

 pxp=0 

 pxg=0 

      OPEN(11,FILE='genea_def.txt') 

      OPEN(88,FILE='gametic_matrix.txt') 

      DO I=1,NANIS 

  print *,i 

          READ(11,*)IA,IS,ID,EFF(IA) ! READ PEDIGREE Y F 

          KA2=IA*2 

          KA1=KA2-1 ! COMPUTE GAMETE NUMBERS 

          IF (IS.NE.0) THEN 

             DIS=2/(1.-EFF(IS)) 

          ELSE 

             DIS=1 

          ENDIF 

          IF (ID.NE.0) THEN 

             DID=2/(1.-EFF(ID)) 

          ELSE 

             DID=1 

          ENDIF 

          RLOG1=RLOG1+LOG(DIS)+LOG(DID) !accumulate log-L 

          DIAG(KA1)=DIS 

          DIAG(KA2)=DID !Diagonals of inverse 

          IF (IS > 0) THEN !SIRE GAMETES 

              KS2=IS*2 

              KS1=KS2-1 !COMPUTE SIRE GAMETES 

              GED(1,KA1)=KS1 

              GED(2,KA1)=KS2 !STORE PEDIGREE 

              DIS=-0.5*DIS 

              PXG(KA1)=DIS ! STORE IN PARENT 

              DIS=-0.5*DIS !REDUCE DIS -0.5  

              PXP(KS1)=PXP(KS1)+DIS 

              PXP(KS2)=PXP(KS2)+DIS ! AND ADD TO THE PARENT X 

              DIAG(KS1)=DIAG(KS1)+DIS 

              DIAG(KS2)=DIAG(KS2)+DIS 

          ENDIF 

          IF (ID > 0) THEN 

              KD2=ID*2 

              KD1=KD2-1 
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              GED(1,KA2)=KD1 

              GED(2,KA2)=KD2 

              DID=-0.5*DID 

              PXG(KA2)=DID 

              DID=-0.5*DID 

              PXP(KD1)=PXP(KD1)+DID 

              PXP(KD2)=PXP(KD2)+DID 

              DIAG(KD1)=DIAG(KD1)+DID 

              DIAG(KD2)=DIAG(KD2)+DID 

          ENDIF 

      ENDDO 

      PRINT *,-RLOG1,-RLOG1/LOG(10.0) ! LOG-LIKELIHOOD OF DETERMINANT 

      DO I=1,NGAMETES 

          IF (PXG(I).NE.0) THEN 

              write(88,*)ged(1,i),i,pxg(i) 

              write(88,*)ged(2,i),i,pxg(i) 

          ENDIF 

          IF ((MOD(I,2).EQ.0).AND.(PXP(I).NE.0)) THEN 

              WRITE(88,*)I-1,I,PXP(I) 

          ENDIF 

          WRITE(88,*)I,I,DIAG(I) 

      ENDDO 

      END 
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Abstract: INGA FOOD S. A., as a Spanish company that produces and commercializes fattened pigs,

has produced a hybrid Iberian sow called CASTÚA by crossing the Retinto and Entrepelado varieties.

The selection of the parental populations is based on selection criteria calculated from purebred

information, under the assumption that the genetic correlation between purebred and crossbred

performance is high; however, these correlations can be less than one because of a GxE interaction

or the presence of non-additive genetic effects. This study estimated the additive and dominance

variances of the purebred and crossbred populations for litter size, and calculated the additive genetic

correlations between the purebred and crossbred performances. The dataset consisted of 2030 litters

from the Entrepelado population, 1977 litters from the Retinto population, and 1958 litters from

the crossbred population. The individuals were genotyped with a GeneSeek® GGP Porcine70K

HDchip. The model of analysis was a ‘biological’ multivariate mixed model that included additive

and dominance SNP effects. The estimates of the additive genotypic variance for the total number

born (TNB) were 0.248, 0.282 and 0.546 for the Entrepelado, Retinto and Crossbred populations,

respectively. The estimates of the dominance genotypic variances were 0.177, 0.172 and 0.262 for

the Entrepelado, Retinto and Crossbred populations. The results for the number born alive (NBA)

were similar. The genetic correlations between the purebred and crossbred performance for TNB

and NBA—between the brackets—were 0.663 in the Entrepelado and 0.881 in Retinto poplulations.

After backsolving to obtain estimates of the SNP effects, the additive genetic variance associated with

genomic regions containing 30 SNPs was estimated, and we identified four genomic regions that

each explained >2% of the additive genetic variance in chromosomes (SSC) 6, 8 and 12: one region in

SSC6, two regions in SSC8, and one region in SSC12.

Keywords: pig; Iberian; additive; dominance; genetic correlation; crossbreeding; genomic selection

1. Introduction

The Iberian pig breed is one of the porcine populations that has the highest meat
quality [1]. Historically, Iberian pig production was developed extensively with purebred
varieties, which took advantage of the Dehesa environment in southwestern Spain. In
recent decades, however, many traditional production systems have been substituted with
intensive production systems that use crossbreeding with Duroc populations to improve
growth and efficiency [2]. The norms that regulate Iberian pig production [3] obligate

Genes 2022, 13, 12. https://doi.org/10.3390/genes13010012 https://www.mdpi.com/journal/genes

https://doi.org/10.3390/genes13010012
https://doi.org/10.3390/genes13010012
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-6221-3576
https://orcid.org/0000-0002-8531-648X
https://orcid.org/0000-0001-6256-5478
https://doi.org/10.3390/genes13010012
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes13010012?type=check_update&version=1


Genes 2022, 13, 12 2 of 10

farmers crossing Iberian and Duroc varieties to cross boars from the Duroc variety and
sows from the Iberian variety. Prolificacy, which is lower than that of white pig populations,
is the major limitation in the intensive production of crossbred pigs from Iberian dams [4].
The INGA FOOD, S.A. company has developed a crossbreeding scheme between two
Iberian varieties (Retinto–R- and Entrepelado–E-) that has created a hybrid sow called
CASTUA–ER, which has an important heterosis effect in prolificacy [5]. In addition, the
company has been developing a breeding scheme for increasing litter size through selection
in the parental Retinto and Entrepelado populations.

Theoretically, the optimal strategy for the selection of purebreds for crossbred perfor-
mance is Recurrent Reciprocal Selection [6]; however, it has not been routinely used in pig
breeding because it involves a delay in the generation interval. In fact, purebred parental
populations are selected based on selection criteria calculated from purebred phenotypic
information, and under the assumption that the genetic correlation between purebred and
crossbred performance is high [7]. Those genetic correlations can be imperfect (<1) because
of genotype-by-environment (GxE) interactions and the presence of non-additive genetic
effects [7].

Genomic information facilitates the analysis of crossbreeding data, even if geno-
typed and phenotyped individuals are not directly related [8], by the definition of an
additive-dominance genotypic model that provides estimates of genotype x environmental
interactions through genotypic correlations. In addition, the estimates of genotypic and
dominance variances can be used to estimate the additive genetic correlation between pure-
bred and crossbred performances. Backsolving, as proposed by Wang et al. [9], provides
an estimate of the SNP effects and allows us to calculate the amount of additive genetic
variance associated with each genomic region in purebred and crossbred performances.

This study estimated the additive and dominance genotypic variances and covariances,
which were used to calculate the additive and dominance genetic variances and the genetic
correlations between purebred and crossbred performances in the Retinto and Entrepelado
populations. In addition, the distribution of the additive genetic variance within the
autosomal genome for purebred and crossbred performance was quantified.

2. Materials and Methods

The phenotypic data included the number of piglets born alive (NBA) and the total
number born (TNB) for 306 Entrepelado and 313 Retinto purebred sows, and for 333
crossbred (Entrepelado x Retinto) sows when crossed with Entrepelado, Retinto or Duroc
boars (Table 1).

Table 1. Number of records (and number of sows between brackets) and the mean ± standard

deviation of the number born alive and the total number born in Entrepelado, Crossbred and

Retinto populations.

Entrepelado Crossbred Retinto

N 1 (NS) 2 2030 (306) 1958 (333) 1977 (313)

NBA 3 7.75 ± 1.85 8.57 ± 2.27 8.07 ± 2.07

TNB 4 8.02 ± 1.89 8.80 ± 2.29 8.33 ± 2.11
1 N: number of records. 2 NS: number of sows. 3 NBA: number born alive. 4 TNB: total number born.

All of the sows were genotyped with the GeneSeek® GPP Porcine 70K HDchip (Il-
lumina Inc., San Diego, CA, USA). Filtering excluded genotypes that had a minor al-
lele frequency < 0.05 and an SNP call rate < 0.90 in the overall population. From that,
34,316 SNP markers were used to build the genomic relationship matrices with our own
developed software in the R environment [10]. The missing genotypes were replaced with
their expectation.

The model of analysis assumed that the phenotypic values of individuals (y) (TNB
and NBA) are explained by the (biological) additive (u) and dominance (v) effects of the
SNPs, and a covariate (c) with the average homozygosity (f ), the systematic effects (b)
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order of parity (1, 2, 3, and >3), the sire of service breed (Entreplado, Retinto, or Duroc)
and herd-year-season (122 levels). Phenotypic data were generated in three herds, and
herd-year-season effects were defined every 3 months. The sow permanent environmental
effects (s) with 2030, 1958 and 1977 levels for the Entrepelado, Retinto and Crossbred
populations, and the residuals (e), were as follows:


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where X and T are the corresponding incidence matrices. Following Vitezica et al. [8], u and
v can be described in terms of the vectors of additive (a) and dominance (d) SNP genotypic
effects as follows:
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The matrices Z = (z1 . . . . . . zm) and W = (w1 . . . . . . .wm) are equal to 1, 0, −1 and 0,
1, 0 for SNP genotypes A1A1, A1A2 and A2A2, respectively.

