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Introduction: Porcine reproductive and respiratory syndrome virus (PRRSV) causes respiratory disease in piglets and reproductive disease in sows. Piglet and fetal serum thyroid hormone (i.e., T3 and T4) levels decrease rapidly in response to Porcine reproductive and respiratory syndrome virus infection. However, the genetic control of T3 and T4 levels during infection is not completely understood. Our objective was to estimate genetic parameters and identify quantitative trait loci (QTL) for absolute T3 and/or T4 levels of piglets and fetuses challenged with Porcine reproductive and respiratory syndrome virus.
Methods: Sera from 5-week-old pigs (N = 1792) at 11 days post inoculation (DPI) with Porcine reproductive and respiratory syndrome virus were assayed for T3 levels (piglet_T3). Sera from fetuses (N = 1,267) at 12 or 21 days post maternal inoculation (DPMI) with Porcine reproductive and respiratory syndrome virus of sows (N = 145) in late gestation were assayed for T3 (fetal_T3) and T4 (fetal_T4) levels. Animals were genotyped using 60 K Illumina or 650 K Affymetrix single nucleotide polymorphism (SNP) panels. Heritabilities, phenotypic correlations, and genetic correlations were estimated using ASREML; genome wide association studies were performed for each trait separately using Julia for Whole-genome Analysis Software (JWAS).
Results: All three traits were low to moderately heritable (10%–16%). Phenotypic and genetic correlations of piglet_T3 levels with weight gain (0–42 DPI) were 0.26 ± 0.03 and 0.67 ± 0.14, respectively. Nine significant quantitative trait loci were identified for piglet_T3, on Sus scrofa chromosomes (SSC) 3, 4, 5, 6, 7, 14, 15, and 17, and collectively explaining 30% of the genetic variation (GV), with the largest quantitative trait loci identified on SSC5, explaining 15% of the genetic variation. Three significant quantitative trait loci were identified for fetal_T3 on SSC1 and SSC4, which collectively explained 10% of the genetic variation. Five significant quantitative trait loci were identified for fetal_T4 on SSC1, 6, 10, 13, and 15, which collectively explained 14% of the genetic variation. Several putative immune-related candidate genes were identified, including CD247, IRF8, and MAPK8.
Discussion: Thyroid hormone levels following Porcine reproductive and respiratory syndrome virus infection were heritable and had positive genetic correlations with growth rate. Multiple quantitative trait loci with moderate effects were identified for T3 and T4 levels during challenge with Porcine reproductive and respiratory syndrome virus and candidate genes were identified, including several immune-related genes. These results advance our understanding of growth effects of both piglet and fetal response to Porcine reproductive and respiratory syndrome virus infection, revealing factors associated with genomic control of host resilience.
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1 INTRODUCTION
Porcine reproductive and respiratory syndrome virus (PRRSV) infection causes respiratory disease in swine of all ages and reproductive disease in pregnant females (Lunney et al., 2016). PRRSV is highly infectious, persistent, and exceptionally variable. PRRS results in significant economic losses, last estimated at $664 million dollars per year in the U.S. alone (Holtkamp et al., 2013). Although vaccination and biosecurity efforts have partially reduced losses associated with PRRS, more opportunities exist to incorporate favorable genetics and identify novel biomarkers for selection of resilience replacement stock. Previous works have established a strong host genetic component to piglet (Dekkers et al., 2017) and fetal (Harding et al., 2017) response to PRRSV challenge, indicating potential to improve host response to infection.
Thyroid hormones affect a wide range of biological processes, such as growth (Cabello and Wrutniak, 1989), metabolism (Mullur et al., 2014), and development (Forhead and Fowden, 2014). The thyroid gland produces two main hormones: triiodothyronine (T3) and thyroxin (T4). T3 is the more bioactive derivative, although T4 is more abundant. Under homeostatic conditions, these two hormones are under tight regulation by the hypothalamic-pituitary-thyroid axis (HPT). In swine, thyroid hormone levels and associated HPT axis products have been shown to be altered due to feed intake (Buonomo and Baile, 1991), diet (Spiegel et al., 1993; Carroll et al., 1998), lipopolysaccharide (LPS) challenge (Castro et al., 2013), and PRRSV challenge (Pasternak et al., 2020b; Pasternak et al., 2021). The link of thyroid hormones with innate immunity (Montesinos and Pellizas, 2019) and adaptive immunity (Rubingh et al., 2020) has been established. Severe illness can result in a dramatic decrease in serum T3 and T4 levels, collectively called non-thyroidal illness syndrome (NTIS) (Wajner and Maia, 2012). Previous research has shown that piglet and fetal serum thyroid hormone (i.e., T3 and/or T4) levels decrease rapidly in response to PRRSV infection (Pasternak et al., 2020b; Pasternak et al., 2021; Ko et al., 2022). Recent assessment of fetal thyroid hormone levels following late gestation PRRSV challenge demonstrated a significant relationship between hormone levels and previously identified single nucleotide polymorphisms (SNPs) associated with fetal survival (Ko et al., 2022). However, the genetic control of T3 and T4 levels during infection is not completely understood. There have been few studies on the genetic influence of thyroid hormone levels in food animals. A recent study in Holstein cattle estimated the heritability of T3 and T4 at 11% and 19%, respectively, and found quantitative trait loci (QTL) associated with non-disease challenge levels (Gan et al., 2020). To our knowledge, we are the first to report heritabilities, genetic correlations, and QTL for thyroid hormone levels in swine following PRRSV challenge. The ability to maintain homeostatic levels of T3 and T4 during infection is optimal for continued growth and development, especially of commercial pre- and post-natal pigs.
This study used samples from two of the largest studies conducted to date on host responses to PRRSV infection. This includes samples on respiratory PRRS using the nursery piglet challenge model from the PRRS Host Genetics Consortium (PHGC) (Dekkers et al., 2017). Groups of 200 piglets from multiple genetics suppliers were challenged with one of two strains of PRRSV type 2 (PRRSV2) at approximately 28 days of age and weight gain (WG) and viral load (VL) were assayed until 42 days post inoculation (DPI). Samples from reproductive PRRS were collected from the pregnant gilt model (PGM) challenge trials (Harding et al., 2017). Pregnant gilts were challenged with PRRSV2 at gestation day ∼85 and fetal samples were collected at 12 or 21 days post maternal inoculation (DPMI), depending on the experiment. Specifically, our objectives were to estimate genetic parameters, identify QTL, and investigate nearby candidate genes for T3 and/or T4 levels of piglets and fetuses challenged with PRRSV to elucidate the genomic influence associated with resilience to reproductive and respiratory PRRSV infection.
2 MATERIALS AND METHODS
2.1 Ethics
For the piglet trials, all experimental protocols were approved by the Kansas State University Institutional Animal Care and Use Committee. For the fetal samples, all experimental protocols were approved by the University of Saskatchewan’s Animal Research Ethics Board (Protocol # 20160023) and adhered to the Canadian Council on Animal Care Guide to the Care and Use of Experimental Animals. Animals were donated from commercial companies for the PHGC experiments. Pregnant gilts were purchased from Fast Genetics Inc., for the PGM experiments. This study is reported in accordance with ARRIVE guidelines.
2.2 Animal experiments and datasets
2.2.1 Piglets
Detailed descriptions of the piglet trials conducted by the PHGC have been previously published (Lunney et al., 2011) and described more specifically for the trials used in the current study by Hess et al. (2016). Briefly, 1792 animals from 12 of the PHGC trials were used for this study. Piglets were commercially sourced from North American breeding companies. Pig genetics varied by trial, and all piglets came from farms that were affirmed to be free of PRRSV, Mycoplasma hyponeumoniae, and swine influenza. Animals were transported to Kansas State University at approximately 21 days of age, randomly placed into 10–15 pens, and acclimatized for 7 days. Piglets were inoculated intramuscularly and intranasally with either NVSL-97-7985 or KS-2006-72109 PRRSV2 isolates; all animals used in the current study were challenged and animal was considered the experimental unit. Authors were aware of group allocation at the different stages of the experiment. A subset of phenotypic and genotypic data collected as part of the PHGC trials and stored in the secure PHGC database was used in the present study. Specifically, to study WG, body weight (BW) was measured at 0, 21, and 42 DPI. Piglet WG from 0 to 21 DPI (WG21) and WG from 0 to 42 DPI (WG42) were included in the genetic parameter analyses. PRRSV2 RNA concentration tested from sera at 11 DPI and then log10 transformed for future analyses. Pigs were euthanized at 42 DPI except in Trials 7 and 8, where they were euthanized at 35 DPI due to facility availability limitations. Weights from animals in trial 9 were excluded from the dataset as the animals were from the Iowa State University Residual Feed Intake selection lines (Cai et al., 2008). Animals were humanely euthanized by pentobarbital overdose following the American Veterinary Medical Association guidelines for the euthanasia of animals, and all efforts were made to minimize suffering. Serum VL was measured using a semi-quantitative Taq-Man PCR for PRRSV2 RNA described previously (Boddicker et al., 2012). Ear tissues were collected from all pigs for DNA isolation. Trials 1-9 were genotyped on the Illumina Porcine SNP60 Beadchip version 1 (San Diego, CA) at GeneSeek Inc. (Lincoln, NE) while samples from trials 10–15 were genotyped on the Illumina Porcine SNP60 Beadchip version 2 (San Diego, CA) at Delta Genomics (Edmonton, Alberta).
2.2.2 Fetuses
The experimental procedures used for the two PGM trials providing the fetal samples have been previously described in great detail (Ladinig et al., 2014c; Pasternak et al., 2020b). In PGM1, 114 pregnant gilts at 85 (±1) days of gestation were randomly chosen to be infected with NVSL97–7895 at the University of Saskatchewan (Ladinig et al., 2015); all animals used in the current study were challenged and fetus was considered the experimental unit. In PGM2, 31 gilts were similarly inoculated at 84 (±0.5) days of gestation (Pasternak et al., 2020b). All gilts in both PGM1 and PGM2 experiments were purebred Landrace bred to homospermic Yorkshire semen sourced from Fast Genetics Inc. (Spiritwood, Saskatchewan). Authors were aware of group allocation at the different stages of the experiment. Prior to infection all gilts were confirmed to be free of PRRSV infection (Ladinig et al., 2015). At 12 (PGM2) or 21 (PGM1) DPMI, gilts and fetuses were euthanized by intravenous barbiturate overdose (Euthanyl Forte, Bimeda MTC Animal Health, 16,200 mg/gilt, ∼75–80 mg/kg) and a total of 1,276 fetuses (combined PGM1 and 2) were collected. Fetal preservation status was determined based on external appearance and presence of blood and pulsations in the umbilical cord as: viable (white skin, pulsing blood in umbilical cord), meconium staining on the head only, or meconium staining on the body, decomposed (dead, largely normal skin color, minimal edema) or autolyzed (dead, discolored externally, edematous). Blood was collected from the axillary vessels of viable and meconium-stained fetuses but not from dead fetuses which were not included in the present study. Fetal BW, brain weight, and liver weight were measured, and the thymus dissected and snap frozen in liquid nitrogen. The brain:liver ratio of weights was calculated as an indicator of intrauterine growth restriction (IUGR). PRRSV2 RNA concentration was quantified in the fetal thymus using an in-house probe-based RT-qPCR specific for the inoculum strain as described previously (Ladinig et al., 2014c) and then log10 transformed for future analyses. A total of 818 PGM1 fetuses were genotyped on the Illumina Porcine SNP60 Beadchip version 2 (San Diego, CA) at Delta Genomics (Edmonton, Alberta), while 458 PGM2 fetuses were genotyped on the Affymetrix Axiom Porcine Genotyping Array 650 K Beadchip (Santa Clara, CA) at Delta Genomics.
2.2.3 Thyroid hormone measurements
