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Abstract

Background: High resistance (the ability of the host to reduce pathogen load) and tolerance (the ability to maintain
high performance at a given pathogen load) are two desirable host traits for producing animals that are resilient to
infections. For Porcine Reproductive and Respiratory Syndrome (PRRS), one of the most devastating swine diseases
worldwide, studies have identified substantial genetic variation in resistance of pigs, but evidence for genetic varia-
tion in tolerance has so far been inconclusive. Resistance and tolerance are usually considered as static traits. In this
study, we used longitudinal viremia measurements of PRRS virus infected pigs to define discrete stages of infection
based on viremia profile characteristics. These were used to investigate host genetic effects on viral load (VL) and
growth at different stages of infection, to quantify genetic variation in tolerance at these stages and throughout the
entire 42-day observation period, and to assess whether the single nucleotide polymorphism (SNP) WUR10000125
(WUR) with known large effects on resistance confers significant differences in tolerance.

Results: Genetic correlations between resistance and growth changed considerably over time. Individuals that
expressed high genetic resistance early in infection tended to grow slower during that time-period, but were more
likely to experience lower VL and recovery in growth by the later stage. The WUR genotype was most strongly associ-
ated with VL at early- to mid-stages of infection, and with growth at mid- to late-stages of infection. Both, single-stage
and repeated measurements random regression models identified significant genetic variation in tolerance. The WUR
SNP was significantly associated only with the overall tolerance slope fitted through all stages of infection, with the
genetically more resistant AB pigs for the WUR SNP being also more tolerant to PRRS.

Conclusions: The results suggest that genetic selection for improved tolerance of pigs to PRRS is possible in prin-
ciple, but may be feasible only with genomic selection, requiring intense recording schemes that involve repeated
measurements to reliably estimate genetic effects. In the absence of such records, consideration of the WUR geno-
type in current selection schemes appears to be a promising strategy to improve simultaneously resistance and toler-
ance of growing pigs to PRRS.
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Background

Infectious diseases pose a considerable problem for live-
stock production. Where conventional control strate-
gies, such as culling or vaccination, have limited success
in controlling or eliminating an infectious agent, genetic
selection for improved host response to infection chal-
lenge may be an attractive solution [1].

In livestock production, disease resilience, defined
as the ability of a host to maintain high production lev-
els when challenged with infectious pathogens [2], has
become a desirable breeding goal trait [3, 4]. Disease
resilience comprises two alternative defence mechanisms
under potential host genetic control: resistance, which is
the ability of the host to inhibit or reduce pathogen rep-
lication [5-8]; and tolerance, which is the ability of the
host to limit the impact of the infection on host perfor-
mance, without necessarily affecting pathogen burden
[9-12]. Hence, both tolerance and resilience measure
how performance is affected by infectious challenge,
but resilience does not take differences in within-host—
pathogen burden (i.e. resistance) into account, whereas
tolerance measures performance at given within-host—
pathogen burden. Both resilience components, i.e. resist-
ance and tolerance may harbour substantial genetic
variation and covariation, and are thought to have differ-
ent impacts on disease epidemiology and pathogen evo-
lution [13, 14]. Furthermore, a recent theoretical study
has shown that inclusion of both resistance and tolerance
in the selection objective can lead to higher genetic gain
in performance under pathogen challenge than selec-
tion on resilience [15]. Thus, identifying and quantifying
genetic variation (and co-variation) in both these traits,
host resistance and tolerance, is crucial for devising effec-
tive breeding programmes that maintain high health and
production levels in the face of infectious challenges.
Numerous disease challenge experiments have provided
ample evidence for considerable genetic variance in host
resistance [16]. In contrast, estimates for genetic variance
in tolerance of farm animals to infections are still sparse,
in part because tolerance is defined as the slope of reac-
tion-norms of performance against within-host—patho-
gen burden [17], for which reliable variance component
estimates are difficult to obtain [18].

Genetic improvement of host resistance and toler-
ance has been considered as a viable disease control
strategy for Porcine Reproductive and Respiratory Syn-
drome (PRRS) [13]. PRRS is an endemic viral disease that
causes respiratory problems and considerable reduction
in piglet growth rate and sow reproductive performance
[19-21], and has led to severe economic losses to the
swine industry in countries worldwide [22, 23]. Large-
scale PRRS virus (PRRSV) challenge studies carried out
by the PRRS Host Genetics Consortium (PHGC) have
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demonstrated considerable genetic variation in resistance
of growing piglets to PRRSV infection based on viral load
(VL) (within-host VL, defined as cumulative log viremia
until 21 days post-infection), as well as in growth under
infection, regardless of VL (i.e. resilience) [24—26]. Fur-
thermore, using the same datasets, a quantitative trait
locus (QTL) was identified on chromosome 4, where the
single nucleotide polymorphism (SNP) WUR10000125
(WUR) explained 13.2 and 9.1% of the genetic variance
for VL and growth, respectively [24—26]. Pigs that were
heterozygous AB for the WUR locus had on average
4.5% lower VL and grew on average 2 kg more over the
42-day infection period than individuals with the unfa-
vourable AA genotype. Our previous study of the same
PHGC data found inconclusive evidence for genetic vari-
ation in tolerance of pigs to PRRS, which was attributed
to limited statistical power to disentangle genetic effects
related to the overall growth response under infection,
regardless of VL and those related to tolerance [10]. This
previous study, which was based on VL and growth as
single cumulative measures for each individual over time
periods of 21 or 42 days, concluded that more measure-
ments, in particularly a wider spread of individual VL
measurements for fitting regression curves (e.g. includ-
ing zero VL), would potentially resolve this confounding
and may permit accurate estimation of genetic variance
in tolerance [10].

The hypothesis of the current research was that signifi-
cant genetic variance in tolerance of pigs to PRRS exists
and can be detected by partitioning the infection period
into distinct stages of infection. This harnesses available
longitudinal information of pigs’ responses to infection
and builds on several independent studies, which indi-
cated that tolerance changes over the time-course of
infection [11, 12, 27, 28]. Hence, variance estimates for
tolerance may also change over time. The specific aims of
this research were to estimate genetic variation in toler-
ance at different stages following experimental infection
with PRRSV, defined by viremia curve characteristics,
and throughout the whole 42-day observation period, by
using the PHGC data from the different infection stages
in repeated measures models. Furthermore, this study
investigated whether the previously identified WUR
SNP, which is associated with resistance and growth
under infection, was also associated with tolerance, and
whether the strength of the association of the WUR SNP
with resistance and growth changed during the course of
the infection.

Methods

Infection experiment and data

The PRRS Host Genetics Consortium (PHGC) data-
set used in this study was the same as that of a previous
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study that provided inconclusive evidence for genetic
variation in tolerance [10]. Briefly, data from 1569 com-
mercial crossbred growing pigs supplied by various
breeding companies were collected from nine PRRSV
challenge trials following an identical infection protocol
[29]. The animal composition in each of these trials is in
Additional file 1: Table S1. At weaning age (mean age was
26 days, and ages ranged from 17 to 32 days), around 200
piglets in each trial were transferred from farms (free of
PRRSV, Mycoplasma hyopneumoniae, and swine influ-
enza virus) to a research facility at Kansas State Univer-
sity. Pigs were randomly assigned to pens of between 10
and 15 individuals. After a 7-day acclimation period, pigs
were infected both intranasally and intramuscularly with
10° (TCID50) of NVSL-97-7985, a highly virulent PRRSV
type-2 isolate [30]. Data were collected for body weight
(BW) weekly and from blood samples at 0, 4, 7, 11, 14,
21, 28, 35 and 42 days-post-infection (dpi). At 42 dpi,
pigs were euthanized and ear notches were collected for
genotyping. Due to facility availability, trials 7 and 8 were
terminated at 35 dpi. As described in Boddicker et al.
[24], serum virus load, measured by a semi-quantitative
TagMan PCR assay for PRRSV RNA, provided repeated
measures for log,-transformed qPCR viremia.

