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ABSTRACT 

OLIVEIRA, Letícia Fernanda de, D.Sc., Universidade Federal de Viçosa, March, 2024. 
Investigating the genetic architecture of heat stress response and related traits in pig 
populations. Advisor: Renata Veroneze. Co-advisor: Luiz Fernando Brito. 
 

Global warming presents a significant challenge to livestock production, impacting 

animal welfare and performance. The resulting increase in temperatures promotes heat 

stress (HS) as a major concern in animal production, highlighting the need to breed for 

more resilient animals. Enhancing heat tolerance could improve animals’ ability to cope 

with HS conditions. To make genetic progress in HS resilience, it is crucial to understand 

the genetic architecture of traits related to resilience and the genetic mechanisms 

underlying the heat stress response. This study aimed to investigate the genetic 

architecture of HS response indicators and related traits in pigs, with three main 

objectives. First, to assess the impact of non-additive genetic effects on variance 

components estimation in two independent datasets: crossbred and purebred populations, 

and in genomic prediction in a purebred population. Second, to identify genomic regions, 

candidate genes, and potential pleiotropic variants significantly associated with indicators 

of HS response in lactating sows using imputed whole-genome sequence (WGS) data. 

Third, to detect copy number variations (CNVs) and CNV regions (CNVRs) in pigs and 

explore their associations with physiological and anatomical indicators of HS response 

measured in crossbred (Large White x Landrace) lactating sows. The inclusion of non-

additive genetic effects in the models did not improve the accuracy of genomic breeding 

values for performance traits in purebred pigs. However, there was a significant re-

ranking of selection candidates depending on the model fitted. Low non-additive genetic 

variance estimates were observed for most heat tolerance indicators in crossbred pigs, 

except for the panting score and hair density. Physiological and anatomical indicators of 

HS response in lactating sows were found to have additive genetic variation but they are 



highly polygenic. Candidate genes associated with heat shock protein activities, immune 

response, and cellular oxidative stress were identified, indicating their importance in HS 

response. Various CNVs and CNVRs were identified in the genome of the crossbred pig 

population evaluated. Fifteen CNVRs were significantly associated with physiological 

and anatomical indicators of HS response in lactating sows. Several genes involved in 

immune and stress responses overlapped with the CNVRs, suggesting that these CNVRs 

might contribute to climatic resilience in pigs during the lactation stage.  

 

Keywords: climatic resilience; genomic prediction; non-additive genetic effects; 

pleiotropy; genome-wide association study; copy number variation. 

  



RESUMO 

OLIVEIRA, Letícia Fernanda de, D.Sc., Universidade Federal de Viçosa, março de 2024. 
Investigando a arquitetura genética da resposta ao estresse térmico por calor e 
características relacionadas em suínos. Orientadora: Renata Veroneze. Coorientador: 
Luiz Fernando Brito. 
 

O aquecimento global apresenta um desafio significativo para a produção animal, 

impactando o bem-estar e o desempenho animal. O aumento resultante nas temperaturas 

promove o estresse térmico (HS) na produção animal, destacando a necessidade de criar 

animais mais resilientes. A melhoria da tolerância ao calor poderia ampliar a capacidade 

dos animais de lidar com condições de HS. Para promover o melhoramento da resiliência 

ao HS, é crucial entender a arquitetura genética de características relacionados à 

resiliência e os mecanismos genéticos subjacentes à resposta ao HS. Este estudo teve 

como objetivo investigar a arquitetura genética de indicadores de resposta ao HS e 

características relacionados em suínos, apresentando três objetivos principais. Primeiro, 

avaliar o impacto dos efeitos genéticos não aditivos na estimativa de componentes de 

variância em dois bancos de dados independentes: populações cruzadas e puras, e na 

predição genômica em uma população pura. Segundo, identificar regiões genômicas, 

genes candidatos e variantes pleiotrópicas potencialmente associadas a indicadores de 

resposta ao HS em porcas lactantes usando dados imputados de sequência completa do 

genoma (WGS). Terceiro, detectar variações no número de cópias (CNVs) e regiões de 

CNV (CNVRs) em suínos e explorar suas associações com indicadores fisiológicos e 

anatômicos de resposta ao HS mensurados em porcas lactantes cruzadas (Large White x 

Landrace). A inclusão de efeitos genéticos não aditivos nos modelos não melhorou a 

acurácia dos valores genômicos para características de desempenho em suínos puros. No 

entanto, houve um reordenamento significativo de candidatos à seleção dependendo do 

modelo ajustado. Baixas estimativas de variância genética não-aditiva foram observadas 



para a maioria dos indicadores de resposta ao HS em suínos cruzados, exceto para escore 

de ofegação e densidade de pelos. Indicadores fisiológicos e anatômicos de resposta ao 

HS em porcas lactantes apresentaram variância genética aditiva, mas altamente 

poligênicos. Genes candidatos associados a atividades de proteínas de choque térmico, 

resposta imune e estresse oxidativo celular foram identificados, indicando sua 

importância na resposta ao HS. Várias CNVs e CNVRs foram identificados no genoma 

de suínos da população estudada. 15 CNVRs foram significativamente associados a 

indicadores fisiológicos e anatômicos de resposta ao HS em porcas lactantes. Vários 

genes envolvidos em respostas imunes e de estresse foram observados nas CNVRs, 

sugerindo que essas CNVRs podem contribuir para a resiliência climática em porcas 

durante o estágio de lactação.  

 

Palavras-chave: resiliência climática; predição genômica; efeitos genéticos não aditivos; 

pleiotropia; estudo de associação genômica ampla; variação no número de cópias. 
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CHAPTER 1: Genetic architecture for traits related to resilience in pigs 1 

 2 

Introduction 3 

Fitness can be defined as the ability of an individual or a genotype to survive in 4 

an environment and contribute to the gene pool of the following generation, leaving 5 

descendants after a given long period [1]. The concept of fitness is directly related to the 6 

ability of the individual or a class of genotypes to adapt to an environment. Individuals 7 

who do not have appropriate adaptability may become extinct if they cannot respond to 8 

environmental changes [1], such as global warming. The ability of a group of animals to 9 

respond to environmental changes and reproduce successfully, leaving offspring, is 10 

crucial for the population survival over multiple generations under natural or artificial 11 

selection.  12 

It is important to highlight that the short and medium-term responses to 13 

environmental changes are acclimation and acclimatization, respectively, and these 14 

concepts differ from adaptation [2]. Acclimation refers to phenotypic and physiological 15 

responses in the short-term to a specific environmental stressor, while acclimatization is 16 

achieved when animals undergo to gene expression reprogramming, along with changes 17 

in metabolic pathways due to prolonged exposure to the stress factor [3, 4]. Despite that, 18 

adaptation is the long-term response that is achieved through physical or physiological 19 

modifications over time and involves both the occurrence of genotypic adaptations across 20 

generations and phenotypic changes when adverse environments persist over several 21 

generations [5, 6]. Typically, animals undergo acclimatization to environmental changes, 22 

resulting in induced phenotypic alterations rather than genetic changes, although these 23 

changes act to improve animals’ fitness to the environment [5]. 24 
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The ability of animals to respond to environmental changes has become an 25 

important concern in the livestock industry turning resilient and robust animals desirable 26 

in the production system. Resilience can be defined as the ability of the animal to be 27 

minimally affected by a disturbance or to rapidly return to the state before exposure to 28 

the disturbance [7]. On the other hand, Knap [8] defines robust pigs as animals that 29 

combine high production potential with resilience to external stressors, being able to 30 

express their high production potential in a wide variety of environmental conditions. 31 

According to Colditz and Hine [9], resilience tends to be expressed in response to 32 

environmental changes lasting for a matter of days while robustness is a consequence of 33 

longer lasting environmental conditions. Thus, resilience can be associated with 34 

acclimation and acclimatization, while robustness can be associated with adapted 35 

animals. Selecting for resilient animals that can reprogram their gene expression due to 36 

prolonged exposure to the stress factor can improve robustness in long-term. 37 

To select animals more resilient and robust, that will present better performance 38 

under stressors conditions such as diseases and heat stress, it is crucial to understand the 39 

genetic architecture of fitness and resilience related traits as well as the genes and 40 

biological processes that might be acting on these traits. In this way, this review aimed to 41 

address the challenges associated with selecting for fitness and adaptation-related traits 42 

and explore the underlying genetic architecture in pigs. 43 

 44 

Breeding for resilience-related traits 45 

The importance of selecting for fitness has been discussed for a long time [8, 10]. 46 

However, it has been more focused on reproductive traits [8], particularly for maternal 47 

lines aiming to increase litter size and birth weight and decrease preweaning mortality, 48 

having as the final objective to obtain a higher number of finished pigs per sow. Although 49 
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selecting for reproductive traits is still important because their high economic impact in 50 

the swine industry, there are many fitness and resilience-related traits that lead to 51 

robustness and have not (or have recently) been included in breeding programs. Due to 52 

the differences in production systems with a vast variety of environmental conditions and 53 

the new challenges imposed by climate changes, the necessity of selecting for robust and 54 

disease resilient animals has become a relevant discussion [7–9, 11].  55 

In recent years, which have been recorded as the warmest since the registration 56 

began [12], the climate changes have gained even more prominence. Raising animals in 57 

high temperatures can lead to heat stress conditions, resulting in reduced animal 58 

performance and economic losses. Heat stress becomes an even more significant issue in 59 

swine production because pigs lack functional sweat glands, making it difficult for them 60 

to dissipate heat. Besides that, heat stress also presents negative effects on immune 61 

responses [13] making the animals more susceptible to diseases. The globalization and 62 

increased transportation of animals and products have also increased the risk of pathogen 63 

transmission, leading to the emergence of endemic diseases and outbreaks in many animal 64 

production systems. Therefore, selection for disease resilience has also become a relevant 65 

goal in many breeding programs [11]. 66 

Breeding animals for resilience to heat stress and disease is a way to improve 67 

animal welfare [9]. Additionally, it increases the profit in the pig industry due to reducing 68 

health and labor costs [7]. Furthermore, it can also reduce the decrease in production 69 

during disturbances such as heat stress and disease outbreaks. However, selecting for 70 

resilience can be challenging, since pigs under selection are placed in nucleus herds with 71 

highly controlled environments. In such environments, they may not experience the same 72 

natural stressors and challenges as animals in commercial production. The primary 73 

challenge in selecting for resilience lies in obtaining phenotypic data to be used to predict 74 



17 
 

 

the breeding values. Although progeny testing can be utilized to measure performance 75 

under disease or heat stress challenges, these approaches tend to be costly and pose 76 

difficulties in designing and recording phenotypes on a large scale [11]. 77 

Another challenge to be addressed is defining the phenotypes to be collected and 78 

included in the genetic evaluations since it is difficult to measure resilience directly. Thus, 79 

it is crucial to identify traits that can serve as indicators of resilience and understand the 80 

underlying mechanisms involved in responding to challenges as heat stress and disease. 81 

These traits should enable the identification of animals that exhibit reduced sensitivity or 82 

rapid recovery from the disturbances. Several studies have evaluated animals' response to 83 

disease challenges or heat stress analyzing parameters such as hormonal levels and 84 

immune responses [14–18].  85 

The levels of hormones, such as cortisol and thyroid hormones, after a disturbance 86 

present additive genetic variance and they can be associated with resilience [17, 19], since 87 

those hormones are involved in stress response. Moreover, immunity traits present 88 

substantial genetic variation, however, most of the immunity traits are not highly 89 

correlated, implying that most of these traits should be included in a selection index to 90 

provide adequate genetic gain for immune response [16]. It is desirable that phenotypes 91 

to measure resilience should be biologically relevant and easy to measure, presenting low 92 

cost and being non-invasive [2]. In this way, the inclusion of blood parameters may not 93 

be suitable to be used in breeding programs. Therefore, alternative phenotypic 94 

measurements that align with these criteria should be explored to effectively assess 95 

resilience in breeding programs. 96 

Phenotypes, such as behavior and body temperature, that are easier to measure can 97 

be used to evaluate animals’ response to heat stress and disease challenges. Body 98 

temperature, such as rectal temperatures can indicate the ability of the animal to dissipate 99 
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heat and keep euthermia under heat stress [2, 14] and/or fever as a response to a disease 100 

challenge. Another phenotype that can be measured, particularly to evaluate resilience to 101 

heat stress, is the respiration rate which is the main way to dissipate heat via evaporation 102 

in pigs [2, 6]. Additionally, the use of new technologies to collect phenotypes can be 103 

explored, such as images to evaluate changes in animal behavior due to a stressor and 104 

infrared thermography for measuring body surface temperature [15]. The use of cameras 105 

to obtain images and infrared thermography is a non-invasive method for rapidly 106 

obtaining phenotypic data that are efficient, reliable, and have no impact on animal 107 

welfare [15]. 108 

Colditz and Hine [9] suggest measuring production/performance traits when the 109 

animals are exposed to the stressor and calculate the deviation between observed 110 

production and estimated production should be a good indicator of resilience. However, 111 

as presented by Berghof et al. [7], this proposed measure does not cover the whole concept 112 

of resilience, since some animals can present a severe drop in production but might have 113 

a rapid recover. Then, Berghof et al. [7] proposed the use of variation of deviations, 114 

autocorrelation of deviations, and skewness of deviations of the individuals’ performance 115 

that allows to capture the severity and duration of environmental perturbation. According 116 

to Berghof et al. [7], resilient animals are expected to present a small variance, and both 117 

autocorrelation and skewness around zero. 118 

 119 

Does resilience-related traits have genetic variability?  120 

A trait to be included in a breeding program should present economic relevance 121 

and genetic variability. In this way, it is important to know the variance components and 122 

heritability of the traits to estimate the expected genetic gains. Cheng et al. [20] reported 123 

that resilience to a polymicrobial natural disease challenge present genetic variability and 124 
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can be improved by selection. They observed that subjective health score, treatment, and 125 

mortality rates presented low heritability estimates, while performance traits under 126 

disease challenge had moderate to high heritability estimates. Cheng et al. [20] derived 127 

resilience indicator traits from day-to-day variation in feed intake, which had low to 128 

moderate heritability estimates, suggesting that these resilience indicator traits can be 129 

used for the selection of more resilient animals.   130 

Resilience is modulated by immunity [21], then more resilient animals also 131 

present better immune responses when exposed to challenges. Immune responses to 132 

diseases have been reported as having moderate to high heritability estimates. Flori et al. 133 

[16] observed that almost of 54 immune traits measured in a pig population three weeks 134 

after vaccination against Mycoplasma hyopneumoniae presented moderate to high 135 

heritability estimates. These immune traits comprised traits related to immune response 136 

(e.g., phagocytosis, lymphocyte proliferation) or traits related to total leukocyte and 137 

leukocyte subpopulation counts. Bai et al. [18] observed that most of the complete blood 138 

count traits measured at 2-weeks before, and at 2- and 6- weeks after a natural disease 139 

challenge have moderate heritability, ranging from 0.11 ± 0.03 to 0.27 ± 0.04. Bai et al. 140 

[18] also evaluated the treatment rate for each animal, which was the number of treatment 141 

events in the natural challenge, standardized by the number of days spent in the natural 142 

challenge, observing heritability estimate of 0.04 ± 0.01.  143 

Besides acknowledging the genetic parameters for the traits, it is also important 144 

to understand that how/when the phenotype is recorded might also influence the 145 

estimates. In a study evaluating rectal and cutaneous temperatures measured twice a day 146 

(at 0700 h and 1200 h) in a tropical humid climate, Gourdine et al. [22] used a random 147 

regression model to estimate heritability as a function of days in lactation. They found 148 

that heritability estimates were generally lower in the early days of lactation, with the 149 
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largest heritabilities and genetic variances estimated in mid-lactation. Based on these 150 

findings, Gourdine et al. [22] suggest that measurements taken during the middle of 151 

lactation and at 1200 h are best for discriminating heat-tolerant animals.  152 

It is also relevant to highlight that the same traits may exhibit distinct levels of 153 

genetic variability in the presence of a stressor factor compared to when the factor is 154 

absent. For example, Scanlan et al. [23] verified greater heritability and additive genetic 155 

variance estimates for reproductive performance during porcine reproductive and 156 

respiratory syndrome (PRRS) and porcine epidemic diarrhea outbreaks. On the other 157 

hand, Tiezzi et al. [24] verified that heritability estimates were higher under comfortable 158 

conditions compared to HS conditions (greater than 0.05 vs. 0.02 for total number of 159 

piglets born; 0.10 vs. 0.05 for number of piglets born alive; greater than 0.20 vs. 0.10 for 160 

average piglet birth weight). They also observed a decrease in heritability estimates with 161 

increasing relative humidity, which is one of the environmental factors that hinders heat 162 

dissipation.  163 

Freitas et al. [25], considering a population of Large White pigs, found different 164 

patterns of heritability estimates when using genomic reaction norm models. It was 165 

observed an increase in heritability (h²) estimates as the values of environmental 166 

variables, such as mean temperature, average relative humidity, and temperature-167 

humidity index increased for total number of piglets born (h² ranging from 0.09 to 0.12), 168 

number of piglets born alive (h² ranging from 0.08 to 0.12), and number of stillborn 169 

piglets (h² ranging from 0.04 to 0.09). However, for the number of piglets weaned (h² 170 

ranging from 0.07 to 0.31), and weaning weight (h² ranging from 0.05 to 0.26), higher 171 

heritability estimates were observed at extreme values of environmental variables, while 172 

lower estimates were found closer to the mean. 173 
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When analyzing hot carcass weight in animals under heat stress and thermoneutral 174 

conditions as two distinct traits in a bivariate animal model, Dodd et al. [26] obtained a 175 

higher heritability for the trait under HS (h² = 0.25) compared to conditions without HS 176 

(h² = 0.20). They also found a genetic correlation of 0.63 between the two traits. Based 177 

on the changes in heritability and genetic correlation, hot carcass weight under HS and 178 

thermoneutral conditions were determined to be distinct traits, indicating the need of 179 

separate selection [26].  180 

The heritability estimates are in general low to moderate and vary across the stages 181 

of life and how the traits are measured. Genetic parameters for traits related to resilience 182 

reported in literature are presented in Table 1. Heritability estimates for traits such as 183 

rectal temperature vary across the stages of life and how the traits are measured. The use 184 

of new technologies, such as computation vision, can provide more precise phenotypes 185 

that can also help to provide more accurate breeding values estimates. The inclusion of 186 

resilience related traits in breeding programs combined with genomic prediction can 187 

increase the genetic gains for resilience in pigs.  188 

 189 

Table 1. Heritability estimates (h²) for resilience-related traits in pigs. 190 

Physiologic stage Na Trait h² Reference 

Newborn pigs 
415 RT1 0.10 - 0.55 

Varona et al. [27] 
395 RT2 0.02 - 0.58 

Lactating sows 
842 RT3 0.35 ± 0.09 

Gourdine et al. [22] 245 CT4 0.34 ± 0.12 
403 RR5 0.39 ± 0.13 

Prepubertal gilts 214 
∆RT6 0.49 

Kim et al. [28] ∆RR7 0.39 
Postpubertal gilts 91 ∆RT6 0.83 

Growing pigs at 19 
weeks of age 

630 RT8 0.04 ± 0.05 to 
0.13 ± 0.07 

Gourdine et al. [29] 
663 RT9 0.12 ± 0.07 to 

0.17 ± 0.07 
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Growing pigs at 23 
weeks of age 

627 RT8
 

0.07 ± 0.06 to 
0.34 ± 0.12 

663 RT9
 

0.08 ± 0.06 to 
0.10 ± 0.05 

Nursery pig at 6 
weeks of age 

298 CortisolACTH
10 0.68 ± 0.12 

Larzul et al. [19] 
298 Cortisolbasal

11 0.36 ± 0.09 
Nursery pig at 6 
weeks of age 

1792 T312 0.16 ± 0.05 
Goor et al. [17] 

Fetuses at 96 or 105 
days 

1187 T313 0.10 ± 0.06 
1187 T414 0.10 ± 0.06 

aNumber of animals used on the study. 
1Rectal temperature at birth; 2 Rectal temperature 30 minutes after birth; 3Rectal temperature; 4Cutaneous 
temperature; 5Respiration rate; 6Change in prepubertal rectal temperature from thermoneutral conditions to heat 
stress environment; 7Change in prepubertal respiration rate from thermoneutral conditions to heat stress 
environment; 8Rectal temperature in temperate environment; 9Rectal temperature in tropical environment; 
10Cortisol concentration 1 hour after adrenocorticotropic hormone injection; 11Basal cortisol level; 
12Triiodothyronine (T3) level measured in serum at 11 days post inoculation with Porcine Reproductive and 
Respiratory Syndrome (PRRS); 13Triiodothyronine (T3) level measured in serum at 12 or 21 days post maternal 
inoculation with PRRS; 14Thyroxine (T4) level measured in serum at 12 or 21 days post maternal inoculation 
with PRRS. 

 191 

Genetic correlations between resilience traits 192 

For a trait to be included in a breeding program, it must exhibit genetic variability. 193 

However, it is equally important to comprehend the genetic relationship between the 194 

selected traits. Based on the genetic correlations between resilience-related traits, it is 195 

possible to define which traits should be included in the breeding program. It is also 196 

crucial to know the genetic correlations between resilience-related traits and production 197 

traits to promote desirable genetic gains for all traits. This knowledge allows a 198 

comprehensive assessment of how the trait interacts with and impacts other desired traits 199 

within the breeding program.  200 

For thermoregulatory traits, Gourdine et al. [22] observed high and positive 201 

correlations between rectal temperature and cutaneous temperature, and moderate and 202 

positive correlations between respiration rate and both rectal and cutaneous temperatures. 203 

For immune response traits, Bai et al. [18] observed that complete count blood traits 204 

showed moderate to high correlations with treatment rates, indicating that a well-205 
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functioning immune system plays an important role in the resilience of the animals. A 206 

more recent study reported that it is plausible to perform a multi-trait selection for 207 

immunocompetence in pigs since there are high genetic correlations between innate and 208 

adaptive traits and the molecular markers for T helper, memory T-helper, and γδ T cells 209 

[30]. Furthermore, the selection for resilience under one disease can improve the 210 

resilience for other diseases that affect pig production, as reported by Scanlan et al. [23], 211 

who observed high genetic correlations between porcine reproductive and respiratory 212 

syndrome (PRRS) and porcine epidemic diarrhea (PED) statuses.  213 

Putz et al. [31] derived some traits to evaluate the variability of feed intake and 214 

the time spent at the feeder: root mean square error (RMSE) within animal from the 215 

regression of feed intake (RMSEFI) and feeding duration (RMSEDUR), quantile regression 216 

for feed intake (QRFI) and for feeding duration (QRDUR). The resilience traits derived by 217 

Putz et al. [31] presented positive and moderate genetic correlations between them, 218 

however, these traits presented positive moderate to high genetic correlations with 219 

mortality and treatment rate. Putz et al. [31] also verified negative and high genetic 220 

correlations between both QRFI and QRDUR with production traits. The results observed 221 

by Putz et al. [31] suggest that the traits proposed by them can be used in a breeding 222 

program to obtain more resilient animals. 223 

A comprehensive understanding of the genetic relationship between resilience and 224 

production traits is important when selecting animals that are both resilient and 225 

productive. This knowledge facilitates the identification of individuals with optimal 226 

genetic potential, leading to improved genetic gains and a more economically efficient 227 

production system. Cheng et al. [32] reported strong negative genetic correlations of 228 

growth rate in a challenge nursery with treatment and mortality rates in the MHC region. 229 

They also found a strong positive genetic correlation between growth rate in the challenge 230 
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nursery and growth rate in the finisher. Van Goor et al. [17] also reported that thyroid 231 

hormone levels following PRRSV infection had positive genetic correlations with growth 232 

rate. In a natural disease challenge, Van Goor et al. [17] observed that resilience indicator 233 

traits derived from day-to-day variation in feed intake had strong genetic correlations with 234 

treatment and mortality rates, while treatment and mortality rates and subjective health 235 

scores were genetically highly correlated with each other.  236 

Acknowledging how the resilience traits are genetically correlated with each other 237 

and their genetic correlations with other traits of economic interest, such as growth rate 238 

and mortality, helps to define the traits to be included in a breeding program. The genetic 239 

correlation estimates are also required when calculating selection indexes, which are 240 

essential tools for selecting animals with enhanced resilience and productivity. By 241 

employing selection indexes, a balanced approach can be achieved, effectively 242 

considering both resilience and production factors in the breeding process, since the traits 243 

present a weight according to their economic values and/or desirable genetic gain to be 244 

achieved. 245 

 246 

Genome-wide association studies for resilience-related traits 247 

The identification of genomic regions that explain different proportions of genetic 248 

variance for resilience-related traits through genome-wide association studies (GWAS), 249 

allows the identification of candidate genes within these regions and provides insights 250 

into the biological mechanisms involved in resilience. 251 

Using a single-step approach to estimate marker effects, Tiezzi et al. [24] 252 

identified many significant genomic windows distributed across all autosomes associated 253 

with heat tolerance based on reproductive traits. However, each of the identified windows 254 

explained no more than 0.5% of the additive genetic variance, indicating that heat 255 
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tolerance is a widely polygenic trait. The genomic regions identified by Tiezzi et al. [24] 256 

have previously been reported to be associated with traits such as body temperature, 257 

hemoglobin content, stress coping behavior, cortisol levels, heart size, and various 258 

pathways associated with fatty acid biosynthesis. The analyses performed by Tiezzi et al. 259 

[24] confirm that the heat stress-indicative traits analyzed are involved in important 260 

biological mechanisms for the response to heat stress. 261 

Conducting GWAS for hot carcass weight under HS or thermoneutral conditions, 262 

Dodd et al. [26] identified the genes CEP44, which may be linked to the ability to 263 

maintain cell division under HS conditions; FBXO8, a gene involved in the ubiquitination 264 

system that is associated with various cellular processes (cell cycle and division, 265 

apoptosis, antigen processing, among others) and HPGD, a gene involved in 266 

prostaglandin metabolism, which is implicated in inflammatory processes, a common 267 

response to bodily stress or infection. Isolated peaks were also identified on chromosome 268 

1, which were associated with growth factors and body mass deposition, and on 269 

chromosome 14, associated with disease susceptibility, subcutaneous fat thickness, and 270 

nutrient utilization.  271 

Kim et al. [28], using a limited number of observations, did not identify significant 272 

markers associated with respiration rate, rectal temperature, and skin temperature. 273 

However, despite the limitations, Kim et al. [28] did identify some genes known to be 274 

involved in physiological adaptation to general stresses. Nonetheless, further studies with 275 

larger sample sizes need to be conducted to identify genes and metabolic pathways 276 

involved in pig thermoregulation. 277 

Other studies have investigated the disease resilience and immune response during 278 

disease challenges. Investigating disease resilience in pigs through complete blood count 279 

traits, Bai et al. [33] identified five genomic regions associated with white blood cells and 280 
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nine genomic regions associated with red blood cells and platelet traits. Bai et al. [33] 281 

reported that the genes nearby the identified genomic regions have a potential role in 282 

immune response pathways that influence disease resilience. In a large-scale natural 283 

polymicrobial disease challenge, Cheng et al. [32] found that the major histocompatibility 284 

complex (MHC) and other immune-related genes are linked to disease resilience features. 285 

Cheng et al. [32] also observed that the associated genomic regions contained genes that 286 

were differentially expressed following bacteria or virus infection and immune 287 

stimulation are involved in functional pathways related to inflammatory immune 288 

response, and these regions were also enriched with QTL related to disease susceptibility 289 

and immune capacity.  290 

There is still a need for more studies evaluating the genetic architecture, genes, 291 

and biological pathways of resilience. So far, it is possible to understand that resilience 292 

traits are very polygenic and are associated with a variety of biological mechanisms and 293 

pathways including stress coping behavior, cortisol levels, and immune response 294 

pathways.  295 

 296 

Non-additive genetic effects in resilience traits 297 

Non-additive genetic effects refer to the influence of genetic factors that cannot 298 

be explained by adding up the effects of individual genes, i.e., additive effects, and the 299 

main non-additive genetic effects are dominance and epistasis. Dominance is the effect 300 

due to the interactions between alleles at the same locus, while epistasis is the interactions 301 

of alleles from two or more loci [34]. For the interactions between two loci, there are three 302 

types of epistasis: additive-by-additive, additive-by-dominance, and dominance-by-303 

dominance. Wade et al. [35] summarized that additive-by-additive epistasis is the 304 

interactions between homozygotes at both loci, additive-by-dominance epistasis is the 305 
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interactions between homozygotes at locus A and heterozygotes at locus B and vice-versa, 306 

and dominance-by-dominance epistasis is the interactions between heterozygotes at both 307 

loci. 308 

Non-additive genetic effects are reported to play an important role in heterosis, 309 

which refers to the superior mean of crossbred offspring compared to the average 310 

performance of its purebred parents [36–38]. Crossbreeding schemes are widely explored 311 

in pig production, therefore it is important to evaluate the impact of non-additive genetic 312 

effects on the traits of interest. Non-additive genetic effects have been reported to have 313 

more influence on adaptation and fitness traits than on performance and morphological 314 

traits [39–42]. Culbertson et al. [43] observed significant dominance variance for number 315 

of piglets born alive and litter weight, while Vitezica et al. [44] reported substantial 316 

dominance and epistasis variance for litter size, and Lopes et al. [45] identified significant 317 

quantitative trait loci (QTL) with additive and dominance effects for teat number.  318 

Non-additive genetic effects also play a significant role in some fertility and 319 

reproduction traits in Holstein cattle, with epistasis being more relevant than dominance 320 

effects [46, 47]. It was also observed that non-additive genetic effects significantly 321 

influence survival and fitness-related traits in Atlantic salmon [48, 49]. In summary, non-322 

additive genetic effects influence fitness and adaptation traits in many species, and it is 323 

expected that traits related to resilience are also substantially influenced by non-additive 324 

genetic effects, especially in crossbred pigs that are used in commercial herds. Thus, other 325 

studies with a focus on non-additive effects for resilience traits must be carried out to 326 

improve our understanding of these traits.   327 

 328 
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CNVs: variation structures 329 

Copy number variation (CNV) is a genomic phenomenon where individuals 330 

within a population have different numbers of copies of a given gene or genomic region. 331 

CNV is defined as a segment of DNA 1 kilobase (kb) or larger, manifested with a variable 332 

copy number, involving either gain (duplication) or loss (deletion) of copies in a particular 333 

DNA segment [50]. CNV serves as a source of genetic variation influencing phenotypes 334 

that may modify gene expression within and near the rearranged region, contributing to 335 

phenotypic diversity and evolution [51].  336 

The CNVs might represent an adaptive mutation stimulated by specific 337 

environmental factors, rather than occurring randomly [52, 53]. The CNVs have been 338 

shown to impact gene dosage, gene structure, and the regulation of recessive alleles, 339 

thereby influencing phenotypic traits related to adaptation, disease resistance, and 340 

environmental stress tolerance [53, 54]. Furthermore, Wang et al. [54] highlighted that 341 

CNVs have been found to affect essential biological processes, metabolic functions, and 342 

cellular components. For example, CNVs have been associated with genes related to heat 343 

shock proteins (HSPs), which play a crucial role in environmental stress tolerance and 344 

adaptation in climates with heat stress. Paudel et al. [55] reported that CNVs contribute 345 

to adaptation by enriching genes related to sensory perception, neurological processes, 346 

and response to stimulus, as well as variations in antimicrobial-related and detoxification 347 

genes, indicating their potential role in adaptation to the wild pigs and behavioral changes 348 

during pig domestication.  349 

The CNVs can lead to the evolution of new genes and gene functions, impacting 350 

phenotypes and potentially conferring resilience to specific environmental challenges 351 

[55]. Moreover, Paudel et al. [55] observed that larger populations tend to have more 352 

CNV regions, reflecting the demographic history and suggesting that CNVs are reflective 353 
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of adaptation to different environments. As highlighted by Cayuela et al. [53], CNVs play 354 

a crucial role in influencing fitness-related traits and local environmental conditions, such 355 

as temperature, in marine fish populations. Lauer et al. [56] observed that CNVs can 356 

confer a fitness benefit and increase the amount of DNA in the genome that can 357 

accumulate mutations, potentially increasing the rate of adaptive evolution, and driving 358 

rapid adaptive evolution in microbial populations.  359 

In summary, the adaptive potential of CNVs contributes to rapid evolutionary 360 

changes in various scenarios, making them a crucial aspect of genetic variation. The 361 

identification and comprehension of CNVs offer valuable insights into the genetic 362 

background of resilience and adaptation to specific environmental conditions. This 363 

understanding can be applied to the selection of animals more resilient by providing 364 

insights into the genetic mechanisms that underlie adaptation, potentially informing 365 

breeding strategies aiming at enhancing resilience in specific environments. 366 

 367 

Final considerations 368 

Fitness and adaptation play crucial roles in survival and effective reproduction in 369 

challenging environments. The response to immediate environmental changes is reflected 370 

in acclimation traits, while acclimatization involves more lasting genetic and 371 

physiological modifications in response to prolonged stress. The need to select more 372 

resilient and robust pigs has become even more relevant due to climate change and the 373 

increasing in thermal and disease stresses. Selecting for resilience becomes challenging 374 

due to the difficulty of obtaining accurate and large-scale phenotypic data in highly 375 

controlled environments. Then, it is important to identify traits indicative of resilience, 376 

such as behavior, body temperature, and immune response. These traits can serve as 377 

valuable indicators of resilience and should therefore be carefully chosen for inclusion in 378 



30 
 

 

selection programs. Studies on the heritability of resilience-related traits indicate that 379 

many of these traits are moderately to highly heritable, suggesting that the inclusion of 380 

these traits in breeding programs, combined with genomic prediction, can lead to 381 

significant genetic gains. Additionally, genetic correlations between these traits offer 382 

insights into the indirect genetic gain achievable in one trait through selection for another. 383 

The genetic correlations also help determine which resilience-related traits should be 384 

included in a selection index within a breeding program. 385 

The GWAS revealed that many of these traits are polygenic, influenced by 386 

multiple loci. These studies identified genes and biological pathways associated with 387 

response to heat stress, disease resistance, and other resilience traits. However, more 388 

research is needed for a comprehensive understanding of the genetic architecture of these 389 

traits. Additionally, non-additive effects, such as dominance and epistasis, might play an 390 

important role in traits associated with adaptation and fitness, highlighting the complexity 391 

of the genetic basis of these traits, especially in crossbred pigs that explore heterosis. 392 

Finally, CNVs can influence gene expression and modulate phenotypes associated with 393 

resilience. Understanding this structural variation in the genome can be fundamental for 394 

more effective selection strategies. A deep understanding of these genetic aspects can 395 

contribute to more efficient genetic improvement programs, aiming for more adaptable, 396 

disease-resistant, and productive pigs in challenging environments. 397 

 398 
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CHAPTER 2: Investigating the impact of non-additive genetic effects in the 1 

estimation of variance components and genomic predictions for heat tolerance and 2 

performance traits in crossbred and purebred pig populations  3 

 4 

Abstract 5 

Background: Non-additive genetic effects are often ignored in livestock genetic 6 

evaluations. However, fitting them in the models could improve the accuracy of genomic 7 

breeding values. Furthermore, non-additive genetic effects contribute to heterosis, which 8 

could be optimized through mating designs. Traits related to fitness and adaptation, such 9 

as heat tolerance, tend to be more influenced by non-additive genetic effects. In this 10 

context, the primary objectives of this study were to estimate variance components and 11 

assess the predictive performance of genomic prediction of breeding values based on 12 

alternative models and two independent datasets, including performance records from a 13 

purebred pig population and heat tolerance indicators recorded in crossbred lactating 14 

sows. 15 

Results: Including non-additive genetic effects when modelling performance traits in 16 

purebred pigs had no effect on the residual variance estimates for most of the traits, but 17 

lower additive genetic variances were observed, especially when additive-by-additive 18 

epistasis was included in the models. Furthermore, including non-additive genetic effects 19 

did not improve the prediction accuracy of genomic breeding values, but there was animal 20 

re-ranking across the models. For the heat tolerance indicators recorded in a crossbred 21 

population, most traits had small non-additive genetic variance with large standard error 22 

estimates. Nevertheless, panting score and hair density presented substantial additive-by-23 

additive epistatic variance. Panting score had an epistatic variance estimate of 0.1379, 24 

which accounted for 82.22% of the total genetic variance. For hair density, the epistatic 25 
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variance estimates ranged from 0.1745 to 0.1845, which represent 64.95% to 69.59% of 26 

the total genetic variance. 27 

Conclusions: Including non-additive genetic effects in the models did not improve the 28 

accuracy of genomic breeding values for performance traits in purebred pigs, but there 29 

was substantial re-ranking of selection candidates depending on the model fitted. Except 30 

for panting score and hair density, low non-additive genetic variance estimates were 31 

observed for heat tolerance indicators in crossbred pigs. 32 

 33 

Keywords: climatic resilience, dominance, epistasis, Landrace, Large White, maternal-34 

line pigs.  35 

 36 

Background 37 

Phenotypes are the result of the individual genotypic value, environmental 38 

deviation, and interactions between genotype and the environment. The genotypic values 39 

can be divided in additive (breeding values) and non-additive genetic effects due to 40 

interactions between alleles at the same locus (dominance) and two or more loci 41 

(epistasis) [1]. Non-additive genetic effects are often ignored in livestock genetic 42 

evaluations due to the greater importance of additive effects for breeding value 43 

estimation, and the fact that breeding animals pass alleles and not genotypes to their 44 

offspring [2–5]. Furthermore, non-additive genetic effects can be confounded with non-45 

genetic effects, such as maternal and permanent environmental effects, and the analyses 46 

incorporating non-additive genetic effects are often more complex and computationally 47 

demanding [4–6].  48 

Although breeders are mainly interested in the estimates of breeding values, fitting 49 

non-additive genetic effects in the genomic prediction models can increase the accuracy 50 
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of the breeding values [7–9]. Furthermore, fitting non-additive genetic effects in the 51 

models can yield more accurate predictions of future performance and better mating plans 52 

to maximize offspring performance by exploring the combination of additive and non-53 

additive genetic effects [2]. The increasing availability of large-scale genomic datasets 54 

has enabled the study of the non-additive actions of genes in numerous complex traits, 55 

including the evaluation of non-additive genetic effects in genomic prediction of breeding 56 

values (e.g., [2, 9, 10]), genome-wide association studies (e.g.,[11–13]), and the 57 

development of new methods for the estimation and applications of non-additive genetic 58 

effects in breeding programs [6, 9, 14–16]. It is also important to note that accounting for 59 

inbreeding in variance component estimation and genomic prediction ensures unbiased 60 

variance components, minimizes bias issues in the estimates, accounts for directional 61 

dominance, and prevents inflation of dominance variance estimates [17–19]. 62 

Non-additive genetic effects are expected to have a greater impact in crossbred 63 

performance as compared to purebred populations, mainly due to heterosis [20–22]. As 64 

pig production is based on crossbreeding schemes, it is important to evaluate the 65 

magnitude of non-additive effects for different traits measured on purebred and crossbred 66 

populations, as well as evaluate the impact of these effects on the predictive ability of 67 

genomic breeding values. In general, adaptation and fitness traits tend to be more 68 

influenced by non-additive genetic effects (e.g., [17, 22–24]). In this context, heat 69 

tolerance indicators are key fitness traits to be included in swine breeding programs for 70 

improving pig health, welfare, and production [25, 26]. Breeding for improved heat 71 

tolerance is becoming more important due to the increase in global temperatures that 72 

directly impact swine health, performance, and welfare [27, 28]. Although estimates of 73 

additive genetic variance and heritability have been reported for heat stress traits in pigs 74 
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(e.g., [29–31]), the impact of non-additive effects on direct indicators of heat tolerance in 75 

crossbred pigs is still unknown.  76 

Non-additive genetic effects can be of different magnitude in purebred and 77 

crossbred populations [20–22], as well for across traits with different genetic architecture. 78 

Therefore, there is a need to evaluate the impact of non-additive genetic effects into 79 

genomic prediction models for a diverse set of traits, including production, fitness, and 80 

adaptation, within both purebred and crossbred populations. In this context, the primary 81 

objectives of this study were to estimate additive and non-additive genetic variance 82 

components for different trait groups (i.e., production, fitness, and adaptation traits) in 83 

independent purebred and crossbred populations. In addition, the impact of non-additive 84 

effects in the accuracy of genomic prediction of purebred animals was evaluated.  85 

 86 

Results 87 

The results obtained are presented separately for each of the two datasets 88 

evaluated. 89 

Dataset 1: Purebred pig population 90 

Variance components and heritability estimates  91 

Variance components and heritabilities were estimated for five traits representing 92 

phenotypes routinely collected from birth to breeding in a single nucleus pig line 93 

population [32]. Table 1 presents the estimates of variance components and Table 2 shows 94 

the estimates of heritability and non-additive genetic variance ratios for all five traits in 95 

the purebred pig population. All the fitted models converged for all traits, with the 96 

exception of the model including all non-additive genetic effects evaluated and 97 

inbreeding depression (MAIDE3) that did not converge for one of the traits (T3). When 98 

inbreeding was included as a covariate in the models, a small decrease in the additive 99 
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genetic variance was observed (Table 1). For most of the traits, lower residual and 100 

additive genetic variance estimates were observed when incorporating non-additive 101 

genetic effects in the analyses.  102 

Low dominance variance components were estimated, ranging from 0 to 0.0576 103 

for T1, T2, T3, and T4, and ranging from 138.0280 to 171.8660 for T5. Notably, the 104 

dominance variance ratios across all traits were found to be small, accompanied by 105 

relatively large standard errors. T5 had the highest dominance variance ratio, which 106 

ranged from 0.0397 to 0.0437, while for the other traits it ranged from 0 to 0.0206. 107 

However, the estimates of additive-by-additive epistatic variance were notably higher 108 

than the dominance variance estimates. These ratios were approximately 0.12 for T1, 0.24 109 

for T2, 0.28 to 0.43 for T3, 0.09 for T4, and 0.13 to 0.15 for T5, indicating a more 110 

substantial contribution of additive-by-additive epistasis to the variance components for 111 

these traits.  112 

In general, there was a greater decrease in the additive genetic variance when 113 

additive-by-additive epistasis was included in the models (MAE, MAIE, MADE1, 114 

MAIDE1, MADE2, MAIDE2, MADE3, MAIDE3). However, for T1 the additive genetic 115 

variance estimates also presented larger standard errors (Table 1), indicating that the 116 

inclusion of epistasis in the model decreased precision of the additive genetic variance 117 

estimates for T1. As a consequence of the decrease in the additive genetic variance, a 118 

reduction in the heritability estimates (ℎ𝑎2) were observed when additive-by-additive 119 

epistasis was fitted in the models (Table 2). Nevertheless, the variance components for 120 

additive-by-dominance and dominance-by-dominance epistasis were small and their 121 

variance ratios (ℎ𝑎𝑑2  and ℎ𝑑𝑑2 ) were close to zero for almost all traits, except T3. 122 
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Table 1. Variance component estimates based on models including or not inbreeding and non-additive genetic effects. 123 

Trait Model1 𝜎𝑎2̂ 𝜎𝑑2̂ 𝜎𝑎𝑎2̂  𝜎𝑎𝑑2̂  𝜎𝑑𝑑2̂  𝜎𝑒2̂ 

T1 

MA 0.0477 ± 0.0214 - - - - 1.4103 ± 0.0418 

MAI 0.0463 ± 0.0214 - - - - 1.4117 ± 0.0418 

MAE 0.0190 ± 0.0229 - 0.1864 ± 0.0942 - - 1.2540 ± 0.0871 

MAIE 0.0169 ± 0.0229 - 0.1880 ± 0.0945 - - 1.2545 ± 0.0871 

MAD 0.0477 ± 0.0214 8.92x10-8 ± 0.0000 - - - 1.4103 ± 0.0418 

MAID 0.0463 ± 0.0214 8.93x10-8 ± 0.0000 - - - 1.4117 ± 0.0418 

MADE1 0.0190 ± 0.0229 8.42x10-8 ± 0.0000 0.1864 ± 0.0956 - - 1.2542 ± 0.0890 

MAIDE1 0.0169 ± 0.0229 9.89x10-8 ± 0.0000 0.1880 ± 0.0959 - - 1.2547 ± 0.0890 

MADE2 0.0190 ± 0.0229 9.10x10-8 ± 0.0000 0.1864 ± 0.0942 9.96x10-7 ± 0.0000 - 1.2542 ± 0.0870 

MAIDE2 0.0169 ± 0.0229 9.11x10-8 ± 0.0000 0.1880 ± 0.0945 1.03x10-6 ± 0.0000 - 1.2547 ± 0.0870 

MADE3 0.0190 ± 0.0232 8.54x10-8 ± 0.0000 0.1864 ± 0.1030 4.67x10-7 ± 0.0000 1.16x10-6 ± 0.0000 1.2542 ± 0.2248 

MAIDE3 0.0169 ± 0.0232 8.45x10-8 ± 0.0000 0.1880 ± 0.1033 4.33x10-7 ± 0.0000 1.22x10-6 ± 0.0000 1.2547 ± 0.2249 

T2 
MA 0.2945 ± 0.0339 - - - - 0.7975 ± 0.0277 

MAI 0.2946 ± 0.0340 - - - - 0.7978 ± 0.0277 
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MAE 0.2276 ± 0.0355 - 0.2643 ± 0.0766 - - 0.5943 ± 0.0617 

MAIE 0.2263 ± 0.0356 - 0.2665 ± 0.0768 - - 0.5934 ± 0.0618 

MAD 0.2927 ± 0.0339 0.0221 ± 0.0240 - - - 0.7766 ± 0.0350 

MAID 0.2926 ± 0.0340 0.0224 ± 0.0238 - - - 0.7767 ± 0.0350 

MADE1 0.2266 ± 0.0354 0.0201 ± 0.0237 0.2625 ± 0.0768 - - 0.5768 ± 0.0639 

MAIDE1 0.2250 ± 0.0355 0.0209 ± 0.0238 0.2651 ± 0.0768 - - 0.5750 ± 0.0640 

MADE2 0.2267 ± 0.0354 0.0201 ± 0.0237 0.2625 ± 0.0768 9.23x10-7 ± 0.0000 - 0.5768 ± 0.0639 

MAIDE2 0.2250 ± 0.0355 0.0209 ± 0.0238 0.2651 ± 0.0768 9.20x10-7 ± 0.0000 - 0.5750 ± 0.0640 

MADE3 0.2267 ± 0.0354 0.0201 ± 0.0237 0.2625 ± 0.0768 9.23x10-7 ± 0.0000 1.20x10-6 ± 0.0000 0.5768 ± 0.0639 

MAIDE3 0.2250 ± 0.0355 0.0209 ± 0.0238 0.2651 ± 0.0768 9.20x10-7 ± 0.0000 1.20x10-6 ± 0.0000 0.5750 ± 0.0640 

T3 

MA 0.1881 ± 0.0257 - - - - 0.7151 ± 0.0227 

MAI 0.1869 ± 0.0256 - - - - 0.7158 ± 0.0227 

MAE 0.1049 ± 0.0239 - 0.3895 ± 0.0625 - - 0.4094 ± 0.0494 

MAIE 0.1033 ± 0.0238 - 0.3901 ± 0.0625 - - 0.4097 ± 0.0494 

MAD 0.1857 ± 0.0257 0.0186 ± 0.0207 - - - 0.6982 ± 0.0291 

MAID 0.1845 ± 0.0256 0.0194 ± 0.0209 - - - 0.6982 ± 0.0292 
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MADE1 0.1048 ± 0.0239 1.10x10-7 ± 0.0000 0.3891 ± 0.0632 - - 0.4090 ± 0.0506 

MAIDE1 0.1032 ± 0.0238 1.43x10-7 ± 0.0000 0.3897 ± 0.0632 - - 0.4093 ± 0.0506 

MADE2 0.1133 ± 0.0243 2.61x10-7 ± 0.0000 0.2550 ± 0.0704 0.4553 ± 0.1227 - 0.0802 ± 0.0991 

MAIDE2 0.1118 ± 0.0243 3.08x10-7 ± 0.0000 0.2561 ± 0.0705 0.4536 ± 0.1229 - 0.0818 ± 0.0986 

MADE3 0.1139 ± 0.0242 1.89x10-7 ± 0.0000 0.2656 ± 0.0695 0.0841 ± 0.2002 0.4381 ± 0.1849 1.19x10-4 ± 0.0000 

MAIDE3* - - - - - - 

T4 

MA 1.7199 ± 0.1708 - - - - 3.4330 ± 0.1147 

MAI 1.7206 ± 0.1710 - - - - 3.4340 ± 0.1148 

MAE 1.5743 ± 0.1846 - 0.4672 ± 0.2938 - - 3.0851 ± 0.2441 

MAIE 1.5738 ± 0.1845 - 0.4727 ± 0.2936 - - 3.0819 ± 0.2444 

MAD 1.7172 ± 0.1710 0.0576 ± 0.0847 - - - 3.3777 ± 0.1378 

MAID 1.7178 ± 0.1711 0.0585 ± 0.0848 - - - 3.3779 ± 0.1379 

MADE1 1.5794 ± 0.1849 0.0351 ± 0.0835 0.4445 ± 0.2983 - - 3.0682 ± 0.2476 

MAIDE1 1.5790 ± 0.1851 0.0355 ± 0.0826 0.4494 ± 0.2976 - - 3.0649 ± 0.2480 

MADE2 1.5794 ± 8.5400 0.0351 ± 0.4200 0.4445 ± 0.2983 3.10x10-7 ± 0.0000 - 3.0681 ± 0.2476 

MAIDE2 1.5790 ± 0.1851 0.0355 ± 0.0826 0.4494 ± 0.2976 3.10x10-7 ± 0.0000 - 3.0649 ± 0.2480 
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MADE3 1.5794 ± 0.1849 0.0351 ± 0.0835 0.4445 ± 0.2983 4.91x10-7 ± 0.0000 6.38x10-6 ± 0.0000 3.0681 ± 0.2476 

MAIDE3 1.5790 ± 0.1851 0.0355 ± 0.0826 0.4494 ± 0.2976 4.90x10-7 ± 0.0000 6.37x10-6 ± 0.0000 3.0649 ± 0.2480 

T5 

MA 1,310.6200 ± 122.0317 - - - - 2,190.1200 ± 74.7226 

MAI 1,313.0200 ± 122.1414 - - - - 2,186.8400 ± 74.6617 

MAE 1,146.0400 ± 129.7894 - 539.2420 ± 202.7226 - - 1,786.3800 ± 163.5879 

MAIE 1,149.1100 ± 129.8429 - 535.6400 ± 202.8939   1,786.0400 ± 163.7067 

MAD 1,303.6700 ± 121.8383 171.8660 ± 65.5977 - - - 2,022.8200 ± 90.7908 

MAID 1,305.2600 ± 121.8730 158.4950 ± 65.4938 - - - 2,033.7900 ± 90.9973 

MADE1 1,168.3800 ± 130.5453 151.9660 ± 64.9427 451.3190 ± 205.1450 - - 1,703.5000 ± 167.0098 

MAIDE1 1,167.8900 ± 130.4905 138.0280 ± 64.4991 457.6490 ± 205.2238 - - 1,710.3400 ± 167.0254 

MADE2 1,168.3800 ± 130.5453 151.9660 ± 64.9427 451.3180 ± 205.1445 0.0012 ± 0.0000 - 1,703.4900 ± 167.0088 

MAIDE2 1,167.8900 ± 130.4905 138.0280 ± 64.4991 457.6490 ± 205.2238 0.0012 ± 0.0000 - 1,710.3400 ± 167.0254 

MAIDE3 1,167.8800 ± 130.9283 138.0280 ± 65.7276 457.6430 ± 231.1328 0.0012 ± 0.0000 0.0036 ± 0.0000 1,710.3200 ± 337.3412 𝜎𝑎2̂: additive genetic variance estimate 𝜎𝑑2̂: dominance variance estimate 𝜎𝑎𝑎2̂ : additive-by-additive epistatic variance estimate 
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𝜎𝑎𝑑2̂ : additive-by-dominance epistatic variance estimate 𝜎𝑑𝑑2̂ : dominance-by-dominance epistatic variance estimate 𝜎𝑒2̂: residual variance estimate 

1MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆 ; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 +𝐙𝐝 + 𝛆; MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MADE2: 𝐲 =𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MADE3: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆; 

MAIDE3: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆 

*Model MAIDE3 did not converge for T3. 

 124 

  125 
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Table 2. Heritability estimates based on models including or not inbreeding and non-additive genetic effects. 126 

Trait Model1 ℎ𝑎2  ℎ𝑑2  ℎ𝑎𝑎2  ℎ𝑎𝑑2  ℎ𝑑𝑑2  

T1 

MA 0.0327 ± 0.0146 - - - - 

MAI 0.0318 ± 0.0146 - - - - 

MAE 0.0130 ± 0.0157 - 0.1277 ± 0.0642 - - 

MAIE 0.0116 ± 0.0157 - 0.1288 ± 0.0642 - - 

MAD 0.0327 ± 0.0147 6.12x10-08 ± 0.0232 - - - 

MAID 0.0318 ± 0.0147 6.12x10-08 ± 0.0232 - - - 

MADE1 0.0130 ± 0.0157 5.77x10-08 ± 0.0000 0.1277 ± 0.0642 - - 

MAIDE1 0.0116 ± 0.0157 6.77x10-08 ± 0.0241 0.1288 ± 0.0652 - - 

MADE2 0.0130 ± 0.0160 6.23x10-08 ± 0.0247 0.1277 ± 0.0743 6.82x10-07 ± 0.1535 - 

MAIDE2 0.0116 ± 0.0160 6.23x10-08 ± 0.0247 0.1288 ± 0.0743 6.82x10-07 ± 0.1536 - 

MADE3 0.0130 ± 0.0160 5.85x10-08 ± 0.0249 0.1277 ± 0.0743 3.20x10-07 ± 0.2644 7.96x10-07 ± 0.2910 

MAIDE3 0.0116 ± 0.0160 5.79x10-08 ± 0.0248 0.1288 ± 0.0743 2.97x10-07 ± 0.2646 8.35x10-07 ± 0.2913 

T2 MA 0.2697 ± 0.0263 - - - - 
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MAI 0.2696 ± 0.0264 - - - - 

MAE 0.2095 ± 0.0300 - 0.2433 ± 0.0698 - - 

MAIE 0.2083 ± 0.0301 - 0.2453 ± 0.0700 - - 

MAD 0.2680 ± 0.0265 0.0205 ± 0.0219 - - - 

MAID 0.2680 ± 0.0265 0.0205 ± 0.0219 - - - 

MADE1 0.2087 ± 0.0299 0.0185 ± 0.0217 0.2417 ± 0.0700 - - 

MAIDE1 0.2071 ± 0.0301 0.0193 ± 0.0219 0.2441 ± 0.0701 - - 

MADE2 0.2086 ± 0.0301 0.0185 ± 0.0222 0.2417 ± 0.0775 8.50x10-07 ± 0.1390 - 

MAIDE2 0.2071 ± 0.0302 0.0193 ± 0.0223 0.2441 ± 0.0776 8.47x10-07 ± 0.1391 - 

MADE3 0.2086 ± 0.0301 0.0185 ± 0.0224 0.2417 ± 0.0775 8.50x10-07 ± 0.2355 1.10x10-06 ± 0.2698 

MAIDE3 0.2071 ± 0.0302 0.0193 ± 0.0225 0.2441 ± 0.0776 8.47x10-07 ± 0.2357 1.10x10-06 ± 0.2703 

T3 

MA 0.2083 ± 0.0253 - - - - 

MAI 0.2071 ± 0.0253 - - - - 

MAE 0.1161 ± 0.0255 - 0.4309 ± 0.0663 - - 

MAIE 0.1144 ± 0.0254 - 0.4319 ± 0.0663 - - 
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MAD 0.2058 ± 0.0254 0.0206 ± 0.0230 - - - 

MAID 0.2045 ± 0.0253 0.0215 ± 0.0231 - - - 

MADE1 0.1161 ± 0.0255 1.22x10-07 ± 0.0210 0.4309 ± 0.0669 - - 

MAIDE1 0.1144 ± 0.0254 1.59x10-07 ± 0.0211 0.4319 ± 0.0669 - - 

MADE2 0.1254 ± 0.0258 2.89x10-08 ± 0.0222 0.2821 ± 0.0769 0.5037 ± 0.1373 - 

MAIDE2 0.1238 ± 0.0257 3.41x10-08 ± 0.0222 0.2835 ± 0.0769 0.5022 ± 0.1375 - 

MADE3 0.1263 ± 0.0257 2.10x10-10 ± 0.0216 0.2946 ± 0.0759 0.0932 ± 0.2235 0.4859 ± 0.2068 

MAIDE3* - - - - - 

T4 

MA 0.3338 ± 0.0263 - - - - 

MAI 0.3338 ± 0.0263 - - - - 

MAE 0.3071 ± 0.0304 - 0.0911 ± 0.0574 - - 

MAIE 0.3069 ± 0.0304 - 0.0922 ± 0.0575 - - 

MAD 0.3333 ± 0.0263 0.0112 ± 0.0164 - - - 

MAID 0.3333 ± 0.0263 0.0114 ± 0.0164 - - - 

MADE1 0.3080 ± 0.0304 0.0068 ± 0.0161 0.0867 ± 0.0581 - - 
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MAIDE1 0.3079 ± 0.0304 0.0069 ± 0.0162 0.0876 ± 0.0582 - - 

MADE2 0.3080 ± 0.0306 0.0068 ± 0.0165 0.0867 ± 0.0656 6.06x10-08 ± 0.1172 - 

MAIDE2 0.3079 ± 0.0306 0.0069 ± 0.0165 0.0876 ± 0.0657 6.05x10-08 ± 0.1173 - 

MADE3 0.3080 ± 0.0306 0.0068 ± 0.0166 0.0867 ± 0.0656 9.57x10-07 ± 0.1856 1.24x10-06 ± 0.2251 

MAIDE3 0.3079 ± 0.0306 0.0069 ± 0.0166 0.0876 ± 0.0657 9.56x10-07 ± 0.1860 1.24x10-06 ± 0.2256 

T5 

MA 0.3744 ± 0.0264 - - - - 

MAI 0.3752 ± 0.0264 - - - - 

MAE 0.3301 ± 0.0309 - 0.1553 ± 0.0584 - - 

MAIE 0.3311 ± 0.0310 - 0.1543 ± 0.0585 - - 

MAD 0.3727 ± 0.0265 0.0491 ± 0.0187 - - - 

MAID 0.3732 ± 0.0265 0.0453 ± 0.0187 - - - 

MADE1 0.3362 ± 0.0309 0.0437 ± 0.0186 0.1299 ± 0.0590 - - 

MAIDE1 0.3362 ± 0.0309 0.0397 ± 0.0186 0.1317 ± 0.0591 - - 

MADE2 0.3362 ± 0.0310 0.0437 ± 0.0190 0.1299 ± 0.0666 3.36x10-07 ± 0.1166 - 

MAIDE2 0.3362 ± 0.0311 0.0397 ± 0.0189 0.1317 ± 0.0667 3.55x10-07 ± 0.1166 - 
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MADE3 0.3362 ± 0.0311 0.0437 ± 0.0190 0.1299 ± 0.0666 3.33x10-07 ± 0.1860 1.02x10-06 ± 0.2256 

MAIDE3 0.3362 ± 0.0311 0.0397 ± 0.0190 0.1317 ± 0.0667 3.58x10-07 ± 0.1862 1.02x10-06 ± 0.2151 ℎ𝑎2: additive heritability or narrow-sense heritability ℎ𝑑2 : dominance variance ratio ℎ𝑎𝑎2 : epistatic additive-by-additive variance ratio ℎ𝑎𝑑2 : epistatic additive-by-dominance variance ratio ℎ𝑑𝑑2 : epistatic dominance-by-dominance variance ratio 

1MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 +𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MADE2: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MADE3: 𝐲 =𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆; MAIDE3: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆 

*Model MAIDE3 did not converge for T3. 
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Predictive ability of genomic breeding values 128 

Figure 1 presents the average bias, dispersion, and accuracy values obtained for 129 

the genomic breeding values for all five traits. As expected, greater accuracies were 130 

obtained for traits with higher ℎ𝑎2 . Fitting inbreeding and/or dominance in the models did 131 

not impact the accuracy of breeding values compared to those obtained based on the MA 132 

model (Figure 1).Models including epistasis (MAE, MAIE, MADE1, MAIDE1, MADE2, 133 

MAIDE2, MADE3, and MAIDE3) presented on average a relative decrease in accuracy 134 

of 31.58%, 13.97%, 3.50%, 0.82%, and 1.34% for T1, T2, T3, T4, and T5, respectively, 135 

when compared to MA (Figure 1). The observed bias was close to zero and the dispersion 136 

estimates were close to one for all traits and models (Figure 1), indicating that the 137 

inclusion of non-additive genetic effects in the model did not influence the dispersion of 138 

breeding values. 139 

In this section, all models incorporating non-additive genetic effects were 140 

compared to the additive animal model. To assess the impact of including non-additive 141 

genetic effects in the model on animals’ selection, we calculated the change in an animals’ 142 

ranking in comparison to the additive model (MA) based on Spearman’s rank correlation, 143 

as shown in Table 3. The percentage of commonly selected individuals when selecting 144 

the top 1%, 5%, 10%, and 20% based on different genomic prediction models were 145 

compared to the selected individuals based on MA. Table 4 shows the percentage of 146 

coincidence of the top 1%, 5%, 10%, and 20% best animals between the MA and the 147 

models including non-additive genetic effects. The models including epistasis effect 148 

presented the lowest percentage of coincidence of the top animals in comparison to the 149 

MA model. This percentage varied from 68.57% for trait T3 to 97.59% for T4. Although 150 

there was little change in the Spearman correlations across models (Table 3), the 151 

percentage of coincidence between the best animals according to MA were higher for 152 
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models including inbreeding and/or dominance (MAI, MAD, and MAID). However, the 153 

percentage of coincidence decreased for models including epistasis (MAE, MAIE, 154 

MADE1, MAIDE1, MADE2, MAIDE2, MADE3, and MAIDE3), as shown in Table 4. 155 

 156 
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Figure 1. Bias, dispersion, and accuracy estimates of genomic breeding values obtained 157 

using the Linear Regression method. 158 

 159 

Table 3. Spearman’s rank correlation between the additive genetic model (MA) and other 160 

models considering non-additive genetic effects. 161 

Model1 T1 T2 T3 T4 T5 

MAI 0.9990 1.000 0.9996 1.0000 0.9993 

MAE 0.9844 0.9952 0.9645 0.9989 0.9968 

MAIE 0.9856 0.9952 0.9630 0.9989 0.996 

MAD 1.0000 0.9999 0.9998 0.9999 0.9985 

MAID 0.9990 0.9999 0.9995 0.9999 0.9985 

MADE1 0.9844 0.9951 0.9644 0.9989 0.9966 

MAIDE1 0.9856 0.9950 0.9630 0.9989 0.9964 

MADE2 0.9844 0.9951 0.9692 0.9989 0.9966 

MAIDE2 0.9856 0.9950 0.9678 0.9989 0.9964 

MADE3 0.9844 0.9951 0.9716 0.9989 0.9966 

MAIDE3* 0.9856 0.9950 - 0.9989 0.9964 

1MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 +𝐙𝒆𝒂𝒂 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 +𝛆; MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 +𝛆; MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MADE2: 𝐲 = 𝐗𝛃 + 𝐙𝐚 +𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; 

MADE3: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆; MAIDE3: 𝐲 = 𝐗𝛃 +𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆 

*The model MAIDE3 did not converge for T3 
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Table 4. Percentage of commonly selected animals between the additive model and 162 

models including non-additive genetic effects. 163 

Trait Model1 1% 5% 10% 20% 

T1 

MAI 97.14% 96.02% 96.88% 97.73% 

MAE 82.86% 86.93% 88.10% 89.09% 

MAIE 82.86% 86.36% 87.54% 89.38% 

MAD 100.00% 100.00% 100.00% 100.00% 

MAID 97.14% 96.02% 96.88% 97.73% 

MADE1 82.86% 86.36% 88.10% 89.09% 

MAIDE1 82.86% 86.36% 87.25% 89.38% 

MADE2 82.86% 86.36% 88.10% 89.09% 

MAIDE2 82.86% 86.36% 87.25% 89.38% 

MADE3 82.86% 86.36% 88.10% 89.09% 

MAIDE3 82.86% 86.36% 87.25% 89.38% 

T2 

MAI 100.00% 100.00% 100.00% 100.00% 

MAE 77.14% 92.05% 91.78% 94.05% 

MAIE 77.14% 91.48% 91.78% 94.33% 

MAD 97.14% 98.86% 98.58% 99.15% 

MAID 97.14% 98.30% 98.30% 99.15% 

MADE1 80.00% 92.05% 91.50% 94.05% 

MAIDE1 77.14% 92.05% 91.50% 94.05% 

MADE2 80.00% 92.05% 91.50% 94.05% 

MAIDE2 77.14% 92.05% 91.50% 94.05% 

MADE3 80.00% 92.05% 91.50% 94.05% 
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MAIDE3 77.14% 92.05% 91.50% 94.05% 

T3 

MAI 94.29% 97.73% 98.30% 98.30% 

MAE 71.43% 76.14% 79.32% 84.56% 

MAIE 71.43% 77.27% 78.47% 84.70% 

MAD 94.29% 99.43% 98.87% 99.15% 

MAID 94.29% 97.73% 97.73% 98.16% 

MADE1 71.43% 76.14% 79.32% 84.56% 

MAIDE1 71.43% 77.27% 78.47% 84.70% 

MADE2 71.43% 76.70% 81.59% 86.54% 

MAIDE2 71.43% 78.41% 80.45% 86.40% 

MADE3 68.57% 77.84% 81.87% 87.11% 

MAIDE3* - - - - 

T4 

MAI 100.00% 100.00% 99.72% 99.72% 

MAE 94.29% 97.73% 96.60% 97.45% 

MAIE 94.29% 97.73% 96.60% 97.59% 

MAD 100.00% 98.86% 99.43% 99.43% 

MAID 100.00% 98.86% 99.15% 99.58% 

MADE1 97.14% 97.73% 96.60% 97.45% 

MAIDE1 97.14% 97.73% 96.60% 97.59% 

MADE2 97.14% 97.73% 96.60% 97.45% 

MAIDE2 97.14% 97.73% 96.60% 97.59% 

MADE3 97.14% 97.73% 96.60% 97.45% 

MAIDE3 97.14% 97.73% 96.60% 97.59% 

T5 MAI 100.00% 96.02% 96.32% 98.16% 
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MAE 88.57% 95.45% 95.18% 96.03% 

MAIE 88.57% 94.32% 94.05% 95.61% 

MAD 94.29% 96.59% 96.88% 97.45% 

MAID 94.29% 96.59% 96.32% 97.45% 

MADE1 91.43% 94.32% 95.75% 96.03% 

MAIDE1 88.57% 95.45% 94.62% 95.61% 

MADE2 91.43% 94.32% 95.75% 96.03% 

MAIDE2 88.57% 95.45% 94.62% 95.61% 

MADE3 91.43% 94.32% 95.75% 96.03% 

MAIDE3 88.57% 95.45% 94.62% 95.61% 

1MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆 ; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 +𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MAID: 𝐲 =𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIDE1: 𝐲 =𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MADE2: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; 

MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MADE3: 𝐲 = 𝐗𝛃 + 𝐙𝐚 +𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆; MAIDE3: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 +𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆 

*Model MAIDE3 did not converge for T3. 

