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Introduction

Novel strategies are needed for disease control in livestock. Results from previous studies show
that host response to disease challenge is heritable, ranging from 0.16 £ 0.05 to 0.22 £ 0.04 for
growth rate traits, and from 0.09 + 0.04 to 0.15 + 0.04 for clinical score and survival traits for
pigs experimentally infected with porcine reproductive and respiratory syndrome (PRRS) virus
and co-infected with other viral and bacterial pathogens (Dunkelberger et al., 2022ab;
Sevillano et al., 2024). These estimates suggest the possibility of breeding pigs for enhanced,
natural resilience to PRRS and other diseases. Genetic selection for enhanced disease resilience
is an attractive solution for disease control, which can deliver cumulative and permanent gains
in herd health and productivity. However, some of the challenges of implementing selection
for enhanced resilience (as with other novel traits) include: 1.) defining the trait(s) of interest;
and 2.) identifying the optimal models for breeding value estimation. This process includes
evaluating the extent to which covariate adjustments alter genetic parameter estimates, the
equivalence of continuous versus categorical trait derivations (e.g., days to death or market vs
dead or alive), and the robustness of genomic estimated breeding value (gEBV) rankings across
model specifications. Addressing these methodological questions is essential for effective
genetic improvement of disease resilience. Therefore, the main objectives of this study were
to: 1.) estimate genetic parameters for different trait definitions of disease resilience; 2.) to
evaluate the impact of phenotypic pre-adjustment for body weight at challenge on variance
partitioning and gEBV rankings; and 3.) to explicitly compare continuous versus categorical
trait definitions using data from multiple disease challenge trials.

Materials & Methods

Animals and phenotypes. Data from 5,395 crossbred pigs from three wean-to-finish PRRSV
artificial challenge trials conducted between 2018 and 2023 were available for this study (Trial
1: n = 1,415; Trial 2: n = 1,846; Trial 3: n = 2,134). Experimental designs are described in
Dunkelberger et al. (2022ab) and Sevillano ef al. (2024). Briefly, following weaning, pigs were
vaccinated and later challenged via intramuscular inoculation with the same infectious dose of
a highly pathogenic North American PRRSV isolate. The mean challenge age was 61.2 + 7.3
days, and the mean challenge body weight (BW) was 22.6 + 6.1 kg. As part of the quality
control process, 67 pigs that died prior to inoculation and 9 pigs housed in pens with small
group sizes, were removed from the dataset, resulting in 5,319 animals for subsequent analyses.
Phenotypes included growth performance, clinical disease severity, treatment incidence, and
survival traits. Average daily gain (ADG, kg/d) was calculated as the change in body weight
divided by the number of days between successive measurement points for biologically defined
intervals: pre-challenge growth from weaning to inoculation (0 days post-inoculation [dpi])
(ADGpre); growth during infection from 0 to 42 dpi for Trials 1 and 3, or 0 to 21 dpi for Trial
2 (ADGdur); post-challenge growth from 21 dpi (Trial 2) or 42 dpi (Trial 1 and 3) to market
weight (ADGpos); and overall lifetime growth from weaning to market (ADGall). ADG values
for non-surviving animals were computed using their actual age and body weight at death rather
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than treating them as missing observations. Clinical disease severity was recorded at multiple
time points (0, 13 or 21, and 42 dpi) and summarized as cumulative clinical score (CumCS),
defined as the sum of scores across all observation days. Survival traits included days to death
or market (DTDM) and its inverse normal transformation (DTDIN), mortality from 0-28 dpi
(MOR28) and overall mortality (MORall). Treatment traits included total number of
antimicrobial treatments (TRTc) and treated at least once (TRTb; yes or no). Genotyping was
performed using a custom 25K SNP panel and subsequently imputed to a SOK SNP density.
The reference population and imputation procedures followed the protocols described by
Sevillano et al. (2024). After quality control, 47,562 SNPs and 5,395 animals were retained for
analyses.

Statistical analyses. Two single-trait animal models were fitted for each trait: Model 1
adjusted for age at challenge; Model 2 adjusted for both age and BW at challenge. All traits
were analysed using linear mixed models. The fixed effects included sex, trial, room within
trial, and technician (for clinical disease severity traits). Random effects included litter, pen
within trial, additive genetic effect, and the residual effect. Genetic parameters were estimated
using single-step Genomic Best Linear Unbiased Prediction and compared between models
based on Pearson (r) and Spearman (p) correlations and proportion of commonly selected
animals with predicted accuracy > 0.45, considering the top 10% of individuals. Predicted
accuracies were obtained as the square root of reliability computed using the prediction error
variance of gEBV and the genetic variance of the true breeding value.