Our investigations focused on serum thyroid hormone levels at 11 DPI in piglets, as T3 hormone levels were most extremely suppressed at this timepoint post PRRSV challenge (Pasternak et al., 2021). Fetal T3 and T4 levels were measured on sera collected on day of termination at 12 or 21 DPMI, depending on the animal experiment the fetuses were derived from (Pasternak et al., 2020b). There are two primary reasons we have not used the T3:T4 ratio in our analysis. The first is that this value is typically evaluated in the human clinical setting, particularly when evaluating the response to levothyroxine treatment. The value in this measure is derived from an established ratio of production (1:13) in the healthy thyroid, however such a ratio has not been effectively established in a healthy fetal pig throughout gestation. The second stems from our past investigations into fetal thyroid hormone response to PRRSV (Pasternak et al., 2020b; Ko et al., 2022) which indicates that the relative response of these two hormones is dependent on fetal phenotype. In short fetuses classified as viable show a decrease in both T3 and T4 while those classified as meconium stained primarily have a decrease in T4 while maintaining near normal levels of T3. A genome-wide association study (GWAS) analysis on the ratio is therefore likely to identify SNPs associated with the phenotype rather than those directly associated with thyroid hormone. All sera was stored at −20°C or −80 °C, respectively, until used to test total T3 (piglet_T3, or fetal_T3, ng/dL) or T4 (fetal_T4, µg/dL) levels using commercial RIA kits (MP Biomedical, Irvine, CA) as previously described (Pasternak et al., 2020b).
2.2.4 SNP analyses
For the piglet genotyping, the WUR SNP (WUR10000125) genotype, associated with PRRS tolerance (Boddicker et al., 2012; Boddicker et al., 2014; Hess et al., 2016), for each animal was included in our phenotypic dataset based on animals having either 0 or 1-2 copies of the favorable and assumed dominant allele (Boddicker et al., 2012). The effect of WUR SNP on the LS mean of piglet T3 for the 0 genotype was 36.4 ± 1.4 and for the 1 genotype was 38.5 ± 1.5, with a Prob > F = 0.0233 (Supplementary Data File S1). Only SNPs that were present on both versions of the genotyping platforms were retained for downstream analyses. SNPs were removed if they were unmapped or mapped to a sex chromosome in the swine genome build 11.1 (GenBank assembly accession: GCA_000003025.6) (latest), leaving in 58,563 SNPs. Quality control filtering was completed in PLINK software (Purcell et al., 2007); an animal was removed if it had a genotyping call rate less than 90%; SNPs that had a minor allele frequency (MAF) less than 1% were also removed. A total of 1792 animals and 54,357 SNPs were retained after quality control and used for downstream analyses.
For fetal genotyping, only SNPs that were present on both the Illumina Porcine SNP60 Beadchip version 2 and the Affymetrix Axiom Porcine Genotyping Array 650 K Beadchip were retained for downstream analyses. SNPs were matched between platforms using both RS identifiers and chromosomal map location, and MAF were verified between platforms. The WUR SNP was not included as a fixed effect in the fetal models as the impact of WUR on the fetal response to PRRS using the PGM model has been previously shown by our group to not be associated with response to infection (Ladinig et al., 2015). This resulted in 46,526 SNPs available for further processing. SNP processing was as noted for piglets and resulted in 1,267 fetuses (9 fetuses removed due to low genotyping call rate) and 38,843 SNPs used for downstream analyses.
2.2.5 Genetic parameter estimation
The piglet and fetal genotype data were used separately to compute a genomic relationship matrix using the Van Raden Method (VanRaden, 2008). Genetic variance components and heritabilities were estimated using ASReml version 4 (Gilmour et al., 2002), separately for the piglet and fetal data sets. The models were developed using an iterative approach, fitting statistically and biologically relevant factors, as summarized in Supplementary Table S1. All fixed effects, covariates, and random effects included in the models were significant at p < 0.05. The Iowa State University High Performance Computing Nova cluster was used for these analyses. The following univariate mixed linear animal model was used for piglet_T3;
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where Y is the phenotype of piglet T3 (ng/dL) at 11 DPI. Fixed effects included PHGC trial (T = 2, 4, 5, 7–15), sex (S = female, male, or barrow), and WUR SNP genotype (W = no copies or 1-2 copies of the favorable allele). Serum VL at 11 DPI (V) was included as a covariate to account for differences in infection levels (i.e., VL affects thyroid hormone levels). Random effects included pen nested within trial (TP), dam (i.e., litter) (D), and animal genetics (A). The residuals (e) were also included in the model.
The following univariate mixed linear animal model was used for both fetal_T3 and fetal_T4;
[image: image]
where Y is the phenotype of fetal T3 (ng/dL) or T4 (µg/dL) at 12 or 21 DPMI. Fixed effects included PGM trial (T = PGM1 at 21 DPMI or PGM2 at 12 DPMI), sex (S = female or male), and fetal preservation status (F = viable, meconium staining on the head only, or meconium staining on the entire body). Thymus VL at 12 or 21 DPMI (V) was included as a covariate to account for differences in infection levels. Dam (D) and animal genetics (A) were fitted as random effects, along with residuals (e).
For all traits, the phenotypic variance was calculated as the sum of variance from dam, animal, and residuals. Heritability was calculated as the ratio of animal variance to phenotypic variance. Bivariate animal models were also run in ASReml to estimate phenotypic and genetic correlations between T3 and/or T4 traits and other important traits (i.e., WG and VL), using the same fixed and random effects as in the univariate models, and this applied to WG and VL traits as well as previously described (Hess et al., 2016).
2.2.6 Genome-wide association analyses
GWAS for T3 and T4 levels during PRRSV infection were performed for each trait separately using the Julia for Whole-genome Analysis Software (JWAS) (Cheng et al., 2018). The ASREML genotypic and residual variance estimates were used as starting values in the JWAS analysis. In addition, the genomic relationship matrix results were included as input into the JWAS analysis. The Bayes-B model fits all SNPs simultaneously and, therefore, accounts for relationships and population structure and does not require additional inclusion of PCA or genomic relationships. The USDA-ARS SCINet High Performance Computing Ceres Cluster was used to run these analyses. The Bayes B approach (Habier et al., 2011) fits all SNPs simultaneously as random effects. We employed π = 0.999, and a Monte Carlo Markov Chain (MCMC) of length 50,000, with 5,000 for burn-in. The following mixed model was used for both the piglet and fetal datasets, with the same fixed and random effects as the univariate mixed linear animal model was used for piglet_T3, fetal_T3, and fetal_T4, respectively;
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Where Y is a vector of phenotypes, X is an incidence matrix for fixed effects in the model, b is a vector of fixed effects, W is an incidence matrix to account for other random effects in the model, u is a vector of random effects, zj is a vector of genotypes for SNP j based on the number of B alleles (0, 1, or 2), αj is the allele substitution effect for SNP j, δj is a parameter that indicates whether SNP j was included in that sample of the MCMC, and e is the vector or residuals. The analyzed SNPs were split into 2,265 non-overlapping 1-Mb windows across the genome. Based on the infinitesimal model, each window is expected to explain 0.04% (100%/2265) of the genetic variation (GV). We considered windows that explained more than 1% of the GV as significant.
2.2.7 Characterization of QTL regions
2.2.7.1 Quantification of individual SNP effects and linkage disequilibrium
For each trait, the SNPs with the highest post-probability of inclusion (PPI) within the top 3 significant 1-Mb windows based on percentage of GV explained were investigated for impact on phenotypic traits. We fitted these SNP genotypes separately as fixed effects using univariate mixed linear animal model that was used for piglet_T3, fetal_T3, and fetal_T4, respectively in ASReml. The LS means and corresponding SE were estimated and pairwise T-tests between SNP genotypes were conducted with Tukey’s multiple testing correction; a p < 0.05 after multiple testing correction was considered significant. The linkage disequilibrium (LD) between SNPs that were within 1 Mb from the SNP with the highest PPI in the top 3 significant 1-Mb windows were estimated based on r2, using the Plink software (Purcell et al., 2007).
2.2.7.2 Candidate genes
For each trait, the SNP with the highest PPI was identified for each significant 1-Mb windows (i.e., ≥1% of the GV). Annotated genes that were located within 400 Kb (200 Kb upstream and 200 Kb downstream) of these SNPs were identified using ENSEMBL biomart (Howe et al., 2020) release 107 with the Pig - Duroc (Sscrofa11.1) option accessed on 30 August 2022. We chose this distance based on previously reported average LD blocks in commercial pig populations that were estimated to be 400 Kb in length (Veroneze et al., 2013).
3 RESULTS
3.1 Genetic parameter estimates
Our investigations focused on serum thyroid hormone levels at 11 DPI in piglets, because T3 levels were most extremely suppressed at this timepoint post PRRSV challenge (Pasternak et al., 2021). Fetal T3 and T4 levels were measured on sera collected on the day of termination, at 12 or 21 DPMI. Descriptive statistics and heritability estimates of piglet and fetal traits are found in Table 1. Details on model factors included in the analyses are found in Supplementary Table S1. Heritability estimates for piglet_T3, fetal_T3, and fetal_T4 were lowly to moderately heritable. Heritabilities for economically (i.e., VL and WG-related measurements) and biologically (i.e., brain:liver ratio) relevant traits were estimated as well. These traits were further investigated for their phenotypic and genetic correlations with thyroid hormone levels. Piglet serum VL and fetal thymus VL were estimated to be moderately and lowly heritable, respectively. Piglet WG21 and WG42 were estimated to be moderately heritable, while fetal BW and brain:liver ratio on the day of euthanasia (i.e., 12 or 21 DPMI) were estimated to be moderately and lowly heritable, respectively.
TABLE 1 | Descriptive statistics, heritability, and variance (dam, animal, residual, and total phenotypic) estimates of piglet and fetal traits.
[image: Table 1]Estimates of phenotypic and genetic correlations between T3, VL, WG21 and WG42 for piglets are presented in Table 2. Piglet_T3 had a negative moderate genetic correlation (rg) with serum VL (rg = −0.34). Moreover, there was a positive high genetic correlation between piglet_T3 and both WG21 and WG42 with rg = 0.81 and rg = 0.67, respectively. Our results were consistent (within the margins of the SE) as those previously calculated as high genetic correlations between serum VL and WG21 or WG42 (Boddicker et al., 2012) with rg = −0.35 and rg = −0.27, respectively.
TABLE 2 | Estimates of phenotypic (below diagonal) and genetic (above diagonal) correlations (SE) between thyroid hormone level, VL, WG21, and WG42 in piglets.
[image: Table 2]Estimates of phenotypic and genetic correlations among fetal T3, T4, VL, BW, and brain:liver ratios are presented in Table 3. We found moderate genetic correlation estimates between fetal_T3 and fetal_T4 levels. Negative moderate to high genetic correlations were estimated of fetal_T3 and fetal_T4 with thymus VL. The positive genetic correlation between fetal_T4 with fetal BW was estimated to be much higher compared to that between fetal_T3 with fetal BW. Negative high genetic correlations were estimated for both fetal_T3 and fetal_T4 with brain:liver ratios; however, very large SE were associated with these estimates. The estimate of the genetic correlation of fetal thymus VL with fetal BW was moderately positive (i.e., increased VL associated with increased BW) but had a large SE as well. The estimate of the genetic correlation of fetal thymus VL with brain:liver ratio was high negative but also had a large SE.
TABLE 3 | Phenotypic (below diagonal) and genetic (above diagonal) correlation coefficients (SE) between fetal thyroid hormone levels, VL, BW, and brain:liver ratio.
[image: Table 3]3.2 Genome-wide association analyses
Detailed GWAS results for piglet_T3, fetal_T3, and fetal_T4 are found in Table 4, with information for each 1-Mb window that explained more than 1% of the total GV and the SNP within each window that had the highest PPI. Significant consecutive windows were designated as a single QTL. For example, we identified two significant windows on SSC5 for Piglet_T3 in the 69 and 70 Mb position that explained 11.37% and 3.32% of the GV, respectively. These two significant windows were considered a single QTL that explained 14.69% of the GV, rather than two QTL.