Across all trials, 198 pigs died before 42 dpi. The pri-
mary cause of mortality was attributed to PRRS, except
for trial 6, which had 46% higher mortality than the other
trials due to secondary bacterial infections [31]. Nev-
ertheless, data from these pigs prior to death were also
included in the analyses [6, 11, 24, 31].

Pedigree and genomic information from Illumina’s Por-
cine SNP60 Beadchip v.1 [32] was known for all pigs. The
pedigree-based numerator relationship matrix (A) was

Page 3 of 13

constructed in ASReml 3.0 [33]. Each pig was assigned
to one of three WUR genotypes, using the Illumina
A/B genotype reference system (AA=689, AB=286
and BB=36, where allele B was known to confer higher
growth and lower VL).

As in the previous tolerance study [10], only offspring
from sires with more than 10 progeny with phenotypes
were considered to reduce the risk of bias in tolerance
estimates [17]. As such, the number of animals included
was 1001 from 49 sires. In contrast to our previous study
[10], 214 pigs that had experienced a rebound in viremia
(i.e. a second period of increased serum virus load), as
identified by curve fitting [34], were omitted from the
analyses. Hence, all pigs considered in this study expe-
rienced a gradual viremia decline after peak viremia had
been reached. This allowed the 42-day infection period to
be partitioned into three distinct stages based on com-
mon viremia curve characteristics, as described in the
next section.

Defining stages of infection

In contrast to most previous genetic studies of these
PHGC data, which defined resistance and tolerance
over 0 to 21 or 0 to 42 dpi periods [6, 10, 24, 31], in this
study the experimental observation period was parti-
tioned into three stages, i.e. early-, mid- and late-stage
of infection. Stages of infection were defined individually
based on viremia profile characteristics obtained by fit-
ting the mathematical Woods function described below
to the repeated viremia measures of each individual pig,
as illustrated in Fig. 1 [26, 34]. More specifically, the
Wood’s function, which had previously been shown to
be a good fit for the viremia data of an individual pig i
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Fig. 1 lllustration of an individual viremia profile used to define stages of infection. Black dots represent log-transformed viremia measures, and the
blue line represents the fitted Woods function over the time-course of infection (up to 42 dpi) for one individual. Early-stage of infection is defined
from initial infection (0 dpi) to time when peak viremia (Vpeai) is reached (Tpeax in this example, approximately 6 dpi); mid-stage of infection is
defined from Tpeak t0 Trmax (Trmax in this example, approximately 19 dpi); and late-stage of infection, defined from Tmax to end of experiment (42 dpi,
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that did not experience viremia rebound [34], is given by
Vi(t) = a;tbie it where Vj(¢) is the log,, scaled serum
viremia of pig i at ¢ dpi; a; is a scaler quantity which
defines the overall height of the curve; b; governs the rate
of increase to peak viremia, and parameter ¢; is an indi-
cator of the rate of decline after peak viremia. Using the
analytical expression for (¢), two critical] time points can
be derived by differentiation: Tpeak, = %", the time w\lye,n
viremia reaches its maximum value and Tray; = w,
the time post-peak viremia when the rate of viremia
decline reaches its maximum (i.e. the inflection point of
the Woods function). These critical time points (Tpeax
and Tmax, respectively) were used to define the lower and
upper boundaries of each stage of infection in this study.
Thus, stages of infection were defined for each individual
from time of initial infection (0 days post-infection (dpi))
t0 Tpeak, (€arly); from Tpeak, t0 Tyay, (mid), and from Ty,
to the end of the observed infection period, which was
at 35 dpi for trials 7 and 8, and 42 dpi for all other tri-
als (late). This way, the early-stage corresponds to the
phase of rapid viremia increase towards individual peak
viremia, the mid-stage corresponds to the initial phase of
rapid post-peak viremia decline, and the late-stage cor-
responds to the phase where viremia continues to decline
at a decreasing rate.

Since the Woods function was fitted to each individual
separately [34], estimates for the parameters Tpeq and
Tmax were obtained for each individual. Table 1 shows
the variation in the corresponding time-periods for each
stage of infection. Average duration of each stage of
infection was 6.90, 9.19 and 14.26 days for early-, mid-
and late-stages of infection, respectively, correspond-
ing to average Tpeak and Tiax of 6.90 and 16.16 days,
respectively.

In line with previous studies, resistance during a particu-
lar stage of infection was then quantified as the inverse of
the cumulative log-transformed VL over the corresponding
time-period [9, 10, 18, 26]. This was calculated as the area

Table 1 Descriptive statistics of duration (days) for each
stage of infection

Stage Mean Standard Minimum Maximum
of infection deviation

Early 6.90 1.32 3.01 10.60

Mid 9.19 211 4.04 14.87

Late 14.26 0.60 13.53 14.92

Toeak 6.90 1.32 3.01 10.60
Trmax 16.16 2.38 10.01 26.97

Early-stage is defined as initial infection (0 dpi) to Tpeak; mid-stage is defined
as Tpeak to Tmax, and late-stage of infection is defined from Tpay to end of

the observation period (35 dpi for trials 7 an 8 and 42 dpi for all other trials).
Descriptive statistics of Tpeak and Tmax are also shown. All measures are in days
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under the curve of the log-transformed viremia estimates
throughout the observation period, obtained by numerical
integration of the Woods function over the corresponding
time-periods, yielding estimates for VL at early-, mid- and
late-stages of infection.

To calculate the corresponding ADG for each stage of
infection, a linear spline curve was fitted through weekly
body weights (BW) for each individual using the smooth.
spline function in R. BW was interpolated at time of
peak viremia (Tpeak) and time of maximal viremia decay
(T'max) using the predict function in R. From this, ADG at
early-, mid- and late-stages of infection were calculated
by dividing the difference in smoothed body weight at the
start and end of the stage in consideration by the corre-
sponding duration.

Statistical analyses

All statistical analyses were carried out using ASReml 3.0
[33], with genetic relatedness described by the pedigree
relationship matrix for consistency with our previous tol-
erance analysis of the same dataset [10, 33]. Replacing the
pedigree relationship matrix with a genomic relationship
matrix (which can capture differences between siblings
due to Mendelian sampling) had only negligible impact
on the variance estimates and on the goodness of fit sta-
tistics (results not shown).

Estimating the genetic correlation between ADG and VL
within and between stages of infection

The first step in the analysis of the variation in resistance
and tolerance to infection was to estimate heritabilities
and correlations between VL and growth at each stage of
infection using a conventional bi-variate animal model
for VL and ADG for all individual stages of infection:

Lo ]+ 15 2]
Yj T 10 Xy || by + 0 Zp || a
Ui 0 ||p1 My 0 ||L el
Lol o ) [2)
(1)
where y; and yj are vectors of phenotypes for ADG (yj),
and VL (yj), respectively, at the stages i and j of infection
(e.g. ADG at stage i, { i =early, mid, late} and VL at stage
j» { j=early, mid, late}); b; and by are the vectors of the
trait means and fixed effects for the interaction of experi-
mental trial and parity of the dam when offspring were
born (trial-by-parity), sex of the offspring, BW and age at
the start of experimental infection included as additional
fixed covariates to account for body weight at the initial
infection and variation in age at the start of infection,

respectively. Note that no breed effect was included in
the model since trial and breed effects were fully
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confounded in this experiment; a;, and ap are the vectors

of additive genetic effects for each trait, with
Var{: =G ® A, where G is the genetic variance—

covariance matrix and A the pedigree relationship
matrix; p; and p are the vectors of pen effects nested

within a trial for each trait, with Var{gﬂ =1I®K,

where I is the identity matrix and K is the corresponding
variance—covariance matrix of pen effects for the differ-
ent traits; 1; and 15 are the vectors of litter effects for each

I

trait, with Var [ I, ] = I ® L, with the corresponding var-

iance—covariance matrix L; e1, and e, are the vectors of

error terms for each trait, with Var :; ] =I® R, where
R is the variance—covariance matrix for the residual
effects for each trait; and X; and X5, Z; and Z,, U; and
U,, and M; and M, are the incidence matrices for the
fixed, animal, pen and litter effects, respectively. In addi-
tion to the bivariate animal model, corresponding univar-
iate models were also used to check the robustness of
variance components. Since heritability estimates dif-
fered between models, heritability estimates from the
univariate models are presented.

