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Introduction

Gene expression is the first molecular process translating genetic variation into phenotypic
outcomes. The blood transcriptome is particularly attractive for this purpose, as it can be
collected on live animals and reflects systemic immune and metabolic processes. Lim et al.
(2023) found that expression in blood of young healthy pigs was heritable for many genes and
genetically correlated with performance under a subsequent natural polymicrobial disease
challenge. However, because of the number of genes evaluated, power to detect significant
correlations was limited. To overcome this, we investigated the genetic basis of module-level
summaries of gene co-expression networks in the blood transcriptome data of Lim et al. (2023).
Weighted gene co-expression network analysis (WGCNA) summarizes transcriptome data into
biologically interpretable gene modules (Zhang and Horvath, 2005). A module eigengene (ME)
is the first principal component of the standardized expression of genes in a module and
summarizes each individual’s expression activity for that module (Zhang and Horvath, 2005).
Disease resilience is the ability to cope with disease and return to normal performance and has
gained increasing attention as a breeding goal trait. However, disease resilience is difficult to
measure at scale, as it requires exposure to disease. Therefore, the objective of this study was
to investigate the genetic basis of MEs derived from the blood transcriptome of young healthy
pigs as potential genetic indicator traits for disease resilience. Because of the effect of cell
composition on the gene expression profile in blood, these analyses were conducted with (WI)
and without (WO) accounting for white blood cell (WBC) composition.

Materials & Methods

Data. Data were obtained from the polymicrobial natural disease challenge project described
by Putz et al. (2019) and Cheng et al. (2020). Whole-blood transcriptome data were available
for 2,455 young and clinically healthy Landrace % Yorkshire barrows provided by the 7
breeding companies of the PigGen Canada research consortium, collected prior to their entry
into the disease challenge. Performance and disease resilience phenotypes were recorded on
these and another 1,640 pigs from the same lines before (quarantine nursery, qNur), during
(challenge nursery, cNur), and after (finisher, Fin) the challenge. Phenotypes included
subjective health scores (HS, from 1=severe disease to S=perfect health, in qNur, cNur, Fin),
individual clinical treatment rates (TRT, for cNur, Fin, and across cNur and Fin (=All)),
mortality (MOR, O=survived, 1=died, in cNur, Fin, All), average daily gain (ADG, in qNur,
cNur, Fin), average daily feed intake (ADFI) and duration (ADFD), feed conversion rate
(FCR), and residual feed intake (RFI) in Fin, and carcass traits, including carcass weight
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(CWT), dressing percentage (DRS%), lean yield (LYLD), carcass backfat (CBF), and carcass
loin depth (CLD). Genotypes for 435,172 filtered SNPs were available for all pigs.

RNA-sequencing and WGCNA. Gene expression was quantified using 3’'mRNA sequencing
with globin blocking and filtered and processed into normalized and logz(count+1) data, as
described by Lim et al. (2023). Prior to WGCNA, the expression data for each gene was further
adjusted for entry age, batch, and the random effect of pen within batch. For WI analyses, the
log2 of WBC proportions in blood collected at the time of RNA collection were also fitted to
adjust samples for cell composition. Multidimensional scaling was performed on both the WI
and WO data to detect outlier samples. The final set included 16,546 genes on 2,322 pigs.
Co-expression networks were constructed separately for WI and WO using WGCNA v1.73
(Langfelder and Horvath, 2008) with signed topological overlap (maximum block size 30,000
genes, minimum module size 15, soft power §). Modules with stability >0.7, quantified as the
mean proportion of reference module genes that were assigned to the same module across 50
bootstrap replicates, were considered robust and retained for further interpretation. The
module-eigengenes function of WGCNA was used to obtain the first principal component of
each module, which was treated as a quantitative trait (ME-WI and ME-WO) in downstream
analyses. Hub genes for a module were defined as genes whose expression levels were highly
correlated (r>0.80) with the module’s ME (Langfelder and Horvath, 2008).

Genetic analyses. Estimates of heritabilities (h?) and litter effects (¢2) for ME-WI and ME-
WO were obtained using univariate mixed linear models in ASReml 4.2, with an intercept and
the random effects of litter and genetics, using genomic relationships. Estimates of genetic (7;)
and phenotypic (#,) correlations of MEs with performance and resilience traits were obtained
using bivariate models with fixed and random effects for traits as described by Cheng et al.
(2020). Significance of 7; from 0 (or 1) was assessed using a likelihood ratio test for models
with and without 7; constrained to 0 (or 1), with p-values based on a 1 degree of freedom Chi-

square distribution. Significance of h% and ¢? was similarly assessed but with p-values
divided by 2 to account for their restriction to be non-negative.