Results

Genetic parameters. Heritability estimates for disease resilience traits were low to moderate
(Table 1) and consistent across trials (results not shown). Under Model 1, heritabilities for
growth traits ranged from 0.15 £ 0.02 to 0.27 £ 0.06, whereas clinical, treatment, and survival
traits showed lower but non-zero heritability estimates, regardless of trait definition
(categorical or continuous), ranging from 0.05 + 0.02 to 0.12 + 0.03. Including body weight at
challenge as a covariate in the model (Model 2) reduced additive genetic variance for pre-
challenge and lifetime growth traits, with the strongest effect observed for ADGpre, while
reductions for ADGdur and ADGpos were modest (< 0.06 units). Body weight at challenge
was strongly genetically correlated with ADGpre (0.97 + 0.01) and moderately correlated with
most PRRSV resilience traits, explaining observed changes in variance partitioning between
models. In contrast, variance components for clinical severity, treatment incidence, and
survival traits were largely robust to covariate adjustment. Across all traits, residual variance
accounted for the largest proportion of phenotypic variance, with litter and pen effects
contributing modestly, particularly for pre-challenge growth traits.

Genetic correlations. Growth traits were positively genetically correlated across stages, with
ADGpre showing moderate correlations with ADGdur (0.60 + 0.05), ADGpos (0.46 = 0.06),
and ADGall (0.69 £ 0.04), whereas ADGdur and ADGpos showed 0.55 + 0.08, indicating only
moderate commonality in genetic control of growth between the acute and recovery phases.
Genetic correlations revealed strong, favorable associations between ADGdur and clinical
severity (-0.82 + 0.05 to -0.85 + 0.04), treatment incidence (-0.48 = 0.10 to -0.71 £+ 0.06), and
survival traits (-0.61 £ 0.14 to -0.79 + 0.05). Most alternative trait representations showed
strong and favorable genetic correlations: binary and total number of treatment events (0.97 +
0.03), early versus overall mortality (0.97 £ 0.03), and continuous survival-time traits (0.93 +
0.02), whereas clinical severity demonstrated strong genetic overlap with mortality (0.86 +
0.07 to 0.89 £ 0.04) and no correlation with treatment interventions (-0.03 + 0.15 to 0.07 +
0.13).



Cross-model consistency of genomic breeding values and accuracies. Adjusting for body
weight at challenge reduced prediction accuracy for growth and clinical traits (mean change
—0.01 to —0.12) but had minimal effects on survival traits. Despite changes in variance
partitioning, agreement between gEBV's from Models 1 and 2 was high for most traits (r and p
> 0.85) and the overlap among the top 10% selected animals exceeded 85%. The main
exception was ADGpre, for which overlap dropped to approximately 54%, indicating that
covariate choice can affect selection decisions for traits closely linked to baseline body weight.

Table 1. Genetic parameters estimated from pooled multi-trial dataset (n = 5,319) from single-
trait animal models using two covariate specifications: Model 1 (age at challenge only) and
Model 2 (age and body weight at challenge).

Trait M h?+ SE o2, = SE o4+ SE 0%, = SE o2 = SE
Growth performance traits
ADGpre 1 026+0.02 0.0023 +<0.001 0.0013 £<0.001 <0.001 £ <0.001 0.0048 £+ <0.001
2 0.13+0.02 <0.001 £<0.001  <0.001 +£<0.001 <0.001 +<0.001 <0.001 £ <0.001
ADGdur 1 022+0.03 0.0126+£0.0017  0.0025 +£<0.001 0.0027 +£<0.001 0.0385+0.0012
2 0.19£0.03 0.0096+0.0014  0.0011+<0.001 0.0034 +<0.001 0.0363 =0.0011
ADGpos 1 0.19£0.03 0.0038 +<0.001  <0.001 £<0.001 0.0010£<0.001 0.0143 £<0.001
2  0.18+0.03 0.0034 £+<0.001 <0.001 £<0.001 0.0012 £<0.001 0.0138 +<0.001
ADGall I 0.15+0.02 0.0042 +<0.001 0.0019 £<0.001 <0.001 +<0.001 0.0215 £<0.001
2 0.11+0.02 0.0026 +<0.001 0.0011 £<0.001 <0.001 +<0.001 0.0197 £<0.001
Clinical and treatment traits
CumCS 1 0.12£0.03  0.3629 £0.0848 0.2127 £0.0503 0.1316 £0.0315 2.2707 + 0.0759
2 0.11+0.03 0.3050=+0.0755 0.1632 £0.0437 0.1077 £0.0278 2.2014 £ 0.0720
TRTc 1 0.08+0.02 0.0413+£0.0119  0.0201 £0.0065 0.0013 +0.0027 0.4657 +0.0137
2 0.08+0.02 0.0414+0.0120  0.0201 £0.0065 0.0013 £0.0027 0.4657 £0.0137
TRTb 1 0.10£0.02 0.0124 £0.0025 0.0051 £0.0013 <0.001 £<0.001 0.1106 + 0.0026
2 0.09+0.02 0.0106=+0.0021 0.0023 £0.0010 <0.001 £<0.001 0.1048 + 0.0025
Survival traits
DTDIN I 0.06+0.02 0.0309+£0.0079  0.0094 +0.0043 0.0266 +0.0046 0.4225 £+ 0.0098
2  0.06+0.02 0.0306+0.0078 0.0084 £ 0.0042 0.0275 £ 0.0047 0.4218 £ 0.0097
DTDM 1 0.05+0.02 28.41 +£8.28 15.73 +4.95 23.10+4.36 462.51 +£10.65
2 0.05+0.02 28.43 £ 8.28 15.76 £ 4.95 23.10+4.36 462.57 +10.65
MOR28 1 0.06+0.02 0.0027 +<0.001 0.0011 £<0.001 0.0015£<0.001 0.043 +0.001
2 0.05+0.02 0.0025+<0.001 0.0011 £<0.001 0.0013 £<0.001 0.0435+<0.001
MORall 1 0.06+0.02 0.0048+0.0014  0.0015+<0.001 0.0014 +£<0.001 0.078 +0.002
2 0.05+0.02 0.0045+0.0013  0.0015+£<0.001 0.0012+£<0.001 0.078 £+ 0.002