TABLE 4 | Summary of GWAS results for piglet_T3, fetal_T3, and fetal_T4 with SNP information for each 1-Mb window with more than 1% of the GV.
[image: Table 4]Nine QTL were identified for piglet_T3 (Figure 1A) in a total of eleven significant 1-Mb windows. These windows collectively explained 30% of the total GV. The two consecutive windows identified on SSC5 explained 15% of the GV alone. Three QTL were identified for fetal_T3 (Figure 1B) in a total of five significant 1-Mb windows. These windows collectively explained 10% of the GV. The two consecutive windows identified on SSC4 explained 6% of the GV alone. Six QTL were identified for fetal_T4 (Figure 1C) in a total of eight significant 1-Mb windows. These windows collectively explained 14% of the GV. The three consecutive windows identified on SSC13 explained 6% of the GV alone. QTL co-localizations were identified within 3 Mb on SSC4 (piglet_T3 and fetal_T3), within 33-Mb on SSC6 (piglet_T3 and fetal_T4), and within the same 1-Mb window on SSC15 (piglet_T3 and fetal_T4).
[image: Figure 1]FIGURE 1 | Genome-wide association study (GWAS) plot of the percentage of GV for thyroid hormone levels measured following PRRSV2 challenge in piglets and fetuses. (A) Triiodothyronine (T3) levels were measured in piglet serum at 11 DPI (piglet_T3). (B) T3 levels were measured in fetal serum at 12 or 21 DPMI (fetal_T3). (C) Thyroxine (T4) levels were measured in fetal serum at 12 or 21 DPMI (fetal_T4). Results show the percentage of GV from 0% to 12% explained by each non-overlapping 1-Mb window. Windows are ordered, labeled, and colored by chromosome (SSC1-18). Significant QTL (1 or more consecutive windows explaining ≥1% of the genetic variation each) are highlighted with the summation of total GV explained.
3.3 Characterization of QTL regions
3.3.1 Quantification of individual SNP effects and linkage disequilibrium
We quantified the impact of the top three SNPs for each trait based on PPI in the 1-Mb window that explained the largest amount of GV for each trait. We fit univariate mixed models and included the individual SNP genotype in the model as a fixed effect. We found that all 9 SNPs (i.e., 3 for each trait) were highly significantly associated with thyroid hormone levels (p < 0.0001). The least-square (LS) means for each SNP genotype were calculated and the statistical difference between individual genotypes were determined (Figure 2). Details for piglet_T3, fetal_T3, and fetal_T4 are found in Figures 2A–C, respectively. All 9 SNPs had at least one significant difference (p < 0.05) for thyroid hormone levels between animals with different genotypes at the individual SNP. Three of these SNPs had patterns of additive inheritance (INRA0019871, H3GA0016790, and DIAS0000510), whereas five showed the homozygous recessive was needed for a favorable phenotype (MARC0089811, ALGA0028303, ALGA0119977, ASGA0057067, and MARC0052461), and one of these SNPs had a pattern of dominance inheritance (ALGA00009329).
[image: Figure 2]FIGURE 2 | Top three SNP effects for serum thyroid hormone levels measured during challenge with PRRSV2. (A) Triiodothyronine (T3) levels were measured in piglet serum at 11 DPI (piglet_T3). SNP INRA0019871, MARC0089811, and H3GA0016790 were in windows that explained 11.37%, 3.33%, and 3.32% of the GV, respectively. (B) T3 levels were measured in fetal serum at 12 or 21 DPMI (fetal_T3). SNP ALGA0028303, ALGA0009329, and ALGA0119977 were in windows that explained 4.67%, 1.68%, and 1.26% of the GV, respectively. (C) Thyroxine (T4) levels were measured in fetal serum at 12 or 21 DPMI (fetal_T4). SNP ASGA0057067, DIAS0000510, and MARC0052461 were in windows that explained 3.51%, 1.92%, and 1.54% of the GV, respectively. The results show the top 3 windows for each trait represented by the top SNP. Plots depict the LS mean ± SE of thyroid hormone levels by SNP genotype. Different letters indicate p < 0.05 after multiple testing correction. The top SNP was determined based on the SNP with the highest PPI within each of the top three 1-Mb windows that explained the largest amount of GV.
The LD estimates (r2) were calculated for the top SNP (±1 Mb) within all significant windows (Supplementary Table S2). Overall, we found an average r2 value of 0.21 and a median of 0.11. High LD with r2 of ≥0.80 on average extended over 0.19 Mb in distance, consistent with our candidate gene search within ±0.2 Mb from the top SNPs. For the consecutive significant windows for piglet_T3 on SSC5 and SSC14, we found r2 values of 0.33 and 0.26, respectively. For consecutive significant windows identified for fetal_T3 on SSC1 and SSC4, we found r2 values of 0.16 and 0.26, respectively. For consecutive significant windows identified for fetal_T4 on SSC13, we found r2 of 0.38.
3.3.2 Candidate genes
For each trait, positional candidate genes were identified within 400 Kb (200 Kb upstream and 200 Kb downstream) of the top SNP in each significant window. The top SNP was determined based on the SNP with the highest PPI within each of the 1-Mb windows that explained >1% of the GV. Results for all significant SNP revealed a total of 93 annotated genes, enumerated in Table 4; more details for all 93 genes are found in Supplementary Table S3. For the top 3 SNP for each trait, we identified 12, 3, and 21 total positional candidate genes for piglet_T3, fetal_T3, and fetal_T4, respectively and are detailed in Table 5. Genes varied in function but generally fell into the categories of immune-related, transporter-related, and transcriptional regulators.
TABLE 5 | Positional candidate genes for the top SNP based on percentage of GV explained for each trait.
[image: Table 5]4 DISCUSSION
Our study estimated genetic parameters, identified QTL, and characterized QTL regions for thyroid hormone (i.e., T3 and/or T4) levels in piglets and fetuses challenged with PRRSV2. Our main findings were: 1) thyroid hormone levels following PRRSV infection were lowly to moderately heritable in piglets and fetuses; 2) thyroid hormone levels had negative moderate to high genetic correlations with VL and positive moderate to high genetic correlations with weight-related traits, both economically important disease resilience traits; 3) QTL were identified and the significant 1-Mb windows collectively explained a large amount of the GV. These windows were identified based on individual SNP that had the highest PPI within significant 1-Mb windows for thyroid hormone levels; and 4) biologically relevant candidate genes were identified near SNP markers that had the highest PPI within significant 1-Mb windows. These results advance our understanding of both piglet and fetal response to PRRSV infection, bringing us one step further to characterizing the genomic control of phenotypes associated with host resilience and susceptibility.
4.1 Thyroid hormones levels during disease challenge are heritable
Estimates of heritability of piglet_T3, fetal_T3, and fetal_T4 during PRRSV2 challenge were 16%, 10%, and 10%, respectively. We chose to use the animal model for both piglet and fetal traits with dam included as an independent random effect to account for common environmental effects. The direct-maternal genetic model was not employed for fetal traits due to the absence of pedigree records or genotypes of dams. We hypothesize that heritability of this response phenotype is greater in the piglet samples from the PHGC trials due to the fixed inoculation time compared with the more complex dynamics associated with maternal challenge and transplacental infection in the reproductive PGM trials. Furthermore, while the porcine placenta is known to act as an enzymatic barrier for thyroid hormone (Krysin et al., 1997), maternal contribution under disease conditions cannot be entirely excluded. However, recent investigation of thyroid hormone metabolism within the maternal fetal interface of PRRSV challenged fetuses identified decompensatory expression of deiodinases which would further limit vertical transmission (Ison et al., 2022).
Serum thyroid hormone levels in humans during periods of homeostasis have been estimated to be moderately to highly heritable, at 23%–64% and 28%–65% for T3 and T4, respectively (Meikle et al., 1988; Hansen et al., 2004; Panicker et al., 2008). There have been far fewer studies on the genetic influence of thyroid hormone levels in food animals. A recent study in Holstein cattle estimated the heritability of T3 and T4 at 11% and 19%, respectively (Gan et al., 2020). The heritability estimates conducted in non-challenged cattle are similar to those identified in the current study, within the margin of SE. The lower heritability estimates for serum thyroid hormone levels of swine, found here compared to humans, may be due to our data being collected during disease challenge with PRRSV. Moreover, in humans it has been reported that intra-individual variation in thyroid hormone levels is much lower than inter-individual variation, which may suggest that disease state levels of thyroid hormones may be largely dependent on an individual’s normal set-point for thyroid hormone levels (Andersen et al., 2002). In the current study, we investigated thyroid hormone levels at 11 DPI in piglets and at 12 or 21 DPMI in fetuses. We chose 11 DPI for piglet samples because thyroid hormone levels were most extremely suppressed at this timepoint post PRRSV challenge (Pasternak et al., 2021). Opportunity exists for future studies in growing pigs to investigate thyroid hormone levels expressed as the differential between pre-challenge and post-challenge levels within an individual animal. This approach would assess the impact of the individual animal’s thyroid hormone level set-point and could give further insight into host resilience. However, this approach may not be feasible in fetuses due to the cost and logistical complexity of collecting serial samples in fetuses in utero.
In the current study, we also estimated heritabilities for important resilience and production measurements; viral levels and weight-related traits. In the piglet_T3 dataset, we estimated moderate heritabilities for serum VL at 11 DPI, WG21, and WG42 to be 34%, 43%, and 35%, respectively. These estimates replicate those previously reported and are within the margin of SE on the full PHGC dataset (Boddicker et al., 2012). In the fetal_T3 and T4 datasets, we estimated low to high heritabilities of fetal thymus VL, fetal BW, and brain:liver ratio at 9%, 57%, and 5%, respectively. To our knowledge, our study is the first to report heritability estimates for fetal VL during PRRSV infection in swine. Swine birth weight in a non-challenge model has been previously reported to have much lower heritability than in our study, ranging from 8% to 12% (Damgaard et al., 2003; Wittenburg et al., 2008). Our heritability estimates for fetal BW could be influenced by the population of dams within the study, although we accounted for the dam effect by fitting it as a random effect in the model. In contrast, the estimate of heritability for brain:liver ratio was quite low, with a SE that was higher in magnitude than the estimate (0.05 ± 0.08), which support previously reported low estimates of heritability in non-challenged fetuses (0.01 ± 0.01) (Matheson et al., 2018). Previous PRRS research has demonstrated that fetuses with lower BW (i.e., classified as IUGR fetuses) have lower VL and are less frequently compromised or die in utero, compared to non-IUGR fetuses (Ladinig et al., 2014a; Malgarin et al., 2019). Our data confirm that non-genetic factors have substantially more impact on brain:liver ratio (i.e., a IUGR measurement) than genetic factors, and therefore may not be a good candidate trait for selection.
4.2 Thyroid hormone levels have moderate to high genetic correlations with other disease resilience traits
In the current study we estimated phenotypic and genetic correlations of thyroid hormone levels with VL and weight-related traits. Thyroid hormone levels and associated HPT axis products have been shown to be altered due to feed intake (Buonomo and Baile, 1991), diet (Spiegel et al., 1993; Carroll et al., 1998), and in response to pathogen or antigen challenge (Castro et al., 2013; Pasternak et al., 2020b; Pasternak et al., 2021). Therefore, we anticipated identifying phenotypic correlations between these traits, which was confirmed in our study (Tables 2 and 3). To our knowledge, we are the first to report genetic correlations between thyroid hormone levels and VL and weight-related traits in swine. For piglet_T3 we found moderate to high genetic correlations of −0.34, 0.81, and 0.67 with VL, WG21, and WG42, respectively. These correlations indicate that selection for higher T3 levels would indirectly select for lower VL and higher WG under challenge, which are key traits of resilience to PRRSV infection in the nursery pig model (Dekkers et al., 2017).