 164 

The values of Akaike Information Criterion (AIC) (Table S1) suggested that the inclusion 165 

of epistasis in the prediction models for T2, T3, and T5 improved the predictive 166 

performance of the models. Although, the Likelihood Ratio Test (LRT; Table S2) for the 167 

models fitted for the purebred pig population showed that the inclusion of epistasis was 168 

significant for the traits T2, T3 and T5, and incorporating dominance effect was also 169 

significant for T5. 170 
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Dataset 2: Crossbred pig population 171 

Variance components and heritability estimates 172 

We also estimated variance components and heritabilities for heat tolerance 173 

indicators in a crossbred (Large White x Landrace) population. Table 5 presents variance 174 

component estimates and Table 6 presents the estimates of heritability and non-additive 175 

genetic variance ratios for traits related to heat stress response in lactating sows for 176 

models including or not non-additive genetic effects. All heat stress related traits have 177 

substantial additive genetic variability (Table 5) with heritability estimates ranging from 178 

0.0231 to 0.2639 (Table 6). However, all traits had small non-additive genetic variance 179 

with large standard error estimates, except panting score (PS) and hair density (HD) 180 

(Table 5). PS presented a ℎ𝑎𝑎2  estimate of 0.1342, which corresponds to 82.22% of the 181 

total genetic variance for both models including epistasis (MAIEpe and MAIDEpe). HD 182 

presented ℎ𝑎𝑎2  estimates of 0.4232 and 0.4493 for MAIE and MAIDE models, 183 

respectively. The proportion of the total genetic variance explained by additive-by-184 

additive epistasis for HD ranged from 64.95% to 69.59% for the MAIE and MAIDE 185 

models, respectively (Table 6). 186 

As observed for the purebred population (Dataset 1), the inclusion of non-additive 187 

genetic effects in the model did not affect the residual variance estimates for most of the 188 

traits, except for HD (Table 5). However, for HD and PS there was also a decrease in the 189 

additive genetic variance estimates (Table 5) when epistasis was included in the model. 190 

When both dominance and epistasis were included in the repeatability model (for all heat 191 

stress-related traits, except HD), there was a decrease in the permanent environmental 192 

variance estimate for most of the traits.  193 
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Table 5. Variance components for traits related to heat tolerance based on models fitting non-additive genetic effects. 194 

Trait1 Model2 𝜎𝑎2̂ 𝜎𝑑2̂ 𝜎𝑎𝑎2̂  𝜎𝑝𝑒2̂  𝜎𝑒2̂ 

TVall 

MAIpe 0.0626 ± 0.0107 - - 0.1274 ± 0.0081 0.3047 ± 0.0005 

MAIDpe 0.0618 ± 0.0111 0.0050 ± 0.0140 - 0.1237 ± 0.0128 0.3047 ± 0.0005 

MAIDEpe 0.0616 ± 0.0121 0.0047 ± 0.0144 0.0031 ± 0.0340 0.1213 ± 0.0294 0.3047 ± 0.0005 

MAIEpe 0.0618 ± 0.0120 
 

0.0050 ± 0.0336 0.1231 ± 0.0290 0.3047 ± 0.0005 

TV4days 

MAIpe 0.0653 ± 0.0113 - - 0.1266 ± 0.0086 0.1378 ± 0.0014 

MAIDpe 0.0642 ± 0.0116 0.0068 ± 0.0145 - 0.1216 ± 0.0132 0.1378 ± 0.0014 

MAIDEpe 0.0642 ± 0.0116 0.0068 ± 0.0145 3.48x10-9 ± 0.00000 0.1216 ± 0.0132 0.1378 ± 0.0014 

MAIEpe 0.0653 ± 0.0113 - 3.48x10-9 ± 0.00000 0.1266 ± 0.0086 0.1378 ± 0.0014 

TES 

MAIpe 0.0316 ± 0.0069 - - 0.0507 ± 0.0059 0.7287 ± 0.0074 

MAIDpe 0.0316 ± 0.0069 1.84x10-8 ± 0.00000 - 0.0507 ± 0.0059 0.7287 ± 0.0074 

MAIDEpe 0.0316 ± 0.0069 1.84x10-8 ± 0.00000 1.84x10-8 ± 0.00000 0.0507 ± 0.00589 0.7287 ± 0.0074 

MAIEpe 0.0316 ± 0.0069 - 1.84x10-8 ± 0.00000 0.0507 ± 0.00589 0.7287 ± 0.0074 

TSS MAIpe 0.0445 ± 0.0100 - - 0.1176 ± 0.0090 0.6119 ± 0.0062 
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MAIDpe 0.0437 ± 0.0104 0.0045 ± 0.0165 - 0.1145 ± 0.0145 0.6119 ± 0.0062 

MAIDEpe 0.0437 ± 0.0104 0.0045 ± 0.0165 1.54x10-7 ± 0.00000 0.1145 ± 0.0145 0.6119 ± 0.0062 

MAIEpe 0.0445 ± 0.0100 - 1.54x10-7 ± 0.00000 0.1176 ± 0.0090 0.6119 ± 0.0062 

TRS 

MAIpe 0.0276 ± 0.0063 - - 0.0739 ± 0.0056 0.3577 ± 0.0036 

MAIDpe 0.0276 ± 0.0063 9.05x10-9 ± 0.00000 - 0.0739 ± 0.0056 0.3577 ± 0.0036 

MAIDEpe 0.0276 ± 0.0063 9.05x10-9 ± 0.00000 9.05x10-9 ± 0.00000 0.0739 ± 0.0056 0.3577 ± 0.0036 

MAIEpe 0.0276 ± 0.0063 - 9.05x10-9 ± 0.00000 0.0739 ± 0.0056 0.3577 ± 0.0036 

TTS 

MAIpe 0.0283 ± 0.0067 - - 0.0730 ± 0.0060 0.4525 ± 0.0046 

MAIDpe 0.0278 ± 0.0070 0.0021 ± 0.0096 - 0.0716 ± 0.0089 0.4525 ± 0.0046 

MAIDEpe 0.0278 ± 0.0070 0.0021 ± 0.0096 1.14x10-8 ± 0.00000 0.0716 ± 0.00889 0.4525 ± 0.0046 

MAIEpe 0.0283 ± 0.0067 - 1.14x10-8 ± 0.00000 0.0730 ± 0.0060 0.4525 ± 0.0046 

RR 

MAIpe 34.7580 ± 7.0790 - - 70.3639 ± 5.9429 442.7150 ± 4.4814 

MAIDpe 34.7580 ± 7.0790 1.11x10-5 ± 0.00000 - 70.3639 ± 5.9429 442.7150 ± 4.4814 

MAIDEpe 34.7580 ± 7.0790 1.11x10-5 ± 0.00000 1.11x10-5 ± 0.00000 70.3639 ± 5.9429 442.7150 ± 4.4814 

MAIEpe 34.7580 ± 7.0790 - 1.11x10-5 ± 0.00000 70.3639 ± 5.9429 442.7150 ± 4.4814 
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PS 

MAIpe 0.0551 ± 0.0185 - - 0.1297 ± 0.0195 0.8463 ± 0.0191 

MAIDpe 0.0542 ± 0.0194 0.0044 ± 0.0291 - 0.1267 ± 0.0282 0.8463 ± 0.0191 

MAIDEpe 0.0298 ± 0.0204 2.14x10-8 ± 0.00000 0.1379 ± 0.0711 0.0137 ± 0.0623 0.8463 ± 0.0191 

MAIEpe 0.0298 ± 0.0204 - 0.1379 ± 0.0711 0.0137 ± 0.0623 0.8463 ± 0.0191 

HD 

MAI 0.1088 ± 0.0247 - - - 0.3052 ± 0.0206 

MAID 0.1040 ± 0.0256 0.0289 ± 0.0366 - - 0.2854 ± 0.0324 

MAIDE1 0.0795 ± 0.0278 0.0147 ± 0.0367 0.1745 ± 0.1015 - 0.1437 ± 0.0876 

MAIE 0.0806 ± 0.0275 - 0.1845 ± 0.0997 - 0.1455 ± 0.0876 𝜎𝑎2̂: additive genetic variance estimate 𝜎𝑑2̂: dominance variance estimate 𝜎𝑎𝑎2̂ : additive-by-additive epistatic variance estimate 𝜎𝑝𝑒2̂ : permanent environmental variance estimate 𝜎𝑒2̂: residual variance estimate 
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1TVall: all measures (every 10 minutes) of vaginal temperatures during four days (°C); TV4days: four-time measures of vaginal temperatures during 

four days (°C); TES: ear skin temperature; TSS: shoulder skin temperature; TRS: rump skin temperature; TTS: tail skin temperature; RR: respiration 

rate; PS: panting score; HD: hair density. 

2MAIpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝛆; MAIEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIDpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝐙𝐝 + 𝛆; 

MAIDEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝐩𝐞 + 𝛆; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAID: 𝐲 =𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆 

 195 

Table 6. Heritability estimates and variance ratios considering models fitting non-additive genetic effects for heat tolerance indicators. 196 

Trait Model ℎ𝑎2  ℎ𝑑2  ℎ𝑎𝑎2  𝜎𝑑2̂ 𝜎𝑔2̂⁄  𝜎𝑎𝑎2̂ 𝜎𝑔2̂⁄  

TVall 

MAIpe 0.1266 ± 0.0203 - - - - 

MAIDpe 0.1248 ± 0.0211 0.0102 ± 0.0285 - 0.0753 ± 0.1990 - 

MAIDEpe 0.1239 ± 0.0232 0.0096 ± 0.0290 0.0062 ± 0.0670 0.0686 ± 0.2038 0.0442 ± 0.4633 

MAIEpe 0.1249 ± 0.0229 - 0.0102 ± 0.0660 - 0.0754 ± 0.4577 

TV4days MAIpe 0.1982 ± 0.0310 - - - - 
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MAIDpe 0.1944 ± 0.0323 0.0206 ± 0.0441 - 0.0959 ± 0.1898 - 

MAIDEpe 0.1944 ± 0.0323 0.0206 ± 0.0441 0.0000 ± 0.0000 0.0959 ± 0.1898 0.0000 ± 0.0000 

MAIEpe 0.1982 ± 0.0310 - 0.0000 ± 0.0000 - 0.0000 ± 0.0000 

TES 

MAIpe 0.039 ± 0.0083 - - - - 

MAIDpe 0.039 ± 0.0083 0.0000 ± 0.0000 
 

0.0000 ± 0.0000 - 

MAIDEpe 0.039 ± 0.0083 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 

MAIEpe 0.039 ± 0.0083 - 0.0000 ± 0.0000 - 0.0000 ± 0.0000 

TSS 

MAIpe 0.0575 ± 0.0126 - - - - 

MAIDpe 0.0564 ± 0.0132 0.0058 ± 0.0211 - 0.0925 ± 0.3148 - 

MAIDEpe 0.0564 ± 0.0132 0.0058 ± 0.0211 0.0000 ± 0.0000 0.0925 ± 0.3148 0.0000 ± 0.0000 

MAIEpe 0.0575 ± 0.0126 - 0.0000 ± 0.0000 - 0.0000 ± 0.0000 

TRS 

MAIpe 0.0601 ± 0.0134 - - - - 

MAIDpe 0.0601 ± 0.0134 0.0000 ± 0.0000 - 0.0000 ± 0.0000 
 

MAIDEpe 0.0601 ± 0.0134 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 
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MAIEpe 0.0601 ± 0.0134 - 0.0000 ± 0.0000 
 

0.0000 ± 0.0000 

TTS 

MAIpe 0.051 ± 0.0119 - - - - 

MAIDpe 0.0501 ± 0.0124 0.0038 ± 0.0174 - 0.0708 ± 0.3052 - 

MAIDEpe 0.0501 ± 0.0124 0.0038 ± 0.0174 0.0000 ± 0.0000 0.0708 ± 0.3052 0.0000 ± 0.0000 

MAIEpe 0.0501 ± 0.0119 - 0.0000 ± 0.0000 - 0.0000 ± 0.0000 

RR 

MAIpe 0.0634 ± 0.0126 - - - - 

MAIDpe 0.0634 ± 0.0126 0.0000 ± 0.0000 - 0.0000 ± 0.0000 - 

MAIDEpe 0.0634 ± 0.0126 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 

MAIEpe 0.0634 ± 0.0126 - 0.0000 ± 0.0000 
 

0.0000 ± 0.0000 

PS 

MAIpe 0.0535 ± 0.0176 - - 
 

- 

MAIDpe 0.0526 ± 0.0185 0.0042 ± 0.0286 - 0.0744 ± 0.4744 - 

MAIDEpe 0.0290 ± 0.0198 0.0000 ± 0.0000 0.1342 ± 0.0689 0.0000 ± 0.0000 0.8222 ± 0.1527 

MAIEpe 0.0290 ± 0.0198 - 0.1342 ± 0.0689 - 0.8222 ± 0.1527 

HD MAI 0.2629 ± 0.0535 - - - - 
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MAID 0.2494 ± 0.0567 0.0662 ± 0.0869 - 0.2097 ± 0.2335 - 

MAIDE1 0.1928 ± 0.0641 0.0356 ± 0.0875 0.4232 ± 0.2468 0.0546 ± 0.1338 0.6495 ± 0.2020 

MAIE 0.1964 ± 0.0632 - 0.4493 ± 0.2419 - 0.6959 ± 0.1617 ℎ𝑎2: additive heritability or narrow-sense heritability ℎ𝑑2 : dominance variance ratio ℎ𝑎𝑎2 : epistatic additive-by-additive variance ratio 𝜎𝑑2̂ 𝜎𝑔2̂⁄ : ratio of the total genetic variance explained by dominance 𝜎𝑎𝑎2̂ 𝜎𝑔2̂⁄ : ratio of the total genetic variance explained by additive-by-additive epistasis 

1TVall: all measures (every 10 minutes) of vaginal temperatures during four days (°C); TV4days: four-time measures of vaginal 

temperatures during four days (°C); TES: ear skin temperature; TSS: shoulder skin temperature; TRS: rump skin temperature; 

TTS: tail skin temperature; RR: respiration rate; PS: panting score; HD: hair density. 

2 MAIpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝛆; MAIEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIDpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 +𝐙𝐩𝐞 + 𝐙𝐝 + 𝛆; MAIDEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝐩𝐞 + 𝛆; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 +𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆 
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Model comparison for the crossbred pig dataset 198 

For the crossbred population, the models also presented similar values of Akaike 199 

Information Criterion (AIC) (Table S3). LRT (Table S4) for the models fitted for the 200 

crossbred pig population showed that fitting epistasis in the models had a significant 201 

effect only for PS. The models for the other traits did not have better goodness of fit when 202 

dominance and/or epistasis were fitted.  203 

 204 

Discussion 205 

We aimed to estimate variance components and evaluate the predictive ability of 206 

genomic models including non-additive genetic effects for different traits in purebred and 207 

crossbred populations. In general, we observed small estimates for dominance variance 208 

and the inclusion of additive-by-additive epistasis in the model reduced the estimates of 209 

additive genetic variance. The inclusion of non-additive genetic effects in models for 210 

genomic prediction resulted in changes in animals’ ranking and in the groups of animals 211 

to be selected. Since two different independent populations were used in this study, the 212 

Discussion section was structured into two subsections to discuss the findings for each 213 

population separately. 214 

 215 

Dataset 1: Purebred pig population 216 

One way to account for inbreeding depression in genomic prediction is by fitting 217 

the inbreeding coefficient as a covariate in the model. The benefit of doing so is that 218 

unbiased variance components may be obtained because the variance component 219 

estimates may be inflated when inbreeding or heterozygosity are not fitted within the 220 

models[17–19]. According to Bolormaa et al. [4] and Xiang et al. [19], inbreeding or 221 

heterozygosity are fitted within the models to account for directional dominance (i.e., a 222 
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higher percentage of positive than negative dominance effects), otherwise, the variance 223 

components for the dominance effects will be biased. Vitezica et al. [17] also reported 224 

that in the absence of inbreeding within the models, the estimates for dominance variance 225 

were inflated for litter size in a purebred pig line. In the present study, there was a slight 226 

decrease in the additive genetic variance when the models adjusted for inbreeding 227 

depression, suggesting that not fitting inbreeding in the model might generate 228 

overestimated additive genetic variances. 229 

The heritability estimates obtained from the models including only the additive 230 

and dominance genetic effects (MAD) corroborate with the estimates reported in previous 231 

studies using the same public dataset [32]. The studies reported dominance variance 232 

aiming to propose different methods for obtaining additive and dominance genetic 233 

variance components [33–35]. The dominance variance ratio estimates for T3 reported by 234 

Da et al. [33] and Liu et al. [35] were greater than estimated in this study (0.07 vs 0.02), 235 

and the dominance variance ratio estimated for T5 was smaller than that one reported by 236 

Nishio and Satoh [34] (0.045 vs 0.063). Da et al. [36] proposed multifactorial methods 237 

with SNP and haplotypes to calculate the genomic relationship matrix and fitted the 238 

epistasis effects up to third-order in the genomic prediction models. When comparing the 239 

estimates from the most complete models, in general, Da et al. [36] reported similar 240 

heritability (0.02 vs 0.01, 0.22 vs 0.21, 0.13 vs 0.12, 0.33 vs 0.31, 0.36 vs 0.34 for T1, 241 

T2, T3, T4, and T5, respectively) and lower additive-by-additive epistatic variance ratio 242 

estimates (0.04 vs 0.13, 0.18 vs 0.24, 0.28 vs 0.29, 0.02 vs 0.09, 0.05 vs 0.13 for T1, T2, 243 

T3, T4, and T5, respectively). The differences between estimates reported by each study 244 

using the same dataset might be due to different methods and/or parametrization 245 

considered to obtain the genomic relationship matrices in each study. 246 
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The method to obtain the relationship matrices applied in this study, proposed by 247 

Vitezica et al. [6], is a flexible approach that can also be applied for populations that are 248 

not in Hardy-Weinberg equilibrium. However, it assumes linkage equilibrium between 249 

the genetic markers to ensure orthogonality between variance components. The non-250 

orthogonality is clearly observed when there are significant changes in the variance 251 

estimates and when new variance components are introduced into the model [6]. In this 252 

study, the non-orthogonality between the variance components was noticeable when 253 

epistasis, especially additive-by-additive, was added to the model. This source of non-254 

orthogonality might be due to linkage disequilibrium (LD) between the markers since this 255 

first dataset is from a nucleus purebred pig line, which is under intense selection pressure 256 

for various traits. Vitezica et al. [6] also reported high additive-by-additive variance and 257 

a sum of non-additive variances greater than the additive variance for a simulated high 258 

LD scenario due to strong selection. The additive, dominance, and epistasis effects are 259 

assumed independent of each other under the linkage equilibrium assumption [37, 260 

38].However, the presence of LD might affect the magnitude of dominance and epistasis 261 

variance due to the correlation between markers by introducing dependency between the 262 

genetic additive and non-additive values, which could lead to overestimation of the non-263 

additive genetic variance components. As a result, the partition between additive and non-264 

additive components is more difficult when LD between markers is present [39]. It is 265 

worth noting that many complex traits are predominantly additive [40], and the additive 266 

genetic variance often comprises most of the total genetic variance for most traits [41]. 267 

Accurate estimation of additive genetic variance components can be achieved without 268 

assuming linkage equilibrium. Therefore, incorporating non-additive genetic effects into 269 

genomic prediction may not offer significant advantages for selection purposes. However, 270 

to evaluate the genetic architecture of complex traits, there is still a need to develop 271 
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methods for accurately estimating non-additive genetic variance components without 272 

assuming linkage equilibrium, especially considering that many livestock populations are 273 

subjected to intensive selective breeding (a major cause of LD). 274 

As summarized by Wade et al. [42], for two bi-allelic loci, epistasis can be 275 

considered in different ways: (i) additive-by-additive, interactions between homozygotes 276 

at both loci; (ii) additive-by-dominance, interactions between homozygotes at locus A 277 

and heterozygotes at locus B and vice-versa; (iii) dominance-by-dominance, interactions 278 

between heterozygotes at both loci. The first dataset used in this study belongs to a 279 

purebred population, which could be one of the reasons why the variance components for 280 

additive-by-dominance and dominance-by-dominance epistasis are close to zero. 281 

Purebred populations tend to exhibit reduced heterozygosity, which can make it more 282 

challenging to accurately estimate additive-by-dominance and dominance-by-dominance 283 

epistatic effects [43]. The results indicate that although there may be those types of 284 

interactions between loci in the purebred population evaluated, they might be mostly 285 

captured by the additive genetic variance [41].  286 

All models presented dispersion close to one, indicating that there is no inflation 287 

or deflation for the genomic estimated breeding values (GEBVs) [44]. The GEBVs also 288 

presented bias close to zero in all models, which is desirable, since biased estimates 289 

compromise the estimates of genetic trends and genetic gains in breeding programs [44]. 290 

However, the accuracy differed across traits and traits with higher (additive) heritability 291 

yielded greater accuracies, which agrees with the literature [45–47]. Different accuracies 292 

were estimated for each model, and there was a decrease in the accuracy when epistasis 293 

effects were incorporated in the models, which can be associated with the decrease in the 294 

additive genetic variance components for those models, since this variance component 295 

are used to compute the accuracy [44].  296 
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Although models including epistatic effects were significantly better (based on 297 

LRT parameter) for some traits (T2, T3, and T5), including epistasis had lower GEBV 298 

accuracies for traits with lower heritability (T1, T2, and T3). It is noticeable that models 299 

including epistatic effects had greater standard errors for the additive genetic variance 300 

and heritability estimates for T1, which is the trait with the lowest heritability. This 301 

suggests that the available data might not be sufficient to effectively distinguish between 302 

additive genetic and epistasis effects. Therefore, larger datasets may be required to obtain 303 

more accurate estimates of non-additive genetic effects [22], particularly for traits with 304 

low heritability. 305 

Another factor influencing this inferior accuracy for models including epistasis 306 

may be due to the non-orthogonality between the components, especially between 307 

additive genetic effects and additive-by-additive epistasis. At the same time, when only 308 

additive genetic effects were fitted in the models, part of the additive-by-additive epistasis 309 

was captured by the additive genetic component, as previously reported in other studies 310 

[3, 48]. Even though models including additive-by-additive epistasis was significantly 311 

better (based on LRT parameter) and this effect accounted for a relevant proportion of 312 

phenotypic variance for some traits in the purebred population, including epistasis in the 313 

model may capture part of the additive genetic variance [3]. The ranking of selection 314 

candidates also changed for models as a consequence of the change in variance partition 315 

due to the inclusion of non-additive genetic effects in the models. 316 

In general, models including epistasis presented the largest changes in ranking of 317 

the animals in comparison to the additive model. According to Piccoli et al. [49], the 318 

degree of reranking is directly associated with the accuracies of estimates and, at the same 319 

time, it is difficult to compare the reranking considering real datasets since the true 320 

breeding values are unknown. However, it is noticeable that epistasis plays an important 321 
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role in genomic prediction and might change the selected animals when considered in a 322 

genetic evaluation program, which would impact genetic progress for the traits evaluated. 323 

There are studies investigating the impact of incorporating epistasis into genomic 324 

predictions aiming to develop methods that effectively integrate this effect into genomic 325 

prediction models (e.g., [50, 51]). Previous studies have shown that including all possible 326 

marker interactions in the prediction model does not improve the prediction ability [52, 327 

53]. However, there is an improvement in prediction ability when only some interactions 328 

between markers are included in the model, being selected only those interactions with 329 

greater effects [52, 53]. 330 

 331 

Dataset 2: crossbred pig population 332 

Since all heat stress-related traits had substantial additive genetic variability, 333 

including them in a selection program is feasible and can lead to genetic progress. 334 

Although, it should be noted that phenotypes measured in crossbred animals are expected 335 

to be more influenced by non-additive genetic effects than in purebred populations [21, 336 

22]. Small non-additive genetic variances were observed for most of the traits evaluated 337 

in the crossbred dataset. Additionally, the estimates for dominance and epistasis variances 338 

had large standard errors which illustrates the difficulty of obtaining good estimates [17] 339 

and suggesting that the dataset was not large enough [19].  340 

Besides HD and PS having considerable epistasis estimates, models including 341 

epistatic effects were significant better (based on LRT parameter) only for PS and no 342 

significant dominance variance was observed for any trait related to heat stress in the 343 

crossbred population. However, HD and PS are categorical traits and, threshold models 344 

[54–56] should be more suitable for genetically evaluating them. As highlighted by Alves 345 

https://doi.org/10.1186/s12863-023-01174-x


73 
 

This paper was published at BMC Genomic Data: https://doi.org/10.1186/s12863-023-01174-x  

 

et al. [3], there might be some limitations in estimating non-additive genetic effects for 346 

categorical traits.  347 

Estimating non-additive genetic variances is also difficult, since they are often, or 348 

at least partially, confounded with other effects, such as common environmental or 349 

maternal effects [4]. In this study, it is noticeable that, for traits related to heat stress, there 350 

was a confoundment between permanent environmental and non-additive genetic effects. 351 

This was observed through a reduction in the variance of permanent environmental effects 352 

when non-additive genetic effects were included in the model. This observation, 353 

particularly regarding PS, is similar to the results reported by Vitezica et al. [17]. The 354 

authors also reported that including non-additive genetic effects in the model did not have 355 

a large impact on residual variances and the non-additive genetic effects were captured 356 

by the permanent environmental effects [17].  357 

The findings from this study suggest that the gene actions for heat stress-related 358 

traits in this population are mainly additive, or at least most of the non-additive genetic 359 

effects are captured by the additive genetic component. Although the dataset used in this 360 

study came only from crossbred animals, the pure breeds used for crossbreeding are both 361 

considered maternal breeds (Large White and Landrace) and genetically related [57–59]. 362 

Thus, in crossings between lines or breeds with high genetic distance it would be expected 363 

higher heterosis and greater non-additive genetic variance estimates [21] in comparison 364 

to the present study.  365 

 366 

Implications and future studies 367 

Quantitative traits are controlled by many genes with additive and potentially non-368 

additive gene actions, and their phenotypic expression are the result of many 369 

developmental and biochemical pathways comprised of loci networks that interact at the 370 
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genetic and molecular levels, generating the epistasis effects [60]. Thus, the magnitude 371 

of the epistasis effects depends on how many pathways are involved in the expression of 372 

certain phenotypes and how these pathways are connected and interact between them. In 373 

the other hand, the magnitude of dominance effects depends on the deviations of 374 

genotypic values from breeding values for each locus. If the proportion of positive 375 

dominance effects is greater than the proportion of negative dominance effects, it is 376 

referred to as directional dominance [1, 9]. Heterosis and inbreeding depression are 377 

directly dependent on non-additive genetic effects [9, 17]. Although it is expected that 378 

non-additive genetic variation would be larger in crossbred populations [5, 9, 22, 61], 379 

most of the traits measured in the crossbred population did not present substantial non-380 

additive genetic variance ratios. Additionally, fitting non-additive genetic effects in the 381 

models did not improve the prediction ability of breeding values for the purebred 382 

population. However, including non-additive genetic effects, especially additive-by-383 

additive epistasis, changed the animal’s ranking and can therefore affect selection 384 

decisions. 385 

Many studies have suggested that non-additive genetic effects are greater in traits 386 

related to fitness and adaptation than in morphological traits [62–65]. Considering the 387 

importance of selecting more climatically resilient animals, it is necessary to elucidate 388 

the genetic background of traits related to heat stress, especially for crossbred pigs. In our 389 

study, although models including non-additive genetic effects were not significant (based 390 

on LRT parameter) for most of the traits related to heat stress response, these effects might 391 

play an important role in gene action for those traits. Thus, it would be important to 392 

perform studies considering a larger dataset including records from purebred and 393 

crossbred populations and evaluate different crossings as well.  394 

 395 
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Conclusions 396 

Including dominance effects in genomic prediction models did not improve the 397 

predictive ability of the models and most traits had none to low dominance variance. In 398 

the purebred population, low dominance variance ratios were observed, potentially due 399 

to reduced heterozygosity. Although models including additive-by-additive epistasis 400 

effects in genomic prediction exhibited significantly better fit for some traits, it led to 401 

lower accuracy when genomically predicting breeding values for traits with low 402 

heritability. For the evaluated populations and models, the inclusion of non-additive 403 

genetic effects did not improve genomic prediction accuracy. The non-orthogonality 404 

between variance components, especially between additive and additive-by-additive 405 

epistasis, suggests the presence of linkage disequilibrium challenges in the partition of 406 

additive and non-additive genetic effects. Therefore, there is still a need for developing 407 

methods able to accurately estimate non-additive variance components without assuming 408 

linkage equilibrium. 409 

Traits related to heat stress in the crossbred population had substantial additive 410 

genetic variability, indicating their suitability for inclusion in selection programs. The 411 

difficulty in estimating non-additive genetic effects and the confounding with other 412 

effects, such as permanent environmental effects, is a challenge to obtain accurate 413 

estimates. Models incorporating non-additive genetic effects in genomic prediction for 414 

heat stress-related traits did not perform better than the additive model for most of the 415 

traits evaluated. Future studies should use larger datasets when they become available, 416 

including both purebred and crossbred animals, to better understand the contribution of 417 

non-additive genetic effects, particularly for traits related to adaptation, welfare, and 418 

resilience. 419 

 420 
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Methods 421 

Dataset 1: purebred pig population 422 

Purebred dataset description 423 

We used a public dataset [32] including pedigree, genotypic, and phenotypic 424 

information from a single nucleus pig line from Pig Improvement Company (PIC, 425 

Hendersonville, TN, USA). This dataset consisted of 3,534 individuals with genotypes 426 

for 52,843 SNPs and phenotypes for five performance traits that represent a small number 427 

of phenotypes that are routinely collected from birth in the genetic nucleus and with 428 

heritability estimates ranging from 0.07 to 0.62. The phenotype was either pre-corrected 429 

for environmental factors and rescaled by correcting for the overall mean (traits 3, 4, and 430 

5) or was a rescaled, weighted mean of corrected progeny phenotypes (traits 1 and 2). 431 

The data also includes a pedigree file with parents and grandparents of the genotyped 432 

animals [32]. The descriptive statistics of the traits are presented in Table 7. 433 

 434 

Table 7. Descriptive statistics of a public dataset from a purebred pig 435 

population[32] 436 

Trait Number of observations Mean SD1 

T1 2,804 -0.0452 1.2077 

T2 2,715 0.0049 1.1230 

T3 3,141 0.7058 0.9607 

T4 3,152 -1.0726 2.3276 

T5 3,184 37.9888 60.4468 

1SD: standard deviation 

 437 
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The quality control of genotype data consisted of removing SNPs with call rate 438 

lower than 0.90, minor allele frequency (MAF) less than 0.01, and extreme deviation from 439 

Hardy-Weinberg equilibrium (p-value < 10-5). After quality control, 40,828 SNPs and 440 

3,534 individuals remained for further analyses. No animals were removed during the 441 

quality control due their genotypes were imputed [32], then all animals presented higher 442 

call rate (> 0.90). 443 

 444 

Variance components estimation 445 

Different models including or not inbreeding and non-additive genetic effect of 446 

dominance and epistasis were fitted to estimate variance components: 447 

MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆;  448 

MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; 449 

MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐞𝐚𝐚 + 𝛆; 450 

MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐞𝐚𝐚 + 𝛆; 451 

MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; 452 

MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; 453 

MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐞𝐚𝐚 + 𝛆; 454 

MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐞𝐚𝐚 + 𝛆; 455 

MADE2: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐞𝐚𝐚 + 𝐙𝐞𝐚𝐝 + 𝛆; 456 

MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐞𝐚𝐚 + 𝐙𝐞𝐚𝐝 + 𝛆; 457 

MADE3: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐞𝐚𝐚 + 𝐙𝐞𝐚𝐝 + 𝐙𝐞𝐝𝐝 + 𝛆; 458 

MAIDE3: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐞𝐚𝐚 + 𝐙𝐞𝐚𝐝 + 𝐙𝐞𝐝𝐝 + 𝛆; 459 

where 𝒚 is the vector of observations; 𝛃 is the vector of fixed effects; 𝐟 is the vector of 460 

inbreeding coefficient based on pedigree; 𝐛 is the inbreeding depression; a is the vector 461 

of additive genetic effects with 𝐚 ~ 𝑁(0, 𝐆𝐀𝜎𝑎2), where 𝜎𝑎2 is the additive genetic 462 
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variance and 𝐆𝐀 is the genomic additive relationship matrix; 𝐝 is the vector of dominance 463 

effects with 𝐝 ~ 𝑁(0, 𝐆𝐃𝜎𝑑2) where 𝜎𝑑2 is the dominance variance and 𝐆𝐃 the genomic 464 

dominance relationship matrix; 𝐞𝐚𝐚 is the vector of additive-by-additive epistatic effects, 465 𝐞𝐚𝐚 ~ 𝑁(0, 𝐆𝐀𝐀𝜎𝑎𝑎2 ), where 𝜎𝑎𝑎2  is the additive-by-additive epistatic variance and 𝐆𝐀𝐀 the 466 

genomic additive-by-additive epistatic relationship matrix; 𝐞𝐚𝐝 is the vector of additive-467 

by-dominance epistatic effects, 𝐞𝐚𝐝 ~ 𝑁(0, 𝐆𝐀𝐃𝜎𝑎𝑑2 ), where 𝜎𝑎𝑑2  is the additive-by-468 

dominance epistatic variance and 𝐆𝐀𝐃 the genomic additive-by-dominance epistatic 469 

relationship matrix; 𝐞𝐝𝐝 is the vector of dominance-by-dominance epistatic effects, 470 𝐞𝐝𝐝 ~ 𝑁(0, 𝐆𝐃𝐃𝜎𝑑𝑑2 ), where 𝜎𝑑𝑑2  is the dominance-by-dominance epistatic variance and 471 𝐆𝐃𝐃 the genomic dominance-by-dominance relationship matrix; 𝛆 is the vector of 472 

residuals, 𝛆 ~ 𝑁(0, 𝐈𝜎𝜀2), where 𝜎𝜀2 is the residual variance and 𝐈 an identity matrix; 𝐗 and 473 𝐙 are incidence matrices of fixed and genetic effects, respectively. 474 

The genomic additive relationship matrix (𝐆𝐀) was computed according to the 475 

method proposed by VanRaden [66]: 𝐆𝐀 = 𝐌𝐌´2 ∑ piqi, where the M matrix contains elements 476 

equal to (2 − 2𝑝𝑖), (1 − 2𝑝𝑖), (−2𝑝𝑖) for 𝐴1𝐴1, 𝐴1𝐴2, and 𝐴2𝐴2 genotypes, respectively, 477 

being 𝑝𝑖 the frequency of the allele 𝐴1 in the SNP i and 𝑞𝑖 is equal to 1 − 𝑝𝑖. The genomic 478 

dominance relationship matrix (𝐆𝐃) was computed according to the method proposed by 479 

Vitezica et al. [5]: 𝐆𝐃 = 𝐖𝐖´4 ∑ 𝑝𝑖2𝑞𝑖2, where the W matrix contains elements equal to (-2𝑞𝑖2), 480 

(2𝑝𝑖𝑞𝑖), (−2𝑝𝑖2) for 𝐴1𝐴1, 𝐴1𝐴2, and 𝐴2𝐴2 genotypes, respectively. The genomic 481 

epistatic relationship matrices were computed according to the methods proposed by 482 

Vitezica et al. [6]: 𝐆𝐀𝐀 = GA⨀GAtr(GA⨀GA) n⁄ , 𝐆𝐀𝐃 = GA⨀GDtr(GA⨀GD) n⁄ , and 𝐆𝐃𝐃 = GD⨀GDtr(GD⨀GD) n⁄  being 483 ⨀ the Hadamard product, 𝑡𝑟 the matrix trace, and 𝑛 the number of animals. 484 

The analyses were performed using the ASREML software [67]. To understand 485 

how the phenotypic variance was split when different non-additive genetic effects were 486 
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included in the models, variance components were estimated for each model. Estimates 487 

of additive heritability or narrow-sense heritability (ℎ𝑎2), dominance variance ratio (ℎ𝑑2), 488 

epistatic additive-by-additive variance ratio (ℎ𝑎𝑎2 ), epistatic additive-by-dominance 489 

variance ratio (ℎ𝑎𝑑2 ), and epistatic dominance-by-dominance variance ratio (ℎ𝑑𝑑2 ) were 490 

computed as the ratio of estimates of additive genetic variance (𝜎𝑎2̂), dominance variance 491 

(𝜎𝑑2̂), additive-by-additive epistatic variance (𝜎𝑎𝑎2̂ ), additive-by-dominance epistatic 492 

variance (𝜎𝑎𝑑2̂ ), and dominance-by-dominance epistatic variance (𝜎𝑑𝑑2̂ ) to the total 493 

phenotypic variance (𝜎𝑝2̂). 494 

 495 

Predictive ability  496 

Bias, dispersion, and accuracy estimates were obtained using the Linear 497 

Regression (LR) method [44]. LR method is based on the comparison of breeding values 498 

estimated from partial datasets with a dataset containing all information (whole dataset). 499 

The whole dataset was composed of all animals and their observations, while ten partial 500 

datasets were generated by setting 10% of records missing to perform a 10-fold cross-501 

validation. The prediction bias was computed as: 502 𝜇𝑤𝑝 =  𝒖̂𝑝̅̅̅̅ − 𝒖̂𝑤̅̅ ̅̅ , 503 

where 𝜇𝑤𝑝 is the bias, 𝒖̂𝑝̅̅̅̅  is the GEBV mean predicted with partial information (GEBVp) 504 

and 𝒖̂𝑤̅̅ ̅̅  is the GEBV mean predicted with whole information (GEBVw). The GEBV 505 

dispersion is the slope of the regression (𝑏𝑤,𝑝) of GEBVw (𝒖̂𝑤) on GEBVp (𝒖̂𝑝), and was 506 

obtained as: 507 

𝑏𝑤,𝑝 = 𝑐𝑜𝑣(𝒖̂𝑝, 𝒖̂𝑤)𝑣𝑎𝑟(𝒖̂𝑝)  508 

The accuracy was obtained as:  509 
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𝑎𝑐𝑐𝑝 = √𝑐𝑜𝑣(𝒖̂𝑝, 𝒖̂𝑤)(1 − 𝐹̅)𝜎𝑎2̂  510 

where 𝑎𝑐𝑐𝑝 is the accuracy, 𝐹̅ is the mean inbreeding coefficient based on pedigree from 511 

the animals with partial information, and 𝜎𝑎2̂ is the estimated additive genetic variance 512 

using the whole population. 513 

 514 

Model comparison 515 

The AIC [68] LRT parameters were used to compare the models. LRT was 516 

computed separately for the models that included or not the inbreeding coefficient as a 517 

covariate. This was done to specifically assess the impact of incorporating random non-518 

additive genetic effects on the model, while isolating the influence of the inbreeding 519 

coefficient. The LRT statistic was calculated as: 520 

LRT = −2(LogL reduced model − LogL complete model), 521 

in which LogLreduced model and LogLcomplete model are the likelihood logarithms for the 522 

reduced (i.e., from additive model; MA or MAI) and complete models (i.e., from the 523 

models including non-additive genetic effects), respectively. The level of significance 524 

used was 0.05. 525 

We also evaluated the impact of the model used on the ranking of the animals and 526 

the proportion of commonly selected individuals based on the GEBVs from different 527 

models. The Spearman’s rank correlation was calculated to evaluate the re-ranking 528 

between the GEBVs from the MA model, which is the most used approach for GEBV 529 

calculation, and the other evaluated models. Assuming different selection intensities, the 530 

top 1%, 5%, 10%, and 20% of the animals were ranked according to their GEBVs based 531 

on the MA model and compared with the animals selected based on the models including 532 

non-additive effects. 533 
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 534 

Dataset 2: crossbred pig population 535 

Crossbred dataset description 536 

To evaluate the contribution of non-additive genetic effects on traits related to heat 537 

stress in lactating sows, we used a dataset previously described by Johnson et al. [69]. In 538 

summary, a total of 1,645 multiparous lactating sows (Large White × Landrace) were 539 

housed in either a naturally ventilated or mechanically ventilated farrowing barn. 540 

Thermoregulatory and anatomical traits were measured in 1,381 sows. The traits included 541 

in this study were skin surface temperature from ear (TES), shoulder (TSS), rump (TRS), 542 

and tail (TTS); vaginal temperature considering the whole data measured every 10 minutes 543 

(TVall), and the average of the six records per hour corresponding to 08:00, 12:00, 16:00, 544 

and 20:00 hours during four days (TV4days); respiration rate (RR), panting score (PS; score 545 

scale from 0 to 3), and hair density (HD, score scale from 0 to 2) (the data collection is 546 

described in details by Johnson et al. [69]). All animals were genotyped using the 547 

PorcineSNP50K (50,703 SNPs) Bead Chip (Illumina, San Diego, CA, USA). Quality 548 

control of genotype data consisted of removing SNPs with a call rate lower than 0.90 and 549 

minor allele frequency (MAF) less than 0.01. It was also removed animals with call rate 550 

lower than 0.90. After quality control, 49,536 SNPs for 1,625 animals remained for 551 

further analyses. The descriptive statistics for the continuous traits are shown in Table 8. 552 

 553 
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Table 8. Descriptive statistics for continuous heat stress indicators in Landrace x Large White crossbred pig population. 554 

Trait1 Number of animals Number of observations Mean Minimum Maximum Standard deviation 

TVall 1,381 932,708 39.74 37.08 42.35 0.76 

TV4days 1,381 21,415 39.70 37.10 42.70 0.77 

TES 1,381 21,411 36.70 32.50 40.70 1.07 

TSS 1,381 21,414 36.50 32.30 39.80 1.08 

TRS 1,381 21,414 37.20 33.60 39.90 0.92 

TTS 1,381 21,413 36.90 33.20 40.00 0.95 

RR 1,381 21,360 73.00 12.00 172.00 28.28 

1TVall: all measures (every 10 minutes) of vaginal temperatures (°C); TV4days: average of the six records per hour corresponding to 08:00, 12:00, 

16:00, and 20:00 hours during four days (°C); TES: ear skin temperature (°C); TSS: shoulder skin temperature (°C); TRS: rump skin temperature 

(°C); TTS: tail skin temperature (°C); RR: respiration rate (breaths per minute). Data collection protocols have been described in Johnson et al. 

[69]. 

 555 
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Estimation of variance components for traits related to heat stress  556 

As performed for Dataset 1, we also fitted different models including or not non-557 

additive genetic effect of dominance and epistasis to estimate variance components. 558 

However, we did not include additive-by-dominance and dominance-by-dominance 559 

epistasis effects to avoid overparametrized models, since this second dataset is small. 560 

For the trait HD, the models MAI, MAID, MAIDE1, and MAIE previously 561 

mentioned were used. For skin temperatures, vaginal temperatures, PS, and RR 562 

repeatability models were fitted: 563 

MAIpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝛆; 564 

MAIDpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝐩𝐞 + 𝛆; 565 

MAIDEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝐩𝐞 + 𝛆; 566 

MAIEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝐙𝐩𝐞 + 𝛆; 567 

where 𝐟 is the vector of genomic inbreeding coefficient; 𝐛 is the inbreeding depression; 568 𝒑𝒆 ~ 𝑁(0, 𝑰𝜎𝑝𝑒2 ) where 𝜎𝑝𝑒2  is the permanent environmental variance and 𝑰 an identity 569 

matrix; all other effects and matrices in the models have been previously described. The 570 

fixed effects for each trait were included as previously defined by Freitas et al. [70]. For 571 

TVall, the fixed effects were the concatenation of week and day of measurement; parity; 572 

concatenation of barn type and room; and in-barn environmental temperature as a linear 573 

covariate. For TV4days, the fixed effects were concatenation of week, day, and time of 574 

measurement; parity; days in lactation; concatenation of barn type and room; and in-barn 575 

environmental temperature as a linear covariate. The fixed effects fitted for skin surface 576 

temperature (TES, TSS, TRS, and TTS) and RR were trait recorder; concatenation of week, 577 

day, and time of measurement; parity; days in lactation; concatenation of barn type and 578 

room; and in-barn environmental temperature as a linear covariate. For PS, the fixed 579 

effects were trait recorder; concatenation of week and day of measurement; parity; days 580 
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in lactation; concatenation of barn type and room; and in-barn environmental temperature 581 

as a linear covariate. The fixed effects fitted for HD were trait recorder and parity. 582 

The variance components for dataset 2 were estimated following the same 583 

methods described for dataset 1. The analyses were also performed using ASREML 584 

software [71]. The estimates of additive heritability (ℎ𝑎2), dominance variance ratio (ℎ𝑑2), 585 

and epistatic additive-by-additive variance ratio (ℎ𝑎𝑎2 ) were computed, as described for 586 

dataset 1. The ratio of the total genetic variance (𝜎𝑔2̂ = 𝜎𝑎2̂ + 𝜎𝑑2̂ + 𝜎𝑎𝑎2̂ ) explained by 587 

dominance (𝜎𝑑2̂ 𝜎𝑔2̂⁄ ) and epistasis additive-by-additive (𝜎𝑎𝑎2̂ 𝜎𝑔2̂⁄ ) were also estimated. 588 

 589 

Model comparison 590 

The AIC [68] and LRT parameters were also used to compare the models’ 591 

adjustment. LRT was computed comparing the models including non-additive genetic 592 

effects with the additive animal model (MAIpe). The statistic was calculated as previously 593 

described and the level of significance used was 0.05. 594 

 595 
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Supplementary Information 799 

Table S1. Akaike information criterion (AIC) of model comparison for the purebred pig 800 

population 801 

Trait Model AIC Parameters 

T1 

MA 3,863.83 2 

MAI 3,863.11 2 

MAE 3,862.02 3 

MAIE 3,861.25 3 

MAD 3,865.83 3 

MAID 3,865.11 3 

MADE1 3,864.02 4 

MAIDE1 3,863.25 4 

MADE2 3,866.02 5 

MAIDE2 3,865.25 5 

MADE3 3,868.02 6 

MAIDE3 3,867.25 6 

T2 

MA 2,712.44 2 

MAI 2,712.71 2 

MAE 2,701.22 3 

MAIE 2,701.36 3 

MAD 2,713.47 3 

MAID 2,713.72 3 

MADE1 2,702.37 4 

MAIDE1 2,702.45 4 
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MADE2 2,704.37 5 

MAIDE2 2,704.45 5 

MADE3 2,706.37 6 

MAIDE3 2,706.45 6 

T3 

MA 2,621.71 2 

MAI 2,621.59 2 

MAE 2,580.50 3 

MAIE 2,580.11 3 

MAD 2,623.15 3 

MAID 2,622.99 3 

MADE1 2,582.50 4 

MAIDE1 2,582.11 4 

MADE2 2,570.46 5 

MAIDE2 2,570.23 5 

MADE3 2,568.15 6 

MAIDE3 - - 

T4 

MA 7,888.88 2 

MAI 7,888.00 2 

MAE 7,888.03 3 

MAIE 7,887.10 3 

MAD 7,890.30 3 

MAID 7,889.40 3 

MADE1 7,889.81 4 

MAIDE1 7,888.88 4 
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MADE2 7,891.81 5 

MAIDE2 7,890.88 5 

MADE3 7,893.81 6 

MAIDE3 7,892.88 6 

T5 

MA 28,635.05 2 

MAI 28,624.10 2 

MAE 28,629.19 3 

MAIE 28,618.39 3 

MAD 28,625.71 3 

MAID 28,616.85 3 

MADE1 28,622.47 4 

MAIDE1 28,613.47 4 

MADE2 28,624.47 5 

MAIDE2 28,615.47 5 

MADE3 28,626.47 6 

MAIDE3 28,617.47 6 

1MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆 ; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 +𝐙𝒆𝒂𝒂 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; 

MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; 

MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MADE2: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 +𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MADE3: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆; MAIDE3: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 +𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆*Model MAIDE3 did not converge for T3. 

 802 

Table S2. Likelihood ratio test (LRT) of model comparison for the purebred pigs dataset. 803 

https://doi.org/10.1186/s12863-023-01174-x


96 
 

This paper was published at BMC Genomic Data: https://doi.org/10.1186/s12863-023-01174-x  

 

Trait Model1 DF2 LRT p-value Model DF LRT p-value 

T1 

MAE 1 3.80 0.0513 MAIE 1 3.88 0.0489 

MAD 1 0.00 1.0000 MAID 1 0.00 1.0000 

MADE1 2 3.80 0.1496 MAIDE1 2 3.88 0.1437 

MADE2 3 3.80 0.2839 MAIDE2 3 3.88 0.2747 

MADE3 4 3.80 0.4337 MAIDE3 4 3.88 0.4225 

T2 

MAE 1 13.22 0.0003 MAIE 1 13.36 0.0003 

MAD 1 0.98 0.3222 MAID 1 1.00 0.3173 

MADE1 2 14.08 0.0009 MAIDE1 2 14.26 0.0008 

MADE2 3 14.08 0.0028 MAIDE2 3 14.26 0.0026 

 MADE3 4 14.08 0.007 MAIDE3 4 14.26 0.0065 

T3 

MAE 1 43.22 <0.0001 MAIE 1 43.48 <0.0001 

MAD 1 0.58 0.4463 MAID 1 0.62 0.4310 

MADE1 2 43.22 <0.0001 MAIDE1 2 43.48 <0.0001 

MADE2 3 57.26 <0.0001 MAIDE2 3 57.36 <0.0001 

 MADE3 4 61.56 <0.0001 MAIDE3* 4 - - 

T4 

MAE 1 2.86 0.0908 MAIE 1 2.90 0.0886 

MAD 1 0.58 0.4463 MAID 1 0.60 0.4386 

MADE1 2 3.06 0.2165 MAIDE1 2 3.12 0.2101 

MADE2 3 3.06 0.3825 MAIDE2 3 3.12 0.3735 

 MADE3 4 3.06 0.5478 MAIDE3 4 3.12 0.5379 

T5 

MAE 1 7.88 0.0050 MAIE 1 7.72 0.0055 

MAD 1 11.34 0.0008 MAID 1 9.24 0.0024 

MADE1 2 16.6 0.0002 MAIDE1 2 14.64 0.0007 

MADE2 3 16.6 0.0009 MAIDE2 3 14.64 0.0022 
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MADE3 4 16.6 0.0023 MAIDE3 4 14.64 0.0055 

1MA: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝛆 ; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAE: 𝐲 = 𝐗𝛃 + 𝐙𝐚 +𝐙𝒆𝒂𝒂 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAD: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; 

MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MADE1: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; 

MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆; MADE2: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 +𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MAIDE2: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝛆; MADE3: 𝐲 = 𝐗𝛃 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆; MAIDE3: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 +𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝒆𝒂𝒅 + 𝐙𝒆𝒅𝒅 + 𝛆 

2DF: degrees of freedom 

*The model MAIDE3 did not converge for T3 

 804 

Table S3. Akaike information criterion (AIC) of model comparison for the crossbred pig 805 

population 806 

Trait1 Model2 AIC Parameters 

TVall 

MAIpe -162156 3 

MAIDpe -162155 4 

MAIDEpe -162153 5 

MAIEpe -162155 4 

TV4days 

MAIpe -15530.2 3 

MAIDpe -15528.5 4 

MAIDEpe -15526.5 5 

MAIEpe -15528.2 4 

TES 
MAIpe 16355.28 3 

MAIDpe 16357.28 4 
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MAIDEpe 16359.28 5 

MAIEpe 16357.28 4 

TSS 

MAIpe 13521.56 3 

MAIDpe 13523.46 4 

MAIDEpe 13525.46 5 

MAIEpe 13523.56 4 

TRS 

MAIpe 2449.65 3 

MAIDpe 2451.65 4 

MAIDEpe 2453.65 5 

MAIEpe 2451.65 4 

TTS 

MAIpe 7073.62 3 

MAIDpe 7075.52 4 

MAIDEpe 7077.52 5 

MAIEpe 7075.62 3 

RR 

MAIpe 149523.2 3 

MAIDpe 149525.2 4 

MAIDEpe 149527.2 5 

MAIEpe 149525.2 4 

PS 

MAIpe 5593.27 3 

MAIDpe 5595.22 4 

MAIDEpe 5588.49 5 

MAIEpe 5586.49 4 

HD 
MAI 104.39 2 

MAID 105.67 3 
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MAIDE 104.7 4 

MAIE 102.93 3 

1TVall: all measures (every 10 minutes) of vaginal temperatures during four 
days (°C); TV4days: four-time measures of vaginal temperatures during four 
days (°C); TES: ear skin temperature; TSS: shoulder skin temperature; TRS: 
rump skin temperature; TTS: tail skin temperature; RR: respiration rate; PS: 
panting score; HD: hair density. 
2MAIpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝛆; MAIEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 +𝐙𝐩𝐞 + 𝐙𝒆𝒂𝒂 + 𝛆; MAIDpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝐙𝐝 + 𝛆; MAIDEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝐩𝐞 + 𝛆; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; 

MAIE: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 +𝛆; MAIDE1: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆 

 807 

Table S4. Likelihood ratio test (LRT) of model comparison for the crossbred pig dataset. 808 

Trait1 Model2 DF3 LRT p-value 

TVall MAIDpe 1 0.4 0.5271 

 
MAIDEpe 2 0.8 0.6703 

  MAIEpe 1 0.6 0.4386 

TV4days MAIDpe 1 0.34 0.5598 

 
MAIDEpe 2 0.34 0.8437 

  MAIEpe 1 0 1.0000 

TES MAIDpe 1 0 1.0000 

 
MAIDEpe 2 0 1.0000 

  MAIEpe 1 0 1.0000 

TSS MAIDpe 1 0.1 0.7518 

 
MAIDEpe 2 0.1 0.9512 

  MAIEpe 1 0 1.0000 
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TRS MAIDpe 1 0 1.0000 

 
MAIDEpe 2 0 1.0000 

  MAIEpe 1 0 1.0000 

TTS MAIDpe 1 0.1 0.7518 

 
MAIDEpe 2 0.1 0.9512 

  MAIEpe 1 0 1.0000 

RR MAIDpe 1 0 1.0000 

 
MAIDEpe 2 0 1.0000 

  MAIEpe 1 0 1.0000 

PS MAIDpe 1 0.04 0.8415 

 
MAIDEpe 2 8.76 0.0125 

  MAIEpe 1 8.76 0.0031 

HD MAID 1 0.7194 0.3963 

 
MAIDE 2 3.6876 0.1582 

  MAIE 1 3.4596 0.0629 

1TVall: all measures (every 10 minutes) of vaginal temperatures during four days 
(°C); TV4days: four-time measures of vaginal temperatures during four days (°C); TES: 
ear skin temperature; TSS: shoulder skin temperature; TRS: rump skin temperature; 
TTS: tail skin temperature; RR: respiration rate; PS: panting score; HD: hair density. 
2MAIpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝛆; MAIEpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 +𝐙𝒆𝒂𝒂 + 𝛆; MAIDpe: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐩𝐞 + 𝐙𝐝 + 𝛆; MAIDEpe: 𝐲 = 𝐗𝛃 +𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝐙𝐩𝐞 + 𝛆; MAI: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝛆; MAIE: 𝐲 = 𝐗𝛃 +𝐟𝐛 + 𝐙𝐚 + 𝐙𝒆𝒂𝒂 + 𝛆; MAID: 𝐲 = 𝐗𝛃 + 𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝛆; MAIDE1: 𝐲 = 𝐗𝛃 +𝐟𝐛 + 𝐙𝐚 + 𝐙𝐝 + 𝐙𝒆𝒂𝒂 + 𝛆 

3DF: degrees of freedom 
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CHAPTER 3: Genomic regions, candidate genes, and pleiotropic variants associated 1 

with physiological and anatomical indicators of heat stress response in lactating 2 

sows 3 

 4 

Abstract 5 

Background: Heat stress (HS) poses significant threats to the sustainability of livestock 6 

production. Genetically improving heat tolerance could enhance animal welfare and 7 

minimize production losses during HS events. Measuring phenotypic indicators of HS 8 

response and understanding their genetic background are crucial steps to optimize 9 

breeding schemes for improved climatic resilience. The identification of genomic regions 10 

and candidate genes influencing the traits of interest, including variants with pleiotropic 11 

effects, enables the refinement of genotyping panels used to perform genomic prediction 12 

of breeding values and contributes to unraveling the biological mechanisms influencing 13 

heat stress response. Therefore, the main objectives of this study were to identify genomic 14 

regions, candidate genes, and potential pleiotropic variants significantly associated with 15 

indicators of HS response in lactating sows using imputed whole-genome sequence 16 

(WGS) data. Phenotypic records for 18 traits and genomic information from 1,645 17 

lactating sows were available for the study. The genotypes from the PorcineSNP50K 18 

panel containing 50,703 single nucleotide polymorphisms (SNPs) were imputed to WGS 19 

and after quality control, 1,622 animals and 7,065,922 SNPs were included in the 20 

analyses. 21 

Results: A total of 1,388 unique SNPs located on sixteen chromosomes were found to be 22 

associated with 11 traits. Twenty gene ontology terms and 11 biological pathways were 23 

shown to be associated with variability in ear skin temperature, shoulder skin temperature, 24 

rump skin temperature, tail skin temperature, respiration rate, panting score, vaginal 25 
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temperature automatically measured every 10 minutes, vaginal temperature measured at 26 

0800 h, hair density score, body condition score, and ear area. Seven, five, six, two, seven, 27 

15, and 14 genes with potential pleiotropic effects were identified for indicators of skin 28 

temperature, vaginal temperature, animal temperature, respiration rate, thermoregulatory 29 

traits, anatomical traits, and all traits, respectively.  30 

Conclusions: Physiological and anatomical indicators of HS response in lactating sows 31 

are heritable but highly polygenic. The candidate genes found are associated with 32 

important gene ontology terms and biological pathways related to heat shock protein 33 

activities, immune response, and cellular oxidative stress. Many of the candidate genes 34 

with pleiotropic effects are involved in catalytic activities to reduce cell damage from 35 

oxidative stress and cellular mechanisms related to immune response.  36 

 37 

Keywords: climatic resilience, pleiotropy, Landrace, Large White, maternal-line pigs, 38 

GWAS  39 

 40 

Background 41 

Global warming has become a major concern for the long-term sustainability of 42 

livestock production. The ten warmest years on record since 1880 have all occurred after 43 

2010, and the nine years from 2014 to 2022 are the nine warmest years on record [1]. 44 

These higher temperatures have a direct impact on animal production systems due to 45 

increased incidence of heat stress (HS) [2]. The absence of functional sweat glands in 46 

pigs limits their ability to use evaporative heat loss through sweating, reducing their 47 

thermoregulation ability in hot environments [2, 3]. Furthermore, intensive genetic 48 

selection for greater productive and reproductive performance has been associated with 49 

an increased metabolic heat production, making the animals more sensitive to high 50 
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environmental temperatures [4]. In this context, breeding for greater heat tolerance could 51 

improve the animals’ ability to cope with HS conditions. 52 

Breeding pigs for improved resilience to HS is possible as there is genetic 53 

variability in their response to HS [5–8]. One alternative for genetically identifying 54 

animals that perform better under HS conditions is through the use of reaction norm 55 

approach that model the genetic merit of an individual over an environmental gradient 56 

[9]. In general, reaction norm models are based on variability in performance traits across 57 

a continuous environmental gradient. Estimated breeding values for heat tolerance (slope 58 

of the reaction norms) based on this approach tend to be unfavorably correlated with the 59 

level of production (e.g., [7]). Therefore, identifying physiological, behavioral, and 60 

anatomical indicators of HS response that could be incorporated in selection indexes to 61 

breed for improved climatic resilience is promising in modern pig breeding programs 62 

[10]. Breeding for indicators of HS response could capture additional biological 63 

mechanisms involved in HS response and enable improvements in climatic resilience 64 

without compromising productivity [11]. Johnson et al. [10] described several traits as 65 

HS response indicators, such as skin and automatically-recorded vaginal temperatures, 66 

and respiration rate, and Freitas et al. [11] showed that these traits are heritable, i.e., they 67 

can be improved through genetic selection. Understanding the genetic background of 68 

these novel traits is a key step before including them in a breeding scheme. This includes 69 

the detection of quantitative trait loci (QTL) and the identification of candidate genes and 70 

biological pathways controlling the phenotypic expression of these HS indicator traits.  71 

Genome-wide association studies (GWAS) enable the identification of genomic 72 

markers statistically associated with the traits of interest. GWAS is based on the principle 73 

of identifying genomic markers in linkage disequilibrium (LD) with the QTL affecting 74 

the trait of interest [12]. Various studies have reported genomic regions associated with 75 
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heat tolerance based on reaction norm models for reproductive traits [6] and productive 76 

traits such as hot carcass weight [8, 13]. Kim et al. [14] did not identify significant 77 

markers associated with respiration rate, rectal temperature, and skin temperature in 78 

crossbred gilts, however, they did report some genes known to be involved in 79 

physiological adaptation to general stressors. However, there is still a lack of studies 80 

aiming to identify candidate genes associated with physiological indicators of HS, such 81 

as vaginal temperature, skin temperature, and respiration rate in pigs using many 82 

phenotypic records and genomic markers.  83 

Heat stress indicator traits may share metabolic pathways. A single locus can be 84 

involved in the expression of more than one trait, which is a phenomenon known as 85 

pleiotropy [15]. Pleiotropy occurs when a single causal variant or multiple variants within 86 

the same gene (or region) are associated with different phenotypes. Furthermore, 87 

pleiotropy also occurs when one phenotype causes a second phenotype, and a genetic 88 

variant is directly associated with the initial phenotype [16]. Pleiotropy is one of the 89 

causes of genetic correlation between traits. In this context, Freitas et al. [11] reported 90 

positive and moderate to high genetic correlations among physiological indicators of HS 91 

response such as skin temperature, vaginal temperature, panting score, and respiration 92 

rate. Identifying genes with pleiotropic effects and the genetic correlation between traits 93 

allows breeders to understand the biological results of the correlated response in multiple-94 

trait selection. In this context, the primary objectives of this study were to identify 95 

genomic regions associated with physiological and anatomical indicators of HS response 96 

in lactating sows using imputed whole-genome sequence (WGS) data and identify 97 

pleiotropic variants. In addition, candidate genes, gene ontology (GO) terms, and 98 

metabolic pathways were identified in the significant genomic regions associated with 99 

the HS responses of lactating sows. 100 
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Results 101 

Overview 102 

We performed GWAS for 18 indicators of HS response and anatomical traits in 103 

crossbred lactating sows (Large White x Landrace) and found candidate genes and 104 

pleiotropic variants affecting these traits. The thermoregulatory indicator traits evaluated 105 

were ear skin temperature (TES), shoulder skin temperature (TSS), rump skin temperature 106 

(TRS), tail skin temperature (TTS), respiration rate (RR), panting score (PS), vaginal 107 

temperature automatically measured every 10 min (TVall), the average of the six records 108 

per hour corresponding to 0800, 1200, 1600, and 2000 h during four days (TV4days), and 109 

single records corresponding to 0800, 1200, 1600, and 2000 h measured at the first day 110 

of collection (TV8h, TV12h, TV16h, TV20h, respectively). The anatomical traits evaluated were 111 

hair density (HD), body size (BS), body condition score (BCS) using a sow caliper 112 

(BCScal), visual BCS (BCSvis), ear length (EL), and ear area (EA). The variance 113 

components and genetic parameters for the traits evaluated in this study have been 114 

previously reported by Freitas et al. [11]. A description of all the studied traits and their 115 

corresponding heritability estimates, as previously reported by Freitas et al. [11], is 116 

presented in Table 1. The significant SNPs were identified based on their respective p-117 

values, with adjustment for multiple testing using the Bonferroni correction at a 118 

significance level of α = 0.05 for genome-wide significance. To take into account the 119 

dependence among tests due to linkage disequilibrium, α was divided by the number of 120 

independent chromosome segments (𝑀𝑒). 121 

 122 

Table 1. Description of the evaluated traits and heritability estimates reported by Freitas 123 

et al. [11]  124 
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Trait Name 
Trait 

abbreviation 

aDescription bh2 

Ear skin 

temperature 
TES 

Ear skin surface temperature collected at 0800, 

1200, 1600, and 2000 h daily during a period of four 

consecutive days. 

0.04 ± 0.01 

Shoulder 

skin 

temperature 

TSS 

Shoulder skin surface temperature collected at 0800, 

1200, 1600, and 2000 h daily during a period of four 

consecutive days. 

0.06 ± 0.01 

Rump skin 

temperature 
TRS 

Rump skin surface temperature collected at 0800, 

1200, 1600, and 2000 h daily during a period of four 

consecutive days. 

0.06 ± 0.01 

Tail skin 

temperature 
TTS 

Tail skin surface temperature collected at 0800, 

1200, 1600, and 2000 h daily during a period of four 

consecutive days. 

0.05 ± 0.01 

Respiration 

Rate 
RR 

Respiration rate was measured by counting flank 

movements for 15 s and multiplying by 4 to calculate 

breaths per minute (bpm) at 0800, 1200, 1600, and 

2000 h daily during four consecutive days. 

0.06 ± 0.01 

Panting 

score 
PS 

A subjective panting score assessed at 15:30 h 

during four consecutive days and scored from 0 to 3 

(0: if it was with closed mouth and normal breathing; 

1: closed mouth and rapid breathing; 2: open mouth 

and rapid breathing; 3: open mouth and rapid 

breathing with obvious salivation). 

0.05 ± 0.01 



107 
 

This paper is under review at BMC Genomics. 

 

Vaginal 

temperature 

- All records 

TVall 

Vaginal temperature automatically recorded in 10 

min intervals over four days using calibrated 

thermochron temperature recorders. 

0.15 ± 0.02 

Vaginal 

temperature 

- 4 days 

TV4days 

The average vaginal temperature of the six records 

per hour corresponding to 0800, 1200, 1600, and 

2000 h during four consecutive days. 

0.22 ± 0.03 

Vaginal 

temperature 

at 8:00 h 

TV8h 

The average vaginal temperature of the six records 

per hour corresponding to 0800 h on the first day of 

collection. 

0.25 ± 0.05 

Vaginal 

temperature 

at 12:00 h 

TV12h 

The average vaginal temperature of the six records 

per hour corresponding to 1200 h on the first day of 

collection. 

0.29 ± 0.05 

Vaginal 

temperature 

at 16:00 h 

TV16h 

The average vaginal temperature of the six records 

per hour corresponding to 1600 h on the first day of 

collection. 

0.22 ± 0.03 

Vaginal 

temperature 

at 20:00 h 

TV20h 

The average vaginal temperature of the six records 

per hour corresponding to 2000 h on the first day of 

collection. 

0.22 ± 0.03 

Hair density HD 

A subjective visual score ranging from 0 to 2, being 

the score 0 = hairless or limited hair cover, 1 = 

normal or moderate hair cover, and 2 = sow with 

greater than normal hair cover. 

0.57 ± 0.09 

Body size BS 
A visual score of the animal's body size into three 

categories: small, medium, or large. 
0.53 ± 0.06 
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Body 

condition 

score - 

caliper 

BCScal 
Body condition score measured using a sow caliper 

tool. 
0.60 ± 0.07 

Body 

condition 

score - 

visual 

BCSvis 

A visual body condition score based on five 

categories: 1 = emaciated, 2 = thin, 3 = ideal, 4 = fat, 

and 5 = overly fat. 

0.53 ± 0.07 

Ear area EA 

The ear area was calculated using a photo taken with 

a digital camera, where a 10.2 × 15.2 cm grid card 

containing 1 cm × 1 cm squares was placed next to 

the sows’ ear. 

0.57 ± 0.12 

Ear length EL 

The ear length was calculated using a photo taken 

with a digital camera, where a 10.2 × 15.2 cm grid 

card containing 1 cm × 1 cm squares was placed next 

to the sows’ ear. 

0.53 ± 0.12 

aData collection protocols have been described by Johnson et al. [10] and Freitas et al. 