Functional enrichment analyses. Functional enrichment analyses for biological processes
(GO:BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed
using gprofiler2 (Kolberg et al., 2023) for ME with h?>0.10, using all expressed genes as
background and a 0.05 False Discovery Rate (FDR) threshold.

Results & Discussion

WGCNA identified 16 (WI) and 25 (WO) modules. Genes that were not consistently co-
expressed with any other module were assigned to WI-0 and WO-0. MEs had low to moderate
h? (Table 1), with similar estimates for ME-WI (mean= 0.22, SD=0.09) and ME-WO
(mean=0.20, SD=0.10). Litter effects were generally small and comparable between ME-WI
and ME-WO (mean=0.06, SD=0.03-0.04). Modules WI-6, WO-2, and WO-8 were
significantly enriched for immune-related terms but module WO-2 had low stability
(0.5620.10). Thus, only modules WI-6 and WO-8 were used for further analysis.

Module WI-6 (186 genes; h% =0.19+0.04, p<0.05; stability=0.75+0.24) showed strong
enrichment (FDR<0.001) for antiviral and innate immune GO:BP, including response to virus,
innate immune response, and defense response, and for innate immune KEGG pathways,
including RIG-I-like and NOD-like receptor signaling, and multiple virus-infection pathways.
Module WO-8 (93 genes, of which 87 were in WI-6; h? =0.10+0.04, p<0.05;
stability=0.86+0.19) was enriched for similar GO-BP and KEGG immune terms as WI-6. WI-



6 and WO-8 were highly correlated (7,=0.89+0.01; 7,=0.94+0.04), with 7, not significantly

different from 1 (p=0.18), indicating that these two module-level immune signatures are very
similar and, therefore, largely independent of WBC, as WI-6 was adjusted for WBC.

Table 1. Estimates of the proportion of variance explained by genetic (h?) and litter (¢2) effects
for module eigengenes (ME) with (WI) and without (WO) adjustment for cell composition.

With adjustment for cell composition Without adjustment for cell composition
ME #genes h? ¢? ME #genes h? o
WI-1 80 0.28 0.06 WO-1 22 0.31 0.13
WI-2 85 0.39 0.11 WO-2 29 0.10 0.05
WI-3 89 0.39 0.04 WO-3 37 0.22 0.03
WI-4 93 0.21 0.05 WO-4 42 0.24 0.05
WI-5 123 0.15 0.05 WO-5 44 0.22 0.07
WI-6 186 0.19 0.07 WO-6 77 0.36 0.10
WI-7 198 0.22 0.06 WO-7 81 0.26 0.06
WI-8 204 0.30 0.07 WO-8 93 0.10 0.10
WI-9 214 0.21 0.06 WO-9 97 0.36 0.04
WI-10 359 0.17 0.01 WO-10 104 0.19 0.06
WI-11 427 'DNC DNC WO-11 143 0.15 0.06
WI-12 519 0.28 0.13 WO-12 145 0.13 0.01
WI-13 1274 0.10 0.02 WO-13 150 0.22 0.04
WI-14 3473 0.09 - WO-14 170 0.30 0.06
WI-15 3891 0.07 - WO-15 215 DNC DNC
WI-0 5331 0.19 0.11 WO-16 235 0.05 -
Standard errors associated with 42 and ¢? range from | WQ-17 323 0.19 0.06
0.03 to 0.05; 'DNC = did not converge; Estimates in WO-18 332 0.17 0.05
bold were significantly different from zero (p<0.05) WO-19 408 0.23 0.05

WO-20 461 0.28 0.13
WO-21 648 0.21 -
WO-22 911 0.09 0.01
WO-23 2828 0.06 -
WO-24 3695 0.08 -
WO-0 5256 0.19 0.13

Correlations of WI-6 and WO-8 with performance and resilience traits are in Table 2. 7, were
consistently low for both MEs. The 7, were low to moderate, ranging from -0.56 to 0.62,
including moderate negative and unfavorable 7, with cNurHS (p<0.05) and ¢cNurADG
(p<0.10), and moderate positive and unfavorable 7; with cNurMOR (p<0.10) and overall TRT
(p<0.25 for WO-8) (Table 2). These 7, are consistent with findings by Lim et al. (2023) that,
genetically, healthy pigs with higher expression of immunity-related genes in blood tended to
have less favorable resilience outcomes after disease exposure.