Estimation of the genetic variance in tolerance at each
stage of infection

To estimate genetic variance in tolerance, a random
regression reaction-norm model was applied to the data.
Information on performance in absence of infection was
unavailable. To account for this, the origin of the reac-
tion-norms (intercept) was centred at the mean VL for
each stage of infection across all animals, referred to as
‘level! As described in a previous study [10], the linear
random regression sire model (RRM) for ADG on cen-
tred values of VL, which will be referred to as the level-
slope model, was used to identify genetic variance in
tolerance at each stage of infection, where ADG at early-,
mid- and late-stages of infection were regressed either on
VL at the corresponding or previous stages of infection
(for example ADG at late-stage of infection regressed on
VL at mid-stage of infection):

y = Xb + XyLbs + Za; + Zypas + Up + Ml + e,
(2)

where y is the vector of ADG at early-, mid- or late-stages
of infection; b is the vector of fixed effects described in
model (1), where level (overall mean at centred VL) is
fixed; and b is the population average tolerance slope
(fixed VL); a; and a, are the sire effects on level (intercept
at centred VL) and on tolerance slope, respectively,
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assumed to follow a multi-variate normal distribution

with a mean of zero and Var[:i] = iG@A, with
S

2
G = |:cai cgias

where 02 and o2 are the variance of a;,
Oaja; O ! ¢

and as, respectively, 04,5, is the covariance between sire
effects for level and slope; the random pen and litter
effects p and 1 were fitted as described in model (1); e is
the vector of error terms, with Var(e) = I ® R, where R is
the variance—covariance matrix, assumed to be indepen-
dently normally distributed. Heterogeneous diagonal
residual structures were also tested, but this was found to
result in almost the same residual variance estimates and
did not improve the model fit, as indicated by Akaike’s
information criterion (AIC). Xyy. and Zyy are the inci-
dence matrices for population average tolerance slope
and those associated with each sire, respectively, consist-
ing of the VL of each pig at the chosen stage of infection;
X is the incidence matrix for the fixed effects, Z is the
incidence matrix for the random sire effect on level; and
U and M are the incidence matrices for pen and litter
effects, respectively.

To test the significance of sire effects on level and slope,
the model fit of the level-slope model was compared with
that of nested models without any additive genetic effects
(null model), and with only sire effects for level (level-
model). Significance of each random effect was assessed
using the likelihood ratio test (LRT) [35], with the LRT
test statistics assumed to follow a x? distribution with a
mixture of 0 and 1 degrees of freedom for the inclusion
of sire effects only (e.g. null to level model, including
sire effect) and a mixture of 1 and 2 degrees of freedom
for the addition of sire slope effects and covariance (for
example, from level to level-slope model) [36, 37].

Estimation of the genetic variance in tolerance

across stages of infection using a repeated measurement
model

Next, to identify and estimate the genetic variance in
tolerance across all stages of infection, ADG at the three
stages of infection was considered as a repeated measure
of the same trait and analyzed using the following univar-
iate random regression sire model (level-slope repeated
measures model):

y = Xb + Xvibs + Za; + Zyras + Wc;
+ WyLcs + Up + Ml + e,

where y is the vector of repeated measures of ADG at

early-, mid- and late-stages of infection (i.e. dimension

3 x number pigs considered in the study) and the inci-
dence matrices Xvi, Zyr and Wy, contain VL measures

(3)
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of individual pigs of the same stage of infection as the
ADG-measurement in y. The same fixed and genetic and
additional random effects were fitted as described in
model (2), with the addition of ¢; and cs, denoting the
vectors of permanent environmental effects for level and

slope, respectively, for eac121 individual, ~where
i 02 O

Var { z‘ } =1®C, with C = [ G oacs } where c%i and
s cics Jcg

ci are the variance of c;, and ¢, respectively, and o, is
the covariance between permanent environmental effects
for level (overall mean at centred VL) and slope; with
respective incidence matrices W and Wy,;. As described
above, evidence for significant genetic variation in toler-
ance was obtained by comparing the model fit with that
of the corresponding null and level repeated measure

models using the LRT.

Association of the WUR genotype with growth, resistance
and tolerance

Associations of the WUR genotype with growth and
resistance at each stage of infection were estimated by
including the WUR genotype (coded as —1, 0, 1 for AA,
AB and BB, respectively) as fixed covariate in model (1).
Similarly, associations of the WUR genotype with level
and tolerance at each stage or across all stages of infec-
tion was assessed by including WUR genotype and WUR
genotype-by-VL as additional fixed covariates in models
(2) and (3). Thus, a statistically significant WUR geno-
type-by-VL interaction indicates genotypic differences
in tolerance. Significance of the associations of the WUR
genotype with traits was assessed based on Wald test sta-
tistics, where p<0.05 was the significance threshold, as
well as the LRT. The additive variance explained by the
SNP was calculated as 2pga?, where p and g refer to the
frequencies of A and B alleles in the population, respec-
tively, and the allele substitution effect « for the trait in
consideration was obtained from the corresponding
models above. In this dataset, p and g were equal to 0.82
and 0.18, respectively, and the corresponding observed
proportion of pigs with AA, AB and BB genotypes were
0.68, 0.28 and 0.04.

Results

Genetic parameters and relationship between ADG and VL
across stages of infection

ADG for individual stages of infection ranged from — 110
to 800 g/day, with the minimum (— 110 g/day) and maxi-
mum ADG (800 g/day) observed at the early- and late-
stages of infection, respectively (Table 2). Mean ADG
increased with stage of infection from 250 to 430 g/day
at early- and late-stages of infection, respectively, indicat-
ing that individuals were, generally, able to grow faster at
later stages of infection. Mean VL increased from 37.1 to
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Table 2 Descriptive statistics of growth (ADG) and viral
load (VL) at different stages of infection

Trait Mean Phenotypic Minimum Maximum
Standard
deviation

ADGeyy 250 10 —110 640

ADG 4 290 10 —90 680

ADG;e 430 20 0 800

Veary 371 6.4 164 57.2

VLnig 584 9.5 356 87.1

Ve 67.6 10.7 39.1 99.3

ADG is measured in g/day and VL in AUC(log10 RT-PCR). Stages of infection are
early-, mid-and late-stages

67.6 units from the early- to the late-stage of infection.
This apparent increase does not reflect a higher virus
load at a particular time point during the correspond-
ing stages, but is primarily due to the longer time-period
associated with the late-stage of infection (on average
14.3 days compared to 6.9 and 9.2 days for the early- and
mid-stages of infection, respectively). The coefficient
of variation for growth rate was largest at the mid-stage
of infection, whereas for VL it was approximately stable
across stages (Table 2).

Both ADG and VL were found to be moderately herita-
ble for each stage of infection (Table 3). Heritability of VL
was highest at the mid-stage (between peak viremia and
max viremia clearance (0.31)). Conversely, the heritabil-
ity of ADG gradually decreased over subsequent stages of
infection (from 0.28 to 0.16).