[11] 

bThese heritability estimates were previously reported by Freitas et al. [11] 

 125 

Genome-wide association and post-GWAS indicators of heat stress response 126 

in lactating sows 127 

The medium-density genotypes were imputed to WGS using the Swine 128 

Imputation (SWIM) Server [17] and the imputed genotypes were used to perform GWAS 129 

for all traits included in the study. A total of 1,388 SNPs across 16 chromosomes were 130 

associated with TES, TSS, TRS, TTS, RR, PS, TVall, TV8h, HD, BCScal, and EA (Table S1). 131 
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TSS and TRS are influenced by many significant genomic regions located on many 132 

chromosomes (Figure 1.b-c), indicating that these traits are highly polygenic. For TES, 133 

significant peaks located on chromosomes 5, 7, 12, and 16 were identified (Figure 1.a), 134 

while for TTS, we observed significant peaks located on chromosomes 4, 6, and 15 (Figure 135 

1.d). Two significant genomic regions located on chromosomes 7 and 8 were identified 136 

for RR (Figure 1.e) and one significant region on chromosome 9 was found to be 137 

associated with PS (Figure 1.f). 138 

The Manhattan plots for vaginal temperature traits are shown in Figure 2. One 139 

significant marker was observed on chromosome 1 (Figure 2.a) for TVall, and one 140 

significant peak (228 SNPs) on chromosome 2 for TV8h (Figure 2.c). No significant SNPs 141 

were observed for TV4days, TV12h, TV16h, and TV20h after Bonferroni correction for multiple 142 

tests (Figure 2). Figure 3 shows the results of GWAS for anatomical traits. Two 143 

significant SNPs located on chromosomes 2 and 7 and a significant peak (13 SNPs) on 144 

chromosome 15 were identified for HD (Figure 3.a). Four significant SNPs located on 145 

chromosome 13 were found to be associated with BCScal (Figure 3.c), while three 146 

significant SNPs on chromosome 7 were identified to be associated with EA (Figure 3.e). 147 

No significant SNPs were observed for BS, BCSvis, and EL after multiple testing 148 

correction (Figure 3). The Q-Q plots for the GWAS analyses for all evaluated traits are 149 

presented in Figures S1-S3 (Additional File 1). The lambda values (genomic inflation 150 

factor) ranged from 1.00 to 1.32. 151 

 152 
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 153 

Figure 1. Manhattan plots for skin temperatures, respiration rate and panting score using 154 

whole genome sequence data. 155 

-log10(p-values) for ear skin temperature (TES; a), shoulder skin temperature (TSS; b), 156 

rump skin temperature (TRS; c), tail skin temperature (TTS; d), respiration rate (RR; e), 157 

and panting score (PS; f). Genome-wide significance level is shown in a red line. 158 

 159 

Genomic windows of 100 kb on each side of significant genomic markers were 160 

used to identify candidate genes associated with each trait, as shown in Table S2. A total 161 

of 26, 151, 102, 35, 63, eight, two, 93, four, four, and 11 genes were identified to be 162 

associated with TES, TSS, TRS, TTS, RR, PS, TVall, TV8h, HD, BCScal, and EA, respectively. 163 

The functional enrichment analyses enabled the identification of 20 GO terms (five 164 

biological processes, four cellular components, and 11 molecular functions), and 11 165 
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metabolic pathways (Table 2). The complete list of all GO and metabolic pathways 166 

identified, including those considered to be statistically significant and suggestive, are 167 

shown in Table S3. 168 

 169 

Figure 2. Manhattan plots of GWAS for vaginal temperatures using whole genome 170 

sequence data. 171 

-log10(p-values) for all measures (every 10 minutes) of vaginal temperatures for four 172 

days (TVall; a), four-time measures of vaginal temperatures for four days (TV4days; b), 173 

vaginal temperature measured on the first day at 8:00 (TV8h; c), at 12:00 (TV12h; d), at 174 

16:00 (TV16h; e), and at 20:00 (TV20h; f). Genome-wide significance level is shown in a 175 

red line. 176 

 177 
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 178 

Figure 3. Manhattan plots of GWAS for anatomical traits using whole genome sequence 179 

data. 180 

-log10(p-values) for hair density (HD; a), body size (BS; b), body condition score using 181 

a sow caliper (BCScal; c) and visual (BCSvis; d), ear area (EA; e), and ear length (EL; f). 182 

Genome-wide significance level is shown in a red line. 183 
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Table 2. Significant gene ontology terms and pathways for heat stress related traits 184 

Trait Category Term p-value Genes 

EA Pathway ssc04659 Th17 cell differentiation 0.0477  HSP90AB1, NFKBIE 

RR 
Biological 
process GO:0042026 protein refolding 0.0322  ENSSSCG00000029160, HSPA1L 

RR 
Biological 
process 

GO:0034620 cellular response to unfolded 
protein 0.0390  ENSSSCG00000029160, HSPA1L 

RR 
Biological 
process 

GO:0007130 synaptonemal complex 
assembly 0.0412  BAG6, EHMT2 

RR 
Biological 
process GO:0006402 mRNA catabolic process 0.0412  LSM2, DXO 

RR 
Molecular 
function GO:0051787 misfolded protein binding 0.0010  BAG6, ENSSSCG00000029160, HSPA1L 

RR 
Molecular 
function GO:0016597 amino acid binding 0.0171  AARS2, DDAH2 

RR 
Molecular 
function 

GO:0002161 aminoacyl-tRNA editing 
activity 0.0214  AARS2, VARS1 

RR 
Molecular 
function GO:0005496 steroid binding 0.0298  CYP21A2, NR3C2 

RR Pathway 
ssc04610 Complement and coagulation 
cascades 0.0130  CFB, C4A, C2 

RR Pathway ssc05150 Staphylococcus aureus infection 0.0169  CFB, C4A, C2 

RR Pathway ssc03040 Spliceosome 0.0295  LSM2, HSPA1L, CDC5L 

TES 
Molecular 
function 

GO:0005229 intracellular calcium 
activated chloride channel activity 0.0182  ANO4, TTYH2 

TES 
Molecular 
function GO:0003777 microtubule motor activity 0.0444  KIF19, DNAI2 
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TES 
Molecular 
function GO:0005254 chloride channel activity 0.0454  ANO4, TTYH2 

TRS, 
TSS 

Cellular 
component 

GO:0098797 plasma membrane protein 
complex 0.0308  EVC2, EVC 

TRS, 
TSS 

Cellular 
component GO:0005634 nucleus 0.0387  

NR1D1, THRA, ADNP2, NIF3L1, PIP4K2A, 

MRPS18C, ORC2, EBF1, NUDT12, CLK1, CDC6, 

SAMD13, PARD6G, EVC2, RNASEH2B, HSBP1L1, 

ABRAXAS1, HELQ, FUBP1 

TRS, 
TSS 

Molecular 
function 

GO:0070181 small ribosomal subunit 
rRNA binding 0.0271  MRPS18C, ABRAXAS1 

TRS, 
TSS 

Molecular 
function 

GO:0003688 DNA replication origin 
binding 0.0437  ORC2, CDC6 

TRS Pathway ssc01100 Metabolic pathways 0.0486  

STT3B, COQ2, UOX, ALG9, NUDT12, 

ENSSSCG00000016093, GPAT3, 

ENSSSCG00000003754, ENSSSCG00000024765, 

PIP4K2A, HPSE 

TTS 
Biological 
process GO:0007098 centrosome cycle 0.0275  SSX2IP, PARD6G 

 185 
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Pleiotropic effects 186 

As traits are correlated and pleiotropic effects are expected, a multiple-trait 187 

analysis, as proposed by Bolormaa et al. [18] was also performed. First, the traits were 188 

decorrelated using Cholesky transformation [19, 20] and grouped into seven categories: 189 

skin surface temperature traits (TES, TSS, TRS, and TTS), vaginal temperatures (TVall, 190 

TV4days, TV8h, TV12h, TV16h, and TV20h), indicators of animal temperature (i.e., all skin 191 

surface and vaginal temperature traits), respiration rate traits (RR and PS), 192 

thermoregulatory indicators (i.e., all skin surface temperatures, vaginal temperatures, and 193 

respiration traits), anatomical traits (BCScal, BCSvis, HD, BS, EA, and EL), and a 194 

combination of all traits.  195 

We identified one significant SNP with potential pleotropic effect for the skin 196 

temperature group of traits, six significant variants for the vaginal temperatures group of 197 

traits, six significant markers for the group of traits related to animal temperature, one 198 

significant marker for respiration rate traits, four significant markers for the 199 

thermoregulatory traits, and 21 significant markers for anatomical traits (Figure 4). The 200 

significant marker observed for the skin temperatures group was also observed for the 201 

group containing all traits. The same significant region on chromosome 7 was observed 202 

for vaginal temperature and animal temperature groups, which was also observed for the 203 

thermoregulatory traits group.  204 

Seven, five, six, two, seven, 15, and 14 genes were identified for the trait groups 205 

of vaginal temperature, animal temperatures, respiration traits, thermoregulatory traits, 206 

anatomical traits, and all traits, respectively (Table 3). Five common genes (ENPP5, 207 

ENPP4, RCAN2, U6, and CLIC5) were annotated for the vaginal temperatures, animal 208 

body temperatures, and thermoregulatory traits groups. Only one significant (p = 0.0269) 209 

GO term of biological process (GO:0007605 - Sensory perception of sound) for the 210 
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animal temperatures group, involving the annotated genes ADGRV1 and CLIC5 was 211 

identified.  212 

 213 

Figure 4. Manhattan plots for multiple-trait analysis for different categories of traits. 214 

(a) The category skin temperatures included the traits ear skin temperature (TES), shoulder 215 

skin temperature (TSS), rump skin temperature (TRS), tail skin temperature (TTS). (b) The 216 

category vaginal temperatures included all measures (every 10 minutes) of vaginal 217 

temperatures for four days (TVall), four-time measures of vaginal temperatures for four 218 
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days (TV4days), vaginal temperature measured on the first day at 8:00 (TV8h), at 12:00 219 

(TV12h), at 16:00 (TV16h), and at 20:00 (TV20h). (c) The category animal temperature 220 

included the traits TES, TSS, TRS, TTS, TVall, TV4days, TV8h, TV12h, TV16h, and T20h. (d) The 221 

category respiration traits included respiration rate (RR) and panting score (PS). (e) The 222 

category thermoregulatory traits included the traits TES, TSS, TRS, TTS, TVall, TV4days, TV8h, 223 

TV12h, TV16h, T20h, RR, and PS. (f) The category anatomical traits included the traits hair 224 

density (HD), body size (BS), body condition score using a sow caliper (BCScal) and 225 

visual (BCSvis), ear area (EA), and ear length (EL). (g) The category all traits included 226 

the traits (TES, TSS, TRS, TTS, TVall, TV4days, TV8h, TV12h, TV16h, T20h, RR, PS, HD, BS, 227 

BCScal, BCSvis, EA, and EL). Genome-wide significance level is shown in a red line. 228 

 229 

Discussion 230 

Genome-wide association for heat stress indicators 231 

The traits evaluated in this study included physiological and anatomical indicators 232 

of heat stress response in lactating sows. The physiological indicators are response to 233 

mechanisms used by the animal to dissipate heat, such as increasing body temperature 234 

and respiration rate [21, 22]. The anatomical indicators are anatomical characteristics that 235 

affect the ability of the animal to dissipate heat, such as the animal’s surface area, hair 236 

density, and body mass [23]. The heritability estimates for the traits evaluated in this study 237 

were previously reported by Freitas et al. [11]. Skin temperatures (i.e., TES, TSS, TRS, and 238 

TTS), RR, and PS exhibited low heritability estimates, ranging from 0.04 to 0.06; vaginal 239 

temperatures (i.e., TVall, TV4days, TV8h TV12h, TV16h, and TV20h) were moderately heritable, 240 

with estimates ranging from 0.15 to 0.29 [11]; and, anatomical traits (i.e., BCScal, BCSvis, 241 

HD, BS, EA, and EL) showed moderate to high heritability estimates, ranging from 0.25 242 

to 0.40 [11]. 243 
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Table 3. Candidate genes with pleiotropic effects for physiological and anatomical indicators of heat stress response 244 

Category1 Chr2 Position (bp) Genes Biotype 

Skin temperatures 

2 95,549,933 TMEM161B protein coding 
2 95,549,933 ENSSSCG00000054377 lncRNA 
2 95,549,933 ENSSSCG00000044415 lncRNA 
2 95,549,933 ENSSSCG00000061590 lncRNA 
2 95,549,933 ENSSSCG00000053188 lncRNA 
2 95,549,933 ENSSSCG00000051977 lncRNA 
2 95,549,933 U6 snRNA 

Vaginal 
temperatures 

7 40,890,048 ENPP4 protein coding 
7 40,890,048 ENPP5 protein coding 
7 40,890,048 RCAN2 protein coding 

7 40,722,404 – 40,890,048 CLIC5 protein coding 

7 40,722,404 – 40,890,048 U6 snRNA 

Animal 
temperatures 

2 98,311,250 ADGRV1 protein coding 
2 98,311,250 ENSSSCG00000058343 lncRNA 
2 98,311,250 ENSSSCG00000060683 lncRNA 
2 98,311,250 ENSSSCG00000057324 lncRNA 
2 98,311,250 ENSSSCG00000060037 lncRNA 
2 98,311,250 U6 snRNA 

2 101,726,071 – 101,807,832 MCTP1 protein coding 

2 101,807,832 ENSSSCG00000045627 protein coding 
2 102,512,272 ENSSSCG00000039731 protein coding 
2 102,512,272 ELL2 protein coding 
2 102,512,272 ENSSSCG00000048636 lncRNA 
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7 40,890,048 ENPP4 protein coding 
7 40,890,048 ENPP5 protein coding 
7 40,890,048 RCAN2 protein coding 

7 40,722,404 - 40,890,048 CLIC5 protein coding 

7 40,722,404 - 40,890,048 U6 snRNA 

Respiration traits 
1 32,189,900 AKAP7 protein coding 
1 32,189,900 ENSSSCG00000062940 lncRNA 

Thermoregulatory 
traits 

7 40,890,048 ENPP4 protein coding 
7 40,890,048 ENPP5 protein coding 
7 40,890,048 RCAN2 protein coding 
7 40,890,048 CLIC5 protein coding 
7 40,890,048 U6 snRNA 

12 54,342,040 – 54,347,768 NTN1 protein coding 

12 54,342,040 – 54,347,769 STX8 protein coding 

Anatomical traits 

10 68,752,585 ENSSSCG00000011162 protein coding 

10 68,752,585 – 69,231,514 DIP2C protein coding 
10 69,069,560 – 69,352,432 ZMYND11 protein coding 
10 68,752,585 ENSSSCG00000052560 Processed pseudogene 
10 68,752,585 ENSSSCG00000042778 lncRNA 
10 68,752,585 ENSSSCG00000056287 lncRNA 
16 22,842,569 GDNF protein coding 

16 22,823,916 – 22,842,569 WDR70 protein coding 

16 6,726,539 ENSSSCG00000016796 protein coding 
16 8,253,548 CDH18 protein coding 
16 8,687,034 ENSSSCG00000050005 protein coding 
16 6,726,539 ENSSSCG00000051524 lncRNA 
16 8,687,034 ENSSSCG00000060866 lncRNA 
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16 8,687,034 ENSSSCG00000061416 lncRNA 
16 8,687,034 ENSSSCG00000057598 lncRNA 

All traits 

2 95,953,423 ENSSSCG00000060814 lncRNA 
2 95,953,423 ENSSSCG00000063280 lncRNA 
2 95,953,423 ENSSSCG00000055379 lncRNA 
2 95,953,423 ENSSSCG00000060171 lncRNA 
2 95,953,423 ENSSSCG00000059644 lncRNA 
2 95,953,423 ENSSSCG00000056869 lncRNA 
2 95,953,423 ENSSSCG00000056397 lncRNA 
2 95,953,423 ENSSSCG00000053066 lncRNA 
4 121,737,114 ENSSSCG00000059304 lncRNA 
4 121,737,114 ENSSSCG00000057332 lncRNA 
4 121,737,114 ENSSSCG00000061167 lncRNA 
7 85,032,675 MCTP2 protein coding 
7 85,032,675 ENSSSCG00000035989 protein coding 
7 85,032,675 ENSSSCG00000054967 lncRNA 

1The category skin temperatures included the traits ear skin temperature (TES), shoulder skin temperature (TSS), rump skin 

temperature (TRS), tail skin temperature (TTS). The category vaginal temperatures included all measures (every 10 minutes) 

of vaginal temperatures for four days (TVall), four-time measures of vaginal temperatures for four days (TV4days), vaginal 

temperature measured on the first day at 8:00 (TV8h), at 12:00 (TV12h), at 16:00 (TV16h), and at 20:00 (TV20h). The category 

animal temperature included the traits TES, TSS, TRS, TTS, TVall, TV4days, TV8h, TV12h, TV16h, and T20h. The category respiration 

traits included respiration rate (RR) and panting score (PS). The category thermoregulatory traits included the traits TES, 

TSS, TRS, TTS, TVall, TV4days, TV8h, TV12h, TV16h, T20h, RR, and PS. The category anatomical traits included the traits hair 



121 
 

This paper is under review at BMC Genomics. 

 

density (HD), body size (BS), body condition score using a sow caliper (BCScal) and visual (BCSvis), ear area (EA), and 

ear length (EL). The category all traits included the traits (TES, TSS, TRS, TTS, TVall, TV4days, TV8h, TV12h, TV16h, T20h, RR, PS, 

HD, BS, BCScal, BCSvis, EA, and EL). 

2Chr: Chromosome. 

 
245 
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The statistical power of GWAS is impacted by various factors, including trait 246 

heritability [24, 25]. A higher heritability increases statistical power, as heritability is a 247 

key determinant of effect size [24]. Consequently, as heritability increases, the effect size 248 

of each causal variant can also increase, thereby increasing the probability of identifying 249 

causal variants [24, 25]. Additionally, the performance of GWAS can be improved by 250 

using higher density genotyping. Several studies have shown that performing GWAS 251 

using whole-genome sequence (WGS) data can improve QTL detection [26–28] because 252 

it contains most causal mutations in the genome and can enable the identification of 253 

variants that are highly linked and closer to the causal mutations as compared to 254 

genotyping platforms with less SNPs. However, sequencing a large number of animals is 255 

still expensive. A more cost-effective approach is the use of genotype imputation from 256 

low-density to WGS data [28, 29].  257 

In this study, the genomic inflation factor across the 18 evaluated traits ranged 258 

from 1.00 to 1.32, which suggested that the results might be slightly inflated for some 259 

traits. Although the inflation factor may indicate small population structure effects, Yang 260 

et al. [30] showed that significant inflation of test statistics is expected under polygenic 261 

inheritance even when there is no population stratification. Additionally, the genomic 262 

inflation factor reflects the trait heritability and the number of causal variants [30]. The 263 

range of observed values are within those observed in the literature for other complex 264 

traits. Multiple markers located on sixteen chromosomes, each with relatively small effect 265 

sizes (Table S1), were associated with the physiological and anatomical indicators of HS 266 

response in lactating sows, suggesting that these traits are highly polygenic. For some of 267 

the evaluated traits, no significant markers were identified, which could be due to the 268 

study sample size or the polygenic nature of the study traits. Polygenic traits are 269 

influenced by numerous loci with small effects on trait expression, reducing the 270 
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likelihood of identifying significant markers in association studies [31]. Furthermore, 271 

identifying markers associated with such traits requires larger sample sizes and more 272 

phenotypic records to enhance the power of the association analyses [31]. The amount of 273 

data used in this study might not be sufficient to identify associated markers with some 274 

of these traits (e.g., TV4days, TV12h). 275 

Some genomic regions were commonly found to be significant for the skin surface 276 

temperature traits, which was already expected since these traits are highly genetically 277 

correlated (from 0.78 to 0.91) [11]. Additionally, Johnson et al. [10] reported moderate 278 

to high phenotypic correlations for these same traits (from 0.56 to 0.76). As these traits 279 

are highly genetically correlated, genetically selecting for skin temperature measured at 280 

any of the locations evaluated in this study should result in similar genetic progress on all 281 

of them due to indirect genetic responses.  282 

A significant genomic region located on chromosome 2 was associated with 283 

vaginal temperature measured at 800 h. The genes harboring this region included RASA1 284 

(Ras GTPase-Activating Protein 1), a regulator of blood vessel and lymphatic vessel 285 

growth in adult mice and humans. RASA1 induced-deficiency results in a lymphatic vessel 286 

disorder characterized by hyperplasia and leakage [32], which can affect the ability to 287 

vasodilate and dissipate excess body heat through the skin. Another gene found in the 288 

significant genomic region for TV8h was LYSMD3 (LysM Domain Containing 3). This 289 

gene plays a crucial role in the innate immune response by recognizing chitin and fungal 290 

spores, mediating the production of cytokines, and promoting early inflammatory 291 

responses in human lung epithelial cells [33]. For TVall, the candidate gene AKAP7 (A-292 

kinase Anchoring Protein 7), which encodes a protein kinase A-binding scaffolding 293 

molecule, was identified. This gene is crucial in cellular regulatory pathways during viral 294 

infections and influences neuroprotection by enhancing mitochondrial networks and 295 



124 
 

This paper is under review at BMC Genomics. 

 

inhibiting apoptosis under glutamate-induced oxidative stress, being reported as a 296 

cytoprotective factor, potentially preventing tissue damage during viral infections [34–297 

36]. Due to AKAP7’s cytoprotective functions, it might also contribute to preventing 298 

tissue damage in HS conditions. Investigating the same population as in this study, Wen 299 

et al. [37] used random regression models to analyze all automatically-recorded vaginal 300 

temperature records as longitudinal traits. Wen et al. [37] identified two important 301 

genomic regions on chromosomes 10 and 16, containing genes associated with immunity, 302 

protein transport, and energy metabolism. However, in this study, we did not find these 303 

same genomic regions and genes, which might be due to different modeling approaches 304 

and the small effect size of the identified genomic regions.  305 

It is well-known that heat shock proteins (HSP) play an important role in cell 306 

survival under stress conditions, especially HS [38–40]. HSP protects cells from damage 307 

by binding to unfolded or denatured proteins, preventing their aggregation and promoting 308 

their refolding [41, 42]. In addition, HSP helps to restore protein structure and function, 309 

ensuring that essential processes can continue despite the stress [41, 42]. HSP also acts in 310 

the degradation of proteins that cannot be refolded properly and can interact with other 311 

proteins and modulate their activity or stability, influencing various cellular processes 312 

such as cell cycle progression and apoptosis [41]. HSP activities have been reported to 313 

minimize HS-induced cellular death and improve thermotolerance in livestock [43] and 314 

to regulate the immune response, including stimulatory and regulatory functions [44]. In 315 

this study, we found genomic regions associated with TSS, TRS, and TTS overlapping with 316 

HSBP1L1 (Heat Shock Factor Binding Protein 1 Like 1) and regions associated with EA 317 

overlapping with the HSP90AB1 (Heat Shock Protein 90 Alpha Family Class B Member 318 

1) gene. HSBP1L1 is presumed to suppress the heat shock factor transcription under 319 

stress, suggesting that HSBP1L1 may regulate cellular responses to stress and cellular 320 
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heat acclimation [45]. HSP90AB1 encodes a member of the heat shock protein 90 family, 321 

a crucial protein for signal transduction, protein folding, and degradation, playing a 322 

significant role in maintaining protein stability and promoting cell survival, particularly 323 

under cellular stress [46]. Genetic variations in HSP90AB1 have been linked to stress-324 

induced mortality, heat tolerance, and productivity in animals [46].  325 

One of the main responses to HS and mechanisms used for pigs to maintain their 326 

body temperature is increased RR, allowing them to dissipate heat through evaporation 327 

[4, 47, 48]. In the genomic windows around the two significant regions associated with 328 

RR we identified 63 genes, including HSPA1L (Heat Shock Protein Family A -Hsp70 - 329 

Member 1 Like), which encodes a 70kDa heat shock protein crucial for cellular and 330 

molecular responses to HS in livestock. HSPA1L ensures proper protein folding, 331 

unfolding, and refolding, having protective functions alongside other HSPs during HS 332 

events [49]. In the functional analyses, which includes all identified candidate genes for 333 

RR, a biological process related to protein refolding and cellular response to unfolded 334 

protein was revealed based on the GO analyses. Molecular functions of misfolded protein 335 

binding and amino acid binding were also identified, and these functions are linked to 336 

HSP activity.  337 

It is already known that HS affects the immune response in pigs [50–52]. The 338 

genes found to overlap with the significant regions observed for TES include BTBD17 339 

(BTB domain containing 17), PTPRE (Protein Tyrosine Phosphatase Receptor Type E), 340 

and ARNT2 (Aryl Hydrocarbon Receptor Nuclear Translocator 2). BTBD17 has been 341 

reported to be involved in the negative regulation of viral genome replication and viral 342 

response [53, 54]. PTPRE has been shown to repress M2 macrophage activation and may 343 

have a critical role in regulating inflammatory responses and local homeostasis, 344 

particularly in the context of macrophage activation and function [55]. ARNT2 regulates 345 
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immune-related genes, phagocytic cell differentiation, and lymphocyte activity [56]. A 346 

polymorphism in ARNT2 has been linked to reduced macrophage phagocytic activity, 347 

impacting immunity, platelet activation, and phagocytosis in pigs [56]. Additionally, we 348 

also found that the NR1D1 (Nuclear Receptor Subfamily 1 Group D Member 1) gene 349 

harbors genomic markers associated with TSS and TRS. NR1D1 acts as a transcriptional 350 

repressor and is required for establishing and maintaining body temperature rhythm in a 351 

manner adaptable to environmental demands, allowing mammals to adapt to 352 

environmental temperature changes [57].  353 

Previous studies have reported that some anatomical characteristics, such as the 354 

animal’s surface area, hair density, and body mass, can affect the ability of the animal to 355 

dissipate heat [23]. In this study we identified that regions associated with EA overlapping 356 

with the HSP90AB1 (Heat Shock Protein 90 Alpha Family Class B Member 1) gene that 357 

encodes a member of the heat shock protein 90 family, as previously discussed. 358 

Additionally, we found that regions associated with HD overlap with the gene DOCK10 359 

(dedicator of cytokinesis 10). DOCK10 is part of the dedicator of cytokinesis (DOCK) 360 

family proteins, which are expressed at varying levels in lymphocytes and have diverse 361 

effects on immune functions [58]. DOCK10 influences the B cells development, which 362 

play a crucial role in the adaptive immune response by producing antibodies [58]. 363 

In the functional genomic analyses, the molecular functions of intracellular 364 

calcium activated chloride channel activity and chloride channel activity were found to 365 

be associated with TES. The chloride anion plays a key role in regulating cellular 366 

homeostasis, affecting diverse cellular functions, including reactive oxygen species levels 367 

[59]. Oxidative stress stimulates calcium activated chloride channels [60–62], and 368 

promotes cellular and mitochondrial oxidative damage [63]. In addition, the molecular 369 

function of DNA replication origin binding was associate with TSS and TRS and the 370 
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biological process of centrosome cycle was associated with TTS. These two GO terms are 371 

related to cell division and are affected by HS. HS can induce partial DNA re-replication 372 

and centrosome amplification in early S-phase cells [64]. Although HS causes centrosome 373 

degradation, HSP70 protects centrosome proteins from denaturation [65]. In the 374 

functional genomic analysis for RR, we identified two pathways: the pathway of 375 

Staphylococcus aureus infection and the pathway of complement and coagulation 376 

cascades. The latter is a proteolytic cascade in blood plasma and serves as a mediator of 377 

innate immunity, a nonspecific defense mechanism against pathogens [66–68].  378 

 379 

Candidate genes with pleiotropic effects for heat stress-related traits in 380 

lactating sows 381 

Pleiotropy is a well-known effect that occurs when a locus influences more than 382 

one trait [69, 70]. In cases of pleiotropy, if a gene has effects on more than one trait, the 383 

genetic variation associated with one trait may be correlated with the genetic variation of 384 

another trait, resulting in a genetic correlation between the two traits. Freitas et al. [11] 385 

reported high genetic correlations among skin temperature traits (> 0.78) and among 386 

vaginal temperature traits (> 0.75). Similarly, high genetic correlations were observed for 387 

RR with PS (0.87), with BCS measures (0.92), and with ear length and ear area (0.95). 388 

Additionally, low to moderately positive genetic correlations were observed between skin 389 

temperatures and vaginal temperatures (ranging from 0.25 to 0.76). Low genetic 390 

correlations were estimated between vaginal temperatures and BCS (from -0.01 to 0.06), 391 

while all other trait combinations were lowly genetically correlated [11].  392 

Identifying candidate genes with pleiotropic effects is important to understand 393 

how a single gene can affect multiple traits and the common biological pathways involved 394 

in the expression of these traits. In GWAS studies, it is possible to identify the same 395 
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regions or genes affecting different traits, which is termed cross-phenotype associations, 396 

however these associations might not be pleiotropy [70]. Solovieff et al. [70] defined 397 

three categories of pleiotropy: biological pleiotropy, mediated pleiotropy, and spurious 398 

pleiotropy. Biological pleiotropy refers to a genetic variant that directly influences more 399 

than one trait [70, 71]. Mediated pleiotropy is when a variant directly affects a first 400 

phenotype that affects the second phenotype [70, 71]. Spurious pleiotropy can occur due 401 

to some sources of bias, identifying genes that are not truly pleiotropic [70, 71].  402 

In this study, to identify the pleiotropy among the traits, we grouped them as skin 403 

surface temperature traits (TES, TSS, TRS, and TTS), vaginal temperatures (TVall, TV4days, 404 

TV8h, TV12h, TV16h, and TV20h), animal body temperatures (i.e., all skin surface and vaginal 405 

temperature traits), respiration traits (RR and PS), thermoregulatory indicators (i.e., all 406 

skin surface temperatures, vaginal temperatures, and respiration traits), anatomical traits 407 

(BCScal, BCSvis, HD, BS, EA, and EL), and a combination of all traits.  408 

A common genomic region located on chromosome 7 was associated with vaginal 409 

temperature, animal body temperatures, and thermoregulatory traits groups. This region 410 

comprised the genes RCAN2 (Regulator of Calcineurin 2), ENPP5 (Ectonucleotide 411 

Pyrophosphatase/Phosphodiesterase Family Member 5), ENPP4 (Ectonucleotide 412 

Pyrophosphatase/Phosphodiesterase 4), CLIC5 (Chloride Intracellular Channel 5), and 413 

U6 (U6 small nuclear RNA). ENPP5 and ENPP4 belong to the ectonucleotide 414 

pyrophosphatase/phosphodiesterase (ENPP) family of genes encoding a group of proteins 415 

that have enzymatic activity involved in the hydrolysis of nucleotides [72]. Based on their 416 

sequence homology, ENPP4 and ENPP5 have been described as putative ENPP 417 

ectoenzymes [73]. The ectoenzymes are found on leukocytes and endothelial cells and 418 

play a crucial role in regulating leukocyte trafficking [74]. RCAN2 is a gene that encodes 419 

a protein involved in the regulation of the calcineurin signaling pathway. This protein is 420 
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involved in many physiological processes by binding to the catalytic domain of 421 

calcineurin A and inhibiting calcineurin-mediated nuclear translocation of the 422 

transcription factor NFATC1 (nuclear factor of activated T cells 1) [75, 76]. Inactivation 423 

of the RCAN2 gene in mice reduced age- and diet-induced obesity by causing a reduction 424 

in feed intake [77]. CLIC5 encodes a member of the chloride intracellular channel (CLIC) 425 

family of chloride ion channels that regulates chloride transport and interacts with the 426 

cortical actin cytoskeleton in polarized epithelial cells [78]. U6 is a small nuclear RNA 427 

(snRNA) involved in catalytic steps of pre-mRNA splicing [79]. This common genomic 428 

region identified for vaginal temperatures, animal body temperatures, and 429 

thermoregulatory traits groups might be relevant for thermoregulatory indicators since 430 

the genes annotated in this region are involved in immune response and in catalytic 431 

activities to reduce cell damage caused by oxidative stress.   432 

The candidate genes MCTP1 (Multiple C2 And Transmembrane Domain 433 

Containing 1), and ELL2 (Elongation Factor for RNA Polymerase II 2), both located on 434 

chromosome 2, were candidate genes for animal temperature traits that also presented 435 

pleiotropic effects. MCTP1 regulates endocytic recycling in central nervous system 436 

neurons and synapses, and possibly cellular vesicle retrieval and oxidative stress [80], 437 

which might influence HS response since it also causes cellular oxidative stress. ELL2 438 

has been reported to contribute to prostate homeostasis and potentially acts as a tumor 439 

suppressor in the development and progression of prostate cancer cells [81, 82]. 440 

Additionally, it regulates plasma cell gene expression, including immunoglobulin 441 

production in plasma cells  [83]. Therefore, it is possible that the ELL2 gene may 442 

influence immune response when the sows are under HS conditions.  443 

We also annotated the protein-coding genes NTN1 (Netrin-1) and STX8 (Syntaxin 444 

8) located on chromosome 12 for the thermoregulatory traits group. NTN1 belongs to a 445 
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family of laminin-related secreted proteins and contributes to the regulation of 446 

inflammation by influencing cell migration [84, 85]. NTN1 is involved in immune 447 

response modulation, regulation of inflammation, and leukocyte infiltration [84]. STX8 448 

has been identified as a key player in the efficient sorting and trafficking of cytotoxic 449 

molecules to functional lytic granules in cytotoxic T lymphocytes in humans [86]. Both 450 

NTN1 and STX8 contribute significantly to the immune response, particularly in 451 

combating pathogens through the actions of macrophages and cytotoxic T cells.  452 

For the RR group of traits, the gene AKAP7 located on chromosome 1 was 453 

annotated. AKAP7 is a gene encoding a protein kinase A-binding scaffolding molecule 454 

associated with a cellular regulatory pathway during viral infections [34, 35]. In addition, 455 

this gene promotes neuroprotection by enhancing mitochondrial networks and blocking 456 

apoptosis in glutamate-induced oxidative stress [36]. According to Gusho et al. [34], 457 

AKAP7 may serve as a cytoprotective factor and potentially prevent tissue damage during 458 

viral infections. Several candidate genes with pleiotropic effects for physiological 459 

indicators of HS response in lactating sows were associated with immune response, 460 

supporting the already reported effects of HS on immune responses [50–52]. 461 

The gene TMEM161B (Transmembrane Protein 161B), located on chromosome 462 

2, was found to be a candidate gene with pleiotropic effects for skin temperature traits. In 463 

zebrafish and mice, TMEM161B is linked with cardiac rhythm, preventing arrhythmic 464 

calcium oscillations, and ensuring proper blood flow for the developing embryo [87]. 465 

Moreover, studies indicate that increasing vasodilatation elevates skin blood flow, 466 

increasing skin temperature [88], which facilitates heat dissipation. In humans, 467 

TMEM161B has been reported to regulate cerebral cortical gyration, Sonic Hedgehog 468 

signaling, and ciliary structure in the developing central nervous system [89]. This gene 469 

might be important under HS conditions, where the sympathetic nervous system 470 
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coordinates adjustments in cardiac rhythm and skin blood flow as response to thermal 471 

challenges [90, 91]. The rate of skin blood flow is primarily determined by body 472 

temperatures, and above an internal body temperature threshold for vasodilation, the 473 

increase in skin blood flow is proportional to the increase in internal temperature 474 

managing the impact of increased skin blood flow and heat transfer requirements on the 475 

circulatory system  [91, 92]. 476 

For the anatomical traits group, the candidate genes with pleiotropic effects found 477 

included ZMYND11 (Zinc finger MYND-type containing 11) and DIP2C (Disco 478 

Interacting Protein 2 homolog C) located on chromosome 10, and GDNF (Glial Cell 479 

Derived Neurotrophic Factor) and CDH18 (Cadherin 18) on chromosome 16. ZMYND11, 480 

a multidomain protein, modulates RNA polymerase activity and regulates splicing. This 481 

gene was differentially regulated in response to thermal stress in sockeye and pink salmon 482 

[93] and in chicken pituitary under heat stress [94]. ZMYND11 has been associated with 483 

neurodevelopmental disorders, global developmental delay, seizures, and hypotonia, and 484 

it is a potential causative gene in complex neurodevelopmental phenotypes [95–97]. 485 

While the biological functions of DIP2C are not entirely clear, it may regulate neuronal 486 

differentiation and early embryonic nervous development [98], as well as overall brain 487 

development and function [99]. GDNF is essential for maintaining neuronal 488 

morphological and neurochemical phenotypes, and protecting dopaminergic neurons 489 

from toxic damage [100]. It has several positive effects on the nervous system, including 490 

viability, proliferative activity, and migratory ability of cells [101]. CDH18 has been 491 

associated with neuropsychiatric disorders in humans [102] and tumor suppressors [103, 492 

104]. The candidate genes with pleiotropic effect for anatomical traits influence nervous 493 

system functions. The response to heat stress involves complex interactions between the 494 

brain and various neurotransmitter systems [105]. Furthermore, prolonged exposure to 495 
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HS conditions can negatively affect central nervous system, leading to cognitive and 496 

neurological sequelae [106].  497 

 498 

Implications and limitations 499 

Understanding the genetic background of physiological and anatomical traits 500 

related to HS response is valuable for breeding programs aimed to improve HS resilience 501 

in pigs. In this study we identified many genomic regions associated with indicators of 502 

HS response in lactating sows, but the QTL presented small effect sizes indicating that 503 

the traits are highly polygenic. The candidate genes for indicators of HS response 504 

evaluated are associated with catalytic activities to reduce cell damage from oxidative 505 

stress and cellular mechanisms related to immune response. Furthermore, gene ontology 506 

terms and pathways involved in heat shock protein activities, immune response, and 507 

oxidative cellular stress were found, which inform biological mechanisms related to heat 508 

tolerance and resilience in pigs. Additionally, in this study we identified variants with 509 

potential pleiotropic effects and influence in multiple indicators of HS response in 510 

lactating sows. This information allows breeders to design programs that could maximize 511 

genetic gain across multiple traits for more comprehensive improvements in animal 512 

populations. The utilization of imputed whole-genome sequencing (WGS) enabled the 513 

identification of significant variants that were absent on the medium-density SNP array. 514 

Additionally, pleiotropic variants can be filtered and included in the SNP array [107], 515 

which would benefit breeding programs focusing on selecting animals with greater 516 

climatic resilience. However, further investigations are required to assess pleiotropy 517 

between HS response indicators and traits related to production and reproduction. This 518 

evaluation is crucial to determine the importance of these variants for other relevant traits. 519 
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The use of crossbred animals represents a limitation of this study, as different 520 

genomic regions may be associated with the same indicators of HS response in purebred 521 

populations. This discrepancy arises because allelic frequencies vary across populations 522 

and breeds. Additionally, the dataset is not large, and the animals are from a single farm. 523 

Therefore, caution should be taken when extrapolating findings from crossbred animals 524 

to purebred populations, as the genetic background of the populations can significantly 525 

influence the observed associations between genomic regions and HS response indicators.  526 

In future studies, the incorporation of economically important traits associated 527 

with reproductive and productive performance would allow the understanding of 528 

pleiotropy between these traits and those related to HS response. This expanded 529 

knowledge would provide valuable insights for creating selection indexes, enabling the 530 

identification of animals that are not only more resilient to HS but also capable of 531 

maintaining high productivity.  532 

 533 

Conclusions 534 

In this study we identified numerous genomic regions significantly associated 535 

with indicators of HS response in lactating sows. The significant variants have small 536 

effects, indicating the highly polygenic nature of the traits evaluated. The candidate genes 537 

for physiological and anatomical indicators of HS response are associated with gene 538 

ontology terms and pathways involved in heat shock proteins activities, immune 539 

response, and oxidative cellular stress. The indicators of HS response exhibited 540 

pleiotropic effects, suggesting that multiple genomic regions influence various 541 

physiological and anatomical indicators of HS response. Many candidate genes with 542 

potential pleiotropic effects are associated with catalytic activities to reduce cell damage 543 

from oxidative stress and cellular mechanisms related to immune response were 544 
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identified, providing valuable insights for breeding programs aimed at improving HS 545 

resilience in pigs. The findings have significant implications for advancing breeding 546 

programs aimed at improving heat tolerance in pigs. 547 

 548 

Materials and Methods 549 

 550 

Animals and genotypes  551 

The data used in this study was previously described by Johnson et al. [10] and 552 

Freitas et al. [11]. In summary, the phenotypes were collected from 1,645 multiparous 553 

lactating sows (Large White x Landrace cross) at a commercial sow farm located in Maple 554 

Hill, North Carolina, USA. A total of 1,639 sows were genotyped using the 555 

PorcineSNP50K (50,703 SNPs) Bead Chip (Illumina, San Diego, CA, USA). The quality 556 

control applied to the genotypes consisted of removing animals with a call rate lower than 557 

0.80 and SNPs with a call rate lower than 0.90, and SNPs located on non-autosomal 558 

chromosomes. After quality control, 36,258 SNPs for 1,622 animals remained for further 559 

analyses. The genotypes were imputed to WGS containing 34,615,361 SNPs using the 560 

Swine Imputation (SWIM) Server [17]. The reference population consisted of 2,259 561 

animals from various breeds, including 615 Landrace and 543 Large White, and 25 562 

Landrace x Large White crossbred animals [17].  563 

After genotype imputation, additional quality control was performed, removing 564 

variants with impute scores lower than 0.85, animals and SNPs with missing rates greater 565 

than 0.10, minor allele frequency (MAF) lower than 0.05, and extreme p-values for 566 

Hardy-Weinberg equilibrium tests lower than 1x10-15. Data from 7,065,922 SNPs for 567 

1,622 animals remained for subsequent analyses. LD-based pruning was performed 568 

considering a pairwise correlation coefficient threshold of 0.90 between markers, and a 569 
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window size of 10 markers, with a step size of five markers, retaining 1,710,312 SNPs. 570 

Some advantages of performing LD pruning are to reduce redundancy and confounding 571 

factors that may interfere with statistical analyses and reduce the number of tests 572 

performed improving the power of the analyses [108]. Genotyping data was pre-573 

processed using the Plink software [109]. 574 

 575 

Phenotypic records 576 

The description of the phenotypes evaluated in this study are presented in Table 577 

1. In summary, the thermoregulatory indicators of HS response phenotypes collected 578 

were respiration rate (RR), ear skin temperature (TES), shoulder skin temperature (TSS), 579 

rump skin temperature (TRS) tail skin temperature (TTS), vaginal temperatures, and 580 

panting score (PS). RR and skin surface temperatures were collected at 0800, 1200, 1600, 581 

and 2000 h daily during a period of four consecutive days. Vaginal temperature was 582 

automatically recorded in 10 min intervals over four days using calibrated thermochron 583 

temperature recorders. This data was used to compute six traits in this study: whole data 584 

measured at every 10 minutes (TVall), the average of the six records per hour 585 

corresponding to 0800, 1200, 1600, and 2000 h during four days (TV4days), and single 586 

record corresponding to 0800, 1200, 1600, and 2000 h measured at the first day of 587 

collection (TV8h, TV12h, TV16h, and TV20h, respectively). Panting score was collected during 588 

four consecutive days at 15:30 hours and scored from 0 to 3 (0: if it was with closed 589 

mouth and normal breathing; 1: closed mouth and rapid breathing; 2: open mouth and 590 

rapid breathing; 3: open mouth and rapid breathing with obvious salivation). 591 

We also collected phenotypes for sow anatomical traits that might influence on 592 

the ability of the animal to dissipate metabolic heat. The traits measured include hair 593 

density (HD), body condition score (BCS), body size (BS), ear length (EL), and ear area 594 
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(EA). HD was measured as a subjective visual score ranging from 0 to 2, being the score 595 

0 = hairless or limited hair cover, 1 = normal or moderate hair cover, and 2 = sow with 596 

greater than normal hair cover. BCS was evaluated using a sow caliper (BCScal) [110] and 597 

it was also evaluated as a visual BCS (BCSvis) considering five categories: 1 = emaciated, 598 

2 = thin, and 3 = ideal, 4 = fat, and 5 = overly fat. The animals were also score into three 599 

categories according to their BS as small, medium, or large. The descriptive statistics for 600 

the traits used in this study are presented in Table 4. More details about the data collection 601 

procedures are presented in Johnson et al. [10].  602 

The phenotypes were pre-corrected for fixed effects to be used as input for the 603 

GWAS analyses. The fixed effects for each trait were described by Freitas et al. [11]. In 604 

summary, the fixed effects fitted for skin surface temperature (TES, TSS, TRS, and TTS) and 605 

RR were trait recorder; concatenation of week, day, and time of measurement; parity; 606 

days in lactation; concatenation of barn type and room; and in-barn environmental 607 

temperature as a linear covariate. For PS, the fixed effects were trait recorder; 608 

concatenation of week and day of measurement; parity; days in lactation; concatenation 609 

of barn type and room; and in-barn environmental temperature as a linear covariate. For 610 

TVall, the fixed effects were the concatenation of week and day of measurement; parity; 611 

concatenation of barn type and room; and in-barn environmental temperature as a linear 612 

covariate. For TV4days, the fixed effects were concatenation of week, day, and time of 613 

measurement; parity; days in lactation; concatenation of barn type and room; and in-barn 614 

environmental temperature as a linear covariate. For TV8h, TV12h, TV16h, and TV20h, the 615 

fixed effects were the concatenation of week and day of measurement; parity; days in 616 

lactation; concatenation of barn type and room; and in-barn environmental temperature 617 

as a linear covariate. For HD, the fixed effects fitted were trait recorder and parity. For 618 

BS, the fixed effects fitted were trait recorder, week of measurement, and parity. For 619 
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BCScal and BCSvis, the fixed effect fitted were trait recorder, week of measurement, parity, 620 

days in lactation, and concatenation of barn type and room. For EA and EL, the fixed 621 

effects fitted were trait recorder and picture quality. For traits that presented repeated 622 

measurements (i.e., the thermoregulatory traits: skin surface temperatures, vaginal 623 

temperatures, RR, and PS), we computed the average adjusted phenotype to be used as 624 

response variables for GWAS [111]. 625 

 626 

Genome-wide association studies 627 

The GWAS was performed considering the WGS dataset using the leave-one-628 

chromosome-out approach on mixed linear model association analysis (MLMA-LOCO) 629 

implemented in the GCTA software [112]. The model can be described as: 630 𝐲 = 𝟏μ + 𝐗b + 𝐙𝐮 +  𝛆, 631 

Where 𝐲 is the vector of pre-corrected phenotypes for each analyzed trait; 𝟏 is a vector of 632 

ones; μ is the overall mean; b is the fixed effect of each tested SNP; 𝐗 is a vector 633 

containing the genotype for SNP; 𝐮 is the random vector of polygenic effect 634 

with 𝐮 ~ N(0, 𝐆σ𝑢2 ), where 𝐆 is the genomic-based relationship matrix (GRM) as 635 

previously described [112], σ𝑢2  is the additive genetic variance; 𝐙 is the incidence matrix 636 

for 𝐮; and 𝛆 is a random vector of residual effects with 𝛆 ~ N(0, 𝐈σ𝜀2), where 𝐈 is an 637 

identity matrix and σ𝜀2 is the residual variance.  638 

 639 
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Table 4. Descriptive statistics for continuous heat stress indicators in Landrace x Large White crossbred pig population. 640 

Trait1 
Number 

of animals 

Number 

of observations 
Mean Minimum Maximum 

Coefficient 

of variation (%) 

TES 1,381 21,411 36.70 32.50 40.70 2.92 

TSS 1,381 21,414 36.50 32.30 39.80 2.96 

TRS 1,381 21,414 37.20 33.60 39.90 2.47 

TTS 1,381 21,413 36.90 33.20 40.00 2.57 

RR 1,381 21,360 73.00 12.00 172.00 38.74 

PS 1,380 5,450 1.02 0 3 58.82 

TVall 1,381 932,708 39.74 37.08 42.35 1.91 

TV4days 1,381 21,415 39.70 37.10 42.70 1.94 

TV8h 1,357 1,357 39.25 37.43 41.43 1.53 

TV12h 1,370 1,370 39.69 37.08 41.61 1.61 

TV16h 1,354 1,354 40.15 37.35 42.72 1.72 

TV20h 1,362 1,362 40.25 37.85 41.84 1.71 
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HD 1,151 1,151 2.04 1 3 31.37 

BS 1,379 1,379 2.26 1 3 27,43 

BCScal 1,361 1,361 6.93 1 10 29.15 

BCSvis 1,348 1,348 2.10 1 3 30.48 

EA 705 705 309.01 183.23 487.86 17.37 

EL 713 713 24.98 14.83 34.34 11,25 

1TES: ear skin temperature (°C); TSS: shoulder skin temperature (°C); TRS: rump skin temperature (°C); TTS: tail skin 

temperature (°C); RR: respiration rate (breaths per minute); PS: panting score; TVall: all measures (every 10 minutes) of 

vaginal temperatures (°C); TV4days: average of the six records per hour corresponding to 08:00, 12:00, 16:00, and 20:00 

hours during four days (°C); TV8h: vaginal temperature measured on the first day at 8:00 (°C); TV12h: vaginal temperature 

measured on the first day  at 12:00 (°C); TV16h: vaginal temperature measured on the first day at 16:00 (°C);  TV16h: vaginal 

temperature measured on the first day at 20:00 (°C); HD: hair density score; BS: body size; BCScal: body condition score 

using a sow caliper; BCSvis: visual body condition score; EA: ear area (cm2); EL: and ear length (cm). Data collection 

protocols have been described by Johnson et al. [10] and Freitas et al. [11]. 

 641 
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The MLMA-LOCO approach is based on fitting a different genomic relationship 642 

matrix (GRM) to account for population stratification for the association tests of each 643 

chromosome by excluding the markers located on the chromosome where the tested SNP 644 

are located when creating the GRM for that chromosome [113]. The inclusion of the 645 

marker being tested in the GRM can reduce the statistical test power due to the double 646 

fitting of the marker in the model: both as a fixed effect for association and as a random 647 

effect as part of the GRM [113–115]. This phenomenon was termed “proximal 648 

contamination” by Listgarten et al. [114], who demonstrated that a mixed linear model 649 

excluding the marker from GRM is the mathematically correct approach and provided an 650 

efficient algorithm for mixed linear model analysis.  651 

 652 

Adjustment for multiple testing 653 

To check if there was potential population stratification due to the population 654 

structure, the genomic inflation factor (λ) [116] was evaluated, along with its 95% 655 

confidence interval. Due to the multiple testing nature of the GWAS method employed 656 

in this study, there is a cumulative probability of false-positive associated SNPs [117, 657 

118]. In this sense, a Bonferroni correction at α = 0.05 for the genome-wise significance 658 

level [119] was applied, by dividing α by the number of independent chromosome 659 

segments (𝑀𝑒) to account for the dependence among tests due to LD. The 𝑀𝑒 was 660 

calculated as proposed by Goddard et al. [120]: 661 

𝑀𝑒 =  2𝑁𝑒𝐿𝑘log (𝑁𝑒𝐿), 662 

where 𝑁𝑒 is the effective population size, which was computed as 85 according to 663 

populational LD [121]; 𝐿 is the average length of chromosome expressed in Morgan; and 664 𝑘 is the number of chromosomes. A SNP was considered as statistically significant if its 665 

p-value was smaller than 0.05/𝑀𝑒, which was equal to 1.21x10-6. 666 
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Pleiotropic effects 667 

The multiple-trait analysis proposed by Bolormaa et al. [18] allows to evaluate the 668 

pleiotropy in groups of more than two traits. This approach is based on combining the 669 

results from the single-trait association analyses to calculate a multi-trait statistic and it 670 

has been demonstrated that the multi-trait approach proposed by them has a lower FDR 671 

than a single trait analysis (at the same significance test p-value) [18, 122]. First, the 672 

phenotypes were Cholesky-decorrelated because the Bolormaa et al. [18] approach was 673 

originally proposed to perform meta-analysis, i.e., independent studies [19, 20]. Then, the 674 

traits were grouped in seven different categories: skin surface temperature traits (i.e., TES, 675 

TSS, TRS, and TTS), vaginal temperatures (i.e., TVall, TV4days, TV8h, TV12h, TV16h, and TV20h), 676 

animal temperatures (all skin surface and vaginal temperature traits), respiration traits 677 

(i.e., RR and PS), thermoregulatory indicators (i.e., all skin surface and vaginal 678 

temperature traits, RR and PS), anatomical traits (i.e., BCScal, BCSvis, HD, BS, EA, and 679 

EL), and all traits to evaluate the presence of pleiotropic effects in each trait group. The 680 

null hypothesis tested states that the SNP does not affect any of the 𝑛 traits in the group 681 

based on the 𝜒2 with 𝑛 degrees of freedom. The multi-trait statistics for each SNP was 682 

calculated as presented by [18]: 683 

Multi-trait 𝜒2 =  𝒕𝑖′𝑽−1𝒕𝑖, 684 

where 𝒕𝑖 is a 𝑛 x 1 vector of signed t-values for the 𝑖𝑡ℎ SNP across the 𝑛 trait, 𝒕𝑖′ is the 685 

transpose of 𝒕𝑖, and 𝑽−1 is the inverse of the 𝑛 x 𝑛 correlation matrix over all estimated 686 

SNP effects. As this method presents a distribution associated to the 𝜒2  statistics, each 687 

marker presents a statistic and a p-value to infer if the marker is significant or not for 688 

pleiotropic effects for the group of traits evaluated. A Bonferroni correction was also 689 

applied in the same way described for the GWAS, then a variant was considered with 690 

significant pleiotropic effect if its p-value was smaller than 1.21x10-6. 691 
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Gene annotation and functional analyses  692 

Gene annotation was performed within a region of ±100 kb around the significant 693 

SNPs using the GALLO package [123]. The annotated data for Sus scrofa from the 694 

Ensembl database (www.ensembl.org/Sus_scrofa/Info/Index) were used in the analyses. 695 

The web-based tool Database for Annotation, Visualization, and Integrated Discovery 696 

(DAVID) [124, 125] was used for conducting Gene Ontology (GO) and KEGG pathway 697 

enrichment (P < 0.05) analyses to identify biological processes, molecular functions, 698 

cellular components, and biological pathways associated with the positional candidate 699 

genes identified. DAVID is a web-based tool for gene-enrichment analysis that utilizes a 700 

knowledge base aggregating information from various heterogeneous and widely 701 

distributed public databases [125]. 702 
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Supplementary Information 1062 

 1063 

Figure S1. Quantile-quantile (QQ) plot of genome-wide association study for skin 1064 

temperatures, respiration rate and panting score. 1065 

-log10(p-values) for ear skin temperature (TES; a), shoulder skin temperature (TSS; b), 1066 

rump skin temperature (TRS; c), tail skin temperature (TTS; d), respiration rate (RR; e), 1067 

and panting score (PS; f). Genome-wide significance level is shown in a red line. 1068 
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 1069 

 1070 

Figure S2. Quantile-quantile (QQ) plot of genome-wide association study for vaginal 1071 

temperatures using whole genome sequence data. 1072 

-log10(p-values) for all measures (every 10 minutes) of vaginal temperatures for four 1073 

days (TVall; a), four-time measures of vaginal temperatures for four days (TV4days; b), 1074 

vaginal temperature measured on the first day at 8:00 (TV8h; c), at 12:00 (TV12h; d), at 1075 
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16:00 (TV16h; e), and at 20:00 (TV20h; f). Genome-wide significance level is shown in a 1076 

red line. 1077 

 1078 

 1079 

Figure S3. Quantile-quantile (QQ) plot of genome-wide association study for anatomical 1080 

traits using whole genome sequence data. 1081 
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-log10(p-values) for hair density (HD; a), body size (BS; b), body condition score using 1082 

a sow caliper (BCScal; c) and visual (BCSvis; d), ear area (EA; e), and ear length (EL; f). 1083 

Genome-wide significance level shown in a red line. 1084 

 1085 

Table S1. Variants significantly associated with indicators of heat stress response in 1086 

lactating sows 1087 

Trait Chr SNP Position (bp) 

Effect 

size   SE   p-value  

TES 2 2_21729683_G 21,729,683 -1.14  0.22  0.00000028  

TES 5 5_83314673_C 83,314,673 -1.56  0.30  0.00000025  

TES 5 5_83647158_C 83,647,158 -1.19  0.24  0.00000103  

TES 5 5_85914808_T 85,914,808 -1.59  0.27  0.00000001  

TES 5 5_85980407_T 85,980,407 -1.50  0.27  0.00000002  

TES 5 5_86004239_T 86,004,239 -1.43  0.26  0.00000005  

TES 5 5_86011234_C 86,011,234 -1.44  0.26  0.00000004  

TES 5 5_86026067_A 86,026,067 -1.51  0.27  0.00000001  

TES 5 5_86030190_T 86,030,190 -1.31  0.25  0.00000020  

TES 5 5_86033079_C 86,033,079 -1.32  0.25  0.00000019  

TES 7 7_49276927_A 49,276,927 -1.43  0.29  0.00000075  

TES 7 7_49440363_A 49,440,363 -1.44  0.29  0.00000066  

TES 7 7_49527342_G 49,527,342 -1.46  0.29  0.00000059  

TES 7 7_49584578_T 49,584,578 -1.45  0.29  0.00000071  

TES 12 12_6808169_A 6,808,169 -1.54  0.31  0.00000049  

TES 12 12_7330820_C 7,330,820 -1.16  0.23  0.00000062  

TES 14 14_137210716_G 137,210,716 -1.39  0.27  0.00000044  

TES 16 16_22801074_C 22,801,074 -1.14  0.23  0.00000110  

TES 16 16_22804340_T 22,804,340 -1.20  0.24  0.00000058  
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TES 17 17_28358400_A 28,358,400 -1.56  0.31  0.00000036  

TRS 1 1_10473872_A 10,473,872 -0.78  0.15  0.00000026  

TRS 1 1_10505848_T 10,505,848 -0.76  0.15  0.00000042  

TRS 2 2_95628544_A 95,628,544 -0.76  0.15  0.00000035  

TRS 2 2_105870529_AC 105,870,529 -0.82  0.15  0.00000010  

TRS 2 2_106932589_C 106,932,589 -0.70  0.14  0.00000078  

TRS 2 2_106934370_A 106,934,370 -0.70  0.14  0.00000081  

TRS 2 2_106936039_A 106,936,039 -0.70  0.14  0.00000081  

TRS 2 2_106936870_G 106,936,870 -0.70  0.14  0.00000081  

TRS 2 2_106939546_C 106,939,546 -0.70  0.14  0.00000081  

TRS 2 2_106941818_T 106,941,818 -0.70  0.14  0.00000081  

TRS 2 2_106942263_T 106,942,263 -0.70  0.14  0.00000083  

TRS 2 2_106942836_C 106,942,836 -0.70  0.14  0.00000081  

TRS 2 2_106945457_G 106,945,457 -0.70  0.14  0.00000081  

TRS 2 2_106950249_T 106,950,249 -0.70  0.14  0.00000081  

TRS 2 2_106950790_C 106,950,790 -0.70  0.14  0.00000081  

TRS 2 2_106953486_C 106,953,486 -0.70  0.14  0.00000081  

TRS 2 2_106955955_T 106,955,955 -0.70  0.14  0.00000081  

TRS 2 2_106962610_C 106,962,610 -0.70  0.14  0.00000081  

TRS 2 2_106973729_G 106,973,729 -0.70  0.14  0.00000081  

TRS 2 2_106981316_A 106,981,316 -0.70  0.14  0.00000081  

TRS 2 2_106992942_T 106,992,942 -0.70  0.14  0.00000090  

TRS 2 2_106998524_G 106,998,524 -0.73  0.14  0.00000040  

TRS 2 2_107002094_G 107,002,094 -0.70  0.14  0.00000090  

TRS 2 2_107004443_G 107,004,443 -0.70  0.14  0.00000090  

TRS 2 2_107013764_T 107,013,764 -0.70  0.14  0.00000091  

TRS 2 2_107015777_A 107,015,777 -0.70  0.14  0.00000091  
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TRS 2 2_107029393_G 107,029,393 -0.70  0.14  0.00000091  

TRS 2 2_107035570_T 107,035,570 -0.70  0.14  0.00000091  

TRS 2 2_107036854_C 107,036,854 -0.70  0.14  0.00000091  

TRS 2 2_107047998_C 107,047,998 -0.70  0.14  0.00000091  

TRS 2 2_107051105_G 107,051,105 -0.70  0.14  0.00000091  

TRS 2 2_107054884_T 107,054,884 -0.70  0.14  0.00000091  

TRS 2 2_107063657_T 107,063,657 -0.71  0.14  0.00000093  

TRS 2 2_107090101_A 107,090,101 -0.70  0.14  0.00000083  

TRS 2 2_107098377_A 107,098,377 -0.70  0.14  0.00000083  

TRS 2 2_107103152_G 107,103,152 -0.70  0.14  0.00000083  

TRS 2 2_107106134_G 107,106,134 -0.70  0.14  0.00000083  

TRS 2 2_107117477_A 107,117,477 -0.70  0.14  0.00000083  

TRS 2 2_107119623_T 107,119,623 -0.70  0.14  0.00000083  

TRS 2 2_107120979_G 107,120,979 -0.70  0.14  0.00000083  

TRS 2 2_107124307_A 107,124,307 -0.70  0.14  0.00000085  

TRS 2 2_107127915_A 107,127,915 -0.70  0.14  0.00000083  

TRS 2 2_107131360_G 107,131,360 -0.70  0.14  0.00000083  

TRS 2 2_107132410_C 107,132,410 -0.70  0.14  0.00000083  

TRS 2 2_107133110_C 107,133,110 -0.70  0.14  0.00000082  

TRS 2 2_107133669_GGT 107,133,669 -0.70  0.14  0.00000083  

TRS 2 2_107134600_C 107,134,600 -0.70  0.14  0.00000083  

TRS 2 2_107135916_T 107,135,916 -0.70  0.14  0.00000083  

TRS 2 2_107136945_G 107,136,945 -0.73  0.14  0.00000049  

TRS 2 2_107141897_A 107,141,897 -0.69  0.14  0.00000094  

TRS 2 2_107145818_A 107,145,818 -0.69  0.14  0.00000094  

TRS 2 2_107149379_C 107,149,379 -0.69  0.14  0.00000094  

TRS 2 2_107152325_A 107,152,325 -0.69  0.14  0.00000094  
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TRS 2 2_107179342_A 107,179,342 -0.69  0.14  0.00000095  

TRS 2 2_107268832_T 107,268,832 -0.69  0.14  0.00000094  

TRS 2 2_107269860_T 107,269,860 -0.69  0.14  0.00000115  

TRS 2 2_107270950_T 107,270,950 -0.69  0.14  0.00000096  

TRS 2 2_107274108_G 107,274,108 -0.69  0.14  0.00000084  

TRS 2 2_107289176_G 107,289,176 -0.69  0.14  0.00000090  

TRS 2 2_107290276_T 107,290,276 -0.69  0.14  0.00000094  

TRS 2 2_107295408_G 107,295,408 -0.69  0.14  0.00000096  

TRS 2 2_107300857_G 107,300,857 -0.69  0.14  0.00000094  

TRS 2 2_107308172_A 107,308,172 -0.69  0.14  0.00000094  

TRS 2 2_107315087_A 107,315,087 -0.69  0.14  0.00000084  

TRS 2 2_107320377_A 107,320,377 -0.69  0.14  0.00000084  

TRS 2 2_107347961_T 107,347,961 -0.69  0.14  0.00000086  

TRS 2 2_107349607_C 107,349,607 -0.70  0.14  0.00000080  

TRS 2 2_107351712_T 107,351,712 -0.69  0.14  0.00000084  

TRS 2 2_107356272_T 107,356,272 -0.69  0.14  0.00000084  

TRS 2 2_107357509_A 107,357,509 -0.69  0.14  0.00000084  

TRS 2 2_107358869_C 107,358,869 -0.69  0.14  0.00000084  

TRS 2 2_107360210_G 107,360,210 -0.69  0.14  0.00000084  

TRS 2 2_107364084_C 107,364,084 -0.69  0.14  0.00000094  

TRS 2 2_107367991_C 107,367,991 -0.69  0.14  0.00000094  

TRS 2 2_107368945_A 107,368,945 -0.71  0.14  0.00000061  

TRS 2 2_107369775_C 107,369,775 -0.69  0.14  0.00000094  

TRS 2 2_107371983_G 107,371,983 -0.69  0.14  0.00000094  

TRS 2 2_107376291_G 107,376,291 -0.69  0.14  0.00000094  

TRS 2 2_107376916_A 107,376,916 -0.69  0.14  0.00000096  

TRS 2 2_107392404_T 107,392,404 -0.69  0.14  0.00000094  
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TRS 2 2_107393684_A 107,393,684 -0.69  0.14  0.00000094  

TRS 2 2_107395283_A 107,395,283 -0.70  0.14  0.00000097  

TRS 2 2_107395560_T 107,395,560 -0.69  0.14  0.00000094  

TRS 2 2_107396185_G 107,396,185 -0.69  0.14  0.00000094  

TRS 2 2_107408013_T 107,408,013 -0.69  0.14  0.00000096  

TRS 2 2_107416249_T 107,416,249 -0.69  0.14  0.00000094  

TRS 2 2_107418953_G 107,418,953 -0.69  0.14  0.00000094  

TRS 2 2_107420684_A 107,420,684 -0.69  0.14  0.00000094  

TRS 2 2_107422508_G 107,422,508 -0.69  0.14  0.00000094  

TRS 2 2_107427544_T 107,427,544 -0.69  0.14  0.00000084  

TRS 2 2_107430752_G 107,430,752 -0.69  0.14  0.00000114  

TRS 2 2_107431839_G 107,431,839 -0.69  0.14  0.00000094  

TRS 2 2_107442112_A 107,442,112 -0.70  0.14  0.00000097  

TRS 2 2_107444574_CTAAT 107,444,574 -0.69  0.14  0.00000094  

TRS 2 2_107446310_T 107,446,310 -0.69  0.14  0.00000094  

TRS 2 2_107447973_C 107,447,973 -0.69  0.14  0.00000094  

TRS 2 2_107452342_A 107,452,342 -0.69  0.14  0.00000094  

TRS 2 2_107459251_CTT 107,459,251 -0.69  0.14  0.00000094  

TRS 2 2_107475616_G 107,475,616 -0.69  0.14  0.00000094  

TRS 2 2_107476926_G 107,476,926 -0.69  0.14  0.00000096  

TRS 2 2_107490285_A 107,490,285 -0.69  0.14  0.00000094  

TRS 2 2_107492866_T 107,492,866 -0.69  0.14  0.00000094  

TRS 2 2_107495160_T 107,495,160 -0.69  0.14  0.00000094  

TRS 2 2_107496558_A 107,496,558 -0.69  0.14  0.00000094  

TRS 2 2_107500977_C 107,500,977 -0.69  0.14  0.00000100  

TRS 2 2_107503295_T 107,503,295 -0.69  0.14  0.00000096  

TRS 2 2_107505281_T 107,505,281 -0.69  0.14  0.00000094  
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TRS 2 2_107506999_G 107,506,999 -0.69  0.14  0.00000094  

TRS 2 2_107509674_C 107,509,674 -0.69  0.14  0.00000097  

TRS 2 2_107511805_T 107,511,805 -0.69  0.14  0.00000097  

TRS 2 2_107512887_T 107,512,887 -0.69  0.14  0.00000094  

TRS 2 2_107515816_C 107,515,816 -0.69  0.14  0.00000094  

TRS 2 2_107517438_T 107,517,438 -0.69  0.14  0.00000094  

TRS 2 2_107522864_G 107,522,864 -0.69  0.14  0.00000098  

TRS 2 2_107528939_A 107,528,939 -0.69  0.14  0.00000107  

TRS 2 2_107531849_C 107,531,849 -0.69  0.14  0.00000107  

TRS 2 2_107539254_A 107,539,254 -0.69  0.14  0.00000107  

TRS 2 2_107542028_T 107,542,028 -0.69  0.14  0.00000107  

TRS 2 2_107544837_A 107,544,837 -0.69  0.14  0.00000107  

TRS 2 2_107546360_G 107,546,360 -0.69  0.14  0.00000107  

TRS 2 2_107549103_T 107,549,103 -0.69  0.14  0.00000107  

TRS 2 2_107552495_C 107,552,495 -0.69  0.14  0.00000107  

TRS 2 2_107553872_A 107,553,872 -0.69  0.14  0.00000107  

TRS 2 2_107556354_A 107,556,354 -0.69  0.14  0.00000109  

TRS 2 2_107557567_A 107,557,567 -0.69  0.14  0.00000115  

TRS 2 2_107558538_C 107,558,538 -0.69  0.14  0.00000109  

TRS 2 2_107567561_G 107,567,561 -0.69  0.14  0.00000108  

TRS 2 2_107568003_CTTATA 107,568,003 -0.69  0.14  0.00000108  

TRS 2 2_107574561_G 107,574,561 -0.69  0.14  0.00000109  

TRS 2 2_107579551_C 107,579,551 -0.69  0.14  0.00000112  

TRS 2 2_107581705_T 107,581,705 -0.69  0.14  0.00000108  

TRS 2 2_107583005_T 107,583,005 -0.69  0.14  0.00000108  

TRS 2 2_107583603_G 107,583,603 -0.69  0.14  0.00000105  

TRS 2 2_107585221_A 107,585,221 -0.69  0.14  0.00000109  
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TRS 2 2_107590260_G 107,590,260 -0.69  0.14  0.00000109  

TRS 2 2_107598357_T 107,598,357 -0.69  0.14  0.00000109  

TRS 2 2_107598492_AT 107,598,492 -0.69  0.14  0.00000109  

TRS 2 2_107599530_T 107,599,530 -0.69  0.14  0.00000109  

TRS 2 2_107601138_A 107,601,138 -0.69  0.14  0.00000109  

TRS 2 2_107608655_C 107,608,655 -0.69  0.14  0.00000104  

TRS 2 2_107609128_C 107,609,128 -0.69  0.14  0.00000109  

TRS 2 2_107613505_A 107,613,505 -0.69  0.14  0.00000112  

TRS 2 2_107614716_A 107,614,716 -0.69  0.14  0.00000109  

TRS 2 2_107615112_A 107,615,112 -0.69  0.14  0.00000109  

TRS 2 2_107617118_A 107,617,118 -0.69  0.14  0.00000109  

TRS 2 2_107776212_G 107,776,212 -0.69  0.14  0.00000098  

TRS 2 2_107789107_T 107,789,107 -0.69  0.14  0.00000098  

TRS 2 2_107790702_T 107,790,702 -0.69  0.14  0.00000097  

TRS 2 2_107794698_G 107,794,698 -0.69  0.14  0.00000086  

TRS 2 2_107795264_T 107,795,264 -0.69  0.14  0.00000083  

TRS 2 2_107797401_C 107,797,401 -0.69  0.14  0.00000083  

TRS 2 2_107807043_C 107,807,043 -0.69  0.14  0.00000093  

TRS 2 2_107807975_A 107,807,975 -0.69  0.14  0.00000093  

TRS 2 2_107910486_T 107,910,486 -0.69  0.14  0.00000094  

TRS 2 2_107945395_A 107,945,395 -0.69  0.14  0.00000094  

TRS 2 2_107955743_G 107,955,743 -0.69  0.14  0.00000094  

TRS 2 2_107959085_G 107,959,085 -0.69  0.14  0.00000094  

TRS 2 2_107990888_G 107,990,888 -0.71  0.14  0.00000058  

TRS 2 2_107995112_G 107,995,112 -0.71  0.14  0.00000060  

TRS 2 2_108014629_T 108,014,629 -0.69  0.14  0.00000092  

TRS 2 2_108021121_C 108,021,121 -0.69  0.14  0.00000092  
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TRS 2 2_108023057_G 108,023,057 -0.69  0.14  0.00000092  

TRS 2 2_108028603_A 108,028,603 -0.69  0.14  0.00000092  

TRS 2 2_108036168_C 108,036,168 -0.69  0.14  0.00000095  

TRS 2 2_108037667_T 108,037,667 -0.69  0.14  0.00000092  

TRS 2 2_108042151_C 108,042,151 -0.69  0.14  0.00000092  

TRS 2 2_108067180_G 108,067,180 -0.71  0.14  0.00000052  

TRS 2 2_108072314_C 108,072,314 -0.69  0.14  0.00000092  

TRS 2 2_108073986_T 108,073,986 -0.69  0.14  0.00000092  

TRS 2 2_108077954_T 108,077,954 -0.69  0.14  0.00000095  

TRS 2 2_108097687_T 108,097,687 -0.69  0.14  0.00000092  

TRS 2 2_108103554_A 108,103,554 -0.69  0.14  0.00000092  

TRS 2 2_108108338_G 108,108,338 -0.69  0.14  0.00000092  

TRS 2 2_108111514_T 108,111,514 -0.69  0.14  0.00000092  

TRS 2 2_108118538_AAAACC 108,118,538 -0.69  0.14  0.00000089  

TRS 2 2_108123055_C 108,123,055 -0.69  0.14  0.00000092  

TRS 2 2_108128267_G 108,128,267 -0.69  0.14  0.00000092  

TRS 2 2_108130080_T 108,130,080 -0.69  0.14  0.00000092  

TRS 2 2_108135243_G 108,135,243 -0.69  0.14  0.00000092  

TRS 2 2_108219460_A 108,219,460 -0.69  0.14  0.00000095  

TRS 2 2_108231523_A 108,231,523 -0.69  0.14  0.00000092  

TRS 2 2_108272377_A 108,272,377 -0.69  0.14  0.00000092  

TRS 2 2_108286267_C 108,286,267 -0.69  0.14  0.00000092  

TRS 2 2_108286951_T 108,286,951 -0.69  0.14  0.00000092  

TRS 2 2_108294151_C 108,294,151 -0.69  0.14  0.00000092  

TRS 2 2_108304856_A 108,304,856 -0.69  0.14  0.00000092  

TRS 2 2_108318031_A 108,318,031 -0.69  0.14  0.00000092  

TRS 2 2_108322931_T 108,322,931 -0.69  0.14  0.00000092  
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TRS 2 2_108332035_A 108,332,035 -0.69  0.14  0.00000092  

TRS 2 2_108344329_C 108,344,329 -0.69  0.14  0.00000092  

TRS 2 2_108346595_A 108,346,595 -0.69  0.14  0.00000095  

TRS 2 2_108354775_A 108,354,775 -0.69  0.14  0.00000095  

TRS 2 2_108387224_T 108,387,224 -0.69  0.14  0.00000092  

TRS 2 2_108408656_G 108,408,656 -0.69  0.14  0.00000092  

TRS 2 2_108423172_C 108,423,172 -0.69  0.14  0.00000088  

TRS 2 2_108425902_A 108,425,902 -0.69  0.14  0.00000092  

TRS 2 2_108443155_T 108,443,155 -0.69  0.14  0.00000094  

TRS 2 2_108450783_A 108,450,783 -0.69  0.14  0.00000092  

TRS 2 2_108483514_A 108,483,514 -0.69  0.14  0.00000092  

TRS 2 2_108484938_A 108,484,938 -0.69  0.14  0.00000092  

TRS 2 2_108486895_T 108,486,895 -0.69  0.14  0.00000092  

TRS 2 2_108490424_T 108,490,424 -0.70  0.14  0.00000076  

TRS 2 2_108491610_C 108,491,610 -0.69  0.14  0.00000092  

TRS 2 2_108495649_C 108,495,649 -0.69  0.14  0.00000092  

TRS 2 2_108509159_A 108,509,159 -0.69  0.14  0.00000092  

TRS 2 2_108524254_A 108,524,254 -0.69  0.14  0.00000092  

TRS 2 2_108540375_T 108,540,375 -0.69  0.14  0.00000099  

TRS 2 2_108545167_C 108,545,167 -0.69  0.14  0.00000099  

TRS 2 2_108550589_A 108,550,589 -0.69  0.14  0.00000099  

TRS 2 2_108553390_C 108,553,390 -0.69  0.14  0.00000099  

TRS 2 2_108556350_A 108,556,350 -0.69  0.14  0.00000099  

TRS 2 2_108557290_C 108,557,290 -0.69  0.14  0.00000099  

TRS 2 2_108561587_A 108,561,587 -0.69  0.14  0.00000099  

TRS 2 2_108562819_A 108,562,819 -0.71  0.14  0.00000064  

TRS 2 2_108565782_G 108,565,782 -0.69  0.14  0.00000099  
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TRS 2 2_108569393_C 108,569,393 -0.69  0.14  0.00000099  

TRS 2 2_108570576_T 108,570,576 -0.69  0.14  0.00000101  

TRS 2 2_108572011_C 108,572,011 -0.69  0.14  0.00000099  

TRS 2 2_108576308_T 108,576,308 -0.69  0.14  0.00000099  

TRS 2 2_108578293_T 108,578,293 -0.69  0.14  0.00000099  

TRS 2 2_108582214_A 108,582,214 -0.69  0.14  0.00000109  

TRS 2 2_108587197_G 108,587,197 -0.69  0.14  0.00000109  

TRS 2 2_108592559_T 108,592,559 -0.69  0.14  0.00000099  

TRS 2 2_108596851_A 108,596,851 -0.69  0.14  0.00000099  

TRS 2 2_108598914_G 108,598,914 -0.69  0.14  0.00000101  

TRS 2 2_108599460_G 108,599,460 -0.69  0.14  0.00000099  

TRS 2 2_108600360_T 108,600,360 -0.71  0.14  0.00000070  

TRS 2 2_108601609_A 108,601,609 -0.69  0.14  0.00000100  

TRS 2 2_108602492_C 108,602,492 -0.69  0.14  0.00000099  

TRS 2 2_108603657_A 108,603,657 -0.69  0.14  0.00000100  

TRS 2 2_108629684_C 108,629,684 -0.69  0.14  0.00000100  

TRS 2 2_108713184_C 108,713,184 -0.69  0.14  0.00000100  

TRS 2 2_108719660_G 108,719,660 -0.69  0.14  0.00000100  

TRS 2 2_108726026_G 108,726,026 -0.69  0.14  0.00000100  

TRS 2 2_108751375_A 108,751,375 -0.69  0.14  0.00000102  

TRS 2 2_108787359_C 108,787,359 -0.69  0.14  0.00000102  

TRS 2 2_108790809_G 108,790,809 -0.69  0.14  0.00000102  

TRS 2 2_108793947_T 108,793,947 -0.69  0.14  0.00000102  

TRS 2 2_108797545_G 108,797,545 -0.69  0.14  0.00000102  

TRS 2 2_108804251_A 108,804,251 -0.69  0.14  0.00000100  

TRS 2 2_108806409_G 108,806,409 -0.69  0.14  0.00000102  

TRS 2 2_108810693_A 108,810,693 -0.69  0.14  0.00000108  
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TRS 2 2_108813282_G 108,813,282 -0.69  0.14  0.00000113  

TRS 2 2_108815253_A 108,815,253 -0.69  0.14  0.00000108  

TRS 2 2_108820038_C 108,820,038 -0.68  0.14  0.00000110  

TRS 2 2_108845528_C 108,845,528 -0.68  0.14  0.00000116  

TRS 2 2_108852710_C 108,852,710 -0.68  0.14  0.00000110  

TRS 2 2_108857627_G 108,857,627 -0.68  0.14  0.00000110  

TRS 2 2_108867347_C 108,867,347 -0.68  0.14  0.00000110  

TRS 2 2_108874785_C 108,874,785 -0.89  0.16  0.00000002  

TRS 2 2_108879308_G 108,879,308 -0.69  0.14  0.00000098  

TRS 2 2_108880060_G 108,880,060 -0.69  0.14  0.00000098  

TRS 2 2_108882897_C 108,882,897 -0.69  0.14  0.00000096  

TRS 2 2_108886141_C 108,886,141 -0.69  0.14  0.00000096  

TRS 2 2_108888087_G 108,888,087 -0.69  0.14  0.00000096  

TRS 2 2_108890634_C 108,890,634 -0.69  0.14  0.00000096  

TRS 2 2_108897983_C 108,897,983 -0.69  0.14  0.00000091  

TRS 2 2_108903430_C 108,903,430 -0.69  0.14  0.00000091  

TRS 2 2_108906146_A 108,906,146 -0.69  0.14  0.00000091  

TRS 2 2_108909055_T 108,909,055 -0.69  0.14  0.00000091  

TRS 2 2_108910451_C 108,910,451 -0.69  0.14  0.00000091  

TRS 2 2_108911128_C 108,911,128 -0.69  0.14  0.00000091  

TRS 2 2_108912659_T 108,912,659 -0.69  0.14  0.00000091  

TRS 2 2_108915836_G 108,915,836 -0.69  0.14  0.00000091  

TRS 2 2_108917749_G 108,917,749 -0.69  0.14  0.00000091  

TRS 2 2_108937183_G 108,937,183 -0.70  0.14  0.00000079  

TRS 2 2_108940146_G 108,940,146 -0.70  0.14  0.00000079  

TRS 2 2_108948208_C 108,948,208 -0.70  0.14  0.00000079  

TRS 2 2_108955810_T 108,955,810 -0.70  0.14  0.00000079  



171 
 

This paper is under review at BMC Genomics. 