We found a moderate positive genetic correlation between fetal_T3 and fetal_T4 levels of 0.48, indicating the genetic selection could target them independently due to apparently distinct genetic control of their levels during PRRSV infection. We expected to estimate an even larger genetic correlation due to the biological sources of these hormones. The thyroid gland mainly produces and releases T4 which is converted by local deiodinase enzymes within peripheral tissues to T3, the more bioactive form. This relationship could lead to a negative phenotypic correlation if more T4 is converted to T3, which reduces the level of T4 and increases the level of T3. T3 then initiates cellular response by binding the nuclear receptors, THRa and THRb, to directly regulate gene expression. A recent study identified THRb as a candidate gene near a QTL for the reproductive trait total number born (Chang Wu et al., 2022), further linking the importance of these pathways in fetal outcome. Alternatively, T4 can be converted to other non-bioactive metabolites including reverse triiodothyronine (rT3) and various diiodothyronines (T2) by similar enzyme activity in the liver, kidney, or placenta (Krysin et al., 1997; van der Spek et al., 2017). Previous work from our group on PRRSV infected fetal thymus and placenta showed downregulation of gene expression for thyroid hormone receptors (THRa and THRb), along with the critical outer ring deiodinase (DIO2), required to convert T4 to the more bioactive T3 (Van Goor et al., 2020). Thus, there is complex regulation of both hormones.
We chose to investigate piglet T3 in serum, but not piglet T4, due to sample assay restraints at the time. Future research should investigate piglet T4 levels during challenge given the distinct genetic control compared to T3 that was identified for fetal T3 and T4 levels in the current study. We found both fetal_T3 and T4 to have strong negative genetic correlations with VL at −0.77 and −0.84, respectively. However, all three of these traits have low heritabilities (0.09–0.10) which suggests that large gains in selection would be difficult. Genetic correlations of the fetal brain:liver ratio with other traits were estimated as very high (−0.79 to −0.99) but were largely uninformative due to the large SE and low heritability of this trait. However, this may be data dependent. Here, we used samples from the largest reproductive PRRS challenge models with a total of 1,184 fetuses analyzed for brain:liver ratios. Potential exists to add more fetal phenotypes to reduce SE and potentially capture more GV, given the uniqueness of this trait. In contrast, we identified a moderate positive genetic correlation between fetal_T4 with BW (0.67), indicating animals with higher levels of T4 could be selected to increase BW of fetuses. We expected, and confirmed, a positive phenotypic correlation between fetal VL and BW and a negative correlation between fetal VL and brain:liver ratio. Previous research reports IUGR fetuses (i.e., smaller “brain-spared” fetuses with large brain:liver weight ratios) tend to have lower VL compared average growth fetuses (Ladinig et al., 2014a). Our study focused on thyroid hormone levels during disease challenge and previous works indicate the strong decrease of both T3 and T4 levels after PRRSV infection (Pasternak et al., 2020b; Pasternak et al., 2021). Our data support the concept that T3 and/or T4 levels during challenge may be good measures of resilience, as the animals that are able to maintain higher thyroid hormone levels during challenge are also able to reduce VL and maintain higher weight-related measurements, each of which are controlled by some of the same genetic regions.
4.3 Thyroid hormone levels are influenced by relatively few QTL with large effects
Here we report for the first time QTL identified for thyroid hormone levels in swine. Our study found a total of 18 QTL across 11 chromosomes for T3 and/or T4 levels during challenge with PRRSV, collectively explaining 10%–31% of the GV for a trait. The GWAS analyses were completed in JWAS software partly because of the option to fit additional random effects, that could be biologically important (e.g., dam), in the model compared to other software (e.g., GenSel). The Pig QTL Database containing 34,793 QTL was used to identify relevant (previously identified) nearby (±2 Mb) QTL with the top three significant regions identified in the current study (i.e., piglet_T3 on SSC3 and 5, fetal_T3 on SSC1 and 4, fetal_T4 on SSC13 and 15).
A QTL for piglet_T3 was found on SSC3, explained 3% of the GV, and co-localized with a previously identified QTL for PRRS VL in the host using an expanded dataset from the PHGC (Waide et al., 2017). This region may be an important candidate for genetic selection of resilience as measured by both T3 and VL. The largest QTL among all traits in the current study was identified for piglet_T3 located on SSC5 that had two consecutively significant 1-Mb windows, which explained 15% of the GV alone. The SNPs with highest PPI in these windows were located at 69976623bp and 70032357bp.There were a total of 117 reported QTL in this region; the QTL on SSC5 co-localized with a previously identified QTL for WG42 during PRRSV infection in the host using an expanded dataset from the PHGC (Waide et al., 2017). In addition, two previously reported QTL in this region are related to immune measurements, including white blood cell count (Cho et al., 2011) and haptoglobin concentration (Wimmers et al., 2009). There is a delicate balance between resource allocation to utilize energy to fight an infection versus to use for growth. The overlap between QTL for thyroid hormone levels and adaptive immunity traits identified here may indicate animals were able to successfully initiate adaptive immunity while maintaining sufficient levels of thyroid hormone during challenge.
A QTL for fetal_T3 that explained 3% of the GV was identified on SSC1 that had two consecutively significant 1-Mb windows. The SNPs with highest PPI in these windows were located at 252973691bp and 253112371bp. This QTL overlapped with 145 previously reported QTL, and co-localized with a QTL for mean corpuscular hemoglobin concentration identified in a study investigating immune-related traits in two pig lines (Dauben et al., 2021). Reproductive traits, compared to growth-related traits, are more difficult to select for because they have low heritability and are typically controlled by many genes each with small effects (Zak et al., 2017). The region on SSC1 has previously been reported to contain a QTL for gestational length (Wilkie et al., 1999). It is likely that a link may exist between reproduction traits and fetal response to infection due to the complex environment of the fetus. This region on SSC1 also contained three previously identified QTL for relative number of leukocytes (Wattrang et al., 2005; Reiner et al., 2008; Cho et al., 2011). Previous work has documented the association between leukocyte subsets in pregnant gilts infected with PRRSV and fetal response to infection (Ladinig et al., 2014b). In addition, a QTL for PRRS VL in the fetal thymus was previously identified on SSC1 (Yang et al., 2016), near the QTL identified for fetal_T3 in the current study, and explained 6% of the GV. However, we fitted fetal thymus VL as a covariate in our GWAS model to account for differences in infection level (i.e., VL affects thyroid hormone levels), and the two QTL (i.e., a QTL identified in the current study and the previously identified QTL for PRRS VL) were ∼50 Mb apart in distance. Moreover, we calculated the average LD block in our dataset as ∼200 Kb in length. Although it is possible, it is unlikely that the same SSC1 genes are impacting both traits.
We found overlapping QTL on SSC4 between 109 and 113 Mb for both fetal_T3 and piglet_T3 levels. A total of 264 QTL are reported in the Pig QTL database within this region (i.e., ±2 Mb), including several for average daily gain (Knott et al., 2002), birth weight (Walling et al., 2000), preweaning failure to thrive syndrome (Bertolini et al., 2018), and coping behavior (Ponsuksili et al., 2015), an indicator of stress tolerance. The overlapping QTL may help identify similarities in the genetic architecture between T3 levels in both the piglet and fetal challenge models. There are seven genes within 200 Kb of the top SNP within each significant window for the traits (Supplementary Data File S3). These genes were all identified nearest the QTL on SSC4 for piglet T3 (i.e, H3GA0014196 at 109681421bp). These include KCNA2, KCNA3, KCNA10, LAMTOR5, PROK1, RBM15, and SLC16A4. Potassium voltage-gated channel gene expression have previously been shown to change in expression in the heart in response to hypothyroidism in rats (Nishiyama et al., 1998). Previous research using the PGM has identified changes in gene expression in fetal hearts following PRRSV infection (Malgarin et al., 2021). The LAMTOR5 protein is a late endosomal/lysosomal adaptor, MAPK and MTOR activator, which are extremely important immune response pathways and are addressed below. Some members of the solute carrier transmembrane transporters have been shown to aid in the traffic of T3 and T4 from the serum into the cytoplasm (Krause and Hinz, 2020). Although SLC16A4 has not been implicated in thyroid hormone interaction, future research could investigate this gene for the potential role. Future research should investigate the genes identified here to help uncover phenotypes that could aid in our understanding of both piglet and fetal T3 response to PRRSV infection.
One of the most important findings of the PHGC was identification of the WUR genetic marker on SSC4, which explained a large proportion of GV for both VL and WG in PRRSV infected piglets (Boddicker et al., 2012; Boddicker et al., 2014; Hess et al., 2016) but not for fetuses (Yang et al., 2016). The WUR SNP genotype was included as a fixed effect in the piglet_T3 analyses here; the WUR SNP was present in both the piglet and fetal datasets that were used for GWAS analyses. In the newest swine genome 11.1 build, WUR is located 14 Mb (SSC4:127,441,677) away from the SSC4 QTL identified here for piglet_T3 and fetal_T3 levels. The SSC4 QTL had one significant 1-Mb windows for piglet_T3; the SNP with highest PPI in this window was located at 109681421bp. The SSC4 QTL had two consecutive significant 1-Mb windows for fetal_T3; the SNPs with highest PPI in this window was located at 112497789bp and 1,13519433bp. The WUR SNP was not found to be significantly associated with thyroid hormone levels in the GWAS of the current study. However, the co-localized QTL on SSC4 for piglet_T3 and fetal_T3 may be a good target to improve both respiratory and reproductive PRRS.
A QTL for fetal_T4 levels that explained 6% of the GV was identified on SSC13 between 29 and 31 Mb. Previous works have identified 68 nearby QTL in this region including those for immune-related traits such as leukocyte cell subset percentages (Lu et al., 2011), susceptibility to the pig respiratory pathogen Actinobacillus pleuropneumoniae (Reiner et al., 2014), and susceptibility to Salmonella (Galina-Pantoja et al., 2009). In addition, there are reports of a QTL for the reproductive traits number of stillborn pigs (Onteru et al., 2012) and corpus luteum number (Bidanel et al., 2008; Hernandez et al., 2014). The corpus luteum is essential for the establishment and maintenance of pregnancy and primarily functions in the secretion of the hormone progesterone (Niswender et al., 2000). Moreover, a previous study in pigs found that thyroid hormones augment the effect of follicle stimulating hormone on cultured granulosa cells (Maruo et al., 1987). If the region on SSC13 identified in the current study altered maternal thyroid levels as well, the two factors could be related. Progesterone therapy has been shown to increase T4 levels in humans (Sathi et al., 2013) and has been shown in swine to impact the thyroid gland (Sekulić et al., 2007).
Another QTL for fetal_T4 levels that explained 3% of the GV was identified on SSC15. This QTL had two consecutive significant 1-Mb windows for fetal_T4; the SNPs with highest PPI in this window were located at 117674402bp and 120106066bp. Previously identified nearby QTL for immune-related traits in this region include blood levels of the interleukin-8 (IL-8) cytokine (Dauben et al., 2021), leukocyte cell subset percentages (Lu et al., 2011; Wang et al., 2013) and susceptibility to Salmonella (Galina-Pantoja et al., 2009). Four previously identified QTL were identified for this region for corpus luteum number (Rohrer et al., 1999; Hernandez et al., 2014; Schneider et al., 2014), with implications discussed above. In addition, an association has been reported in this region for birth weight variability (Wang et al., 2016). Thus, these are interesting SSC15 co-localizations due to the well-known impacts of thyroid hormone on weight and the high genetic correlation between fetal_T4 and BW reported in the current study.