The covariance across individual genotypic additive (u) and dominance (v) effects is
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The variance components were estimated by REML [11] through the EM-REML algo-

rithm using remlf90 software [12] and, in order to obtain the average information matrix,
we used one extra iteration with airemlf90. Additive and dominance variance components
were calculated in each of the populations (E, R, and ER) as follows:
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The additive (σ2
A) and dominance (σ2

D) genetic variances of the purebred populations
were calculated as follows:
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where p̂Xi and q̂Xi are the raw estimates of the allelic frequencies for A1 and A2 at the
ith SNP marker and the X = {E,R or ER} population, respectively. The estimates of the
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contributions to the additive variance in the crossbred population from the Entrepelado
(σ2

AER(E)
) and Retinto (σ2

AER(R)
) were obtained by [8] as follows:

σ̂2
AER(E)

=
n

∑
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2p̂Ri q̂Riσ̂
2
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2p̂Ei q̂Eiσ̂
2
aER

+ 2p̂Ei q̂Ei(q̂Ri − p̂Ri)
2σ̂2

dER
(7)

Following Vitezica et al. [8], the additive variance in the crossbred population was the
average of the two values resulting from Equations (6) and (7), as follows:

σ̂2
AER

=
1

2
σ̂2

AER(E)
+

1

2
σ̂2

AER(R)
(8)

The estimate of the dominance variance of the crossbred population [8] was calculated
as follows:
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2
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With these estimates, the heritabilities (h2
X) and dominance ratios (d2

X) in the purebred
(X = E,R) and crossbred (X = ER) populations were obtained by:
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where σ̂2
SX

and σ̂2
EX

are the estimates of the sow permanent environmental and residual
variance in the X = {E,R,ER} population.

The covariance between purebred and crossbred additive genetic effects in the Entre-
pelado (σAE AER(E)

) and Retinto (σAR AER(R)
) populations were as follows:
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+ 2p̂Ri q̂Ri(q̂Ri − p̂Ri)(q̂Ei − p̂Ei)σ̂dRdER

(13)

with
[

σ̂aEaER

σ̂aRaER

]

=





σ̂UEUER

{tr[ZZ′ ]/n}
σ̂URUER

{tr[ZZ′ ]/n}



 and

[

σ̂dEdER

σ̂dRdER

]

=





σ̂VEVER

{tr[WW′ ]/n}
σ̂VRVER

{tr[WW′ ]/n}



 (14)

Therefore, the genetic correlations between the purebred and crossbreed breeding
values in the Entrepelado and Retinto populations were computed as follows:

r̂AE AER(E)
=

σ̂AE AER(E)
√

σ̂2
AE

σ̂2
AER(E)

and r̂AR AER(R)
=

σ̂AR AER(R)
√

σ̂2
AR

σ̂2
AER(R)

(15)

The vector of the SNP additive effects (âE, âR and âER) was obtained by backsolving [9],
as

âE =
σ̂2

aE

σ̂2
UE

ZG−1ûE, âR =
σ̂2

aR

σ̂2
UR

ZG−1ûR and âER =
σ̂2

aER

σ̂2
UER

ZG−1ûER (16)

and the vector of the SNP dominance effects (d̂E, d̂R and d̂ER) was as follows:

d̂E =
σ̂2

dE

σ̂2
VE

WD−1v̂E, d̂R =
σ̂2

dR

σ̂2
VR

WD−1v̂R and d̂ER =
σ̂2

dER

σ̂2
VER

WD−1v̂ER (17)
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With those, the genetic additive variances (σ2
AE(k)

, σ2
AR(k)

, σ2
AER(E)(k)

and σ2
AER(R)(k)

) ex-

plained by the kth segment of the genome were calculated as follows:

σ̂2
AE(k)

=
n(k)

∑
i=1

2p̂Ei q̂Ei â
2
Ei
+ 2p̂Ei q̂Ei(q̂Ei − p̂Ei)

2d̂2
Ei

(18)

σ̂2
AR(k)

=
n(k)

∑
i=1

2p̂Ri q̂Ri â
2
Ri
+ 2p̂Ri q̂Ri(q̂Ri − p̂Ri)

2d̂2
Ri

(19)

σ̂2
AER(E)(k)

=
n(k)

∑
i=1

2p̂Ri q̂Ri â
2
ERi

+ 2p̂Ri q̂Ri(q̂Ei − p̂Ei)
2d̂2

ERi
(20)

σ̂2
AER(R)(k)

=
n(k)

∑
i=1

2p̂Ei q̂Ei â
2
ERi

+ 2p̂Ei q̂Ei(q̂Ri − p̂Ri)
2d̂2

ERi
(21)

where n(k) is the number of SNP markers within the kth segment, which was set to 30 after
testing several number of the SNP markers (20, 30 and 40). In order to identify the genes
within the genomic regions that explained >2.0% of the total genetic variance, we used the
biomart tool (www.ensembl.org (accessed on 10 October 2021)).

3. Results and Discussion

The results based on TNB and NBA were similar, which was expected because these
two traits have a high genetic correlation [13], and the raw correlation between them in
the analyzed dataset was 0.94; therefore, we focused on the results with the TNB, and the
results for NBA are presented as Supplementary Information (Tables S1–S3 and Figure S1).
The REML estimates of the additive genotypic (co) variances are shown in Tables 2 and 3 in
TNB and NBA.

Table 2. REML estimates ± standard error (SE) of the additive genotypic (co)variances for the total

number born (TNB).

Entrepelado Crossbred Retinto

Entrepelado 0.248 ± 0.161 0.259 ± 0.178 0.200 ± 0.135
Crossbred - 0.546 ± 0.268 0.388 ± 0.170

Retinto - - 0.282 ± 0.146

Table 3. REML estimates ± standard error (SE) of the dominance genotypic (co)variances for the

total number born (TNB).

Entrepelado Crossbred Retinto

Entrepelado 0.177 ± 0.165 0.212 ± 0.171 0.166 ± 0.152
Crossbred - 0.262 ± 0.210 0.202 ± 0.179

Retinto - - 0.172 ± 0.199

The additive genotypic variance was higher in the crossbred populations than it was
in the purebred populations. This may be due to scale effects, as the phenotypic variation
in also greater. In addition, the estimates of the genotypic covariances between pure-
breds (Entrepelado and Retinto) and the crossbred population were all high and positive,
and they corresponded to additive genotypic correlations of 0.704 (0.259/

√
0.248 × 0.546)

between Entrepelado and Crossbred pigs, 0.988 (0.388/
√

0.546 × 0.282) between Retinto
and Crossbred pigs, and 0.756 (0.200/

√
0.248 × 0.282) between the two purebreds. These

results indicated that the genotype x environmental interaction was small, and the additive
genotypic correlations were similar to those obtained by Vitezica et al. [8] in white pig
populations. The REML estimates of the dominance genotypic (co)variances ranged from
0.170 (Retinto) to 0.265 (Crossbred) (Table 3).

The estimates of the dominance genotypic covariances were all positive, and reflected
genotypic dominance correlations >0.95. The analysis provided the REML estimates of

www.ensembl.org
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the sow permanent and residual effects (Table 4). The residual variance (σ2
E) is greater

in the crossbred population than in purebreds, consistently with the greater phenotypic
variation. In contrast, the estimate of the sow environmental variance (σ2

R) was very low
in the crossbred population.

Table 4. REML estimates ± standard error (SE) of the permanent environmental and residual

variances for the total number born (TNB) in the Entrepelado, Crossbred and Retinto populations.

Variances 1 Entrepelado Crossbred Retinto

σ2
S 0.191 ± 0.105 0.009 ± 0.029 0.268 ± 0.120

σ2
E 2.810 ± 0.099 4.467 ± 0.155 3.534 ± 0.128

1 σ2
S : Sow permanent environmental variance; σ2

E: residual variance.

The additive and dominance genotypic (co) variances were used to calculate the addi-
tive and dominance genetic variances in the purebred populations based on expressions (1)
to (5) (Table 3). The estimates of the additive genetic variances were 0.170 (Entrepelado)
and 0.150 (Retinto), and the estimates of the dominance genetic variances were 0.074 (En-
trepelado) and 0.056 (Retinto). The heritability estimates were calculated using Equation
(10); they were 0.052 (Entrepelado) and 0.037 (Retinto), which were within the range or
slightly lower than those of white pigs [13–15] and in the same [5] or other Iberian [16,17]
populations. The dominance ratios were obtained from Equation (11), and were 0.023
for Entrepelado and 0.014 for Retinto. They were smaller than the heritabilities, but their
ratios with them were approximately 40%, which was higher than those reported for white
pig populations [8,18] for litter size and similar to the results of Tusell et al. [19] in other
swine traits.

We used Equations (6) and (7) to calculate the additive variances for crossbred perfor-
mance in the purebred populations, which were 0.413 (Entrepelado) and 0.293 (Retinto).
Therefore, the additive genetic variance in the crossbred population was the average of
the two (0.353), which was higher than the additive genetic variances in the purebred
populations, which were similar to the results of Vitezica et al. [8] with regard to litter size,
and to the results of Tusell et al. [19] for other pig traits. Nevertheless, Xiang et al. [20]
found the opposite in a cross between Landrace and Yorkshire breeds (0.86 and 0.54 in
purebreds and 0.28 in crossbreds). In the present study, the dominance genetic variance in
the crossbred population (0.079) was calculated based on the Equation (8), which was simi-
lar to the dominance genetic variance in the purebreds; however, its ratio with the additive
genetic variances was lower (22%). Given those variance components, the heritability and
dominance ratio estimates in the crossbred population were 0.072 and 0.016, respectively.