Estimates of genetic correlations between stages of
infection were generally high and positive for ADG
(in the range from 0.70 to 0.84), while phenotypic cor-
relations were also positive but weaker (Table 3). The
bivariate models estimated genetic correlations for VL
to be strong between consecutive stages of infection
(0.75 to 0.82), but close to zero between the early- and
late-stages (0.01), indicating that individuals genetically
predisposed to experience lower VL early in infection
did not necessarily have lower VL at the late stage. Phe-
notypic correlations for VL were moderate to strong
between consecutive stages, but weak and negative
between the early- and late-stages. Estimates of genetic
correlations between ADG and VL varied in magnitude
and sign depending on stage of infection, and had high
standard errors. At the early- and mid-stages of infection,
genetic correlations between ADG and VL were weakly
to moderately positive (0.06 and 0.23 for early- and mid-
stages, respectively). The strongest genetic correlation
between VL and ADG (0.73+£0.24)) was observed for
ADG at mid-stage of infection with VL at early-stage of
infection, implying that individuals with higher genetic
resistance for the early-stage of infection tended to
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Table 3 Genetic components of growth (ADG) and viral load (VL) at different stages of infection

Trait ADGearIy ADGmid ADGIate VLearIy VLmid VLIate
ADGg,qy 0.28(0.07) 0.35(0.03) 0.23 (0.03) 0.03 (0.03) —0.06 (0.03) —0.10(0.03)
ADG,q 0.70 (0.14) 0.22 (0.06) 0.36 (0.03) 0.03 (0.03) —0.08 (0.03) 3(0.03)
ADGy. 0.77 (0.20) 0.84(0.15) 0.16 (0.08) —0.05(0.03) —0.20(0.03) —0.19(0.03)
VLearly 0.06 (0.23) 0.73 (0.24) —0.02(027) 0.17(0.10) 049 (0.03) —0.28 (0.03)
Vg —0.09(0.18) 0.23(0.20) —044(0.20) 0.82 (0.08) 031(0.12) 0.52 (0.02)
Ve —041(0.23) —036(0.22) —0.74(021) 0.09 (0.26) 0.75(0.15) 0.21(0.09)

Estimates of heritability of growth (ADG) and viral load (VL) are shown at early-, mid- and late-stages of infection (on the diagonal), and of genetic and phenotypic
correlations between the traits (lower and upper off-diagonals, respectively). Phenotypic variance was calculated by summing animal, litter and pen within-trial
variance components. Heritability was calculated by dividing the animal variance component by the phenotypic variance. Standard errors are in parentheses. Variance
component estimates for the non-genetic random effects (from the corresponding univariate models) are in Additional file 1: Table S2

experience a temporary reduction in growth after peak
viremia. However, by the late-stage of infection, the
genetic correlation between ADG and VL became strong
and negative (—0.74+0.21), indicating that individuals
whose genetic resistance led to lower VL at the clear-
ance stage of infection tended to grow faster during that
period. Phenotypic correlations between ADG and VL
were typically weak across all stages of infection.

Evidence for genetic variation in tolerance at each stage

of infection

The null reaction-norm model [i.e. model (2)], which
included VL as a fixed covariate but no genetic effects,
identified a statistically significant linear association
between growth and VL when late-stage ADG was
regressed on mid-stage VL (p=0.02) and when late-stage
ADG was regressed on late-stage VL (p<0.0001). No sig-
nificant association was found between early-stage VL
and growth at any stage of infection. As such, only mod-
els that included covariates for mid- and late-stage VL,
respectively, are considered from hereon.

In the null models, population averages for tolerance
(slope) were negative, but generally very flat (close to 0): for
mid- and late-stage ADG on mid-stage VL, growth rate only
decreased on average by —1.4 (£0.47) and —2.4 (£0.5) g/
day per unit increase in VL, respectively; for late-stage ADG
on late-stage VL, the decrease in growth rate was —1.9
(£0.4) g/day per unit VL increase. The log-likelihood of the

model significantly increased when genetic effects (random
sire effects) were included in the model (level-only model)
for all stages of infection (p<0.0001), indicating significant
genetic variance in growth rate of pigs infected with PRRSV.
Indeed, heritability estimates in the level-only reaction
norm models (not shown) were similar to the correspond-
ing univariate models. Models that included sire effects
for both level and tolerance slope and a genetic covariance
between them, also yielded a significantly better fit than
the null model for all stages of infection (p<0.0001). How-
ever, a statistically significant improvement of model fit of
the level-slope model over the level model (i.e. evidence for
significant genetic variation in tolerance) was only observed
when late-stage ADG was regressed on mid-stage VL
(p<0.05) (Table 4, italic figures).

Estimates of genetic variance for level were relatively
stable across stages of infection for both the level-only
model and the level-slope model (Table 4). However,
estimates of genetic variance for tolerance slope differed
greatly between stages of infection, by up to four orders
of magnitude (Table 4). As expected, genetic variance for
slope was largest when late-stage ADG was regressed on
mid-stage VL 16.4(£10.2). The corresponding genetic
covariance between level and tolerance slope was not sig-
nificantly different from zero.

Table 4 Estimates of genetic variance components for ADG (g/d) regressed on VL

VL ADG Level-only model Level-slope model Model fit
Level Residual Level Covariance Slope Residual P value
Mid Mid 347 (1.56) 11.10 (0.61) 3.39(1.56) ~0(~0) 3.40E—03 (6.24E—03) 11.00 (0.62) 0.74
Late 2.33(1.24) 11.9 (0.67) 2.52(1.30) —6.90E—02 (9.61E—02) 1.64E—02 (1.02E—02) 11.60 (0.67) 0.02
Late Late 1.96 (1.15) 12.00 (0.68) 1.97 (1.15) ~0(~0) ~0(~0) 12.00 (0.68) 1.00

ADG at mid- and late-stage of infection is regressed on VL at mid- and late-stage of infection. The last column denotes the p-value of the LRT used to test whether the
level-slope model significantly improves the model fit over the level model. For definition of stages of infection, see text. Standard errors are in brackets. Estimates

under TE—07 have been reported as close to 0 (~0)
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Genetic variation for tolerance across all stages

of infection: repeated measure model

The average tolerance slope estimated by the repeated
measures null-model was —0.46 (£0.28) g/day per unit
VL decrease and not significantly different from zero
(p=0.35). BW at the start of infection ranged from 3.72
to 13.43 kg, with an average of 7.38 kg. A weak but sig-
nificant association of BW at the start of infection with
growth under infection was found (p<0.0001), with a
positive regression coefficient of 19.0 (+2.83) g/day per
kg difference in BW. In other words, pigs that were 1 kg
heavier at the beginning of the challenge experiment
tended to grow on average 19 g/d faster during the 42-day
infection period. The log-likelihood of the repeated
measures model improved significantly when genetic
effects for level (i.e. random sire effects) were included
in the model (level model) (p <0.0001) (Table 5). Further-
more, a statistically significant increase in the log-like-
lihood over the level model was observed when genetic
effects for level, slope and a covariance between the latter
were included (p<0.0001), indicating significant genetic
variation in tolerance across all stages of infection.

Table 5 Genetic and permanent environmental variance
components for ADG (g/d) obtained by the repeated
measures model

Null repeated  Level-only Level-slope
measure repeated repeated
model measure model measure model
Genetic
Level 2.16 (0.91) 2.89(1.16)
Covariance 0.103 (0.054)
Slope 0.012 (0.003)
PEV
Level 2.01(0.34) 2.01(0.34) 2.89(1.16)
Covariance 0.03(0.01) 0.03(0.01) 0.103 (0.005)
Slope 0.002 (0.001) 0.003 (0.001) 0.01 (0.003)
Other
Pen 0.62 (0.20) 0.66 (0.20) 0.66 (0.20)
Litter 1.21 (0.29) 0.70 (0.26) 0.70(0.27)
Residual 10.51(0.39) 1049 (0.39) 10.15(0.38)
Log Likelihood 4846.7 485549 4884.44

Estimates include ADG and VL measures for all three defined stages of infection
(early, mid and late), together with the Log-Likelihood value associated with
the different models. Variance components estimated from random regression
models: null model, containing no genetic effect; level-only model, containing
only the overall sire effect on growth under infection; and level-slope model,
containing sire effects on level and slope, respectively. All other fixed effects/
covariates and random effects were identical between models. Variance
component estimates for the other random effects (e.g. pen, litter, common
environmental, residuals) were identical between the models and not shown.
Standard errors are in brackets
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Association of the WUR genotype with tolerance

at individual and across stages of infection

The WUR genotype was associated with VL at each indi-
vidual stage of infection (p<0.0001), but was only sig-
nificantly associated with ADG at mid- and late-stages
of infection (p <0.0001). Individuals carrying the benefi-
cial B allele at the WUR SNP generally had lower VL and
higher ADG than AA animals. The largest difference in
ADG between genotypes was at the late-stage of infec-
tion, where AB individuals grew, on average 45 g/day
faster than AA animals. However, the largest difference
in VL occurred at the mid-stage of infection, where AB
animals had on average 3.6 AUC units lower VL than AA
animals.