4.4 Putative candidate genes identified that may be associated with host resilience and susceptibility
All annotated positional candidate genes were identified for each trait within ±200 Kb for all significant SNP (Supplementary Table S3), as well as for the top three SNPs with the highest PPI within 1-Mb windows that explained the largest amount of GV for each trait (Table 5). The genes involved in producing and regulating thyroid hormones are complex and highly regulated and have been previously reviewed (Gereben et al., 2008; Williams, 2008; Cheng et al., 2010). In addition to the protein coding genes, miRNAs may play a role in regulating thyroid hormone levels (Ali et al., 2021). There are also substantial interactions with other signaling pathways such as neurological development (Bernal, 2007) and metabolic regulation (Liu and Brent, 2010). Because our study investigated the genetic control of thyroid hormones during infection, we anticipated identifying genes involved in host resilience. Here we discuss putative candidate genes by function, with a special emphasis on immune-related genes, and then discuss solute carriers, growth factors, and transcriptional regulators.
In the current study we identified several immune-related genes near QTL for thyroid hormone levels. Links have been established between thyroid hormones and innate immunity (Montesinos and Pellizas, 2019) and adaptive immunity (Rubingh et al., 2020). Thyroid hormones seem to be particularly important in regulating the function of dendritic cells, macrophages, natural killer cells, and neutrophils (van der Spek et al., 2021) with increased levels of thyroid hormones resulting in a proinflammatory response of these cells (Rubingh et al., 2020). These innate immune cells are one of the first lines of defense against PRRSV infection and also function to bridge innate and adaptive immunity (Crisci et al., 2019). Importantly, PRRSV is restricted to replicating in cells of the monocyte lineage expressing sialoadhesion (CD169) and CD163 (Meulenberg, 2000; Whitworth et al., 2015; Burkard et al., 2017) including macrophages and dendritic cells. In the current study we identified IRF8 (interferon regulatory factor 8) as a putative candidate gene nearby QTL for fetal_T4 (SSC6, 2853231bp). The IRF8 protein is a transcription factor that regulates differentiation of myeloid progenitor cells into monocyte precursor cells (Tamura et al., 2015). IRF8 also regulates expression of genes stimulated by IFN-alpha and IFN-beta that are typically induced during viral infection (Tailor et al., 2007), and the latter is significantly upregulated in fetal thymus and spleen following PRRSV infection (Pasternak et al., 2020a). This gene should be investigated further to understand the complex interaction of thyroid hormone suppression during PRRSV challenge and macrophage populations. We found candidate genes related to adaptive immunity as well: CD247 near a QTL for fetal_T3 and MAPK8 near a QTL for piglet_T3 (SSC14, 89227581bp). The CD247 protein is T-cell receptor zeta that has an important role in antigen recognition and signal transduction and found to be differentially expressed during PRRSV infection (Liang et al., 2017). The MAPK8 protein is a transcription factor that belongs to the well-characterized MAP kinases family. This group of proteins have pleotropic functions involved in cell proliferation, differentiation, and transcriptional regulation of numerous pathways (Zhang and Liu, 2002). MAPK8 has recently been shown to be differentially expressed in the tonsils of PRRSV infected PHGC pigs (Dong et al., 2021).
Thyroid hormones have been shown to depend on solute carrier proteins (He et al., 2009). We identified five solute carrier genes near QTL including SLC16A4, SLC18A3, SLC25A20, SLC26A6, and SLC39A7. The most well-studied solute carriers that act as thyroid hormone transporters include SLC16A2, SLC16A10, and SLCO1C1 (Arjona et al., 2011; Müller et al., 2014), and many other transporters have been shown to interact with thyroid hormones to various degrees as reviewed previously (Visser et al., 2011). Several other solute carriers have been implicated in thyroid hormone synthesis (Francis, 2021; Tanimura et al., 2021). Although some of the candidate genes identified here are within the same families as those previously reported to be associated with thyroid hormone levels, we identified novel gene associations with thyroid hormone levels. These solute carrier genes should be investigated further to uncover possible interactions with thyroid hormones. PRRSV infection in the fetus has recently been shown to alter expression of tight junction proteins at the maternal fetal interface (Guidoni et al., 2022). Recent evidence suggests complex interactions between tight junction proteins and cellular adhesion proteins (Campbell et al., 2017); two cadherin genes (i.e., CDH19 and CELSR3) were identified in the current study as candidate genes near fetal_T4 QTLs (SSC1, 155713656bp). In addition, we found transcriptional regulator genes near QTL (SSC4, 83435243bp) including CREG1, and POU2F1. Gene expression is regulated by thyroid hormones via interactions with thyroid hormone receptors, which are DNA-binding transcription factors (Wu and Koenig, 2000). In the current study we identified the HSDL2 (hydroxysteroid dehydrogenase like 2) gene near a QTL for fetal_T3 levels (SSC1, 252973691bp). In humans HSDL2 modulates cervical cancer cell proliferation and metastasis (Yang et al., 2021). Recent work has shown PRRSV infection in fetus to result in multi-organ cell cycle suppression (Mulligan et al., 2022). In addition, the CREG1 and POU2F1 proteins function in cell proliferation and differentiation pathways and were identified near QTL for fetal_T3 levels in the current study. Finally, we identified PTH1R (parathyroid hormone 1 receptor) as well as three growth factor and cellular proliferation genes; BMP5, CSPG5, and PROK1. It has been shown that PRRSV infection in the fetus results in changes in cellular proliferation and angiogenesis at the maternal fetal interface (Barrera-Zarate et al., 2022). The PTH1R gene has been shown to be expressed in the thyroid gland and in one study human carriers of a mutation in this gene exhibited hypothyroidism (Calvete et al., 2017). The identification of growth factor-related genes is unsurprising given the high genetic correlation between thyroid hormones and BW measurements identified in the current study.
Overall, a variety of putative candidate genes were identified nearby QTL with interesting biological connections especially the immune-related genes. The genes identified here are good candidates for future investigations into the complex interaction of thyroid hormones and animal health.
5 CONCLUSION
For the first time, we report genomic control of thyroid hormone levels in both piglets and fetuses during PRRSV infection. Our main findings were that thyroid hormone levels following PRRSV infection were heritable and had positive genetic correlations with growth rate. Multiple QTL with moderate effects were identified for T3 and T4 levels during challenge with PRRSV; candidate genes were identified, including several immune-related genes. These results advance our understanding of both piglet and fetal response to PRRSV infection by characterizing the genomic control of a novel phenotype associated with host resilience and susceptibility. Future work should continue to probe the complex interaction of thyroid hormones and immunity.
DATA AVAILABILITY STATEMENT
The data presented in the study are deposited in the Ag Data Commons repository, doi accession number: https://doi.org/10.15482/USDA.ADC/1528496, as well as the PigQTLdb repository, stable URL: https://www.animalgenome.org/QTLdb/supp/?t=DkOq8P2XuT. All data generated and/or analyzed in this study are also stored in the proprietary PHGC relational database (https://www.animalgenome.org/lunney/) or can be requested by contacting Dr. John Harding (john.harding@usask.ca). The data were generated on samples from commercially owned animals, but access can be provided upon reasonable request to the authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Kansas State University Institutional Animal Care and Use Committee, and the University of Saskatchewan’s Animal Research Ethics Board. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
AG conducted the data analysis, visualization, and drafted the manuscript. AP, JH, and JL aided in conceptualization and fetal selection. MW assisted in technical aspects of the genetic parameters and GWAS data analyses. NC provided technical assistance to characterize the QTL regions identified in this manuscript. GH and AP performed the T3 and T4 quantification assays. JD, JH, and JL conceptualized the study and secured funding for the project. All authors assisted in the review of the manuscript and consented to publication. The authors read and approved the final manuscript.
FUNDING
This study was funded by the research on the piglets was provided by efforts of the PHGC from the US National Pork Board (NPB) (#07-233, #09-208, #09-244, and #10-033). Pigs were generously supplied by swine breeding companies Genus PIC plc, Newsham/Choice Genetics, FAST Genetics, Genetiporc, Genesus, Topigs Norsvin and PigGen Canada, Inc. Members. Support from the PRRS Coordinated Agricultural Project (PRRS-CAP), USDA-NIFA Award #2008-55620-19132, covered SNP genotyping. Additional PHGC infection, vaccination and field trials have been funded by Genome Canada project #2209_F; and USDA-NIFA Translational Genomics grant # 2013-68004-20362. Additional support has come from the USDA sponsored National Research Support Project 8 (NRSP-8: National Animal Genome Research Program, 2022) Swine Genome and Bioinformatics research programs, and from Kansas State University and USDA ARS 1245-32000-098 and 8042-32000-102 projects. Funding to support the research on the fetal samples was provided by USDA ARS (project 8042–32000-102) to JL, the SCINet project of the USDA ARS project number 0500-00093-001-00-D, and AVG was supported by a USDA ARS Headquarters Postdoctoral Fellowship. Major support for the fetal PRRS studies was from Genome Canada (Project 2014LSARP_8202), Genome Prairie (Project 346143) with administrative support from Genome Alberta, and industry support from PigGen Canada to JH. The industry partners and funding bodies played no role in the design of the studies, in collection, analyses, interpretation of results, or preparation of the manuscript.
ACKNOWLEDGMENTS
We would like to thank our collaborators at the laboratory of JH, University of Saskatchewan, for performing the PGM trials and providing the fetal clinical data and viral loads. We would also like to thank members of the PHGC team, particularly the members of the Rowland laboratory at Kansas State University, for conducting the PHGC challenge experiments.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1110463/full#supplementary-material
REFERENCES
 Ali, A., Murani, E., Hadlich, F., Liu, X., Wimmers, K., and Ponsuksili, S. (2021). In utero fetal weight in pigs is regulated by microRNAs and their target genes. Genes 12 (8), 1264. doi:10.3390/genes12081264
 Andersen, S., Pedersen, K. M., Bruun, N. H., and Laurberg, P. (2002). Narrow individual variations in serum T(4) and T(3) in normal subjects: A clue to the understanding of subclinical thyroid disease. J. Clin. Endocrinol. Metab. 87 (3), 1068–1072. doi:10.1210/jcem.87.3.8165
 Arjona, F. J., de Vrieze, E., Visser, T. J., Flik, G., and Klaren, P. H. (2011). Identification and functional characterization of zebrafish solute carrier Slc16a2 (Mct8) as a thyroid hormone membrane transporter. Endocrinol 152 (12), 5065–5073. doi:10.1210/en.2011-1166
 Barrera-Zarate, J. A., Detmer, S. E., Pasternak, J. A., Hamonic, G., MacPhee, D. J., and Harding, J. C. (2022). Effect of porcine reproductive and respiratory syndrome virus 2 on angiogenesis and cell proliferation at the maternal-fetal interface. Vet. Pathol. 59, 940–949. doi:10.1177/03009858221105053
 Bernal, J. (2007). Thyroid hormone receptors in brain development and function. Nat. Clin. Pract. Endocrinol. Metab. 3 (3), 249–259. doi:10.1038/ncpendmet0424
 Bertolini, F., Yang, T., Huang, Y., Harding, J. C. S., Plastow, G. S., and Rothschild, M. F. (2018). Genomic investigation of porcine periweaning failure to thrive syndrome (PFTS). Vet. Rec. 183 (3), 95. doi:10.1136/vr.104825
 Bidanel, J. P., Rosendo, A., Iannuccelli, N., Riquet, J., Gilbert, H., Caritez, J. C., et al. (2008). Detection of quantitative trait loci for teat number and female reproductive traits in Meishan × Large White F2 pigs. Animal 2 (6), 813–820. doi:10.1017/s1751731108002097
