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Abstract

Background: Natural antibodies (NAb) are antibodies that are present in a healthy individual without requiring previ-
ous exposure to an exogenous antigen. Selection for high NAb levels might contribute to improved general disease
resistance. Our aim was to analyse the genetic background of NAb based on a divergent selection experiment in
poultry, and in particular the effect of a polymorphism in the TLRTA gene.

Methods: The study population consisted of a base population from a commercial pure-bred elite white leghorn
layer line and seven generations of birds from a High and Low selection line. Birds were selected for total KLH-binding
NADb titer (IgTotal). An enzyme-linked immunosorbent assay was performed to determine NAD titers in blood plasma
for IgTotal and the antibody isotypes IgM and IgG. NAb titers were available for 10,878 birds. Genotypes for a polymor-
phism in TLR1A were determined for chickens in generations 5, 6 and 7. The data were analysed using mixed linear
animal models.

Results: The heritability estimate for IgM was 0.30 and higher than that for IgG and IgTotal (0.12). Maternal envi-
ronmental effects explained 2 to 3% of the phenotypic variation in NAb. Selection for IgTotal resulted in a genetic
difference between the High and Low line of 2.4 titer points (5.1 genetic standard deviation) in generation 7. For IgM,
the selection response was asymmetrical and higher in the Low than the High line. The frequency of the TLRTA C allele
was 0.45 in the base population and 0.66 and 0.04 in generation 7 of the High and Low line, respectively. The TLR1A
polymorphism had large and significant effects on IgTotal and IgM. Estimated genotypic effects suggest full domi-
nance of the TLRTA C allele. Significant TLR1A by generation interactions were detected for IgM and IgTotal.

Conclusions: The effect of a polymorphism in the TLRTA gene on IgTotal and IgM NAb was confirmed. Furthermore,
we provide experimental verification of changes in allele frequencies at a major gene with dominant gene action on
a quantitative trait that is subjected to mass selection. TLRTA by generation interactions indicate sensitivity to environ-
mental factors.

Background In recent years, poultry layer production has shifted in
Diseases pose serious and increasing challenges to live-  several countries from battery cages to free roaming
stock production. Diseases not only affect production housing systems. This has increased contact between
efficiency, and thus environmental impact, but also con-  chickens, resulting in a higher risk of pathogen spread-
sumers’ attitude towards food products of animal origin.  ing [1, 2]. Another recent trend is the restricted use of
antibiotics in order to reduce the risk of antibiotic resist-
ance [1]. These developments require other ways to limit
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There are several aspects that complicate selective
breeding for disease resistance. First, elite breeding ani-
mals are usually kept under strict hygienic conditions
and, as a result an animal’s ability to fight pathogens is
not or poorly expressed. Second, traits that capture dif-
ferences in disease resistance between animals must be
identified. Selection should preferably not be for resist-
ance to one or a few diseases but for enhanced immune
competence that results in a broad (general) disease
resistance. Furthermore, traits that reflect general disease
resistance should be easy and cheap to measure and ide-
ally early in the animal’s life.

Natural antibodies (NAb) could be of value in selec-
tion for general disease resistance. NAb are antibodies
that are present in a healthy individual without requir-
ing previous exposure to an exogenous antigen [3]. NAb
are regarded as a humoral part of the innate immunity,
show a broad specificity repertoire, and act as a first line
of defence against infections. Furthermore, NAb can
be measured relatively easily in blood samples and at a
young age. In several animal species, higher NAb levels
have been associated with better health or increased dis-
ease resistance [4—7]. In laying hens, high levels of NAb
have been related to a higher probability of survival dur-
ing the laying period [8-10]. Furthermore, we showed
in a previous study that selection for high NAb against
keyhole limpet hemocyanin (KLH) leads to higher sur-
vival of chickens that are challenged with avian patho-
genic Escherichia coli [11]. Therefore, selection for high
NAb levels might contribute to improved general disease
resistance in poultry.