In addition, the additive genetic correlations between purebred and crossbred perfor-
mances in the Entrepelado and Retinto populations were calculated based on expressions
(12) to (15), which were 0.663 in Entrepelado and 0.881 in Retinto populations. Those corre-
lations were within the range of the estimates summarized by Wientjes and Calus [7], and
suggest that the efficiency of the selection for increased crossbred performance by selecting
for purebred performance will be more effective in Retinto than in Entrepelado pigs.

We used Equations (16) and (17) to calculate the additive and dominance genotypic ef-
fects associated with each of the 34,316 SNP markers, which were used in Equations (18)–(21)
to calculate the proportion of the additive genetic variance that was explained by segments
of 30 consecutive SNPs (Figure 1). The distribution of the additive variance explained by
segments of 20 and 40 SNP markers were similar, and are presented as supplementary
information (Figures S2 and S3).
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Figure 1. Distribution of the percentage of the additive genetic variance explained by genomic

segments of 30 SNPs within the autosomal genome of purebred and crossbred performance for the

total number born (TNB) in the Entrepelado and Retinto varieties. Black: chromosomes 1, 9 and 17;

red: chromosomes 2, 10 and 18; green: chromosomes 3 and 11; deep blue: chromosomes 4 and 12;

blue: chromosomes 5 and 13; purple: chromosomes 6 and 14; yellow: chromosomes 7 and 15; grey:

chromosomes 8 and 16.

The figure presents the distribution of the additive variance along the autosomal
chromosomes in the Entrepelado and Retinto populations, and for the purebred and
crossbred performance. Four genomic regions can be highlighted; each explained >2% of
the additive genetic variance in at least one of the populations. The SNPs at the center of
each of the genomic regions that explained the highest amount of additive genetic variance,
and the genes in the Sus_Scrofa 11.1. genomic map that were within 1 Mb downstream or
upstream, are presented in Table 5.
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Table 5. SNPs at the center of each of the four genomic regions that explained > 2% of the additive genetic

variance in at least one of the populations, and the genes located within 1 Mb downstream or upstream.

SNP 1 SSC 2 bp 3 Genes

rs326244568 6 7,597,405 BCO1, PKD1L2, GCSH, ATMIN, CENPN, CDYL2, DYNLRB2
rs81401202 8 11,585,865 CD38, FGFBP1, PROM1, TAPT1, LDB2
rs81406142 8 137,540,516 CFAP299, FGF5, PRDM8, ANTXR2

rs345468811 12 46,079,417
TAOK1, ABHD15, TP53I13, GIT1, ANKRD1, CORO6, EFCAB5,

NSRP1, SLC6A4, BLMH, TMIGD1, CPD, GOSR1

1 SNP: single nucleotide polymorphism, 2 SSC: Sus Scrofa chromosome, 3 bp: base pair.

Among those genes, several can be proposed as candidate genes to explain the ad-
ditive genetic variation. The genomic region surrounding bp 7,597,405 in SSC6 included
BCO1 (β-Carotene Oxygenase 1), which encodes an enzyme that catalyzes the breakdown of
provitamin A and provides retinoids for embryogenesis [21,22]. Furthermore, the GCSH
(Glycine Cleavage System H) protein plays an important role in embryonic viability [23].

Two genomic regions were identified in SSC8 around bp 11,585,865 and bp 137,540,516.
Among the genes within those regions, PRDM8 (PR/SET Domain 8) is involved in the
neurogenesis [24] of the FGF5 (Fibroblast Growth Factor 5), a member of the fibroblast
growth factor family that is involved in several biological processes, including embryonic
development, cell growth, and morphogenesis [25,26].

The genomic region around bp 46,079,417 in SSC12 contains, among others, the GIT1
(G protein-coupled receptor kinase interactor 1) gene, which plays a role in spine morphogene-
sis [27], the NSRP1 (Nuclear Speckle Splicing Regulatory Protein 1) development process, and
in utero embryonic development [28], and ANKRD1 (Ankyrin Repeat Domain 1), which is
involved in neuron projection development [29].

The Gene Ontology (GO) terms for the biological processes for the proposed candidate
genes are presented as Supplementary Table S4.

4. Conclusions

(1) The additive genetic variance and the heritabilities were higher in the crossbred
than those in the purebred populations, (2) the genetic correlation between purebred and
crossbred performances were higher in Retinto than they were in Entrepelado pigs, and (3)
the additive genetic variances were heterogeneously distributed throughout the autosomal
genome, and four genomic regions in SSC6, SSC8, and SSC12 with several candidate genes
were identified.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/genes13010012/s1. Table S1: REML estimates ± the standard

error (SE) of the additive genotypic (co)variances for the number born alive (NBA). Table S2: REML

estimates ± the standard error (SE) of the dominance genotypic (co)variances for the number born

alive (NBA). Table S3: REML estimates ± the standard error (SE) of the permanent environmental

and residual variances for the number born alive (NBA). Table S4: GO (Gene Ontology) terms for the

biological process of the proposed candidate genes. Figure S1: Distribution of the percentage of the

additive genetic variance explained by genomic segments of 30 SNPs within the autosomal genome

of the purebred and crossbred performance for the number born alive (NBA) in the Entrepelado

and Retinto varieties. Figure S2: Distribution of the percentage of the additive genetic variance

explained by genomic segments of 20 SNPs within the autosomal genome of purebred and crossbred

performance for the total number born (TNB) in the Entrepelado and Retinto varieties. Figure S3:

Distribution of the percentage of the additive genetic variance explained by genomic segments of

40 SNPs within the autosomal genome of the purebred and crossbred performance for the total

number born (TNB) in the Entrepelado and Retinto varieties.
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Simple Summary: INGA FOOD, S.A. initiated a crossbreeding program involving two Iberian pig

varieties: Retinto and Entrepelado. The primary objective of this program is to produce an F1 hybrid

sow that exhibits enhanced reproductive performance. In a previous investigation, variations in

the reproductive performance of sows, specifically litter size, were observed among the reciprocal

crosses. These variations indicate the presence of genomic imprinting effects. To assess the influence

of genetic origin, we developed a multivariate gametic model to estimate the gametic correlations

between paternal and maternal effects. Gametic correlations lower than one could potentially explain

the performance differences observed across the reciprocal crosses. Despite having limited data, the

study’s findings suggest that the gametic correlation estimate between paternal and maternal effects

on litter size is lower in the Entrepelado population compared to the Retinto population.

Abstract: INGA FOOD, S.A. initiated a crossbreeding program between two Iberian pig varieties,

Retinto (R) and Entrepelado (E), with the goal of producing a hybrid sow (F1). Several studies have

been conducted to evaluate its productive performance, and these studies have revealed differences

in litter size between the two reciprocal crosses, suggesting the presence of genomic imprinting

effects. To further investigate these effects, this study introduces a multivariate gametic model

designed to estimate gametic correlations between paternal and maternal effects originating from

both genetic backgrounds involved in the reciprocal crosses. The dataset consisted of 1258 records

(the total number born—TNB and the number born alive—NBA) from 203 crossbred dams for the

Entrepelado (sire) × Retinto (dam) cross and 700 records from 125 crossbred dams for the Retinto

(sire) × Entrepelado (dam) cross. All animals were genotyped using the GeneSeek® GPP Porcine 70 K

HDchip (Illumina Inc., San Diego, CA, USA). The results indicated that the posterior distribution of

the gametic correlation between paternal and maternal effects was distinctly different between the

two populations. Specifically, in the Retinto population, the gametic correlation showed a positive

skew with posterior probabilities of 0.78 for the TNB and 0.80 for the NBA. On the other hand, the

Entrepelado population showed a posterior probability of a positive gametic correlation between

paternal and maternal effects of approximately 0.50. The differences in the shape of the posterior

distribution of the gametic correlations between paternal and maternal effects observed in the two

varieties may account for the distinct performance outcomes observed in the reciprocal crosses.

Keywords: gametic model; Iberian pig; crossbreeding; Retinto; Entrepelado
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1. Introduction

The Iberian breed is widely renowned for its ability to produce some of the highest-
quality pork [1]. This breed is particularly well-adapted to the “Dehesa” environment in
southwestern Spain, which is characterized by a savannah landscape and is composed of
grass, cork, and holm oaks with seasonal production. Traditionally, Iberian pig production
was dominated by purebred varieties and extensive management practices. However, in
recent decades, there has been a shift toward more intensive farming practices that incor-
porate crossbreeding with Duroc boars to improve growth and efficiency at commercial
stages [2].

The regulatory norms for Iberian pig production allow crossbreeding, as long as the
sow is of purebred Iberian stock. The reproductive performance of the Iberian sows is lower
than that of white pig populations [3], which is a major limitation of its use in intensive
farms. Therefore, improvement in the reproductive efficiency of Iberian sows is crucial
for their economic sustainability. Several studies have identified genetic variability for
prolificacy within and between varieties of Iberian pig [4,5]. To take advantage of this
variability, the INGA FOOD, S.A. company has developed a crossbreeding scheme between
two Iberian varieties (Retinto and Entrepelado) to generate an F1 hybrid sow, which exhibits
significant heterosis for litter size [6]. However, this study also found differences in the
reproductive performance between the two reciprocal crosses (Entrepelado × Retinto, ER,
vs. Retinto × Entrepelado, RE), suggesting that these differences may be attributed to
parental imprinting [7] (i.e., the effects from alleles may differ whether they are transmitted
by paternal or maternal gametes). In fact, there is increasing evidence of the importance of
imprinting in placenta development [8], and certain imprinted genes have been proposed
as candidates for pig litter size [9].