 Boddicker, N. J., Bjorkquist, A., Rowland, R. R. R., Lunney, J. K., Reecy, J. M., and Dekkers, J. C. M. (2014). Genome-wide association and genomic prediction for host response to porcine reproductive and respiratory syndrome virus infection. Genet. Sel. Evo. 46 (1), 18. doi:10.1186/1297-9686-46-18
 Boddicker, N., Waide, E. H., Rowland, R., Lunney, J. K., Garrick, D. J., Reecy, J. M., et al. (2012). Evidence for a major QTL associated with host response to porcine reproductive and respiratory syndrome virus challenge. J. Anim. Sci. 90 (6), 1733–1746. doi:10.2527/jas.2011-4464
 Buonomo, F. C., and Baile, C. A. (1991). Influence of nutritional deprivation on insulin-like growth factor I, somatotropin, and metabolic hormones in swine. J. Anim. Sci. 69 (2), 755–760. doi:10.2527/1991.692755x
 Burkard, C., Lillico, S. G., Reid, E., Jackson, B., Mileham, A. J., Ait-Ali, T., et al. (2017). Precision engineering for PRRSV resistance in pigs: Macrophages from genome edited pigs lacking CD163 SRCR5 domain are fully resistant to both PRRSV genotypes while maintaining biological function. PLoS Path 13 (2), e1006206. doi:10.1371/journal.ppat.1006206
 Cabello, G., and Wrutniak, C. (1989). Thyroid hormone and growth: Relationships with growth hormone effects and regulation. Reprod. Nutr. Dev. 29 (4), 387–402. doi:10.1051/rnd:19890401
 Cai, W., Casey, D., and Dekkers, J. (2008). Selection response and genetic parameters for residual feed intake in Yorkshire swine. J. Anim. Sci. 86 (2), 287–298. doi:10.2527/jas.2007-0396
 Calvete, O., Herraiz, M., Reyes, J., Patiño, A., and Benitez, J. (2017). A cumulative effect involving malfunction of the PTH1R and ATP4A genes explains a familial gastric neuroendocrine tumor with hypothyroidism and arthritis. Gastric Cancer 20 (6), 998–1003. doi:10.1007/s10120-017-0723-8
 Campbell, H. K., Maiers, J. L., and DeMali, K. A. (2017). Interplay between tight junctions & adherens junctions. Exp. Cell Res. 358 (1), 39–44. doi:10.1016/j.yexcr.2017.03.061
 Carroll, J. A., Veum, T. L., and Matteri, R. L. (1998). Endocrine responses to weaning and changes in post-weaning diet in the young pig. Domest. Anim. Endocrinol. 15 (3), 183–194. doi:10.1016/s0739-7240(98)00006-x
 Castro, I., Quisenberry, L., Calvo, R. M., Obregon, M. J., and Lado-Abeal, J. (2013). Septic shock non-thyroidal illness syndrome causes hypothyroidism and conditions for reduced sensitivity to thyroid hormone. J. Mol. Endocrinol. 50 (2), 255–266. doi:10.1530/jme-12-0188
 Chang Wu, Z., Wang, Y., Huang, X., Wu, S., and Bao, W. (2022). A genome-wide association study of important reproduction traits in large white pigs. Gene 838, 146702. doi:10.1016/j.gene.2022.146702
 Cheng, H., Fernando, R., and Garrick, D. (2018). “Jwas: Julia implementation of whole-genome analysis software,” in Proceedings of the world congress on genetics applied to livestock production,  (Auckland, New Zealand, 11–16 February, 2018). 
 Cheng, S. Y., Leonard, J. L., and Davis, P. J. (2010). Molecular aspects of thyroid hormone actions. Endocr. Rev. 31 (2), 139–170. doi:10.1210/er.2009-0007
 Cho, I. C., Park, H. B., Yoo, C. K., Lee, G. J., Lim, H. T., Lee, J. B., et al. (2011). QTL analysis of white blood cell, platelet and red blood cell-related traits in an F2 intercross between Landrace and Korean native pigs. Anim. Genet. 42 (6), 621–626. doi:10.1111/j.1365-2052.2011.02204.x
 Crisci, E., Fraile, L., and Montoya, M. (2019). Cellular innate immunity against PRRSV and swine influenza viruses. Vet. Sci. 6 (1), 26. doi:10.3390/vetsci6010026
 Damgaard, L. H., Rydhmer, L., Løvendahl, P., and Grandinson, K. (2003). Genetic parameters for within-litter variation in piglet birth weight and change in within-litter variation during suckling. J. Anim. Sci. 81 (3), 604–610. doi:10.2527/2003.813604x
 Dauben, C. M., Pröll-Cornelissen, M. J., Heuß, E. M., Appel, A. K., Henne, H., Roth, K., et al. (2021). Genome-wide associations for immune traits in two maternal pig lines. BMC Genom 22 (1), 717. doi:10.1186/s12864-021-07997-1
 Dekkers, J., Rowland, R. R., Lunney, J. K., and Plastow, G. (2017). Host genetics of response to porcine reproductive and respiratory syndrome in nursery pigs. Vet. Microbiol. 209, 107–113. doi:10.1016/j.vetmic.2017.03.026
 Dong, Q., Lunney, J. K., Lim, K. S., Nguyen, Y., Hess, A. S., Beiki, H., et al. (2021). Gene expression in tonsils in swine following infection with porcine reproductive and respiratory syndrome virus. BMC Vet. Res. 17 (1), 88. doi:10.1186/s12917-021-02785-1
 Forhead, A. J., and Fowden, A. L. (2014). Thyroid hormones in fetal growth and prepartum maturation. J. Endocrinol. 221 (3), R87–r103. doi:10.1530/joe-14-0025
 Francis, G. L. (2021). Solute carrier proteins and their role in thyroid hormone synthesis. Clin. Thyroidol. 33 (3), 107–109. doi:10.1089/ct.2021;33.107-109
 Galina-Pantoja, L., Siggens, K., van Schriek, M. G., and Heuven, H. C. (2009). Mapping markers linked to porcine salmonellosis susceptibility. Anim. Genet. 40 (6), 795–803. doi:10.1111/j.1365-2052.2009.01916.x
 Gan, Q., Li, Y., Liu, Q., Lund, M., Su, G., and Liang, X. (2020). Genome-wide association studies for the concentrations of insulin, triiodothyronine, and thyroxine in Chinese Holstein cattle. Trop. Anim. Health Prod. 52 (4), 1655–1660. doi:10.1007/s11250-019-02170-z
 Gereben, B., Zavacki, A. M., Ribich, S., Kim, B. W., Huang, S. A., Simonides, W. S., et al. (2008). Cellular and molecular basis of deiodinase-regulated thyroid hormone signaling. Endocr. Rev. 29 (7), 898–938. doi:10.1210/er.2008-0019
 Gilmour, A. R., Gogel, B. J., Cullis, B. R., Welham, S., and Thompson, R. (2002). ASReml user guide release 1.0. United Kingdom: VSN International, Hemel Hempstead. 
 Guidoni, P. B., Pasternak, J. A., Hamonic, G., MacPhee, D. J., and Harding, J. C. S. (2022). Effect of porcine reproductive and respiratory syndrome virus 2 on tight junction gene expression at the maternal-fetal interface. Theriogenol 184, 162–170. doi:10.1016/j.theriogenology.2022.03.011
 Habier, D., Fernando, R. L., Kizilkaya, K., and Garrick, D. J. (2011). Extension of the Bayesian alphabet for genomic selection. BMC Bioinfor 12 (186). doi:10.1186/1471-2105-12-186
 Hansen, P. S., Brix, T. H., Sørensen, T. I., Kyvik, K. O., and Hegedüs, L. (2004). Major genetic influence on the regulation of the pituitary-thyroid axis: A study of healthy Danish twins. J. Clin. Endocrinol. Metab. 89 (3), 1181–1187. doi:10.1210/jc.2003-031641
 Harding, J. C., Ladinig, A., Novakovic, P., Detmer, S. E., Wilkinson, J. M., Yang, T., et al. (2017). Novel insights into host responses and reproductive pathophysiology of porcine reproductive and respiratory syndrome caused by PRRSV-2. Vet. Microbiol. 209, 114–123. doi:10.1016/j.vetmic.2017.02.019
 He, L., Vasiliou, K., and Nebert, D. W. (2009). Analysis and update of the human solute carrier (SLC) gene superfamily. Hum. Genom 3 (2), 195–206. doi:10.1186/1479-7364-3-2-195
 Hernandez, S. C., Finlayson, H. A., Ashworth, C. J., Haley, C. S., and Archibald, A. L. (2014). A genome-wide linkage analysis for reproductive traits in F2 Large White × Meishan cross gilts. Anim. Genet. 45 (2), 191–197. doi:10.1111/age.12123
 Hess, A. S., Islam, Z., Hess, M. K., Rowland, R. R. R., Lunney, J. K., Doeschl-Wilson, A., et al. (2016). Comparison of host genetic factors influencing pig response to infection with two North American isolates of porcine reproductive and respiratory syndrome virus. Genet. Selec. Evol. 48 (1), 43. doi:10.1186/s12711-016-0222-0
 Holtkamp, D. J., Kliebenstein, J. B., Neumann, E., Zimmerman, J. J., Rotto, H., Yoder, T. K., et al. (2013). Assessment of the economic impact of porcine reproductive and respiratory syndrome virus on United States pork producers. J. Swine Health Prod. 21 (2), 72. 
 Howe, K. L., Achuthan, P., Allen, J., Allen, J., Alvarez-Jarreta, J., Amode, M. R., et al. (2020). Ensembl 2021. Nucleic Acids Res. 49 (D1), D884–D891. doi:10.1093/nar/gkaa942
 Ison, E. K., Hopf-Jannasch, A. S., Harding, J. C. S., and Alex Pasternak, J. (2022). Effects of porcine reproductive and respiratory syndrome virus (PRRSV) on thyroid hormone metabolism in the late gestation fetus. Vet. Res. 53 (1), 74. doi:10.1186/s13567-022-01092-3
 Knott, S. A., Nyström, P. E., Andersson-Eklund, L., Stern, S., Marklund, L., Andersson, L., et al. (2002). Approaches to interval mapping of QTL in a multigeneration pedigree: The example of porcine chromosome 4. Anim. Genet. 33 (1), 26–32. doi:10.1046/j.1365-2052.2002.00803.x
 Ko, H., Sammons, J., Pasternak, J. A., Hamonic, G., Starrak, G., MacPhee, D. J., et al. (2022). Phenotypic effect of a single nucleotide polymorphism on SSC7 on fetal outcomes in PRRSV-2 infected gilts. Lives. Sci. 255, 104800. doi:10.1016/j.livsci.2021.104800
 Krause, G., and Hinz, K. M. (2020). Molecular mechanisms of thyroid hormone transport by l-type amino acid transporter. Exp. Clin. Endocrinol. Diabetes. 128 (6-07), 379–382. doi:10.1055/a-1032-8369
 Krysin, E., Brzezińska-Slebodzińska, E., and Slebodziński, A. (1997). Divergent deiodination of thyroid hormones in the separated parts of the fetal and maternal placenta in pigs. J. Endocrinol. 155 (2), 295–303. doi:10.1677/joe.0.1550295
 Ladinig, A., Ashley, C., Detmer, S. E., Wilkinson, J. M., Lunney, J. K., Plastow, G., et al. (2015). Maternal and fetal predictors of fetal viral load and death in third trimester, type 2 porcine reproductive and respiratory syndrome virus infected pregnant gilts. Vet. Res. 46 (1), 107. doi:10.1186/s13567-015-0251-7
 Ladinig, A., Foxcroft, G., Ashley, C., Lunney, J. K., Plastow, G., and Harding, J. C. (2014a). Birth weight, intrauterine growth retardation and fetal susceptibility to porcine reproductive and respiratory syndrome virus. PloS One 9 (10), e109541. doi:10.1371/journal.pone.0109541
 Ladinig, A., Gerner, W., Saalmüller, A., Lunney, J. K., Ashley, C., and Harding, J. C. (2014b). Changes in leukocyte subsets of pregnant gilts experimentally infected with porcine reproductive and respiratory syndrome virus and relationships with viral load and fetal outcome. Vet. Res. 45 (1), 128. doi:10.1186/s13567-014-0128-1
 Ladinig, A., Wilkinson, J., Ashley, C., Detmer, S. E., Lunney, J. K., Plastow, G., et al. (2014c). Variation in fetal outcome, viral load and ORF5 sequence mutations in a large scale study of phenotypic responses to late gestation exposure to type 2 porcine reproductive and respiratory syndrome virus. PLoS One 9 (4), e96104. doi:10.1371/journal.pone.0096104
 Liang, W., Ji, L., Zhang, Y., Zhen, Y., Zhang, Q., Xu, X., et al. (2017). Transcriptome differences in porcine alveolar macrophages from tongcheng and large white pigs in response to highly pathogenic porcine reproductive and respiratory syndrome virus (PRRSV) infection. Int. J. Mol. Sci. 18 (7), 1475. doi:10.3390/ijms18071475
 Liu, Y. Y., and Brent, G. A. (2010). Thyroid hormone crosstalk with nuclear receptor signaling in metabolic regulation. Trends Endocrinol. Metab. 21 (3), 166–173. doi:10.1016/j.tem.2009.11.004
 Lu, X., Liu, J. F., Gong, Y. F., Wang, Z. P., Liu, Y., and Zhang, Q. (2011). Mapping quantitative trait loci for T lymphocyte subpopulations in peripheral blood in swine. BMC Genet. 12, 79. doi:10.1186/1471-2156-12-79
 Lunney, J. K., Fang, Y., Ladinig, A., Chen, N., Li, Y., Rowland, B., et al. (2016). Porcine reproductive and respiratory syndrome virus (PRRSV): Pathogenesis and interaction with the immune system. Ann. Rev. Anim. Biosci. 4, 129–154. doi:10.1146/annurev-animal-022114-111025
 Lunney, J. K., Steibel, J. P., Reecy, J. M., Fritz, E., Rothschild, M. F., Kerrigan, M., et al. (2011). Probing genetic control of swine responses to PRRSV infection: Current progress of the PRRS host genetics consortium. BMC Proc. 5 (4), S30. doi:10.1186/1753-6561-5-S4-S30
 Malgarin, C. M., Moser, F., Pasternak, J. A., Hamonic, G., Detmer, S. E., MacPhee, D. J., et al. (2021). Fetal hypoxia and apoptosis following maternal porcine reproductive and respiratory syndrome virus (PRRSV) infection. BMC Vet. Res. 17 (1), 182. doi:10.1186/s12917-021-02883-0
 Malgarin, C. M., Nosach, R., Novakovic, P., Suleman, M., Ladinig, A., Detmer, S. E., et al. (2019). Classification of fetal resilience to porcine reproductive and respiratory syndrome (PRRS) based on temporal viral load in late gestation maternal tissues and fetuses. Virus Res. 260, 151–162. doi:10.1016/j.virusres.2018.12.002
 Maruo, T., Hayashi, M., Matsuo, H., Yamamoto, T., Okada, H., and Mochizuki, M. (1987). The role of thyroid hormone as a biological amplifier of the actions of follicle-stimulating hormone in the functional differentiation of cultured porcine granulosa cells. Endocrinol 121 (4), 1233–1241. doi:10.1210/endo-121-4-1233
 Matheson, S. M., Walling, G. A., and Edwards, S. A. (2018). Genetic selection against intrauterine growth retardation in piglets: A problem at the piglet level with a solution at the sow level. Genet. Sel. Evol. 50 (1), 46. doi:10.1186/s12711-018-0417-7