In previous studies on poultry, we showed that NAb
against KLH are heritable [12, 13] and affected by mater-
nal environmental effects [14]. By performing a genome-
wide association study (GWAS), we identified a genomic
region on chicken chromosome 4 with a major effect on
IgM NAb [15]. This chromosomal region contains the
toll-like receptor 1 family member A (TLRI1A) gene, in
which a polymorphism was identified as the most likely
causal variant affecting the level of NAb [15]. Studies by
Berghof et al. [14, 15] were based on a population that
formed the basis of a divergent selection experiment that
was used for the current study. In addition to information
from the base population, data were available from seven
generations of mass selection for high and low total KLH
binding NAD titers. Chickens in generations 5, 6 and
7 of the selection experiment were also genotyped for
the polymorphism identified in the TLRIA gene. Using
this large data set, we performed a detailed study of the
genetic effects (direct and maternal genetic), maternal
environmental effects, sex effects on NAb, and specifi-
cally the role of the TLRIA polymorphism. Furthermore,
the availability of TLRIA genotypes provided a unique
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opportunity to quantify the effect of mass selection on
allele frequencies at a major gene for NAb titers.

Methods

Experimental design

The birds used in this study were from a commercial
pure-bred elite white leghorn layer line provided by Hen-
drix Genetics (Boxmeer, The Netherlands). The study
population consisted of a base population of birds from
the same layer line, that had not been selected for NAb,
and seven subsequent generations that were divergently
selected for total KLH-binding NAb titer (IgTotal), i.e.
from High and Low selection lines.

The base population consisted of two batches of chick-
ens. The first batch was previously described and used in
studies by van der Klein et al. [16] and Berghof et al. [14]
to estimate genetic parameters for NAD traits. The second
batch was used in a GWAS that was described in Berghof
et al. [15]. In total, 437 chickens overlapped between the
two batches and were included in both studies reported
in [14] and [15]. Combined, 4855 chickens (3099 females
and 1756 males) were available and are referred to as the
base population. All birds were maintained at the nucleus
breeding facilities of Hendrix Genetics. Birds from the
first batch were divergently selected for IgTotal NAb: 24
males and 44 females with the highest NAb titers were
selected as parents for the High line and 24 males and 48
females with the lowest NAb titers were selected as par-
ents for the Low line (i.e. mass selection). Our aim was
to mate one male to two females and one female to one
male.

Incubation of eggs and housing of chickens for the
selection lines (from generation 1 onwards) was at the
research facility “Carus” from Wageningen University &
Research, according to standard production practices. In
each generation, our aim was to select 25 males and 50
females per line, but for some generations the number of
selected parents deviated slightly (see Additional file 1:
Table S1). Selection of parents was as described for the
base population and was done within lines. Our aim was
to mate each male to two females, avoiding full or half sib
matings. All birds from both lines of a given generation
were raised in a single batch. The number of birds per
generation ranged from 526 to 1135 and the selection
experiment included 6026 birds (~50% males and ~ 50%
females) with NAb antibody titers (see Table 1).

NAb phenotypes

In the base population, blood plasma samples were
taken at 15 and 19 weeks of age for males and females,
respectively, following routine blood sampling proce-
dures at Hendrix Genetics. In generations 1 to 7, blood
plasma samples were taken at 16 weeks of age for both
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Table 1 Descriptive statistics (averages, with standard deviations in parentheses) of total (IgTotal), IgM, and IgG KLH-binding natural
antibody titers in a White Leghorn chicken population divergently selected for IgTotal, resulting in a High and a Low line

Generation IgM IgG IgTotal N?@
Low High H-LP Low High H-LP Low High H-LP
Base 710043 0.00 61657 0.00 6.8% 51, 0.00 4855
G1 611007 661401 050 5814117 627128 046 58913 63811 049 946
G2 575001 66855 093 517417 59934 082 51739 6.36(18) 119 820
G3 521 0s8) 64084 119 496, 76, 584149 088 6.77 1 6 811140 134 526
G4 43310, 6.1 91, 178 439 60) 6.0357 1,64 4.26/, 55 63629 210 915
G5 490020 669035, 1.79 476, 6 652 43, 176 457 6.5% 30) 202 1135
G6 361116 6324 09 271 441 g 6.70; 55, 229 5.50(1.40) 7.50095) 2.00 707
G7 36244 6.550.09) 293 377149 614 o) 237 332445 596 .0) 264 974
Total 10,878