In recent years, some algorithms have been proposed to develop a genomic analysis
of imprinting [10] from the genomic information provided by commercial genotyping
devices. However, knowledge of the parental haplotype phase of the SNP markers is
required to differentiate the paternal or maternal gametic effects. Some approaches have
been developed to reconstruct haplotype phases [11].

Phenotypic information from reciprocal crosses offers the opportunity to compare the
paternal and maternal effects of each parental population. In the absence of imprinting, the
correlation between the paternal and maternal effects from the same population should be
one. Imprinting, on the other hand, results in a lower correlation. Accordingly, the goal of
this study was to apply the multivariate gametic model developed in a previous study [12]
that utilizes genomic information and is capable of estimating the paternal and maternal
gametic contributions of Retinto and Entrepelado varieties in the ER and RE crosses, along
with their correlations.

2. Materials and Methods

Phenotypic and Genomic Data. The phenotypic data used in this study consisted
of the total number born, TNB, and the number of piglets born alive, NBA, in 203 ER
and 125 RE sows. The ER sows were the offspring of 38 purebred Entrepelado boars
and 139 Retinto dams, whereas the RE sows were generated from 38 Retinto boars and
92 Entrepelado dams. A summary of the data is presented in Table 1.

Table 1. The number of records (and sows between brackets), mean (±standard deviation) of the total

number born and the number born alive, for Entrepelado × Retinto and Retinto × Entrepelado crosses.

Entrepelado × Retinto Retinto × Entrepelado

N 1 (NS) 2 1258 (203) 700 (125)

TNB 3 8.78 ± 2.24 8.85 ± 2.37

NBA 4 8.55 ± 2.23 8.62 ± 2.34
1 N: number of records. 2 NS: number of sows. 3 TNB: total number born. 4 NBA: number born alive.
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Genotyping was performed with the GeneSeek® GPP Porcine 70 K HDchip (Illumina
Inc., San Diego, CA, USA) on all ER and RE crossbred sows, as well as on 341 Retinto
and 350 Entrepelado purebred individuals. Due to shared purebred ancestors, there
was some degree of relationship between a subset of the ER and RE crossbred sows
and the purebred individuals, although not all of them were genotyped. The original
genotype data consisted of 60,224 autosomal SNPs, which were filtered by excluding
SNP markers with a call rate below 0.90 and a minor allele frequency lower than 0.05 in
each population. Among these, 4212 were discarded due to a call rate lower than 0.90,
11,234 were found to be monomorphic, and 9876 and 11,516 had a minor allele frequency
lower than 0.05 in the Entrepelado and Retinto populations, respectively. Finally, a total
of 23,386 SNPs were retained.

Haplotype Phasing. AlphaPhase software [11] was used for each chromosome sepa-
rately, utilizing genotypes of both crossbred and purebred individuals, as well as a pedigree
of 1601 individuals. AlphaPhase was executed with a tolerance of 1% of genotype errors
and 1% disagreement between genotypes and haplotypes. The number of surrogates and
percentage of surrogate disagreement was set to 10. Nine different scenarios were applied
with core lengths of 75, 100, and 125 SNPs and tail lengths of 100, 150, and 200 SNPs (see
Table 2). The scenarios were evaluated for concordance, and haplotype assignments that
coincided in seven or more scenarios were retained for subsequent analysis.

Table 2. Parameters (core and tail length) in the nine scenarios of haplotype phasing.

Scenario Core Length Tail Length

S1 75 100
S2 75 150
S3 75 200
S4 100 100
S5 100 150
S6 100 200
S7 125 100
S8 125 150
S9 125 200

Statistical Model. Once the haplotype phases were calculated, data were analyzed
with the model proposed by Shiri et al. [12]:

y(ER) = X(ER)b(ER) + B(ER)s(ER) + Z(ER)p(E) + W(ER)m(R) + e(ER)

y(RE) = X(RE)b(RE) + B(RE)s(RE) + Z(RE)p(R) + W(RE)m(E) + e(RE)

In this equation, y(ER) and y(RE) refer to the vectors of phenotypic records (TNB or
NBA) for the ER and RE crosses, respectively. The terms b(ER) and b(RE) correspond to
systematic effects, and s(ER) and s(RE) represent the permanent sow environmental effects.
Paternal effects for the Entrepelado (E) and Retinto (R) populations are denoted by p(E) and
p(R), respectively. Maternal effects for the Entrepelado (E) and Retinto (R) are represented
by m(E) and m(R). Additionally, e(ER) and e(RE) are the residual effects for the ER and RE
crosses, respectively. The systematic effects vectors included the order of parity with five
levels (first, second, third, fourth, and fifth or more) and herd–year–season with thirty-
four levels. Further,XER, XRE, BER, BRE, ZER, ZRE, WER, and WRE are the corresponding
incidence matrices.

Following [12], the prior distribution of the permanent sow environmental effects was:

[

s(ER)

s(RE)

]

∼ N

(

0
0
, I⊗S

)
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where:

S =

[

σ2
s(ER) 0

0 σ2
s(RE)

]

where σ2
s(ER) and σ2

s(RE) are the variances of the permanent sow environmental effects for

ER and RE, respectively. The prior distributions of the gametic effects for the Entrepelado
(E) and Retinto (R) populations are:

[

p(E)

m(E)

]

∼ N

(

0
0

, GE⊗VE

)

[

p(R)

m(R)

]

∼ N

(

0
0

, GR⊗VR

)

where:

VE =

[

σ2
p(E) σpm(E)

σpm(E) σ2
m(E)

]

and:

VR =

[

σ2
p(R) σpm(R)

σpm(R) σ2
m(R)

]

where σ2
p(E), σ2

m(E), and σpm(E) refer to the variances of the paternal and maternal gametic

effects and the covariance between them, respectively, for the Entrepelado population.
Similarly, σ2

p(R), σ2
m(R), and σpm(R) represent the variances of the paternal and maternal

gametic effects and the covariance between them, respectively, for the Retinto population.
Additionally, GE and GR are the gametic relationship matrices of the Entrepelado or Retinto
gametes, respectively, regardless of whether they are transmitted as paternal or maternal
gametes. These matrices describe the relationships among the gametes from Entrepelado
and Retinto origins, and they are calculated using the algorithm proposed by Nishio and
Satoh [10]:

GE =
MEME

′

∑
NSNP
i q(E)i

(

1 − q(E)i

) GR =
MRMR

′

∑
NSNP
i q(R)i

(

1 − q(R)i

)

where ME and MR are the matrices of the number of genotyped individuals (n) × the
number of SNP (NSNP), whose elements ME(i, j) (or MR(i, j) take the value q(E)j (or

q(R)j) or −
(

1 − q(E)j

)

(or −
(

1 − q(R)j

)

), depending on whether the jth allele of the

gametes transmitted for the ith individual is A1 or A2 and of Entrepelado (or Retinto)
origin. Additionally, q(E)j and q(R)j represent the allelic frequencies of the A2 allele in the
Entrepelado (E) and Retinto (R) populations, respectively. The prior distributions for the
(co) variance components and the systematic effects were assumed to be flat. The analysis
was performed using Bayesian inference with the Gibbs sampler [13] and implemented
with Gibbsf90 software [14]. The analysis was performed using 10 million iterations after
discarding the first million.

At each iteration of the Gibbs sampler, the (co) variances components samples were
utilized to compute the samples from the marginal posterior distribution of the correlations
between the paternal and maternal gametic effects for Entrepelado (rpm(E)) and Retinto
(rpm(R)):

rpm(E) =
σpm(E)

√

σ2
p(E)

σ2
j(E)

and rpm(R) =
σpm(R)

√

σ2
p(R)

σ2
j(R)

3. Results and Discussion

Haplotype Phasing. The results of comparing haplotype phasing using nine combi-
nations of core length and core tail parameters using Alphaphase software are presented in
Figure 1.
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Figure 1. Degree of similitude between estimated haplotype phases in the nine scenarios of phasing.

The average degree of similitude was 0.89, and it was consistently above 0.86. Specifi-
cally, the predicted haplotype phase was identical across all nine scenarios for only 78.74%
of the analyses but had concordance in more than seven scenarios for 92.5% of SNPs. These
findings indicated that the output of the phasing algorithm was highly dependent on the
specific set of parameters used for its implementation when medium-density SNP chips
were used.

Calculation of Gametic Matrices. The diagonal values of the gametic matrices for
the Entrepelado population ranged from 0.894 to 1.100, while for the Retinto population,
they ranged from 0.901 to 1.179. Table 3 shows the distribution of the gametic relationships
observed in the off-diagonal elements of the gametic matrices.

Table 3. Distribution of gametic relationships between the Entrepelado and Retinto gametic effects.

Gametic Relationship Entrepelado Retinto

<0.05 92,276 (86.03%) 94,144 (87.77%)
0.05–0.10 8130 (7.58%) 8900 (8.29%)
0.10–0.20 4670 (4.35%) 3130 (2.92%)
0.20–0.30 1076 (1.00%) 582 (0.54%)
0.30–0.40 480 (0.44%) 252 (0.23%)
0.40–0.50 396 (0.36%) 188 (0.18%)
>0.50 228 (0.21%) 60 (0.05%)

The calculated gametic matrices yielded results consistent with the familiar relation-
ships of the individuals, as gametic relationships around 0.50 indicated that the individuals
shared sire (or dam), while gametic relationships around 0.25 suggested that the sires (or
dams) of the individuals were fullsibs.