 

TRS 2 2_108964268_G 108,964,268 -0.69  0.14  0.00000093  

TRS 2 2_108971202_G 108,971,202 -0.69  0.14  0.00000091  

TRS 2 2_108973447_A 108,973,447 -0.69  0.14  0.00000091  

TRS 2 2_108985411_G 108,985,411 -0.69  0.14  0.00000091  

TRS 2 2_108990486_G 108,990,486 -0.69  0.14  0.00000091  

TRS 2 2_108996255_T 108,996,255 -0.69  0.14  0.00000091  

TRS 2 2_108999239_A 108,999,239 -0.69  0.14  0.00000091  

TRS 2 2_109005900_T 109,005,900 -0.69  0.14  0.00000091  

TRS 2 2_109014457_C 109,014,457 -0.69  0.14  0.00000081  

TRS 2 2_109019845_G 109,019,845 -0.69  0.14  0.00000091  

TRS 2 2_109021495_T 109,021,495 -0.69  0.14  0.00000091  

TRS 2 2_109027613_C 109,027,613 -0.69  0.14  0.00000091  

TRS 2 2_109036928_C 109,036,928 -0.69  0.14  0.00000091  

TRS 2 2_109038473_A 109,038,473 -0.69  0.14  0.00000091  

TRS 2 2_109039404_T 109,039,404 -0.69  0.14  0.00000091  

TRS 2 2_109042851_G 109,042,851 -0.69  0.14  0.00000091  

TRS 2 2_109051350_A 109,051,350 -0.69  0.14  0.00000091  

TRS 2 2_109054101_C 109,054,101 -0.69  0.14  0.00000093  

TRS 2 2_109060083_G 109,060,083 -0.69  0.14  0.00000091  

TRS 2 2_109062401_C 109,062,401 -0.69  0.14  0.00000091  

TRS 2 2_109066877_C 109,066,877 -0.69  0.14  0.00000091  

TRS 2 2_109069778_C 109,069,778 -0.69  0.14  0.00000091  

TRS 2 2_109073289_G 109,073,289 -0.69  0.14  0.00000091  

TRS 2 2_109080084_C 109,080,084 -0.69  0.14  0.00000091  

TRS 2 2_109082169_T 109,082,169 -0.70  0.14  0.00000086  

TRS 2 2_109085847_G 109,085,847 -0.69  0.14  0.00000089  

TRS 2 2_109092467_A 109,092,467 -0.69  0.14  0.00000089  



172 
 

This paper is under review at BMC Genomics. 

 

TRS 2 2_109094257_A 109,094,257 -0.69  0.14  0.00000089  

TRS 2 2_109097351_A 109,097,351 -0.69  0.14  0.00000089  

TRS 2 2_109098799_G 109,098,799 -0.69  0.14  0.00000089  

TRS 2 2_109105204_T 109,105,204 -0.69  0.14  0.00000087  

TRS 2 2_109110747_C 109,110,747 -0.69  0.14  0.00000087  

TRS 2 2_109117624_G 109,117,624 -0.69  0.14  0.00000089  

TRS 2 2_109124043_G 109,124,043 -0.69  0.14  0.00000089  

TRS 2 2_109130665_G 109,130,665 -0.69  0.14  0.00000088  

TRS 2 2_109133585_T 109,133,585 -0.69  0.14  0.00000089  

TRS 2 2_109139065_T 109,139,065 -0.69  0.14  0.00000089  

TRS 2 2_109144047_T 109,144,047 -0.69  0.14  0.00000089  

TRS 2 2_109153271_A 109,153,271 -0.69  0.14  0.00000099  

TRS 2 2_109156427_C 109,156,427 -0.69  0.14  0.00000099  

TRS 2 2_109160103_A 109,160,103 -0.69  0.14  0.00000089  

TRS 2 2_109167405_G 109,167,405 -0.69  0.14  0.00000089  

TRS 2 2_109169950_C 109,169,950 -0.69  0.14  0.00000089  

TRS 2 2_109171869_T 109,171,869 -0.70  0.14  0.00000074  

TRS 2 2_109177073_T 109,177,073 -0.69  0.14  0.00000090  

TRS 2 2_109178990_G 109,178,990 -0.70  0.14  0.00000080  

TRS 2 2_109180737_G 109,180,737 -0.69  0.14  0.00000089  

TRS 2 2_109183757_G 109,183,757 -0.69  0.14  0.00000092  

TRS 2 2_109186004_C 109,186,004 -0.69  0.14  0.00000089  

TRS 2 2_109194877_G 109,194,877 -0.69  0.14  0.00000086  

TRS 2 2_109199582_T 109,199,582 -0.69  0.14  0.00000089  

TRS 2 2_109206314_C 109,206,314 -0.69  0.14  0.00000089  

TRS 2 2_109209859_A 109,209,859 -0.69  0.14  0.00000089  

TRS 2 2_109229351_A 109,229,351 -0.69  0.14  0.00000089  
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TRS 2 2_109236257_G 109,236,257 -0.69  0.14  0.00000089  

TRS 2 2_109240370_A 109,240,370 -0.69  0.14  0.00000089  

TRS 2 2_109284720_T 109,284,720 -0.69  0.14  0.00000089  

TRS 2 2_109298358_G 109,298,358 -0.69  0.14  0.00000089  

TRS 2 2_109301550_A 109,301,550 -0.69  0.14  0.00000089  

TRS 2 2_109303388_A 109,303,388 -0.69  0.14  0.00000089  

TRS 2 2_109307908_T 109,307,908 -0.69  0.14  0.00000089  

TRS 2 2_109315697_A 109,315,697 -0.70  0.14  0.00000080  

TRS 2 2_109317165_G 109,317,165 -0.69  0.14  0.00000089  

TRS 2 2_109319635_G 109,319,635 -0.69  0.14  0.00000089  

TRS 2 2_109324124_T 109,324,124 -0.69  0.14  0.00000089  

TRS 2 2_109334810_A 109,334,810 -0.69  0.14  0.00000086  

TRS 2 2_109336625_G 109,336,625 -0.70  0.14  0.00000086  

TRS 2 2_109337801_TG 109,337,801 -0.69  0.14  0.00000089  

TRS 2 2_109340076_A 109,340,076 -0.69  0.14  0.00000089  

TRS 2 2_109342087_G 109,342,087 -0.69  0.14  0.00000089  

TRS 2 2_109345826_G 109,345,826 -0.69  0.14  0.00000089  

TRS 2 2_109348873_CA 109,348,873 -0.70  0.14  0.00000080  

TRS 2 2_109351016_G 109,351,016 -0.70  0.14  0.00000080  

TRS 2 2_109352808_T 109,352,808 -0.70  0.14  0.00000076  

TRS 2 2_109354957_A 109,354,957 -0.69  0.14  0.00000088  

TRS 2 2_109356706_TA 109,356,706 -0.69  0.14  0.00000089  

TRS 2 2_109376318_G 109,376,318 -0.69  0.14  0.00000089  

TRS 2 2_109378224_C 109,378,224 -0.69  0.14  0.00000089  

TRS 2 2_109381850_T 109,381,850 -0.69  0.14  0.00000089  

TRS 2 2_109387382_G 109,387,382 -0.69  0.14  0.00000089  

TRS 2 2_109391511_A 109,391,511 -0.70  0.14  0.00000073  
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TRS 2 2_109393203_C 109,393,203 -0.69  0.14  0.00000089  

TRS 2 2_109398825_T 109,398,825 -0.69  0.14  0.00000089  

TRS 2 2_109401482_A 109,401,482 -0.69  0.14  0.00000089  

TRS 2 2_109404466_T 109,404,466 -0.69  0.14  0.00000089  

TRS 2 2_109409209_T 109,409,209 -0.69  0.14  0.00000089  

TRS 2 2_109412262_T 109,412,262 -0.69  0.14  0.00000089  

TRS 2 2_109414329_A 109,414,329 -0.69  0.14  0.00000089  

TRS 2 2_109417119_C 109,417,119 -0.69  0.14  0.00000089  

TRS 2 2_109420883_A 109,420,883 -0.69  0.14  0.00000089  

TRS 2 2_109426124_AT 109,426,124 -0.70  0.14  0.00000073  

TRS 2 2_109431246_A 109,431,246 -0.69  0.14  0.00000089  

TRS 2 2_109432676_C 109,432,676 -0.69  0.14  0.00000089  

TRS 2 2_109433857_G 109,433,857 -0.69  0.14  0.00000089  

TRS 2 2_109457251_G 109,457,251 -0.70  0.14  0.00000079  

TRS 2 2_109472448_T 109,472,448 -0.70  0.14  0.00000079  

TRS 2 2_109486215_A 109,486,215 -0.70  0.14  0.00000085  

TRS 2 2_109489747_T 109,489,747 -0.69  0.14  0.00000089  

TRS 2 2_109493245_T 109,493,245 -0.70  0.14  0.00000079  

TRS 2 2_109494921_T 109,494,921 -0.69  0.14  0.00000089  

TRS 2 2_109496806_G 109,496,806 -0.69  0.14  0.00000089  

TRS 2 2_109500312_T 109,500,312 -0.69  0.14  0.00000089  

TRS 2 2_109506437_G 109,506,437 -0.69  0.14  0.00000089  

TRS 2 2_109509472_T 109,509,472 -0.69  0.14  0.00000089  

TRS 2 2_109514560_T 109,514,560 -0.69  0.14  0.00000089  

TRS 2 2_109515476_T 109,515,476 -0.69  0.14  0.00000089  

TRS 2 2_109518190_C 109,518,190 -0.69  0.14  0.00000089  

TRS 2 2_109522926_G 109,522,926 -0.69  0.14  0.00000089  
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TRS 2 2_109529642_C 109,529,642 -0.69  0.14  0.00000089  

TRS 2 2_109537303_C 109,537,303 -0.70  0.14  0.00000085  

TRS 2 2_109542572_T 109,542,572 -0.70  0.14  0.00000085  

TRS 2 2_109581998_C 109,581,998 -0.69  0.14  0.00000089  

TRS 2 2_109589218_T 109,589,218 -0.69  0.14  0.00000089  

TRS 2 2_109607761_G 109,607,761 -0.69  0.14  0.00000089  

TRS 2 2_109618695_G 109,618,695 -0.70  0.14  0.00000073  

TRS 2 2_109619382_C 109,619,382 -0.69  0.14  0.00000089  

TRS 2 2_109622303_T 109,622,303 -0.69  0.14  0.00000089  

TRS 2 2_109623869_T 109,623,869 -0.69  0.14  0.00000089  

TRS 2 2_109627942_C 109,627,942 -0.69  0.14  0.00000089  

TRS 2 2_109632757_GA 109,632,757 -0.69  0.14  0.00000089  

TRS 2 2_109639715_T 109,639,715 -0.69  0.14  0.00000087  

TRS 2 2_109641694_T 109,641,694 -0.69  0.14  0.00000089  

TRS 2 2_109659487_A 109,659,487 -0.69  0.14  0.00000089  

TRS 2 2_109711134_T 109,711,134 -0.69  0.14  0.00000088  

TRS 2 2_109719183_A 109,719,183 -0.69  0.14  0.00000088  

TRS 2 2_109733255_T 109,733,255 -0.69  0.14  0.00000088  

TRS 2 2_109743977_A 109,743,977 -0.69  0.14  0.00000089  

TRS 2 2_109751307_T 109,751,307 -0.69  0.14  0.00000088  

TRS 2 2_109753661_T 109,753,661 -0.69  0.14  0.00000088  

TRS 2 2_109759976_A 109,759,976 -0.69  0.14  0.00000088  

TRS 2 2_109761648_C 109,761,648 -0.69  0.14  0.00000088  

TRS 2 2_109765000_TAA 109,765,000 -0.69  0.14  0.00000088  

TRS 2 2_109848074_T 109,848,074 -0.69  0.14  0.00000090  

TRS 2 2_110001016_G 110,001,016 -0.70  0.14  0.00000085  

TRS 2 2_110138295_A 110,138,295 -0.69  0.14  0.00000089  
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TRS 2 2_110143812_A 110,143,812 -0.69  0.14  0.00000087  

TRS 2 2_110148918_T 110,148,918 -0.69  0.14  0.00000087  

TRS 2 2_110153985_G 110,153,985 -0.70  0.14  0.00000077  

TRS 2 2_110159685_A 110,159,685 -0.70  0.14  0.00000072  

TRS 2 2_110165746_A 110,165,746 -0.70  0.14  0.00000077  

TRS 2 2_110170036_G 110,170,036 -0.70  0.14  0.00000077  

TRS 2 2_110173007_G 110,173,007 -0.69  0.14  0.00000087  

TRS 2 2_110185078_T 110,185,078 -0.70  0.14  0.00000083  

TRS 2 2_110191621_G 110,191,621 -0.69  0.14  0.00000087  

TRS 2 2_110203808_T 110,203,808 -0.70  0.14  0.00000083  

TRS 2 2_110212515_T 110,212,515 -0.70  0.14  0.00000083  

TRS 2 2_110213800_T 110,213,800 -0.69  0.14  0.00000087  

TRS 2 2_110216003_T 110,216,003 -0.69  0.14  0.00000087  

TRS 2 2_110219837_A 110,219,837 -0.69  0.14  0.00000087  

TRS 2 2_110224555_G 110,224,555 -0.69  0.14  0.00000087  

TRS 2 2_110228726_G 110,228,726 -0.69  0.14  0.00000087  

TRS 2 2_110234070_C 110,234,070 -0.69  0.14  0.00000087  

TRS 2 2_110235910_G 110,235,910 -0.69  0.14  0.00000087  

TRS 2 2_110238545_T 110,238,545 -0.69  0.14  0.00000087  

TRS 2 2_110242971_T 110,242,971 -0.69  0.14  0.00000087  

TRS 2 2_110245298_G 110,245,298 -0.69  0.14  0.00000087  

TRS 2 2_110246122_TC 110,246,122 -0.70  0.14  0.00000083  

TRS 2 2_110247919_A 110,247,919 -0.69  0.14  0.00000087  

TRS 2 2_110250945_G 110,250,945 -0.69  0.14  0.00000087  

TRS 2 2_110251872_T 110,251,872 -0.69  0.14  0.00000087  

TRS 2 2_110256944_C 110,256,944 -0.69  0.14  0.00000087  

TRS 2 2_110259121_G 110,259,121 -0.69  0.14  0.00000087  
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TRS 2 2_110259859_CA 110,259,859 -0.69  0.14  0.00000087  

TRS 2 2_110261555_A 110,261,555 -0.69  0.14  0.00000087  

TRS 2 2_110261837_G 110,261,837 -0.69  0.14  0.00000087  

TRS 2 2_110264069_A 110,264,069 -0.69  0.14  0.00000087  

TRS 2 2_110265415_A 110,265,415 -0.69  0.14  0.00000087  

TRS 2 2_110265939_A 110,265,939 -0.69  0.14  0.00000087  

TRS 2 2_110270658_C 110,270,658 -0.69  0.14  0.00000087  

TRS 2 2_110273764_GA 110,273,764 -0.69  0.14  0.00000087  

TRS 2 2_110274573_G 110,274,573 -0.69  0.14  0.00000087  

TRS 2 2_110275571_A 110,275,571 -0.69  0.14  0.00000087  

TRS 2 2_110285906_A 110,285,906 -0.69  0.14  0.00000089  

TRS 2 2_110288165_G 110,288,165 -0.69  0.14  0.00000087  

TRS 2 2_110297428_A 110,297,428 -0.69  0.14  0.00000093  

TRS 2 2_110298779_C 110,298,779 -0.70  0.14  0.00000081  

TRS 2 2_110304800_C 110,304,800 -0.70  0.14  0.00000081  

TRS 2 2_110306269_T 110,306,269 -0.70  0.14  0.00000081  

TRS 2 2_110309071_T 110,309,071 -0.70  0.14  0.00000072  

TRS 2 2_110311150_T 110,311,150 -0.70  0.14  0.00000081  

TRS 2 2_110314183_T 110,314,183 -0.70  0.14  0.00000081  

TRS 2 2_110318959_T 110,318,959 -0.70  0.14  0.00000081  

TRS 2 2_110328547_A 110,328,547 -0.70  0.14  0.00000081  

TRS 2 2_110330660_A 110,330,660 -0.70  0.14  0.00000081  

TRS 2 2_110337123_C 110,337,123 -0.70  0.14  0.00000083  

TRS 2 2_110340871_A 110,340,871 -0.70  0.14  0.00000083  

TRS 2 2_110342638_C 110,342,638 -0.70  0.14  0.00000082  

TRS 2 2_110344660_T 110,344,660 -0.70  0.14  0.00000083  

TRS 2 2_110346400_T 110,346,400 -0.70  0.14  0.00000083  
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TRS 2 2_110347280_G 110,347,280 -0.70  0.14  0.00000083  

TRS 2 2_110349373_G 110,349,373 -0.70  0.14  0.00000074  

TRS 2 2_110351204_T 110,351,204 -0.70  0.14  0.00000083  

TRS 2 2_110353189_T 110,353,189 -0.70  0.14  0.00000083  

TRS 2 2_110355730_A 110,355,730 -0.70  0.14  0.00000083  

TRS 2 2_110359557_A 110,359,557 -0.70  0.14  0.00000083  

TRS 2 2_110366268_T 110,366,268 -0.70  0.14  0.00000084  

TRS 2 2_110369910_G 110,369,910 -0.70  0.14  0.00000083  

TRS 2 2_110379301_A 110,379,301 -0.70  0.14  0.00000083  

TRS 2 2_110405926_C 110,405,926 -0.70  0.14  0.00000085  

TRS 2 2_110409856_T 110,409,856 -0.69  0.14  0.00000087  

TRS 2 2_110414175_T 110,414,175 -0.69  0.14  0.00000089  

TRS 2 2_110418166_A 110,418,166 -0.69  0.14  0.00000090  

TRS 2 2_110420052_A 110,420,052 -0.69  0.14  0.00000090  

TRS 2 2_110425839_G 110,425,839 -0.69  0.14  0.00000090  

TRS 2 2_110426288_C 110,426,288 -0.70  0.14  0.00000075  

TRS 2 2_110429015_A 110,429,015 -0.90  0.16  0.00000002  

TRS 2 2_110430707_C 110,430,707 -0.69  0.14  0.00000087  

TRS 2 2_110439198_G 110,439,198 -0.69  0.14  0.00000080  

TRS 2 2_110451805_G 110,451,805 -0.69  0.14  0.00000080  

TRS 2 2_110456968_A 110,456,968 -0.69  0.14  0.00000090  

TRS 2 2_110464275_C 110,464,275 -0.69  0.14  0.00000080  

TRS 2 2_110472495_G 110,472,495 -0.69  0.14  0.00000080  

TRS 2 2_110473260_T 110,473,260 -0.69  0.14  0.00000090  

TRS 2 2_110474079_A 110,474,079 -0.69  0.14  0.00000087  

TRS 2 2_110474688_T 110,474,688 -0.69  0.14  0.00000090  

TRS 2 2_110475610_A 110,475,610 -0.70  0.14  0.00000086  
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TRS 2 2_110483088_G 110,483,088 -0.68  0.14  0.00000120  

TRS 2 2_110485848_A 110,485,848 -0.69  0.14  0.00000090  

TRS 2 2_110487566_A 110,487,566 -0.69  0.14  0.00000090  

TRS 2 2_110497477_A 110,497,477 -0.68  0.14  0.00000111  

TRS 2 2_110499801_T 110,499,801 -0.68  0.14  0.00000111  

TRS 2 2_110513650_A 110,513,650 -0.69  0.14  0.00000090  

TRS 2 2_110528617_G 110,528,617 -0.69  0.14  0.00000090  

TRS 2 2_110554169_C 110,554,169 -0.69  0.14  0.00000090  

TRS 2 2_110562085_G 110,562,085 -0.69  0.14  0.00000090  

TRS 2 2_110603275_T 110,603,275 -0.69  0.14  0.00000090  

TRS 2 2_110607093_C 110,607,093 -0.69  0.14  0.00000090  

TRS 2 2_110624072_C 110,624,072 -0.69  0.14  0.00000091  

TRS 2 2_110630554_A 110,630,554 -0.70  0.14  0.00000085  

TRS 2 2_110638910_A 110,638,910 -0.70  0.14  0.00000088  

TRS 2 2_110644098_A 110,644,098 -0.69  0.14  0.00000092  

TRS 2 2_110659980_G 110,659,980 -0.69  0.14  0.00000090  

TRS 2 2_110665397_A 110,665,397 -0.69  0.14  0.00000092  

TRS 2 2_110671695_T 110,671,695 -0.70  0.14  0.00000089  

TRS 2 2_110674874_A 110,674,874 -0.69  0.14  0.00000087  

TRS 2 2_110722516_T 110,722,516 -0.69  0.14  0.00000090  

TRS 2 2_110764699_A 110,764,699 -0.69  0.14  0.00000092  

TRS 2 2_111224692_G 111,224,692 -0.69  0.14  0.00000090  

TRS 2 2_111227658_C 111,227,658 -0.69  0.14  0.00000092  

TRS 2 2_111246753_G 111,246,753 -0.70  0.14  0.00000091  

TRS 2 2_111261753_G 111,261,753 -0.69  0.14  0.00000092  

TRS 2 2_111265312_G 111,265,312 -0.69  0.14  0.00000092  

TRS 2 2_111272852_G 111,272,852 -0.69  0.14  0.00000092  
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TRS 2 2_111279928_C 111,279,928 -0.69  0.14  0.00000092  

TRS 2 2_111281195_T 111,281,195 -0.69  0.14  0.00000088  

TRS 2 2_111282478_G 111,282,478 -0.71  0.14  0.00000063  

TRS 2 2_111283581_C 111,283,581 -0.69  0.14  0.00000092  

TRS 2 2_111285827_C 111,285,827 -0.69  0.14  0.00000092  

TRS 2 2_111299450_C 111,299,450 -0.69  0.14  0.00000092  

TRS 2 2_111304613_C 111,304,613 -0.69  0.14  0.00000087  

TRS 2 2_111305215_T 111,305,215 -0.69  0.14  0.00000092  

TRS 2 2_111327616_T 111,327,616 -0.69  0.14  0.00000092  

TRS 2 2_111333628_A 111,333,628 -0.69  0.14  0.00000092  

TRS 2 2_111414402_G 111,414,402 -0.69  0.14  0.00000092  

TRS 2 2_111433729_A 111,433,729 -0.70  0.14  0.00000091  

TRS 2 2_111453837_C 111,453,837 -0.69  0.14  0.00000092  

TRS 2 2_111486280_C 111,486,280 -0.69  0.14  0.00000091  

TRS 2 2_111499010_T 111,499,010 -0.69  0.14  0.00000090  

TRS 2 2_111526432_T 111,526,432 -0.69  0.14  0.00000091  

TRS 2 2_111530117_A 111,530,117 -0.69  0.14  0.00000120  

TRS 2 2_111540064_A 111,540,064 -0.69  0.14  0.00000090  

TRS 2 2_111553832_T 111,553,832 -0.69  0.14  0.00000092  

TRS 2 2_111563782_T 111,563,782 -0.70  0.14  0.00000091  

TRS 2 2_111570691_A 111,570,691 -0.69  0.14  0.00000090  

TRS 2 2_111575072_C 111,575,072 -0.70  0.14  0.00000089  

TRS 2 2_111582096_C 111,582,096 -0.70  0.14  0.00000089  

TRS 2 2_111598537_T 111,598,537 -0.69  0.14  0.00000089  

TRS 2 2_111614754_A 111,614,754 -0.69  0.14  0.00000091  

TRS 2 2_111625296_T 111,625,296 -0.69  0.14  0.00000092  

TRS 2 2_111634116_C 111,634,116 -0.69  0.14  0.00000090  
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TRS 2 2_111640538_AT 111,640,538 -0.69  0.14  0.00000092  

TRS 2 2_111653862_AC 111,653,862 -0.69  0.14  0.00000092  

TRS 2 2_111659996_C 111,659,996 -0.69  0.14  0.00000092  

TRS 2 2_111670922_T 111,670,922 -0.69  0.14  0.00000092  

TRS 2 2_111689615_C 111,689,615 -0.69  0.14  0.00000090  

TRS 2 2_111879130_A 111,879,130 -0.69  0.14  0.00000092  

TRS 2 2_112051005_C 112,051,005 -0.69  0.14  0.00000092  

TRS 2 2_112209797_C 112,209,797 -0.69  0.14  0.00000087  

TRS 2 2_112393581_A 112,393,581 -0.69  0.14  0.00000092  

TRS 2 2_127833178_CA 127,833,178 -0.82  0.16  0.00000020  

TRS 6 6_125351232_T 125,351,232 -0.65  0.13  0.00000097  

TRS 6 6_125363033_C 125,363,033 -0.65  0.13  0.00000093  

TRS 6 6_125423535_AT 125,423,535 -0.65  0.13  0.00000107  

TRS 6 6_125624301_A 125,624,301 -0.65  0.13  0.00000108  

TRS 6 6_125677183_G 125,677,183 -0.65  0.13  0.00000107  

TRS 6 6_125681046_A 125,681,046 -0.65  0.13  0.00000107  

TRS 6 6_125685780_T 125,685,780 -0.65  0.13  0.00000107  

TRS 6 6_126323755_T 126,323,755 -0.66  0.13  0.00000064  

TRS 6 6_126370928_C 126,370,928 -0.66  0.13  0.00000070  

TRS 6 6_126378278_C 126,378,278 -0.66  0.13  0.00000069  

TRS 6 6_126410208_A 126,410,208 -0.65  0.13  0.00000109  

TRS 6 6_126474592_C 126,474,592 -0.69  0.13  0.00000039  

TRS 6 6_126476281_G 126,476,281 -0.66  0.13  0.00000057  

TRS 6 6_126476632_C 126,476,632 -0.66  0.13  0.00000064  

TRS 6 6_126477305_T 126,477,305 -0.69  0.13  0.00000039  

TRS 6 6_126477611_T 126,477,611 -0.69  0.13  0.00000039  

TRS 6 6_126478166_G 126,478,166 -0.66  0.13  0.00000057  
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TRS 6 6_126478747_A 126,478,747 -0.66  0.13  0.00000057  

TRS 6 6_126481016_A 126,481,016 -0.66  0.13  0.00000057  

TRS 6 6_126482451_C 126,482,451 -0.66  0.13  0.00000057  

TRS 6 6_126482907_C 126,482,907 -0.66  0.13  0.00000057  

TRS 6 6_126485179_C 126,485,179 -0.69  0.13  0.00000039  

TRS 6 6_126488352_G 126,488,352 -0.69  0.13  0.00000039  

TRS 6 6_126575162_GT 126,575,162 -0.66  0.13  0.00000062  

TRS 6 6_126577562_G 126,577,562 -0.66  0.13  0.00000062  

TRS 6 6_126578662_A 126,578,662 -0.66  0.13  0.00000062  

TRS 6 6_126601500_G 126,601,500 -0.66  0.13  0.00000062  

TRS 6 6_126631171_T 126,631,171 -0.66  0.13  0.00000062  

TRS 6 6_126632332_G 126,632,332 -0.66  0.13  0.00000062  

TRS 6 6_126633199_A 126,633,199 -0.66  0.13  0.00000062  

TRS 6 6_126634337_G 126,634,337 -0.66  0.13  0.00000062  

TRS 6 6_126662275_AAT 126,662,275 -0.66  0.13  0.00000069  

TRS 6 6_126665276_T 126,665,276 -0.68  0.13  0.00000039  

TRS 6 6_126665714_T 126,665,714 -0.68  0.13  0.00000039  

TRS 6 6_126666580_T 126,666,580 -0.68  0.13  0.00000039  

TRS 6 6_126724087_G 126,724,087 -0.66  0.13  0.00000062  

TRS 6 6_126725424_G 126,725,424 -0.66  0.13  0.00000062  

TRS 6 6_126727270_C 126,727,270 -0.66  0.13  0.00000062  

TRS 6 6_126728420_G 126,728,420 -0.67  0.13  0.00000054  

TRS 6 6_126728686_C 126,728,686 -0.66  0.13  0.00000061  

TRS 6 6_126729827_G 126,729,827 -0.66  0.13  0.00000061  

TRS 6 6_126730408_A 126,730,408 -0.66  0.13  0.00000061  

TRS 6 6_126731484_C 126,731,484 -0.66  0.13  0.00000067  

TRS 6 6_126733670_A 126,733,670 -0.66  0.13  0.00000061  
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TRS 6 6_126735467_C 126,735,467 -0.66  0.13  0.00000061  

TRS 6 6_126736755_TA 126,736,755 -0.66  0.13  0.00000069  

TRS 6 6_126737653_C 126,737,653 -0.66  0.13  0.00000061  

TRS 6 6_126738247_G 126,738,247 -0.66  0.13  0.00000067  

TRS 6 6_126738949_A 126,738,949 -0.66  0.13  0.00000061  

TRS 6 6_126747420_T 126,747,420 -0.67  0.13  0.00000060  

TRS 6 6_126748183_A 126,748,183 -0.67  0.13  0.00000054  

TRS 6 6_126749607_G 126,749,607 -0.66  0.13  0.00000061  

TRS 6 6_126750237_G 126,750,237 -0.66  0.13  0.00000061  

TRS 6 6_126751419_G 126,751,419 -0.66  0.13  0.00000061  

TRS 6 6_126751957_T 126,751,957 -0.66  0.13  0.00000061  

TRS 6 6_126752672_T 126,752,672 -0.66  0.13  0.00000061  

TRS 6 6_126753030_C 126,753,030 -0.66  0.13  0.00000062  

TRS 6 6_126753798_T 126,753,798 -0.66  0.13  0.00000061  

TRS 6 6_126754630_ATG 126,754,630 -0.66  0.13  0.00000061  

TRS 6 6_126755064_A 126,755,064 -0.66  0.13  0.00000061  

TRS 6 6_126757311_T 126,757,311 -0.66  0.13  0.00000061  

TRS 6 6_126761793_C 126,761,793 -0.66  0.13  0.00000061  

TRS 6 6_126764805_C 126,764,805 -0.66  0.13  0.00000061  

TRS 6 6_126768885_T 126,768,885 -0.67  0.13  0.00000048  

TRS 6 6_126772138_G 126,772,138 -0.66  0.13  0.00000061  

TRS 6 6_126774358_G 126,774,358 -0.66  0.13  0.00000061  

TRS 6 6_126776774_T 126,776,774 -0.66  0.13  0.00000061  

TRS 6 6_126778794_C 126,778,794 -0.66  0.13  0.00000061  

TRS 6 6_126780782_A 126,780,782 -0.66  0.13  0.00000061  

TRS 6 6_126782541_G 126,782,541 -0.66  0.13  0.00000062  

TRS 6 6_126783493_G 126,783,493 -0.66  0.13  0.00000061  
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TRS 6 6_126784068_A 126,784,068 -0.66  0.13  0.00000061  

TRS 6 6_126786160_C 126,786,160 -0.66  0.13  0.00000061  

TRS 6 6_126787243_G 126,787,243 -0.66  0.13  0.00000061  

TRS 6 6_126788619_A 126,788,619 -0.68  0.14  0.00000040  

TRS 6 6_126789115_A 126,789,115 -0.66  0.13  0.00000061  

TRS 6 6_126789921_C 126,789,921 -0.66  0.13  0.00000061  

TRS 6 6_126790338_T 126,790,338 -0.66  0.13  0.00000061  

TRS 6 6_126791096_T 126,791,096 -0.66  0.13  0.00000061  

TRS 6 6_126791424_C 126,791,424 -0.66  0.13  0.00000061  

TRS 6 6_126793508_A 126,793,508 -0.67  0.13  0.00000052  

TRS 6 6_126794442_C 126,794,442 -0.67  0.13  0.00000052  

TRS 6 6_126794827_C 126,794,827 -0.67  0.13  0.00000052  

TRS 6 6_126797223_A 126,797,223 -0.67  0.13  0.00000052  

TRS 6 6_126797804_G 126,797,804 -0.67  0.13  0.00000052  

TRS 6 6_126799210_G 126,799,210 -0.67  0.13  0.00000056  

TRS 6 6_126799521_T 126,799,521 -0.67  0.13  0.00000052  

TRS 6 6_126800182_T 126,800,182 -0.67  0.13  0.00000052  

TRS 6 6_126801179_A 126,801,179 -0.67  0.13  0.00000058  

TRS 6 6_126801935_TGAG 126,801,935 -0.67  0.13  0.00000052  

TRS 6 6_126802692_A 126,802,692 -0.66  0.13  0.00000061  

TRS 6 6_126803237_A 126,803,237 -0.66  0.13  0.00000061  

TRS 6 6_126803633_C 126,803,633 -0.66  0.13  0.00000061  

TRS 6 6_126804039_T 126,804,039 -0.66  0.13  0.00000061  

TRS 6 6_126805230_G 126,805,230 -0.69  0.14  0.00000033  

TRS 6 6_126806972_G 126,806,972 -0.66  0.13  0.00000067  

TRS 6 6_126807860_C 126,807,860 -0.66  0.13  0.00000061  

TRS 6 6_126808053_G 126,808,053 -0.66  0.13  0.00000061  
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TRS 6 6_126808755_T 126,808,755 -0.66  0.13  0.00000067  

TRS 6 6_126938442_G 126,938,442 -0.66  0.13  0.00000092  

TRS 6 6_126945076_C 126,945,076 -0.66  0.13  0.00000062  

TRS 6 6_127016158_G 127,016,158 -0.66  0.13  0.00000064  

TRS 6 6_127019840_G 127,019,840 -0.65  0.13  0.00000096  

TRS 6 6_127026604_C 127,026,604 -0.65  0.13  0.00000089  

TRS 6 6_127822624_TC 127,822,624 -0.68  0.13  0.00000049  

TRS 6 6_128028279_C 128,028,279 -0.67  0.13  0.00000053  

TRS 6 6_128038925_T 128,038,925 -0.67  0.13  0.00000053  

TRS 6 6_128061017_A 128,061,017 -0.67  0.13  0.00000053  

TRS 6 6_128096745_C 128,096,745 -0.70  0.14  0.00000032  

TRS 6 6_128100653_G 128,100,653 -0.67  0.13  0.00000053  

TRS 6 6_128126009_G 128,126,009 -0.67  0.13  0.00000053  

TRS 6 6_128129541_T 128,129,541 -0.67  0.13  0.00000053  

TRS 6 6_128142382_T 128,142,382 -0.67  0.13  0.00000053  

TRS 6 6_128180187_A 128,180,187 -0.67  0.13  0.00000054  

TRS 6 6_128318719_G 128,318,719 -0.68  0.13  0.00000045  

TRS 6 6_128319274_T 128,319,274 -0.68  0.13  0.00000045  

TRS 6 6_128319571_T 128,319,571 -0.68  0.13  0.00000045  

TRS 6 6_128349869_G 128,349,869 -0.68  0.13  0.00000043  

TRS 6 6_128355756_A 128,355,756 -0.68  0.13  0.00000043  

TRS 6 6_128362537_G 128,362,537 -0.68  0.13  0.00000043  

TRS 6 6_128506422_C 128,506,422 -0.69  0.14  0.00000037  

TRS 6 6_128540069_C 128,540,069 -0.68  0.13  0.00000043  

TRS 6 6_128559926_A 128,559,926 -0.68  0.13  0.00000043  

TRS 6 6_128591630_C 128,591,630 -0.72  0.14  0.00000031  

TRS 6 6_128592787_C 128,592,787 -0.72  0.14  0.00000031  
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TRS 6 6_128598015_TTTG 128,598,015 -0.72  0.14  0.00000031  

TRS 6 6_128599052_C 128,599,052 -0.72  0.14  0.00000031  

TRS 6 6_128601962_TG 128,601,962 -0.72  0.14  0.00000031  

TRS 6 6_128607655_CTT 128,607,655 -0.72  0.14  0.00000030  

TRS 6 6_128926928_G 128,926,928 -0.65  0.13  0.00000072  

TRS 6 6_128933859_C 128,933,859 -0.65  0.13  0.00000072  

TRS 6 6_128961716_A 128,961,716 -0.68  0.13  0.00000041  

TRS 6 6_128965216_T 128,965,216 -0.66  0.13  0.00000059  

TRS 6 6_128975440_T 128,975,440 -0.67  0.13  0.00000054  

TRS 6 6_128977429_A 128,977,429 -0.66  0.13  0.00000059  

TRS 6 6_128978075_A 128,978,075 -0.67  0.13  0.00000052  

TRS 6 6_128978615_T 128,978,615 -0.66  0.13  0.00000059  

TRS 6 6_128979492_G 128,979,492 -0.66  0.13  0.00000059  

TRS 6 6_128982015_G 128,982,015 -0.65  0.13  0.00000072  

TRS 6 6_128993429_AGTGAT 128,993,429 -0.67  0.13  0.00000035  

TRS 6 6_128994784_A 128,994,784 -0.66  0.13  0.00000059  

TRS 6 6_128998619_T 128,998,619 -0.65  0.13  0.00000072  

TRS 6 6_129005315_T 129,005,315 -0.66  0.13  0.00000058  

TRS 6 6_129006571_A 129,006,571 -0.67  0.13  0.00000052  

TRS 6 6_129007942_C 129,007,942 -0.65  0.13  0.00000072  

TRS 6 6_129009756_A 129,009,756 -0.66  0.13  0.00000059  

TRS 6 6_129026191_A 129,026,191 -0.66  0.13  0.00000059  

TRS 6 6_129027823_G 129,027,823 -0.66  0.13  0.00000059  

TRS 6 6_129068935_CT 129,068,935 -0.66  0.13  0.00000067  

TRS 6 6_129071477_T 129,071,477 -0.66  0.13  0.00000067  

TRS 6 6_129072081_TG 129,072,081 -0.66  0.13  0.00000066  

TRS 6 6_129106033_G 129,106,033 -0.67  0.13  0.00000051  
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TRS 6 6_129108303_A 129,108,303 -0.66  0.13  0.00000067  

TRS 6 6_129112736_G 129,112,736 -0.66  0.13  0.00000067  

TRS 6 6_129117086_G 129,117,086 -0.66  0.13  0.00000067  

TRS 6 6_129131873_C 129,131,873 -0.66  0.13  0.00000059  

TRS 6 6_129139371_A 129,139,371 -0.65  0.13  0.00000072  

TRS 6 6_129149710_A 129,149,710 -0.65  0.13  0.00000072  

TRS 6 6_129150250_C 129,150,250 -0.65  0.13  0.00000072  

TRS 6 6_129192451_T 129,192,451 -0.65  0.13  0.00000072  

TRS 6 6_129210420_ATATTT 129,210,420 -0.65  0.13  0.00000072  

TRS 6 6_129220846_T 129,220,846 -0.66  0.13  0.00000059  

TRS 6 6_129225399_T 129,225,399 -0.66  0.13  0.00000059  

TRS 6 6_129279850_A 129,279,850 -0.66  0.13  0.00000066  

TRS 6 6_129285004_A 129,285,004 -0.66  0.13  0.00000059  

TRS 6 6_129287766_G 129,287,766 -0.65  0.13  0.00000064  

TRS 6 6_129290483_A 129,290,483 -0.67  0.13  0.00000049  

TRS 6 6_129292314_T 129,292,314 -0.65  0.13  0.00000070  

TRS 6 6_129298592_GA 129,298,592 -0.65  0.13  0.00000071  

TRS 6 6_129301918_C 129,301,918 -0.65  0.13  0.00000071  

TRS 6 6_129303560_A 129,303,560 -0.65  0.13  0.00000068  

TRS 6 6_129317770_C 129,317,770 -0.65  0.13  0.00000079  

TRS 6 6_129318237_C 129,318,237 -0.66  0.13  0.00000059  

TRS 6 6_129319267_A 129,319,267 -0.66  0.13  0.00000058  

TRS 6 6_129323259_G 129,323,259 -0.65  0.13  0.00000074  

TRS 6 6_129326462_TA 129,326,462 -0.66  0.13  0.00000062  

TRS 6 6_129331675_A 129,331,675 -0.66  0.13  0.00000059  

TRS 6 6_129331927_C 129,331,927 -0.65  0.13  0.00000071  

TRS 6 6_129332889_A 129,332,889 -0.65  0.13  0.00000071  
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TRS 6 6_129334243_C 129,334,243 -0.65  0.13  0.00000070  

TRS 6 6_129338493_T 129,338,493 -0.65  0.13  0.00000069  

TRS 6 6_129348946_C 129,348,946 -0.65  0.13  0.00000077  

TRS 6 6_129357055_A 129,357,055 -0.65  0.13  0.00000064  

TRS 6 6_129363499_T 129,363,499 -0.65  0.13  0.00000072  

TRS 6 6_135196192_G 135,196,192 -0.75  0.15  0.00000081  

TRS 8 8_4906107_T 4,906,107 -0.70  0.13  0.00000024  

TRS 8 8_4911786_G 4,911,786 -0.69  0.14  0.00000037  

TRS 8 8_4913740_G 4,913,740 -0.62  0.13  0.00000113  

TRS 8 8_4914699_T 4,914,699 -0.78  0.14  0.00000006  

TRS 8 8_4914910_A 4,914,910 -0.70  0.13  0.00000021  

TRS 8 8_4915104_G 4,915,104 -0.88  0.15  0.00000001  

TRS 8 8_4916056_G 4,916,056 -0.65  0.13  0.00000088  

TRS 8 8_4917068_G 4,917,068 -0.66  0.13  0.00000058  

TRS 8 8_4917329_T 4,917,329 -0.67  0.13  0.00000060  

TRS 8 8_4917689_C 4,917,689 -0.75  0.14  0.00000015  

TRS 8 8_4918153_A 4,918,153 -0.75  0.14  0.00000015  

TRS 8 8_4919089_T 4,919,089 -0.66  0.13  0.00000087  

TRS 8 8_4919380_A 4,919,380 -0.77  0.14  0.00000008  

TRS 8 8_4919503_G 4,919,503 -0.67  0.13  0.00000077  

TRS 8 8_4920014_G 4,920,014 -0.65  0.13  0.00000097  

TRS 8 8_4920197_T 4,920,197 -0.65  0.13  0.00000118  

TRS 8 8_4928499_A 4,928,499 -0.73  0.14  0.00000031  

TRS 8 8_4935159_T 4,935,159 -0.66  0.13  0.00000091  

TRS 8 8_4960712_G 4,960,712 -0.76  0.15  0.00000016  

TRS 8 8_134856930_G 134,856,930 -0.76  0.15  0.00000043  

TRS 8 8_134857072_T 134,857,072 -0.93  0.16  0.00000001  
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TRS 8 8_134857114_G 134,857,114 -0.77  0.15  0.00000040  

TRS 8 8_134860931_C 134,860,931 -0.77  0.15  0.00000033  

TRS 8 8_134974704_T 134,974,704 -0.67  0.13  0.00000067  

TRS 8 8_135028616_C 135,028,616 -0.65  0.13  0.00000100  

TRS 8 8_135049023_A 135,049,023 -0.65  0.13  0.00000119  

TRS 9 9_39195933_C 39,195,933 -0.78  0.15  0.00000011  

TRS 9 9_39424271_A 39,424,271 -0.77  0.15  0.00000012  

TRS 9 9_39453846_A 39,453,846 -0.75  0.14  0.00000016  

TRS 9 9_39457848_T 39,457,848 -0.76  0.14  0.00000016  

TRS 9 9_39461176_T 39,461,176 -0.76  0.14  0.00000016  

TRS 9 9_39464877_T 39,464,877 -0.75  0.14  0.00000019  

TRS 9 9_39476585_C 39,476,585 -0.73  0.14  0.00000025  

TRS 9 9_39486772_G 39,486,772 -0.74  0.14  0.00000024  

TRS 10 10_51412141_GAATT 51,412,141 -0.68  0.14  0.00000068  

TRS 10 10_51430474_A 51,430,474 -0.66  0.13  0.00000080  

TRS 10 10_51438887_T 51,438,887 -0.66  0.14  0.00000101  

TRS 10 10_51870599_A 51,870,599 -0.86  0.16  0.00000004  

TRS 10 10_51935344_A 51,935,344 -0.87  0.16  0.00000003  

TRS 10 10_51936602_CTCT 51,936,602 -0.87  0.16  0.00000003  

TRS 10 10_51971041_G 51,971,041 -0.87  0.16  0.00000003  

TRS 10 10_51972715_A 51,972,715 -0.87  0.16  0.00000003  

TRS 10 10_51974203_C 51,974,203 -0.87  0.16  0.00000003  

TRS 10 10_52218082_C 52,218,082 -0.86  0.16  0.00000004  

TRS 10 10_52219746_A 52,219,746 -0.86  0.16  0.00000004  

TRS 10 10_52220457_A 52,220,457 -0.86  0.16  0.00000004  

TRS 10 10_52221786_A 52,221,786 -0.88  0.16  0.00000003  

TRS 10 10_52234291_T 52,234,291 -0.88  0.16  0.00000003  
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TRS 10 10_68726153_TC 68,726,153 -0.90  0.17  0.00000006  

TRS 10 10_68752585_G 68,752,585 -0.91  0.16  0.00000002  

TRS 10 10_68776792_G 68,776,792 -0.89  0.16  0.00000005  

TRS 10 10_68938360_A 68,938,360 -0.91  0.16  0.00000002  

TRS 10 10_68961807_A 68,961,807 -0.91  0.16  0.00000002  

TRS 10 10_69003765_C 69,003,765 -0.87  0.16  0.00000005  

TRS 10 10_69038207_C 69,038,207 -0.91  0.16  0.00000002  

TRS 10 10_69069560_C 69,069,560 -0.91  0.16  0.00000002  

TRS 10 10_69122246_A 69,122,246 -0.92  0.16  0.00000001  

TRS 10 10_69167156_A 69,167,156 -0.92  0.16  0.00000001  

TRS 10 10_69231514_G 69,231,514 -0.90  0.16  0.00000002  

TRS 10 10_69260687_T 69,260,687 -0.92  0.16  0.00000001  

TRS 10 10_69304512_G 69,304,512 -0.92  0.16  0.00000001  

TRS 10 10_69352432_T 69,352,432 -0.90  0.16  0.00000002  

TRS 11 11_16776240_G 16,776,240 -0.83  0.16  0.00000008  

TRS 11 11_16779060_T 16,779,060 -0.83  0.16  0.00000008  

TRS 11 11_16787987_T 16,787,987 -0.84  0.16  0.00000008  

TRS 11 11_16791246_G 16,791,246 -0.84  0.16  0.00000008  

TRS 11 11_16792168_G 16,792,168 -0.84  0.16  0.00000008  

TRS 11 11_17051800_G 17,051,800 -0.73  0.15  0.00000061  

TRS 12 12_22191109_G 22,191,109 -0.73  0.14  0.00000041  

TRS 13 13_17486172_T 17,486,172 -0.77  0.15  0.00000022  

TRS 13 13_17492441_G 17,492,441 -0.87  0.16  0.00000006  

TRS 13 13_17495603_T 17,495,603 -0.88  0.16  0.00000005  

TRS 13 13_17496040_T 17,496,040 -0.88  0.16  0.00000005  

TRS 13 13_188570697_G 188,570,697 -0.92  0.16  0.00000001  

TRS 13 13_188575484_G 188,575,484 -0.91  0.16  0.00000001  
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TRS 13 13_188587036_G 188,587,036 -0.91  0.16  0.00000001  

TRS 13 13_188609481_C 188,609,481 -0.90  0.16  0.00000001  

TRS 13 13_188638189_G 188,638,189 -0.81  0.15  0.00000004  

TRS 15 15_104520179_C 104,520,179 -0.71  0.14  0.00000019  

TRS 16 16_64692816_G 64,692,816 -0.64  0.13  0.00000059  

TSS 1 1_10473872_A 10,473,872 -0.80  0.15  0.00000011  

TSS 1 1_10505848_T 10,505,848 -0.77  0.15  0.00000025  

TSS 2 2_105870529_AC 105,870,529 -0.79  0.15  0.00000025  

TSS 2 2_108874785_C 108,874,785 -0.85  0.16  0.00000006  

TSS 2 2_110429015_A 110,429,015 -0.87  0.16  0.00000004  

TSS 2 2_127833178_CA 127,833,178 -0.80  0.16  0.00000025  

TSS 6 6_125351232_T 125,351,232 -0.66  0.13  0.00000045  

TSS 6 6_125363033_C 125,363,033 -0.66  0.13  0.00000046  

TSS 6 6_125423535_AT 125,423,535 -0.66  0.13  0.00000055  

TSS 6 6_125624301_A 125,624,301 -0.66  0.13  0.00000056  

TSS 6 6_125677183_G 125,677,183 -0.66  0.13  0.00000055  

TSS 6 6_125681046_A 125,681,046 -0.66  0.13  0.00000055  

TSS 6 6_125685780_T 125,685,780 -0.66  0.13  0.00000055  

TSS 6 6_125897646_T 125,897,646 -0.64  0.13  0.00000075  

TSS 6 6_125898528_CA 125,898,528 -0.64  0.13  0.00000080  

TSS 6 6_125900303_C 125,900,303 -0.65  0.13  0.00000060  

TSS 6 6_125901642_T 125,901,642 -0.64  0.13  0.00000074  

TSS 6 6_125902634_G 125,902,634 -0.64  0.13  0.00000075  

TSS 6 6_125903844_A 125,903,844 -0.64  0.13  0.00000075  

TSS 6 6_125905114_A 125,905,114 -0.64  0.13  0.00000075  

TSS 6 6_125906106_A 125,906,106 -0.64  0.13  0.00000080  

TSS 6 6_125906724_CAT 125,906,724 -0.64  0.13  0.00000075  
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TSS 6 6_125907463_T 125,907,463 -0.64  0.13  0.00000075  

TSS 6 6_125907755_G 125,907,755 -0.64  0.13  0.00000075  

TSS 6 6_125909608_G 125,909,608 -0.65  0.13  0.00000068  

TSS 6 6_125910779_A 125,910,779 -0.64  0.13  0.00000076  

TSS 6 6_125911593_T 125,911,593 -0.64  0.13  0.00000076  

TSS 6 6_125973610_G 125,973,610 -0.64  0.13  0.00000086  

TSS 6 6_125974068_G 125,974,068 -0.64  0.13  0.00000092  

TSS 6 6_125974611_A 125,974,611 -0.64  0.13  0.00000086  

TSS 6 6_125975911_A 125,975,911 -0.64  0.13  0.00000092  

TSS 6 6_125976295_T 125,976,295 -0.64  0.13  0.00000086  

TSS 6 6_125977595_A 125,977,595 -0.64  0.13  0.00000093  

TSS 6 6_126040757_G 126,040,757 -0.64  0.13  0.00000081  

TSS 6 6_126058296_G 126,058,296 -0.64  0.13  0.00000081  

TSS 6 6_126080515_A 126,080,515 -0.64  0.13  0.00000082  

TSS 6 6_126120130_A 126,120,130 -0.64  0.13  0.00000081  

TSS 6 6_126135107_G 126,135,107 -0.64  0.13  0.00000081  

TSS 6 6_126261437_G 126,261,437 -0.64  0.13  0.00000093  

TSS 6 6_126268918_G 126,268,918 -0.64  0.13  0.00000091  

TSS 6 6_126317299_ACT 126,317,299 -0.65  0.13  0.00000067  

TSS 6 6_126323755_T 126,323,755 -0.67  0.13  0.00000040  

TSS 6 6_126370928_C 126,370,928 -0.67  0.13  0.00000045  

TSS 6 6_126378278_C 126,378,278 -0.67  0.13  0.00000045  

TSS 6 6_126410208_A 126,410,208 -0.65  0.13  0.00000066  

TSS 6 6_126474592_C 126,474,592 -0.69  0.13  0.00000028  

TSS 6 6_126476281_G 126,476,281 -0.67  0.13  0.00000040  

TSS 6 6_126476632_C 126,476,632 -0.67  0.13  0.00000040  

TSS 6 6_126477305_T 126,477,305 -0.69  0.13  0.00000028  
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TSS 6 6_126477611_T 126,477,611 -0.69  0.13  0.00000028  

TSS 6 6_126478166_G 126,478,166 -0.67  0.13  0.00000040  

TSS 6 6_126478747_A 126,478,747 -0.67  0.13  0.00000040  

TSS 6 6_126481016_A 126,481,016 -0.67  0.13  0.00000040  

TSS 6 6_126482451_C 126,482,451 -0.67  0.13  0.00000040  

TSS 6 6_126482907_C 126,482,907 -0.67  0.13  0.00000040  

TSS 6 6_126485179_C 126,485,179 -0.69  0.13  0.00000028  

TSS 6 6_126488352_G 126,488,352 -0.69  0.13  0.00000028  

TSS 6 6_126575162_GT 126,575,162 -0.67  0.13  0.00000042  

TSS 6 6_126577562_G 126,577,562 -0.67  0.13  0.00000042  

TSS 6 6_126578662_A 126,578,662 -0.67  0.13  0.00000042  

TSS 6 6_126601500_G 126,601,500 -0.67  0.13  0.00000042  

TSS 6 6_126631171_T 126,631,171 -0.67  0.13  0.00000042  

TSS 6 6_126632332_G 126,632,332 -0.67  0.13  0.00000042  

TSS 6 6_126633199_A 126,633,199 -0.67  0.13  0.00000042  

TSS 6 6_126634337_G 126,634,337 -0.67  0.13  0.00000042  

TSS 6 6_126662275_AAT 126,662,275 -0.67  0.13  0.00000042  

TSS 6 6_126665276_T 126,665,276 -0.68  0.13  0.00000031  

TSS 6 6_126665714_T 126,665,714 -0.68  0.13  0.00000031  

TSS 6 6_126666580_T 126,666,580 -0.68  0.13  0.00000031  

TSS 6 6_126724087_G 126,724,087 -0.67  0.13  0.00000042  

TSS 6 6_126725424_G 126,725,424 -0.67  0.13  0.00000042  

TSS 6 6_126727270_C 126,727,270 -0.67  0.13  0.00000042  

TSS 6 6_126728420_G 126,728,420 -0.68  0.13  0.00000039  

TSS 6 6_126728686_C 126,728,686 -0.67  0.13  0.00000041  

TSS 6 6_126729827_G 126,729,827 -0.67  0.13  0.00000041  

TSS 6 6_126730408_A 126,730,408 -0.67  0.13  0.00000041  
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TSS 6 6_126731484_C 126,731,484 -0.67  0.13  0.00000042  

TSS 6 6_126733670_A 126,733,670 -0.67  0.13  0.00000041  

TSS 6 6_126735467_C 126,735,467 -0.67  0.13  0.00000041  

TSS 6 6_126736755_TA 126,736,755 -0.67  0.13  0.00000042  

TSS 6 6_126737653_C 126,737,653 -0.67  0.13  0.00000041  

TSS 6 6_126738247_G 126,738,247 -0.67  0.13  0.00000042  

TSS 6 6_126738949_A 126,738,949 -0.67  0.13  0.00000041  

TSS 6 6_126747420_T 126,747,420 -0.67  0.13  0.00000040  

TSS 6 6_126748183_A 126,748,183 -0.68  0.13  0.00000039  

TSS 6 6_126749607_G 126,749,607 -0.67  0.13  0.00000041  

TSS 6 6_126750237_G 126,750,237 -0.67  0.13  0.00000041  

TSS 6 6_126751419_G 126,751,419 -0.67  0.13  0.00000041  

TSS 6 6_126751957_T 126,751,957 -0.67  0.13  0.00000041  

TSS 6 6_126752672_T 126,752,672 -0.67  0.13  0.00000041  

TSS 6 6_126753030_C 126,753,030 -0.67  0.13  0.00000042  

TSS 6 6_126753798_T 126,753,798 -0.67  0.13  0.00000041  

TSS 6 6_126754630_ATG 126,754,630 -0.67  0.13  0.00000041  

TSS 6 6_126755064_A 126,755,064 -0.67  0.13  0.00000041  

TSS 6 6_126757311_T 126,757,311 -0.67  0.13  0.00000041  

TSS 6 6_126761793_C 126,761,793 -0.67  0.13  0.00000041  

TSS 6 6_126764805_C 126,764,805 -0.67  0.13  0.00000041  

TSS 6 6_126768885_T 126,768,885 -0.68  0.13  0.00000032  

TSS 6 6_126772138_G 126,772,138 -0.67  0.13  0.00000041  

TSS 6 6_126774358_G 126,774,358 -0.67  0.13  0.00000041  

TSS 6 6_126776774_T 126,776,774 -0.67  0.13  0.00000041  

TSS 6 6_126778794_C 126,778,794 -0.67  0.13  0.00000041  

TSS 6 6_126780782_A 126,780,782 -0.67  0.13  0.00000041  
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TSS 6 6_126782541_G 126,782,541 -0.67  0.13  0.00000042  

TSS 6 6_126783493_G 126,783,493 -0.67  0.13  0.00000041  

TSS 6 6_126784068_A 126,784,068 -0.67  0.13  0.00000041  

TSS 6 6_126786160_C 126,786,160 -0.67  0.13  0.00000041  

TSS 6 6_126787243_G 126,787,243 -0.67  0.13  0.00000041  

TSS 6 6_126788619_A 126,788,619 -0.69  0.13  0.00000029  

TSS 6 6_126789115_A 126,789,115 -0.67  0.13  0.00000041  

TSS 6 6_126789921_C 126,789,921 -0.67  0.13  0.00000041  

TSS 6 6_126790338_T 126,790,338 -0.67  0.13  0.00000041  

TSS 6 6_126791096_T 126,791,096 -0.67  0.13  0.00000041  

TSS 6 6_126791424_C 126,791,424 -0.67  0.13  0.00000041  

TSS 6 6_126793508_A 126,793,508 -0.68  0.13  0.00000033  

TSS 6 6_126794442_C 126,794,442 -0.68  0.13  0.00000033  

TSS 6 6_126794827_C 126,794,827 -0.68  0.13  0.00000033  

TSS 6 6_126797223_A 126,797,223 -0.68  0.13  0.00000033  

TSS 6 6_126797804_G 126,797,804 -0.68  0.13  0.00000033  

TSS 6 6_126799210_G 126,799,210 -0.68  0.13  0.00000033  

TSS 6 6_126799521_T 126,799,521 -0.68  0.13  0.00000033  

TSS 6 6_126800182_T 126,800,182 -0.68  0.13  0.00000033  

TSS 6 6_126801179_A 126,801,179 -0.68  0.13  0.00000033  

TSS 6 6_126801935_TGAG 126,801,935 -0.68  0.13  0.00000033  

TSS 6 6_126802692_A 126,802,692 -0.67  0.13  0.00000041  

TSS 6 6_126803237_A 126,803,237 -0.67  0.13  0.00000041  

TSS 6 6_126803633_C 126,803,633 -0.67  0.13  0.00000041  

TSS 6 6_126804039_T 126,804,039 -0.67  0.13  0.00000041  

TSS 6 6_126805230_G 126,805,230 -0.69  0.13  0.00000025  

TSS 6 6_126806972_G 126,806,972 -0.67  0.13  0.00000042  
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TSS 6 6_126807860_C 126,807,860 -0.67  0.13  0.00000041  

TSS 6 6_126808053_G 126,808,053 -0.67  0.13  0.00000041  

TSS 6 6_126808755_T 126,808,755 -0.67  0.13  0.00000042  

TSS 6 6_126938442_G 126,938,442 -0.66  0.13  0.00000060  

TSS 6 6_126945076_C 126,945,076 -0.67  0.13  0.00000042  

TSS 6 6_127016158_G 127,016,158 -0.67  0.13  0.00000040  

TSS 6 6_127019840_G 127,019,840 -0.66  0.13  0.00000056  

TSS 6 6_127026604_C 127,026,604 -0.66  0.13  0.00000052  

TSS 6 6_127822624_TC 127,822,624 -0.68  0.13  0.00000031  

TSS 6 6_128028279_C 128,028,279 -0.68  0.13  0.00000035  

TSS 6 6_128038925_T 128,038,925 -0.68  0.13  0.00000035  

TSS 6 6_128061017_A 128,061,017 -0.68  0.13  0.00000035  

TSS 6 6_128096745_C 128,096,745 -0.70  0.14  0.00000024  

TSS 6 6_128100653_G 128,100,653 -0.68  0.13  0.00000035  

TSS 6 6_128126009_G 128,126,009 -0.68  0.13  0.00000035  

TSS 6 6_128129541_T 128,129,541 -0.68  0.13  0.00000035  

TSS 6 6_128142382_T 128,142,382 -0.68  0.13  0.00000035  

TSS 6 6_128180187_A 128,180,187 -0.68  0.13  0.00000034  

TSS 6 6_128318719_G 128,318,719 -0.68  0.13  0.00000039  

TSS 6 6_128319274_T 128,319,274 -0.68  0.13  0.00000039  

TSS 6 6_128319571_T 128,319,571 -0.68  0.13  0.00000039  

TSS 6 6_128349869_G 128,349,869 -0.68  0.13  0.00000040  

TSS 6 6_128355756_A 128,355,756 -0.68  0.13  0.00000040  

TSS 6 6_128362537_G 128,362,537 -0.68  0.13  0.00000040  

TSS 6 6_128506422_C 128,506,422 -0.68  0.13  0.00000041  

TSS 6 6_128540069_C 128,540,069 -0.68  0.13  0.00000040  

TSS 6 6_128559926_A 128,559,926 -0.68  0.13  0.00000040  
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TSS 6 6_128591630_C 128,591,630 -0.72  0.14  0.00000019  

TSS 6 6_128592787_C 128,592,787 -0.72  0.14  0.00000019  

TSS 6 6_128598015_TTTG 128,598,015 -0.72  0.14  0.00000019  

TSS 6 6_128599052_C 128,599,052 -0.72  0.14  0.00000019  

TSS 6 6_128601962_TG 128,601,962 -0.72  0.14  0.00000019  

TSS 6 6_128607655_CTT 128,607,655 -0.73  0.14  0.00000018  

TSS 6 6_128926928_G 128,926,928 -0.66  0.13  0.00000047  

TSS 6 6_128933859_C 128,933,859 -0.66  0.13  0.00000047  

TSS 6 6_128961716_A 128,961,716 -0.69  0.13  0.00000028  

TSS 6 6_128965216_T 128,965,216 -0.66  0.13  0.00000043  

TSS 6 6_128975440_T 128,975,440 -0.67  0.13  0.00000042  

TSS 6 6_128977429_A 128,977,429 -0.66  0.13  0.00000043  

TSS 6 6_128978075_A 128,978,075 -0.67  0.13  0.00000040  

TSS 6 6_128978615_T 128,978,615 -0.66  0.13  0.00000043  

TSS 6 6_128979492_G 128,979,492 -0.66  0.13  0.00000043  

TSS 6 6_128982015_G 128,982,015 -0.66  0.13  0.00000047  

TSS 6 6_128993429_AGTGAT 128,993,429 -0.67  0.13  0.00000031  

TSS 6 6_128994784_A 128,994,784 -0.66  0.13  0.00000043  

TSS 6 6_128998619_T 128,998,619 -0.66  0.13  0.00000047  

TSS 6 6_129005315_T 129,005,315 -0.66  0.13  0.00000043  

TSS 6 6_129006571_A 129,006,571 -0.67  0.13  0.00000040  

TSS 6 6_129007942_C 129,007,942 -0.66  0.13  0.00000047  

TSS 6 6_129009756_A 129,009,756 -0.66  0.13  0.00000043  

TSS 6 6_129026191_A 129,026,191 -0.66  0.13  0.00000043  

TSS 6 6_129027823_G 129,027,823 -0.66  0.13  0.00000043  

TSS 6 6_129068935_CT 129,068,935 -0.66  0.13  0.00000047  

TSS 6 6_129071477_T 129,071,477 -0.66  0.13  0.00000047  
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TSS 6 6_129072081_TG 129,072,081 -0.66  0.13  0.00000045  

TSS 6 6_129106033_G 129,106,033 -0.67  0.13  0.00000039  

TSS 6 6_129108303_A 129,108,303 -0.66  0.13  0.00000047  

TSS 6 6_129112736_G 129,112,736 -0.66  0.13  0.00000047  

TSS 6 6_129117086_G 129,117,086 -0.66  0.13  0.00000047  

TSS 6 6_129131873_C 129,131,873 -0.67  0.13  0.00000036  

TSS 6 6_129139371_A 129,139,371 -0.66  0.13  0.00000047  

TSS 6 6_129149710_A 129,149,710 -0.66  0.13  0.00000047  

TSS 6 6_129150250_C 129,150,250 -0.66  0.13  0.00000047  

TSS 6 6_129192451_T 129,192,451 -0.66  0.13  0.00000047  

TSS 6 6_129210420_ATATTT 129,210,420 -0.66  0.13  0.00000047  

TSS 6 6_129220846_T 129,220,846 -0.67  0.13  0.00000038  

TSS 6 6_129225399_T 129,225,399 -0.67  0.13  0.00000038  

TSS 6 6_129279850_A 129,279,850 -0.66  0.13  0.00000047  

TSS 6 6_129285004_A 129,285,004 -0.67  0.13  0.00000038  

TSS 6 6_129287766_G 129,287,766 -0.66  0.13  0.00000050  

TSS 6 6_129290483_A 129,290,483 -0.67  0.13  0.00000041  

TSS 6 6_129292314_T 129,292,314 -0.66  0.13  0.00000046  

TSS 6 6_129298592_GA 129,298,592 -0.66  0.13  0.00000047  

TSS 6 6_129301918_C 129,301,918 -0.66  0.13  0.00000047  

TSS 6 6_129303560_A 129,303,560 -0.66  0.13  0.00000044  

TSS 6 6_129317770_C 129,317,770 -0.66  0.13  0.00000050  

TSS 6 6_129318237_C 129,318,237 -0.67  0.13  0.00000038  

TSS 6 6_129319267_A 129,319,267 -0.67  0.13  0.00000036  

TSS 6 6_129323259_G 129,323,259 -0.66  0.13  0.00000047  

TSS 6 6_129326462_TA 129,326,462 -0.67  0.13  0.00000039  

TSS 6 6_129331675_A 129,331,675 -0.67  0.13  0.00000038  
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TSS 6 6_129331927_C 129,331,927 -0.66  0.13  0.00000047  