 Meikle, A. W., Stringham, J. D., Woodward, M. G., and Nelson, J. C. (1988). Hereditary and environmental influences on the variation of thyroid hormones in normal male twins. J. Clin. Endocrinol. Metab. 66 (3), 588–592. doi:10.1210/jcem-66-3-588
 Meulenberg, J. J. (2000). PRRSV, the virus. Vet. Res. 31 (1), 11–21. doi:10.1051/vetres:2000103
 Montesinos, M. D. M., and Pellizas, C. G. (2019). Thyroid hormone action on innate immunity. Front. Endocrinol. (Lausanne) 10, 350. doi:10.3389/fendo.2019.00350
 Müller, J., Mayerl, S., Visser, T. J., Darras, V. M., Boelen, A., Frappart, L., et al. (2014). Tissue-specific alterations in thyroid hormone homeostasis in combined Mct10 and Mct8 deficiency. Endocrinol 155 (1), 315–325. doi:10.1210/en.2013-1800
 Mulligan, M. K., Kleiman, J. E., Caldemeyer, A. C., Harding, J. C. S., and Pasternak, J. A. (2022). Porcine reproductive and respiratory virus 2 infection of the fetus results in multi-organ cell cycle suppression. Vet. Res. 53 (1), 13. doi:10.1186/s13567-022-01030-3
 Mullur, R., Liu, Y. Y., and Brent, G. A. (2014). Thyroid hormone regulation of metabolism. Physiol. Rev. 94 (2), 355–382. doi:10.1152/physrev.00030.2013
 Nishiyama, A., Kambe, F., Kamiya, K., Seo, H., and Toyama, J. (1998). Effects of thyroid status on expression of voltage-gated potassium channels in rat left ventricle. Cardiovasc. Res. 40 (2), 343–351. doi:10.1016/s0008-6363(98)00135-7
 Niswender, G. D., Juengel, J. L., Silva, P. J., Rollyson, M. K., and McIntush, E. W. (2000). Mechanisms controlling the function and life span of the corpus luteum. Physiol. Rev. 80 (1), 1–29. doi:10.1152/physrev.2000.80.1.1
 NRSP-8: National Animal Genome Research Program (2022). Pig QTL database. Available at: https://www.animalgenome.org [Accessed August 30, 2022]. 
 Onteru, S. K., Fan, B., Du, Z. Q., Garrick, D. J., Stalder, K. J., and Rothschild, M. F. (2012). A whole-genome association study for pig reproductive traits. Anim. Genet. 43 (1), 18–26. doi:10.1111/j.1365-2052.2011.02213.x
 Panicker, V., Wilson, S. G., Spector, T. D., Brown, S. J., Falchi, M., Richards, J. B., et al. (2008). Heritability of serum TSH, free T4 and free T3 concentrations: A study of a large UK twin cohort. Clin. Endocrinol. (Oxf) 68 (4), 652–659. doi:10.1111/j.1365-2265.2007.03079.x
 Pasternak, J. A., MacPhee, D. J., and Harding, J. C. S. (2020a). Fetal cytokine response to porcine reproductive and respiratory syndrome virus-2 infection. Cytokine 126, 154883. doi:10.1016/j.cyto.2019.154883
 Pasternak, J. A., MacPhee, D. J., and Harding, J. C. S. (2020b). Maternal and fetal thyroid dysfunction following porcine reproductive and respiratory syndrome virus2 infection. Vet. Res. 51 (1), 47. doi:10.1186/s13567-020-00772-2
 Pasternak, J. A., MacPhee, D. J., Lunney, J. K., Rowland, R. R. R., Dyck, M. K., Fortin, F., et al. (2021). Thyroid hormone suppression in feeder pigs following polymicrobial or porcine reproductive and respiratory syndrome virus-2 challenge. J. Anim. Sci. 99 (11), skab325. skab325. doi:10.1093/jas/skab325
 Ponsuksili, S., Zebunke, M., Murani, E., Trakooljul, N., Krieter, J., Puppe, B., et al. (2015). Integrated Genome-wide association and hypothalamus eQTL studies indicate a link between the circadian rhythm-related gene PER1 and coping behavior. Sci. Rep. 5, 16264. doi:10.1038/srep16264
 Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D., et al. (2007). Plink: A tool set for whole-genome association and population-based linkage analyses. Amer. J. Hum. Genet. 81 (3), 559–575. doi:10.1086/519795
 Reiner, G., Bertsch, N., Hoeltig, D., Selke, M., Willems, H., Gerlach, G. F., et al. (2014). Identification of QTL affecting resistance/susceptibility to acute Actinobacillus pleuropneumoniae infection in swine. Mamm. Genome. 25 (3-4), 180–191. doi:10.1007/s00335-013-9497-4
 Reiner, G., Fischer, R., Hepp, S., Berge, T., Köhler, F., and Willems, H. (2008). Quantitative trait loci for white blood cell numbers in swine. Anim. Genet. 39 (2), 163–168. doi:10.1111/j.1365-2052.2008.01700.x
 Rohrer, G. A., Ford, J. J., Wise, T. H., Vallet, J. L., and Christenson, R. K. (1999). Identification of quantitative trait loci affecting female reproductive traits in a multigeneration Meishan-White composite swine population. J. Anim. Sci. 77 (6), 1385–1391. doi:10.2527/1999.7761385x
 Rubingh, J., van der Spek, A., Fliers, E., and Boelen, A. (2020). The role of thyroid hormone in the innate and adaptive immune response during infection. Compr. Physiol. 10 (4), 1277–1287. doi:10.1002/cphy.c200003
 Sathi, P., Kalyan, S., Hitchcock, C. L., Pudek, M., and Prior, J. C. (2013). Progesterone therapy increases free thyroxine levels-data from a randomized placebo-controlled 12-week hot flush trial. Clin. Endocrinol. (Oxf) 79 (2), 282–287. doi:10.1111/cen.12128
 Schneider, J. F., Nonneman, D. J., Wiedmann, R. T., Vallet, J. L., and Rohrer, G. A. (2014). Genomewide association and identification of candidate genes for ovulation rate in swine. J. Anim. Sci. 92 (9), 3792–3803. doi:10.2527/jas.2014-7788
 Sekulić, M., Šošić-Jurjević, B., Filipović, B., Nestorović, N., Negić, N., Stojanoski, M. M., et al. (2007). Effect of estradiol and progesterone on thyroid gland in pigs: A histochemical, stereological, and ultrastructural study. Micros. Res. Techn. 70 (1), 44–49. doi:10.1002/jemt.20384
 Spiegel, C., Bestetti, G. E., Rossi, G. L., and Blum, J. W. (1993). Normal circulating triiodothyronine concentrations are maintained despite severe hypothyroidism in growing pigs fed rapeseed presscake meal. J. Nutr. 123 (9), 1554–1561. doi:10.1093/jn/123.9.1554
 Tailor, P., Tamura, T., Kong, H. J., Kubota, T., Kubota, M., Borghi, P., et al. (2007). The feedback phase of type I interferon induction in dendritic cells requires interferon regulatory factor 8. Immunity 27 (2), 228–239. doi:10.1016/j.immuni.2007.06.009
 Tamura, T., Kurotaki, D., and Koizumi, S.-i. (2015). Regulation of myelopoiesis by the transcription factor IRF8. Intern. J. Hematol. 101 (4), 342–351. doi:10.1007/s12185-015-1761-9
 Tanimura, Y., Kiriya, M., Kawashima, A., Mori, H., Luo, Y., Kondo, T., et al. (2021). Regulation of solute carrier family 26 member 7 (Slc26a7) by thyroid stimulating hormone in thyrocytes. Endocr. J. EJ20- 68, 691–699. doi:10.1507/endocrj.EJ20-0502
 van der Spek, A. H., Fliers, E., and Boelen, A. (2017). The classic pathways of thyroid hormone metabolism. Molec. Cellu. Endocrinol. 458, 29–38. doi:10.1016/j.mce.2017.01.025
 van der Spek, A. H., Fliers, E., and Boelen, A. (2021). Thyroid hormone and deiodination in innate immune cells. Endocrinol 162 (1), bqaa200. doi:10.1210/endocr/bqaa200
 Van Goor, A., Pasternak, A., Walker, K., Hong, L., Malgarin, C., MacPhee, D. J., et al. (2020). Differential responses in placenta and fetal thymus at 12 days post infection elucidate mechanisms of viral level and fetal compromise following PRRSV2 infection. BMC Genom 21 (1), 763. doi:10.1186/s12864-020-07154-0
 VanRaden, P. M. (2008). Efficient methods to compute genomic predictions. J. Dairy Sci. 91 (11), 4414–4423. doi:10.3168/jds.2007-0980
 Veroneze, R., Lopes, P. S., Guimarães, S. E., Silva, F. F., Lopes, M. S., Harlizius, B., et al. (2013). Linkage disequilibrium and haplotype block structure in six commercial pig lines. J. Anim. Sci. 91 (8), 3493–3501. doi:10.2527/jas.2012-6052
 Visser, W. E., Friesema, E. C., and Visser, T. J. (2011). Minireview: Thyroid hormone transporters: The knowns and the unknowns. Mol. Endocrinol. 25 (1), 1–14. doi:10.1210/me.2010-0095
 Waide, E. H., Tuggle, C. K., Serão, N. V. L., Schroyen, M., Hess, A., Rowland, R. R. R., et al. (2017). Genomewide association of piglet responses to infection with one of two porcine reproductive and respiratory syndrome virus isolates. J. Anim. Sci. 95 (1), 16–38. doi:10.2527/jas.2016.0874
 Wajner, S. M., and Maia, A. L. (2012). New insights toward the acute non-thyroidal illness syndrome. Front. Endocrinol. (Lausanne) 3, 8. doi:10.3389/fendo.2012.00008
 Walling, G. A., Visscher, P. M., Andersson, L., Rothschild, M. F., Wang, L., Moser, G., et al. (2000). Combined analyses of data from quantitative trait loci mapping studies. Chromosome 4 effects on porcine growth and fatness. Genetics 155 (3), 1369–1378. doi:10.1093/genetics/155.3.1369
 Wang, J. Y., Luo, Y. R., Fu, W. X., Lu, X., Zhou, J. P., Ding, X. D., et al. (2013). Genome-wide association studies for hematological traits in swine. Anim. Genet. 44 (1), 34–43. doi:10.1111/j.1365-2052.2012.02366.x
 Wang, X., Liu, X., Deng, D., Yu, M., and Li, X. (2016). Genetic determinants of pig birth weight variability. BMC Genet. 17, 15. doi:10.1186/s12863-015-0309-6
 Wattrang, E., Almqvist, M., Johansson, A., Fossum, C., Wallgren, P., Pielberg, G., et al. (2005). Confirmation of QTL on porcine chromosomes 1 and 8 influencing leukocyte numbers, haematological parameters and leukocyte function. Anim. Genet. 36 (4), 337–345. doi:10.1111/j.1365-2052.2005.01315.x
 Whitworth, K. M., Rowland, R. R., Ewen, C. L., Trible, B. R., Kerrigan, M. A., Cino-Ozuna, A. G., et al. (2015). Gene-edited pigs are protected from porcine reproductive and respiratory syndrome virus. Nat. Biotech. 34 (1), 20–22. doi:10.1038/nbt.3434
 Wilkie, P. J., Paszek, A. A., Beattie, C. W., Alexander, L. J., Wheeler, M. B., and Schook, L. B. (1999). A genomic scan of porcine reproductive traits reveals possible quantitative trait loci (QTLs) for number of corpora lutea. Mamm. Genome. 10 (6), 573–578. doi:10.1007/s003359901047
 Williams, G. R. (2008). Neurodevelopmental and neurophysiological actions of thyroid hormone. J. Neuroendocrinol. 20 (6), 784–794. doi:10.1111/j.1365-2826.2008.01733.x
 Wimmers, K., Murani, E., Schellander, K., and Ponsuksili, S. (2009). QTL for traits related to humoral immune response estimated from data of a porcine F2 resource population. Int. J. Immunogenet. 36 (3), 141–151. doi:10.1111/j.1744-313X.2009.00838.x
 Wittenburg, D., Guiard, V., Teuscher, F., and Reinsch, N. (2008). Comparison of statistical models to analyse the genetic effect on within-litter variance in pigs. Animal 2 (11), 1559–1568. doi:10.1017/s1751731108002851
 Wu, Y., and Koenig, R. J. (2000). Gene regulation by thyroid hormone. Trends Endocrinol. metabo. 11 (6), 207–211. doi:10.1016/s1043-2760(00)00263-0
 Yang, T., Wilkinson, J., Wang, Z., Ladinig, A., Harding, J., and Plastow, G. (2016). A genome-wide association study of fetal response to type 2 porcine reproductive and respiratory syndrome virus challenge. Sci. Rep. 6, 20305. doi:10.1038/srep20305
 Yang, Y., Han, A., Wang, X., Yin, X., Cui, M., and Lin, Z. (2021). Lipid metabolism regulator human hydroxysteroid dehydrogenase-like 2 (HSDL2) modulates cervical cancer cell proliferation and metastasis. J. Cell Mol. Med. 25 (10), 4846–4859. doi:10.1111/jcmm.16461
 Zak, L. J., Gaustad, A. H., Bolarin, A., Broekhuijse, M., Walling, G. A., and Knol, E. F. (2017). Genetic control of complex traits, with a focus on reproduction in pigs. Mol. Reprod. Dev. 84 (9), 1004–1011. doi:10.1002/mrd.22875
 Zhang, W., and Liu, H. T. (2002). MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 12 (1), 9–18. doi:10.1038/sj.cr.7290105
GLOSSARY
BW Body weight
DPI Days post inoculation
DPMI Days post maternal inoculation
Fetal_T3 Triiodothyronine (T3) levels measured in fetal serum at 12 or 21 DPMI, ng/dL
Fetal_T4 Thyroxine (T4) levels measured in fetal serum at 12 or 21 DPMI, µg/dL
GV Total genetic variation
GWAS Genome-wide association study
HPT Hypothalamic-pituitary-thyroid axis
IRF8 Interferon regulatory factor 8
IUGR Intrauterine growth restriction
JWAS Julia for Whole-genome Analysis Software
LD Linkage disequilibrium
LPS Lipopolysaccharide
LS Least square
MCMC Markov chain Monte Carlo
NTIS Non-thyroidal illness syndrome
PGM Pregnant gilt model
PHGC Porcine reproductive and respiratory syndrome host genetics consortium
Piglet_T3 Triiodothyronine (T3) levels were measured in serum at 11 DPI, ng/dL
PPI Post probability of inclusion
PRRS Porcine reproductive and respiratory syndrome
PRRSV Porcine reproductive and respiratory syndrome virus
PRRSV2 Porcine reproductive and respiratory syndrome virus type 2
PTH1R Parathyroid hormone 1 receptor
QTL Quantitative trait loci
r2 Measure of linkage disequilibrium
rg Genetic correlation
rT3 reverse triiodothyronine
SSC Sus scrofa chromosome
SNP Single nucleotide polymorphism
T2 Thyroid hormone diiodothyronine
T3 Thyroid hormone triiodothyronine
T4 Thyroid hormone thyroxin
TSH Thyroid stimulating hormone
VL Viral load
WG Weight gain
WG21 Weight gain from 0 to 21 DPI, kg
WG42 Weight gain from 0 to 42 DPI, kg
WUR SNP WUR10000125 associated with PRRS tolerance near the GBP5 gene
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Van Goor, Pasternak, Walugembe, Chehab, Hamonic, Dekkers, Harding and Lunney. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-14-1110463-t003.jpg
‘ T3 048 (021) ~0.84 (0.38)
‘ T4 0.39 (0.03) -0.77 (0.26)
Vi ~0.38 (0.04) ~0.35 (0.04)