Variance Components. The posterior mean and standard deviation estimate of the
variance components are presented in Table 4.
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Table 4. Posterior mean (and standard deviation) of the variance components for the total number

born, TNB, and the number born alive, NBA.

Variance Component TNB NBA

σ
2
s(ER)

0.144 (0.098) 0.142 (0.097)

σ
2
s(RE)

0.357 (0.187) 0.365 (0.191)

σ
2
p(E)

0.206 (0.103) 0.199 (0.100)

σ
2
m(E)

0.197 (0.114) 0.199 (0.115)

σ
2
p(R)

0.224 (0.132) 0.222 (0.128)

σ
2
m(R)

0.163 (0.087) 0.151 (0.080)

σ
2
e(ER)

4.296 (0.187) 4.251 (0.185)

σ
2
e(RE)

4.795 (0.288) 4.607 (0.278)

Furthermore, Figure 2 shows the posterior distributions of the ratios of gametic vari-
ances in the Entrepelado × Retinto (E × R) and Retinto × Entrepelado (R × E) crosses.
The posterior mean estimates were similar, ranging between 0.034 for the Retinto maternal
gametic effects in the ER cross and 0.043 for the Entrepelado paternal gametic effects in the
RE cross.

tt

𝝈𝒔(𝑬𝑹)𝟐𝝈𝒔(𝑹𝑬)𝟐𝝈𝒑(𝑬)𝟐𝝈𝒎(𝑬)𝟐𝝈𝒑(𝑹)𝟐𝝈𝒎(𝑹)𝟐𝝈𝒆(𝑬𝑹)𝟐𝝈𝒆(𝑹𝑬)𝟐

ff ff

ff

ff

ff

Figure 2. Posterior distributions of the ratio of gametic effect in the Entrepelado × Retinto and in the

Retinto × Entrepelado crosses.

These results indicate that there are no relevant differences in the amount of genetic
variance contributed by the paternal and maternal origins in either of the two reciprocal
crosses, based on the available information.

Gametic Correlations. The posterior distribution of the gametic correlations for the
TNB and NBA in the Entrepelado and Retinto populations are presented in Figures 3 and 4,
respectively.

tt

𝝈𝒔(𝑬𝑹)𝟐𝝈𝒔(𝑹𝑬)𝟐𝝈𝒑(𝑬)𝟐𝝈𝒎(𝑬)𝟐𝝈𝒑(𝑹)𝟐𝝈𝒎(𝑹)𝟐𝝈𝒆(𝑬𝑹)𝟐𝝈𝒆(𝑹𝑬)𝟐

ff ff

ff

ff

ff
Figure 3. Posterior distributions of the gametic correlation between the paternal and maternal effects

in the Entrepelado population.
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Figure 4. Posterior distributions of the gametic correlation between the paternal and maternal effects

in the Retinto population.

The posterior distribution of the correlation between gametic effects in Retinto and
Entrepelado showed notable differences in shape. Specifically, the posterior distributions
of the gametic correlations in the Retinto population exhibited a higher degree of positive
asymmetry compared to those in the Entrepelado population. In fact, the posterior proba-
bilities of a positive gametic correlation in the Retinto population were 0.80 and 0.78 for the
TNB and NBA, respectively. In contrast, the posterior probabilities of a positive gametic
correlation in the Entrepelado population were 0.50 (TNB) and 0.54 (NBA).

Although caution is needed in interpreting the results due to the limited amount of
phenotypic and genotypic information, the shape of the posterior distribution of gametic
correlations suggests a potential role of genomic imprinting. This is because a gametic
correlation substantially lower than one indicates that the same combination of alleles
in a gamete may produce different effects on offspring depending on whether they are
transmitted by paternal or maternal gametes, which is consistent with the theory of genomic
imprinting. Genomic imprinting is an epigenetic phenomenon that causes genes to be
expressed depending on whether they are inherited from the father or mother [7].

Several theories have been postulated to explain the evolutionary origin of genomic
imprinting [15], and one of the most popular is the parental investment theory [16]. This
theory argues that imprinting is the result of a conflict between the evolutionary success of
paternally and maternally derived genes. In mammalian reproduction, the evolutionary
success of paternally inherited genes is associated with the increase in fetal growth, while
for maternally inherited genes, it is associated with the number of offspring. This theory
is reinforced by the discovery of numerous imprinted genes known to regulate aspects of
mammalian development [17], including growth, behavior, and placental function [18] and,
furthermore, there is increasing evidence of imprinted genes in the pig genome [9,19,20].

From a practical perspective, a low or null gametic correlation between paternal and
maternal gametes within the same population indicates that a selection program to im-
prove the performance of the crossbreeding individuals needs to be specifically designed,
especially in the Entrepelado population. This is because the selection of purebred animals
to increase the performance in the Entrepelado × Retinto cross may not have any notice-
able consequences in the performance in the Retinto × Entrepelado cross. Furthermore,
this result also may explain the differences in performance among the reciprocal crosses
observed by Noguera et al. [6], who proposed using the Retinto variety as a boar and the
Entrepelado as a sow, providing better performance than the opposite cross.

4. Conclusions

The bivariate model proposed in this study provides estimates of the gametic effects
of each founder population as either paternal or maternal, as well as their correlation.
In the absence of parental imprinting, a perfect correlation of one would be expected.
However, our results detect a significant deviation from this ideal scenario, indicating
possible differences in the performance of crossbred individuals depending on the paternal
or maternal origin of the gametes. These findings provide evidence of the presence of
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imprinting effects in Iberian pig populations, which could have implications for the design
of future breeding programs.
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Abstract
Crossbreeding plays a pivotal role within pig breeding programmes, aiming to 
maximize heterosis and improve reproductive traits in crossbred maternal lines. 
Nevertheless, there is evidence indicating that the performance of reciprocal 
crosses between two genetic lines might exhibit variability. These variations in 
performance can be attributed to differences in the correlations between gametic 
effects, acting as either sire or dam, within purebred and crossbred populations. 
To address this issue, we propose a multivariate gametic model that incorporates 
up to four correlated gametic effects for each parental population. The model 
is employed on a data set comprising litter size data (total number of piglets 
born—TNB- and number of piglets born alive—NBA-) derived from a reciprocal 
cross involving two Iberian pig populations: Entrepelado and Retinto. The data 
set comprises 6933 records from 1564 purebred Entrepelado (EE) sows, 4995 
records from 1015 Entrepelado × Retinto (ER) crosses, 2977 records from 756 
Retinto × Entrepelado (RE) crosses and 7497 records from 1577 purebred Retinto 
(RR) sows. The data set is further supplemented by a pedigree encompassing 
6007 individual-sire-dam entries. The statistical model also included the order 
of parity (with six levels), the breed of the service sire (five levels) and the herd-
year-season effects (141 levels). Additionally, the model integrates random 
dominant and permanent environmental sow effects. The analysis employed 
a Bayesian approach, and the results revealed all the posterior estimates of the 
gametic correlations to be positive. The range of the posterior mean estimates 
of the correlations varied across different gametic effects and traits, with a range 
between 0.04 (gametic correlation between the paternal effects for purebred and 
the maternal for crossbred in Retinto) and 0.53 (gametic correlation between 
the paternal effects for purebred and the paternal for crossbred in Entrepelado). 
Furthermore, the posterior mean variance estimates of the maternal gametic 
effects were consistently surpassed those for paternal effects within all four 
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1   |   INTRODUCTION

The Iberian pig breed is renowned for its adaptability to 
the natural Mediterranean ecosystem in Southwestern 
Spain, as well as its product quality (Lopez-Bote,  1998). 
Despite the Iberian pigs exhibit slower growth, lower feed 
efficiency and reduced prolificacy compared to other com-
mercial pig populations, their meat quality (Gilles, 2009) 
and specialized derivative products contribute to their 
sustainability. However, in recent decades, the traditional 
extensive production methods that solely relied on pure-
bred Iberian individuals have been partly replaced by in-
tensive farming practices involving crossbreeding with 
Duroc pigs. The rationale behind this crossbreeding is to 
enhance growth and efficiency (Serrano et al., 2008). This 
shift towards intensive farming has yielded several advan-
tages, such the collection of productive data and the imple-
mentation of genetic selection programmes. It is important 
to note that regulatory norms governing the production of 
Iberian pig products stipulate that the sow must belong to 
a pure Iberian lineage. This highlights the importance of 
improving the reproductive efficiency of Iberian sows to 
ensure the economic sustainability of the breed.

INGA FOOD S.A. is a Spanish company specializing in 
the production and distribution of premium pig products. 
As part of their breeding programme, they have successfully 
developed a hybrid Iberian sow called CASTUA. This hybrid 
sow is the result of crossbreeding between the Retinto and 
Entrepelado populations of the Iberian breed. Through this 
crossbreeding, the CASTUA hybrid sow exhibit improved 
litter size traits due to heterosis, as confirmed by Noguera 
et al. (2019). Furthermore, INGA FOOD S.A. is actively im-
plementing a breeding programme with the aim of further 
enhancing litter size based on the performance of purebred 
individuals. The foundation of this programme is built upon 
the assumption of a positive genetic correlation between the 
performance of purebred and crossbred pigs (Wientjes & 
Calus, 2017). This hypothesis finds support in a preceding 
study (Srihi et al., 2022) that quantified the genetic correla-
tion between the performance of purebred and crossbred 
animals within the Entrepelado and Retinto populations.