The WUR genotype explained 43.3 and 12.3% of the
genetic variance of early- and mid-stage VL, respectively,
but only 4.4% of the genetic variance of late-stage VL. In
contrast, it had no significant effect on early-stage ADG,
but explained 19.4 and 19.7% of the genetic variance of
mid- and late-stage ADG, respectively. Importantly, the
WUR genotype had no significant effect on tolerance
at any stage of infection as indicated by non-significant
genotype-by-VL interactions (p=0.80, 0.20 and 0.37 for
early-, mid- and late-stages of infection, respectively).

Based on the repeated measures model, the WUR
genotype was significantly associated with VL and ADG
across all stages of infection. AB individuals grew, on
average, 40 g/day faster than AA animals and had on
average 3.8 AUC units lower VL. In contrast to analysis
of the individual stages of infection, the WUR genotype
was also significantly associated with tolerance based on
the repeated measures model across all stages of infec-
tion (p=0.004), where genotypic differences in tolerance
were indicated by the significant genotype-by-VL inter-
action [9]. As with resistance, the B allele also conferred
higher tolerance. Individuals with the AB genotype grew
on average by 10 g/d more per unit increase in VL than
individuals with the AA genotype.

Discussion

Summary of findings

Although numerous studies have left little doubt that
pigs vary genetically in both resistance to, and growth
under, PRRSV infection [6, 10, 24, 26, 31, 34], evidence
for genetic variation in tolerance of pigs to PRRS has
thus far been inconclusive [10, 13]. This study provides,
for the first time, evidence for significant genetic varia-
tion in tolerance of pigs to PRRS. This was obtained by
partitioning an individual’s infection into three distinct
phases based on individual viremia profile characteris-
tics, instead of considering resistance and performance
as single cumulative measures over a 21- or 42-day infec-
tion period, as was the case in previous analyses [6, 10,
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24, 31]. This partitioning helped to resolve the previously
encountered statistical constraints for detecting genetic
variation in tolerance of pigs to PRRS in two ways: first,
it provided repeated measurements of virus load and
growth to boost the statistical power of the reaction-
norm models covering the entire 42-day infection period,
and second, it helped to focus the analysis to a stage of
infection where genetic differences in tolerance are most
pronounced.

Growth and resistance were heritable across all stages of
infection, which implies that genetic selection for resist-
ance to PRRS is expected to affect growth and viremia at
all stages of infection. Estimates of heritability and genetic
variance for resistance were greatest for VL during the
highly immune-active time-period between peak viremia
and maximal rate of viremia clearance [38]. This suggests
that the phase associated with the most rapid viremia
decline would be the most affected by genetic selection.
For growth, heritability was highest at the early stage of
infection. It is not clear whether this reflects heritable
genetic differences in growth per se, or already captures
different growth responses to infection. Genetic correla-
tion between resistance and growth was strongest between
pre-peak VL and post-peak ADG, which may indicate that
growth response lags behind and may be affected by ear-
lier viremia response. Other studies on pigs also observed
that estimates of genetic associations between growth
and some immune response traits become stronger
when growth was recorded at a later stage than immune
response measures, although this also depended on the
type of immune measure considered [39].

With the univariate single-stage models, significant
genetic variance in tolerance was only identified when
late-stage ADG was regressed on mid-stage VL. This
indicates that genetic variation in tolerance may be sensi-
tive to the timing of measurements. In this case, a unit
reduction in VL at the rapid phase of post-peak viremia
decline corresponded to genetic differences in pig growth
responses at the late-stage of infection, when virus load
is low. Indeed, where some pigs may be genetically pre-
disposed to experience compensatory growth, other pigs
may be predisposed to suffer prolonged growth depres-
sion [40].

Adopting a repeated measurements model that
included viremia and growth measures at the different
stages of infection, provided further evidence for genetic
variation in tolerance, as indicated by the considerably
better model fit of the level-slope model over the level-
only model. According to this model, genetic improve-
ment of one genetic standard deviation in tolerance
would correspond to a 3.5 g/day difference in growth per
unit change in VL (Table 5). This means that pigs with
equal growth rate at mean VL (57.5 units of VL, at which
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the repeated measures model for tolerance was centred),
but one genetic standard deviation higher tolerance are
expected to grow 159 g/d faster at the observed maxi-
mum VL of 99.3 VL units. In other words, pigs that have
low resistance and, therefore, have high VL, would ben-
efit from a genetically higher level of tolerance. It would
be interesting to know whether such gain in tolerance is
compromised by lower growth in the absence of infec-
tion. Comparable performance measures of the same pigs
prior to infection or of non-infected relatives would help
resolving this question [10].

Associations of the WUR genotype with growth, resistance
and tolerance
In line with previous analyses of the same data, we found
a significant and similar effect of genotype at the WUR
SNP for both VL and ADG, where individuals with the
favourable AB genotype experienced lower VL and
higher ADG [24, 26]. As in previous studies, we do not
report the results with the BB genotype due to the small
number of individuals (n=36). Partitioning the infec-
tion period into distinct phases, further revealed that
the WUR genotype had the strongest effect on VL at
early- to mid-stages of infection. These results comple-
ment the findings of Boddicker et al. [24], who identified
a 13.3% reduction in VL between 0 and 21 dpi for indi-
viduals with the favourable AB genotype. Furthermore,
these results agree with those of Hess et al. [26] based
on the same data, who found that the AB genotype was
associated with lower and earlier peak viremia and faster
post-peak viremia decline. In contrast, the WUR geno-
type effect on growth was not significant at the early-
stage of infection, but strong (explaining almost 20% of
the genetic variance in growth) at the stages of post-peak
viremia decline, highlighting a possible lag effect of WUR
on growth as a by-product of its stronger association
with VL at earlier stages. Boddicker et al. [24] previously
identified a 9.1% increase in growth in individuals with
the AB genotype. This was identified for the entire period
of infection (0—42 dpi), which may have reduced the
genetic signal due to the lag effect of VL on ADG. This
may explain why a higher increase in growth for individ-
uals with the AB genotype was found in this study (19.4
and 19.7% for mid- and late-stages of ADG, respectively).
The effect of WUR genotype on tolerance slope was
not statistically significant at any single stage of infec-
tion, which either indicates lack of statistical power or
suggests that the association between WUR and ADG at
mid- to late-stage of infection is a direct consequence of
the effect of the WUR genotype on resistance. However,
the repeated measurements model identified a statisti-
cally significant association between WUR genotype and
overall tolerance slope across all stages of infection, with
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the beneficial B allele not only conferring greater resist-
ance but also greater tolerance. This indicates that resist-
ance and tolerance, when monitored over a prolonged
infection period, may share common genetic path-
ways that are partly influenced by the WUR SNP. One
common pathway may be guanylate binding protein 5
(GBP5), the putative causative mutation for the observed
associations of WUR, which was found to be in complete
linkage disequilibrium with the WUR SNP [41]. GBP5
is associated with innate immune response to infection,
where AA animals lack GBP5 functionality [41]. As such,
it has been hypothesised that reduced viral replication
(and thus reduced viral load) in AB animals is due to the
functionality of GBP5. However, the function of GBP5
with respect to tolerance mechanisms remains unknown.
Given the association of the WUR SNP with both resist-
ance and tolerance, as identified in this study, it is possi-
ble that GBP5 may also play a role in tolerance.