2 Number of observations for IgTotal; the numbers of records for IgM and IgG differ slightly from those for IgTotal

b All differences between the High and Low selection lines are significant from G1 onwards, when tested based on a two-sided t-test

males and females. Plasma samples were collected and
stored at — 20 °C until their use to measure IgTotal, IgM,
and IgG binding KLH. An indirect two-step enzyme-
linked immunoassay (ELISA) was used, as described by
Berghof et al. [14]. For this purpose, 96-well plates were
coated with 2 pg/mL KLH in 100 pL coating buffer.
Tested plasma dilutions were 1:40, 1:160, 1:640 and
1:2560. A duplicate standard positive was incorporated
on each ELISA plate. Plates were incubated and washed,
and then incubated with different polyclonal antibodies:
1:20,000-diluted rabbit-anti-chicken IgG heavy and light
chain (IgTotal), 1:20,000-diluted goat-anti-chicken IgM,
or 1:40,000-diluted goat-anti-chicken IgG, which were
all labelled with horse radish peroxidase. Binding of the
antibodies to KLH was visualized by adding 100 pL of
substrate buffer. The reaction was stopped after 15 min
by adding 50 pL of 1.25 M H,SO,. Extinctions were
measured at 450 nm. Antibody titers were calculated as
log, values of the dilutions that gave an extinction that
was closest to 50% of E,;,y, where Ey;,x represents the
mean of the highest extinction of the standard positive
plasma samples.

For the base population, samples from males and
females were analysed on different ELISA plates [14]. For
generations 1 to 7, each plate included samples of both
sexes from the High and Low lines. The average number
of ELISA plates per antibody isotype and generation was
48.

TLR1A genotypes

A genomic region on chromosome 4 that is known to be
significantly associated with NAD titers contains the zoll-
like receptor 1 family member A (TLR1A) gene, which
harbors a single nucleotide polymorphism (SNP) that
has been identified as the most likely causal variant [15].

This SNP consists of a cytosine (C)/guanine (G) poly-
morphism and results in a phenylalanine (F)/leucine (L)
amino acid substitution in the TLR1A protein at position
126. Imputed genotypes for this TLRIA SNP, based on
whole genome sequence data, were available for the base
population and the frequency of the imputed TLRIA C
allele was 0.45 [15]. The genotypes at this TLRIA SNP
for chickens in generations 5, 6 and 7 were determined
based on a TagMan assay. For this purpose, DNA was
isolated from blood samples, and 4 pL of the normalized
DNA sample was mixed with 8 pL of TagMan mix that
included primers and probes for the SNP. The FAM and
VIC fluorescent dyes were used for the G and C allele
probes, respectively. Polymerase chain reactions (PCR)
were run for 40 cycles at 95 °C for 15 s and at 60 °C for
1 min. Genotypes were called using the QuantStudio"
Design and Analysis Software v1.4.3 (Thermo Fisher Sci-
entific Corporation). Samples with a high FAM signal
were classified as homozygous G, those with a high VIC
signal as homozygous C, and samples with an approxi-
mately equal signal for both FAM and VIC were classified
as heterozygous. When birds could not be unequivocally
assigned to one of the genotypic classes their genotype
was set to missing.

Statistical analyses

In a previous study, we identified significant maternal
environmental effects for IgM NAb titers, but not for
IgTotal and IgG, and found no evidence for maternal
genetic effects [14]. The availability of a large data set,
consisting of multiple generations, enhanced the pos-
sibilities to disentangle the maternal environmental and
(maternal) genetic factors. For this purpose, we analyzed
the data using several mixed linear models. All statistical
analyses were performed using ASREML 4 [17].
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The first model contained a random maternal (envi-
ronmental) effect and a random additive genetic effect:

Yijla = I + Plate; + Sex;j + ay + dj + e, 1)

where yjj is the IgTotal, IgM, or IgG titer, u is the mean,
Plate; is the fixed effect of the ELISA plate (with i = 1
to 592), Sex; is the fixed effect of sex (with j = 1,2; male
or female), a is the random additive genetic effect of
the kth animal, which was assumed to be distributed as
N (0, Aoj), where A is the pedigree-based relationship
matrix and o7 is the additive genetic variance, d, is the
random effect of the 1th dam, which is assumed to be dis-
tributed as N (0,102 ), where I is the identity matrix and
o2 is the maternal environmental variance, and ejj is the
random residual term, which was assumed to be distrib-
uted as N (0,10?), where o7 is the residual variance. To
build the A matrix, pedigree information of 12,443 indi-
viduals from 14 generations was used. Generation effects
are confounded with ELISA plate effects and therefore
“Generation” was not included as a separate effect in the
model. Thus, plate effects not only represent the effect of
ELISA plate but also include generation or batch effects.

Heritability and maternal environmental effects were
estimated as:

2
h2 — 04
of + o5 +0?
2
o
and m? = m

o} +0p + 0}

To test if the maternal environmental effects affected
NAD titers significantly, the data were also analysed
using a model without a random dam effect:

Yijk = W + Plate; + Sexj + ax + ey, )

where effects are as described for Model (1). The likeli-
hood ratio test was used to test for significance of mater-
nal environmental effects:

IR = Z[L ((3) - L(Oo)}, 3)

where L (é\) is the log-likelihood based on Model (1) and

L(6o) is the log-likelihood based on Model (2), i.e. where
the variance of maternal environmental effects was
restricted to 0. It was assumed that the likelihood ratio
test followed a chi-square distribution with one degree of
freedom.

To investigate if in addition to maternal environmen-
tal effects, maternal genetic effects play a role, the data
were analysed using the following model:
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Yijim = W + Plate; + Sexj + ax +d_e; +d_g;,, + €jjiim»

(4)

where effects are as described for Model (1) and d_g

and d_g , are the random maternal environmental and

genetic effects, respectively, of the 1" dam and m™ dam.

The assumed (co)variance structure of the random effects
was:

a Ac? Aogmg 0 O
2
Var dg _ Aoym g Aoy, g 0 O
d_e 0 0 Is2 O
e (] 0 0 Io?

The likelihood ratio test (Eq. (3)) was used to test for
significance of maternal genetic effects, where L 9) is

the log-likelihood based on Model (4) and L(6) is the
log-likelihood on Model (1). It was assumed that the
likelihood ratio test followed a chi-square distribution
with two degrees of freedom.

Response to selection was estimated by averaging the
estimated breeding values obtained from Model (1) of
all individuals in each line-by-generation combination.

To estimate genetic and phenotypic correlations
between the three NAD traits, bivariate analyses were
performed. Furthermore, to determine if the genetic
background of the NADb traits differed between the
sexes, titers of males and females were analysed as dif-
ferent traits in bivariate analyses. The bivariate mod-
els used were as described for Model (1) but without
the effect of sex. The likelihood ratio test (Eq. (3)) was
used to test if the genetic correlations differed from 1
by comparing the likelihood of the unrestricted bivari-
ate model with the likelihood of the bivariate model in
which the genetic correlation was fixed at 0.999.

To estimate the effect of the TLRIA polymorphism,
phenotypes and TLRIA genotypes from chickens in
generations 5 (n=1105), 6 (n=681) and 7 (n=978)
of the selection experiment were used in the following
model:

Yijklmn = W + Plate; + Sex;j + Liney

+ TLRlA] +am + dn + €ijklmn> (5)

where effects are as described for Model (1), Liney is
the fixed effect of line to account for genetic differ-
ences between lines. (with k = 1, 2 for High and Low),
and TLR1A is the effect of the TLRIA SNP (with I =1,
2, 3 for genotypes CC, CG, or GG). Additive genetic and
maternal environmental variances in these analyses were
fixed at the estimates obtained from Model (1) based on
the complete data set. Estimates of TLRIA genotypic
effects of Model (5) were reparametrized into additive
and dominance effects as:
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CcC - GG
Additive = %, and
CcC + GG
Dominance = CG — (;)

Significance of additive and dominance effects was
tested using the !CONTRAST statement in ASREML
4 [17]. Additional analyses were performed to test for
possible interactions between TLRIA and sex, TLRI1A
and Line, TLR1A and Generation by adding the respec-
tive interactions in Model (5).