Furthermore, as highlighted by Noguera et  al.  (2019), 
variations in the performance of reciprocal crosses suggest 
that the gametic contribution to genetic variance may di-
verge when the populations act as either sires or dams in 

the crossbreeding process (Srihi et al., 2023). While previous 
literature has employed gametic models to identify differ-
ences in parent-of-origin effects (Meyer & Tier, 2012; Varona 
et al., 2015), to the best of our knowledge, these models have 
not been previously implemented within the context of 
crossbreeding. Hence, the goal of this study was to develop 
a multivariate gametic model encompassing both paternal 
and maternal gametic effects for purebred and crossbred 
performance. This framework will enable the estimation of 
gametic correlations between these effects. Additionally, the 
model will also incorporate a dominance effect.

2   |   MATERIALS AND METHODS

The data set used in this study consisted of a total of 
22,402 records for two reproductive traits: total number 
of piglets born (TNB) and number of piglets born alive 
(NBA). These records were collected from 4912 sows 
that were part of a complete diallelic experiment involv-
ing two strains of the Iberian pig breed: Retinto (RR) and 
Entrepelado (EE). Additionally, the data set included 
their reciprocal crosses: Entrepelado × Retinto (ER) and 
Retinto × Entrepelado (RE). Along with the phenotypic 
data, a pedigree containing 6007 individual-sire-dam en-
tries was included for genetic analysis. Table 1 provides a 
summary of the phenotypic data used in this study.

The data were analysed with the following models:

In the given equations, yJK is the vector of phenotypic 
records (TNB or NBA) for the JK = {EE, ER, RR, RE} pop-
ulation. Here, J = {E, R} denotes the paternal population, 
and K = {E, R} denotes the maternal. Additionally, bJK is 
the vector of systematic effects, including order of parity 
six levels), breed of service sire (five levels) and herd-year-
season (141 levels). Moreover, pJK, mJK, dJK, rJK and eJK 
are the paternal, maternal, dominance, permanent envi-
ronmental and residual effects of the JK population re-
spectively. It must be noted that pJK is the vector of the 
paternal gametic effects of the J = {E, R} population in the 

yEE = XEEbEE + ZEEpEE +WEEmEE +QEEdEE +HEErEE + eEE
yER = XERbER + ZERpER +WERmER +QERdER +HERrER + eER

yRR = XRRbRR + ZRRpRR +WRRmRR +QRRdRR +HRRrRR + eRR

yRE = XREbRE + ZREpRE +WREmRE +QREdRE +HRErRE + eRE

populations. The results suggest the possible influence of imprinting effects on 
the genetic control of litter size, and underscore the importance of incorporating 
crossbred data into the breeding value predictions for purebred individuals.

K E Y W O R D S

crossbreeding, gametic correlation, parent of origin, reciprocal cross
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JK cross, and that mJK is the vector of the K = {E, R} ma-
ternal gametic effects in the JK = {EE, ER, RR, RE} cross. 
Besides, X JK,ZJK, W JK, QJK and HJK are the correspond-
ing incidence matrices involved in the equations.

The statistical model was analysed by employing a 
Bayesian approach with a Gibbs sampler (Gelfand & 
Smith,  1990). In this analysis, bounded uniform distri-
butions were employed as prior distributions for the 
systematic effects and variance components. The prior 
distributions for the gametic, dominance, permanent en-
vironmental and residual effects were modelled as mul-
tivariate Gaussian distributions, characterized by a zero 
mean and the following variances:

var

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

pEE
pRR
pER
pRE
mEE

mRR

mER

mRE

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

= T ⊗G,

 
var

⎛
⎜
⎜
⎜
⎜
⎝

dEE
dRR
dER
dRE

⎞
⎟
⎟
⎟
⎟
⎠

= Q ⊗ D,

 

var

⎛
⎜
⎜
⎜
⎜
⎝

rEE
rRR
rER
rRE

⎞
⎟
⎟
⎟
⎟
⎠

= R
⨂

I and var
⎛
⎜
⎜
⎜
⎜
⎝

eEE
eRR
eER
eRE

⎞
⎟
⎟
⎟
⎟
⎠

= E
⨂

I

where G and D are the gametic and dominance relation-
ship matrix (Smith, 1984), I is the identity matrix and

where �2
XJK

 represents the paternal (X = P) or maternal (X = M) 
gametic variance in the JK population, JK can represent any 
of the following combinations {EE, ER, RR, RE}. Similarly, 
�XJKYLM

 denotes the covariance between the gametic effects 
between the paternal (if X = P) or maternal (if X = M) ga-
metic variance in the JK cross with the paternal (if Y=P) or 
maternal (if Y = M) gametic variance in the LM cross, where 
JK and LM can each be EE, ER, RR and RE respectively. It is 
essential to emphasize that in this analysis, the covariances 
between gametic effects from distinct populations (Retinto or 
Entrepelado) are explicitly fixed at zero, allowing no correla-
tion between them. Conversely, the model allows for non-null 
covariance between gametic effects from the same population.

Further,

T =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

�
2
PEE

0 �PEEPER
0 �PEEMEE

0 0 �PEEMRE

0 �
2
PRR

0 �PRRPRE
0 �PRRMRR

�PRRMER
0

�PEEPER
0 �

2
PER

0 �PERMEE
0 0 �PERMRE

0 �PRRPRE
0 �

2
PRE

0 �PREMRR
�PREMER

0

�PEEMEE
0 �PERMEE

0 �
2
MEE

0 0 �MEEMRE

0 �PRRMRR
0 �PREMRR

0 �
2
MRR

�MRRMER
0

0 �PRRMER
0 �PREMER

0 �MRRMER
�
2
MER

0

�PEEMRE
0 �PERMRE

0 �MEEMRE
0 0 �

2
MRE

⎤
⎥
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⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦
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dEE

0 0 0

0 �
2
dRR

0 0

0 0 �
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dER

0

0 0 0 �
2
dRE

⎤
⎥
⎥
⎥
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,

R =

⎡
⎢
⎢
⎢
⎢
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⎣

�
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rEE

0 0 0

0 �
2
rRR

0 0
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2
rER

0
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⎥
⎥
⎥
⎥
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, and

T A B L E  1   Number of phenotypic records (and number of sows producing them in brackets), mean (± standard deviation) of 
Total Number Born (TNB) and Number Born Alive (NBA) for Entrepelado (EE), Retinto (RR) and Entrepelado × Retinto (ER) and 
Retinto × Entrepelado (RE) crosses.

EE RR ER RE

Na (NSb) 6933 (1564) 7497 (1577) 4995 (1015) 2977 (756)

TNB 8.23 ± 2.14 8.44 ± 2.22 8.55 ± 2.27 8.51 ± 2.28

NBA 7.87 ± 2.11 8.05 ± 2.18 8.27 ± 2.25 8.18 ± 2.25
aN: number of phenotypic records.
bNS: number of recorded sows.
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with �2
dJK

, �2rJK and �2eJK are the dominance, permanent en-
vironmental and residual variances of the JK population 
respectively.

The inverse of the gametic relationship matrix (G−1) 
was calculated using a FORTRAN program that follows 
the algorithm proposed by Meyer and Tier  (2012). The 
gametic relationship matrix (G) was itself calculated by 
direct inversion using R software (R Core Team,  2021). 
Subsequently, the elements of G were employed to derive 
the elements of the dominance relationship matrix (D) ac-
cording to the following expression:

Here, dij represents the dominance relationship between 
the ith and jth individuals. Specifically, gixjy signifies the rela-
tionship between the gametes of the ith individual (paternal 
or maternal, depending on x) and the jth individual (pater-
nal or maternal, depending on y).

The implementation of the Gibbs Sampler was con-
ducted using the BLUPF90 suite of programs, specifi-
cally with the gibbsf90+ program (Misztal et  al.,  2018). 
The analysis involved a single long chain comprising 
1,100,000 iterations, with the initial 100,000 iterations dis-
carded to guarantee convergence towards the stationary 
distribution.

During each iteration, the following parameters were 
calculated:

Ratios of paternal (p2
JK

) or maternal (m2
JK

) gametic vari-
ances for the JK cross

Ratio of dominance variance (d2
JK

) for the JK cross

Broad sense heritability (H2
JK

) for the JK cross

Gametic correlations (rXJKYLM) between the X (pater-
nal—P- or maternal—M-) gametic effects of the from JK 
population with the Y (paternal—P- or maternal—M-) ga-
metic effects of the LM population

3   |   RESULTS AND DISCUSSION

3.1  |  Variance components

The posterior means (and standard deviations) of the 
variance components for TNB and NBA are presented in 
Tables 2 and 3 respectively.

To begin with, it is important to emphasize that the 
posterior estimates of paternal and maternal gametic 
variances in both traits were found to be greater in the 
crossbred populations (ER and RE) when contrasted with 
the purebred populations (EE and RR). This discrepancy 
could potentially be attributed to a scale effect (Falconer 
& Mackay,  1996), since the phenotypic variance is also 
higher in the crossbred populations. Another contributing 
factor to this discrepancy is the model's allowance for co-
variance between the two gametic effects within the pure-
bred populations, which adds twice the value of �XJKYLM to 
the genetic variance.