Benefits arising from partitioning the infection period

into different stages of infection

One of the novelties of this study compared to previ-
ous analyses of the same dataset was the partitioning of
the infection period into distinct viremia-profile phases.
This resulted in two noticeable benefits: first, it provided
repeated measurements for virus load and growth that
boosted the statistical power of the random regression
models, which was key for detecting genetic variation in
tolerance of pigs to PRRS in this study. Second, partition-
ing the infection period allowed for the possibility that
genetic mechanisms for resistance and tolerance differ
over the time course of infection and provided the ability
to focus on particular stages of infection where genetic
differences in resistance or tolerance may be most pro-
nounced. Using cumulative viremia over a prolonged
period of time (e.g. over 21 or 42 days) provides a useful
summary measure of an individual’s ability to cope with
infection, but it does not capture the dynamic changes of
the individual’s viremia curve that could result from the
action of different immune functions at different stages
of infection. For example, two individuals may have equal
VL over the 21-day infection period, but one of the indi-
viduals may experience high viremia over a short time
followed by rapid clearance, while the other may have
moderate viremia over a prolonged time [34]. This may
reflect different immune response patterns and may yield
a blurred genetic signal when cumulative VL is used as
phenotype [42]. By defining stages of infection based
on underlying viremia curve characteristics, the corre-
sponding VL measures may reflect the effect of different
immune response mechanisms to PRRSV acting over
time, and thus possibly different sets of genes associated
with these. For example, the time of fastest rate of viremia
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clearance, which defined the boundary between the mid-
and late-stage of infection in this study, may coincide
with the time at which neutralizing antibodies start to
be produced [43]. Thus, the mid- to late-stages of infec-
tion, for which significant genetic variance in both resist-
ance and tolerance were identified in this study, are likely
determined by the ability of the individual to mount an
effective adaptive immune response [44] and how it deals
with the associated implications on growth [45]. Indeed,
previous studies found considerable genetic variation in
total antibody response (measured by serum IgG levels)
of pigs to PRRSV at 6 weeks post-infection [46, 47].

Partitioning the infection period into distinct phases
also revealed that genetic parameters for resistance, tol-
erance, and growth changed considerably over the time-
course of infection. For example, the estimate of the
genetic correlation was strongly positive between mid-
stage ADG and early-stage VL (0.84+0.15), indicating
that genetically resistant individuals with lower VL ear-
lier in infection have slower growth rate in the subse-
quent stage of infection. These results are consistent with
resource allocation theory, where a temporary trade-off
between fighting infection and growth may occur due
to limited nutrient resources being available [45, 48, 49].
At the late-stage of infection, the genetic correlation
between ADG and VL shifted from strongly positive to
negative (i.e. —0.74+0.21 between late-stage VL and
late-stage ADG). This period is associated with return to
homeostasis or even compensatory growth, where ani-
mals that managed to clear the virus faster can allocate
resources to growth [50]. In summary, these results imply
that selection for lower VL at the pre-peak viremia phase
may lead to a reduction in growth during that phase but
in faster growth at later stages of the infection period,
and overall. Furthermore, our results suggest that genetic
selection to increase tolerance would be effective only in
the phase of rapid viremia decline.

Sensitivity of tolerance estimates to the partitioning

of the infection period

In this study, stages of infection were defined with the
help of the mathematical Woods function, which allowed
partitioning into distinct infection phases based on
viremia profile characteristics, i.e. the phase associated
with viremia increase towards peak viremia, the phase
of rapid post-peak decline, and the later phase corre-
sponding to more gradual viremia decline. The question
arises on how sensitive the results are to the definition of
infection stages according to the Woods function. Pre-
vious analyses of the viremia data from trials 1 to 8 had
fitted a LOESS curve through the data and integrated to
obtain area under the curve from 0 to 21 dpi [26, 34]. A
subsequent study demonstrated similar heritabilities and
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high genetic and phenotypic correlations between viral
loads established by both methods, and concluded that
both methods describe the same biological trait [34].
Furthermore, the analyses of this study were repeated
for an alternative definition of stages of infection, in
which they were simply defined according to the fol-
lowing three fixed time-periods: from 0 to 7 dpi (early),
from 7 to 14 dpi (mid) and from 14 to 42 dpi (late). As
shown in Additional file 2, the fixed time-periods pro-
vided similar evidence for genetic variation in tolerance:
the repeated measurement model identified significant
genetic variation in tolerance to infection and the single
measurement models applied to VL and ADG at differ-
ent stages of infection identified genetic variance in toler-
ance only for the late-stage of infection (although in this
case when late-stage ADG was regressed on late-stage
VL, rather than on mid-stage VL, as was the case when
stages of infection were defined based on viremia char-
acteristics). These results indicate that specification of
infection stages according to individual profile charac-
teristics is not essential for detecting genetic variation in
tolerance. Nevertheless, time-periods that are based on
individual infection profiles rather than on fixed meas-
urement times would be expected to better reflect the
dynamic behaviour of genetic resistance and tolerance
mechanisms, as indicated by generally higher heritability
estimates for VL and ADG (see Additional file 2). Finally,
it should be mentioned that partitioning data into dis-
tinct stages of infection has proven useful, but may not
harness the full information about how resistance and
tolerance mechanisms interact over time that is captured
by the longitudinal viremia and growth data. Such infor-
mation may be better portrayed through individual infec-
tion trajectories [11, 12, 51], although the methodology
for genetic trajectory analyses is still in its infancy.

Implications for breeding programmes and conclusions

The results of this study suggest that, in principle, genetic
selection for greater tolerance of pigs to PRRS is possi-
ble and may indeed result in an increase in growth rate
of pigs infected with PRRSV. However, in practical terms
tolerance may be difficult to target for genetic selection,
given that multiple repeated measures may be needed
for each individual, and information of performance
and within-host—pathogen load are needed for multi-
ple offspring of each sire. This high demand in data for
estimating tolerance suggests that genetic improvement
of tolerance of pigs to PRRSV can only be achieved real-
istically with genomic selection and intense recording
schemes that involve repeated measurements to reli-
ably estimate genetic effects [52]. Furthermore, incor-
poration of tolerance into breeding programmes would
require understanding the genetic correlations between
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resistance and tolerance, and how these both contribute
to overall resilience of pigs exposed to PRRSV [15]. Note
that we were not able to estimate genetic correlations
between resistance and tolerance to PRRS in this study
because VL was used both as a measure of resistance (i.e.
response variable) and as predictor for tolerance in the
random regression models. This sequential interdepend-
ence calls for more sophisticated methods such as struc-
tural equation models to estimate the true relationships
between these traits [53, 54].

Perhaps the most relevant result of this study regarding
practical pig breeding was that the genotype at the WUR
SNP was found to be significantly associated with resist-
ance, growth and tolerance, with the favourable B allele
likely improving all three traits. This suggests that resist-
ance and tolerance are partly pleiotropic and thus work
together to improve host performance, and that selection
for greater resistance may simultaneously improve toler-
ance, and consequently also growth of piglets infected
with PRRSV. Based on the results of this study, consider-
ation of the WUR genotype in genetic selection schemes
appears to be a promising strategy to improve simultane-
ously resistance and tolerance of growing pigs to PRRS in
the absence of intense data recording.
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Additional file 2. Assessing the sensitivity of model results to different
definitions of 'stages of infection’ Results are shown when stages of infec-
tions are defined by fixed time-periods rather than according to viremia
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Authors’ contributions

GL conducted the statistical analyses and interpretation of results, and wrote
the manuscript. AH, MH, HR, JCMD, OM, IK and HM aided statistical analyses
and interpretation of results. RRRR conceived the experimental trials and led
the animal infection trials and sample collection. JKL conceived the experi-
mental trials and coordinated the handling, storage, and sample preparation
for DNA genotyping. ADW conceived the study, oversaw and contributed

to the statistical analysis and interpretation of results and to writing the
manuscript. All co-authors reviewed and contributed to development of the
manuscript. All authors read and approved the final manuscript.