‘ BW¢ ~0.01 (0.04) 0.26 (0.04) 0.12 (0.05)
 Braindiver” ~0.16 (0.04) -0.19 (0.04) 025 (0.05)

“Triiodothyronine (T3, ng/dL) levels were measured in serum at 12 or 21 DPML.
"Thyroxine (T4, ug/dL) levels were measured in serum at 12 or 21 DPML

“Viral load (VL, logl0viral load) was measured in the fetal thymus at 12 or 21 DPML
“Fetal body weight (BW, grams) was measured at 12 or 21 DPML

“Fetal brain to liver ratios were calculated based on weights measured at 12 or 21 DPML
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“Triiodothyronine (T3) levels were measured in piglet serum at 11 DPI (piglet T3), in fetal serum at 12 or 21 DPMI (fetal_T3); thyroxine (T4) levels were measured in fetal serum at 12 or 21 DPMI
(fetal_T4).

"Chromosome (Chr) where a significant window was identified based on Sus serofa 11.1 (Sscrofal 11) build.

“Position (Pos) in megabases (Mb) on given chromosome where significant window was identified based on Sscrofal 1.1 build.

SNP name based on Illumina Porcine SNP60 Beadchip version 2 nomenclature.

‘SNP location based on SSC Sscrofal 1.1 build.

‘Posterior Probability of Inclusion (PPI): frequency with which the SNP was included in the MCMC iterations (post-burn-in).

“Minor allele frequency (MAF) of the SNP within the genotyped populations (N = 1792 animals for piglet_T3, N = 1,187 animals for both fetal trats).

"Number of annotated candidate genes within 400 Kb (200 Kb upstream and 200 Kb downstream) of SNP based on Ensembl Biomart release 107 with the Pig—Duroc (Sscrofal L1) option accessed
on 30 August 2022.
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“Triiodothyronine (T3) levels were measured in serum at 11 DPI, ng/dL

"Viral load (VL) was measured in serum at 11 DPI, logl0viral load.

“Body weight gain (WG21, kg) was calculated as the difference between body weight at 0 and 21 DPL Note animals from trial 9 were excluded from the dataset prior to these calculations.
“Body weight gain (WGA2, kg) was calculated as the difference between body weight at 0 and 42 DPL. Note animals from trial 9 were excluded from the dataset prior to these calculations, and animals
from trials 7 and 8 were not measured at 42 DPI due to accessibility of the facility.

“T3 levels (ng/dL) were measured in serum at 12 or 21 DPMIL

‘Thyroxine (T4) levels (ug/dL) were measured in serum at 12 or 21 DPML.

“VL (log10viral load) was measured in the fetal thymus at 12 or 21 DPMI.

"Fetal body weight (BW) (grams) was measured at 12 or 21 DPMI.
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“Triiodothyronine (T3, ng/dL) levels were measured in serum at 11 DPL.
"Viral load (VL, loglOviral load) was measured in serum at 11 DPL

“Body weight gain (WG21, kg) was calculated as the difference between body weight at 0 and 21 DPI. Note animals from trial 9 were excluded from the dataset prior to these calculations.
“Body weight gain (WGA2, kg) was calculated as the difference between body weight at 0 and 42 DPL. Note animals from trial 9 were excluded from the dataset prior to these calculations, and animals
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Trait* GV Gene name Descriptiol
Piglet_T3 INRA0019871 (11.37%) 5 BCL2LI3 BCL2 like 13
BID BHS3 interacting domain death agonist
MICAL3 Microtubule associated monooxygenase, calponin and LIM domain containing 3
PEX26 Peroxisomal biogenesis factor 26
TUBAS Tubulin alpha 8
Piglet T3 | MARCO089811 (3.33%) 3 sOX11 SRY-box transcription factor 11
Piglet_T3 H3GA016790 (3.32%) 5 BCL2LI3 | BOL2 like 13
BID BHS3 interacting domain death agonist
MICALS Microtubule associated monooxygenase, calponin and LIM domain containing 3
PEX26 Peroxisomal biogenesis factor 26
TUBAS Tubulin alpha §
usp1s | Ubiquitin specifc peptidase 18
el Ty | ALGAOD28303 (467%) 4 | None N
Fetal T3 ALGA0009329 (1.68%) 1 HSDL2 Hydroxysteroid dehydrogenase like 2
| provs Polypyrimidine tract binding protein 3
| suspr Sushi domain containing 1
Fetal_T3 ALGA0119977 (1.26%) 4 ' None N
Fetal_T4 ASGAQ057067 (351%) 13 cevciz " Coled-coil domain containing 12
KiF9 | Kincsin family member 9
MYL3 Myosin light chain 3
NBEAL2 Neurobeachin like 2
| pTHIR Parathyroid hormone 1 receptor
SETD2 SET domain containing 2, histone lysine methyltransferase
Fetal_T4 DIAS0000510 (1.92%) 15 ATIC | 5-aminoimidazole-4-carbosamide ribonucleotide Formylransierase/IMP cyclohydrolsse
[ 1 NI Fibronectin 1
Fetal_T4 MARC0052461 (1.54%) 15 ARIH2 | Aviadne RBR E3 ubiquitin proten ligase 2
CELSR3 Cadherin EGF LAG seven-pass G-type receptor 3
1P6K2 Inositol hexakisphosphate kinase 2
NCKIPSD NCK interacting protein with SH3 domain
PFKFB1 | 6-phosphofructo-2 kinasffructose-2,6-biphosphatase 4
| priaz | Proein kinase cAMP-dependent type 11 regulatory subunit lpha
SHISA5 Shisa family member 5
sLC25420 Solute carrier family 25 member 20
| stcasas Solute carrier family 26 member 6
TMEMS9 Transmembrane protein 89
Us U6 spliceosomal RNA
ueN2 Urocortin 2
UQCRCI Ubiquinol-cytochrome ¢ reductase core protein 1

“Triiodothyronine (T3) levels were measured in piglet serum at 11 DPI (piglet_T3), in fetal serum at 12 or 21 DPMI (fetal_T3); thyroxine (T4) levels were measured in fetal serum at 12 or 21 DPMI

(fetal_T4).

"SNP name based on llumina Porcine SNP60 Beadchip version 2 nomenclature and percent genetic variation (% GV) that was explained by the 1-Mb window for which the SNP was identified as

having the highest PPI in the MCMC iterations.

“Chromosome (Chr) where a significant window was identified based on Sus scrofa 11.1 (Sserofall.1) build.
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