Nevertheless, the outcomes of our analysis demon-
strate that both paternal and maternal gametic effects con-
tribute to the phenotypic variability of litter size traits, as 
evidenced by their posterior distributions significantly de-
viating from zero. However, it is important to acknowledge 

E =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

�
2
eEE

0 0 0

0 �
2
eRR

0 0

0 0 �
2
eER

0

0 0 0 �
2
eRE

⎤
⎥
⎥
⎥
⎥
⎥
⎦

dij = gipjpgimjm + gipjmgimjp

p2JK =

�2pJK

�2pJK
+ �2mJK

+ 2�pJKmJK + �2
dJK

+ �2rJK
+ �2eJK

m2
JK =

�2mJK

�2pJK
+ �2mJK

+ 2�pJKmJK + �2
dJK

+ �2rJK
+ �2eJK

d2JK =

�2
dJK

�2pJK
+ �2mJK

+ 2�pJKmJK + �2
dJK

+ �2rJK
+ �2eJK

H2
JK =

�2pJK
+ �2mJK

+ 2�pJKmJK + �2
dJK

�2pJK
+ �2mJK

+ 2�pJKmJK + �2
dJK

+ �2rJK
+ �2eJK

rXJKYLM =

�XJKYLM

�XJK
�YLM

T A B L E  2   Posterior means (and standard deviations) of the permanent environmental (�2r), paternal (�2p), maternal (�2m), dominance 
(�2

d
) and residual (�2e) variance components for Total Number Born (TNB) in the Entrepelado (EE), Entrepelado × Retinto (ER), 

Retinto × Entrepelado (RE) and Retinto (RR) populations.

Population �
2
r �

2
p �

2
m �

2
d

�
2
e

EE 0.18 (0.07) 0.14 (0.06) 0.28 (0.07) 0.14 (0.07) 3.50 (0.07)

RR 0.11 (0.04) 0.14 (0.04) 0.20 (0.05) 0.10 (0.04) 4.08 (0.07)

ER 0.14 (0.06) 0.26 (0.09) 0.36 (0.09) 0.13 (0.07) 4.13 (0.09)

RE 0.16 (0.07) 0.15 (0.06) 0.38 (0.10) 0.14 (0.07) 4.17 (0.12)
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that the variances of maternal gametic variances consis-
tently surpass those of paternal gametic effects. This sug-
gests that the alleles inherited from the mother exert a 
more pronounced influence on the phenotypic variation 
of litter size. These findings are further illustrated by the 
ratios of paternal to maternal gametic variance, visually 
depicted in Figure 1 for TNB and Figure S1 for NBA.

These findings align with those obtained by Stella 
et al. (2003) in white pigs, suggesting a similar trend. One 
plausible explanation for this phenomenon is the poten-
tial existence of paternal genomic imprinting (Reik & 
Walter,  2001), a mechanism ensuring certain alleles are 
only expressed upon heritance from either the mother 

or father. Numerous theories have been proposed to elu-
cidate the evolutionary origins of genomic imprinting, 
comprehensive reviewed by Patten et  al.  (2014). One of 
the most prominent being the parental investment theory 
(Moore & Haig, 1991). In accordance with this theory, im-
printing arises due to a conflict between the evolutionary 
interest of the alleles inherited from the father and those 
inherited from the mother. Within mammalian reproduc-
tion, the evolutionary success of the alleles inherited from 
the father is associated with augmented foetal growth, 
while the success of the alleles inherited from the mother 
is linked with offspring number. This theory finds sup-
port in the identification of numerous imprinted genes 

T A B L E  3   Posterior means (and standard deviations) of the permanent environmental (�2r), paternal (�2p), maternal (�2m), dominance 
(�2

d
) and residual (�2e) variance components for Number Born Alive (NBA) in the Entrepelado (EE), Entrepelado × Retinto (ER), 

Retinto × Entrepelado (RE) and Retinto (RR) populations.

Population �
2
r �

2
p �

2
m �

2
d

�
2
e

EE 0.19 (0.07) 0.13 (0.05) 0.24 (0.06) 0.11 (0.06) 3.47 (0.07)

RR 0.11 (0.04) 0.14 (0.04) 0.19 (0.05) 0.11 (0.04) 3.86 (0.07)

ER 0.13 (0.06) 0.26 (0.08) 0.33 (0.08) 0.12 (0.06) 4.01 (0.09)

RE 0.16 (0.07) 0.16 (0.07) 0.35 (0.09) 0.14 (0.06) 3.96 (0.11)

F I G U R E  1   Posterior distributions of the ratios of paternal and maternal gametic variances in the Entrepelado × Entrepelado, 
Entrepelado × Retinto, Retinto × Entrepelado and Retinto × Retinto populations for Total Number Born.
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governing diverse facets of mammalian development 
(Thamban et al., 2020), encompassing growth, behaviour 
and placental function (Fowden et al., 2011). Additionally, 
a growing body of evidence indicating the presence of im-
printed genes in the pig genome (Coster et al., 2012; Wu 
et al., 2020; Zhang et al., 2012) is available.

It is important to underline that the paternal and ma-
ternal gametic variances exhibited higher values in the 
crossbred populations when compared to the purebred 
populations. As mentioned earlier, this divergence could 
stem from a scale effect or from the inclusion of covari-
ances between the paternal and maternal gametic effects 
within the purebred populations. Consequently, the cova-
riance between these effects also contributes to the over-
all genetic variation. Notably, the posterior distributions 
of the broad-sense heritabilities showed similar patterns 
across all purebred and crossbred populations, as there 
are weighted by the increase of phenotypic variation in 
crossbreds. The posterior mean estimates spanned from 
0.125 in the RR population to 0.160 in the EE population 
for TNB, and from 0.125 (RR) to 0.149 (EE) for NBA, as 
depicted in Figure 2 for TNB and Figure S2 for NBA.

These figures also present the posterior distribution of 
the ratios of dominance variance, featuring posterior mean 
estimates ranging from 0.021 in RR to 0.031 in EE for TNB, 

and from 0.024 in RR to 0.029 in RE for NBA. In general, 
the ratios of dominance variance were modest, indicating 
that the implementation of a mate allocation procedure 
(González-Diéguez et  al.,  2020; Toro & Varona,  2010) to 
capture favourable dominance effects may yield limited or 
insignificant results, even if genotyping information were 
available.

3.2  |  Gametic correlations

The proposed model provides the estimates of the gametic 
covariances and correlations between four gametic ef-
fects stemming from each parental population (paternal 
for purebred, maternal for purebred, paternal for cross-
bred and maternal for crossbred). Figures 3 and 4 display 
the posterior distributions of gametic correlations among 
these four gametic effects for TNB in the Entrepelado and 
Retinto populations respectively. Furthermore, Figures S3 
and S4 provide the posterior distributions of gametic cor-
relations for NBA.

Every posterior mean estimates of the gametic cor-
relations were positive, spanning from 0.04 (paternal ga-
metic effects for purebred and maternal gametic effects 
for crossbred in Retinto) to 0.53 (paternal gametic effects 

F I G U R E  2   Posterior distributions of the broad-sense heritabilities and ratios of dominance variance in the Entrepelado × Entrepelado, 
Entrepelado × Retinto, Retinto × Entrepelado and Retinto × Retinto for Total Number Born.
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for purebred and paternal gametic effects for crossbred in 
Entrepelado). As far as we know, there are no existing esti-
mates of gametic correlations between purebred and cross-
bred performance available in the literature. However, our 
estimates fall within the lower range of the genetic cor-
relation estimates for a wide spectrum of traits available in 
the literature and reviewed by Wientjes and Calus (2017). 
It is noteworthy that the posterior probability of a gametic 
correlation surpassing 0.75 was consistently remained 
below 0.20 for all the gametic correlations. This suggest 

that selection in the purebred populations might not yield 
optimal outcomes in the crossbred population. These 
results differ from those obtained by Srihi et  al.  (2022); 
however, it is important to recognize that their study was 
conducted with a notably smaller data set.

Furthermore, it is interesting to observe that the pat-
tern of gametic correlations differs between purebred 
and crossbred performance in both populations. Within 
the Entrepelado population, the gametic effects acting as 
the sire in the purebred context (paternal for purebred) 

F I G U R E  3   Posterior distribution of the correlations between the four gametic from each parental population (paternal for purebred—
EE-, maternal for purebred—EE-, paternal for crossbred—ER- and maternal for crossbred—RE-) in the Entrepelado population for Total 
Number Born.
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exhibit relatively high correlations with performance 
within the crossbred population, whether as a sire (pos-
terior mean of 0.53 with paternal for crossbred) or as a 
dam (posterior mean of 0.40 with maternal for crossbred). 
Conversely, the correlations involving the gametic effects 
when acting as the dam within the purebred population 
(maternal for purebred) were lower with performance in 
the crossbred population, both as a sire (posterior mean of 
0.21 with paternal for crossbred) and as a dam (posterior 
mean of 0.32 with maternal for crossbred). In contrast, 
the scenario in the Retinto population was reversed. The 

correlations between the gametic effects acting as the sire 
within the purebred population (paternal for purebred) 
showed lower correlations with the crossbred population 
(posterior mean of 0.17 with paternal and 0.04 with ma-
ternal gametic effects in the crossbred), whereas the ga-
metic effects acting as the dam (maternal for purebred) 
displayed elevated correlations (posterior mean of 0.46 
with paternal and 0.41 with maternal gametic effects in 
the crossbred).