Author details

! The Roslin Institute and R(D)SVS, University of Edinburgh, Edinburgh,
Midlothian, UK. ? Department of Animal Science, lowa State University, Ames,
IA'50011, USA. ® Animal Breeding and Genomics, Wageningen University

and Research, PO Box 338, 6700 AH Wageningen, The Netherlands. * School

of Agriculture Food and Rural Development, Newcastle University, Newcastle
upon Tyne NE1 7RU, UK. 5> Animal Parasitic Diseases Laboratory, BARC, ARS,
USDA, Beltsville, MD 20705, USA. ¢ College of Veterinary Medicine, Kansas State
University, Manhattan, KS 66506, USA.


https://doi.org/10.1186/s12711-018-0420-z
https://doi.org/10.1186/s12711-018-0420-z

Lough et al. Genet Sel Evol (2018) 50:50

Acknowledgements
The authors would like to thank the PRRS Host Genetic Consortium for access
and use of the dataset.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials

The data that support the findings of this study are accessible from the PRRS
Host Genetics Consortium, but restrictions apply to the availability of these
data, which were used under license for the current study, and so are not
publicly available. Data may be available from the authors upon reasonable
request and with permission of the PRRS Host Genetics Consortium.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All experimental protocols for these trials were approved by the Kansas State
University Institutional Animal Care and Use Committee.

Funding

This study was funded by the BBSRC and Genus within the remit of a BBSRC
Industrial Case PhD studentship (GL) and BBSRC Institute Strategic Pro-
gramme Grants to ADW (BB/J004235/1 (ISP1), BBS/E/D/20002172 (ISP2.1) &
BBS/E/D/30002275 (IPS3.1)). IK received funding from the Higher Education
Funding Council for England (HEFCE). HR financially funded by the Nematod-
eSystemHealth project, financed by Marie Curie Initial Training Networks (FP7-
People-2010-ITN), and co-financed by TOPIGS Norsvin BV, The Netherlands,
and Dutch Ministry of Economic Affairs, Agriculture, and Innovation (Public—
private partnership “Breed4Food” code KB-12-006.03-004-ASG-LR and KB-12-
006.03-005-ASG-LR). The PRRS Host Genetics Consortium was supported was
supported by US National Pork Board Grants, USDA NIFA awards (2008-55620-
19132, 2010-65205-20433, 2013-68004-20362), ARS project 8042 32000 102,
and pig breeding companies, consisting of PIC/Genus, Choice Genetics, Fast
Genetics, Genesus, Inc, TopigsNorsvin, and PigGen Canada, Inc,, that provided
the pigs for the study.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 21 March 2018 Accepted: 5 October 2018
Published online: 24 October 2018

References

1. Plastow GS. Genomics to benefit livestock production: improving animal
health. Rev Bras Zootec. 2016;45:349-54.

2. Albers GAA, Gray GD, Piper LR, Barker JSF, Jambre LFL, Barger IA. The
genetics of resistance and resilience to Haemonchus contortus infection
in young merino sheep. Int J Parasitol. 1987;17:1355-63.

3. Bisset SA, Morris CA. Feasibility and implications of breeding sheep for
resilience to nematode challenge. Int J Parasitol. 1996;26:857-68.

4. Hermesch S, Dominik S, editors. Breeding focus 2014 — Improving resil-
ience. Armidale: University of New England; 2014.

5. Morris CA, Bisset SA, Vlassoff A, Wheeler M, West CJ, Devantier BP, et al.
Selecting for resilience in Romney sheep under nematode parasite chal-
lenge, 1994-2007. New Zeal J Agric Res. 2010;53:245-61.

6. Boddicker N, Waide EH, Rowland RRR, Lunney JK, Garrick DJ, Reecy JM,
et al. Evidence for a major QTL associated with host response to porcine
reproductive and respiratory syndrome virus challenge. J Anim Sci.
2012;90:1733-46.

7. Bishop SC. A consideration of resistance and tolerance for ruminant
nematode infections. Front Genet. 2012;3:168.

8. Bishop SC. Genetic resistance to infections in sheep. Vet Microbiol.
2015;181:2-7.

9. Réberg L, Sim D, Read AF. Disentangling genetic variation for resistance
and tolerance to infectious diseases in animals. Science. 2007;318:812-4.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 12 of 13

. Lough G, Rashidi H, Kyriazakis I, Dekkers JCM, Hess A, Hess M, et al. Use of

multi-trait and random regression models to identify genetic variation in
tolerance to porcine reproductive and respiratory syndrome virus. Genet
Sel Evol. 2017;49:37.

. Lough G, Kyriazakis I, Bergmann S, Lengeling A, Doeschl-Wilson

AB. Health trajectories reveal the dynamic contributions of host
genetic resistance and tolerance to infection outcome. Proc Biol Sci.
2015;282:2151-61.

. Hayward AD, Nussey DH, Wilson AJ, Berenos C, Pilkington JG, Watt KA,

et al. Natural selection on individual variation in tolerance of gastrointes-
tinal nematode infection. PLoS Biol. 2014;12:21001917.

. Rowland RRR, Lunney J, Dekkers J. Control of porcine reproductive and

respiratory syndrome (PRRS) through genetic improvements in disease
resistance and tolerance. Front Genet. 2012;3:260.

. Roy BA, Kirchner JW. Evolutionary dynamics of pathogen resistance and

tolerance. Evolution. 2000;541:51

. Mulder HA, Rashidi H. Selection on resilience improves disease resistance

and tolerance to infections. J Anim Sci. 2017;95:3346-58.

. Axford RFE, Bishop SC, Nicholas FW, Owen JB, editors. Breeding for

disease resistance in farm animals. 2nd ed. Wallingford: CABI; 2000.

. Kause A. Genetic analysis of tolerance to infections using random regres-

sions: a simulation study. Genet Res (Camb). 2011;93:291-302.

. Doeschl-Wilson AB, Villanueva B, Kyriazakis I. The first step toward genetic

selection for host tolerance to infectious pathogens: obtaining the toler-
ance phenotype through group estimates. Front Genet. 2012;3:265.

. Greiner LL, Stahly TS, Stabel TJ. Quantitative relationship of systemic virus

concentration on growth and immune response in pigs. J Anim Sci.
2000;78:2690-5.

Gabler N. The effects of disease challenge (PRRS) on pig growth and
metabolic pathways. Des Moines: Pork Checkoff Report; 2014.

Rowland RRR, Nietfeld J, Molina R, Hermann JZ. The effect of PRRS virus
infection on growth performance. PRRS Publications; 2005. https://www.
prrs.com/en/publications/abstracts/the-effect-prrs-virus-infection-growt
h-performance/. Accessed 28 September 2018.

Holtkamp DJ, Kliebenstein JB, Neumann EJ, Zimmerman JJ, Rotto HF,
Yoder TK, et al. Assessment of the economic impact of porcine reproduc-
tive and respiratory syndrome virus on United States pork producers. J
Swine Health Prod. 2013;21:72-84.

Nathues H, Alarcon P, Rushton J, Jolie R, Fiebig K, Jimenez M, et al. Cost of
porcine reproductive and respiratory syndrome virus at individual farm
level—an economic disease model. Prev Vet Med. 2017;142:16-29.
Boddicker NJ, Garrick DJ, Rowland RRR, Lunney JK, Reecy JM, Dekkers
JCM. Validation and further characterization of a major quantitative

trait locus associated with host response to experimental infection

with porcine reproductive and respiratory syndrome virus. Anim Genet.
2013;45:48-58.