Shared hub genes between WI-6 and WO-8 collectively defined a coordinated type I interferon
(IFN-I) driven antiviral response network (including DDX58, STAT1, MX1, RSAD2, and
HERCS). IFN-I responses are essential for acute antiviral defense, but prolonged IFN-I
signalling can drive immune dysfunction, inflammation, and immunosuppression (Dagenais-
Lussier et al., 2017). This provides a plausible context for our result that pigs with genetically
higher expression of this [FN-driven network have poorer health outcomes, as they may
experience chronic or excessive immune activation, which impairs effective responses under
disease. Further study is needed to investigate this in pigs.



Table 2. Estimates and standard errors (SE) of genetic (7;) and phenotypic (7,) correlations of
module eigengenes for WI-6 and WO-8 with performance and disease resilience traits.

A A

. Tg ™

Phase Trait WI-6 WO-8 WI-6 WO-8
qNur HSI 20.14(0.15) =027 (0.22)* | -0.05 (0.03) _ -0.06 (0.02)
HS2 0.18 (0.19) 0.10 (0.27) | -0.03 (0.03)  -0.04 (0.03)
ADG 20.07(0.16)  -0.16(0.16) | -0.10 (0.03)  -0.09 (0.03)
cNur HS 20.44 (0.14° =057 (0.19)° | -0.05 (0.03) __ -0.05 (0.03)
TRT 0.16 (0.16) 0.31(0.21)" | -0.01 (0.03)  -0.01 (0.03)
MOR 0.48 (0.30)°  0.63(0.38)° | 0.03(0.03)  0.02(0.03)
ADG 20.29 (0.16)°  -0.46 (0.22)° | -0.01 (0.03)  -0.01 (0.03)
Fin HS 2023(021)  -0.16(0.30) | -0.01 (0.03)  0.03 (0.03)
TRT 0.21 (0.29) 0.22(0.33) | 0.05(0.03)  0.05(0.03)
MOR 0.08(0.26)  -0.02(0.32) | -0.04(0.03)  -0.04 (0.03)
ADG 20.07(0.16)  -0.15(0.20) | -0.02 (0.03)  -0.01 (0.03)
ADFI 20.15(0.14)  -0.29(0.19)* | -0.02 (0.03)  -0.02 (0.03)
ADFD 019 (0.12)*  -0.23(0.16)* | -0.07 (0.03)  -0.05 (0.03)
FCR -0.28 (0.15)°  -0.25(0.19) | -0.08 (0.03)  -0.08 (0.03)
RFI 20.05(0.13)  -0.06(0.16) | -0.02 (0.03)  -0.02 (0.03)
cNurtFin _ TRT 0.36 (0.35) 0.53 (0.41)" | 0.01(0.03)  0.02(0.03)
MOR 0.31(0.23)°  0.29(0.29) | -0.02(0.03)  -0.02 (0.03)
Carcass CWT 2020 (021) 038 (0.27)% | -0.01 (0.03)  -0.02 (0.03)
DRS% 20.10(0.22)  -0.28(0.23)* | -0.01 (0.03)  -0.01 (0.03)
LYLD 0.08 (0.13) 0.26 (0.17) | -0.01 (0.03)  0.03 (0.03)
CBF 20.10(0.13)  -0.27(0.17)* | 0.02(0.03)  -0.02 (0.03)
CLD 20.03(0.15)  -0.07(0.16) | 0.08(0.03)  0.06(0.03)

Significance level of being different from zero (for 7; only) (in bold): *p<0.25; *p<0.10; p<0.05.

Conclusions

This study capitalized on a large data set with transcriptome data from blood of young and
clinically healthy pigs and the performance and disease resilience data of these pigs and their
relatives. To our knowledge, this is the first study in pigs to investigate the genetic basis of
WGCNA module eigengenes. Modules that were significantly enriched for immune- and
interferon-related GO terms showed moderate h?, with higher expression genetically
correlated with poorer health and reduced growth under disease, suggesting their potential use
as biologically informed genetic indicators for disease resilience.
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