These findings reinforce the importance of using 
crossbred data to predict the breeding values of purebred 

F I G U R E  4   Posterior distribution of the correlations between the four gametic from each parental population (paternal for purebred—
RR-, maternal for purebred—RR-, paternal for crossbred—RE-, and maternal for crossbred—ER-) in the Retinto population for Total 
Number Born.
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individuals and confirm the need to evaluate them for 
both purebred and crossbred performance. By doing so, 
balanced selection strategies can be optimized for cross-
breeding purposes. Moreover, the observed diversity in 
the correlation between gametic effects also suggest the 
potential influence of imprinting effects, which should be 
considered in genetic evaluation. These results open up al-
ternative strategies for crossbreeding selection and breed-
ing programme design.

The populations that contribute as sires or dams in 
crossbreeding should be selected based on the prediction 
of their gametic effects when performing as sires or dams 
in the crossbred population respectively. In the example 
provided, the CASTUA population is commercially pro-
duced by crossing Retinto sires with Entrepelado dams. 
Hence, the selection of the Retinto population should rely 
on gametic prediction of paternal gametic effects for cross-
bred, while the Entrepelado population should be selected 
for maternal gametic effects for crossbred.

In the proposed model, the performance within the 
purebred populations contributes to the prediction of 
gametic effects in crossbreeding via gametic covariances 
(or correlations). Nonetheless, it should be noted that 
the covariances (or correlations) between gametic effects 
from different populations (Retinto or Entrepelado in this 
example) were assumed to be zero. Future research is 
required to develop a model that integrates genomic in-
formation and accounts for potential covariances among 
these gametic effects, potentially through adaptations of 
the metafounders analysis (Xiang et al., 2017).

The findings of this study can be summarized as 
follows: 1) maternal gametic effects consistently ex-
hibit greater variances that paternal gametic effects, in-
dicating a stronger influence of alleles inherited from 
the mother on litter size, and 2) distinct patterns of ga-
metic correlations were observed between purebred and 
crossbred performances within the Entrepelado and the 
Retinto pig populations. These results suggest the po-
tential impact of imprinting effects on the genetic reg-
ulation of litter size and underscore the importance of 
including crossbred data in breeding value predictions 
for purebred individuals.
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Table S1: REML estimates ± standard error (SE) of the additive genotypic 

(co)variances for Number Born Alive (NBA). 

  Entrepelado  Crossbred  Retinto  

Entrepelado  

0.147 ± 0.156  0.202 ± 0.169  0.184 ± 0.150  

Crossbred  -  0.477 ± 0.241  0.410 ± 0.172  

Retinto  -  -  0.359 ± 0.183  

  

Table S2: REML estimates ± standard error (SE) of the dominance genotypic 

(co)variances for Number Born Alive (NBA). 

  Entrepelado  Crossbred  Retinto  

 

 

Entrepelado 0.293 ± 0.216  0.286 ± 0.182  0.204 ± 0.173  

Crossbred  -  0.282 ± 0.188  0.202 ± 0.177  

Retinto  -  -  0.155 ± 0.205  

 

Table S3: REML estimates ± standard error (SE) of the permanent environmental and 

residual variances for Number Born Alive (NBA). 

Variances  Entrepelado  Crossbred  Retinto  

𝜎𝑆
2

  0.111 ± 0.111  0.004 ± 0.022  0.252 ± 0.126  

𝜎𝐸
2

  2.820 ± 0.099  4.385 ± 0.152  3.468 ± 0.125  

𝜎𝑆
2: Sow permanent environment variance ; 𝜎𝐸

2: Residual variance. 
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Table S4: GO (Gene Ontology) terms for biological process of the proposed candidate 

genes. 

Gene  Name                                       Biological process  

 BCO1   
Beta-carotene 

   GO:0001523  
GO:0042574  
GO:1901810  

- retinoid metabolic process  
- retinal metabolic process  
- beta-carotene metabolic process  oxygenase 1 

  

 

GCSH   Glycine cleavage   

   

GO:0019464  -  glycine decarboxylation via glycine cleavage system  
system protein H 

ATMIN   
ATM interactor   

 GO:0010628  
GO:0044458  
GO:0045893  
GO:0045944  
GO:1902857  

- positive regulation of gene expression  
- motile cilium assembly  
- positive regulation of transcription, DNA-templated  
- positive regulation of transcription by RNA polymerase II  
- positive regulation of non-motile cilium assembly  

 

CENPN   Centromere pro-  GO:0007059  
GO:0051382  

- chromosome segregation  
- kinetochore assembly  tein N   

DYNLRB2   Dynein light    GO:0007018  -  microtubule-based movement  

chain roadblock- 
type 2   

CD38   CD38 molecule    GO:0050794  -  regulation of cellular process  

 

FGFBP1   Fibroblast   

  

GO:0090050  
  
GO:1903589  

- positive regulation of cell migration involved in 

sprouting angiogénesis  
- positive regulation of cell migration involved in 

sprouting angiogenesis  

growth factor   
binding protein 1 

 

PROM1   
Prominin 1   

 GO:0045494  
GO:0060042  
GO:0060219  
GO:0072112  
GO:0072139  
GO:2000768  

- Photoreceptor cell maintenance  
- retina morphogenesis in camera-type eye  
- camera-type eye photoreceptor cell differentiation  
- glomerular visceral epithelial cell differentiation  
- glomerular parietal epithelial cell differentiation  
- positive regulation of nephron tubule epithelial cell 

differentiation  

 

TAPT1   Transmembrane   GO:0045724  
GO:0048706  
GO:0048856  

- positive regulation of cilium assembly  
- embryonic skeletal system development  
- anatomical structure development  

anterior poste-  
rior transfor-  
mation 1   

LDB2   LIM domain    GO:0045944  
GO:0044089  
GO:0043549  
GO:0035019  
GO:0030334  
GO:0010669  
GO:0006357  
GO:0001942  

- positive regulation of transcription by RNA 

polymerase II  
- positive regulation of cellular component biogenesis  
- regulation of kinase activity  
- somatic stem cell population maintenance  
- regulation of cell migration  
- epithelial structure maintenance  
- regulation of transcription by RNA polymerase II -  

hair follicle development  

binding 2   
 

FGF5   
Fibroblast    GO:0023019  

GO:0010001  
- signal transduction involved in regulation of gene 

expression  
growth factor 5 
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   GO:0008543  
GO:0008284  

- glial cell differentiation  
- fibroblast growth factor receptor signaling pathway  
- positive regulation of cell population proliferation  

TAOK1   TAO kinase 1    GO:1901985  
GO:0097194  
GO:0070050  
GO:0046330  
GO:0032874  
GO:0016310  
GO:0007095  
GO:0007026  
GO:0006974  

- positive regulation of protein acetylation  
- execution phase of apoptosis  
- neuron cellular homeostasis  
- positive regulation of JNK cascade  
- positive regulation of stress-activated MAPK cascade  
- phosphorylation  
- mitotic G2 DNA damage checkpoint signaling  
- negative regulation of microtubule depolymerization  
- cellular response to DNA damage stimulus  

  

  GO:0006468  
GO:0000226  

- protein phosphorylation  
- microtubule cytoskeleton organization  

GIT1  GIT ArfGAP 1  GO:2000300  
GO:0106015  
GO:0099171  
GO:0090063  
GO:0071222  
GO:0061743  
GO:0048666  
GO:0048013  
GO:0045820  
GO:0045454  
GO:0032691  
GO:0032465  
GO:0007626  
GO:0007420  
GO:0001957  

- regulation of synaptic vesicle exocytosis  
- negative regulation of inflammatory response to wounding  
- presynaptic modulation of chemical synaptic transmission  
- positive regulation of microtubule nucleation  
- cellular response to lipopolysaccharide  
- motor learning  
- neuron development  
- ephrin receptor signaling pathway  
- negative regulation of glycolytic process  
- cell redox homeostasis  
- negative regulation of interleukin-1 beta production  
- regulation of cytokinesis  
- locomotory behavior  
- brain development  
- intramembranous ossification  

ANKRD13B  ankyrin repeat 

domain 13B  
GO:0002091  -  negative regulation of receptor internalization  
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Figure S1: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 30 SNPs within the autosomal genome of purebred and crossbred 

performance for Number Born Alive (NBA) in the Entrepelado and Retinto varieties. 
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Figure S2: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 20 SNPs within the autosomal genome of purebred and crossbred 

performance for Total Number Born (TNB) in the Entrepelado and Retinto varieties. 
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Figure S3: Distribution of the percentage of the additive genetic variance explained by 

genomic segments of 40 SNPs within the autosomal genome of purebred and crossbred 

performance for Total Number Born (TNB) in the Entrepelado and Retinto varieties. 
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 A multivariate gametic model for the analysis of purebred and crossbred data. 

An example between two varieties of Iberian pigs. 

SUPPLEMENTARY INFORMATION 

 

 

Figure S4: Posterior distributions of the ratios of paternal and maternal gametic variances 

in the Entrepelado x Entrepelado, Entepelado x Retinto, Retinto x Entrepelado and 

Retinto x Retinto populations for Number Born Alive. 
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Figure S5: Posterior distributions of the broad-sense heritability and ratios of dominance 

variance in the Entrepelado x Entrepelado, Entrepelado x Retinto, Retinto x Entrepelado 

and Retinto x Retinto for Number Born Alive. 
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Figure S6: Posterior distribution of the correlations between the four gametic from each 

parental population (paternal for purebred –EE-, maternal for purebred –EE-, paternal for 

crossbred –ER-, and maternal for crossbred –RE-) in the Entrepelado population for 

Number Born Alive. 
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Figure S7: Posterior distribution of the correlations between the four gametic from each 

parental population (paternal for purebred –RR-, maternal for purebred –RR-, paternal 

for crossbred –RE-, and maternal for crossbred –ER-) in the Retinto population for 

Number Born Alive. 
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