Boddicker NJ. The genetic basis of host response to experimental infec-
tion with the porcine reproductive and respiratory syndrome virus in
pigs. PhD thesis, lowa State University. 2013.

Hess AS, Islam ZZ, Hess MK, Rowland RRRR, Lunney JJK, Doeschl-Wilson
AA, et al. Comparison of host genetic factors influencing pig response to
infection with two North American isolates of porcine reproductive and
respiratory syndrome virus. Genet Sel Evol. 2016;48:43.

Kutzer MAM, Armitage SAQ. The effect of diet and time after bacterial
infection on fecundity, resistance, and tolerance in Drosophila mela-
nogaster. Ecol Evol. 2016,6:4229-42.

Howick VM, Lazzaro BP. Genotype and diet shape resistance and
tolerance across distinct phases of bacterial infection. BMC Evol Biol.
2014;14:56.

Lunney JK, Chen H. Genetic control of host resistance to porcine
reproductive and respiratory syndrome virus (PRRSV) infection. Virus Res.
2010;154:161-9.

Truong HM, Lu Z, Kutish GF, Galeota J, Osorio FA, Pattnaik AK. A highly
pathogenic porcine reproductive and respiratory syndrome virus gener-
ated from an infectious cDNA clone retains the in vivo virulence and
transmissibility properties of the parental virus. Virology. 2004;325:308-19.
Boddicker NJ, Bjorkquist A, Rowland RRR, Lunney JK, Reecy JM, Dek-

kers JCM. Genome-wide association and genomic prediction for host
response to porcine reproductive and respiratory syndrome virus infec-
tion. Genet Sel Evol. 2014;46:18.


https://www.prrs.com/en/publications/abstracts/the-effect-prrs-virus-infection-growth-performance/
https://www.prrs.com/en/publications/abstracts/the-effect-prrs-virus-infection-growth-performance/
https://www.prrs.com/en/publications/abstracts/the-effect-prrs-virus-infection-growth-performance/

Lough et al. Genet Sel Evol

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

(2018) 50:50

Ramos AM, Crooijmans RPMA, Affara NA, Amaral AJ, Archibald AL, Beever
JE, et al. Design of a high density SNP genotyping assay in the pig using
SNPs identified and characterized by next generation sequencing tech-
nology. PLoS One. 2009;4:€6524.

Gilmour AR, Gogel BJ, Cullis BR, Thompson R. ASReml user guide release
3.0. Hemel Hempstead: VSN International Ltd; 2009.

Islam ZU, Bishop SC, Savill NJ, Rowland RRR, Lunney JK, Trible B, et al.
Quantitative analysis of porcine reproductive and respiratory syndrome
(PRRS) viremia profiles from experimental infection: a statistical modelling
approach. PLoS One. 2013;8:e83567.

Lynch M, Walsh B. Genetics and analysis of quantitative traits. Cary:
Sinauer Assoc. Inc.; 1998.

Stram DO, Lee JW. Variance components testing in the longitudinal
mixed effects model. Biometrics. 1994;50:1171-7.

Visscher PM, Medland SE, Ferreira MAR, Morley KI, Zhu G, Cornes BK, et al.
Assumption-free estimation of heritability from genome-wide identity-
by-descent sharing between full siblings. PLoS Genet. 2006;2:e41.
Lunney JK, Fang Y, Ladinig A, Chen N, Li Y, Rowland B, et al. Porcine repro-
ductive and respiratory syndrome virus (PRRSV): pathogenesis and inter-
action with the immune system. Annu Rev Anim Biosci. 2016;4:129-54.
Hermesch S, Luxford BG. Genetic parameters for white blood cells,
haemoglobin and growth in weaner pigs for genetic improvement of
disease resilience. In: Proceedings of the 11th world congress on genetics
applied to livestock production: 11-16 February 2018; Auckland. 2018.
Douglas SL, Edwards SA, Sutcliffe E, Knap PW, Kyriazakis I. Identification of
risk factors associated with poor lifetime growth performance in pigs. J
Anim Sci. 2013;91:4123-32.

Koltes JE, Fritz-Waters E, Eisley CJ, Choi |, Bao H, Kommadath A, et al. Iden-
tification of a putative quantitative trait nucleotide in guanylate binding
protein 5 for host response to PRRS virus infection. BMC Genomics.
2015;16:412.

Islam ZU. Statistical modelling and analysis of the infection dynamics of
PRRSV in vivo infections: PhD thesis, The University of Edinburgh; 2017. p.
135-149.

Hess AS. Genetic and biological factors influencing host response to
porcine reproductive and respiratory syndrome virus in growing pigs.
Ph.D. thesis; lowa State University; 2016.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 13 of 13

Lopez OJ, Osorio FA. Role of neutralizing antibodies in PRRSV protective
immunity. Vet Immunol Immunopathol. 2004;102:155-63.
Doeschl-Wilson AB, Brindle W, Emmans G, Kyriazakis I. Unravelling the
relationship between animal growth and immune response during
micro-parasitic infections. PLoS One. 2009;4:e7508.

Hess A, Trible B, Boddicker N, Rowland R, Lunney J, Carpenter S, et al. Fac-
tors associated with neutralizing antibody response in piglets experimen-
tally infected with porcine reproductive and respiratory virus. Anim Ind
Rep. 2013;659:5.

Serao NVL, Matika O, Kemp RA, Harding JCS, Bishop SC, Plastow GS, et al.
Genetic analysis of reproductive traits and antibody response in a PRRS
outbreak herd. J Anim Sci. 2014;92:2905-21.

Rauw WM. Immune response from a resource allocation perspective.
Front Genet. 2012;3:267.

Coop RL, Kyriazakis I. Influence of host nutrition on the development and
consequences of nematode parasitism in ruminants. Trends Parasitol.
2001;17:325-30.

Exton MS. Infection-induced anorexia: active host defence strategy.
Appetite. 1997;29:369-83.

Doeschl-Wilson AB, Bishop SC, Kyriazakis |, Villanueva B. Novel methods
for quantifying individual host response to infectious pathogens for
genetic analyses. Front Genet. 2012;3:266.

Waide EH, Tuggle CK, Serdo NVL, Schroyen M, Hess A, Rowland RRR, et al.
Genomewide association of piglet responses to infection with one of
two porcine reproductive and respiratory syndrome virus isolates. J Anim
Sci. 2017;95:16-38.

Gianola D, Sorensen D. Quantitative genetic models for describing
simultaneous and recursive relationships between phenotypes. Genetics.
2004;167:1407-24.

Rosa GJ, Valente BD, de los Campos G, Wu XL, Gianola D, Silva MA. Infer-
ring causal phenotype networks using structural equation models. Genet
Sel Evol. 2011;43:6.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Harnessing longitudinal information to identify genetic variation in tolerance of pigs to Porcine Reproductive and Respiratory Syndrome virus infection
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Infection experiment and data
	Defining stages of infection
	Statistical analyses
	Estimating the genetic correlation between ADG and VL within and between stages of infection
	Estimation of the genetic variance in tolerance at each stage of infection
	Estimation of the genetic variance in tolerance across stages of infection using a repeated measurement model
	Association of the WUR genotype with growth, resistance and tolerance

	Results
	Genetic parameters and relationship between ADG and VL across stages of infection
	Evidence for genetic variation in tolerance at each stage of infection
	Genetic variation for tolerance across all stages of infection: repeated measure model
	Association of the WUR genotype with tolerance at individual and across stages of infection

	Discussion
	Summary of findings
	Associations of the WUR genotype with growth, resistance and tolerance
	Benefits arising from partitioning the infection period into different stages of infection
	Sensitivity of tolerance estimates to the partitioning of the infection period
	Implications for breeding programmes and conclusions

	Authors’ contributions
	References