TSS 6 6_129332889_A 129,332,889 -0.66  0.13  0.00000047  

TSS 6 6_129334243_C 129,334,243 -0.66  0.13  0.00000046  

TSS 6 6_129338493_T 129,338,493 -0.66  0.13  0.00000045  

TSS 6 6_129348946_C 129,348,946 -0.66  0.13  0.00000050  

TSS 6 6_129357055_A 129,357,055 -0.66  0.13  0.00000043  

TSS 6 6_129363499_T 129,363,499 -0.66  0.13  0.00000046  

TSS 6 6_135196192_G 135,196,192 -0.80  0.15  0.00000010  

TSS 8 8_4906107_T 4,906,107 -0.69  0.13  0.00000024  

TSS 8 8_4911786_G 4,911,786 -0.68  0.13  0.00000041  

TSS 8 8_4914699_T 4,914,699 -0.77  0.14  0.00000007  

TSS 8 8_4914910_A 4,914,910 -0.69  0.13  0.00000021  

TSS 8 8_4915104_G 4,915,104 -0.87  0.15  0.00000001  

TSS 8 8_4916056_G 4,916,056 -0.64  0.13  0.00000118  

TSS 8 8_4917068_G 4,917,068 -0.66  0.13  0.00000062  

TSS 8 8_4917329_T 4,917,329 -0.66  0.13  0.00000058  

TSS 8 8_4917689_C 4,917,689 -0.74  0.14  0.00000015  

TSS 8 8_4918153_A 4,918,153 -0.74  0.14  0.00000015  

TSS 8 8_4919380_A 4,919,380 -0.77  0.14  0.00000007  

TSS 8 8_4919503_G 4,919,503 -0.65  0.13  0.00000111  

TSS 8 8_4928499_A 4,928,499 -0.72  0.14  0.00000035  

TSS 8 8_4960712_G 4,960,712 -0.75  0.14  0.00000017  

TSS 8 8_134857072_T 134,857,072 -0.89  0.16  0.00000006  

TSS 8 8_134860931_C 134,860,931 -0.73  0.15  0.00000118  

TSS 9 9_39195933_C 39,195,933 -0.81  0.15  0.00000003  

TSS 9 9_39424271_A 39,424,271 -0.80  0.14  0.00000003  

TSS 9 9_39453846_A 39,453,846 -0.77  0.14  0.00000007  
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TSS 9 9_39457848_T 39,457,848 -0.77  0.14  0.00000007  

TSS 9 9_39461176_T 39,461,176 -0.77  0.14  0.00000007  

TSS 9 9_39464877_T 39,464,877 -0.76  0.14  0.00000009  

TSS 9 9_39476585_C 39,476,585 -0.75  0.14  0.00000010  

TSS 9 9_39486772_G 39,486,772 -0.75  0.14  0.00000009  

TSS 10 10_51403771_C 51,403,771 -0.64  0.13  0.00000104  

TSS 10 10_51412141_GAATT 51,412,141 -0.68  0.13  0.00000044  

TSS 10 10_51430474_A 51,430,474 -0.66  0.13  0.00000062  

TSS 10 10_51438887_T 51,438,887 -0.67  0.13  0.00000070  

TSS 10 10_51870599_A 51,870,599 -0.86  0.15  0.00000002  

TSS 10 10_51935344_A 51,935,344 -0.87  0.16  0.00000002  

TSS 10 10_51936602_CTCT 51,936,602 -0.87  0.16  0.00000002  

TSS 10 10_51971041_G 51,971,041 -0.87  0.16  0.00000002  

TSS 10 10_51972715_A 51,972,715 -0.87  0.16  0.00000002  

TSS 10 10_51974203_C 51,974,203 -0.87  0.16  0.00000002  

TSS 10 10_52218082_C 52,218,082 -0.86  0.15  0.00000003  

TSS 10 10_52219746_A 52,219,746 -0.86  0.15  0.00000003  

TSS 10 10_52220457_A 52,220,457 -0.86  0.15  0.00000003  

TSS 10 10_52221786_A 52,221,786 -0.87  0.16  0.00000002  

TSS 10 10_52234291_T 52,234,291 -0.88  0.16  0.00000002  

TSS 10 10_68726153_TC 68,726,153 -0.91  0.16  0.00000003  

TSS 10 10_68752585_G 68,752,585 -0.88  0.16  0.00000004  

TSS 10 10_68776792_G 68,776,792 -0.89  0.16  0.00000004  

TSS 10 10_68938360_A 68,938,360 -0.88  0.16  0.00000004  

TSS 10 10_68961807_A 68,961,807 -0.88  0.16  0.00000004  

TSS 10 10_69003765_C 69,003,765 -0.85  0.16  0.00000009  

TSS 10 10_69038207_C 69,038,207 -0.88  0.16  0.00000004  
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TSS 10 10_69069560_C 69,069,560 -0.88  0.16  0.00000004  

TSS 10 10_69122246_A 69,122,246 -0.89  0.16  0.00000004  

TSS 10 10_69167156_A 69,167,156 -0.89  0.16  0.00000004  

TSS 10 10_69231514_G 69,231,514 -0.87  0.16  0.00000005  

TSS 10 10_69260687_T 69,260,687 -0.89  0.16  0.00000004  

TSS 10 10_69304512_G 69,304,512 -0.89  0.16  0.00000004  

TSS 10 10_69352432_T 69,352,432 -0.87  0.16  0.00000006  

TSS 11 11_16776240_G 16,776,240 -0.83  0.15  0.00000007  

TSS 11 11_16779060_T 16,779,060 -0.83  0.15  0.00000007  

TSS 11 11_16787987_T 16,787,987 -0.83  0.15  0.00000007  

TSS 11 11_16791246_G 16,791,246 -0.83  0.15  0.00000007  

TSS 11 11_16792168_G 16,792,168 -0.83  0.15  0.00000007  

TSS 11 11_17051800_G 17,051,800 -0.73  0.14  0.00000046  

TSS 12 12_22191109_G 22,191,109 -0.75  0.14  0.00000020  

TSS 13 13_17486172_T 17,486,172 -0.78  0.15  0.00000015  

TSS 13 13_17492441_G 17,492,441 -0.89  0.16  0.00000002  

TSS 13 13_17495603_T 17,495,603 -0.90  0.16  0.00000002  

TSS 13 13_17496040_T 17,496,040 -0.90  0.16  0.00000002  

TSS 13 13_17767850_T 17,767,850 -0.73  0.14  0.00000044  

TSS 13 13_188570697_G 188,570,697 -0.91  0.16  0.00000001  

TSS 13 13_188575484_G 188,575,484 -0.90  0.16  0.00000001  

TSS 13 13_188587036_G 188,587,036 -0.90  0.16  0.00000001  

TSS 13 13_188609481_C 188,609,481 -0.89  0.16  0.00000001  

TSS 13 13_188638189_G 188,638,189 -0.79  0.15  0.00000007  

TSS 13 13_204671997_G 204,671,997 -0.66  0.13  0.00000034  

TSS 15 15_104520179_C 104,520,179 -0.71  0.14  0.00000015  

TTS 4 4_72028076_A 72,028,076 -0.71  0.15  0.00000113  
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TTS 4 4_72045767_G 72,045,767 -0.75  0.15  0.00000044  

TTS 6 6_125351232_T 125,351,232 -0.88  0.18  0.00000091  

TTS 6 6_125363033_C 125,363,033 -0.88  0.18  0.00000088  

TTS 6 6_125423535_AT 125,423,535 -0.88  0.18  0.00000093  

TTS 6 6_125624301_A 125,624,301 -0.88  0.18  0.00000094  

TTS 6 6_125677183_G 125,677,183 -0.88  0.18  0.00000093  

TTS 6 6_125681046_A 125,681,046 -0.88  0.18  0.00000093  

TTS 6 6_125685780_T 125,685,780 -0.88  0.18  0.00000093  

TTS 6 6_125900303_C 125,900,303 -0.87  0.18  0.00000103  

TTS 6 6_125909608_G 125,909,608 -0.87  0.18  0.00000107  

TTS 6 6_126317299_ACT 126,317,299 -0.87  0.18  0.00000103  

TTS 6 6_126323755_T 126,323,755 -0.89  0.18  0.00000074  

TTS 6 6_126370928_C 126,370,928 -0.88  0.18  0.00000081  

TTS 6 6_126378278_C 126,378,278 -0.88  0.18  0.00000081  

TTS 6 6_126410208_A 126,410,208 -0.87  0.18  0.00000107  

TTS 6 6_126474592_C 126,474,592 -0.92  0.18  0.00000043  

TTS 6 6_126476281_G 126,476,281 -0.89  0.18  0.00000074  

TTS 6 6_126476632_C 126,476,632 -0.89  0.18  0.00000074  

TTS 6 6_126477305_T 126,477,305 -0.92  0.18  0.00000043  

TTS 6 6_126477611_T 126,477,611 -0.92  0.18  0.00000043  

TTS 6 6_126478166_G 126,478,166 -0.89  0.18  0.00000074  

TTS 6 6_126478747_A 126,478,747 -0.89  0.18  0.00000074  

TTS 6 6_126481016_A 126,481,016 -0.89  0.18  0.00000074  

TTS 6 6_126482451_C 126,482,451 -0.89  0.18  0.00000074  

TTS 6 6_126482907_C 126,482,907 -0.89  0.18  0.00000073  

TTS 6 6_126485179_C 126,485,179 -0.92  0.18  0.00000043  

TTS 6 6_126488352_G 126,488,352 -0.92  0.18  0.00000043  
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TTS 6 6_126575162_GT 126,575,162 -0.89  0.18  0.00000076  

TTS 6 6_126577562_G 126,577,562 -0.89  0.18  0.00000076  

TTS 6 6_126578662_A 126,578,662 -0.89  0.18  0.00000076  

TTS 6 6_126601500_G 126,601,500 -0.89  0.18  0.00000076  

TTS 6 6_126631171_T 126,631,171 -0.89  0.18  0.00000076  

TTS 6 6_126632332_G 126,632,332 -0.89  0.18  0.00000076  

TTS 6 6_126633199_A 126,633,199 -0.89  0.18  0.00000076  

TTS 6 6_126634337_G 126,634,337 -0.89  0.18  0.00000076  

TTS 6 6_126662275_AAT 126,662,275 -0.89  0.18  0.00000076  

TTS 6 6_126665276_T 126,665,276 -0.90  0.18  0.00000057  

TTS 6 6_126665714_T 126,665,714 -0.90  0.18  0.00000057  

TTS 6 6_126666580_T 126,666,580 -0.90  0.18  0.00000058  

TTS 6 6_126724087_G 126,724,087 -0.89  0.18  0.00000076  

TTS 6 6_126725424_G 126,725,424 -0.89  0.18  0.00000076  

TTS 6 6_126727270_C 126,727,270 -0.89  0.18  0.00000076  

TTS 6 6_126728420_G 126,728,420 -0.90  0.18  0.00000063  

TTS 6 6_126728686_C 126,728,686 -0.89  0.18  0.00000075  

TTS 6 6_126729827_G 126,729,827 -0.89  0.18  0.00000075  

TTS 6 6_126730408_A 126,730,408 -0.89  0.18  0.00000075  

TTS 6 6_126731484_C 126,731,484 -0.89  0.18  0.00000076  

TTS 6 6_126733670_A 126,733,670 -0.89  0.18  0.00000075  

TTS 6 6_126735467_C 126,735,467 -0.89  0.18  0.00000075  

TTS 6 6_126736755_TA 126,736,755 -0.89  0.18  0.00000076  

TTS 6 6_126737653_C 126,737,653 -0.89  0.18  0.00000075  

TTS 6 6_126738247_G 126,738,247 -0.89  0.18  0.00000076  

TTS 6 6_126738949_A 126,738,949 -0.89  0.18  0.00000075  

TTS 6 6_126747420_T 126,747,420 -0.89  0.18  0.00000080  
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TTS 6 6_126748183_A 126,748,183 -0.90  0.18  0.00000063  

TTS 6 6_126749607_G 126,749,607 -0.89  0.18  0.00000075  

TTS 6 6_126750237_G 126,750,237 -0.89  0.18  0.00000075  

TTS 6 6_126751419_G 126,751,419 -0.89  0.18  0.00000075  

TTS 6 6_126751957_T 126,751,957 -0.89  0.18  0.00000075  

TTS 6 6_126752672_T 126,752,672 -0.89  0.18  0.00000075  

TTS 6 6_126753030_C 126,753,030 -0.89  0.18  0.00000076  

TTS 6 6_126753798_T 126,753,798 -0.89  0.18  0.00000075  

TTS 6 6_126754630_ATG 126,754,630 -0.89  0.18  0.00000075  

TTS 6 6_126755064_A 126,755,064 -0.89  0.18  0.00000075  

TTS 6 6_126757311_T 126,757,311 -0.89  0.18  0.00000075  

TTS 6 6_126761793_C 126,761,793 -0.89  0.18  0.00000075  

TTS 6 6_126764805_C 126,764,805 -0.89  0.18  0.00000075  

TTS 6 6_126768885_T 126,768,885 -0.90  0.18  0.00000055  

TTS 6 6_126772138_G 126,772,138 -0.89  0.18  0.00000075  

TTS 6 6_126774358_G 126,774,358 -0.89  0.18  0.00000075  

TTS 6 6_126776774_T 126,776,774 -0.89  0.18  0.00000075  

TTS 6 6_126778794_C 126,778,794 -0.89  0.18  0.00000075  

TTS 6 6_126780782_A 126,780,782 -0.89  0.18  0.00000075  

TTS 6 6_126782541_G 126,782,541 -0.89  0.18  0.00000076  

TTS 6 6_126783493_G 126,783,493 -0.89  0.18  0.00000075  

TTS 6 6_126784068_A 126,784,068 -0.89  0.18  0.00000075  

TTS 6 6_126786160_C 126,786,160 -0.89  0.18  0.00000075  

TTS 6 6_126787243_G 126,787,243 -0.89  0.18  0.00000075  

TTS 6 6_126788619_A 126,788,619 -0.92  0.18  0.00000045  

TTS 6 6_126789115_A 126,789,115 -0.89  0.18  0.00000075  

TTS 6 6_126789921_C 126,789,921 -0.89  0.18  0.00000075  
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TTS 6 6_126790338_T 126,790,338 -0.89  0.18  0.00000075  

TTS 6 6_126791096_T 126,791,096 -0.89  0.18  0.00000075  

TTS 6 6_126791424_C 126,791,424 -0.89  0.18  0.00000075  

TTS 6 6_126793508_A 126,793,508 -0.90  0.18  0.00000060  

TTS 6 6_126794442_C 126,794,442 -0.90  0.18  0.00000060  

TTS 6 6_126794827_C 126,794,827 -0.90  0.18  0.00000060  

TTS 6 6_126797223_A 126,797,223 -0.90  0.18  0.00000060  

TTS 6 6_126797804_G 126,797,804 -0.90  0.18  0.00000060  

TTS 6 6_126799210_G 126,799,210 -0.90  0.18  0.00000062  

TTS 6 6_126799521_T 126,799,521 -0.90  0.18  0.00000060  

TTS 6 6_126800182_T 126,800,182 -0.90  0.18  0.00000060  

TTS 6 6_126801179_A 126,801,179 -0.90  0.18  0.00000060  

TTS 6 6_126801935_TGAG 126,801,935 -0.90  0.18  0.00000060  

TTS 6 6_126802692_A 126,802,692 -0.89  0.18  0.00000075  

TTS 6 6_126803237_A 126,803,237 -0.89  0.18  0.00000075  

TTS 6 6_126803633_C 126,803,633 -0.89  0.18  0.00000075  

TTS 6 6_126804039_T 126,804,039 -0.89  0.18  0.00000075  

TTS 6 6_126805230_G 126,805,230 -0.91  0.18  0.00000052  

TTS 6 6_126806972_G 126,806,972 -0.89  0.18  0.00000076  

TTS 6 6_126807860_C 126,807,860 -0.89  0.18  0.00000075  

TTS 6 6_126808053_G 126,808,053 -0.89  0.18  0.00000075  

TTS 6 6_126808755_T 126,808,755 -0.89  0.18  0.00000076  

TTS 6 6_126938442_G 126,938,442 -0.88  0.18  0.00000099  

TTS 6 6_126945076_C 126,945,076 -0.89  0.18  0.00000076  

TTS 6 6_127016158_G 127,016,158 -0.89  0.18  0.00000074  

TTS 6 6_127019840_G 127,019,840 -0.88  0.18  0.00000097  

TTS 6 6_127026604_C 127,026,604 -0.88  0.18  0.00000092  
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TTS 6 6_127822624_TC 127,822,624 -0.91  0.18  0.00000046  

TTS 6 6_128028279_C 128,028,279 -0.91  0.18  0.00000053  

TTS 6 6_128038925_T 128,038,925 -0.91  0.18  0.00000053  

TTS 6 6_128061017_A 128,061,017 -0.91  0.18  0.00000053  

TTS 6 6_128096745_C 128,096,745 -0.94  0.18  0.00000035  

TTS 6 6_128100653_G 128,100,653 -0.91  0.18  0.00000053  

TTS 6 6_128126009_G 128,126,009 -0.91  0.18  0.00000053  

TTS 6 6_128129541_T 128,129,541 -0.91  0.18  0.00000053  

TTS 6 6_128142382_T 128,142,382 -0.91  0.18  0.00000053  

TTS 6 6_128180187_A 128,180,187 -0.91  0.18  0.00000053  

TTS 6 6_128318719_G 128,318,719 -0.90  0.18  0.00000062  

TTS 6 6_128319274_T 128,319,274 -0.90  0.18  0.00000062  

TTS 6 6_128319571_T 128,319,571 -0.90  0.18  0.00000062  

TTS 6 6_128349869_G 128,349,869 -0.91  0.18  0.00000060  

TTS 6 6_128355756_A 128,355,756 -0.91  0.18  0.00000060  

TTS 6 6_128362537_G 128,362,537 -0.91  0.18  0.00000060  

TTS 6 6_128506422_C 128,506,422 -0.91  0.18  0.00000065  

TTS 6 6_128540069_C 128,540,069 -0.91  0.18  0.00000060  

TTS 6 6_128559926_A 128,559,926 -0.91  0.18  0.00000060  

TTS 6 6_128591630_C 128,591,630 -0.98  0.19  0.00000023  

TTS 6 6_128592787_C 128,592,787 -0.98  0.19  0.00000023  

TTS 6 6_128598015_TTTG 128,598,015 -0.98  0.19  0.00000023  

TTS 6 6_128599052_C 128,599,052 -0.98  0.19  0.00000023  

TTS 6 6_128601962_TG 128,601,962 -0.98  0.19  0.00000023  

TTS 6 6_128607655_CTT 128,607,655 -0.98  0.19  0.00000022  

TTS 6 6_128926928_G 128,926,928 -0.86  0.18  0.00000110  

TTS 6 6_128933859_C 128,933,859 -0.86  0.18  0.00000110  
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TTS 6 6_128961716_A 128,961,716 -0.90  0.18  0.00000065  

TTS 6 6_128965216_T 128,965,216 -0.87  0.18  0.00000099  

TTS 6 6_128975440_T 128,975,440 -0.88  0.18  0.00000089  

TTS 6 6_128977429_A 128,977,429 -0.87  0.18  0.00000099  

TTS 6 6_128978075_A 128,978,075 -0.88  0.18  0.00000083  

TTS 6 6_128978615_T 128,978,615 -0.87  0.18  0.00000099  

TTS 6 6_128979492_G 128,979,492 -0.87  0.18  0.00000100  

TTS 6 6_128982015_G 128,982,015 -0.86  0.18  0.00000110  

TTS 6 6_128993429_AGTGAT 128,993,429 -0.88  0.18  0.00000074  

TTS 6 6_128994784_A 128,994,784 -0.87  0.18  0.00000099  

TTS 6 6_128998619_T 128,998,619 -0.86  0.18  0.00000110  

TTS 6 6_129005315_T 129,005,315 -0.87  0.18  0.00000098  

TTS 6 6_129006571_A 129,006,571 -0.88  0.18  0.00000084  

TTS 6 6_129007942_C 129,007,942 -0.86  0.18  0.00000110  

TTS 6 6_129009756_A 129,009,756 -0.87  0.18  0.00000103  

TTS 6 6_129026191_A 129,026,191 -0.87  0.18  0.00000099  

TTS 6 6_129027823_G 129,027,823 -0.87  0.18  0.00000099  

TTS 6 6_129068935_CT 129,068,935 -0.87  0.18  0.00000115  

TTS 6 6_129071477_T 129,071,477 -0.87  0.18  0.00000115  

TTS 6 6_129072081_TG 129,072,081 -0.86  0.18  0.00000118  

TTS 6 6_129106033_G 129,106,033 -0.88  0.18  0.00000086  

TTS 6 6_129108303_A 129,108,303 -0.87  0.18  0.00000115  

TTS 6 6_129112736_G 129,112,736 -0.87  0.18  0.00000115  

TTS 6 6_129117086_G 129,117,086 -0.87  0.18  0.00000115  

TTS 6 6_129131873_C 129,131,873 -0.88  0.18  0.00000084  

TTS 6 6_129139371_A 129,139,371 -0.86  0.18  0.00000110  

TTS 6 6_129149710_A 129,149,710 -0.86  0.18  0.00000110  
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TTS 6 6_129150250_C 129,150,250 -0.86  0.18  0.00000110  

TTS 6 6_129192451_T 129,192,451 -0.86  0.18  0.00000110  

TTS 6 6_129210420_ATATTT 129,210,420 -0.86  0.18  0.00000110  

TTS 6 6_129220846_T 129,220,846 -0.88  0.18  0.00000085  

TTS 6 6_129225399_T 129,225,399 -0.88  0.18  0.00000085  

TTS 6 6_129279850_A 129,279,850 -0.87  0.18  0.00000115  

TTS 6 6_129285004_A 129,285,004 -0.88  0.18  0.00000085  

TTS 6 6_129287766_G 129,287,766 -0.86  0.18  0.00000118  

TTS 6 6_129290483_A 129,290,483 -0.88  0.18  0.00000088  

TTS 6 6_129292314_T 129,292,314 -0.86  0.18  0.00000108  

TTS 6 6_129298592_GA 129,298,592 -0.86  0.18  0.00000109  

TTS 6 6_129301918_C 129,301,918 -0.86  0.18  0.00000109  

TTS 6 6_129303560_A 129,303,560 -0.87  0.18  0.00000104  

TTS 6 6_129317770_C 129,317,770 -0.87  0.18  0.00000110  

TTS 6 6_129318237_C 129,318,237 -0.88  0.18  0.00000084  

TTS 6 6_129319267_A 129,319,267 -0.88  0.18  0.00000084  

TTS 6 6_129323259_G 129,323,259 -0.86  0.18  0.00000112  

TTS 6 6_129326462_TA 129,326,462 -0.87  0.18  0.00000119  

TTS 6 6_129331675_A 129,331,675 -0.88  0.18  0.00000085  

TTS 6 6_129331927_C 129,331,927 -0.86  0.18  0.00000110  

TTS 6 6_129332889_A 129,332,889 -0.86  0.18  0.00000110  

TTS 6 6_129334243_C 129,334,243 -0.86  0.18  0.00000117  

TTS 6 6_129338493_T 129,338,493 -0.86  0.18  0.00000113  

TTS 6 6_129348946_C 129,348,946 -0.87  0.18  0.00000106  

TTS 6 6_129357055_A 129,357,055 -0.87  0.18  0.00000102  

TTS 6 6_129363499_T 129,363,499 -0.86  0.18  0.00000111  

TTS 15 15_25570481_T 25,570,481 -0.92  0.18  0.00000022  
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TTS 15 15_25570891_C 25,570,891 -1.01  0.19  0.00000005  

RR 7 7_23843264_G 23,843,264 -2.30  0.46  0.00000070  

RR 7 7_23886397_G 23,886,397 -2.23  0.46  0.00000114  

RR 7 7_23892506_C 23,892,506 -2.24  0.46  0.00000115  

RR 7 7_23905782_G 23,905,782 -2.24  0.46  0.00000089  

RR 7 7_23913884_T 23,913,884 -2.24  0.46  0.00000102  

RR 7 7_23919566_T 23,919,566 -2.23  0.46  0.00000112  

RR 7 7_23936480_C 23,936,480 -2.43  0.47  0.00000019  

RR 7 7_23945958_G 23,945,958 -2.48  0.47  0.00000011  

RR 7 7_24051539_C 24,051,539 -2.35  0.46  0.00000024  

RR 7 7_39351307_C 39,351,307 -2.60  0.52  0.00000059  

RR 7 7_39355266_C 39,355,266 -2.56  0.52  0.00000095  

RR 8 8_79518715_T 79,518,715  2.85  0.58  0.00000106  

RR 8 8_79522877_A 79,522,877  2.88  0.58  0.00000082  

RR 8 8_79530183_A 79,530,183  2.88  0.58  0.00000082  

RR 8 8_79532515_A 79,532,515  2.88  0.58  0.00000082  

RR 8 8_79534072_T 79,534,072  2.88  0.58  0.00000082  

RR 8 8_79535545_T 79,535,545  2.87  0.58  0.00000086  

RR 8 8_79538654_C 79,538,654  2.85  0.58  0.00000095  

RR 8 8_79539013_A 79,539,013  2.83  0.58  0.00000112  

RR 8 8_79540101_T 79,540,101  2.87  0.58  0.00000082  

RR 8 8_79545451_A 79,545,451  2.88  0.58  0.00000082  

RR 8 8_79549027_G 79,549,027  2.88  0.58  0.00000082  

RR 8 8_79554168_A 79,554,168  2.88  0.58  0.00000082  

RR 8 8_79558744_A 79,558,744  2.95  0.59  0.00000051  

RR 8 8_79561407_A 79,561,407  2.88  0.58  0.00000082  

RR 8 8_79630035_A 79,630,035  2.83  0.58  0.00000112  
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RR 8 8_79635229_A 79,635,229  2.83  0.58  0.00000112  

RR 8 8_79658971_G 79,658,971  2.82  0.58  0.00000118  

RR 8 8_79664431_C 79,664,431  2.84  0.58  0.00000117  

RR 8 8_79669879_C 79,669,879  2.85  0.58  0.00000092  

RR 8 8_79674675_T 79,674,675  2.86  0.58  0.00000081  

RR 8 8_79678124_A 79,678,124  2.83  0.58  0.00000102  

RR 8 8_79680311_T 79,680,311  2.84  0.58  0.00000083  

RR 8 8_79684982_T 79,684,982  2.81  0.58  0.00000103  

RR 8 8_79688500_C 79,688,500  2.84  0.57  0.00000075  

RR 8 8_79690595_A 79,690,595  2.83  0.57  0.00000086  

RR 8 8_79693509_AT 79,693,509  2.84  0.58  0.00000080  

RR 8 8_79909652_G 79,909,652  2.93  0.58  0.00000040  

RR 8 8_80358650_G 80,358,650  2.70  0.56  0.00000120  

RR 8 8_80401982_A 80,401,982  3.17  0.65  0.00000096  

RR 8 8_80430101_A 80,430,101  3.28  0.65  0.00000039  

RR 8 8_80437485_G 80,437,485  3.19  0.64  0.00000057  

RR 8 8_80448311_A 80,448,311  3.16  0.64  0.00000068  

RR 8 8_80461727_C 80,461,727  3.92  0.78  0.00000055  

RR 8 8_80462738_G 80,462,738  3.84  0.77  0.00000067  

RR 8 8_80469777_G 80,469,777  3.19  0.64  0.00000056  

RR 8 8_80470676_G 80,470,676  3.98  0.79  0.00000042  

RR 8 8_80471691_A 80,471,691  3.16  0.64  0.00000068  

RR 8 8_80473435_T 80,473,435  3.15  0.64  0.00000074  

RR 8 8_80475642_G 80,475,642  3.29  0.64  0.00000029  

RR 8 8_80477234_T 80,477,234  3.19  0.64  0.00000056  

RR 8 8_80477908_G 80,477,908  3.19  0.64  0.00000056  

RR 8 8_80478830_T 80,478,830  3.18  0.64  0.00000060  
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RR 8 8_80481645_AT 80,481,645  3.83  0.77  0.00000062  

RR 8 8_80492107_A 80,492,107  3.29  0.68  0.00000112  

RR 8 8_80509831_G 80,509,831  3.92  0.80  0.00000094  

RR 8 8_80673033_A 80,673,033  3.32  0.68  0.00000113  

RR 8 8_80674817_T 80,674,817  3.49  0.69  0.00000035  

RR 8 8_80677037_A 80,677,037  3.37  0.68  0.00000070  

RR 8 8_80678894_C 80,678,894  3.37  0.68  0.00000070  

RR 8 8_80679218_A 80,679,218  3.39  0.68  0.00000064  

RR 8 8_80680241_T 80,680,241  3.39  0.68  0.00000064  

RR 8 8_80680582_G 80,680,582  3.39  0.68  0.00000064  

RR 8 8_80681227_A 80,681,227  3.39  0.68  0.00000061  

RR 8 8_80682336_G 80,682,336  3.39  0.68  0.00000064  

RR 8 8_80683197_A 80,683,197  3.43  0.68  0.00000045  

RR 8 8_80683844_T 80,683,844  3.39  0.68  0.00000064  

RR 8 8_80684841_C 80,684,841  3.42  0.68  0.00000048  

RR 8 8_80688592_G 80,688,592  3.40  0.68  0.00000062  

RR 8 8_80689590_G 80,689,590  3.35  0.68  0.00000082  

RR 8 8_80689919_CACT 80,689,919  3.37  0.68  0.00000068  

RR 8 8_80693076_A 80,693,076  3.34  0.68  0.00000094  

RR 8 8_80696944_T 80,696,944  3.48  0.68  0.00000030  

RR 8 8_80699562_T 80,699,562  3.41  0.68  0.00000056  

RR 8 8_80727453_A 80,727,453  3.28  0.66  0.00000077  

RR 8 8_80734740_C 80,734,740  3.29  0.67  0.00000083  

RR 8 8_80806197_T 80,806,197  4.16  0.85  0.00000090  

RR 8 8_80807661_G 80,807,661  4.14  0.85  0.00000102  

RR 8 8_80808919_T 80,808,919  3.47  0.71  0.00000121  

RR 8 8_80809566_A 80,809,566  4.25  0.85  0.00000055  
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RR 8 8_80809640_G 80,809,640  3.47  0.71  0.00000121  

RR 8 8_80809838_CT 80,809,838  4.25  0.85  0.00000055  

RR 8 8_80810376_T 80,810,376  3.47  0.71  0.00000121  

RR 8 8_80811062_C 80,811,062  4.28  0.86  0.00000057  

RR 8 8_80819917_G 80,819,917  3.47  0.71  0.00000121  

RR 8 8_80841211_GT 80,841,211  4.24  0.87  0.00000107  

RR 8 8_80843941_T 80,843,941  4.27  0.87  0.00000090  

RR 8 8_80874951_G 80,874,951  4.59  0.89  0.00000027  

RR 8 8_80878477_G 80,878,477  4.32  0.88  0.00000091  

RR 8 8_80879644_G 80,879,644  4.42  0.88  0.00000043  

RR 8 8_80913041_G 80,913,041  4.35  0.89  0.00000111  

RR 8 8_80920355_A 80,920,355  3.53  0.71  0.00000071  

RR 8 8_80928564_G 80,928,564  4.48  0.91  0.00000076  

RR 8 8_80930376_A 80,930,376  4.48  0.91  0.00000076  

RR 8 8_80936350_G 80,936,350  4.41  0.88  0.00000059  

RR 8 8_80939825_G 80,939,825  4.43  0.88  0.00000052  

RR 8 8_80966843_C 80,966,843  4.69  0.94  0.00000067  

RR 8 8_81092365_C 81,092,365  4.73  0.94  0.00000055  

RR 8 8_81155471_A 81,155,471  4.63  0.94  0.00000091  

RR 8 8_81163081_C 81,163,081  4.63  0.94  0.00000091  

RR 8 8_81164213_G 81,164,213  4.63  0.94  0.00000091  

RR 8 8_81173969_C 81,173,969  4.63  0.94  0.00000092  

RR 8 8_81236896_T 81,236,896  4.70  0.94  0.00000060  

RR 8 8_81240491_G 81,240,491  4.59  0.94  0.00000109  

RR 8 8_81266264_T 81,266,264  4.63  0.94  0.00000091  

RR 8 8_81269516_G 81,269,516  4.63  0.94  0.00000091  

RR 8 8_81283977_C 81,283,977  4.59  0.94  0.00000109  
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RR 8 8_81284565_C 81,284,565  4.63  0.94  0.00000091  

RR 8 8_81289607_G 81,289,607  4.63  0.94  0.00000091  

RR 8 8_81290898_G 81,290,898  4.63  0.94  0.00000091  

RR 8 8_81292062_T 81,292,062  4.63  0.94  0.00000091  

RR 8 8_81294206_G 81,294,206  4.63  0.94  0.00000091  

RR 8 8_81295235_A 81,295,235  4.62  0.94  0.00000091  

RR 8 8_81299105_G 81,299,105  4.63  0.94  0.00000091  

RR 8 8_81302722_G 81,302,722  4.63  0.94  0.00000088  

RR 8 8_81303915_T 81,303,915  4.63  0.94  0.00000091  

RR 8 8_81307145_A 81,307,145  4.63  0.94  0.00000088  

RR 8 8_81310484_G 81,310,484  4.63  0.94  0.00000088  

RR 8 8_81312125_A 81,312,125  4.63  0.94  0.00000088  

RR 8 8_81313528_T 81,313,528  4.63  0.94  0.00000088  

RR 8 8_81315021_A 81,315,021  4.78  0.94  0.00000041  

RR 8 8_81317019_G 81,317,019  4.78  0.94  0.00000041  

RR 8 8_81319178_T 81,319,178  4.78  0.94  0.00000041  

RR 8 8_81320527_C 81,320,527  4.67  0.94  0.00000076  

RR 8 8_81327224_C 81,327,224  4.78  0.94  0.00000041  

RR 8 8_81328951_CT 81,328,951  4.63  0.94  0.00000091  

RR 8 8_81330741_T 81,330,741  4.81  0.94  0.00000036  

RR 8 8_81335069_A 81,335,069  4.81  0.94  0.00000036  

RR 8 8_81336429_C 81,336,429  4.83  0.94  0.00000031  

RR 8 8_81336711_G 81,336,711  4.81  0.94  0.00000036  

RR 8 8_81338537_TCTAA 81,338,537  4.81  0.94  0.00000036  

RR 8 8_81344792_C 81,344,792  4.81  0.94  0.00000036  

RR 8 8_81346572_A 81,346,572  4.66  0.94  0.00000077  

RR 8 8_81347747_C 81,347,747  4.81  0.94  0.00000036  
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RR 8 8_81348919_G 81,348,919  4.80  0.94  0.00000038  

RR 8 8_81350197_A 81,350,197  4.80  0.94  0.00000038  

RR 8 8_81354101_AG 81,354,101  4.80  0.94  0.00000038  

RR 8 8_81356615_G 81,356,615  4.79  0.94  0.00000039  

RR 8 8_81358701_T 81,358,701  4.79  0.94  0.00000039  

RR 8 8_81362081_A 81,362,081  4.77  0.94  0.00000043  

RR 8 8_81363330_G 81,363,330  4.77  0.94  0.00000043  

RR 8 8_81363867_C 81,363,867  4.77  0.94  0.00000043  

RR 8 8_81368176_TG 81,368,176  4.78  0.94  0.00000041  

RR 8 8_81369114_A 81,369,114  4.78  0.94  0.00000041  

RR 8 8_81373864_A 81,373,864  4.59  0.92  0.00000061  

RR 8 8_81375124_G 81,375,124  4.78  0.94  0.00000041  

RR 8 8_81377115_C 81,377,115  4.78  0.94  0.00000041  

RR 8 8_81378296_C 81,378,296  4.78  0.94  0.00000041  

RR 8 8_81379814_C 81,379,814  4.78  0.94  0.00000041  

RR 8 8_81380617_C 81,380,617  4.75  0.94  0.00000050  

RR 8 8_81381962_C 81,381,962  4.78  0.94  0.00000041  

RR 8 8_81384059_CCTTT 81,384,059  4.78  0.94  0.00000041  

RR 8 8_81385697_C 81,385,697  4.78  0.94  0.00000041  

RR 8 8_81386399_A 81,386,399  4.78  0.94  0.00000041  

RR 8 8_81390426_C 81,390,426  4.78  0.94  0.00000041  

RR 8 8_81392199_A 81,392,199  4.78  0.94  0.00000041  

RR 8 8_81393030_G 81,393,030  4.78  0.94  0.00000041  

RR 8 8_81393551_C 81,393,551  4.63  0.94  0.00000088  

RR 8 8_81395661_C 81,395,661  4.78  0.94  0.00000041  

RR 8 8_81396133_AGTGTT 81,396,133  4.55  0.92  0.00000079  

RR 8 8_81396944_A 81,396,944  4.78  0.94  0.00000041  
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RR 8 8_81397717_G 81,397,717  4.78  0.94  0.00000041  

RR 8 8_81398308_G 81,398,308  4.78  0.94  0.00000041  

RR 8 8_81400157_C 81,400,157  4.78  0.94  0.00000041  

RR 8 8_81401899_G 81,401,899  4.78  0.94  0.00000041  

RR 8 8_81404143_G 81,404,143  4.78  0.94  0.00000041  

RR 8 8_81407689_GAC 81,407,689  4.78  0.94  0.00000041  

RR 8 8_81409926_T 81,409,926  4.59  0.92  0.00000061  

RR 8 8_81410305_T 81,410,305  4.63  0.94  0.00000088  

RR 8 8_81412417_C 81,412,417  4.77  0.94  0.00000043  

RR 8 8_81414165_A 81,414,165  4.77  0.94  0.00000043  

RR 8 8_81419728_T 81,419,728  4.59  0.92  0.00000061  

RR 8 8_81421309_T 81,421,309  4.87  0.96  0.00000041  

RR 8 8_81421800_A 81,421,800  4.90  0.96  0.00000036  

RR 8 8_81422231_C 81,422,231  4.87  0.96  0.00000041  

RR 8 8_81422714_T 81,422,714  4.92  0.97  0.00000041  

RR 8 8_81423371_C 81,423,371  4.72  0.96  0.00000095  

RR 8 8_81423749_A 81,423,749  4.87  0.96  0.00000041  

RR 8 8_81424899_T 81,424,899  4.87  0.96  0.00000041  

RR 8 8_81425522_T 81,425,522  4.87  0.96  0.00000041  

RR 8 8_81425957_A 81,425,957  4.87  0.96  0.00000041  

RR 8 8_81426302_G 81,426,302  4.87  0.96  0.00000041  

RR 8 8_81426681_G 81,426,681  4.87  0.96  0.00000041  

RR 8 8_81426998_A 81,426,998  4.87  0.96  0.00000041  

RR 8 8_81428787_A 81,428,787  4.86  0.96  0.00000043  

RR 8 8_81435134_A 81,435,134  4.67  0.94  0.00000061  

RR 8 8_81438040_A 81,438,040  4.87  0.96  0.00000041  

RR 8 8_81439251_T 81,439,251  5.02  0.96  0.00000019  
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RR 8 8_81440919_G 81,440,919  4.63  0.94  0.00000088  

RR 8 8_81442397_A 81,442,397  4.87  0.96  0.00000041  

RR 8 8_81443695_G 81,443,695  4.67  0.94  0.00000061  

RR 8 8_81444906_A 81,444,906  4.76  0.96  0.00000077  

RR 8 8_81446758_C 81,446,758  5.03  0.96  0.00000019  

RR 8 8_81449093_G 81,449,093  4.88  0.96  0.00000039  

RR 8 8_81457629_A 81,457,629  4.87  0.96  0.00000041  

RR 8 8_81458793_T 81,458,793  4.87  0.96  0.00000041  

RR 8 8_81459648_C 81,459,648  4.86  0.96  0.00000045  

RR 8 8_81460138_C 81,460,138  4.87  0.96  0.00000041  

RR 8 8_81460944_G 81,460,944  4.87  0.96  0.00000041  

RR 8 8_81462839_C 81,462,839  4.87  0.96  0.00000041  

RR 8 8_81466173_G 81,466,173  4.87  0.96  0.00000041  

RR 8 8_81469502_T 81,469,502  4.77  0.94  0.00000033  

RR 8 8_81470812_C 81,470,812  4.77  0.94  0.00000034  

RR 8 8_81474708_G 81,474,708  4.91  0.96  0.00000035  

RR 8 8_81476346_T 81,476,346  4.87  0.96  0.00000041  

RR 8 8_81477234_G 81,477,234  4.87  0.96  0.00000041  

RR 8 8_81477867_T 81,477,867  4.65  0.94  0.00000079  

RR 8 8_81478479_A 81,478,479  4.77  0.94  0.00000033  

RR 8 8_81479392_G 81,479,392  4.87  0.96  0.00000041  

RR 8 8_81481496_G 81,481,496  4.87  0.96  0.00000041  

RR 8 8_81484673_G 81,484,673  4.87  0.96  0.00000041  

RR 8 8_81488326_G 81,488,326  4.87  0.96  0.00000041  

RR 8 8_81489749_A 81,489,749  4.87  0.96  0.00000041  

RR 8 8_81490996_G 81,490,996  4.87  0.96  0.00000041  

RR 8 8_81495316_G 81,495,316  4.87  0.96  0.00000041  
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RR 8 8_81497003_T 81,497,003  4.87  0.96  0.00000041  

RR 8 8_81499092_G 81,499,092  4.87  0.96  0.00000041  

RR 8 8_81500923_T 81,500,923  4.87  0.96  0.00000041  

RR 8 8_81505260_C 81,505,260  4.61  0.94  0.00000084  

RR 8 8_81511606_G 81,511,606  4.67  0.94  0.00000061  

RR 8 8_81513419_T 81,513,419  4.67  0.94  0.00000061  

RR 8 8_81515686_A 81,515,686  4.67  0.94  0.00000061  

RR 8 8_81516525_A 81,516,525  4.87  0.96  0.00000041  

RR 8 8_81517435_AACAT 81,517,435  4.67  0.94  0.00000061  

RR 8 8_81519923_A 81,519,923  4.67  0.94  0.00000061  

RR 8 8_81523977_T 81,523,977  4.87  0.96  0.00000041  

RR 8 8_81525049_G 81,525,049  4.67  0.94  0.00000061  

RR 8 8_81525766_TA 81,525,766  4.77  0.94  0.00000033  

RR 8 8_81527422_C 81,527,422  4.87  0.96  0.00000041  

RR 8 8_81528942_T 81,528,942  4.87  0.96  0.00000041  

RR 8 8_81530451_A 81,530,451  4.92  0.97  0.00000041  

RR 8 8_81531775_G 81,531,775  4.89  0.96  0.00000038  

RR 8 8_81532568_C 81,532,568  4.87  0.96  0.00000041  

RR 8 8_81533131_A 81,533,131  4.86  0.96  0.00000043  

RR 8 8_81536004_A 81,536,004  4.86  0.96  0.00000043  

RR 8 8_81537795_G 81,537,795  4.76  0.96  0.00000079  

RR 8 8_81538048_G 81,538,048  4.86  0.96  0.00000043  

RR 8 8_81538907_G 81,538,907  4.86  0.96  0.00000045  

RR 8 8_81541831_G 81,541,831  4.86  0.96  0.00000045  

RR 8 8_81546958_T 81,546,958  4.77  0.94  0.00000035  

RR 8 8_81549837_G 81,549,837  4.76  0.94  0.00000036  

RR 8 8_81550500_A 81,550,500  4.76  0.94  0.00000036  
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RR 8 8_81551917_G 81,551,917  4.76  0.94  0.00000036  

RR 8 8_81561170_T 81,561,170  4.76  0.94  0.00000036  

RR 8 8_81563767_T 81,563,767  4.76  0.94  0.00000036  

RR 8 8_81564660_A 81,564,660  4.76  0.94  0.00000035  

RR 8 8_81566514_C 81,566,514  4.86  0.96  0.00000045  

RR 8 8_81568886_G 81,568,886  4.86  0.96  0.00000045  

RR 8 8_81569897_A 81,569,897  4.86  0.96  0.00000045  

RR 8 8_81570976_G 81,570,976  4.86  0.96  0.00000045  

RR 8 8_81573631_T 81,573,631  4.86  0.96  0.00000045  

RR 8 8_81575573_T 81,575,573  4.86  0.96  0.00000045  

RR 8 8_81577658_C 81,577,658  4.86  0.96  0.00000043  

RR 8 8_81578697_G 81,578,697  4.86  0.96  0.00000045  

RR 8 8_81579807_G 81,579,807  4.86  0.96  0.00000043  

RR 8 8_81580621_A 81,580,621  4.72  0.94  0.00000047  

RR 8 8_81581418_C 81,581,418  4.76  0.94  0.00000036  

RR 8 8_81581597_G 81,581,597  4.86  0.96  0.00000045  

RR 8 8_81582661_T 81,582,661  4.76  0.94  0.00000036  

RR 8 8_81583943_C 81,583,943  4.86  0.96  0.00000045  

RR 8 8_81585662_G 81,585,662  5.02  0.96  0.00000020  

RR 8 8_81585863_A 81,585,863  4.86  0.96  0.00000045  

RR 8 8_81586715_A 81,586,715  4.89  0.96  0.00000034  

RR 8 8_81587033_C 81,587,033  4.86  0.96  0.00000043  

RR 8 8_81588480_A 81,588,480  4.86  0.96  0.00000043  

RR 8 8_81590164_G 81,590,164  4.76  0.96  0.00000079  

PS 9 9_470047_A 470,047  0.09  0.02  0.00000045  

PS 9 9_481970_G 481,970  0.09  0.02  0.00000054  

TVall 1 1_32189900_T 32,189,900  0.10  0.02  0.00000031  
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TV8h 2 2_86854220_G 86,854,220 -0.19  0.04  0.00000063  

TV8h 2 2_94855585_G 94,855,585 -0.21  0.04  0.00000022  

TV8h 2 2_94938876_A 94,938,876 -0.21  0.04  0.00000022  

TV8h 2 2_94984869_T 94,984,869 -0.20  0.04  0.00000057  

TV8h 2 2_94991762_A 94,991,762 -0.20  0.04  0.00000057  

TV8h 2 2_95014810_C 95,014,810 -0.20  0.04  0.00000058  

TV8h 2 2_95096326_C 95,096,326 -0.20  0.04  0.00000057  

TV8h 2 2_95223027_A 95,223,027 -0.21  0.04  0.00000012  

TV8h 2 2_95266233_T 95,266,233 -0.20  0.04  0.00000032  

TV8h 2 2_95286846_T 95,286,846 -0.20  0.04  0.00000032  

TV8h 2 2_95298258_T 95,298,258 -0.20  0.04  0.00000032  

TV8h 2 2_95303987_T 95,303,987 -0.20  0.04  0.00000022  

TV8h 2 2_95317254_A 95,317,254 -0.20  0.04  0.00000032  

TV8h 2 2_95320233_G 95,320,233 -0.20  0.04  0.00000032  

TV8h 2 2_95336608_A 95,336,608 -0.20  0.04  0.00000032  

TV8h 2 2_95342861_C 95,342,861 -0.20  0.04  0.00000031  

TV8h 2 2_95352071_T 95,352,071 -0.20  0.04  0.00000032  

TV8h 2 2_95363953_TG 95,363,953 -0.20  0.04  0.00000032  

TV8h 2 2_95366187_G 95,366,187 -0.20  0.04  0.00000032  

TV8h 2 2_95435801_ACT 95,435,801 -0.20  0.04  0.00000020  

TV8h 2 2_95446118_A 95,446,118 -0.20  0.04  0.00000032  

TV8h 2 2_95500013_C 95,500,013 -0.20  0.04  0.00000032  

TV8h 2 2_95549933_C 95,549,933 -0.21  0.04  0.00000004  

TV8h 2 2_95679479_C 95,679,479 -0.18  0.03  0.00000010  

TV8h 2 2_95770145_C 95,770,145 -0.18  0.03  0.00000021  

TV8h 2 2_95859076_T 95,859,076 -0.18  0.03  0.00000016  

TV8h 2 2_95941838_C 95,941,838 -0.17  0.03  0.00000089  
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TV8h 2 2_95953423_C 95,953,423 -0.19  0.04  0.00000008  

TV8h 2 2_96027967_T 96,027,967 -0.17  0.03  0.00000087  

TV8h 2 2_96041647_T 96,041,647 -0.17  0.03  0.00000087  

TV8h 2 2_96077373_C 96,077,373 -0.17  0.03  0.00000100  

TV8h 2 2_96137988_T 96,137,988 -0.17  0.03  0.00000100  

TV8h 2 2_96190298_A 96,190,298 -0.17  0.03  0.00000087  

TV8h 2 2_96197993_T 96,197,993 -0.17  0.03  0.00000087  

TV8h 2 2_96249140_G 96,249,140 -0.17  0.03  0.00000087  

TV8h 2 2_96349263_G 96,349,263 -0.17  0.03  0.00000091  

TV8h 2 2_96372331_G 96,372,331 -0.17  0.03  0.00000091  

TV8h 2 2_96417792_T 96,417,792 -0.17  0.03  0.00000098  

TV8h 2 2_96440983_G 96,440,983 -0.17  0.03  0.00000097  

TV8h 2 2_96490360_G 96,490,360 -0.17  0.03  0.00000075  

TV8h 2 2_96515110_A 96,515,110 -0.17  0.03  0.00000069  

TV8h 2 2_96579517_C 96,579,517 -0.17  0.03  0.00000071  

TV8h 2 2_96645000_G 96,645,000 -0.17  0.03  0.00000072  

TV8h 2 2_96681918_C 96,681,918 -0.16  0.03  0.00000108  

TV8h 2 2_96689798_C 96,689,798 -0.17  0.03  0.00000072  

TV8h 2 2_96715847_C 96,715,847 -0.17  0.03  0.00000072  

TV8h 2 2_96753503_T 96,753,503 -0.17  0.03  0.00000072  

TV8h 2 2_96763009_G 96,763,009 -0.16  0.03  0.00000104  

TV8h 2 2_96852755_G 96,852,755 -0.17  0.03  0.00000086  

TV8h 2 2_96953410_T 96,953,410 -0.17  0.03  0.00000059  

TV8h 2 2_96960117_G 96,960,117 -0.17  0.03  0.00000094  

TV8h 2 2_96969360_A 96,969,360 -0.16  0.03  0.00000101  

TV8h 2 2_96980275_T 96,980,275 -0.16  0.03  0.00000101  

TV8h 2 2_97012732_G 97,012,732 -0.16  0.03  0.00000101  
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TV8h 2 2_97018425_A 97,018,425 -0.17  0.03  0.00000057  

TV8h 2 2_97022117_T 97,022,117 -0.16  0.03  0.00000101  

TV8h 2 2_97033798_A 97,033,798 -0.17  0.03  0.00000051  

TV8h 2 2_97042799_C 97,042,799 -0.16  0.03  0.00000101  

TV8h 2 2_97057093_T 97,057,093 -0.17  0.03  0.00000057  

TV8h 2 2_97065405_A 97,065,405 -0.17  0.03  0.00000057  

TV8h 2 2_97069345_A 97,069,345 -0.16  0.03  0.00000097  

TV8h 2 2_97087835_T 97,087,835 -0.17  0.03  0.00000057  

TV8h 2 2_97097010_G 97,097,010 -0.16  0.03  0.00000104  

TV8h 2 2_97108989_G 97,108,989 -0.17  0.03  0.00000057  

TV8h 2 2_97112649_T 97,112,649 -0.17  0.03  0.00000061  

TV8h 2 2_97120477_G 97,120,477 -0.17  0.03  0.00000057  

TV8h 2 2_97135146_C 97,135,146 -0.17  0.03  0.00000053  

TV8h 2 2_97160510_A 97,160,510 -0.17  0.03  0.00000057  

TV8h 2 2_97163311_T 97,163,311 -0.17  0.03  0.00000057  

TV8h 2 2_97171427_C 97,171,427 -0.17  0.03  0.00000057  

TV8h 2 2_97174617_G 97,174,617 -0.16  0.03  0.00000104  

TV8h 2 2_97196645_C 97,196,645 -0.17  0.03  0.00000059  

TV8h 2 2_97208065_T 97,208,065 -0.17  0.03  0.00000057  

TV8h 2 2_97213766_A 97,213,766 -0.17  0.03  0.00000050  

TV8h 2 2_97217701_G 97,217,701 -0.17  0.03  0.00000050  

TV8h 2 2_97220184_G 97,220,184 -0.17  0.03  0.00000050  

TV8h 2 2_97221728_G 97,221,728 -0.17  0.03  0.00000050  

TV8h 2 2_97222435_A 97,222,435 -0.17  0.03  0.00000050  

TV8h 2 2_97225469_T 97,225,469 -0.16  0.03  0.00000090  

TV8h 2 2_97228017_A 97,228,017 -0.17  0.03  0.00000046  

TV8h 2 2_97231098_C 97,231,098 -0.16  0.03  0.00000090  
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TV8h 2 2_97234661_G 97,234,661 -0.18  0.03  0.00000027  

TV8h 2 2_97242170_T 97,242,170 -0.17  0.03  0.00000050  

TV8h 2 2_97243893_A 97,243,893 -0.17  0.03  0.00000050  

TV8h 2 2_97250083_T 97,250,083 -0.17  0.03  0.00000050  

TV8h 2 2_97251933_C 97,251,933 -0.17  0.03  0.00000050  

TV8h 2 2_97252908_C 97,252,908 -0.17  0.03  0.00000050  

TV8h 2 2_97254942_C 97,254,942 -0.17  0.03  0.00000050  

TV8h 2 2_97256112_C 97,256,112 -0.17  0.03  0.00000050  

TV8h 2 2_97287033_A 97,287,033 -0.17  0.03  0.00000050  

TV8h 2 2_97290691_A 97,290,691 -0.17  0.03  0.00000050  

TV8h 2 2_97298155_C 97,298,155 -0.17  0.03  0.00000050  

TV8h 2 2_97301292_G 97,301,292 -0.17  0.03  0.00000042  

TV8h 2 2_97304972_G 97,304,972 -0.17  0.03  0.00000050  

TV8h 2 2_97311698_T 97,311,698 -0.16  0.03  0.00000090  

TV8h 2 2_97321472_A 97,321,472 -0.17  0.03  0.00000050  

TV8h 2 2_97328947_A 97,328,947 -0.17  0.03  0.00000064  

TV8h 2 2_97336293_G 97,336,293 -0.17  0.03  0.00000050  

TV8h 2 2_97357185_C 97,357,185 -0.17  0.03  0.00000050  

TV8h 2 2_97508070_T 97,508,070 -0.16  0.03  0.00000090  

TV8h 2 2_97546945_C 97,546,945 -0.16  0.03  0.00000091  

TV8h 2 2_97560134_A 97,560,134 -0.16  0.03  0.00000090  

TV8h 2 2_97607971_G 97,607,971 -0.16  0.03  0.00000090  

TV8h 2 2_97614899_A 97,614,899 -0.16  0.03  0.00000091  

TV8h 2 2_97637824_A 97,637,824 -0.17  0.03  0.00000050  

TV8h 2 2_97653371_G 97,653,371 -0.16  0.03  0.00000091  

TV8h 2 2_97680472_C 97,680,472 -0.16  0.03  0.00000091  

TV8h 2 2_97710223_A 97,710,223 -0.16  0.03  0.00000091  
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TV8h 2 2_97822905_T 97,822,905 -0.16  0.03  0.00000096  

TV8h 2 2_97832251_C 97,832,251 -0.16  0.03  0.00000096  

TV8h 2 2_97845730_A 97,845,730 -0.16  0.03  0.00000096  

TV8h 2 2_97867049_G 97,867,049 -0.16  0.03  0.00000111  

TV8h 2 2_97869210_A 97,869,210 -0.16  0.03  0.00000096  

TV8h 2 2_97873249_G 97,873,249 -0.16  0.03  0.00000111  

TV8h 2 2_97874102_A 97,874,102 -0.16  0.03  0.00000111  

TV8h 2 2_97875213_A 97,875,213 -0.16  0.03  0.00000111  

TV8h 2 2_97877797_G 97,877,797 -0.16  0.03  0.00000111  

TV8h 2 2_97902246_T 97,902,246 -0.16  0.03  0.00000111  

TV8h 2 2_97904673_G 97,904,673 -0.16  0.03  0.00000111  

TV8h 2 2_97906592_G 97,906,592 -0.16  0.03  0.00000111  

TV8h 2 2_97908251_C 97,908,251 -0.16  0.03  0.00000096  

TV8h 2 2_97909292_T 97,909,292 -0.16  0.03  0.00000111  

TV8h 2 2_97910031_T 97,910,031 -0.16  0.03  0.00000111  

TV8h 2 2_97910332_G 97,910,332 -0.16  0.03  0.00000111  

TV8h 2 2_97915351_G 97,915,351 -0.16  0.03  0.00000111  

TV8h 2 2_97916298_C 97,916,298 -0.16  0.03  0.00000096  

TV8h 2 2_97921767_G 97,921,767 -0.16  0.03  0.00000111  

TV8h 2 2_97933494_G 97,933,494 -0.16  0.03  0.00000111  

TV8h 2 2_97946519_G 97,946,519 -0.16  0.03  0.00000111  

TV8h 2 2_97955673_C 97,955,673 -0.16  0.03  0.00000099  

TV8h 2 2_97979364_A 97,979,364 -0.16  0.03  0.00000111  

TV8h 2 2_97982465_C 97,982,465 -0.18  0.03  0.00000030  

TV8h 2 2_97990500_A 97,990,500 -0.17  0.03  0.00000058  

TV8h 2 2_97997629_G 97,997,629 -0.16  0.03  0.00000096  

TV8h 2 2_98213679_T 98,213,679 -0.17  0.03  0.00000077  
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TV8h 2 2_98619839_T 98,619,839 -0.18  0.03  0.00000015  

TV8h 2 2_99041870_G 99,041,870 -0.16  0.03  0.00000120  

TV8h 2 2_99069820_A 99,069,820 -0.16  0.03  0.00000120  

TV8h 2 2_99492485_C 99,492,485 -0.18  0.04  0.00000069  

TV8h 2 2_99515035_A 99,515,035 -0.16  0.03  0.00000112  

TV8h 2 2_99523542_C 99,523,542 -0.16  0.03  0.00000120  

TV8h 2 2_99531694_T 99,531,694 -0.16  0.03  0.00000120  

TV8h 2 2_99573010_T 99,573,010 -0.16  0.03  0.00000116  

TV8h 2 2_99577410_A 99,577,410 -0.17  0.03  0.00000027  

TV8h 2 2_99599185_C 99,599,185 -0.16  0.03  0.00000120  

TV8h 2 2_99712712_G 99,712,712 -0.16  0.03  0.00000120  

TV8h 2 2_99777237_A 99,777,237 -0.17  0.03  0.00000064  

TV8h 2 2_99784035_A 99,784,035 -0.16  0.03  0.00000116  

TV8h 2 2_99798826_T 99,798,826 -0.17  0.03  0.00000037  

TV8h 2 2_99803416_G 99,803,416 -0.16  0.03  0.00000095  

TV8h 2 2_99845424_C 99,845,424 -0.16  0.03  0.00000082  

TV8h 2 2_99852196_T 99,852,196 -0.17  0.03  0.00000045  

TV8h 2 2_99899912_T 99,899,912 -0.16  0.03  0.00000082  

TV8h 2 2_99925883_C 99,925,883 -0.16  0.03  0.00000082  

TV8h 2 2_99932721_A 99,932,721 -0.16  0.03  0.00000082  

TV8h 2 2_99940212_C 99,940,212 -0.16  0.03  0.00000082  

TV8h 2 2_99957731_A 99,957,731 -0.17  0.03  0.00000059  

TV8h 2 2_99963247_G 99,963,247 -0.18  0.03  0.00000010  

TV8h 2 2_99968868_T 99,968,868 -0.17  0.03  0.00000042  

TV8h 2 2_99969778_A 99,969,778 -0.16  0.03  0.00000079  

TV8h 2 2_99974267_T 99,974,267 -0.16  0.03  0.00000082  

TV8h 2 2_99981114_A 99,981,114 -0.16  0.03  0.00000077  
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TV8h 2 2_99984716_G 99,984,716 -0.16  0.03  0.00000082  

TV8h 2 2_99995475_T 99,995,475 -0.16  0.03  0.00000082  

TV8h 2 2_99998822_C 99,998,822 -0.17  0.03  0.00000075  

TV8h 2 2_100001754_T 100,001,754 -0.16  0.03  0.00000082  

TV8h 2 2_100004010_A 100,004,010 -0.16  0.03  0.00000082  

TV8h 2 2_100037326_C 100,037,326 -0.16  0.03  0.00000089  

TV8h 2 2_100063240_G 100,063,240 -0.16  0.03  0.00000089  

TV8h 2 2_100073946_G 100,073,946 -0.17  0.03  0.00000049  

TV8h 2 2_100074384_G 100,074,384 -0.16  0.03  0.00000089  

TV8h 2 2_100079909_T 100,079,909 -0.16  0.03  0.00000091  

TV8h 2 2_100089417_T 100,089,417 -0.16  0.03  0.00000091  

TV8h 2 2_100096616_C 100,096,616 -0.17  0.03  0.00000033  

TV8h 2 2_100099506_G 100,099,506 -0.16  0.03  0.00000091  

TV8h 2 2_100100558_G 100,100,558 -0.16  0.03  0.00000091  

TV8h 2 2_100103987_T 100,103,987 -0.16  0.03  0.00000091  

TV8h 2 2_100105589_A 100,105,589 -0.16  0.03  0.00000091  

TV8h 2 2_100110228_C 100,110,228 -0.16  0.03  0.00000091  

TV8h 2 2_100111808_C 100,111,808 -0.16  0.03  0.00000091  

TV8h 2 2_100114851_G 100,114,851 -0.16  0.03  0.00000091  

TV8h 2 2_100116879_C 100,116,879 -0.16  0.03  0.00000091  

TV8h 2 2_100119761_C 100,119,761 -0.16  0.03  0.00000091  

TV8h 2 2_100121238_C 100,121,238 -0.16  0.03  0.00000091  

TV8h 2 2_100127129_G 100,127,129 -0.16  0.03  0.00000091  

TV8h 2 2_100127811_T 100,127,811 -0.16  0.03  0.00000091  

TV8h 2 2_100129766_C 100,129,766 -0.17  0.03  0.00000050  

TV8h 2 2_100134231_CGTTGT 100,134,231 -0.16  0.03  0.00000120  

TV8h 2 2_100137687_T 100,137,687 -0.16  0.03  0.00000091  
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TV8h 2 2_100140880_C 100,140,880 -0.16  0.03  0.00000115  

TV8h 2 2_100144080_A 100,144,080 -0.16  0.03  0.00000115  

TV8h 2 2_100146841_A 100,146,841 -0.16  0.03  0.00000115  

TV8h 2 2_100241628_C 100,241,628 -0.17  0.03  0.00000084  

TV8h 2 2_100292635_T 100,292,635 -0.16  0.03  0.00000100  

TV8h 2 2_100326888_A 100,326,888 -0.16  0.03  0.00000100  

TV8h 2 2_100350673_A 100,350,673 -0.17  0.03  0.00000079  

TV8h 2 2_100369091_G 100,369,091 -0.16  0.03  0.00000100  

TV8h 2 2_100545358_C 100,545,358 -0.16  0.03  0.00000109  

TV8h 2 2_100777051_ACTG 100,777,051 -0.17  0.03  0.00000094  

TV8h 2 2_100819761_T 100,819,761 -0.17  0.03  0.00000094  

TV8h 2 2_100913881_T 100,913,881 -0.17  0.03  0.00000062  

TV8h 2 2_100948637_G 100,948,637 -0.17  0.03  0.00000076  

TV8h 2 2_102014302_C 102,014,302 -0.17  0.03  0.00000110  

TV8h 2 2_102034366_T 102,034,366 -0.17  0.03  0.00000110  

TV8h 2 2_102039175_A 102,039,175 -0.17  0.03  0.00000107  

TV8h 2 2_102057570_C 102,057,570 -0.17  0.03  0.00000110  

TV8h 2 2_102064911_T 102,064,911 -0.17  0.03  0.00000110  

TV8h 2 2_102069888_A 102,069,888 -0.17  0.03  0.00000110  

TV8h 2 2_102072694_C 102,072,694 -0.17  0.03  0.00000110  

TV8h 2 2_102087838_A 102,087,838 -0.17  0.03  0.00000110  

TV8h 2 2_102133556_T 102,133,556 -0.17  0.03  0.00000110  

TV8h 2 2_102136773_G 102,136,773 -0.17  0.03  0.00000110  

TV8h 2 2_102142621_T 102,142,621 -0.17  0.03  0.00000110  

TV8h 2 2_102145110_A 102,145,110 -0.17  0.03  0.00000066  

TV8h 2 2_102148280_T 102,148,280 -0.17  0.03  0.00000066  

TV8h 2 2_102168428_T 102,168,428 -0.17  0.03  0.00000110  
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TV8h 2 2_102204874_G 102,204,874 -0.17  0.03  0.00000082  

TV8h 2 2_102222267_G 102,222,267 -0.18  0.04  0.00000056  

TV8h 2 2_102387102_A 102,387,102 -0.17  0.03  0.00000115  

TV8h 2 2_102387566_T 102,387,566 -0.17  0.03  0.00000115  

TV8h 2 2_102392475_T 102,392,475 -0.17  0.03  0.00000115  

TV8h 2 2_102400157_G 102,400,157 -0.17  0.03  0.00000115  

TV8h 2 2_102430205_G 102,430,205 -0.17  0.04  0.00000073  

TV8h 2 2_102438092_A 102,438,092 -0.17  0.03  0.00000120  

TV8h 2 2_102471418_C 102,471,418 -0.17  0.03  0.00000102  

TV8h 2 2_102474625_T 102,474,625 -0.17  0.03  0.00000094  

TV8h 2 2_102483852_T 102,483,852 -0.17  0.03  0.00000102  

TV8h 2 2_102489498_G 102,489,498 -0.17  0.03  0.00000090  

HD 2 2_2677442_A 2,677,442 -0.18  0.04  0.00000104  

HD 7 7_17063229_G 17,063,229  0.15  0.03  0.00000080  

HD 15 15_126575680_C 126,575,680  0.21  0.04  0.00000039  

HD 15 15_126576120_A 126,576,120  0.21  0.04  0.00000039  

HD 15 15_126576736_C 126,576,736  0.21  0.04  0.00000039  

HD 15 15_126578009_A 126,578,009  0.21  0.04  0.00000035  

HD 15 15_126578571_C 126,578,571  0.21  0.04  0.00000034  

HD 15 15_126579790_T 126,579,790  0.20  0.04  0.00000077  

HD 15 15_126580989_C 126,580,989  0.21  0.04  0.00000034  

HD 15 15_126581768_A 126,581,768  0.21  0.04  0.00000034  

HD 15 15_126582362_G 126,582,362  0.21  0.04  0.00000034  

HD 15 15_126586302_C 126,586,302  0.21  0.04  0.00000039  

HD 15 15_126602850_T 126,602,850  0.21  0.04  0.00000092  

HD 15 15_126607437_T 126,607,437  0.22  0.04  0.00000044  

HD 15 15_126609737_A 126,609,737  0.21  0.04  0.00000095  
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BCScal 13 13_131195060_A 131,195,060 -0.46  0.09  0.00000095  

BCScal 13 13_131198219_T 131,198,219 -0.46  0.09  0.00000094  

BCScal 13 13_131200333_A 131,200,333 -0.48  0.10  0.00000058  

BCScal 13 13_131201128_C 131,201,128 -0.47  0.10  0.00000081  

EA 7 7_39303762_A 39,303,762 15.36  3.07  0.00000057  

EA 7 7_39305689_A 39,305,689 15.72  3.09  0.00000037  

EA 7 7_39306371_C 39,306,371 17.81  3.56  0.00000056  

 1088 

 1089 

Table S2. Gene annotation for the significant variants for indicators of heat stress 1090 

response in lactating sows 1091 

Trait Chr Position (bp) Gene ID Gene name 

BCScal 13 131,195,060 - 131,200,333 ENSSSCG00000031356 HES1 

BCScal 13 131,195,060 - 131,200,333 ENSSSCG00000039561  

BCScal 13 131,195,060 - 131,200,333 ENSSSCG00000034990  

BCScal 13 131,195,060 - 131,200,333 ENSSSCG00000054894   

EA 7 39,303,762 - 39,306,371 ENSSSCG00000040047 TMEM151B 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001705 TCTE1 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001706 AARS2 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000039903 SPATS1 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001708 CDC5L 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001700 SLC29A1 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001701 HSP90AB1 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001702 SLC35B2 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000001703 NFKBIE 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000053910 MYMX 

EA 7 39,303,762 - 39,306,371 ENSSSCG00000041884   
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HD 2 2,677,442 ENSSSCG00000062960  

HD 2 2,677,442 ENSSSCG00000058263  

HD 7 17,063,229 ENSSSCG00000049691  

HD 15 126,575,680 - 126,609,737 ENSSSCG00000016237 DOCK10 

PS 9 470,047 - 481,970 ENSSSCG00000014575  

PS 9 470,047 - 481,970 ENSSSCG00000014577 TMEM9B 

PS 9 470,047 - 481,970 ENSSSCG00000033335 AKIP1 

PS 9 470,047 - 481,970 ENSSSCG00000051028  

PS 9 470,047 - 481,970 ENSSSCG00000059660  

PS 9 470,047 - 481,970 ENSSSCG00000059027  

PS 9 470,047 - 481,970 ENSSSCG00000044344  

PS 9 470,047 - 481,970 ENSSSCG00000014570 NRIP3 

RR 7 23,843,264 ENSSSCG00000001409 PRRC2A 

RR 7 23,843,264 ENSSSCG00000001410 BAG6 

RR 7 23,843,264 ENSSSCG00000001411 APOM 

RR 7 23,843,264 ENSSSCG00000001413 GPANK1 

RR 7 24,051,539 ENSSSCG00000001424 SKIC2 

RR 7 24,051,539 ENSSSCG00000001425 DXO 

RR 7 24,051,539 ENSSSCG00000001426 STK19 

RR 7 24,051,539 ENSSSCG00000001427 C4A 

RR 7 24,051,539 ENSSSCG00000001428 CYP21A2 

RR 7 24,051,539 ENSSSCG00000023611 TNXB 

RR 7 23,843,264 - 23,886,397 ENSSSCG00000001414 CSNK2B 

RR 7 23,843,264 - 23,886,397 ENSSSCG00000062414 LY6G5B 

RR 7 23,843,264 - 23,892,506 ENSSSCG00000001416 LY6G5C 

RR 7 23,843,264 - 23,913,884 ENSSSCG00000034923 ABHD16A 

RR 7 23,843,264 - 23,919,566 ENSSSCG00000033590 LY6G6F 
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RR 7 23,843,264 - 23,919,566 ENSSSCG00000036566 LY6G6C 