M is the model. h? is heritability. Variance components are reported as additive genetic variance (c2%), litter
variance (6?), pen variance (6%,), and residual variance (6%), with their corresponding standard errors (SE). Values
<0.001 indicate variance estimates smaller than 0.001.

Discussion

Genetic improvement of disease resilience is a key objective in modern swine breeding due to
the persistent impact of disease on productivity and animal welfare. Using pooled data from
three standardized experimental challenge trials, this study provides a unified quantitative-
genetic evaluation of growth, clinical disease, treatment, and survival traits in pigs
experimentally infected with PRRSV and naturally exposed to other pathogens pre- and post-
inoculation. Growth performance during PRRSV challenge exhibited moderate heritability
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across trials, whereas clinical severity, treatment, and survival traits showed consistently low
but non-zero heritabilities. These estimates are consistent with previous analyses of individual
trials and confirm that maintained growth under infection represents a stable and repeatable
indicator of resilience under controlled challenge conditions. Heritability for survival traits was
lower than reported in some earlier studies, reflecting lower mortality incidence in the pooled
dataset and the known dependence of observed-scale heritability on trait incidence. Favorable
genetic correlations between challenge-period growth and clinical severity, treatment, and
survival, demonstrate that animals genetically predisposed to sustain growth under infection
also tend to experience improved overall disease outcomes. Despite the low heritability of
survival traits, these relationships indicate that direct selection for enhanced growth rate under
challenge provides an effective pathway to (indirectly) improve survival under challenge.
Covariate specification influenced genetic variance estimates for growth traits but had limited
impact on clinical, treatment, and survival traits. Adjusting for body weight at challenge
reduced heritability for traits expressed before or spanning infection, reflecting removal of
heritable variation associated with pre-challenge growth. In contrast, breeding values for
challenge-period growth and disease outcome traits were highly concordant across models,
indicating that selection decisions are largely robust to covariate choice. Alternative
representations of disease response yielded comparable heritabilities but differed in precision
and genetic correlation structure. Time-to-event survival traits showed weaker and less stable
genetic correlations than binary mortality under conventional linear models, whereas treatment
traits were highly genetically redundant, suggesting limited benefit of more complex
phenotyping. Overall, these results demonstrate that growth under multifactorial PRRSV
challenge is a robust and informative resilience indicator across experimental disease
environments. Covariate specification acts primarily as a mechanism for defining alternative
biological resilience targets, rather than altering selection outcomes, supporting flexible yet
biologically grounded phenotype definitions for implementation of genetic selection for
disease resilience.

Conclusions

In these disease challenge trials, covariate specification substantially influenced variance
estimates for growth traits but had limited impact on selection rankings for post-challenge
resilience traits. These results indicate that, within similar experimental designs, breeding
programs can retain flexibility in model choice while maintaining robust selection decisions.
Moreover, the strong genetic correlations between continuous and categorical trait definitions
supports tailoring phenotyping strategies to practical constraints without loss of genetic
information.

Acknowledgements

The authors gratefully acknowledge Topigs Norsvin for producing and providing the data, and
the Brazilian Federal Agency for Support and Evaluation of Graduate Education (CAPES),
through a PhD fellowship to M.V. Souza.

References

Dunkelberger J.R., Mathur P.K., Little E., et al. (2022) Proc. 12th WCGALP, Rotterdam, The Netherlands.

Dunkelberger J.R., Sevillano C.A., Little E., et al. (2022) Proc. NAPRRS/NCR229 International Conference of
Swine Viral Diseases, Chicago, Illinois.

Sevillano C.A., Dunkelberger J.R., and Knol E.F. (2024) Journées Recherche Porcine, 56.
doi.org/10.1016/j.anscip.2024.06.179



https://doi.org/10.1016/j.anscip.2024.06.179