RR 7 23,843,264 - 23,919,566 ENSSSCG00000040885  

RR 7 23,843,264 - 23,919,566 ENSSSCG00000060949 LY6G6D 

RR 7 23,843,264 - 23,936,480 ENSSSCG00000034664 MPIG6B 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000022712 SNORD52 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000029160  

RR 7 23,843,264 - 23,945,958 ENSSSCG00000030368 HSPA1L 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000035596 MSH5 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000036796 VWA7 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000038950 VARS1 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000039021 LSM2 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000039071  

RR 7 23,843,264 - 23,945,958 ENSSSCG00000040506 SNORD48 

RR 7 23,843,264 - 23,945,958 ENSSSCG00000044205  

RR 7 23,843,264 - 23,945,958 ENSSSCG00000044572  

RR 7 23,843,264 - 23,945,958 ENSSSCG00000046056  

RR 7 23,843,264 - 23,945,958 ENSSSCG00000061053 SAPCD1 

RR 7 23,886,397 - 24,051,539 ENSSSCG00000001418 NEU1 

RR 7 23,886,397 - 24,051,539 ENSSSCG00000001419 SLC44A4 

RR 7 23,886,397 - 24,051,539 ENSSSCG00000001420 EHMT2 

RR 7 23,905,782 - 24,051,539 ENSSSCG00000001421 ZBTB12 

RR 7 23,905,782 - 24,051,539 ENSSSCG00000001422 C2 

RR 7 23,936,480 - 24,051,539 ENSSSCG00000024914 CFB 

RR 7 23,945,958 - 24,051,539 ENSSSCG00000001423 NELFE 

RR 7 23843264 - 23936480 ENSSSCG00000038514 DDAH2 

RR 7 39,351,307 ENSSSCG00000001702 SLC35B2 

RR 7 39,351,307 - 39,355,266 ENSSSCG00000001703 NFKBIE 
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RR 7 39,351,307 - 39,355,266 ENSSSCG00000001705 TCTE1 

RR 7 39,351,307 - 39,355,266 ENSSSCG00000001706 AARS2 

RR 7 39,351,307 - 39,355,266 ENSSSCG00000001708 CDC5L 

RR 7 39,351,307 - 39,355,266 ENSSSCG00000040047 TMEM151B 

RR 7 39,351,307 - 39,355,266 ENSSSCG00000041884  

RR 7 39,351,307 - 39,355,266 ENSSSCG00000059458  

RR 7 39351307 - 39355266 ENSSSCG00000039903 SPATS1 

RR 7 39351307 - 39355266 ENSSSCG00000057783  

RR 8 80,358,650 ENSSSCG00000060000  

RR 8 79,518,715 - 79,561,407 ENSSSCG00000035623 IQCM 

RR 8 79,518,715 - 79,561,407 ENSSSCG00000055701  

RR 8 79,518,715 - 79,635,229 ENSSSCG00000050872  

RR 8 79,518,715 - 79,669,879 ENSSSCG00000055186  

RR 8 80,358,650 - 80,481,645 ENSSSCG00000043522  

RR 8 80,358,650 - 80,734,740 ENSSSCG00000037766 NR3C2 

RR 8 80,673,033 - 81,092,365 ENSSSCG00000009029 ARHGAP10 

RR 8 81,092,365 - 81,173,969 ENSSSCG00000009030 PRMT9 

RR 8 81,092,365 - 81,236,896 ENSSSCG00000030044 TMEM184C 

RR 8 81,092,365 - 81,240,491 ENSSSCG00000046523  

RR 8 81,155,471 - 81,375,124 ENSSSCG00000009031 EDNRA 

RR 8 81,390,426 - 81,590,164 ENSSSCG00000054066   

TES 2 21,729,683 ENSSSCG00000013286 LRRC4C 

TES 5 83,314,673 ENSSSCG00000000873 ANO4 

TES 5 83,647,158 ENSSSCG00000000874 GAS2L3 

TES 5 83,647,158 ENSSSCG00000000875 NR1H4 

TES 5 83,647,158 ENSSSCG00000038946 SLC17A8 

TES 5 83,647,158 ENSSSCG00000047401  
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TES 5 85,914,808 - 86,033,079 ENSSSCG00000047567  

TES 7 49,276,927 - 49,527,342 ENSSSCG00000040288 ARNT2 

TES 7 49,527,342 - 49,584,578 ENSSSCG00000001782 ABHD17C 

TES 7 49,527,342 - 49,584,578 ENSSSCG00000038929 CEMIP 

TES 7 49,440,363 - 49,584,578 ENSSSCG00000057483  

TES 7 49,276,927 - 49,440,363 ENSSSCG00000055731 U6 

TES 12 6,808,169 ENSSSCG00000017239 RPL38 

TES 12 6,808,169 ENSSSCG00000017238 TTYH2 

TES 12 6,808,169 ENSSSCG00000040989 GPRC5C 

TES 12 6,808,169 ENSSSCG00000027923 GPR142 

TES 12 6,808,169 ENSSSCG00000059713 BTBD17 

TES 12 6,808,169 ENSSSCG00000021724 KIF19 

TES 12 6,808,169 ENSSSCG00000024357 DNAI2 

TES 14 137,210,716 ENSSSCG00000010755 PTPRE 

TES 14 137,210,716 ENSSSCG00000026302  

TES 16 22,801,074 - 22,804,340 ENSSSCG00000016846 WDR70 

TES 17 28,358,400 ENSSSCG00000038858 CFAP61 

TES 17 28,358,400 ENSSSCG00000026506 RALGAPA2 

TES 17 28,358,400 ENSSSCG00000062159 INSM1 

TES 17 28,358,400 ENSSSCG00000046267   

TRS 1 10473872 - 10505848 ENSSSCG00000056648  

TRS 1 10473872 - 10505848 ENSSSCG00000061773  

TRS 1 10,473,872 - 10,505,848 ENSSSCG00000045185 ssc-mir-9857 

TRS 2 108,874,785 ENSSSCG00000014186  

TRS 2 127,833,178 ENSSSCG00000053601  

TRS 2 127,833,178 ENSSSCG00000054233  

TRS 2 108,874,785 ENSSSCG00000049923  
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TRS 2 105,870,529 ENSSSCG00000054777  

TRS 6 135,196,192 ENSSSCG00000035582 GIPC2 

TRS 6 135,196,192 ENSSSCG00000003766 DNAJB4 

TRS 6 135,196,192 ENSSSCG00000003771 FUBP1 

TRS 6 135,196,192 ENSSSCG00000050806  

TRS 6 135,196,192 ENSSSCG00000055126 U6 

TRS 6 135,196,192 ENSSSCG00000018423 U6 

TRS 6 128,607,655 ENSSSCG00000003754  

TRS 6 128,028,279 - 128,061,017 ENSSSCG00000005778 HSBP1L1 

TRS 6 128,028,279 - 128,061,017 ENSSSCG00000005777 TXNL4A 

TRS 6 125,897,646 - 126,135,107 ENSSSCG00000003749 PIK3C3 

TRS 6 127,822,624 ENSSSCG00000005780 KCNG2 

TRS 6 127,822,624 - 128,038,925 ENSSSCG00000023171 SLC66A2 

TRS 6 128,028,279 - 128,126,009 ENSSSCG00000038475  

TRS 6 128,028,279 - 128,180,187 ENSSSCG00000038632 ADNP2 

TRS 6 128,096,745 - 128,349,869 ENSSSCG00000023376 PARD6G 

TRS 6 128,540,069 - 128,607,655 ENSSSCG00000003753  

TRS 6 128,926,928 - 128,933,859 ENSSSCG00000003755 MCOLN2 

TRS 6 128,926,928 - 129,027,823 ENSSSCG00000003756 LPAR3 

TRS 6 128,961,716 - 129,210,420 ENSSSCG00000003757 SSX2IP 

TRS 6 128,975,440 - 129,150,250 ENSSSCG00000044786  

TRS 6 129,106,033 - 129,303,560 ENSSSCG00000003758 CTBS 

TRS 6 129,106,033 - 129,338,493 ENSSSCG00000029882 SPATA1 

TRS 6 129,149,710 - 129,348,946 ENSSSCG00000053185 GNG5 

TRS 6 129,192,451 - 129,363,499 ENSSSCG00000022145 RPF1 

TRS 6 129,279,850 - 129,363,499 ENSSSCG00000026532 DNASE2B 

TRS 6 129,298,592 - 129,363,499 ENSSSCG00000026005 SAMD13 
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TRS 6 129,301,918 - 129,363,499 ENSSSCG00000044862  

TRS 6 126,040,757 - 126,135,107 ENSSSCG00000037233  

TRS 6 128,506,422 - 128,607,655 ENSSSCG00000060282  

TRS 6 125,685,780 ENSSSCG00000055429  

TRS 6 126,631,171 - 126,808,755 ENSSSCG00000057422  

TRS 6 127,822,624 ENSSSCG00000055983  

TRS 6 128038925 - 128180187 ENSSSCG00000063496  

TRS 6 128,061,017 - 128,180,187 ENSSSCG00000055757  

TRS 6 128,318,719 - 128,362,537 ENSSSCG00000063050  

TRS 6 129,279,850 - 129,363,499 ENSSSCG00000022206 UOX 

TRS 8 134,857,072 - 134,860,931 ENSSSCG00000009233 GPAT3 

TRS 8 134857072 - 134860931 ENSSSCG00000056871  

TRS 8 4,960,712 ENSSSCG00000035020 STK32B 

TRS 8 4,906,107 - 4,960,712 ENSSSCG00000032637 EVC 

TRS 8 4,906,107 - 4,960,712 ENSSSCG00000024399 EVC2 

TRS 9 39,195,933 ENSSSCG00000015016 POU2AF1 

TRS 9 39,195,933 ENSSSCG00000015020 BTG4 

TRS 9 39,195,933 ENSSSCG00000015021 HOATZ 

TRS 9 39,424,271 ENSSSCG00000015022 LAYN 

TRS 9 39,424,271 - 39,486,772 ENSSSCG00000032941 SIK2 

TRS 9 39,424,271 - 39,486,772 ENSSSCG00000029538 PPP2R1B 

TRS 9 39,453,846 - 39,486,772 ENSSSCG00000015023 ALG9 

TRS 9 39,195,933 ENSSSCG00000023071 ssc-mir-34c-1 

TRS 10 68,726,153 - 68,776,792 ENSSSCG00000011162  

TRS 10 68,726,153 - 69,231,514 ENSSSCG00000011163 DIP2C 

TRS 10 69,069,560 - 69,352,432 ENSSSCG00000011166 ZMYND11 

TRS 10 68,726,153 - 68,752,585 ENSSSCG00000052560  
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TRS 10 68,726,153 - 68,776,792 ENSSSCG00000042778  

TRS 10 68,726,153 - 68,776,792 ENSSSCG00000056287  

TRS 10 51,870,599 ENSSSCG00000030662 PTF1A 

TRS 10 51,870,599 - 51,974,203 ENSSSCG00000011077 MSRB2 

TRS 10 51,870,599 - 51,974,203 ENSSSCG00000011078 ARMC3 

TRS 10 52,218,082 - 52,234,291 ENSSSCG00000011079 PIP4K2A 

TRS 10 52,218,082 - 52,234,291 ENSSSCG00000045344  

TRS 10 51,403,771 - 51,438,887 ENSSSCG00000057337  

TRS 10 51403771 - 51438887 ENSSSCG00000062689  

TRS 10 51,403,771 - 51,438,887 ENSSSCG00000053398  

TRS 10 51,412,141 - 51,438,887 ENSSSCG00000063450  

TRS 10 52,218,082 - 52,234,291 ENSSSCG00000018307 U6 

TRS 11 16,776,240 - 16,792,168 ENSSSCG00000047857 C13orf42 

TRS 11 16,776,240 - 16,792,168 ENSSSCG00000024765  

TRS 11 16,776,240 - 16,792,168 ENSSSCG00000024385 RNASEH2B 

TRS 11 17,051,800 ENSSSCG00000009387 DLEU7 

TRS 11 17,051,800 ENSSSCG00000042045  

TRS 11 17,051,800 ENSSSCG00000057141  

TRS 11 17,051,800 ENSSSCG00000052173  

TRS 11 17,051,800 ENSSSCG00000053383  

TRS 12 22,191,109 ENSSSCG00000017471 CDC6 

TRS 12 22,191,109 ENSSSCG00000017479 WIPF2 

TRS 12 22,191,109 ENSSSCG00000017478 RAPGEFL1 

TRS 12 22,191,109 ENSSSCG00000017477 CASC3 

TRS 12 22,191,109 ENSSSCG00000052038  

TRS 12 22,191,109 ENSSSCG00000017476 MSL1 

TRS 12 22,191,109 ENSSSCG00000036933 NR1D1 
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TRS 12 22,191,109 ENSSSCG00000035969 THRA 

TRS 13 204,671,997 ENSSSCG00000012074  

TRS 13 204,671,997 ENSSSCG00000012075 FAM3B 

TRS 13 204,671,997 ENSSSCG00000060594  

TRS 13 17,486,172 - 17,496,040 ENSSSCG00000011229 STT3B 

TRS 13 17,767,850 ENSSSCG00000011230 OSBPL10 

TRS 13 17,767,850 ENSSSCG00000041659  

TRS 15 104,520,179 ENSSSCG00000016093  

TRS 15 104,520,179 ENSSSCG00000016094 BZW1 

TRS 15 104,520,179 ENSSSCG00000016095 CLK1 

TRS 15 104,520,179 ENSSSCG00000016096 PPIL3 

TRS 15 104,520,179 ENSSSCG00000039654 NIF3L1 

TRS 15 104,520,179 ENSSSCG00000016098 ORC2 

TRS 15 104,520,179 ENSSSCG00000060625   

TSS 2 95,628,544 ENSSSCG00000014148 TMEM161B 

TSS 2 95,628,544 ENSSSCG00000061590  

TSS 2 95,628,544 ENSSSCG00000053188  

TSS 2 95,628,544 ENSSSCG00000051977  

TSS 2 107,776,212 - 107,959,085 ENSSSCG00000014182 SLCO4C1 

TSS 2 107,910,486 - 108,111,514 ENSSSCG00000014183 SLCO6A1 

TSS 2 108,067,180 - 108,272,377 ENSSSCG00000054435  

TSS 2 108219460 - 108629684 ENSSSCG00000014184 PAM 

TSS 2 108,483,514 - 108,629,684 ENSSSCG00000025287 GIN1 

TSS 2 108,486,895 - 108,790,809 ENSSSCG00000024999 PPIP5K2 

TSS 2 108,713,184 - 108,852,710 ENSSSCG00000038779 MACIR 

TSS 2 108,810,693 - 109,062,401 ENSSSCG00000014186  

TSS 2 108,948,208 - 109,156,427 ENSSSCG00000014187 NUDT12 
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TSS 2 127,833,178 ENSSSCG00000053601  

TSS 2 127,833,178 ENSSSCG00000054233  

TSS 2 106,932,589 - 106,945,457 ENSSSCG00000035539 ST8SIA4 

TSS 2 108,713,184 - 108,903,430 ENSSSCG00000049923  

TSS 2 105,870,529 ENSSSCG00000054777  

TSS 2 106,932,589 - 107,004,443 ENSSSCG00000042228  

TSS 2 107,268,832 - 107,452,342 ENSSSCG00000045323  

TSS 2 107,945,395 - 108,130,080 ENSSSCG00000053934  

TSS 2 108,629,684 - 108,806,409 ENSSSCG00000042485  

TSS 2 108,964,268 - 109,160,103 ENSSSCG00000053824  

TSS 2 108,964,268 - 109,160,103 ENSSSCG00000058497  

TSS 2 109,005,900 -109,199,582 ENSSSCG00000062896  

TSS 2 109,005,900 - 109,206,314 ENSSSCG00000055779  

TSS 2 109080084 - 109284720 ENSSSCG00000057887  

TSS 2 109,110,747 - 109,307,908 ENSSSCG00000058355  

TSS 2 109,209,859 - 109,409,209 ENSSSCG00000055932  

TSS 2 109,284,720 - 109,472,448 ENSSSCG00000059317  

TSS 2 109,352,808 - 109,542,572 ENSSSCG00000055792  

TSS 2 109,401,482 - 109,589,218 ENSSSCG00000061911  

TSS 2 109,472,448 - 109,659,487 ENSSSCG00000057965  

TSS 2 109,486,215 - 109,659,487 ENSSSCG00000053102  

TSS 2 109,500,312 - 109,659,487 ENSSSCG00000058010  

TSS 2 109,522,926 - 109,719,183 ENSSSCG00000062992  

TSS 2 110,224,555 - 110,420,052 ENSSSCG00000023111 U6 

TSS 2 108,272,377 - 108,425,902 ENSSSCG00000045807 U2 

TSS 2 111,563,782 - 111,689,615 ENSSSCG00000049466  

TSS 2 111,299,450 - 111,499,010 ENSSSCG00000056998  
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TSS 2 111,414,402 - 111,553,832 ENSSSCG00000054209  

TSS 2 111,433,729 - 111,625,296 ENSSSCG00000054276  

TSS 2 111,486,280 - 111,670,922 ENSSSCG00000058903  

TSS 2 111,570,691 - 111,689,615 ENSSSCG00000062919  

TSS 2 111,625,296 - 111,689,615 ENSSSCG00000060138  

TSS 2 111,640,538 - 111,689,615 ENSSSCG00000043847  

TSS 2 112,051,005 ENSSSCG00000056485  

TSS 2 112,209,797 - 112,393,581 ENSSSCG00000062819  

TSS 2 112,393,581 ENSSSCG00000059572  

TSS 2 112,393,581 ENSSSCG00000053625  

TSS 2 112,393,581 ENSSSCG00000044646  

TSS 12 22,191,109 ENSSSCG00000017471 CDC6 

TSS 12 22,191,109 ENSSSCG00000017479 WIPF2 

TSS 12 22,191,109 ENSSSCG00000017478 RAPGEFL1 

TSS 12 22,191,109 ENSSSCG00000017477 CASC3 

TSS 12 22,191,109 ENSSSCG00000052038  

TSS 12 22,191,109 ENSSSCG00000017476 MSL1 

TSS 12 22,191,109 ENSSSCG00000036933 NR1D1 

TSS 12 22,191,109 ENSSSCG00000035969 THRA 

TSS 16 64,692,816 ENSSSCG00000017046 EBF1 

TSS 16 64,692,816 ENSSSCG00000061376  

TSS 1 10,473,872 - 10,505,848 ENSSSCG00000056648  

TSS 1 10,473,872 - 10,505,848 ENSSSCG00000061773  

TSS 1 10,473,872 - 10,505,848 ENSSSCG00000045185 ssc-mir-9857 

TSS 6 135,196,192 ENSSSCG00000035582 GIPC2 

TSS 6 135,196,192 ENSSSCG00000003766 DNAJB4 

TSS 6 135,196,192 ENSSSCG00000003771 FUBP1 
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TSS 6 135,196,192 ENSSSCG00000050806  

TSS 6 135,196,192 ENSSSCG00000055126 U6 

TSS 6 135,196,192 ENSSSCG00000018423 U6 

TSS 6 128,607,655 ENSSSCG00000003754  

TSS 6 128,028,279 - 128,061,017 ENSSSCG00000005778 HSBP1L1 

TSS 6 128,028,279 - 128,061,017 ENSSSCG00000005777 TXNL4A 

TSS 6 127,822,624 ENSSSCG00000005780 KCNG2 

TSS 6 127,822,624 - 128,038,925 ENSSSCG00000023171 SLC66A2 

TSS 6 128,028,279 - 128,126,009 ENSSSCG00000038475  

TSS 6 128,028,279 - 128,180,187 ENSSSCG00000038632 ADNP2 

TSS 6 128,096,745 - 128,349,869 ENSSSCG00000023376 PARD6G 

TSS 6 128,540,069 - 128,607,655 ENSSSCG00000003753  

TSS 6 128,926,928 - 128,933,859 ENSSSCG00000003755 MCOLN2 

TSS 6 128,926,928 - 129,027,823 ENSSSCG00000003756 LPAR3 

TSS 6 128,961,716 - 129,210,420 ENSSSCG00000003757 SSX2IP 

TSS 6 128,975,440 - 129,150,250 ENSSSCG00000044786  

TSS 6 129,106,033 - 129,303,560 ENSSSCG00000003758 CTBS 

TSS 6 129,106,033 - 129,338,493 ENSSSCG00000029882 SPATA1 

TSS 6 129,149,710 - 129,348,946 ENSSSCG00000053185 GNG5 

TSS 6 129,192,451 - 129,363,499 ENSSSCG00000022145 RPF1 

TSS 6 129,279,850 - 129,363,499 ENSSSCG00000026532 DNASE2B 

TSS 6 129,298,592 - 129,363,499 ENSSSCG00000026005 SAMD13 

TSS 6 129,301,918 - 129,363,499 ENSSSCG00000044862  

TSS 6 128,506,422 - 128,607,655 ENSSSCG00000060282  

TSS 6 125,685,780 ENSSSCG00000055429  

TSS 6 126,631,171 - 126,808,755 ENSSSCG00000057422  

TSS 6 127,822,624 ENSSSCG00000055983  
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TSS 6 128,038,925 - 128,180,187 ENSSSCG00000063496  

TSS 6 128,061,017 - 128,180,187 ENSSSCG00000055757  

TSS 6 128,318,719 - 128,362,537 ENSSSCG00000063050  

TSS 6 129,279,850 - 129,363,499 ENSSSCG00000022206 UOX 

TSS 8 134,856,930 - 135,049,023 ENSSSCG00000009233 GPAT3 

TSS 8 134,974,704 - 135,049,023 ENSSSCG00000009234 ABRAXAS1 

TSS 8 134,974,704 - 135,049,023 ENSSSCG00000038042 MRPS18C 

TSS 8 134,974,704 - 135,049,023 ENSSSCG00000009236 HELQ 

TSS 8 135,028,616 - 135,049,023 ENSSSCG00000051849  

TSS 8 135,049,023 ENSSSCG00000009238 COQ2 

TSS 8 134,856,930 - 134,860,931 ENSSSCG00000056871  

TSS 8 134,974,704 - 135,049,023 ENSSSCG00000047350  

TSS 8 135,028,616 - 135,049,023 ENSSSCG00000047440  

TSS 8 135,028,616 - 135,049,023 ENSSSCG00000009237 HPSE 

TSS 8 4,960,712 ENSSSCG00000035020 STK32B 

TSS 8 4,906,107 - 4,960,712 ENSSSCG00000032637 EVC 

TSS 8 4,906,107 - 4,960,712 ENSSSCG00000024399 EVC2 

TSS 9 39,195,933 ENSSSCG00000015016 POU2AF1 

TSS 9 39,195,933 ENSSSCG00000015020 BTG4 

TSS 9 39,195,933 ENSSSCG00000015021 HOATZ 

TSS 9 39,424,271 ENSSSCG00000015022 LAYN 

TSS 9 39,424,271 - 39,486,772 ENSSSCG00000032941 SIK2 

TSS 9 39,424,271 - 39,486,772 ENSSSCG00000029538 PPP2R1B 

TSS 9 39,453,846 - 39,486,772 ENSSSCG00000015023 ALG9 

TSS 9 39,195,933 ENSSSCG00000023071 ssc-mir-34c-1 

TSS 10 68,726,153 - 68,776,792 ENSSSCG00000011162  

TSS 10 68,726,153 - 69,231,514 ENSSSCG00000011163 DIP2C 
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TSS 10 69,069,560 - 69,352,432 ENSSSCG00000011166 ZMYND11 

TSS 10 68,726,153 - 68,752,585 ENSSSCG00000052560  

TSS 10 68,726,153 - 68,776,792 ENSSSCG00000042778  

TSS 10 68,726,153 - 68,776,792 ENSSSCG00000056287  

TSS 10 51,870,599 ENSSSCG00000030662 PTF1A 

TSS 10 51,870,599 - 51,974,203 ENSSSCG00000011077 MSRB2 

TSS 10 51,870,599 - 51,974,203 ENSSSCG00000011078 ARMC3 

TSS 10 52,218,082 - 52,234,291 ENSSSCG00000011079 PIP4K2A 

TSS 10 52,218,082 - 52,234,291 ENSSSCG00000045344  

TSS 10 51,412,141 - 51,438,887 ENSSSCG00000057337  

TSS 10 51,412,141 - 51,438,887 ENSSSCG00000062689  

TSS 10 51,412,141 - 51,438,887 ENSSSCG00000053398  

TSS 10 51,412,141 - 51,438,887 ENSSSCG00000063450  

TSS 10 52,218,082 - 52,234,291 ENSSSCG00000018307 U6 

TSS 11 16,776,240 - 16,792,168 ENSSSCG00000047857 C13orf42 

TSS 11 16,776,240 - 16,792,168 ENSSSCG00000024765  

TSS 11 16,776,240 - 16,792,168 ENSSSCG00000024385 RNASEH2B 

TSS 11 17,051,800 ENSSSCG00000009387 DLEU7 

TSS 11 17,051,800 ENSSSCG00000042045  

TSS 11 17,051,800 ENSSSCG00000057141  

TSS 11 17,051,800 ENSSSCG00000052173  

TSS 11 17,051,800 ENSSSCG00000053383  

TSS 13 17,486,172 - 17,496,040 ENSSSCG00000011229 STT3B 

TSS 15 104,520,179 ENSSSCG00000016093  

TSS 15 104,520,179 ENSSSCG00000016094 BZW1 

TSS 15 104,520,179 ENSSSCG00000016095 CLK1 

TSS 15 104,520,179 ENSSSCG00000016096 PPIL3 
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TSS 15 104,520,179 ENSSSCG00000039654 NIF3L1 

TSS 15 104,520,179 ENSSSCG00000016098 ORC2 

TSS 15 104,520,179 ENSSSCG00000060625   

TTS 6 128,607,655 ENSSSCG00000003754  

TTS 6 128,028,279 - 128,061,017 ENSSSCG00000005778 HSBP1L1 

TTS 6 128,028,279 - 128,061,017 ENSSSCG00000005777 TXNL4A 

TTS 6 125,900,303 - 125,909,608 ENSSSCG00000003749 PIK3C3 

TTS 6 127,822,624 ENSSSCG00000005780 KCNG2 

TTS 6 127,822,624 - 128,038,925 ENSSSCG00000023171 SLC66A2 

TTS 6 128,028,279 - 128,126,009 ENSSSCG00000038475  

TTS 6 128,028,279 - 128,180,187 ENSSSCG00000038632 ADNP2 

TTS 6 128,096,745 - 128,349,869 ENSSSCG00000023376 PARD6G 

TTS 6 128,540,069 - 128,607,655 ENSSSCG00000003753  

TTS 6 128,926,928 - 128,933,859 ENSSSCG00000003755 MCOLN2 

TTS 6 128,926,928 - 129,027,823 ENSSSCG00000003756 LPAR3 

TTS 6 128,961,716 - 129,210,420 ENSSSCG00000003757 SSX2IP 

TTS 6 128,975,440 - 129,150,250 ENSSSCG00000044786  

TTS 6 129,106,033 - 129,303,560 ENSSSCG00000003758 CTBS 

TTS 6 129,106,033 - 129,338,493 ENSSSCG00000029882 SPATA1 

TTS 6 129,149,710 - 129,348,946 ENSSSCG00000053185 GNG5 

TTS 6 129,192,451 - 129,363,499 ENSSSCG00000022145 RPF1 

TTS 6 129,279,850 - 129,363,499 ENSSSCG00000026532 DNASE2B 

TTS 6 129,298,592 - 129,363,499 ENSSSCG00000026005 SAMD13 

TTS 6 129,301,918 - 129,363,499 ENSSSCG00000044862  

TTS 6 128,506,422 - 128,607,655 ENSSSCG00000060282  

TTS 6 125,685,780 ENSSSCG00000055429  

TTS 6 126,631,171 - 126,808,755 ENSSSCG00000057422  
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TTS 6 127,822,624 ENSSSCG00000055983  

TTS 6 128,038,925 - 128,180,187 ENSSSCG00000063496  

TTS 6 128,061,017 - 128,180,187 ENSSSCG00000055757  

TTS 6 128,318,719 - 128,362,537 ENSSSCG00000063050  

TTS 6 129,279,850 - 129,363,499 ENSSSCG00000022206 UOX 

TTS 15 25,570,481 - 25,570,891 ENSSSCG00000050390  

TTS 15 25,570,481 - 25,570,891 ENSSSCG00000040701 GYPC 

TTS 15 25,570,481 - 25,570,891 ENSSSCG00000060468  

TTS 15 25,570,481 - 25,570,891 ENSSSCG00000061010  

TTS 4 72,028,076 - 72,045,767 ENSSSCG00000025087 ASPH 

TTS 4 72,028,076 -72,045,767 ENSSSCG00000006230 CLVS1 

TV8h 2 99,041,870 - 99,069,820 ENSSSCG00000046245  

TV8h 2 97,508,070 - 97,680,472 ENSSSCG00000014151 CETN3 

TV8h 2 97,546,945 - 97,710,223 ENSSSCG00000014152 MBLAC2 

TV8h 2 97,560,134 - 97,710,223 ENSSSCG00000026233  

TV8h 2 97,607,971 - 97,710,223 ENSSSCG00000024193 LYSMD3 

TV8h 2 97,637,824 - 98,213,679 ENSSSCG00000035025 ADGRV1 

TV8h 2 98,619,839 ENSSSCG00000056856  

TV8h 2 100,350,673 - 100,545,358 ENSSSCG00000014157 NR2F1 

TV8h 2 100,545,358 - 100,948,637 ENSSSCG00000027608 FAM172A 

TV8h 2 94,855,585 - 95,014,810 ENSSSCG00000014146 RASA1 

TV8h 2 94,938,876 - 95,096,326 ENSSSCG00000014147 CCNH 

TV8h 2 94,938,876 - 95,096,326 ENSSSCG00000048763  

TV8h 2 95,549,933 - 95,770,145 ENSSSCG00000014148 TMEM161B 

TV8h 2 96,027,967 - 96,372,331 ENSSSCG00000014149 MEF2C 

TV8h 2 96,027,967 - 96,197,993 ENSSSCG00000050823  

TV8h 2 95,014,810 - 95,096,326 ENSSSCG00000052426  



244 
 

This paper is under review at BMC Genomics. 

 

TV8h 2 95,266,233 - 95,446,118 ENSSSCG00000052480  

TV8h 2 95,286,846 - 95,446,118 ENSSSCG00000055619  

TV8h 2 95,352,071 - 95,549,933 ENSSSCG00000054377  

TV8h 2 95,435,801 - 95,549,933 ENSSSCG00000044415  

TV8h 2 95,500,013 - 95,549,933 ENSSSCG00000061590  

TV8h 2 95,549,933 - 95,679,479 ENSSSCG00000053188  

TV8h 2 95,549,933 - 95,679,479 ENSSSCG00000051977  

TV8h 2 95,770,145 - 95,859,076 ENSSSCG00000058079  

TV8h 2 95,770,145 - 95,941,838 ENSSSCG00000038476  

TV8h 2 95,770,145 - 95,953,423 ENSSSCG00000060814  

TV8h 2 95,859,076 - 96,041,647 ENSSSCG00000063280  

TV8h 2 95,941,838 - 96,041,647 ENSSSCG00000055379  

TV8h 2 95,941,838 - 96,041,647 ENSSSCG00000060171  

TV8h 2 95,941,838 - 96,077,373 ENSSSCG00000059644  

TV8h 2 95,941,838 - 96,077,373 ENSSSCG00000056869  

TV8h 2 95,941,838 - 96,077,373 ENSSSCG00000056397  

TV8h 2 95,941,838 - 96,077,373 ENSSSCG00000053066  

TV8h 2 96,027,967 - 96,137,988 ENSSSCG00000062861  

TV8h 2 96,027,967 - 96,190,298 ENSSSCG00000041042  

TV8h 2 96,027,967 - 96,190,298 ENSSSCG00000057405  

TV8h 2 96,027,967 - 96,197,993 ENSSSCG00000059257  

TV8h 2 96,249,140 - 96,372,331 ENSSSCG00000049322  

TV8h 2 96,349,263 - 96,440,983 ENSSSCG00000046941  

TV8h 2 96,417,792 - 96,579,517 ENSSSCG00000052751  

TV8h 2 96,579,517 - 96,763,009 ENSSSCG00000062254  

TV8h 2 96,645,000 - 96,763,009 ENSSSCG00000060605  

TV8h 2 96,852,755 - 96,969,360 ENSSSCG00000055741  
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TV8h 2 97,108,989 - 97,304,972 ENSSSCG00000057810  

TV8h 2 97,208,065 - 97,357,185 ENSSSCG00000041572  

TV8h 2 97,508,070 - 97,560,134 ENSSSCG00000054994  

TV8h 2 97,508,070 - 97,637,824 ENSSSCG00000041183  

TV8h 2 97,508,070 - 97,653,371 ENSSSCG00000053092  

TV8h 2 97,546,945 - 97,710,223 ENSSSCG00000060756  

TV8h 2 98,213,679 ENSSSCG00000058343  

TV8h 2 98,619,839 ENSSSCG00000053095  

TV8h 2 98,619,839 ENSSSCG00000056205  

TV8h 2 99,041,870 - 99,069,820 ENSSSCG00000055008  

TV8h 2 99,492,485 ENSSSCG00000057995  

TV8h 2 99,492,485 - 99,531,694 ENSSSCG00000061085  

TV8h 2 99,492,485 - 99,531,694 ENSSSCG00000055903  

TV8h 2 99,492,485 - 99,577,410 ENSSSCG00000060099  

TV8h 2 99,492,485 - 99,599,185 ENSSSCG00000058507  

TV8h 2 99,492,485 - 99,599,185 ENSSSCG00000053794  

TV8h 2 99,712,712 - 99,852,196 ENSSSCG00000057162  

TV8h 2 99,777,237 - 99,899,912 ENSSSCG00000059147  

TV8h 2 99,777,237 - 99,940,212 ENSSSCG00000056823  

TV8h 2 99,798,826 - 99,984,716 ENSSSCG00000062174  

TV8h 2 99,852,196 - 100,037,326 ENSSSCG00000053056  

TV8h 2 99,899,912 - 100,063,240 ENSSSCG00000054919  

TV8h 2 99,899,912 - 100,096,616 ENSSSCG00000061177  

TV8h 2 99,932,721 - 100,134,231 ENSSSCG00000057342  

TV8h 2 100,127,129 - 100,326,888 ENSSSCG00000052594  

TV8h 2 100,241,628 - 100,350,673 ENSSSCG00000061981  

TV8h 2 100,241,628 - 100,369,091 ENSSSCG00000059319  



246 
 

This paper is under review at BMC Genomics. 

 

TV8h 2 100,241,628 - 100,369,091 ENSSSCG00000059056  

TV8h 2 100,913,881 - 100,948,637 ENSSSCG00000014161 KIAA0825 

TV8h 2 100,241,628 - 100,369,091 ENSSSCG00000055599  

TV8h 2 100,241,628 - 100,369,091 ENSSSCG00000056188  

TV8h 2 100,326,888 - 100,369,091 ENSSSCG00000048883  

TV8h 2 100,326,888 - 100,369,091 ENSSSCG00000061218  

TV8h 2 96,197,993 - 96,515,110 ENSSSCG00000035571  

TV8h 2 100,241,628 - 100,369,091 ENSSSCG00000051601  

TV8h 2 98,213,679 - 95,549,933 ENSSSCG00000061809 U6 

TV8h 2 96,027,967 -96,137,988 ENSSSCG00000018888  

TV8h 2 102,014,302 ENSSSCG00000025286 MCTP1 

TV8h 2 102,014,302 - 102,148,280 ENSSSCG00000026175 FAM81B 

TV8h 2 102,014,302 - 102,222,267 ENSSSCG00000014165  

TV8h 2 102,064,911 - 102,222,267 ENSSSCG00000014139 ARSK 

TV8h 2 102,145,110 - 102,222,267 ENSSSCG00000014141 RFESD 

TV8h 2 102,168,428 - 102,387,102 ENSSSCG00000030114 SPATA9 

TV8h 2 102,387,102 - 102,489,498 ENSSSCG00000029805 RHOBTB3 

TV8h 2 102,387,102 - 102,489,498 ENSSSCG00000039731  

TV8h 2 102,430,205 - 102,489,498 ENSSSCG00000014168 ELL2 

TV8h 2 102,133,556 - 102,222,267 ENSSSCG00000014140 GPR150 

TV8h 2 86,854,220 ENSSSCG00000034241  

TV8h 2 86,854,220 ENSSSCG00000014101 AP3B1 

TVall 1 32,189,900 - 32,189,900 ENSSSCG00000036790 AKAP7 
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Table S3. Functional analysis for the genes annotated based on GWAs results using whole genome sequence data 1093 

Trait Category Term Count  p-value  Genes 

EA Pathway ssc04659: Th17 cell differentiation 2  0.0477  HSP90AB1, NFKBIE 

RR Biological process GO:0042026 protein refolding 2  0.0322  ENSSSCG00000029160, HSPA1L 

RR Biological process 

GO:0034620 cellular response to 

unfolded protein 2  0.0390  ENSSSCG00000029160, HSPA1L 

RR Biological process 

GO:0007130 synaptonemal 

complex assembly 2  0.0412  BAG6, EHMT2 

RR Biological process 

GO:0006402 mRNA catabolic 

process 2  0.0412  LSM2, DXO 

RR Biological process 

GO:0051085 chaperone mediated 

protein folding requiring cofactor 2  0.0546  ENSSSCG00000029160, HSPA1L 

RR Biological process 

GO:0006958 complement 

activation, classical pathway 2  0.0765  C4A, C2 

RR Cellular component GO:0016020 membrane 6  0.0503  

SLC44A4, NEU1, ABHD16A, CYP21A2, BAG6, 

ENSSSCG00000039071 
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RR Cellular component GO:0005886 plasma membrane 13  0.0844  

LY6G6D, ENSSSCG00000029160, HSPA1L, 

MPIG6B, SLC44A4, NEU1, PRRC2A, DXO, LY6G6F, 

EDNRA, NELFE, ENSSSCG00000039071, 

ENSSSCG00000040885 

RR Molecular function 

GO:0051787 misfolded protein 

binding 3  0.0010  BAG6, ENSSSCG00000029160, HSPA1L 

RR Molecular function GO:0016597 amino acid binding 2  0.0171  AARS2, DDAH2 

RR Molecular function 

GO:0002161 aminoacyl-tRNA 

editing activity 2  0.0214  AARS2, VARS1 

RR Molecular function GO:0005496 steroid binding 2  0.0298  CYP21A2, NR3C2 

RR Molecular function 

GO:0044183 protein binding 

involved in protein folding 2  0.0689  ENSSSCG00000029160, HSPA1L 

RR Molecular function 

GO:0031072 heat shock protein 

binding 2  0.0729  ENSSSCG00000029160, HSPA1L 

RR Molecular function 

GO:0031625 ubiquitin protein 

ligase binding 3  0.0852  BAG6, ENSSSCG00000029160, HSPA1L 
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RR Pathway 

ssc04610: Complement and 

coagulation cascades 3  0.0130  CFB, C4A, C2 

RR Pathway 

ssc05150: Staphylococcus aureus 

infection 3  0.0169  CFB, C4A, C2 

RR Pathway ssc03040: Spliceosome 3  0.0295  LSM2, HSPA1L, CDC5L 

RR Pathway 

ssc00970: Aminoacyl-tRNA 

biosynthesis 2  0.0940  AARS2, VARS1 

TES Biological process GO:0006821 chloride transport 2  0.0523  ANO4, TTYH2 

TES Biological process 

GO:0007018 microtubule-based 

movement 2  0.0674  KIF19, DNAI2 

TES Biological process 

GO:0007605 sensory perception of 

sound 2  0.0849  CEMIP, RPL38 

TES Molecular function 

GO:0005229 intracellular calcium 

activated chloride channel activity 2  0.0182  ANO4, TTYH2 

TES Molecular function 

GO:0003777 microtubule motor 

activity 2  0.0444  KIF19, DNAI2 
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TES Molecular function 

GO:0005254 chloride channel 

activity 2  0.0454  ANO4, TTYH2 

TRS Biological process GO:0006486 protein glycosylation 3  0.0697  STT3B, ST8SIA4, ALG9 

TRS Cellular component 

GO:0098797 plasma membrane 

protein complex 2  0.0308  EVC2, EVC 

TRS Cellular component GO:0005634 nucleus 19  0.0387  

NR1D1, THRA, ADNP2, NIF3L1, PIP4K2A, 

MRPS18C, ORC2, EBF1, NUDT12, CLK1, CDC6, 

SAMD13, PARD6G, EVC2, RNASEH2B, HSBP1L1, 

ABRAXAS1, HELQ, FUBP1 

TRS Cellular component 

GO:0005763 mitochondrial small 

ribosomal subunit 2  0.0736  MRPS18C, ABRAXAS1 

TRS Molecular function 

GO:0070181 small ribosomal 

subunit rRNA binding 2  0.0271  MRPS18C, ABRAXAS1 

TRS Molecular function 

GO:0003688 DNA replication 

origin binding 2  0.0437  ORC2, CDC6 
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TRS Pathway ssc01100:Metabolic pathways 11  0.0486  

STT3B, COQ2, UOX, ALG9, NUDT12, 

ENSSSCG00000016093, GPAT3, 

ENSSSCG00000003754, ENSSSCG00000024765, 

PIP4K2A, HPSE 

TSS Biological process GO:0006486 protein glycosylation 3  0.0697  STT3B, ST8SIA4, ALG9 

TSS Cellular component 

GO:0098797 plasma membrane 

protein complex 2  0.0308  EVC2, EVC 

TSS Cellular component GO:0005634 nucleus 19  0.0387  

NR1D1, THRA, ADNP2, NIF3L1, PIP4K2A, 

MRPS18C, ORC2, EBF1, NUDT12, CLK1, CDC6, 

SAMD13, PARD6G, EVC2, RNASEH2B, HSBP1L1, 

ABRAXAS1, HELQ, FUBP1 

TSS Cellular component 

GO:0005763 mitochondrial small 

ribosomal subunit 2  0.0736  MRPS18C, ABRAXAS1 

TSS Molecular function 

GO:0070181 small ribosomal 

subunit rRNA binding 2  0.0271  MRPS18C, ABRAXAS1 
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TSS Molecular function 

GO:0003688 DNA replication 

origin binding 2  0.0437  ORC2, CDC6 

TTS Biological process GO:0007098 centrosome cycle 2  0.0275  SSX2IP, PARD6G 

TTS Cellular component GO:0005777 peroxisome 2  0.0788  UOX, PIK3C3 

TV8h Biological process 

GO:0045944 positive regulation of 

transcription from RNA 

polymerase II promoter 3  0.0817  MEF2C, AP3B1, NR2F1 
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 1 

CHAPTER 4: Genome-wide detection of copy number variation and association 2 

study with physiological and anatomical indicators of heat stress response in 3 

lactating sows 4 

 5 

Abstract 6 

Background: Indicators of heat stress (HS) response are heritable, but of polygenic 7 

nature and complex inheritance. In this context, copy number variation (CNV) are 8 

important genomic structural variation that could be linked to climatic adaptation by 9 

influencing the phenotypic variability of traits related to thermal stress and disease 10 

resistance in animals. Therefore, the primary objectives of this study were to detect CNVs 11 

and CNV regions (CNVRs) in pigs and explore their associations with physiological and 12 

anatomical indicators of HS response measured in crossbred (Large White x Landrace) 13 

lactating sows. 14 

Results: A total of 4,184 autosomal genome CNVs (4,012 deletion and 172 duplication) 15 

were detected in 969. CNVRs were identified by merging CNVs with at least 1bp overlap, 16 

which enabled the identification of 236 autosomal CNVRs. Twelve CNVRs were shared 17 

by at least 5% of the population. These association analyses led to the identification of 15 18 

CNVR significantly associated with ear skin temperature (TES), rump skin temperature 19 

(TRS), tail skin temperature (TTS) and vaginal temperature measured at 16:00 h (TV16h). 20 

Two CNVRs were significantly associated with TES, one with TRS, 12 with TTS, and one 21 

with TV16h. A total of 291 genes overlapped within the CNVRs associated with the traits. 22 

The functional analyses of the significant regions revealed genes associated with immune 23 

response that may influence climatic resilience in lactating sows. Additionally, 24 
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quantitative trait loci (QTL) overlapping with the CNVRs identified are related with meat 25 

and carcass traits, which are key economically relevant traits in the pig industry. 26 

Conclusions: Various CNVs and CNVRs were identified in the genome of a crossbred 27 

pig population. Fifteen CNVRs were significantly associated with physiological and 28 

anatomical indicators of HS response in lactating sows. Several genes involved in 29 

immune and stress responses overlap with the CNVRs, suggesting that the identified 30 

CNVRs might climatic resilience in pigs during the lactation stage. The findings of this 31 

study contribute to the understanding of the genetic architecture of HS response in 32 

lactating sows. 33 

 34 

Background 35 

Copy number variation (CNV) are genomic structural variations of segments of 36 

DNA that are 1 kilobase (kb) or larger and are present at a variable copy number compared 37 

to a reference genome [1]. CNVs can be categorized into insertions, deletions, and 38 

duplications [1]. CNV is often considered a form of mutation that arises through 39 

replication defects, with transcription interfering with replication fork progression and 40 

stability, leading to increased mutation rates at highly transcribed loci [2]. However, CNV 41 

is a source of genetic variation that can modify the level of gene expression within and 42 

near the rearranged region, and consequently, resulting in phenotypic variability on the 43 

traits influenced by those genes [3]. Paudel et al. [4] reported CNV regions (CNVRs) in 44 

European wild boars, European domestics pigs, Asian wild boars and five Asian 45 

domestics pigs, which were enriched with genes related to sensory perception, 46 

neurological processes, and response to stimulus. These findings suggested that the 47 

CNVRs identified could be related to adaptation in the wild and behavioral changes 48 

during the pig domestication. Kumar et al. [5] evaluating Tharparkar cattle, an indicus 49 
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breed, reported genes within CNVRs potentially involved in biological processes related 50 

to indigenous cattle’s adaptability and disease resistance.  51 

These studies are evidence that CNVs are involved in environmental adaptation 52 

by regulating traits related to stress tolerance, disease resistance, and key physiological 53 

functions [4, 6–10]. For instance, CNVs have been reported to be related to local 54 

adaptation to cold water, temperature, and reproductive isolation in Capelin fish 55 

(Mallotus villosus) populations [9], adaptation to high temperature and humidity in horses 56 

[11], and in adaptation to tropical environments, including heat stress (HS), disease 57 

resistance, and feed scarcity in cattle [12]. Although there are studies investigating CNVs 58 

in pigs (e.g., [13–16]), there is lack of studies investigating the relationship between 59 

CNVs and HS resilience in pigs, especially during lactation (one of the most 60 

environmental sensitive stages of pig production).  61 

Understanding the genetic background of HS response in pigs could provide 62 

valuable insights for breeding more thermal resilient animals. This has become more 63 

relevant in recent years due to global warming as HS directly affects animal welfare and 64 

productivity [17]. Investigating the association of CNVs with physiological and 65 

anatomical indicators of HS response could provide insights into the genetic mechanisms 66 

underlying climatic resilience in pigs. Therefore, our primary objectives were to: 1) detect 67 

copy number variations (CNVs) and copy number variation regions (CNVRs) in a 68 

crossbred (Large White x Landrace) population, and 2) investigate the potential 69 

associations between the identified CNVRs and various physiological and anatomical 70 

indicators of HS response in lactating sows. 71 

 72 
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Results 73 

Overview 74 

We performed CNV detection based on data from 1,639 lactating sows genotyped 75 

using the PorcineSNP50K Bead Chip (Illumina, San Diego, CA, USA) using the 76 

PennCNV software [18]. CNVs with at least a 1 bp overlap were merged to define the 77 

CNVRs. We investigated the genes and quantitative trait loci (QTL) overlapping with 78 

CNVRs present in at least 5% of the population. Furthermore, we investigated the 79 

association of the CNVRs with physiological and anatomical indicators of HS response 80 

in lactating sows. The physiological indicators of HS evaluated were ear skin temperature 81 

(TES), shoulder skin temperature (TSS), rump skin temperature (TRS), tail skin temperature 82 

(TTS), respiration rate (RR), panting score (PS), vaginal temperature automatically 83 

measured at every 10 minutes (TVall), the average of the six records per hour 84 

corresponding to 08:00, 12:00, 16:00, and 20:00 hours during four days (TV4days), and 85 

single record corresponding to 08:00, 12:00, 16:00, and 20:00 hours measured at the first 86 

day of collection (TV8h, TV12h, TV16h, TV20h, respectively). The anatomical traits evaluated 87 

were hair density score (HD), body size score (BS), body condition score (BCS) using a 88 

sow caliper (BCScal), visual BCS (BCSvis), ear length (EL), and ear area (EA).  89 

 90 

CNV and CNVR detection  91 

A total of 8,270 CNVs were detected in 1,485 samples for autosomal 92 

chromosomes. After the quality control, 4,184 CNVs (4,012 deletion and 172 duplication) 93 

for 969 animals remained for subsequent analyses. The number of CNVs in autosomal 94 

chromosomes per individual ranged from 1 to 17 with an average (SD) of 4.32 (2.86) 95 

CNVs per individual. The minimum number of CNVs per chromosome across all samples 96 

was 50, which was for chromosomes 7 and 18. On the other hand, the highest number of 97 
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CNVs per chromosome across all samples was observed in chromosome 15 (627 98 

individual CNVs). The length of the CNVs ranged from 2,646 bp to 1,352,876 bp with 99 

an average (SD) length of 170,292.4 (137,912.2) bp.  100 

All 4,184 CNVs remaining after quality control were used to infer CNVR by 101 

merging CNV with at least 1bp overlap. After merging, we observed 399 CNVRs. 102 

However, 163 CNVRs were removed from subsequent analyses due to being observed in 103 

only one sample. A total of 236 CNVRs (Table S1), including 201 CNVRs classified as 104 

loss type, 30 gain, and five mixed patterns (i.e., the same chromosomal segment was a 105 

deletion or duplication in different samples) (Figure 1). The length of the CNVRs ranged 106 

from 14,161 bp to 1,938,601 bp with an average (SD) length of 249,698.9 (276,298.7) 107 

bp. The lowest number of CNVR per chromosome was observed for chromosome 18, 108 

which presented four CNVRs covering 1.18% of the chromosome. The chromosome 2 109 

had the highest number of CNVRs per chromosome (n = 26) covering 3.56% of its length 110 

(Table 1). The chromosome 11 presented the highest CNVR coverage of a chromosome 111 

sequence (5.62%) with 14 CNVRs. The total number of CNVRs inferred in the autosomal 112 

chromosomes covered 58,928,942 bp, which corresponds to 2.60% of the pig autosomal 113 

genome size. At least 5% (80 animals) of the population studied shared 12 CNVRs (Table 114 

2). 115 

 116 

Table 1.  Summary of copy number variation regions (CNVRs) detected in autosomal 117 

chromosomes 118 

Chra Chr length (bp) 

Number of 

CNVR CNVR length (bp) Coverage (%)b 

chr1 274,330,532 25 3,803,364 1.39 

chr2 151,935,994 26 5,410,473 3.56 
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chr3 132,848,913 11 2,826,150 2.13 

chr4 130,910,915 11 2,692,015 2.06 

chr5 104,526,007 16 4,931,129 4.72 

chr6 170,843,587 6 2,055,133 1.20 

chr7 121,844,099 9 1,812,412 1.49 

chr8 138,966,237 8 1,165,734 0.84 

chr9 139,512,083 13 1,729,061 1.24 

chr10 69,359,453 7 1,224,889 1.77 

chr11 79,169,978 14 4,452,633 5.62 

chr12 61,602,749 9 3,044,686 4.94 

chr13 208,334,590 21 5,224,056 2.51 

chr14 141,755,446 20 6,463,588 4.56 

chr15 140,412,725 19 5,833,526 4.15 

chr16 79,944,280 12 4,002,490 5.01 

chr17 63,494,081 5 1,599,001 2.52 

chr18 55,982,971 4 658,602 1.18 

Total 2,265,774,640 236 58,928,942 2.60 

aChromosome 

bPercentage of the chromosome covered by the copy number variation regions. 

 

Table 2. Copy number variation regions in autosomal chromosomes observed in at least 119 

5% of the population 120 

CNVRa  Chrb Start (bp) End (bp) Type Nc 

CNVR21 2 1,111 632,707 Loss 202 

CNVR68 6 1,033,257 1,281,226 Loss 101 
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CNVR72 6 132,124,953 132,543,418 Mixed 139 

CNVR82 8 123,960,362 124,128,258 Loss 95 

CNVR101 11 46,563,594 46,642,716 Loss 90 

CNVR103 11 59,735,869 61,470,768 Mixed 203 

CNVR109 12 60,100 1,998,701 Mixed 93 

CNVR122 13 194,665,680 196,342,442 Loss 108 

CNVR149 14 151,966,127 153,374,972 Loss 80 

CNVR150 15 9,519,813 10,711,345 Loss 245 

CNVR151 15 12,597,728 12,844,713 Loss 80 

CNVR174 17 2,202,762 2,730,970 Loss 184 

aCopy number variation region 

bChromosome 

cNumber of animals with the CNVR 

 121 

 122 

Figure 1. Distribution of copy number variation regions (loss, gain, and mixed type) 123 

across autosomal chromosomes 124 
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After identifying the CNVRs present in at least 5% of the population, we 125 

performed gene and QTL annotation of these genomic regions. Three genes and 10 QTL 126 

were annotated for CNVR150 (n = 245), nine genes and 38 QTL for CNVR103 (n = 203), 127 

53 genes and 143 QTL for CNVR21 (n = 202), two genes and 20 QTL for CNVR174 (n 128 

= 184), three genes and 26 QTL for CNVR72 (n = 139), 20 genes and six QTL for 129 

CNVR122 (n = 108), five genes and three QTL for CNVR68 (n = 101), no genes and 22 130 

QTL for CNVR82 (n = 95), 86 genes and 89 QTL for CNVR109 (n = 93), one gene and 131 

18 QTL for CNVR101 (n = 90), no genes and four QTL for CNVR149 (n = 80), two 132 

genes and nine QTL for CNVR151 (n = 80) (Table 3, Table S2). These genes were used 133 

to perform functional analyses. Four significant (P < 0.05) gene ontology terms (three 134 

biological processes and one molecular function) and one pathway were identified for 135 

CNVR21. Six significant (P < 0.05) gene ontology terms (one biological process, two 136 

cellular components, and three molecular functions), and one metabolic pathway were 137 

identified for CNVR109 (Table 3). 138 

In the QTL enrichment analyses, the significance of QTL representativeness was 139 

determined by looking at annotated QTL overlapping with the investigated regions. The 140 

number of QTL annotated for each type or trait within candidate regions were compared 141 

to the numbers in the reference database [19]. QTL enrichment analyses were conducted 142 

individually for each CNVR, resulting in the identification of 102 enriched QTL, with 65 143 

QTL categorized under meat and carcass traits and 26 QTL classified in the health traits 144 

category (Table S3).  Twenty-three, one, 14, 11, 11, 4, 12, 3, 4, 5, 6, and 8 QTL were 145 

enriched for CNVR21, CNVR68, CNVR72, CNVR82, CNVR101, CNVR103, 146 

CNVR109, CNVR122, CNVR149, CNVR150, CNVR151, and CNVR174, respectively. 147 

 148 
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Table 3. Functional analyses of CNVRs detected in at least 5% of the population 149 

CNVR Category Term p-value Genes 

CNVR21 

Biological process 
GO:1900029 positive regulation of ruffle 
assembly 

0.0158 EPS8L2, HRAS 

Biological process GO:0007165 signal transduction 0.0161 
HPIDD1, RASSF7, HRAS, SCT, 

SIGIRR 

Biological process GO:0005975 carbohydrate metabolic process 0.0339 CHID1, TALDO1, PGGHG 

Cellular component 
GO:0005887 integral component of plasma 
membrane 

0.0772 
TSPAN4, IFITM5, CDHR5, 

DRD4, CD151 

Molecular function GO:0050839 cell adhesion molecule binding 0.0452 PKP3, CDHR5 

KEGG_PATHWAY ssc05016: Huntington disease 0.0212 
PSMD13, AP2A2, 

ENSSSCG00000059584, COX8H 

KEGG_PATHWAY ssc04714: Thermogenesis 0.0751 COX8H, HRAS, PNPLA2 

CNVR109 

Biological process GO:0005997 xylulose metabolic process 0.0096 DCXR, CBR2 

Biological process 
GO:1900026 positive regulation of substrate 
adhesion-dependent cell spreading 

0.0984 P4HB, RAC3 

Cellular component GO:0005856 cytoskeleton 0.0089 
ACTG1, BAIAP2, FSCN2, 

P4HB, RAC3 

Cellular component GO:0032585 multivesicular body membrane 0.0375 CHMP6, HGS 

Molecular function 
GO:0050038 L-xylulose reductase (NADP+) 
activity 

0.0063 DCXR, CBR2 

Molecular function 
GO:0102193 protein-ribulosamine 3-kinase 
activity 

0.0063 FN3KRP, FN3K 

Molecular function 
GO:0004090 carbonyl reductase (NADPH) 
activity 

0.0251 DCXR, CBR2 

Molecular function GO:0044877 macromolecular complex binding 0.064 CEP131, CHMP6, RPTOR 
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Molecular function GO:0016301 kinase activity 0.0858 FN3KRP, HGS, FN3K 

KEGG_PATHWAY ssc04520: Adherens junction 0.044 ACTG1, BAIAP2, RAC3 

KEGG_PATHWAY ssc05135: Yersinia infection 0.0947 ACTG1, BAIAP2, RAC3 

 150 

 151 
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Association between CNVR and physiological and anatomical indicators of 152 

HS response in lactating sows 153 

A total of 52 CNVRs, shared by at least 1% of the population, were used to 154 

perform the association analysis. These analyses led to the identification of 15 CNVR 155 

significantly associated with TES, TRS, TTS, and TV16h (Table 4). Two CNVRs were 156 

significantly associated with TES, one with TRS, 12 with TTS, and one with TV16h. CNVR23 157 

were significantly associated with both TRS and TTS.  158 

 159 

Table 4. Copy number variation regions (CNVRs) associated with physiological and 160 

anatomical indicators of HS response  161 

Traita CNVR Chrb Start (bp) End (bp) Type bc   SE p-value 

TES 
CNVR72 6 132,124,953 132,543,418 Mixed 0.4985 0.2314 0.0009 

CNVR152 15 24,371,978 24,804,276 Loss 1.2835 0.3491 <0.0001 

TRS CNVR23 2 6,179,112 6,495,647 Loss 0.1672 0.0838 <0.0001 

TTS 

CNVR21 2 1,111 632,707 Loss -0.0177 0.0433 0.0003 

CNVR23 2 6,179,112 6,495,647 Loss 0.0905 0.1054 <0.0001 

CNVR48 4 1,155,293 1,388,468 Loss -0.0083 0.0749 <0.0001 

CNVR52 4 126,897,791 127,521,733 Loss -0.0522 0.1119 0.0007 

CNVR65 5 77,179,466 77,352,621 Loss -0.0483 0.1306 0.0001 

CNVR105 11 67,375,641 67,671,825 Loss 0.0582 0.1304 <0.0001 

CNVR109 12 60,100 1,998,701 Mixed -0.0229 0.0616 0.0001 

CNVR134 14 38,219,290 38,645,949 Loss 0.1107 0.1342 <0.0001 

CNVR138 14 74,176,726 74,990,114 Loss -0.0397 0.1214 0.0001 

CNVR147 14 140,199,680 140,419,493 Loss 0.0391 0.1552 <0.0001 
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CNVR167 16 10,588,133 11,083,680 Loss -0.0382 0.0913 0.0003 

CNVR173 16 85,407,012 86,024,383 Loss -0.0443 0.1386 0.0001 

TV16h CNVR133 14 16,993,535 17,333,398 Loss 0.1972 0.0789 0.0009 

aTES: ear skin surface temperature; TRS: rump skin surface temperature; TTS: tail skin surface 

temperature; TV16h: vaginal temperature measured on the first day at 16:00. 

bChr: chromosome 

cEffect size 

 162 

A total of 291 genes were annotated to overlap with the significantly associated CNVRs 163 

(Table S5). Nine genes overlapped with the CNVRs significantly associated with TES, 164 

while 27 genes overlapped with those associated with TRS. Additionally, 254 genes 165 

overlapped with the CNVRs significantly associated with TTS, and 1 gene overlapped 166 

with the CNVR significantly associated with TV16h. The genes annotated within these 167 

significant CNVRs were subjected to functional analysis, revealing five significant gene 168 

ontology terms (four cellular components and one molecular function) for TRS, 11 169 

significant gene ontology terms (three biological processes, one cellular component, and 170 

seven molecular functions) and four significant pathways for TTS (Table 5). Additionally, 171 

a total of 771 QTL overlapped with the CNVRs that were significantly associated with 172 

TES, TRS, TTS, and TV16h (Table S6). Subsequently, QTL enrichment was performed using 173 

the QTLs annotated for these significant CNVRs, resulting in the identification of a total 174 

of 69 enriched QTLs (Table S7). 175 

 176 

Discussion 177 

Copy number variation are sources of genetic variation that influence gene 178 

expression within and near the modified regions, altering phenotypes and generating 179 

phenotypic variety [3]. The gene expression is generally increased in genes found in 180 
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higher copy CNVs and decreased in genes found in lower copy CNVs [20]. Furthermore, 181 

through structural changes in the genome, CNVs can lead to the expansion of gene 182 

families and the creation of new genes, especially by accumulation of recent duplications 183 

in CNV regions [21]. The CNVs are heritable when present in germline cells [22, 23]. 184 

Since CNVs affect the phenotypes, their frequency and distribution within a population 185 

can be influenced by both natural and artificial selection [24, 25].  186 

The influence of CNV in the gene functions impacts phenotypes and potentially 187 

conferring resilience to specific environmental challenges [4, 9, 10]. The identification 188 

and genome-wide association study of CNVs provide valuable insights into the genetic 189 

background of resilience and adaptation to specific environmental conditions. In this 190 

study, we investigate the potential role of the most shared CNVRs, and we also identified 191 

CNVRs associated with HS response. 192 

Copy number variation and CNVRs 193 

We identified 4,184 CNVs and 236 CNVRs after applying quality control to 194 

reduce the number of potential false positive results. The number of CNVRs identified in 195 

this study is in the range reported by previous studies in pigs. Using the Illumina Porcine 196 

SNP60 BeadChip (Illumina Inc., San Diego, CA, USA) for CNVR detection, 170 CNVRs 197 

(7 losses, 161 gains, and 2 mixed) were identified in 293 Large White pigs [26]; 249 198 

CNVRs (70 losses, 43 gains, and 136 mixed) were detected in 585 Large White X Minzhu 199 

pigs [27]; 348 CNVRs (243 losses, 88 gains, and 17 mixed) were observed in 302 animals 200 

representing ten Chinese pig breeds [28]. Using the Illumina Porcine SNP50 BeadChip 201 

(Illumina Inc., San Diego, CA, USA), Qiu et al. [29] identified 953 CNVRs (376 losses, 202 

388 gains, and 189 mixed) in 5,928 Duroc pigs. Staffuza et al. [14] identified 425 CNVRs 203 

(342 losses, 19 gains and 64 mixed) in 3,520 Duroc pigs genotyped using Porcine SNP80 204 

BeadChip (Illumina Inc., San Diego, CA, USA). Also using the Illumina Porcine SNP80 205 
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BeadChip, Wang et al. [30] detected 312 CNVRs in 1,199 Large White pigs (184 losses, 206 

66 gains, and 62 mixed). A total of 140 CNVRs identified in this study overlapped with 207 

CNVRs reported in previous studies (Table S8). Specifically, 132 CNVRs overlapped 208 

with those reported by Stafuzza et al. [14], 64 CNVRs overlapped with those identified 209 

by Wang et al. [30], and 72 CNVRs overlapped with those reported by Qiu et al. [29]. 210 

Notably, while the majority of CNVRs are commonly reported as deleterious in several 211 

studies in pigs (e.g., [13, 14, 16, 28, 30, 31]), ranging from 28.11 to 80.47% of the CNVs. 212 

In our study, a higher proportion of deletions was observed, accounting for 85% of 213 

identified CNVRs.  214 

The variation in the number of identified CNVRs in different studies can be 215 

attributed to the population-specific characteristics associated with CNVs [13, 32, 33]. 216 

These variations are sources of both interindividual differences and variations between 217 

breeds [32]. Furthermore, differences in the genotyping or sequencing platforms and 218 

methods employed (such as Comparative Genomic Hybridization, SNP-array, and Next 219 

Generation Sequencing), the methodologies and software used for the analyses, quality 220 

control, the density of genotyping SNP panels, and variations in sample size can 221 

contribute to the observed differences in the identification of CNVs and CNVRs among 222 

pig populations [34–36]. The proportion of the autosomal genome covered by CNVRs 223 

(2.60%) observed in this study aligns with values reported in the literature on pigs, which 224 

ranged from 0.36 to 10.90% [14, 27–30]. The observed variation in genome coverage 225 

across studies can be explained by the different SNP panels used. The choice of SNP 226 

panels has the potential to impact the sensitivity of CNV detection, such as the sensitivity 227 

in detecting small CNVs [37]. 228 

In our study, we found twelve CNVRs shared by at least 5% of the population, 229 

which are harbored by 184 genes. The frequency and distribution of CNVs among 230 
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individuals within a population can also be influenced by both natural and artificial 231 

selection [24, 25]. Consequently, the most common CNVRs in a population may be 232 

associated with traits undergoing selection and adaptation. Studying these most inherited 233 

CNVs and CNVRs provides insights into genetic variation and offers valuable 234 

information about their importance and how they might affect traits of interest. 235 

In this study, we identified genes within the most common CNVRs associated 236 

with responses to cellular oxidative stress and immune reactions, indicating that the 237 

identified CNVRs may regulate biological processes related to adaptation and HS 238 

resilience. Among the identified genes implicated in oxidative stress and immune 239 

responses were SOD1 (Superoxide dismutase 1), IRF7 (Interferon regulatory factor 7), 240 

and SIGIRR (Single Ig and TIR domain containing). SOD1 acts as the first line of defense 241 

against oxidative damage by controlling reactive oxygen species (ROS) levels during 242 

mitochondrial respiration, thereby maintaining cellular homeostasis [38]. IRF7, 243 

expressed in immune cells, regulates type I and III interferon production against viral 244 

infections, acting in immune modulation [39, 40]. SIGIRR acts as a key negative regulator 245 

in bacterial infection-induced inflammation, suppressing proinflammatory responses and 246 

providing resistance against various infections by modulating immune responses [41, 42].  247 

In the functional analysis, we identified Gene Ontology (GO) terms that are 248 

pertinent to both cell and tissue integrity, particularly in their functions within the cell 249 

response to stress. Additionally, we found GO terms linked to cellular energy production, 250 

essential for sustaining fundamental cellular processes. Together, these identified GO 251 

terms are involved in the survival and resilience of cells and tissues, aiding them in coping 252 

with cellular damage induced by stress. Furthermore, suggestive (P < 0.10) KEGG 253 

pathways were identified, including thermogenesis for CNVR21 and the Yersinia 254 

infection pathway for CNVR109. These metabolic pathways suggest the potential 255 
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functions of CNVRs in adapting to thermal stress and enhancing resilience against 256 

diseases. 257 

Sixty-five out of the 102 enriched QTLs are related to meat and carcass traits. 258 

Notably, CNVR21 showed enriched QTLs associated with backfat and carcass weight. 259 

CNVR72 presented enriched QTLs linked to muscle content, while CNVR109 presented 260 

enriched QTLs related to fatty acids ratio. These findings suggest that these specific 261 

CNVRs may influence meat quality in pigs. Across all CNVRs, 27 enriched QTLs 262 

classified as health-related were identified, with most of them being associated with 263 

immune response, which also highlight that the CNVRs identified might influence pigs’ 264 

adaptation and resilience. 265 

 266 

CNVR associated with physiological and anatomical indicators of HS 267 

response in lactating sows 268 

The variance components and genetic parameters for the traits evaluated in this 269 

study have been previously reported by Freitas et al. [43]. Skin temperatures (i.e., TES, 270 

TSS, TRS, and TTS), RR, and PS exhibited low heritability estimates, ranging from 0.04 to 271 

0.06. Vaginal temperatures (i.e., TVall, TV4days, TV8h TV12h, TV16h, and TV20h) are moderately 272 

heritable, with estimates ranging from 0.15 to 0.29. Hui et al. [44] reported estimates 273 

ranging from 0.14 to 0.20 throughout the day when studying vaginal temperature as 274 

longitudinal traits using a random regression model. Anatomical traits (i.e., BCScal, 275 

BCSvis, HD, BS, EA, and EL) showed moderate to high heritability, ranging from 0.25 to 276 

0.40 [43]. The heritability of traits represents the contribution of additive genetic variance 277 

to phenotypic variation. Genomic structural variations, such as CNVs, may elucidate a 278 

portion of trait heritability by influencing gene expressions and subsequently impacting 279 

phenotypic variability [3]. Investigating the functions of these genomic alterations 280 
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provides valuable insights into understanding inheritance patterns and the variability of 281 

phenotypes within populations. 282 

We identified 15 CNVRs significantly associated with TES, TRS, TTS, and TV16h. 283 

These regions overlap with a total of 291 genes, many of which are involved in immune 284 

response. Notably, pigs under HS conditions experience increased body temperature [45, 285 

46]. Elevated body temperatures generally promote the activation of immune cells, while 286 

reduced temperatures inhibit these processes [47]. CNVR152, which was associated with 287 

TES, includes the genes STEAP3 (STEAP3 metalloreductase) and MARCO (Macrophage 288 

receptor with collagenous structure). STEAP3 is involved in the maintenance of iron 289 

homeostasis and modulation of immune responses in macrophages. MARCO acts in the 290 

innate immune system by binding and removing bacteria and has been implicated in actin 291 

cytoskeleton rearrangements [48]. It has also been shown that MARCO modulates the 292 

induction of T cell responses, indicating its function in adaptive immunity [48].  293 

The CNVR23, associated with both TRS and TTS, comprises the gene CTSW 294 

(Cathepsin W), which encodes a protein of the cathepsin family. Cathepsin W is 295 

exclusively expressed in CD8+ T cells and natural killer cells [49–51], making it an 296 

important factor in immune responses. The CNVR52, also associated with TTS, contains 297 

the gene LRRC8C (Leucine rich repeat containing 8 VRAC subunit C), which is an 298 

essential component of the volume-regulated anion channel in T cells [52]. LRRC8C 299 

regulates T cell proliferation, apoptosis, function, cell cycle progression, survival, 300 

calcium ions influx, and cytokine production [52]. Additionally, the CNVR52 also 301 

comprises the genes GBP1 (Guanylate binding protein 1), GBP2 (Guanylate binding 302 

protein 2), and GBP5 (Guanylate binding protein 5). Guanylate-binding proteins mediate 303 

innate immune response against a wide range of intracellular pathogens, including 304 

viruses, bacteria, and protozoa [53].  305 
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The CNVR48, which was associated with TTS, overlaps with the genes LY6E 306 

(Lymphocyte antigen 6 family member E), LY6H (Lymphocyte antigen 6 family member 307 

H), and LY6L (Lymphocyte antigen 6 family member L), all of which are members of the 308 

lymphocyte antigen-6 gene family and are involved in immune cells [54, 55]. LY6E is 309 

expressed in peripheral B-cells, immature T-cells, activated T cells, thymus stromal cells, 310 

and macrophages [54]. In contrast, LY6H is expressed in the brain and has been associated 311 

with poor overall survival of renal clear cell carcinoma and pancreatic ductal 312 

adenocarcinoma [54]. LY6L is involved in the differentiation and signaling of 313 

lymphocytes [55]. These proteins are essential for the proper functioning and regulation 314 

of immune cells, contributing to the body's defense against pathogens and diseases [54, 315 

55]. The CNVR109, associated with TTS, overlaps with the gene AATK (Apoptosis 316 

associated tyrosine kinase). AATK, crucial for host defense against viral infection, inhibits 317 

viral replication and is associated with inflammatory responses, playing a protective role 318 

in cellular stress induced by viral infection, and contributing to the regulation of cell 319 

differentiation, growth, and apoptosis [56, 57]. 320 

Additionally, the CNVRs associated with TRS, and TTS comprise genes involved 321 

in oxidative stress response and apoptosis. The CNVR23, associated with both TRS and 322 

TTS, overlaps with the genes SART1 (Spliceosome associated factor 1, recruiter of 323 

U4/U6.U5 tri-snRNP) and FOSL1 (FOS like 1, AP-1 transcription factor subunit). The 324 

SART1 gene has been shown to have several functions inducing cell cycle arrest and 325 

apoptosis [58]. FOSL1 is involved in cell growth and cell death in various physiological 326 

and pathological conditions [59]. The CNVR21, associated with TTS, contains the gene 327 

SIRT3 (Sirtuin 3) and TALDO1 (Transaldolase 1). SIRT3, a key regulator of mitochondrial 328 

oxidative stress, contributes to cellular adaptation by deacetylating substrates involved in 329 

ROS production and detoxification, protecting cells from oxidative damage [60, 61]. 330 
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TALDO1 functions to maintain cellular redox equilibrium, preserve the cellular redox 331 

equilibrium, and is involved in eliminating oxygen radicals, acting in the oxidative stress 332 

response and apoptosis [62]. 333 

The CNVR133, associated with TV16h, overlap with the gene GALNTL6 334 

(Polypeptide N-acetylgalactosaminyltransferase like 6). GALNTL6 is primarily expressed 335 

in the gastrointestinal tract and is involved in the production of short-chain fatty acids in 336 

the intestines, which are important for anti-inflammatory and resynthesis functions [63, 337 

64]. In humans, GALNTL6 has been associated with power performance, particularly in 338 

anaerobic exercises, enhancing fitness and overall health in athletes [63]. The GALNTL6 339 

gene has also been associated with resistance to gastrointestinal parasites in sheep [64, 340 

65]. Then, the results from this study, combined with the previous studies associating 341 

GALNTL6 with endurance in sports in humans and resistance to gastrointestinal parasites 342 

in sheep, suggest that this gene might be involved in biological mechanisms in the 343 

resilience to stress factors.  344 

The functional analyses, using the genes annotated for associated CNVRs with 345 

TES, TRS, TTS, and TV16h, identified GO terms that are related to both cell and tissue 346 

integrity, particularly in their functions within the cell response to stress. Additionally, 347 

GO terms associated with glucose metabolism and cellular energy production, essential 348 

for cellular functions, were found. These identified GO terms collectively contribute to 349 

the response to cellular stress and cell survival. Metabolic pathways of amino acids 350 

biosynthesis and thermogenesis were identified for TTS, suggesting the potential functions 351 

of CNVRs associated with TTS in protein synthesis and heat stress response.  352 

The CNVRs associated with TES, TRS, TTS, and TV16h presented enriched QTL 353 

related to immune response: Interleukin-8 level, C3c concentration, Phagocytic activity, 354 

CD4-negative and CD8-positive leukocyte percentage. These findings suggest that the 355 
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CNVRs associated with skin and vaginal temperature traits also influence other aspects 356 

of the immune response. Additionally, enriched QTL associated with meat quality, such 357 

as muscle pH and meat color, were observed on CNVRs associated with TES, TRS, and 358 

TTS. Notably, exposure to HS has a recognized negative impact on meat quality, 359 

particularly on meat color and pH [66, 67].  360 

 361 

Implications and limitations 362 

The findings of this study offer valuable insights into the impact of CNVs in pigs. 363 

Notably, several genes involved to immune and stress responses were identified within 364 

the most frequently occurring CNVRs in the population. This implies a potentially 365 

important role of these CNVRs in adaptation. The CNVRs may result in animals that are 366 

more resilient to stress factors such as diseases and HS. Moreover, the CNVRs identified 367 

in this study may also impact other economically relevant traits. QTLs related to meat 368 

and carcass traits were identified within the most frequent CNVRs, suggesting an 369 

influence on production traits. Additionally, the CNVRs associated with skin and vaginal 370 

temperatures, which are physiological indicators of HS response, in lactating sows 371 

comprise genes and QTLs related to immune response, indicating a potential influence 372 

on the response to HS and adaptation in pigs.  373 

Nevertheless, this study has some limitations. The number of animals used for 374 

CNV detection is relatively small while a higher number of samples are desirable to 375 

reduce the probability of false-positive CNVs. A larger dataset would also improve the 376 

power to detect associations between the CNVRs and the traits evaluated. of a medium-377 

density SNP panel; a higher marker density could enhance the detection of short CNVs 378 

and potentially reduce the number of false-positive CNVs [37].  379 

 380 
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Conclusions 381 

This study aimed to investigate CNVs and CNVRs in the genome of crossbred 382 

sows (Large White x Landrace) and their associations with physiological and anatomical 383 

indicators of HS response in lactating sows. Various CNVs and CNVRs were identified, 384 

with the most common CNVRs containing genes involved in responses to cellular 385 

oxidative stress and immune reactions. This suggests that these CNVRs may regulate 386 

biological processes related to adaptation and resilience to HS. Fifteen CNVRs were 387 

significantly associated with indicators of heat stress response in lactating sows, 388 

comprising genes with immune functions, which are essential processes in the HS 389 

response. Several genes and QTL involved in immune and stress responses were 390 

identified within the CNVRs, indicating that these CNVRs might influence adaptation 391 

and resilience to heat stress. Additionally, QTL overlapping with the CNVRs identified 392 

are related to meat and carcass traits, which are economically relevant traits for the pig 393 

industry. 394 

 395 

Materials and Methods 396 

Animals and genotypes 397 

The data used in this study was previously described by Johnson et al. [68] and 398 

Freitas et al. [43]. In summary, the phenotypes were collected from 1,645 multiparous 399 

lactating sows (Large White x Landrace cross) at a commercial sow farm in Maple Hill, 400 

North Carolina, USA. A total of 1,639 sows were genotyped using PorcineSNP50K 401 

(50,703 SNPs) Bead Chip (Illumina, San Diego, CA, USA). Quality control was 402 

performed to remove samples with poor quality and to reduce false-positive CNV 403 

detection. First, the genotypes with GenCall scores lower than 0.15 were assumed as 404 

missing. SNPs located on non-autosomal chromosomes and SNPs with unknown or 405 



274 
 

 

duplicated positions were removed. SNPs and samples with call rate lower than 90% were 406 

also removed. A total of 46,580 SNPs for 1,613 animals remained for subsequent 407 

analyses.  408 

 409 

Phenotypes 410 

The phenotypes used in this study have been previously described by Freitas et al. 411 

[43] and Johnson et al. [68]. The phenotypes recorded included respiration rate (RR), ear 412 

skin temperature (TES), shoulder skin temperature (TSS), rump skin temperature (TRS) tail 413 

skin temperature (TTS), vaginal temperatures, and panting score (PS). Six distinct traits 414 

were obtained for vaginal temperature, based on automatically records: TVall 415 

(measurements at each 10-minute interval), TV4days (average of six records per hour at 416 

0800 h, 1200 h, 1600 h, and 2000 h over four days), and single records at 0800 h, 1200 417 

h, 1600 h, and 2000 h on the first day (TV8h, TV12h, TV16h, and TV20h). Additionally, the 418 

phenotypes included anatomical traits: hair density (HD), body condition score using a 419 

sow caliper (BCScal) [69] and visual body condition score (BCSvis), body size (BS), ear 420 

length (EL), and ear area (EA). More details about data collection are available in Johnson 421 

et al. [68].  422 

The phenotypes were pre-corrected for fixed effect, which were described for 423 

Freitas et al. [43]. Traits that presented repeated measurements had the average of the 424 

adjusted phenotype computed and used as response variable for the CNVR association 425 

analysis [70]. 426 

 427 

CNV detection and CNVR identification 428 

Individual-based CNV detection was performed using the PennCNV software 429 

[18], which is based on hidden Markov model and incorporates multiple sources of 430 
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information to obtain accurate CNV detection, such as distance between SNPs, log R ratio 431 

(LRR), B allele frequency (BAF), and population frequency of the B allele (PBF). LRR 432 

is a normalized intensity value and an allelic intensity ratio measurement to compare the 433 

observed normalized intensity of a subject sample to the expected intensity based on the 434 

observed allelic ratio [71]. BAF is a measurement used in SNP array analysis to determine 435 

the allelic intensity ratio of the B allele [71]. The LRR and BAF were exported from 436 

Illumina GenomeStudio software (Illumina Inc., San Diego, CA, USA). PBF was 437 

calculated from the BAF value of each SNP in all samples using compile_pbf.pl pipeline 438 

from the PennCNV software. We also performed an adjustment for genomic waves using 439 

the flag –gcmodel in the PennCNV software. Genomic waves refer to a signal noise 440 

related to the guanine-cytosine content in the genome, which interferes in the CNV 441 

detection and might increase false-positive CNV. The porcine gcmodel was generated by 442 

calculating the guanine-cytosine content in the porcine genome in a region of 500 Kb 443 

around each SNP and based on a regression model [72].  444 

After CNV calling, a sample-based quality control was performed to reduce false-445 

positive CNV detection. The quality control consisted of removing CNVs with less than 446 

three consecutive SNPs, BAF drift lower than 0.01, standard deviation of LRR greater 447 

than 0.40, minimum length of 1Kb, maximum length of 5000Kb bp, and GC wave factor 448 

lower than 0.10 (after genomic waves were corrected by guanine-cytosine content). 449 

The CNVR were determined by merging the raw CNVs that overlapped by at least 450 

1 bp within each region, using the mergeBed option of the BEDtools suite tool [73]. After 451 

the merging, CNVRs presented in only one animal were removed. Although there is a 452 

possibility that a CNVs exist within the loci reported in only one animal, they may 453 

constitute rare cases; nonetheless, considering CNVRs found in two or more animals can 454 

reduce the false-positive rate [31]. Another reason for removing CNVRs discovered in a 455 
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single individual is because some CNVs may be somatic rather than germline, which 456 

would make them not heritable [22, 23]. CNVRs were classified as losses when an animal 457 

exhibited a deletion in a chromosomal segment, gains for repeated chromosomal regions 458 

(i.e., duplication), and mixed when both deletions and duplications were identified in the 459 

same genomic region for different individuals. 460 

 461 

Association analysis 462 

The association analyses were performed considering the CNVR identified in the 463 

autosomal chromosomes that were observed in at least 1% of the population. To verify if 464 

the CNVRs identified were associated with the pre-adjusted phenotypes, the following 465 

model, previously described by Benfica et al. [74], was fitted: 466 𝐲 = 𝐗b + 𝐙𝐮 +  𝛆, 467 

Where 𝐲 is the vector of pre-corrected phenotypes for each analyzed trait; b is the fixed 468 

effect of the CNVR tested for association, 𝐗 is a vector containing the genotype score for 469 

the tested CNVR, which was coded as -1, 0, or 1 if the CNV on the tested region was a 470 

deletion, absent or a duplication in the individual; 𝐮 is the random vector of polygenic 471 

effect with 𝐮 ~ N(0, 𝐆σ𝑢2 ), where 𝐆 is the genomic-based relationship matrix computed 472 

according to the method proposed by VanRaden [75], σ𝑢2  is the additive genomic variance 473 

of polygenic effects; 𝐙 is the incidence matrix for 𝐮; and 𝛆 is a random vector of residual 474 

effects with 𝛆 ~ N(0, 𝐈σ𝜀2), where 𝐈 is an identity matrix, and σ𝜀2 is the residual variance. 475 

The variance components were previously estimated fitting the above-described model 476 

excluding the CNVR as fixed effect. The variance components estimation and the CNVR 477 

effect size estimation were performed using BLUPF90+ program [76]. 478 

The model adjusted provided the effect size (𝛽̂) and standard error (SE) for each 479 

CNVR, which were used to compute the statistic 𝑡 (𝑡 =  𝛽̂ 𝑆𝐸⁄ ). Then, the p-values were 480 
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obtained assuming the t-distribution with 𝑛 − 2 degrees of freedom, where 𝑛 is the 481 

sample size (i.e., the number of animals used to obtain the CNVR effect for each pre-482 

adjusted phenotype). To check if there was potential stratification due to the population 483 

structure, the genomic inflation factor (λ) [77] was evaluated, along with its 95% 484 

confidence interval. Due to the multiple-test, a Bonferroni correction at α = 0.05 genome-485 

wise significance level was applied, by dividing α by the number of CNVRs to account 486 

for dependence among tests.  487 

 488 

Gene annotation and functional analyses 489 

Genes and QTLs that overlapped with CNVRs present in at least 5% of the 490 

population were annotated. CNVRs that were significantly associated with the pre-491 

adjusted phenotypes had also genes and QTL annotated. 492 

The gene and QTL annotation in these regions was performed using the GALLO 493 

R package [19], utilizing data for Sus scrofa sourced from the Ensembl database 494 

(www.ensembl.org/Sus_scrofa/Info/Index). Additionally, the PigQTL database 495 

(www.animalgenome.org/cgi-bin/QTLdb/SS/index) was used as a resource for obtaining 496 

previously reported QTL information. To test the significance of the QTL 497 

representativeness, it was performed a QTL enrichment analysis using GALLO package. 498 

This analysis is based on a hypergeometric test approach, where the number of QTLs 499 

annotated within the candidate regions for each QTL type is compared with the observed 500 

number of QTLs in the reference database. The Database for Annotation, Visualization, 501 

and Integrated Discovery (DAVID) [78, 79] was used for conducting Gene Ontology 502 

(GO) and KEGG pathway enrichment (P < 0.05) analyses to identify biological processes, 503 

molecular functions, cellular components, and biological pathways associated with the 504 

positional candidate genes identified. 505 

https://www.ensembl.org/Sus_scrofa/Info/Index
https://www.animalgenome.org/cgi-bin/QTLdb/SS/index
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Supplementary Information 737 

Table S1. Copy number regions (CNVRs) identified in crossbed (Large White x 738 

Landrace) sows 739 

Chr  Start (bp)   End (bp)  Type Number of individuals 

1 1,296,974  1,637,442  Deletion 3 

1 2,530,735  2,908,940  Deletion 3 

1 4,621,444  4,690,022  Deletion 5 

1 11,012,998  11,037,437  Duplication 3 

1 16,313,130  16,384,057  Deletion 2 

1 20,559,479  21,017,894  Deletion 23 

1 26,407,492  26,757,112  Deletion 24 

1 51,426,350  51,531,316  Deletion 15 

1 52,843,788  52,930,466  Deletion 4 

1 53,876,081  54,033,593  Deletion 7 

1 54,929,205  55,080,766  Deletion 3 

1 77,402,476  77,616,272  Deletion 2 

1 77,973,487  78,233,457  Deletion 4 

1 95,974,585  96,084,318  Deletion 5 

1 190,422,856  190,521,756  Deletion 4 

1 202,674,735  202,726,828  Deletion 6 

1 232,171,858  232,231,168  Deletion 2 

1 236,249,595  236,578,086  Deletion 6 

1 245,380,316  245,417,266  Deletion 3 

1 252,505,713  252,561,815  Deletion 11 

1 255,734,516  255,775,164  Deletion 4 

1 257,570,160  257,629,372  Deletion 7 

1 296,787,813  296,854,248  Duplication 2 
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1 307,493,558  307,591,248  Deletion 4 

1 308,407,845  308,540,510  Deletion 2 

2 1,111  632,707  Deletion 202 

2 1,728,741  1,792,444  Deletion 13 

2 6,179,112  6,495,647  Deletion 34 

2 12,967,586  13,092,623  Duplication 5 

2 16,086,308  16,113,694  Deletion 3 

2 16,914,155  16,957,926  Deletion 2 

2 24,340,490  24,950,665  Deletion 4 

2 32,124,159  32,186,193  Deletion 2 

2 38,779,149  39,302,035  Deletion 22 

2 100,248,260  100,301,718  Deletion 2 

2 102,222,805  102,440,993  Duplication 2 

2 103,642,873  103,742,033  Duplication 6 

2 106,076,632  106,307,761  Deletion 12 

2 110,341,590  110,423,447  Deletion 3 

2 128,709,091  128,737,978  Duplication 2 

2 129,799,406  129,981,864  Deletion 70 

2 130,241,255  130,487,175  Deletion 58 

2 137,484,909  137,871,651  Deletion 6 

2 139,079,932  139,475,283  Deletion 8 

2 140,748,675  140,896,496  Deletion 2 

2 142,820,672  142,848,459  Duplication 2 

2 146,604,847  146,623,766  Deletion 2 

2 152,624,944  152,666,109  Duplication 3 

2 157,653,015  158,139,060  Deletion 7 

2 158,549,163  158,748,978  Deletion 6 
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2 160,171,978  160,334,626  Deletion 2 

3 60,993  905,589  Deletion 28 

3 1,157,712  1,540,289  Deletion 9 

3 1,775,581  1,803,026  Deletion 3 

3 11,450,046  11,519,897  Deletion 11 

3 17,333,664  17,509,970  Deletion 47 

3 69,789,999  70,298,496  Deletion 17 

3 91,123,979  91,245,955  Deletion 2 

3 102,698,568  102,763,903  Deletion 3 

3 109,671,997  109,874,139  Deletion 13 

3 113,053,130  113,163,300  Deletion 12 

3 131,539,745  131,857,000  Deletion 5 

4 1,155,293  1,388,468  Deletion 61 

4 17,865,227  18,008,464  Deletion 2 

4 19,578,395  19,626,320  Deletion 2 

4 27,913,643  28,349,829  Deletion 4 

4 63,290,072  63,491,767  Deletion 2 

4 73,783,788  74,095,578  Deletion 6 

4 80,721,007  80,767,798  Deletion 22 

4 114,089,519  114,170,369  Duplication 2 

4 126,897,791  127,521,733  Deletion 28 

4 127,645,367  127,879,136  Deletion 12 

4 131,676,536  132,009,191  Deletion 2 

5 2,847  285,237  Deletion 3 

5 548,113  1,210,042  Deletion 11 

5 2,006,549  2,052,182  Deletion 3 

5 2,144,424  2,559,524  Deletion 7 
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5 2,935,602  3,182,357  Deletion 2 

5 29,640,202  29,787,794  Duplication 7 

5 43,930,930  44,283,450  Deletion 11 

5 60,541,361  60,621,247  Deletion 3 

5 63,917,069  64,229,196  Deletion 10 

5 64,347,352  64,392,680  Deletion 9 

5 64,630,743  65,275,886  Deletion 32 

5 75,132,228  75,385,516  Deletion 3 

5 77,179,466  77,352,621  Deletion 28 

5 99,716,210  99,952,686  Deletion 9 

5 102,574,608  103,063,418  Deletion 2 

5 110,482,927  111,027,924  Deletion 4 

6 1,033,257  1,281,226  Deletion 101 

6 2,952,600  3,336,730  Deletion 3 

6 109,789,591  109,870,440  Deletion 4 

6 129,702,907  130,569,596  Deletion 4 

6 132,124,953  132,543,418  Mixed 139 

6 132,647,018  132,704,049  Deletion 3 

7 20,072,507  20,159,272  Deletion 2 

7 30,314,760  30,550,361  Deletion 2 

7 31,976,416  32,267,617  Deletion 5 

7 37,900,142  37,967,748  Deletion 2 

7 50,084,357  50,518,151  Deletion 16 

7 52,531,709  52,558,947  Deletion 2 

7 58,397,650  58,558,358  Deletion 9 

7 112,964,257  113,292,023  Deletion 6 

7 119,492,726  119,674,459  Deletion 5 
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8 4,899,715  4,961,037  Duplication 2 

8 23,033,602  23,328,747  Deletion 12 

8 108,840,104  108,903,615  Deletion 9 

8 114,376,195  114,407,527  Deletion 22 

8 122,249,328  122,288,920  Duplication 2 

8 123,960,362  124,128,258  Deletion 95 

8 131,207,688  131,694,842  Deletion 9 

8 137,114,772  137,134,554  Deletion 23 

9 15,049,063  15,211,706  Duplication 2 

9 28,988,041  29,017,662  Deletion 3 

9 29,741,635  29,982,654  Duplication 2 

9 36,476,118  36,559,391  Deletion 4 

9 44,613,872  44,716,642  Duplication 12 

9 70,390,277  70,600,386  Duplication 2 

9 71,697,328  71,711,489  Duplication 3 

9 75,705,239  75,933,190  Deletion 2 

9 130,785,204  130,830,299  Duplication 2 

9 142,876,725  142,950,929  Duplication 2 

9 143,288,947  143,605,209  Deletion 78 

9 147,684,933  147,854,813  Duplication 3 

9 148,629,187  148,681,260  Deletion 6 

10 5,204,072  5,514,795  Deletion 2 

10 11,450,736  11,498,946  Deletion 5 

10 26,374,455  26,498,920  Deletion 2 

10 39,272,858  39,507,554  Deletion 3 

10 41,330,545  41,453,824  Deletion 7 

10 47,123,541  47,259,902  Deletion 10 
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10 48,034,226  48,281,381  Deletion 66 

11 8,876,752  8,927,330  Deletion 3 

11 11,663,909  11,724,233  Deletion 12 

11 20,388,606  20,495,264  Duplication 10 

11 31,699,569  31,766,588  Deletion 2 

11 32,127,787  32,515,591  Deletion 2 

11 40,013,884  40,160,781  Deletion 7 

11 46,563,594  46,642,716  Deletion 90 

11 47,243,159  47,452,970  Deletion 3 

11 59,735,869  61,470,768  Mixed 203 

11 64,479,055  65,142,186  Deletion 45 

11 67,375,641  67,671,825  Deletion 20 

11 82,421,180  82,763,129  Deletion 6 

11 86,175,659  86,395,677  Deletion 4 

11 86,708,117  86,796,356  Deletion 6 

12 60,100  1,998,701  Mixed 93 

12 6,034,340  6,161,500  Deletion 2 

12 7,385,966  7,581,758  Duplication 3 

12 20,647,202  20,687,946  Deletion 9 

12 23,645,644  23,760,296  Deletion 2 

12 31,975,933  32,074,865  Deletion 4 

12 36,947,624  37,322,661  Deletion 13 

12 46,257,013  46,339,202  Deletion 12 

12 54,979,595  55,051,174  Deletion 3 

13 5,074,753  5,203,420  Deletion 3 

13 8,329,572  8,363,589  Mixed 2 

13 12,386,754  12,485,442  Deletion 3 
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13 19,629,258  19,683,797  Duplication 2 

13 41,749,852  41,820,811  Deletion 6 

13 81,326,561  81,437,311  Deletion 3 

13 102,306,232  102,458,997  Deletion 31 

13 179,990,010  180,090,208  Deletion 8 

13 194,292,500  194,386,412  Deletion 2 

13 194,665,680  196,342,442  Deletion 108 

13 196,810,429  197,241,857  Deletion 12 

13 200,335,858  200,366,615  Deletion 5 

13 200,765,190  201,339,708  Deletion 36 

13 202,480,537  202,728,252  Deletion 5 

13 202,925,976  203,079,047  Deletion 9 

13 204,430,769  204,569,521  Deletion 2 

13 204,734,507  204,819,522  Deletion 3 

13 206,943,236  207,322,709  Deletion 3 

13 209,713,551  209,761,484  Deletion 8 

13 216,912,741  217,056,683  Deletion 3 

13 218,141,951  218,612,146  Deletion 12 

14 2,789,202  2,852,561  Duplication 2 

14 16,993,535  17,333,398  Deletion 63 

14 24,286,577  24,389,234  Deletion 2 

14 38,219,290  38,645,949  Deletion 21 

14 52,573,859  52,621,172  Deletion 5 

14 58,074,274  58,206,487  Deletion 4 

14 73,479,608  73,695,090  Deletion 5 

14 74,176,726  74,990,114  Deletion 24 

14 98,057,493  98,157,352  Duplication 4 
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14 102,480,650  102,988,071  Deletion 6 

14 104,441,890  105,084,009  Mixed 54 

14 113,376,632  113,445,546  Duplication 3 

14 114,586,489  114,610,574  Duplication 3 

14 118,345,379  118,395,858  Duplication 2 

14 132,285,105  132,353,947  Deletion 4 

14 136,444,819  137,178,653  Deletion 64 

14 139,546,885  139,906,120  Deletion 7 

14 140,199,680  140,419,493  Deletion 18 

14 141,068,807  141,208,015  Deletion 8 

14 151,966,127  153,374,972  Deletion 80 

15 9,519,813  10,711,345  Deletion 245 

15 12,597,728  12,844,713  Deletion 80 

15 17,097,658  17,123,356  Deletion 2 

15 24,371,978  24,804,276  Deletion 63 

15 25,845,378  25,910,541  Deletion 4 

15 30,831,468  31,122,672  Deletion 19 

15 33,345,253  33,617,369  Deletion 10 

15 48,845,490  49,845,075  Deletion 47 

15 50,619,226  50,703,404  Deletion 4 

15 69,448,740  69,693,811  Deletion 3 

15 125,908,102  126,154,684  Deletion 2 

15 126,439,963  127,295,381  Deletion 45 

15 127,544,621  127,786,638  Deletion 2 

15 134,842,540  134,994,861  Deletion 62 

15 137,449,752  137,725,895  Deletion 2 

15 138,365,140  138,453,739  Duplication 4 
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15 141,222,980  141,247,045  Deletion 12 

15 154,198,036  154,217,738  Deletion 6 

15 154,516,149  154,590,998  Deletion 4 

16 2,294,773  2,931,783  Deletion 20 

16 9,539,468  9,771,058  Deletion 5 

16 10,588,133  11,083,680  Deletion 43 

16 11,287,880  11,615,935  Deletion 2 

16 14,404,612  14,706,916  Deletion 26 

16 17,665,436  17,995,430  Deletion 4 

16 18,347,402  18,376,590  Deletion 13 

16 30,289,787  30,566,627  Deletion 3 

16 47,246,973  47,457,841  Deletion 2 

16 56,228,146  56,340,252  Deletion 2 

16 64,441,004  64,872,621  Deletion 6 

16 85,407,012  86,024,383  Deletion 22 

17 2,202,762  2,730,970  Deletion 184 

17 3,434,809  3,642,846  Deletion 5 

17 4,055,697  4,468,083  Deletion 22 

17 7,151,308  7,537,515  Deletion 14 

17 67,540,904  67,605,067  Duplication 2 

18 6,247,938  6,366,290  Deletion 2 

18 32,234,894  32,451,272  Deletion 8 

18 38,984,087  39,185,391  Deletion 32 

18 59,478,274  59,600,842  Deletion 6 

 740 

  741 
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Table S2. Genes annotated for CNVRs present in at least 5% of the population  742 

CNVR Ensembl Gene ID Gene Name Gene Biotype 

CNVR21 

ENSSSCG00000012844 SLC25A22 Protein coding 

ENSSSCG00000049665 

 

Pseudogene 

ENSSSCG00000012843 PIDD1 Protein coding 

ENSSSCG00000012842 RPLP2 Protein coding 

ENSSSCG00000012836 AP2A2 Protein coding 

ENSSSCG00000012835 

 

Protein coding 

ENSSSCG00000012847 TALDO1 Protein coding 

ENSSSCG00000012846 GATD1 Protein coding 

ENSSSCG00000012845 CEND1 Protein coding 

ENSSSCG00000060622 

 

Protein coding 

ENSSSCG00000032436 

 

Protein coding 

ENSSSCG00000038912 

 

Protein coding 

ENSSSCG00000014565 

 

Protein coding 

ENSSSCG00000032591 

 

Protein coding 

ENSSSCG00000033780 B4GALNT4 Protein coding 

ENSSSCG00000051760 

 

Protein coding 

ENSSSCG00000027302 PKP3 Protein coding 

ENSSSCG00000024389 SIGIRR Protein coding 

ENSSSCG00000024569 ANO9 Protein coding 

ENSSSCG00000037427 PTDSS2 Protein coding 

ENSSSCG00000032010 RNH1 Protein coding 

ENSSSCG00000031513 HRAS Protein coding 

ENSSSCG00000027045 LRRC56 Protein coding 
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ENSSSCG00000030137 LMNTD2 Protein coding 

ENSSSCG00000012854 RASSF7 Protein coding 

ENSSSCG00000014554 

 

Protein coding 

ENSSSCG00000014555 ODF3 Protein coding 

ENSSSCG00000014556 BET1L Protein coding 

ENSSSCG00000014557 RIC8A Protein coding 

ENSSSCG00000014558 SIRT3 Protein coding 

ENSSSCG00000014559 PSMD13 Protein coding 

ENSSSCG00000061991 COX8H Protein coding 

ENSSSCG00000014561 NLRP6 Protein coding 

ENSSSCG00000025023 PGGHG Protein coding 

ENSSSCG00000040278 IFITM5 Protein coding 

ENSSSCG00000012841 PNPLA2 Protein coding 

ENSSSCG00000023933 CRACR2B Protein coding 

ENSSSCG00000012840 CD151 Protein coding 

ENSSSCG00000059584 

 

Protein coding 

ENSSSCG00000012838 TSPAN4 Protein coding 

ENSSSCG00000012837 CHID1 Protein coding 

ENSSSCG00000029723 PHRF1 Protein coding 

ENSSSCG00000012853 IRF7 Protein coding 

ENSSSCG00000012852 CDHR5 Protein coding 

ENSSSCG00000040951 SCT Protein coding 

ENSSSCG00000012851 DRD4 Protein coding 

ENSSSCG00000012850 DEAF1 Protein coding 

ENSSSCG00000044406 TMEM80 Protein coding 



299 
 

 

ENSSSCG00000012848 EPS8L2 Protein coding 

ENSSSCG00000063023 

 

lncRNA 

ENSSSCG00000038005 

 

lncRNA 

ENSSSCG00000018538 SNORA52 snoRNA 

ENSSSCG00000019083 

 

miRNA 

CNVR68 

ENSSSCG00000035967 ZC3H18 Protein coding 

ENSSSCG00000040875 ZFPM1 Protein coding 

ENSSSCG00000053583 

 

Pseudogene 

ENSSSCG00000058880 

 

lncRNA 

ENSSSCG00000063162 

 

lncRNA 

CNVR72 

ENSSSCG00000053778 

 

lncRNA 

ENSSSCG00000059804 

 

lncRNA 

ENSSSCG00000060648 

 

lncRNA 

CNVR101 ENSSSCG00000061075 

 

lncRNA 

CNVR103 

ENSSSCG00000031946 GPC5 Protein coding 

ENSSSCG00000063520 

 

lncRNA 

ENSSSCG00000054481 

 

lncRNA 

ENSSSCG00000019902 

 

miRNA 

ENSSSCG00000019897 ssc-mir-19a miRNA 

ENSSSCG00000018681 

 

miRNA 

ENSSSCG00000019883 MIR20A miRNA 

ENSSSCG00000018617 ssc-mir-17 miRNA 

ENSSSCG00000019535 ssc-mir-18a miRNA 

CNVR109 
ENSSSCG00000022317 SLC38A10 Protein coding 

ENSSSCG00000039183 NDUFAF8 Protein coding 
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ENSSSCG00000028593 TEPSIN Protein coding 

ENSSSCG00000044039 

 

Protein coding 

ENSSSCG00000039807 

 

Protein coding 

ENSSSCG00000037364 

 

Protein coding 

ENSSSCG00000035852 CSNK1D Protein coding 

ENSSSCG00000024018 SLC16A3 Protein coding 

ENSSSCG00000029553 CCDC57 Protein coding 

ENSSSCG00000029944 FASN Protein coding 

ENSSSCG00000034696 

 

Protein coding 

ENSSSCG00000017137 METRNL Protein coding 

ENSSSCG00000034723 PYCR1 Protein coding 

ENSSSCG00000040352 DUS1L Protein coding 

ENSSSCG00000033689 GPS1 Protein coding 

ENSSSCG00000040385 RFNG Protein coding 

ENSSSCG00000035253 MAFG Protein coding 

ENSSSCG00000034695 SIRT7 Protein coding 

ENSSSCG00000031851 CBR2 Protein coding 

ENSSSCG00000039650 PCYT2 Protein coding 

ENSSSCG00000039873 DCXR Protein coding 

ENSSSCG00000036973 RAC3 Protein coding 

ENSSSCG00000040503 LRRC45 Protein coding 

ENSSSCG00000049515 

 

Protein coding 

ENSSSCG00000040727 ASPSCR1 Protein coding 

ENSSSCG00000039013 NOTUM Protein coding 

ENSSSCG00000027229 B3GNTL1 Protein coding 



301 
 

 

ENSSSCG00000017136 TBCD Protein coding 

ENSSSCG00000017135 

 

Pseudogene 

ENSSSCG00000017131 FN3K Protein coding 

ENSSSCG00000017134 FN3KRP Protein coding 

ENSSSCG00000053358 RAB40B Protein coding 

ENSSSCG00000017125 FOXK2 Protein coding 

ENSSSCG00000017126 NARF Protein coding 

ENSSSCG00000017127 CYBC1 Protein coding 

ENSSSCG00000017143 CEP131 Protein coding 

ENSSSCG00000017128 HEXD Protein coding 

ENSSSCG00000032116 OGFOD3 Protein coding 

ENSSSCG00000039849 PVALEF Protein coding 

ENSSSCG00000017141 AATK Protein coding 

ENSSSCG00000017142 BAIAP2 Protein coding 

ENSSSCG00000017140 CHMP6 Protein coding 

ENSSSCG00000017139 RPTOR Protein coding 

ENSSSCG00000032655 ALYREF Protein coding 

ENSSSCG00000035837 NPB Protein coding 

ENSSSCG00000035728 

 

Protein coding 

ENSSSCG00000034058 ARHGDIA Protein coding 

ENSSSCG00000039148 P4HB Protein coding 

ENSSSCG00000037039 PPP1R27 Protein coding 

ENSSSCG00000039424 MCRIP1 Protein coding 

ENSSSCG00000034891 GCGR Protein coding 

ENSSSCG00000033620 SLC25A10 Protein coding 
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ENSSSCG00000033148 MRPL12 Protein coding 

ENSSSCG00000033082 HGS Protein coding 

ENSSSCG00000053661 ARL16 Protein coding 

ENSSSCG00000034716 CCDC137 Protein coding 

ENSSSCG00000033788 OXLD1 Protein coding 

ENSSSCG00000053315 PDE6G Protein coding 

ENSSSCG00000031531 TSPAN10 Protein coding 

ENSSSCG00000024235 NPLOC4 Protein coding 

ENSSSCG00000029616 FAAP100 Protein coding 

ENSSSCG00000052003 FSCN2 Protein coding 

ENSSSCG00000028355 ACTG1 Protein coding 

ENSSSCG00000023045 BAHCC1 Protein coding 

ENSSSCG00000032974 MYADML2 Protein coding 

ENSSSCG00000033221 

 

Protein coding 

ENSSSCG00000048083 

 

lncRNA 

ENSSSCG00000048182 

 

lncRNA 

ENSSSCG00000052544 

 

lncRNA 

ENSSSCG00000051633 

 

lncRNA 

ENSSSCG00000058976 

 

lncRNA 

ENSSSCG00000044226 

 

lncRNA 

ENSSSCG00000052239 

 

lncRNA 

ENSSSCG00000044793 

 

lncRNA 

ENSSSCG00000059540 

 

lncRNA 

ENSSSCG00000057304 

 

lncRNA 

ENSSSCG00000053087 

 

lncRNA 
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ENSSSCG00000055034 

 

lncRNA 

ENSSSCG00000057060 

 

lncRNA 

ENSSSCG00000062857 

 

lncRNA 

ENSSSCG00000061157 

 

lncRNA 

ENSSSCG00000057894 

 

lncRNA 

ENSSSCG00000051900 

 

lncRNA 

ENSSSCG00000051406 

 

lncRNA 

ENSSSCG00000024675 

 

miRNA 

ENSSSCG00000017133 WDR45B Protein coding 

CNVR122 

ENSSSCG00000012034 TIAM1 Protein coding 

ENSSSCG00000021355 SOD1 Protein coding 

ENSSSCG00000021023 SCAF4 Protein coding 

ENSSSCG00000029392 HUNK Protein coding 

ENSSSCG00000034229 MIS18A Protein coding 

ENSSSCG00000040843 

 

Protein coding 

ENSSSCG00000032024 URB1 Protein coding 

ENSSSCG00000021598 EVA1C Protein coding 

ENSSSCG00000040827 CFAP298 Protein coding 

ENSSSCG00000012035 SYNJ1 Protein coding 

ENSSSCG00000012037 PAXBP1 Protein coding 

ENSSSCG00000047315 

 

lncRNA 

ENSSSCG00000057126 

 

lncRNA 

ENSSSCG00000055848 

 

lncRNA 

ENSSSCG00000062329 

 

lncRNA 

ENSSSCG00000058707 

 

lncRNA 
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ENSSSCG00000055435 

 

lncRNA 

ENSSSCG00000050688 

 

lncRNA 

ENSSSCG00000052840 U6 snRNA 

ENSSSCG00000023224 U6 snRNA 

CNVR150 

ENSSSCG00000023746 LRP1B Protein coding 

ENSSSCG00000058664 

 

lncRNA 

ENSSSCG00000054640 

 

lncRNA 

CNVR151 
ENSSSCG00000053710 

 

lncRNA 

ENSSSCG00000054110 U6 snRNA 

CNVR174 
ENSSSCG00000038257 SGCZ Protein coding 

ENSSSCG00000020959 ssc-mir-383 miRNA 

 743 

Table S3. Annoted QTL for autossomal copy number variation regions (CNVRs) shared 744 

by at least 5% of the population 745 

CNVR Chr Start (bp) End (bp) QTL type Name 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Loin weight 

CNVR21 2  1,111  632,707  Meat and Carcass 
Loin and ham percentage in 

carcass 

CNVR21 2  1,111  632,707  Meat and Carcass Estimated carcass lean content 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat weight 

CNVR21 2  1,111  632,707  Meat and Carcass 
Percentage of backfat and leaf 

fat in carcass 

CNVR21 2  1,111  632,707  Meat and Carcass 
Backfat thickness between 3rd 

and 4th rib 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last rib 
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CNVR21 2  1,111  632,707  Reproduction Teat number 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Ham percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Loin percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Fat-cuts percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Ham meat weight 

CNVR21 2  1,111  632,707  Meat and Carcass 
Lean meat + bone in ham + 

back 

CNVR21 2  1,111  632,707  Meat and Carcass Loin muscle area 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Heart weight 

CNVR21 2  1,111  632,707  Meat and Carcass Meat color 

CNVR21 2  1,111  632,707  Meat and Carcass Heart weight 

CNVR21 2  1,111  632,707  Production Average daily gain 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle conductivity 

CNVR21 2  1,111  632,707  Meat and Carcass Head weight 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at tenth rib 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last rib 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Loin muscle area 

CNVR21 2  1,111  632,707  Meat and Carcass Loin weight 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat weight 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last lumbar 
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CNVR21 2  1,111  632,707  Meat and Carcass 
Backfat thickness between 3rd 

and 4th rib 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last rib 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last lumbar 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at tenth rib 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at tenth rib 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last lumbar 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last rib 

CNVR21 2  1,111  632,707  Meat and Carcass Loin muscle area 

CNVR21 2  1,111  632,707  Meat and Carcass muscle protein percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at first rib 

CNVR21 2  1,111  632,707  Meat and Carcass backfat at P2 position 

CNVR21 2  1,111  632,707  Meat and Carcass Carcass length 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 

CNVR21 2  1,111  632,707  Meat and Carcass External fat on loin 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle pH 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle pH 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle conductivity 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle conductivity 

CNVR21 2  1,111  632,707  Production Average daily gain 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle pH 

CNVR21 2  1,111  632,707  Meat and Carcass Carcass length 

CNVR21 2  1,111  632,707  Meat and Carcass Carcass weight (hot) 

CNVR21 2  1,111  632,707  Meat and Carcass Muscle pH 
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CNVR21 2  1,111  632,707  Meat and Carcass Muscle conductivity 

CNVR21 2  1,111  632,707  Meat and Carcass Carcass weight (hot) 

CNVR21 2  1,111  632,707  Meat and Carcass Neck fat weight 

CNVR21 2  1,111  632,707  Production Feed conversion ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Loin weight 

CNVR21 2  1,111  632,707  Meat and Carcass Carcass weight (hot) 

CNVR21 2  1,111  632,707  Meat and Carcass Ham weight 

CNVR21 2  1,111  632,707  Meat and Carcass Shoulder weight 

CNVR21 2  1,111  632,707  Meat and Carcass Shear firmness 

CNVR21 2  1,111  632,707  Health Segmented neutrophil number 

CNVR21 2  1,111  632,707  Meat and Carcass Cutlet weight 

CNVR21 2  1,111  632,707  Meat and Carcass Loin muscle area 

CNVR21 2  1,111  632,707  Meat and Carcass Fat to meat ratio 

CNVR21 2  1,111  632,707  Production Body weight 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Health O2 partial pressure 

CNVR21 2  1,111  632,707  Health Oxygen saturation 

CNVR21 2  1,111  632,707  Exterior Gait score (hind) 

CNVR21 2  1,111  632,707  Health 
Hemolytic complement 

activity (alternative pathway) 

CNVR21 2  1,111  632,707  Health 
Hemolytic complement 

activity (alternative pathway) 

CNVR21 2  1,111  632,707  Health 
Hemolytic complement 

activity (alternative pathway) 

CNVR21 2  1,111  632,707  Health C3c concentration 

CNVR21 2  1,111  632,707  Health C3c concentration 

CNVR21 2  1,111  632,707  Health C3c concentration 
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CNVR21 2  1,111  632,707  Health Creatine kinase level 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last rib 

CNVR21 2  1,111  632,707  Production Average daily gain 

CNVR21 2  1,111  632,707  Meat and Carcass Backfat at last rib 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Loin weight 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Health Interleukin-10 level 

CNVR21 2  1,111  632,707  Health Toll-like receptor 9 level 

CNVR21 2  1,111  632,707  Production Bone mineral content 

CNVR21 2  1,111  632,707  Exterior Osteochondrosis score 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Adipocyte diameter 

CNVR21 2  1,111  632,707  Health 

Actinobacillus 

pleuropneumoniae 

susceptibility 

CNVR21 2  1,111  632,707  Meat and Carcass Loin muscle depth 

CNVR21 2  1,111  632,707  Meat and Carcass Dressing percentage 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid to 

polyunsaturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Linoleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  Meat and Carcass Oleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid 

content 
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CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid to 

saturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Dressing percentage 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid to 

polyunsaturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Linoleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  Meat and Carcass Oleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Dressing percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid to 

polyunsaturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Linoleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid to 

saturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Oleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass Cooking loss 

CNVR21 2  1,111  632,707  Meat and Carcass Dressing percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Dressing percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 
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CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid to 

polyunsaturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Linoleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  Meat and Carcass Oleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Backfat between 6th and 7th 

ribs 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid to 

polyunsaturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass Linoleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  Meat and Carcass Oleic acid content 

CNVR21 2  1,111  632,707  Meat and Carcass 
Polyunsaturated fatty acid to 

saturated fatty acid ratio 

CNVR21 2  1,111  632,707  Meat and Carcass 
Monounsaturated fatty acid 

content 

CNVR21 2  1,111  632,707  
Meat and Carcass 

eQTL 
Fat androstenone level 

CNVR21 2  1,111  632,707  
Meat and Carcass 

eQTL 
Fat androstenone level 

CNVR21 2  1,111  632,707  
Meat and Carcass 

eQTL 
Fat androstenone level 
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CNVR21 2  1,111  632,707  Meat and Carcass Dressing percentage 

CNVR21 2  1,111  632,707  Meat and Carcass Average backfat thickness 

CNVR21 2  1,111  632,707  Meat and Carcass Lean meat percentage 

CNVR68 6  1,033,257   1,281,226  Meat and Carcass Intramuscular fat content 

CNVR68 6  1,033,257   1,281,226  Exterior Vertebra number 

CNVR68 6  1,033,257   1,281,226  Reproduction Teat number 

CNVR72 6 132,124,953  132,543,418  Health Alkaline phosphatase activity 

CNVR72 6 132,124,953  132,543,418  Reproduction Teat number 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Shear force 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Intramuscular fat content 

CNVR72 6 132,124,953  132,543,418  Health Cholesterol level 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Intramuscular fat content 

CNVR72 6 132,124,953  132,543,418  Reproduction Teat number 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Backfat at tenth rib 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Backfat at last rib 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Shoulder meat weight 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Backfat at tenth rib 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Muscle moisture percentage 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Carcass temperature 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Muscle fat content 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass muscle protein percentage 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Muscle moisture percentage 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Semimembranosus angle 

CNVR72 6 132,124,953  132,543,418  Health Body temperature 

CNVR72 6 132,124,953  132,543,418  Exterior Gait score (hind) 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Shoulder weight 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Shoulder weight 
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CNVR72 6 132,124,953  132,543,418  Meat and Carcass Ham weight 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Muscle conductivity 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Intramuscular fat content 

CNVR72 6 132,124,953  132,543,418  Meat and Carcass Ham weight 

CNVR72 6 132,124,953  132,543,418  Reproduction Cryptorchidism 

CNVR82 8 123,960,362  124,128,258  Reproduction Litter size 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Loin muscle area 

CNVR82 8 123,960,362  124,128,258  Health Melanoma susceptibility 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Muscle pH 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Muscle moisture percentage 

CNVR82 8 123,960,362  124,128,258  Reproduction Litter size 

CNVR82 8 123,960,362  124,128,258  Reproduction Total number born alive 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Muscle moisture percentage 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Off-flavor score 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Cooking yield 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Meat color 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Fat area percentage in carcass 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Fat area percentage in carcass 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Fat area percentage in carcass 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Carcass weight (hot) 

CNVR82 8 123,960,362  124,128,258  Health Monocyte number 

CNVR82 8 123,960,362  124,128,258  Health CO2 partial pressure 

CNVR82 8 123,960,362  124,128,258  Health Oxygen saturation 

CNVR82 8 123,960,362  124,128,258  Health Sodium level 

CNVR82 8 123,960,362  124,128,258  Reproduction Age at puberty 

CNVR82 8 123,960,362  124,128,258  Meat and Carcass Loin muscle area 

CNVR82 8 123,960,362  124,128,258  Health Plateletcrit 
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CNVR101 11  46,563,594   46,642,716  Reproduction Teat number 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Loin and neck meat weight 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Backfat at mid-back 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Loin muscle area 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Meat color 

CNVR101 11  46,563,594   46,642,716  Exterior Time spent drinking 

CNVR101 11  46,563,594   46,642,716  Health Body temperature 

CNVR101 11  46,563,594   46,642,716  Health Eosinophil number 

CNVR101 11  46,563,594   46,642,716  Production Body weight 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Percentage angular fibers 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Meat color 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Drip loss 

CNVR101 11  46,563,594   46,642,716  Meat and Carcass Percentage type I fibers 

CNVR101 11  46,563,594   46,642,716  Reproduction Nonfunctional nipples 

CNVR101 11  46,563,594   46,642,716  Health Haptoglobin concentration 

CNVR101 11  46,563,594   46,642,716  Health Interferon-gamma level 

CNVR101 11  46,563,594   46,642,716  Health Interferon-gamma level 

CNVR101 11  46,563,594   46,642,716  Health 
Interferon-gamma to 

interleukin-10 ratio 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Backfat at mid-back 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Loin muscle area 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Meat color 

CNVR103 11  59,735,869   61,470,768  Exterior Time spent drinking 

CNVR103 11  59,735,869   61,470,768  Health Body temperature 

CNVR103 11  59,735,869   61,470,768  Health Eosinophil number 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Meat color 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Drip loss 
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CNVR103 11  59,735,869   61,470,768  Meat and Carcass Percentage type I fibers 

CNVR103 11  59,735,869   61,470,768  Reproduction Nonfunctional nipples 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Lean meat percentage 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Average backfat thickness 

CNVR103 11  59,735,869   61,470,768  Production Feed intake 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Backfat at last rib 

CNVR103 11  59,735,869   61,470,768  Production Average daily gain 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Double-bond index 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Muscle pH decline 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Muscle fat content 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Muscle moisture percentage 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Empty body lipid content 

CNVR103 11  59,735,869   61,470,768  Reproduction Number of stillborn 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Empty body lipid content 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Ham fat thickness 

CNVR103 11  59,735,869   61,470,768  Reproduction Nonfunctional nipples 

CNVR103 11  59,735,869   61,470,768  Health Toll-like receptor 9 level 

CNVR103 11  59,735,869   61,470,768  Production Average daily gain 

CNVR103 11  59,735,869   61,470,768  Production Body weight 

CNVR103 11  59,735,869   61,470,768  Reproduction Litter size 

CNVR103 11  59,735,869   61,470,768  Reproduction Litter size 

CNVR103 11  59,735,869   61,470,768  Reproduction Litter size 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Intramuscular fat content 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Intramuscular fat content 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Intramuscular fat content 

CNVR103 11  59,735,869   61,470,768  Health 
CD4-positive, CD8-positive 

leukocyte percentage 
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CNVR103 11  59,735,869   61,470,768  Production Feed conversion ratio 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Intramuscular fat content 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Number of ribs 

CNVR103 11  59,735,869   61,470,768  Meat and Carcass Intramuscular fat content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Backfat at tenth rib 

CNVR109 12  60,100   1,998,701  Meat and Carcass Backfat at mid-back 

CNVR109 12  60,100   1,998,701  Exterior Ear size 

CNVR109 12  60,100   1,998,701  Meat and Carcass Backfat at last rib 

CNVR109 12  60,100   1,998,701  Health Interleukin-10 level 

CNVR109 12  60,100   1,998,701  Health Toll-like receptor 9 level 

CNVR109 12  60,100   1,998,701  Exterior Vertebra number 

CNVR109 12  60,100   1,998,701  Exterior Thoracic vertebra number 

CNVR109 12  60,100   1,998,701  Health 

Actinobacillus 

pleuropneumoniae 

susceptibility 

CNVR109 12  60,100   1,998,701  Health 

Actinobacillus 

pleuropneumoniae 

susceptibility 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Production Feed intake 

CNVR109 12  60,100   1,998,701  Meat and Carcass Arachidic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 
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CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Intramuscular fat content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitoleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Stearic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass cis-Vaccenic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Arachidic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Dihomo-gamma-linolenic acid 

content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Arachidonic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Drip loss 

CNVR109 12  60,100   1,998,701  Meat and Carcass Meat color 

CNVR109 12  60,100   1,998,701  Meat and Carcass Muscle pH 

CNVR109 12  60,100   1,998,701  Meat and Carcass Muscle pH 

CNVR109 12  60,100   1,998,701  Meat and Carcass Dressing percentage 

CNVR109 12  60,100   1,998,701  Meat and Carcass Average backfat thickness 

CNVR109 12  60,100   1,998,701  Meat and Carcass Loin weight 

CNVR109 12  60,100   1,998,701  Production Average daily gain 

CNVR109 12  60,100   1,998,701  Production Feed conversion ratio 

CNVR109 12  60,100   1,998,701  Production Feed intake 

CNVR109 12  60,100   1,998,701  Production Age at slaughter 
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CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Oleic acid to palmitoleic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Muscle pH 

CNVR109 12  60,100   1,998,701  Meat and Carcass Meat color 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitoleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitoleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitoleic acid to palmitic 

acid ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Oleic acid to palmitoleic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitoleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitoleic acid to palmitic 

acid ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Oleic acid to palmitoleic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Oleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Oleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Oleic acid content 
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CNVR109 12  60,100   1,998,701  Meat and Carcass 
Monounsaturated fatty acid 

content 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Monounsaturated fatty acid to 

saturated fatty acid ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Fatty acid atherogenic index 

CNVR109 12  60,100   1,998,701  Meat and Carcass Fatty acid atherogenic index 

CNVR109 12  60,100   1,998,701  Meat and Carcass Double-bond index 

CNVR109 12  60,100   1,998,701  Meat and Carcass Unsaturated index 

CNVR109 12  60,100   1,998,701  Meat and Carcass Double-bond index 

CNVR109 12  60,100   1,998,701  Meat and Carcass Unsaturated index 

CNVR109 12  60,100   1,998,701  Meat and Carcass Average chain length 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Stearic acid to palmitic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Average chain length 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Stearic acid to palmitic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass Eicosadienoic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Eicosadienoic acid content 

CNVR109 12  60,100   1,998,701  Reproduction Teat number 

CNVR109 12  60,100   1,998,701  Meat and Carcass Myristic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Palmitoleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass Oleic acid content 

CNVR109 12  60,100   1,998,701  Meat and Carcass cis-11-Eicosenoic acid content 

CNVR109 12  60,100   1,998,701  Health 
Interferon-gamma to 

interleukin-10 ratio 
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CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 

CNVR109 12  60,100   1,998,701  Health 
Interferon-gamma to 

interleukin-10 ratio 

CNVR109 12  60,100   1,998,701  Reproduction Age at puberty 

CNVR109 12  60,100   1,998,701  Meat and Carcass 
Palmitic acid to myristic acid 

ratio 

CNVR122 13 194,665,680  196,342,442  Health Melanoma susceptibility 

CNVR122 13 194,665,680  196,342,442  Reproduction Teat number 

CNVR122 13 194,665,680  196,342,442  Health Hematocrit 

CNVR122 13 194,665,680  196,342,442  Health Hemoglobin 

CNVR122 13 194,665,680  196,342,442  Health Red blood cell count 

CNVR122 13 194,665,680  196,342,442  Health Leptospirosus susceptibility 

CNVR149 14 151,966,127  153,374,972  Meat and Carcass 
Number of muscle fibers per 

unit area 

CNVR149 14 151,966,127  153,374,972  Meat and Carcass Total muscle fiber number 

CNVR149 14 151,966,127  153,374,972  Meat and Carcass 
Diameter of type IIa muscle 

fibers 

CNVR149 14 151,966,127  153,374,972  Meat and Carcass 
Diameter of type IIb muscle 

fibers 

CNVR150 15  9,519,813   10,711,345  Meat and Carcass Loin muscle area 

CNVR150 15  9,519,813   10,711,345  Meat and Carcass Loin muscle area 

CNVR150 15  9,519,813   10,711,345  Meat and Carcass Meat color 

CNVR150 15  9,519,813   10,711,345  Meat and Carcass Cooking loss 

CNVR150 15  9,519,813   10,711,345  Meat and Carcass Shear force 
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CNVR150 15  9,519,813   10,711,345  Meat and Carcass chew score 

CNVR150 15  9,519,813   10,711,345  Health CSFV antibody level 

CNVR150 15  9,519,813   10,711,345  Meat and Carcass Loin muscle area 

CNVR150 15  9,519,813   10,711,345  Production Body length 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass 
Backfat between 6th and 7th 

ribs 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass Loin muscle area 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass Loin muscle area 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass Meat color 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass Cooking loss 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass Shear force 

CNVR151 15  12,597,728   12,844,713  Meat and Carcass chew score 

CNVR151 15  12,597,728   12,844,713  Health CSFV antibody level 

CNVR151 15  12,597,728   12,844,713  Exterior Anal atresia 

CNVR150 17  9,519,813   10,711,345  Meat and Carcass 
Backfat between 6th and 7th 

ribs 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Shear force 

CNVR174 17  2,202,762   2,730,970  Production Body weight 

CNVR174 17  2,202,762   2,730,970  Production Body weight 

CNVR174 17  2,202,762   2,730,970  Health Segmented neutrophil number 

CNVR174 17  2,202,762   2,730,970  Health Eosinophil number 

CNVR174 17  2,202,762   2,730,970  Health Creatinine level 

CNVR174 17  2,202,762   2,730,970  Health Eosinophil number 

CNVR174 17  2,202,762   2,730,970  Health Eosinophil number 

CNVR174 17  2,202,762   2,730,970  Health Haptoglobin concentration 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Meat color 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Muscle pH 
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CNVR174 17  2,202,762   2,730,970  Meat and Carcass Cooking loss 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Drip loss 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Thawing loss 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Intramuscular fat content 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Shear force 

CNVR174 17  2,202,762   2,730,970  Health Toll-like receptor 9 level 

CNVR174 17  2,202,762   2,730,970  Health 

Actinobacillus 

pleuropneumoniae 

susceptibility 

CNVR174 17  2,202,762   2,730,970  Health 

Actinobacillus 

pleuropneumoniae 

susceptibility 

CNVR174 17  2,202,762   2,730,970  Meat and Carcass Backfat at last rib 

 746 

Table S4. Enriched QTL for autosomal copy number variation regions (CNVR)shared 747 

by at least 5% of the population 748 

CNVR QTL 
N 

QTLs 

Total 

annotated 

QTLs 

P-value QTL type 

CNVR21 Average backfat thickness 15 143 <0.0001 Meat and Carcass 

CNVR21 Backfat at last lumbar 3 143 0.0101 Meat and Carcass 

CNVR21 Backfat at last rib 6 143 0.0071 Meat and Carcass 

CNVR21 Backfat percentage 1 143 0.0285 Meat and Carcass 

CNVR21 
Backfat thickness between 3rd 

and 4th rib 
2 143 0.0297 Meat and Carcass 

CNVR21 Backfat weight 2 143 0.0387 Meat and Carcass 

CNVR21 Bone mineral content 1 143 0.0169 Production 



322 
 

 

CNVR21 C3c concentration 3 143 0.0030 Health 

CNVR21 Carcass weight (hot) 3 143 0.0221 Meat and Carcass 

CNVR21 Cutlet weight 1 143 0.0169 Meat and Carcass 

CNVR21 Dressing percentage 6 143 0.0093 Meat and Carcass 

CNVR21 Heart weight 2 143 0.0405 Meat and Carcass 

CNVR21 
Hemolytic complement 

activity (alternative pathway) 
3 143 0.0002 Health 

CNVR21 
Lean meat + bone in ham + 

back 
1 143 0.0386 Meat and Carcass 

CNVR21 Lean meat percentage 7 143 0.0013 Meat and Carcass 

CNVR21 Linoleic acid content 5 143 0.0005 Meat and Carcass 

CNVR21 Loin weight 4 143 0.0048 Meat and Carcass 

CNVR21 

Monounsaturated fatty acid to 

polyunsaturated fatty acid 

ratio 

5 143 <0.0001 Meat and Carcass 

CNVR21 Neck fat weight 1 143 0.0169 Meat and Carcass 

CNVR21 Oxygen saturation 1 143 0.0285 Health 

CNVR21 
Polyunsaturated fatty acid 

content 
5 143 0.0002 Meat and Carcass 

CNVR21 
Polyunsaturated fatty acid to 

saturated fatty acid ratio 
3 143 0.0021 Meat and Carcass 

CNVR21 Shear firmness 1 143 0.0169 Meat and Carcass 

CNVR68 Vertebra number 1 3 0.0127 Exterior 

CNVR72 Alkaline phosphatase activity 1 26 0.0384 Health 

CNVR72 Backfat at tenth rib 2 26 0.0378 Meat and Carcass 

CNVR72 Body temperature 1 26 0.0296 Health 

CNVR72 Carcass temperature 1 26 0.0339 Meat and Carcass 
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CNVR72 Cryptorchidism 1 26 0.0339 Reproduction 

CNVR72 Gait score (hind) 1 26 0.0339 Exterior 

CNVR72 Ham weight 2 26 0.0296 Meat and Carcass 

CNVR72 Intramuscular fat content 3 26 0.0390 Meat and Carcass 

CNVR72 Muscle fat content 1 26 0.0339 Meat and Carcass 

CNVR72 Muscle moisture percentage 2 26 0.0239 Meat and Carcass 

CNVR72 muscle protein percentage 1 26 0.0378 Meat and Carcass 

CNVR72 Semimembranosus angle 1 26 0.0296 Meat and Carcass 

CNVR72 Shoulder meat weight 1 26 0.0339 Meat and Carcass 

CNVR72 Shoulder weight 2 26 0.0239 Meat and Carcass 

CNVR82 CO2 partial pressure 1 22 0.0094 Health 

CNVR82 Cooking yield 1 22 0.0094 Meat and Carcass 

CNVR82 Fat area percentage in carcass 3 22 <0.0001 Meat and Carcass 

CNVR82 Litter size 2 22 0.0473 Reproduction 

CNVR82 Loin muscle area 2 22 0.0473 Meat and Carcass 

CNVR82 Monocyte number 1 22 0.0294 Health 

CNVR82 Muscle moisture percentage 2 22 0.0088 Meat and Carcass 

CNVR82 Off-flavor score 1 22 0.0294 Meat and Carcass 

CNVR82 Oxygen saturation 1 22 0.0088 Health 

CNVR82 Plateletcrit 1 22 0.0473 Health 

CNVR82 Sodium level 1 22 0.0094 Health 

CNVR101 Backfat at mid-back 1 18 0.0275 Meat and Carcass 

CNVR101 Body temperature 1 18 0.0173 Health 

CNVR101 Eosinophil number 1 18 0.0258 Health 

CNVR101 Haptoglobin concentration 1 18 0.0258 Health 

CNVR101 Interferon-gamma level 2 18 0.0010 Health 
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CNVR101 
Interferon-gamma to 

interleukin-10 ratio 
1 18 0.0173 Health 

CNVR101 Loin and neck meat weight 1 18 0.0258 Meat and Carcass 

CNVR101 Nonfunctional nipples 1 18 0.0312 Reproduction 

CNVR101 Percentage angular fibers 1 18 0.0087 Meat and Carcass 

CNVR101 Percentage type I fibers 1 18 0.0258 Meat and Carcass 

CNVR101 Time spent drinking 1 18 0.0173 Exterior 

CNVR103 Empty body lipid content 2 38 0.0028 Meat and Carcass 

CNVR103 Intramuscular fat content 5 38 0.0263 Meat and Carcass 

CNVR103 Nonfunctional nipples 2 38 0.0135 Reproduction 

CNVR103 Time spent drinking 1 38 0.0479 Exterior 

CNVR109 Arachidic acid content 2 89 0.0272 Meat and Carcass 

CNVR109 Average chain length 2 89 0.0108 Meat and Carcass 

CNVR109 Double-bond index 2 89 0.0108 Meat and Carcass 

CNVR109 Eicosadienoic acid content 2 89 0.0108 Meat and Carcass 

CNVR109 Fatty acid atherogenic index 2 89 0.0108 Meat and Carcass 

CNVR109 
Interferon-gamma to 

interleukin-10 ratio 
2 89 0.0028 Health 

CNVR109 Myristic acid content 14 89 <0.0001 Meat and Carcass 

CNVR109 
Oleic acid to palmitoleic acid 

ratio 
3 89 0.0017 Meat and Carcass 

CNVR109 
Palmitic acid to myristic acid 

ratio 
7 89 <0.0001 Meat and Carcass 

CNVR109 
Palmitoleic acid to palmitic 

acid ratio 
2 89 0.0485 Meat and Carcass 

CNVR109 
Stearic acid to palmitic acid 

ratio 
2 89 0.0251 Meat and Carcass 
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CNVR109 Unsaturated index 2 89 0.0034 Meat and Carcass 

CNVR122 Hemoglobin 1 6 0.0237 Health 

CNVR122 Leptospirosus susceptibility 1 6 0.0043 Health 

CNVR122 Melanoma susceptibility 1 6 0.0237 Health 

CNVR149 
Diameter of type IIa muscle 

fibers 
1 4 0.0019 Meat and Carcass 

CNVR149 
Diameter of type IIb muscle 

fibers 
1 4 0.0019 Meat and Carcass 

CNVR149 
Number of muscle fibers per 

unit area 
1 4 0.0028 Meat and Carcass 

CNVR149 Total muscle fiber number 1 4 0.0019 Meat and Carcass 

CNVR150 
Backfat between 6th and 7th 

ribs 
1 10 0.0096 Meat and Carcass 

CNVR150 chew score 1 10 0.0096 Meat and Carcass 

CNVR150 Cooking loss 1 10 0.0442 Meat and Carcass 

CNVR150 CSFV antibody level 1 10 0.0096 Health 

CNVR150 Loin muscle area 3 10 0.0018 Meat and Carcass 

CNVR151 Anal atresia 1 9 0.0099 Exterior 

CNVR151 
Backfat between 6th and 7th 

ribs 
1 9 0.0099 Meat and Carcass 

CNVR151 chew score 1 9 0.0099 Meat and Carcass 

CNVR151 Cooking loss 1 9 0.0332 Meat and Carcass 

CNVR151 CSFV antibody level 1 9 0.0099 Health 

CNVR151 Loin muscle area 2 9 0.0099 Meat and Carcass 

CNVR174 

Actinobacillus 

pleuropneumoniae 

susceptibility 

2 20 0.0072 Health 
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CNVR174 Creatinine level 1 20 0.0225 Health 

CNVR174 Eosinophil number 3 20 <0.0001 Health 

CNVR174 Haptoglobin concentration 1 20 0.0280 Health 

CNVR174 Segmented neutrophil number 1 20 0.0225 Health 

CNVR174 Shear force 2 20 0.0225 Meat and Carcass 

CNVR174 Thawing loss 1 20 0.0256 Meat and Carcass 

CNVR174 Toll-like receptor 9 level 1 20 0.0225 Health 

 749 
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Table S5. Genes annotated for CNVRs associated with physiological and anatomical indicators of heat stress response  750 

Trait CNVR CHR Start (bp) End (bp) Ensembl Gene ID Gene Name Gene Biotype 

TES CNVR72 6 132,124,953 132,543,418 ENSSSCG00000053778 

 

lncRNA 

TES CNVR72 6 132,124,953 132,543,418 ENSSSCG00000053778 

 

lncRNA 

TES CNVR72 6 132,124,953 132,543,418 ENSSSCG00000060648 

 

lncRNA 

TES CNVR152 15 24,371,978 24,804,276 ENSSSCG00000031239 

 

protein_coding 

TES CNVR152 15 24,371,978 24,804,276 ENSSSCG00000029304 STEAP3 protein_coding 

TES CNVR152 15 24,371,978 24,804,276 ENSSSCG00000015715 EN1 protein_coding 

TES CNVR152 15 24,371,978 24,804,276 ENSSSCG00000015716 MARCO protein_coding 

TES CNVR152 15 24,371,978 24,804,276 ENSSSCG00000015717 C1QL2 protein_coding 

TES CNVR152 15 24,371,978 24,804,276 ENSSSCG00000055496 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012963 SART1 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012967 FOSL1 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012969 FIBP protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012970 CTSW protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012964 TSGA10IP protein_coding 
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TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012971 EFEMP2 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012973 MUS81 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012974 CFL1 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012975 SNX32 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012957 SF3B2 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000028015 GAL3ST3 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012959 CATSPER1 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012960 CST6 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012961 BANF1 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000027334 EIF1AD protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012965 DRAP1 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012966 C11orf68 protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012968 CCDC85B protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000047888 

 

protein_coding 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000053775 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000054679 

 

lncRNA 



329 
 

 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000062968 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000044139 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000046010 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000051003 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000048633 

 

lncRNA 

TRS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000048776 

 

lncRNA 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012844 SLC25A22 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000049665 

 

pseudogene 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012843 PIDD1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012842 RPLP2 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012836 AP2A2 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012835 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012847 TALDO1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012846 GATD1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012845 CEND1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000060622 

 

protein_coding 
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TTS CNVR21 2 1,111 632,707 ENSSSCG00000032436 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000038912 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014565 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000032591 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000033780 B4GALNT4 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000051760 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000027302 PKP3 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000024389 SIGIRR protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000024569 ANO9 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000037427 PTDSS2 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000032010 RNH1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000031513 HRAS protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000027045 LRRC56 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000030137 LMNTD2 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012854 RASSF7 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014554 

 

protein_coding 
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TTS CNVR21 2 1,111 632,707 ENSSSCG00000014555 ODF3 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014556 BET1L protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014557 RIC8A protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014558 SIRT3 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014559 PSMD13 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000061991 COX8H protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000014561 NLRP6 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000025023 PGGHG protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000040278 IFITM5 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012841 PNPLA2 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000023933 CRACR2B protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012840 CD151 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000059584 

 

protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012838 TSPAN4 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012837 CHID1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000029723 PHRF1 protein_coding 
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TTS CNVR21 2 1,111 632,707 ENSSSCG00000012853 IRF7 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012852 CDHR5 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000040951 SCT protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012851 DRD4 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012850 DEAF1 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000044406 TMEM80 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000012848 EPS8L2 protein_coding 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000063023 

 

lncRNA 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000038005 

 

lncRNA 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000018538 SNORA52 snoRNA 

TTS CNVR21 2 1,111 632,707 ENSSSCG00000019083 

 

miRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012963 SART1 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012967 FOSL1 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012969 FIBP protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012970 CTSW protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012964 TSGA10IP protein_coding 
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TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012971 EFEMP2 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012973 MUS81 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012974 CFL1 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012975 SNX32 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012957 SF3B2 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000028015 GAL3ST3 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012959 CATSPER1 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012960 CST6 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012961 BANF1 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000027334 EIF1AD protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012965 DRAP1 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012966 C11orf68 protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000012968 CCDC85B protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000047888 

 

protein_coding 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000053775 

 

lncRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000054679 

 

lncRNA 
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TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000062968 

 

lncRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000044139 

 

lncRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000046010 

 

lncRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000051003 

 

lncRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000048633 

 

lncRNA 

TTS CNVR23 2 6,179,112 6,495,647 ENSSSCG00000048776 

 

lncRNA 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000031563 

 

protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000060510 

 

protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000031205 

 

protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000040535 LY6E protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000034689 GPIHBP1 protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000033353 LY6H protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000053802 LY6L protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000006958 TOP1MT protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000006959 ZNF696 protein_coding 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000039881 GLI4 protein_coding 
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TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000044186 

 

lncRNA 

TTS CNVR48 4 1,155,293 1,388,468 ENSSSCG00000044784 

 

lncRNA 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000006917 LRRC8C protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000037101 LRRC8B protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000058619 

 

protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000030801 

 

protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000062656 GBP5 protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000063342 

 

protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000058709 

 

protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000006923 GBP2 protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000024973 GBP1 protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000006925 KYAT3 protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000061560 

 

protein_coding 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000058148 

 

lncRNA 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000061208 

 

lncRNA 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000051861 

 

lncRNA 
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TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000062190 

 

lncRNA 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000059700 

 

lncRNA 

TTS CNVR52 4 126,897,791 127,521,733 ENSSSCG00000051720 U2 snRNA 

TTS CNVR65 5 77,179,466 77,352,621 ENSSSCG00000060580 

 

lncRNA 

TTS CNVR105 11 67,375,641 67,671,825 ENSSSCG00000026863 FARP1 protein_coding 

TTS CNVR105 11 67,375,641 67,671,825 ENSSSCG00000060810 

 

pseudogene 

TTS CNVR105 11 67,375,641 67,671,825 ENSSSCG00000009511 STK24 protein_coding 

TTS CNVR105 11 67,375,641 67,671,825 ENSSSCG00000009513 SLC15A1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000022317 SLC38A10 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039183 NDUFAF8 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000028593 TEPSIN protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000044039 

 

protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039807 

 

protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000037364 

 

protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000035852 CSNK1D protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000024018 SLC16A3 protein_coding 
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TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000029553 CCDC57 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000029944 FASN protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000034696 

 

protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017137 METRNL protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000034723 PYCR1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000040352 DUS1L protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000033689 GPS1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000040385 RFNG protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000035253 MAFG protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000034695 SIRT7 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000031851 CBR2 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039650 PCYT2 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039873 DCXR protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000036973 RAC3 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000040503 LRRC45 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000049515 

 

protein_coding 
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TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000040727 ASPSCR1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039013 NOTUM protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000027229 B3GNTL1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017136 TBCD protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017135 

 

pseudogene 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017131 FN3K protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017134 FN3KRP protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000053358 RAB40B protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017125 FOXK2 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017126 NARF protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017127 CYBC1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017143 CEP131 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017128 HEXD protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000032116 OGFOD3 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039849 PVALEF protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017141 AATK protein_coding 
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TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017142 BAIAP2 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017140 CHMP6 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017139 RPTOR protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000032655 ALYREF protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000035837 NPB protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000035728 

 

protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000034058 ARHGDIA protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039148 P4HB protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000037039 PPP1R27 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000039424 MCRIP1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000034891 GCGR protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000033620 SLC25A10 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000033148 MRPL12 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000033082 HGS protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000053661 ARL16 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000034716 CCDC137 protein_coding 
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TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000033788 OXLD1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000053315 PDE6G protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000031531 TSPAN10 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000024235 NPLOC4 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000029616 FAAP100 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000052003 FSCN2 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000028355 ACTG1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000023045 BAHCC1 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000032974 MYADML2 protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000033221 

 

protein_coding 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000048083 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000048182 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000052544 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000051633 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000058976 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000044226 

 

lncRNA 
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TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000052239 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000044793 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000059540 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000057304 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000053087 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000055034 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000057060 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000062857 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000061157 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000057894 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000051900 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000051406 

 

lncRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000024675 

 

miRNA 

TTS CNVR109 12 60,100 1,998,701 ENSSSCG00000017133 WDR45B protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009869 LHX5 protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009870 SDSL protein_coding 
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TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000036865 SDS protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009872 PLBD2 protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009873 DTX1 protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009874 RASAL1 protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009875 CFAP73 protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000009876 DDX54 protein_coding 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000061641 

 

lncRNA 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000056974 

 

lncRNA 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000056447 

 

lncRNA 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000053474 

 

lncRNA 

TTS CNVR134 14 38,219,290 38,645,949 ENSSSCG00000054937 

 

lncRNA 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000010276 UNC5B protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000010277 SLC29A3 protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000010278 

 

protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000038545 C10orf105 protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000010280 

 

protein_coding 
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TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000037377 

 

protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000010281 PSAP protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000023662 CHST3 protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000010283 SPOCK2 protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000023130 ASCC1 protein_coding 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000040734 U6 snRNA 

TTS CNVR138 14 74,176,726 74,990,114 ENSSSCG00000059909 

 

protein_coding 

TTS CNVR147 14 140,199,680 140,419,493 ENSSSCG00000024388 BNIP3 protein_coding 

TTS CNVR147 14 140,199,680 140,419,493 ENSSSCG00000024633 JAKMIP3 protein_coding 

TTS CNVR147 14 140,199,680 140,419,493 ENSSSCG00000053237 

 

lncRNA 

TTS CNVR147 14 140,199,680 140,419,493 ENSSSCG00000027988 

 

lncRNA 

TTS CNVR147 14 140,199,680 140,419,493 ENSSSCG00000045438 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000062495 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000054059 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000056095 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000044561 

 

lncRNA 
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TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000061683 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000051939 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000057614 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000052417 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000042836 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000045303 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000059280 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000052138 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000053822 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000063333 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000059876 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000059361 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000056593 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000056630 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000051141 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000053467 

 

lncRNA 
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TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000056905 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000042540 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000062613 

 

lncRNA 

TTS CNVR167 16 10,588,133 11,083,680 ENSSSCG00000058555 

 

lncRNA 

TV16h CNVR133 14 16,993,535 17,333,398 ENSSSCG00000021805 GALNTL6 protein_coding 

 751 

Table S6. Annoted QTL for autossomal CNVRs associated with physiological and anatomical indicators of heat stress response 752 

Trait CNVR Chr Start (bp) End (bp) QTL type Name 

TES CNVR72 6 132,124,953 132,543,418 Health Alkaline phosphatase activity 

TES CNVR72 6 132,124,953 132,543,418 Reproduction Teat number 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Shear force 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Intramuscular fat content 

TES CNVR72 6 132,124,953 132,543,418 Health Cholesterol level 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Intramuscular fat content 

TES CNVR72 6 132,124,953 132,543,418 Reproduction Teat number 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Backfat at tenth rib 
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TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Backfat at last rib 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Shoulder meat weight 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Backfat at tenth rib 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Muscle moisture percentage 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Carcass temperature 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Muscle fat content 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass muscle protein percentage 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Muscle moisture percentage 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Semimembranosus angle 

TES CNVR72 6 132,124,953 132,543,418 Health Body temperature 

TES CNVR72 6 132,124,953 132,543,418 Exterior Gait score (hind) 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Shoulder weight 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Shoulder weight 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Ham weight 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Muscle conductivity 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Intramuscular fat content 



347 
 

 

TES CNVR72 6 132,124,953 132,543,418 Meat and Carcass Ham weight 

TES CNVR72 6 132,124,953 132,543,418 Reproduction Cryptorchidism 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Loin muscle area 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Loin muscle area 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Meat color 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Cooking loss 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Shear force 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass chew score 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Shear force 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Backfat at tenth rib 

TES CNVR152 15 24,371,978 24,804,276 Exterior Hind leg conformation 

TES CNVR152 15 24,371,978 24,804,276 Exterior Hind feet conformation 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Shear force 

TES CNVR152 15 24,371,978 24,804,276 Reproduction Corpus luteum number 

TES CNVR152 15 24,371,978 24,804,276 Health Interleukin-8 level 

TES CNVR152 15 24,371,978 24,804,276 Health Interleukin-8 level 
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TES CNVR152 15 24,371,978 24,804,276 Health Interleukin-8 level 

TES CNVR152 15 24,371,978 24,804,276 Exterior Splay leg 

TES CNVR152 15 24,371,978 24,804,276 Exterior Splay leg 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Production Feed intake 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Meat and Carcass Muscle pH 

TES CNVR152 15 24,371,978 24,804,276 Reproduction Litter size 

TES CNVR152 15 24,371,978 24,804,276 Reproduction Total number born alive 

TES CNVR152 15 24,371,978 24,804,276 Reproduction Litter size 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin weight 
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TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin and ham percentage in carcass 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Estimated carcass lean content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Percentage of backfat and leaf fat in carcass 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat thickness between 3rd and 4th rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TRS CNVR23 2 6,179,112 6,495,647 Reproduction Teat number 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Ham percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fat-cuts percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Ham meat weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat + bone in ham + back 
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TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin muscle area 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Heart weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Meat color 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Heart weight 

TRS CNVR23 2 6,179,112 6,495,647 Production Average daily gain 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Head weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last lumbar 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at tenth rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at tenth rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last lumbar 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 
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TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin muscle area 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass muscle protein percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at first rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass backfat at P2 position 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass length 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass External fat on loin 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TRS CNVR23 2 6,179,112 6,495,647 Production Average daily gain 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass length 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass weight (hot) 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 
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TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass weight (hot) 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Neck fat weight 

TRS CNVR23 2 6,179,112 6,495,647 Production Feed conversion ratio 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass weight (hot) 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Ham weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Shoulder weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Shear firmness 

TRS CNVR23 2 6,179,112 6,495,647 Health Segmented neutrophil number 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Cutlet weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin muscle area 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fat to meat ratio 

TRS CNVR23 2 6,179,112 6,495,647 Production Body weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Health O2 partial pressure 
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TRS CNVR23 2 6,179,112 6,495,647 Health Oxygen saturation 

TRS CNVR23 2 6,179,112 6,495,647 Exterior Gait score (hind) 

TRS CNVR23 2 6,179,112 6,495,647 Health Hemolytic complement activity (alternative pathway) 

TRS CNVR23 2 6,179,112 6,495,647 Health Hemolytic complement activity (alternative pathway) 

TRS CNVR23 2 6,179,112 6,495,647 Health Hemolytic complement activity (alternative pathway) 

TRS CNVR23 2 6,179,112 6,495,647 Health C3c concentration 

TRS CNVR23 2 6,179,112 6,495,647 Health C3c concentration 

TRS CNVR23 2 6,179,112 6,495,647 Health C3c concentration 

TRS CNVR23 2 6,179,112 6,495,647 Health Creatine kinase level 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TRS CNVR23 2 6,179,112 6,495,647 Production Average daily gain 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Health Interleukin-10 level 

TRS CNVR23 2 6,179,112 6,495,647 Health Toll-like receptor 9 level 

TRS CNVR23 2 6,179,112 6,495,647 Production Bone mineral content 
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TRS CNVR23 2 6,179,112 6,495,647 Exterior Osteochondrosis score 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Adipocyte diameter 

TRS CNVR23 2 6,179,112 6,495,647 Health Actinobacillus pleuropneumoniae susceptibility 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat between 6th and 7th ribs 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat + bone in ham + back 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat + bone in back 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last lumbar 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Cooking loss 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Meat color 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Knuckle ham weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fat protein content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass NADP-malate dehydrogenase activity 
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TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Abdominal fat weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at first rib 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at rump 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Abdominal fat weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at mid-back 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin and neck meat weight 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass cis-Vaccenic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Linoleic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Arachidonic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Subcutaneous fat thickness 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Myristic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitoleic acid content 
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TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Linoleic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Arachidonic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Intramuscular fat content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Myristic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Stearic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Linoleic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Arachidonic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fatty acid C20:3 to C18:2 ratio 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fatty acid C18:1 to C18:0 ratio 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fatty acid C20:3 to C18:2 ratio 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Meat to fat ratio 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Obesity index 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Oleic acid content 

TRS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Monounsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin and ham percentage in carcass 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Estimated carcass lean content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Percentage of backfat and leaf fat in carcass 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat thickness between 3rd and 4th rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last rib 

TTS CNVR21 2 1,111 632,707 Reproduction Teat number 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Ham percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Fat-cuts percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Ham meat weight 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat + bone in ham + back 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin muscle area 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Heart weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Meat color 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Heart weight 

TTS CNVR21 2 1,111 632,707 Production Average daily gain 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle conductivity 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Head weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at tenth rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin muscle area 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last lumbar 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat thickness between 3rd and 4th rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last lumbar 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at tenth rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at tenth rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last lumbar 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin muscle area 

TTS CNVR21 2 1,111 632,707 Meat and Carcass muscle protein percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at first rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass backfat at P2 position 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Carcass length 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass External fat on loin 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle pH 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle pH 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle conductivity 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle conductivity 

TTS CNVR21 2 1,111 632,707 Production Average daily gain 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle pH 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Carcass length 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Carcass weight (hot) 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle pH 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Muscle conductivity 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Carcass weight (hot) 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Neck fat weight 

TTS CNVR21 2 1,111 632,707 Production Feed conversion ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Carcass weight (hot) 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Ham weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Shoulder weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Shear firmness 

TTS CNVR21 2 1,111 632,707 Health Segmented neutrophil number 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Cutlet weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin muscle area 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Fat to meat ratio 

TTS CNVR21 2 1,111 632,707 Production Body weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Health O2 partial pressure 

TTS CNVR21 2 1,111 632,707 Health Oxygen saturation 

TTS CNVR21 2 1,111 632,707 Exterior Gait score (hind) 

TTS CNVR21 2 1,111 632,707 Health Hemolytic complement activity (alternative pathway) 

TTS CNVR21 2 1,111 632,707 Health Hemolytic complement activity (alternative pathway) 

TTS CNVR21 2 1,111 632,707 Health Hemolytic complement activity (alternative pathway) 

TTS CNVR21 2 1,111 632,707 Health C3c concentration 
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TTS CNVR21 2 1,111 632,707 Health C3c concentration 

TTS CNVR21 2 1,111 632,707 Health C3c concentration 

TTS CNVR21 2 1,111 632,707 Health Creatine kinase level 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last rib 

TTS CNVR21 2 1,111 632,707 Production Average daily gain 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat at last rib 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin weight 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Health Interleukin-10 level 

TTS CNVR21 2 1,111 632,707 Health Toll-like receptor 9 level 

TTS CNVR21 2 1,111 632,707 Production Bone mineral content 

TTS CNVR21 2 1,111 632,707 Exterior Osteochondrosis score 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Adipocyte diameter 

TTS CNVR21 2 1,111 632,707 Health Actinobacillus pleuropneumoniae susceptibility 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Loin muscle depth 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Dressing percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid to polyunsaturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Linoleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Oleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid to saturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Dressing percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid to polyunsaturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Linoleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Oleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Dressing percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid to polyunsaturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Linoleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid to saturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Oleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Cooking loss 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Dressing percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Dressing percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid to polyunsaturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Linoleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Oleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid content 
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TTS CNVR21 2 1,111 632,707 Meat and Carcass Backfat between 6th and 7th ribs 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid to polyunsaturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Linoleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Oleic acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Polyunsaturated fatty acid to saturated fatty acid ratio 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Monounsaturated fatty acid content 

TTS CNVR21 2 1,111 632,707 Meat and Carcass eQTL Fat androstenone level 

TTS CNVR21 2 1,111 632,707 Meat and Carcass eQTL Fat androstenone level 

TTS CNVR21 2 1,111 632,707 Meat and Carcass eQTL Fat androstenone level 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Dressing percentage 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Average backfat thickness 

TTS CNVR21 2 1,111 632,707 Meat and Carcass Lean meat percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin weight 
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TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin and ham percentage in carcass 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Estimated carcass lean content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Percentage of backfat and leaf fat in carcass 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat thickness between 3rd and 4th rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TTS CNVR23 2 6,179,112 6,495,647 Reproduction Teat number 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Ham percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fat-cuts percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Ham meat weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat + bone in ham + back 
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TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin muscle area 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Heart weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Meat color 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Heart weight 

TTS CNVR23 2 6,179,112 6,495,647 Production Average daily gain 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Head weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last lumbar 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at tenth rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at tenth rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last lumbar 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 
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TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin muscle area 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass muscle protein percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at first rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass backfat at P2 position 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass length 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass External fat on loin 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TTS CNVR23 2 6,179,112 6,495,647 Production Average daily gain 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass length 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass weight (hot) 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 
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TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle conductivity 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass weight (hot) 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Neck fat weight 

TTS CNVR23 2 6,179,112 6,495,647 Production Feed conversion ratio 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Carcass weight (hot) 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Ham weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Shoulder weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Shear firmness 

TTS CNVR23 2 6,179,112 6,495,647 Health Segmented neutrophil number 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Cutlet weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin muscle area 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fat to meat ratio 

TTS CNVR23 2 6,179,112 6,495,647 Production Body weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Health O2 partial pressure 
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TTS CNVR23 2 6,179,112 6,495,647 Health Oxygen saturation 

TTS CNVR23 2 6,179,112 6,495,647 Exterior Gait score (hind) 

TTS CNVR23 2 6,179,112 6,495,647 Health Hemolytic complement activity (alternative pathway) 

TTS CNVR23 2 6,179,112 6,495,647 Health Hemolytic complement activity (alternative pathway) 

TTS CNVR23 2 6,179,112 6,495,647 Health Hemolytic complement activity (alternative pathway) 

TTS CNVR23 2 6,179,112 6,495,647 Health C3c concentration 

TTS CNVR23 2 6,179,112 6,495,647 Health C3c concentration 

TTS CNVR23 2 6,179,112 6,495,647 Health C3c concentration 

TTS CNVR23 2 6,179,112 6,495,647 Health Creatine kinase level 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TTS CNVR23 2 6,179,112 6,495,647 Production Average daily gain 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Health Interleukin-10 level 

TTS CNVR23 2 6,179,112 6,495,647 Health Toll-like receptor 9 level 

TTS CNVR23 2 6,179,112 6,495,647 Production Bone mineral content 
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TTS CNVR23 2 6,179,112 6,495,647 Exterior Osteochondrosis score 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Adipocyte diameter 

TTS CNVR23 2 6,179,112 6,495,647 Health Actinobacillus pleuropneumoniae susceptibility 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat between 6th and 7th ribs 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat percentage 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat + bone in ham + back 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Lean meat + bone in back 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at last lumbar 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Cooking loss 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Meat color 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Muscle pH 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Knuckle ham weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fat protein content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass NADP-malate dehydrogenase activity 
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TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Average backfat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Abdominal fat weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at first rib 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at rump 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Abdominal fat weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Backfat at mid-back 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Loin and neck meat weight 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass cis-Vaccenic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Linoleic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Arachidonic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Subcutaneous fat thickness 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Myristic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitoleic acid content 
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TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Linoleic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Arachidonic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Intramuscular fat content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Myristic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Stearic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Linoleic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Arachidonic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fatty acid C20:3 to C18:2 ratio 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fatty acid C18:1 to C18:0 ratio 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Fatty acid C20:3 to C18:2 ratio 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Meat to fat ratio 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Obesity index 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Palmitic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Oleic acid content 

TTS CNVR23 2 6,179,112 6,495,647 Meat and Carcass Monounsaturated fatty acid content 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Average backfat thickness 



374 
 

 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Loin muscle area 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Carcass weight (hot) 

TTS CNVR48 4 1,155,293 1,388,468 Production Loin eye area linear 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Total lean tissue linear 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Water holding capacity 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Linoleic acid content 

TTS CNVR48 4 1,155,293 1,388,468 Health Enterotoxigenic E. coli susceptibility 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Shoulder meat weight 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Loin muscle area 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Loin muscle depth 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass backfat at P2 position 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Ham meat weight 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Backfat at last lumbar 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Backfat at last rib 

TTS CNVR48 4 1,155,293 1,388,468 Meat and Carcass Heart weight 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Intramuscular fat content 



375 
 

 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Shear force at first peak 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Total shear work 

TTS CNVR52 4 126,897,791 127,521,733 Reproduction Nonfunctional nipples 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Carcass weight (cold) 

TTS CNVR52 4 126,897,791 127,521,733 Health Calcium level 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Carcass weight (cold) 

TTS CNVR52 4 126,897,791 127,521,733 Exterior Vertebra number 

TTS CNVR52 4 126,897,791 127,521,733 Health Platelet count 

TTS CNVR52 4 126,897,791 127,521,733 Production Days to 90 kg 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Average backfat thickness 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Average backfat thickness 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRS viral load 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRSV susceptibility 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRS viral load 
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TTS CNVR52 4 126,897,791 127,521,733 Health PRRSV susceptibility 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Production Feed intake 

TTS CNVR52 4 126,897,791 127,521,733 Production Feed intake 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRS viral load 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRSV antibody titer 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRSV antibody titer 

TTS CNVR52 4 126,897,791 127,521,733 Meat and Carcass Average backfat thickness 

TTS CNVR52 4 126,897,791 127,521,733 Production Average daily gain 

TTS CNVR52 4 126,897,791 127,521,733 Reproduction Teat number 
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TTS CNVR52 4 126,897,791 127,521,733 Health PRRS viral load 

TTS CNVR52 4 126,897,791 127,521,733 Health PRRS viral load 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass backfat above muscle dorsi 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Shoulder subcutaneous fat thickness 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass backfat above muscle dorsi 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Loin muscle area 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at mid-back 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at mid-back 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at first rib 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Marbling 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at rump 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Shoulder subcutaneous fat thickness 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 
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TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at mid-back 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Carcass weight (hot) 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Muscle pH 

TTS CNVR65 5 77,179,466 77,352,621 Health Haptoglobin concentration 

TTS CNVR65 5 77,179,466 77,352,621 Health Cholesterol level 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Inside ham weight 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Carcass temperature 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Empty body protein linear 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass subjective abnormal odor 

TTS CNVR65 5 77,179,466 77,352,621 Health Alkaline phosphatase activity 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Meat color 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Loin muscle area 
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TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Loin weight 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Ham weight 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Carcass temperature 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Loin and ham percentage in carcass 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Belly weight 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Unsaturated fatty acid content 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Saturated fatty acid content 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Unsaturated fatty acid content 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Carcass length 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Biceps brachii length 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at tenth rib 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Loin muscle area 

TTS CNVR65 5 77,179,466 77,352,621 Health Interleukin-2 level 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Ham weight 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Shear force 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at last lumbar 
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TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Backfat at last rib 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Carcass length 

TTS CNVR65 5 77,179,466 77,352,621 Health Interferon-gamma level 

TTS CNVR65 5 77,179,466 77,352,621 Production Average daily gain 

TTS CNVR65 5 77,179,466 77,352,621 Meat and Carcass Adipocyte diameter 

TTS CNVR65 5 77,179,466 77,352,621 Health CSFV antibody level 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Backfat at mid-back 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Loin muscle area 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Meat color 

TTS CNVR105 11 67,375,641 67,671,825 Exterior Time spent drinking 

TTS CNVR105 11 67,375,641 67,671,825 Health Body temperature 

TTS CNVR105 11 67,375,641 67,671,825 Health Eosinophil number 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Meat color 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Drip loss 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Percentage type I fibers 

TTS CNVR105 11 67,375,641 67,671,825 Reproduction Nonfunctional nipples 



381 
 

 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Lean meat percentage 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Average backfat thickness 

TTS CNVR105 11 67,375,641 67,671,825 Production Feed intake 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Backfat at last rib 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Muscle pH decline 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Muscle fat content 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Muscle moisture percentage 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Empty body lipid content 

TTS CNVR105 11 67,375,641 67,671,825 Reproduction Number of stillborn 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Empty body lipid content 

TTS CNVR105 11 67,375,641 67,671,825 Reproduction Nonfunctional nipples 

TTS CNVR105 11 67,375,641 67,671,825 Health Toll-like receptor 9 level 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Number of ribs 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Linoleic acid content 

TTS CNVR105 11 67,375,641 67,671,825 Health CD4-positive leukocyte percentage 

TTS CNVR105 11 67,375,641 67,671,825 Meat and Carcass Palmitic acid content 
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TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Backfat at tenth rib 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Backfat at mid-back 

TTS CNVR109 12 60,100 1,998,701 Exterior Ear size 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Backfat at last rib 

TTS CNVR109 12 60,100 1,998,701 Health Interleukin-10 level 

TTS CNVR109 12 60,100 1,998,701 Health Toll-like receptor 9 level 

TTS CNVR109 12 60,100 1,998,701 Exterior Vertebra number 

TTS CNVR109 12 60,100 1,998,701 Exterior Thoracic vertebra number 

TTS CNVR109 12 60,100 1,998,701 Health Actinobacillus pleuropneumoniae susceptibility 

TTS CNVR109 12 60,100 1,998,701 Health Actinobacillus pleuropneumoniae susceptibility 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Production Feed intake 
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TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Arachidic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Intramuscular fat content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Stearic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass cis-Vaccenic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Arachidic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Dihomo-gamma-linolenic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Arachidonic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 
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TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Drip loss 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Meat color 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Muscle pH 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Muscle pH 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Dressing percentage 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Average backfat thickness 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Loin weight 

TTS CNVR109 12 60,100 1,998,701 Production Average daily gain 

TTS CNVR109 12 60,100 1,998,701 Production Feed conversion ratio 

TTS CNVR109 12 60,100 1,998,701 Production Feed intake 

TTS CNVR109 12 60,100 1,998,701 Production Age at slaughter 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid to palmitoleic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Muscle pH 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Meat color 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid content 
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TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid to palmitic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid to palmitoleic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid to palmitic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid to palmitoleic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Monounsaturated fatty acid content 
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TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Monounsaturated fatty acid to saturated fatty acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Fatty acid atherogenic index 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Fatty acid atherogenic index 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Double-bond index 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Unsaturated index 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Double-bond index 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Unsaturated index 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Average chain length 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Stearic acid to palmitic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Average chain length 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Stearic acid to palmitic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Eicosadienoic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Eicosadienoic acid content 

TTS CNVR109 12 60,100 1,998,701 Reproduction Teat number 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Myristic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid content 
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TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitoleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Oleic acid content 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass cis-11-Eicosenoic acid content 

TTS CNVR109 12 60,100 1,998,701 Health Interferon-gamma to interleukin-10 ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR109 12 60,100 1,998,701 Health Interferon-gamma to interleukin-10 ratio 

TTS CNVR109 12 60,100 1,998,701 Reproduction Age at puberty 

TTS CNVR109 12 60,100 1,998,701 Meat and Carcass Palmitic acid to myristic acid ratio 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Meat color 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Percentage type I fibers 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Percentage type IIb fibers 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Percentage type I fibers 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Meat color 

TTS CNVR134 14 38,219,290 38,645,949 Production Feed intake 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass backfat above muscle dorsi 
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TTS CNVR134 14 38,219,290 38,645,949 Health C3c concentration 

TTS CNVR134 14 38,219,290 38,645,949 Health Haptoglobin concentration 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Stearic acid content 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Linoleic acid content 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Backfat at last rib 

TTS CNVR134 14 38,219,290 38,645,949 Exterior Osteochondrosis score 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Meat color 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Shear force 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Shear force at first peak 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Shear force at first peak 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Shear force at first peak 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Loin muscle area 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Abdominal fat weight 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Leaf fat weight 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Intestinal fat weight 

TTS CNVR134 14 38,219,290 38,645,949 Health Creatinine level 
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TTS CNVR134 14 38,219,290 38,645,949 Health Creatinine level 

TTS CNVR134 14 38,219,290 38,645,949 Health Potassium level 

TTS CNVR134 14 38,219,290 38,645,949 Health Calcium level 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Adipocyte diameter 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Average instron (star probe) force 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass skatole, sensory panel 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass subjective boar flavor in lean 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass subjective boar flavor in fat 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass subjective abnormal odor 

TTS CNVR134 14 38,219,290 38,645,949 Exterior Front leg conformation 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Meat color 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Meat color 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Trimmed wholesale product / live weight 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Loin muscle area 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Diameter of type IIa muscle fibers 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Percentage type IIb fibers 



390 
 

 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Diameter of type IIb muscle fibers 

TTS CNVR134 14 38,219,290 38,645,949 Reproduction Number of stillborn 

TTS CNVR134 14 38,219,290 38,645,949 Reproduction Reproductive tract weight 

TTS CNVR134 14 38,219,290 38,645,949 Reproduction Total number born alive 

TTS CNVR134 14 38,219,290 38,645,949 Reproduction Total number born alive 

TTS CNVR134 14 38,219,290 38,645,949 Reproduction Total number born alive 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Trimmed wholesale product / carcass weight 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Backfat at last lumbar 

TTS CNVR134 14 38,219,290 38,645,949 Meat and Carcass Average backfat thickness 

TTS CNVR134 14 38,219,290 38,645,949 Exterior Coping behavior 

TTS CNVR134 14 38,219,290 38,645,949 Health Melanoma susceptibility 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Percentage type I fibers 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Percentage type IIb fibers 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Percentage type I fibers 

TTS CNVR138 14 74,176,726 74,990,114 Production Feed intake 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass backfat above muscle dorsi 
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TTS CNVR138 14 74,176,726 74,990,114 Health C3c concentration 

TTS CNVR138 14 74,176,726 74,990,114 Health Haptoglobin concentration 

TTS CNVR138 14 74,176,726 74,990,114 Exterior Osteochondrosis score 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Meat color 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shear force 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shear force at first peak 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shear force at first peak 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shear force at first peak 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Loin muscle area 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Abdominal fat weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Intestinal fat weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Average instron (star probe) force 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Carcass weight (hot) 

TTS CNVR138 14 74,176,726 74,990,114 Production Body weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Ham percentage 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Fat-cuts percentage 
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TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Dressing percentage 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Ham percentage 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Carcass length 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Loin muscle area 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shoulder meat weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Carcass weight (cold) 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Loin and neck meat weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Ham weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shoulder subcutaneous fat thickness 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Average backfat thickness 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Backfat at last rib 

TTS CNVR138 14 74,176,726 74,990,114 Production Feed intake 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Head weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass External fat on ham 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Heart weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Backfat at last rib 
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TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Ham weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Carcass length 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Meat color 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Semimembranosus angle 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Meat color 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Total shear work 

TTS CNVR138 14 74,176,726 74,990,114 Health Salmonella count in liver and spleen 

TTS CNVR138 14 74,176,726 74,990,114 Health Salmonella count in liver 

TTS CNVR138 14 74,176,726 74,990,114 Health Salmonella count in spleen 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Adipocyte diameter 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Adipocyte diameter 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Adipocyte diameter 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Fat protein content 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Muscle pH 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Meat color 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shoulder weight, Boston 
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TTS CNVR138 14 74,176,726 74,990,114 Exterior Cervical vertebra length 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Aspartate aminotransferase activity 

TTS CNVR138 14 74,176,726 74,990,114 Health Mean corpuscular hemoglobin content 
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TTS CNVR138 14 74,176,726 74,990,114 Health Mean corpuscular hemoglobin concentration 

TTS CNVR138 14 74,176,726 74,990,114 Health Red cell distribution width 

TTS CNVR138 14 74,176,726 74,990,114 Health Granular leukocyte to lymphocyte ratio 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Percentage type I fibers 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Shoulder weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Ham meat weight 

TTS CNVR138 14 74,176,726 74,990,114 Meat and Carcass Stearic acid content 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Periweaning failure to thrive syndrome 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 
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TTS CNVR138 14 74,176,726 74,990,114 Production Average daily gain 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR138 14 74,176,726 74,990,114 Health Periweaning failure to thrive syndrome 

TTS CNVR138 14 74,176,726 74,990,114 Health Basophil number 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Meat color 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Thawing loss 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Meat color 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Shear force 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Shear force 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Estimated carcass lean content 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Loin muscle area 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Muscle pH 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Estimated carcass lean content 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Loin muscle depth 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Loin muscle area 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Loin muscle area 
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TTS CNVR147 14 140,199,680 140,419,493 Health Toll-like receptor 9 level 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Loin weight 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Belly weight 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Belly weight 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Number of muscle fibers per unit area 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Total muscle fiber number 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Diameter of type IIa muscle fibers 

TTS CNVR147 14 140,199,680 140,419,493 Meat and Carcass Diameter of type IIb muscle fibers 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Muscle conductivity 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Muscle conductivity 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Muscle conductivity 

TTS CNVR167 16 10,588,133 11,083,680 Reproduction Teat number 

TTS CNVR167 16 10,588,133 11,083,680 Production Feed conversion ratio 

TTS CNVR167 16 10,588,133 11,083,680 Production Feed intake 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass backfat above muscle dorsi 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Shoulder subcutaneous fat thickness 
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TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Belly meat content 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Estimated carcass lean content 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Cooking loss 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Shear force 

TTS CNVR167 16 10,588,133 11,083,680 Reproduction Total number born alive 

TTS CNVR167 16 10,588,133 11,083,680 Exterior Hind leg conformation 

TTS CNVR167 16 10,588,133 11,083,680 Health C3c concentration 

TTS CNVR167 16 10,588,133 11,083,680 Health C3c concentration 

TTS CNVR167 16 10,588,133 11,083,680 Health Change in Mycoplasma hyopneumoniae antibody titer 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Carcass weight (hot) 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Carcass weight (hot) 

TTS CNVR167 16 10,588,133 11,083,680 Health Toll-like receptor 9 level 

TTS CNVR167 16 10,588,133 11,083,680 Health HDL/LDL ratio 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Drip loss 

TTS CNVR167 16 10,588,133 11,083,680 Health Actinobacillus pleuropneumoniae susceptibility 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Meat color 
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TTS CNVR167 16 10,588,133 11,083,680 Health Segmented neutrophil number 

TTS CNVR167 16 10,588,133 11,083,680 Health Interferon-gamma to interleukin-10 ratio 

TTS CNVR167 16 10,588,133 11,083,680 Health CD4-positive, CD8-positive leukocyte percentage 

TTS CNVR167 16 10,588,133 11,083,680 Exterior Front feet conformation 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Cis-11-Eicosenoic acid to arachidic acid ratio 

TTS CNVR167 16 10,588,133 11,083,680 Health Mean corpuscular hemoglobin concentration 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Bacon depth 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Backfat at last lumbar 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Meat color 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Lung weight 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Cooking loss 

TTS CNVR167 16 10,588,133 11,083,680 Meat and Carcass Heart weight 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Meat color 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Percentage type I fibers 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Percentage type IIb fibers 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Percentage type I fibers 
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TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Marbling 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Meat color 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass indole, laboratory 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass androstenone, sensory panel 

TV16h CNVR133 14 16,993,535 17,333,398 Production Feed intake 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass backfat above muscle dorsi 

TV16h CNVR133 14 16,993,535 17,333,398 Exterior Front feet conformation 

TV16h CNVR133 14 16,993,535 17,333,398 Exterior Hind feet conformation 

TV16h CNVR133 14 16,993,535 17,333,398 Health C3c concentration 

TV16h CNVR133 14 16,993,535 17,333,398 Health Haptoglobin concentration 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Stearic acid content 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Linoleic acid content 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Backfat at last rib 

TV16h CNVR133 14 16,993,535 17,333,398 Exterior Osteochondrosis score 

TV16h CNVR133 14 16,993,535 17,333,398 Health CD4-negative, CD8-positive leukocyte percentage 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Meat color 
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TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Shear force 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Shear force at first peak 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Shear force at first peak 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Shear force at first peak 

TV16h CNVR133 14 16,993,535 17,333,398 Exterior rhinitis 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Loin muscle area 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Abdominal fat weight 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Leaf fat weight 

TV16h CNVR133 14 16,993,535 17,333,398 Health Phagocytic activity 

TV16h CNVR133 14 16,993,535 17,333,398 Exterior Anal atresia 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Intramuscular fat content 

TV16h CNVR133 14 16,993,535 17,333,398 Meat and Carcass Intramuscular fat content 
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Table S7. Enriched QTL for CNVRs  associated with physiological and anatomical indicators of heat stress response 754 

Trait QTL 
N 

QTLs 

Total 

annotated 

QTLs 

P-value QTL type 

TES Interleukin-8 level 3 54 0.005113 Health 

TES Muscle pH 7 54 0.004653 Meat and Carcass 

TES Shear force 4 54 0.005113 Meat and Carcass 

TES Splay leg 2 54 0.001732 Exterior 

TRS Abdominal fat weight 2 129 0.04291 Meat and Carcass 

TRS Arachidonic acid content 3 129 0.002237 Meat and Carcass 

TRS Average backfat thickness 10 129 0.001059 Meat and Carcass 

TRS Backfat at last lumbar 3 129 0.013804 Meat and Carcass 

TRS Backfat at last rib 5 129 0.024157 Meat and Carcass 

TRS Backfat percentage 1 129 0.033143 Meat and Carcass 

TRS Bone mineral content 1 129 0.024157 Production 

TRS C3c concentration 3 129 0.003148 Health 
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TRS Carcass weight (hot) 3 129 0.024609 Meat and Carcass 

TRS Cutlet weight 1 129 0.024157 Meat and Carcass 

TRS Fatty acid C20:3 to C18:2 ratio 2 129 0.000384 Meat and Carcass 

TRS Heart weight 2 129 0.044607 Meat and Carcass 

TRS Hemolytic complement activity (alternative pathway) 3 129 0.000355 Health 

TRS Lean meat + bone in back 1 129 0.044607 Meat and Carcass 

TRS Lean meat + bone in ham + back 2 129 0.000861 Meat and Carcass 

TRS Linoleic acid content 3 129 0.025304 Meat and Carcass 

TRS Loin weight 3 129 0.026845 Meat and Carcass 

TRS Neck fat weight 1 129 0.024157 Meat and Carcass 

TRS Obesity index 1 129 0 Meat and Carcass 

TRS Oxygen saturation 1 129 0.033143 Health 

TRS Shear firmness 1 129 0.024157 Meat and Carcass 

TTS Adipocyte diameter 6 581 0.007984 Meat and Carcass 

TTS Arachidonic acid content 4 581 0.009643 Meat and Carcass 

TTS Aspartate aminotransferase activity 14 581 5.75E-18 Health 
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TTS Average backfat thickness 25 581 0.000379 Meat and Carcass 

TTS backfat above muscle dorsi 4 581 0.007984 Meat and Carcass 

TTS Backfat at last lumbar 8 581 0.000177 Meat and Carcass 

TTS Backfat at last rib 13 581 0.007984 Meat and Carcass 

TTS Backfat at mid-back 6 581 0.000365 Meat and Carcass 

TTS Basophil number 10 581 0.000274 Health 

TTS C3c concentration 6 581 0.000379 Health 

TTS Carcass weight (hot) 8 581 0.001814 Meat and Carcass 

TTS Diameter of type IIa muscle fibers 2 581 0.034131 Meat and Carcass 

TTS Diameter of type IIb muscle fibers 2 581 0.041336 Meat and Carcass 

TTS Estimated carcass lean content 4 581 0.008702 Meat and Carcass 

TTS Fatty acid C20:3 to C18:2 ratio 2 581 0.003661 Meat and Carcass 

TTS Ham meat weight 3 581 0.013231 Meat and Carcass 

TTS Ham percentage 3 581 0.007895 Meat and Carcass 

TTS Heart weight 5 581 0.007895 Meat and Carcass 

TTS Hemolytic complement activity (alternative pathway) 3 581 0.007895 Health 
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TTS Interferon-gamma to interleukin-10 ratio 3 581 0.004661 Health 

TTS Lean meat + bone in ham + back 2 581 0.007895 Meat and Carcass 

TTS Linoleic acid content 11 581 1.54E-05 Meat and Carcass 

TTS Loin and ham percentage in carcass 2 581 0.041336 Meat and Carcass 

TTS Loin muscle area 16 581 0.017793 Meat and Carcass 

TTS Loin weight 8 581 0.002929 Meat and Carcass 

TTS Meat color 27 581 0.019621 Meat and Carcass 

TTS Monounsaturated fatty acid to polyunsaturated fatty acid ratio 5 581 0.001246 Meat and Carcass 

TTS Myristic acid content 16 581 1.24E-10 Meat and Carcass 

TTS Obesity index 1 581 0 Meat and Carcass 

TTS Palmitic acid to myristic acid ratio 7 581 3.14E-06 Meat and Carcass 

TTS Percentage type I fibers 4 581 0.003661 Meat and Carcass 

TTS Polyunsaturated fatty acid content 5 581 0.034903 Meat and Carcass 

TTS PRRS viral load 5 581 0.007895 Health 

TTS Shear force at first peak 4 581 0.013231 Meat and Carcass 

TTS subjective abnormal odor 2 581 0.012262 Meat and Carcass 
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TTS Toll-like receptor 9 level 5 581 5.88E-05 Health 

TTS Total shear work 2 581 0.017793 Meat and Carcass 

TV16h androstenone, sensory panel 1 32 0.024975 Meat and Carcass 

TV16h CD4-negative, CD8-positive leukocyte percentage 1 32 0.024975 Health 

TV16h Osteochondrosis score 1 32 0.049764 Exterior 

TV16h Percentage type I fibers 2 32 0.001976 Meat and Carcass 

TV16h Phagocytic activity 1 32 0.024975 Health 

TV16h rhinitis 1 32 0.024975 Exterior 

TV16h Shear force at first peak 3 32 9.3E-05 Meat and Carcass 

 755 



407 
 

 

Table S8. CNVR overlapping with previous reported in the literature 756 

CNVR identified in this study CNVR previous reported 

CHR Start (bp) End (bp) Type Start (bp) End (bp) Reference 

1 1,296,974 1,637,442 Loss 791,057 1,637,441 Stafuzza et al., 2019 

1 1,296,974 1,637,442 Loss 1,637,442 1,843,489 Stafuzza et al., 2019 

1 1,296,974 1,637,442 Loss 934,682 1,687,989 Wang et al., 2020 

1 1,296,974 1,637,442 Loss 408,640 1,826,726 Qiu et al., 2021 

1 2,530,735 2,908,940 Loss 2,667,200 2,812,415 Stafuzza et al., 2019 

1 2,530,735 2,908,940 Loss 2,621,338 2,908,940 Wang et al., 2020 

1 2,530,735 2,908,940 Loss 2,443,530 2,535,265 Qiu et al., 2021 

1 4,621,444 4,690,022 Loss 4,630,315 4,690,022 Stafuzza et al., 2019 

1 4,621,444 4,690,022 Loss 4,621,444 4,644,117 Wang et al., 2020 

1 16,313,130 16,384,057 Loss 16,313,130 16,423,967 Stafuzza et al., 2019 

1 16,313,130 16,384,057 Loss 16,313,130 16,423,967 Wang et al., 2020 

1 20,559,479 21,017,894 Loss 20,559,479 20,646,252 Stafuzza et al., 2019 

1 20,559,479 21,017,894 Loss 20,559,479 20,605,283 Wang et al., 2020 

1 20,559,479 21,017,894 Loss 20,937,207 21,244,650 Qiu et al., 2021 

1 26,407,492 26,757,112 Loss 26,383,627 26,856,773 Stafuzza et al., 2019 

1 53,876,081 54,033,593 Loss 53,913,932 54,144,185 Stafuzza et al., 2019 

1 77,402,476 77,616,272 Loss 77,121,687 78,587,646 Stafuzza et al., 2019 

1 77,402,476 77,616,272 Loss 77,402,476 77,616,272 Wang et al., 2020 

1 77,402,476 77,616,272 Loss 77,557,668 77,673,521 Qiu et al., 2021 

1 77,973,487 78,233,457 Loss 77,121,687 78,587,646 Stafuzza et al., 2019 

1 77,973,487 78,233,457 Loss 77,973,487 78,061,517 Wang et al., 2020 

1 236,249,595 236,578,086 Loss 236,322,472 236,472,874 Qiu et al., 2021 

1 296,787,813 296,854,248 Gain 296,787,813 296,820,153 Stafuzza et al., 2019 

1 296,787,813 296,854,248 Gain 296,854,248 296,990,508 Wang et al., 2020 

1 307,493,558 307,591,248 Loss 307,419,517 307,718,072 Stafuzza et al., 2019 

1 307,493,558 307,591,248 Loss 307,375,644 307,718,072 Wang et al., 2020 

2 1,111 632,707 Loss 0 16,416 Stafuzza et al., 2019 

2 1,111 632,707 Loss 16,417 632,707 Stafuzza et al., 2019 

2 1,111 632,707 Loss 1,111 632,707 Wang et al., 2020 

2 1,111 632,707 Loss 27,459 2,407,984 Qiu et al., 2021 

2 1,728,741 1,792,444 Loss 27,459 2,407,984 Qiu et al., 2021 

2 6,179,112 6,495,647 Loss 2,599,113 7,209,835 Stafuzza et al., 2019 

2 6,179,112 6,495,647 Loss 6,433,744 7,143,618 Qiu et al., 2021 
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2 12,967,586 13,092,623 Gain 12,776,098 13,042,380 Qiu et al., 2021 

2 24,340,490 24,950,665 Loss 23,588,944 25,881,871 Stafuzza et al., 2019 

2 38,779,149 39,302,035 Loss 38,779,149 39,302,035 Stafuzza et al., 2019 

2 102,222,805 102,440,993 Gain 101,918,372 103,098,050 Stafuzza et al., 2019 

2 102,222,805 102,440,993 Gain 102,231,770 102,528,479 Qiu et al., 2021 

2 106,076,632 106,307,761 Loss 105,908,671 106,135,493 Qiu et al., 2021 

2 110,341,590 110,423,447 Loss 110,005,387 110,423,447 Stafuzza et al., 2019 

2 110,341,590 110,423,447 Loss 109,934,488 110,341,590 Wang et al., 2020 

2 130,241,255 130,487,175 Loss 130,371,168 130,487,175 Stafuzza et al., 2019 

2 137,484,909 137,871,651 Loss 137,484,909 137,652,218 Stafuzza et al., 2019 

2 137,484,909 137,871,651 Loss 137,539,178 137,652,218 Wang et al., 2020 

2 139,079,932 139,475,283 Loss 138,737,642 139,418,070 Stafuzza et al., 2019 

2 157,653,015 158,139,060 Loss 156,951,510 158,488,428 Stafuzza et al., 2019 

2 157,653,015 158,139,060 Loss 157,653,015 158,725,835 Wang et al., 2020 

2 158,549,163 158,748,978 Loss 157,653,015 158,725,835 Wang et al., 2020 

3 60,993 905,589 Loss 56,943 240,240 Stafuzza et al., 2019 

3 60,993 905,589 Loss 240,241 364,888 Stafuzza et al., 2019 

3 60,993 905,589 Loss 364,889 667,215 Stafuzza et al., 2019 

3 60,993 905,589 Loss 667,216 1,045,800 Stafuzza et al., 2019 

3 60,993 905,589 Loss 56,943 1,093,425 Wang et al., 2020 

3 60,993 905,589 Loss 162,027 2,071,648 Qiu et al., 2021 

3 1,157,712 1,540,289 Loss 1,045,801 1,243,957 Stafuzza et al., 2019 

3 1,157,712 1,540,289 Loss 1,243,958 1,368,601 Stafuzza et al., 2019 

3 1,157,712 1,540,289 Loss 1,368,602 1,695,804 Stafuzza et al., 2019 

3 1,157,712 1,540,289 Loss 1,368,601 1,389,228 Wang et al., 2020 

3 1,157,712 1,540,289 Loss 1,456,146 1,803,026 Wang et al., 2020 

3 1,157,712 1,540,289 Loss 162,027 2,071,648 Qiu et al., 2021 

3 1,775,581 1,803,026 Loss 1,695,805 1,797,693 Stafuzza et al., 2019 

3 1,775,581 1,803,026 Loss 1,797,694 3,709,764 Stafuzza et al., 2019 

3 1,775,581 1,803,026 Loss 1,456,146 1,803,026 Wang et al., 2020 

3 1,775,581 1,803,026 Loss 162,027 2,071,648 Qiu et al., 2021 

3 11,450,046 11,519,897 Loss 11,428,687 11,519,897 Stafuzza et al., 2019 

3 11,450,046 11,519,897 Loss 11,450,046 11,519,897 Wang et al., 2020 

3 17,333,664 17,509,970 Loss 16,839,756 17,428,593 Stafuzza et al., 2019 

3 69,789,999 70,298,496 Loss 68,404,896 70,024,504 Stafuzza et al., 2019 

3 69,789,999 70,298,496 Loss 69,556,858 69,916,171 Qiu et al., 2021 
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3 69,789,999 70,298,496 Loss 70,206,783 70,405,384 Qiu et al., 2021 

3 102,698,568 102,763,903 Loss 102,720,554 103,294,448 Qiu et al., 2021 

3 113,053,130 113,163,300 Loss 113,098,233 113,206,566 Qiu et al., 2021 

4 1,155,293 1,388,468 Loss 1,037,908 3,046,732 Stafuzza et al., 2019 

4 1,155,293 1,388,468 Loss 1,166,037 1,322,698 Wang et al., 2020 

4 1,155,293 1,388,468 Loss 884,022 2,188,011 Qiu et al., 2021 

4 17,865,227 18,008,464 Loss 17,865,227 18,008,464 Stafuzza et al., 2019 

4 19,578,395 19,626,320 Loss 19,375,745 19,802,086 Qiu et al., 2021 

4 27,913,643 28,349,829 Loss 27,832,880 29,731,872 Stafuzza et al., 2019 

4 73,783,788 74,095,578 Loss 73,747,755 74,095,578 Stafuzza et al., 2019 

4 73,783,788 74,095,578 Loss 72,992,609 74,231,975 Qiu et al., 2021 

4 80,721,007 80,767,798 Loss 80,754,393 81,229,506 Qiu et al., 2021 

4 126,897,791 127,521,733 Loss 126,897,791 128,153,004 Stafuzza et al., 2019 

4 126,897,791 127,521,733 Loss 127,128,614 127,162,411 Qiu et al., 2021 

4 127,645,367 127,879,136 Loss 126,897,791 128,153,004 Stafuzza et al., 2019 

4 127,645,367 127,879,136 Loss 127,744,808 127,765,026 Wang et al., 2020 

4 131,676,536 132,009,191 Loss 131,423,303 131,918,945 Stafuzza et al., 2019 

4 131,676,536 132,009,191 Loss 131,539,062 131,691,287 Wang et al., 2020 

5 2,847 285,237 Loss 2,847 1,787,761 Stafuzza et al., 2019 

5 2,847 285,237 Loss 2,847 4,879 Wang et al., 2020 

5 2,847 285,237 Loss 267,257 337,175 Wang et al., 2020 

5 2,847 285,237 Loss 222,125 1,460,083 Qiu et al., 2021 

5 548,113 1,210,042 Loss 2,847 1,787,761 Stafuzza et al., 2019 

5 548,113 1,210,042 Loss 548,113 775,856 Wang et al., 2020 

5 548,113 1,210,042 Loss 222,125 1,460,083 Qiu et al., 2021 

5 2,006,549 2,052,182 Loss 1,853,897 3,057,476 Stafuzza et al., 2019 

5 2,006,549 2,052,182 Loss 1,897,047 2,033,140 Wang et al., 2020 

5 2,144,424 2,559,524 Loss 1,853,897 3,057,476 Stafuzza et al., 2019 

5 2,144,424 2,559,524 Loss 2,520,748 2,546,827 Wang et al., 2020 

5 2,144,424 2,559,524 Loss 2,249,879 2,281,918 Qiu et al., 2021 

5 2,144,424 2,559,524 Loss 2,494,251 2,811,761 Qiu et al., 2021 

5 2,935,602 3,182,357 Loss 1,853,897 3,057,476 Stafuzza et al., 2019 

5 2,935,602 3,182,357 Loss 3,057,477 3,095,194 Stafuzza et al., 2019 

5 2,935,602 3,182,357 Loss 3,095,195 3,136,770 Stafuzza et al., 2019 

5 2,935,602 3,182,357 Loss 2,975,876 3,198,349 Wang et al., 2020 

5 29,640,202 29,787,794 Gain 29,640,202 29,952,075 Stafuzza et al., 2019 
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5 63,917,069 64,229,196 Loss 63,787,481 64,458,916 Qiu et al., 2021 

5 64,347,352 64,392,680 Loss 63,787,481 64,458,916 Qiu et al., 2021 

5 77,179,466 77,352,621 Loss 77,085,316 77,253,445 Qiu et al., 2021 

5 99,716,210 99,952,686 Loss 99,696,730 99,972,762 Stafuzza et al., 2019 

5 99,716,210 99,952,686 Loss 99,674,382 99,882,649 Qiu et al., 2021 

5 110,482,927 111,027,924 Loss 110,220,891 111,027,924 Stafuzza et al., 2019 

5 110,482,927 111,027,924 Loss 110,482,927 111,027,924 Wang et al., 2020 

6 1,033,257 1,281,226 Loss 504,971 1,122,428 Stafuzza et al., 2019 

6 1,033,257 1,281,226 Loss 1,122,428 1,281,225 Stafuzza et al., 2019 

6 1,033,257 1,281,226 Loss 1,281,226 1,593,899 Stafuzza et al., 2019 

6 1,033,257 1,281,226 Loss 215,317 1,588,597 Wang et al., 2020 

6 1,033,257 1,281,226 Loss 51,842 1,462,744 Qiu et al., 2021 

6 2,952,600 3,336,730 Loss 2,899,444 2,952,600 Stafuzza et al., 2019 

6 2,952,600 3,336,730 Loss 2,952,601 4,085,043 Stafuzza et al., 2019 

6 2,952,600 3,336,730 Loss 2,487,882 2,952,600 Wang et al., 2020 

6 2,952,600 3,336,730 Loss 3,152,461 3,577,211 Wang et al., 2020 

6 2,952,600 3,336,730 Loss 2,262,060 3,625,829 Qiu et al., 2021 

6 132,124,953 132,543,418 Mixed 132,116,850 133,090,986 Stafuzza et al., 2019 

6 132,124,953 132,543,418 Mixed 132,322,578 132,814,494 Wang et al., 2020 

6 132,647,018 132,704,049 Loss 132,116,850 133,090,986 Stafuzza et al., 2019 

6 132,647,018 132,704,049 Loss 132,322,578 132,814,494 Wang et al., 2020 

7 30,314,760 30,550,361 Loss 30,277,462 30,340,595 Stafuzza et al., 2019 

7 31,976,416 32,267,617 Loss 31,800,221 32,499,186 Stafuzza et al., 2019 

7 37,900,142 37,967,748 Loss 37,857,382 38,057,569 Qiu et al., 2021 

7 50,084,357 50,518,151 Loss 50,231,835 50,286,342 Wang et al., 2020 

7 50,084,357 50,518,151 Loss 50,429,945 51,376,033 Qiu et al., 2021 

7 58,397,650 58,558,358 Loss 58,529,872 58,558,358 Wang et al., 2020 

7 112,964,257 113,292,023 Loss 113,081,934 113,391,764 Stafuzza et al., 2019 

7 112,964,257 113,292,023 Loss 112,784,720 113,122,517 Qiu et al., 2021 

8 23,033,602 23,328,747 Loss 23,033,602 24,033,377 Stafuzza et al., 2019 

8 23,033,602 23,328,747 Loss 23,147,683 23,234,622 Wang et al., 2020 

8 23,033,602 23,328,747 Loss 22,905,249 23,111,564 Qiu et al., 2021 

8 108,840,104 108,903,615 Loss 108,799,389 108,903,615 Stafuzza et al., 2019 

8 114,376,195 114,407,527 Loss 114,376,195 114,407,527 Stafuzza et al., 2019 

8 114,376,195 114,407,527 Loss 114,376,195 114,407,527 Wang et al., 2020 

8 122,249,328 122,288,920 Gain 122,249,328 122,365,670 Wang et al., 2020 
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8 122,249,328 122,288,920 Gain 122,083,319 122,505,268 Qiu et al., 2021 

8 123,960,362 124,128,258 Loss 123,895,414 123,996,880 Stafuzza et al., 2019 

8 123,960,362 124,128,258 Loss 123,895,414 123,996,880 Wang et al., 2020 

8 131,207,688 131,694,842 Loss 131,207,688 131,694,842 Stafuzza et al., 2019 

8 131,207,688 131,694,842 Loss 130,821,518 131,495,872 Qiu et al., 2021 

8 137,114,772 137,134,554 Loss 135,332,909 137,509,645 Stafuzza et al., 2019 

9 130,785,204 130,830,299 Gain 130,802,093 131,113,367 Qiu et al., 2021 

9 148,629,187 148,681,260 Loss 148,280,848 148,877,122 Stafuzza et al., 2019 

10 5,204,072 5,514,795 Loss 5,282,479 5,608,014 Stafuzza et al., 2019 

10 5,204,072 5,514,795 Loss 5,459,685 5,591,980 Wang et al., 2020 

10 39,272,858 39,507,554 Loss 39,272,858 39,507,554 Stafuzza et al., 2019 

10 47,123,541 47,259,902 Loss 47,188,024 47,475,119 Wang et al., 2020 

11 11,663,909 11,724,233 Loss 11,663,909 11,891,740 Stafuzza et al., 2019 

11 32,127,787 32,515,591 Loss 31,956,957 32,154,968 Stafuzza et al., 2019 

11 40,013,884 40,160,781 Loss 39,919,176 42,118,356 Stafuzza et al., 2019 

11 40,013,884 40,160,781 Loss 39,893,652 40,308,946 Qiu et al., 2021 

11 47,243,159 47,452,970 Loss 47,282,526 47,452,970 Stafuzza et al., 2019 

11 59,735,869 61,470,768 Mixed 58,988,824 62,480,762 Stafuzza et al., 2019 

11 59,735,869 61,470,768 Mixed 59,153,609 60,030,798 Qiu et al., 2021 

11 59,735,869 61,470,768 Mixed 61,386,952 61,678,667 Qiu et al., 2021 

11 64,479,055 65,142,186 Loss 64,674,579 65,203,181 Stafuzza et al., 2019 

11 64,479,055 65,142,186 Loss 64,478,176 64,942,423 Qiu et al., 2021 

11 67,375,641 67,671,825 Loss 67,375,641 67,422,576 Stafuzza et al., 2019 

11 67,375,641 67,671,825 Loss 67,422,577 67,548,214 Stafuzza et al., 2019 

11 67,375,641 67,671,825 Loss 67,278,759 67,422,576 Wang et al., 2020 

11 86,175,659 86,395,677 Loss 85,498,496 86,896,318 Stafuzza et al., 2019 

11 86,175,659 86,395,677 Loss 86,022,171 86,552,276 Wang et al., 2020 

11 86,708,117 86,796,356 Loss 85,498,496 86,896,318 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 0 320,417 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 320,418 437,614 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 437,615 490,193 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 490,194 634,357 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 634,358 884,329 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 884,330 985,539 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 985,540 2,445,965 Stafuzza et al., 2019 

12 60,100 1,998,701 Mixed 1,279 1,759,150 Wang et al., 2020 
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12 60,100 1,998,701 Mixed 146,373 2,371,834 Qiu et al., 2021 

12 6,034,340 6,161,500 Loss 6,028,598 6,484,229 Stafuzza et al., 2019 

12 6,034,340 6,161,500 Loss 6,028,598 6,161,500 Wang et al., 2020 

12 7,385,966 7,581,758 Gain 7,385,966 7,800,339 Stafuzza et al., 2019 

12 7,385,966 7,581,758 Gain 7,565,937 7,668,938 Qiu et al., 2021 

12 23,645,644 23,760,296 Loss 23,645,644 23,760,296 Wang et al., 2020 

12 23,645,644 23,760,296 Loss 23,605,417 24,199,377 Qiu et al., 2021 

12 46,257,013 46,339,202 Loss 46,290,007 46,339,202 Wang et al., 2020 

13 12,386,754 12,485,442 Loss 12,442,742 12,598,280 Qiu et al., 2021 

13 81,326,561 81,437,311 Loss 81,236,265 81,437,311 Stafuzza et al., 2019 

13 102,306,232 102,458,997 Loss 102,377,734 102,458,997 Stafuzza et al., 2019 

13 102,306,232 102,458,997 Loss 102,377,734 102,458,997 Wang et al., 2020 

13 194,292,500 194,386,412 Loss 194,099,336 194,470,218 Stafuzza et al., 2019 

13 194,665,680 196,342,442 Loss 195,800,128 197,449,273 Stafuzza et al., 2019 

13 194,665,680 196,342,442 Loss 194,854,804 195,215,153 Qiu et al., 2021 

13 196,810,429 197,241,857 Loss 195,800,128 197,449,273 Stafuzza et al., 2019 

13 196,810,429 197,241,857 Loss 197,092,574 197,462,836 Qiu et al., 2021 

13 200,335,858 200,366,615 Loss 200,335,858 201,166,260 Stafuzza et al., 2019 

13 200,765,190 201,339,708 Loss 200,335,858 201,166,260 Stafuzza et al., 2019 

13 200,765,190 201,339,708 Loss 200,767,905 200,928,287 Qiu et al., 2021 

13 204,430,769 204,569,521 Loss 204,187,794 204,458,963 Qiu et al., 2021 

13 204,734,507 204,819,522 Loss 204,798,820 204,845,516 Qiu et al., 2021 

13 206,943,236 207,322,709 Loss 206,903,047 207,119,934 Stafuzza et al., 2019 

13 206,943,236 207,322,709 Loss 206,903,047 207,062,660 Wang et al., 2020 

13 206,943,236 207,322,709 Loss 206,578,011 208,240,759 Qiu et al., 2021 

13 216,912,741 217,056,683 Loss 216,907,306 217,122,230 Stafuzza et al., 2019 

13 216,912,741 217,056,683 Loss 216,907,306 217,689,499 Wang et al., 2020 

13 218,141,951 218,612,146 Loss 218,111,694 218,612,146 Stafuzza et al., 2019 

13 218,141,951 218,612,146 Loss 217,778,010 218,612,146 Wang et al., 2020 

14 52,573,859 52,621,172 Loss 52,573,859 53,488,013 Stafuzza et al., 2019 

14 73,479,608 73,695,090 Loss 73,670,990 73,788,843 Wang et al., 2020 

14 74,176,726 74,990,114 Loss 74,915,088 75,672,762 Stafuzza et al., 2019 

14 102,480,650 102,988,071 Loss 102,629,597 102,728,645 Stafuzza et al., 2019 

14 102,480,650 102,988,071 Loss 102,629,356 102,703,160 Qiu et al., 2021 

14 104,441,890 105,084,009 Mixed 103,891,750 104,759,248 Stafuzza et al., 2019 

14 132,285,105 132,353,947 Loss 132,324,567 132,650,143 Qiu et al., 2021 
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14 136,444,819 137,178,653 Loss 136,557,301 137,063,119 Stafuzza et al., 2019 

14 136,444,819 137,178,653 Loss 136,655,094 136,799,764 Qiu et al., 2021 

14 136,444,819 137,178,653 Loss 137,077,958 137,148,948 Qiu et al., 2021 

14 139,546,885 139,906,120 Loss 139,484,309 141,719,266 Qiu et al., 2021 

14 140,199,680 140,419,493 Loss 139,484,309 141,719,266 Qiu et al., 2021 

14 141,068,807 141,208,015 Loss 139,484,309 141,719,266 Qiu et al., 2021 

14 151,966,127 153,374,972 Loss 152,135,829 152,836,608 Stafuzza et al., 2019 

14 151,966,127 153,374,972 Loss 152,836,609 152,918,637 Stafuzza et al., 2019 

14 151,966,127 153,374,972 Loss 152,918,638 153,836,231 Stafuzza et al., 2019 

14 151,966,127 153,374,972 Loss 152,072,031 153,836,231 Wang et al., 2020 

15 9,519,813 10,711,345 Loss 9,886,601 10,424,015 Stafuzza et al., 2019 

15 9,519,813 10,711,345 Loss 10,104,238 10,362,171 Wang et al., 2020 

15 9,519,813 10,711,345 Loss 8,291,413 9,850,344 Qiu et al., 2021 

15 12,597,728 12,844,713 Loss 12,320,526 12,844,713 Stafuzza et al., 2019 

15 17,097,658 17,123,356 Loss 16,828,036 17,304,533 Stafuzza et al., 2019 

15 30,831,468 31,122,672 Loss 30,852,279 31,429,514 Qiu et al., 2021 

15 33,345,253 33,617,369 Loss 33,268,982 33,365,983 Stafuzza et al., 2019 

15 33,345,253 33,617,369 Loss 33,365,984 33,617,369 Stafuzza et al., 2019 

15 48,845,490 49,845,075 Loss 48,790,892 49,439,076 Stafuzza et al., 2019 

15 69,448,740 69,693,811 Loss 69,276,645 70,035,825 Stafuzza et al., 2019 

15 69,448,740 69,693,811 Loss 69,276,645 69,693,811 Wang et al., 2020 

15 125,908,102 126,154,684 Loss 117,834,922 127,553,332 Stafuzza et al., 2019 

15 126,439,963 127,295,381 Loss 117,834,922 127,553,332 Stafuzza et al., 2019 

15 126,439,963 127,295,381 Loss 127,116,371 127,140,502 Qiu et al., 2021 

15 127,544,621 127,786,638 Loss 117,834,922 127,553,332 Stafuzza et al., 2019 

15 134,842,540 134,994,861 Loss 134,531,547 134,919,214 Stafuzza et al., 2019 

15 134,842,540 134,994,861 Loss 134,742,181 134,919,214 Wang et al., 2020 

15 137,449,752 137,725,895 Loss 137,417,592 140,139,156 Qiu et al., 2021 

15 138,365,140 138,453,739 Gain 137,417,592 140,139,156 Qiu et al., 2021 

15 154,198,036 154,217,738 Loss 151,295,030 154,922,053 Stafuzza et al., 2019 

15 154,198,036 154,217,738 Loss 154,198,036 154,963,296 Wang et al., 2020 

15 154,516,149 154,590,998 Loss 151,295,030 154,922,053 Stafuzza et al., 2019 

15 154,516,149 154,590,998 Loss 154,198,036 154,963,296 Wang et al., 2020 

16 2,294,773 2,931,783 Loss 2,278,462 3,066,542 Stafuzza et al., 2019 

16 2,294,773 2,931,783 Loss 2,366,658 2,421,778 Wang et al., 2020 

16 2,294,773 2,931,783 Loss 2,568,549 3,066,542 Wang et al., 2020 
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16 2,294,773 2,931,783 Loss 2,389,967 3,024,209 Qiu et al., 2021 

16 10,588,133 11,083,680 Loss 10,595,674 10,894,800 Qiu et al., 2021 

16 11,287,880 11,615,935 Loss 11,509,437 11,667,410 Stafuzza et al., 2019 

16 14,404,612 14,706,916 Loss 14,337,125 14,605,020 Qiu et al., 2021 

16 30,289,787 30,566,627 Loss 30,289,787 30,566,627 Stafuzza et al., 2019 

16 85,407,012 86,024,383 Loss 84,005,681 85,843,097 Stafuzza et al., 2019 

16 85,407,012 86,024,383 Loss 85,843,098 85,889,875 Stafuzza et al., 2019 

16 85,407,012 86,024,383 Loss 85,889,876 86,024,383 Stafuzza et al., 2019 

16 85,407,012 86,024,383 Loss 85,677,427 86,024,383 Wang et al., 2020 

17 2,202,762 2,730,970 Loss 2,038,218 2,679,834 Stafuzza et al., 2019 

17 2,202,762 2,730,970 Loss 2,300,590 2,434,592 Wang et al., 2020 

17 2,202,762 2,730,970 Loss 2,446,954 2,580,356 Qiu et al., 2021 

17 2,202,762 2,730,970 Loss 2,619,190 2,774,389 Qiu et al., 2021 

17 3,434,809 3,642,846 Loss 3,459,318 3,642,846 Stafuzza et al., 2019 

17 3,434,809 3,642,846 Loss 3,335,446 3,557,919 Qiu et al., 2021 

18 6,247,938 6,366,290 Loss 6,303,226 6,366,290 Stafuzza et al., 2019 

18 6,247,938 6,366,290 Loss 6,331,960 6,525,480 Wang et al., 2020 

18 32,234,894 32,451,272 Loss 32,189,513 32,295,375 Stafuzza et al., 2019 

18 38,984,087 39,185,391 Loss 38,488,658 39,185,391 Stafuzza et al., 2019 
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CHAPTER 5: General conclusions 1 

This study has contributed to understanding the genetic architecture underlying 2 

HS response indicators and related traits in pigs. The new insights on the genetic 3 

background of HS response traits provides valuable knowledge for designing breeding 4 

goals aiming to enhance resilience in pigs.  5 

As discussed on Chapter 2, including non-additive genetic effects do not improve 6 

the accuracy of genomic breeding values for performance traits in purebred pigs. 7 

However, it did lead to a significant re-ranking of selection candidates depending on the 8 

model fitted, especially models including epistasis effects. Furthermore, most of the HS 9 

response indicators in crossbred pigs presented low non-additive genetic variance 10 

estimates, except for the panting score and hair density traits.  11 

As presented on Chapter 3, the candidate genes for the HS response indicators and 12 

with potential pleiotropic effects identified are involved in heat shock protein activities, 13 

immune response, and cellular oxidative stress, indicating the importance of these 14 

biological processes in HS response. Additionally, physiological and anatomical 15 

indicators of HS response exhibited some variants with pleiotropic effects, indicating that 16 

some genomic regions influence multiple physiological and anatomical indicators of HS 17 

response. Many candidate genes with potential pleiotropic effects are associated with 18 

catalytic activities to reduce cell damage from oxidative stress and cellular mechanisms 19 

related to immune response were identified, providing valuable insights for breeding 20 

programs aimed at improving HS resilience in pigs. The findings have significant 21 

implications for advancing breeding programs aimed at improving heat tolerance in pigs. 22 

In Chapter 4, various CNVs and CNVRs were detected in the population. The 23 

most prevalent CNVRs were found to overlap with genes associated with responses to 24 

cellular oxidative stress and immune reactions. These findings suggest that these CNVRs 25 
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may affect the regulation of biological processes related to adaptation and resilience to 26 

HS. Additionally, 15 CNVRs were significantly associated with skin and vaginal 27 

temperatures, which are physiological indicators of HS response in lactating sows. These 28 

CNVRs overlapped several genes and QTL involved in immune and stress responses, 29 

which are important biological processes in the HS response.  30 