Results

Natural antibody titers for IgTotal, IgM and IgG for
10,878 chickens were available for the current study. A
little less than half of the observations were from chick-
ens in the base population. Average NAD titers for the
High and Low lines and each generation are in Table 1.
NAbD titers showed considerable fluctuations from one
generation to the next but the difference between the
High and Low lines gradually increased over generations,
not only for the selection criterion, IgTotal, but also for
IgM and IgG; in generation 7, the difference between the
High and Low lines was 2.64, 2.93, and 2.37 titer points
for IgTotal, IgM, and IgG, respectively.

Remarkably, the standard deviation of the NAb titers
was larger in the Low line than in the High line and this
difference tended to increase over generations. E.g., in
generation 7 the phenotypic standard deviations for
IgTotal were 1.45 and 1.02 in the Low and High lines,
respectively.

Model comparisons showed that a model with mater-
nal environmental effects (Model (1)) had a significantly
better fit than a model without (Model (2)): the likeli-
hood ratio was 26.3 (p <0.001) for IgTotal, 11.4 (p<0.001)
for IgG, and 25.9 (p<0.001) for IgM. Adding maternal
genetic effects to the model (Model (4)) only resulted in a
significant improvement for IgM: the likelihood ratio was
3.2 for IgTotal, 2.2 for IgG, and 6.5 for IgM (p=0.04). The
estimate of the maternal genetic variance for IgM was
close to 0 and the estimated genetic correlation between
direct and maternal genetic effects was negative and out-
side the parameter space (—3.79). Therefore, we con-
cluded that a model with maternal environmental effects
(Model (1)) provides the best fit for IgTotal, for IgG, and
for IgM. Results for this model are in Table 2.

The heritability estimate for IgM (0.30) was consider-
ably higher than those for IgG and IgTotal (0.12). All
three NAbD isotypes were significantly affected by mater-
nal environmental effects, which explained 2 to 3% of
the phenotypic variation. The ELISA plate effect, which
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Table 2 Estimated heritabilities and maternal environmental
effects (standard errors in parentheses) for IgM, 1gG, and total
(IgTotal) KLH-binding natural antibody titers

IgM I9G IgTotal
Phenotypic variance (o*pz) 115002 195003 185003
Heritability (h?) 03000y 01200y 01240y
Maternal environmental effects (m? 0030,y 00200, 003y

Table 3 Estimated correlations between total (IgTotal), IgM,
and IgG KLH-binding natural antibody titers (standard errors in
parentheses)

IgM IgG IgTotal
lgM - 0.77 0.06) 097003
IgG 030001 - 094002)
IgTotal 0.54¢.01) 0.84,003) -

Genetic correlations are above the diagonal and phenotypic correlations are
below the diagonal

included effects of generation or batch, was highly signifi-
cant for all three NADb isotypes. When plate was included
as a random effect in the model, it explained 22, 18, and
14% of the phenotypic variation for IgT, IgM, and IgG,
respectively. Furthermore, there was a significant but
relatively small effect of sex on IgM (p =0.04), but not on
IgTotal or IgG. Males had 0.13 titer point lower IgM lev-
els than females.

Bivariate analyses showed strong genetic correla-
tion estimates of IgTotal with IgM (0.91) and IgG
(0.94) (Table 3). IgG and IgM were also positively cor-
related but their genetic correlation estimate was lower
(0.77). All genetic correlations differed significantly from
1, indicating that these NAb isotypes are partly affected
by different genetic effects. The phenotypic correlation of
IgG and IgTotal was strong (0.84), whereas that between
IgM and IgG was weak (0.30). The correlation between
the residuals for IgM and IgG was 0.21 (£0.01), which
indicates that these two NAD titers are largely affected
by different random environmental factors. Estimates of
the correlation between maternal environmental effects
for IgTotal and IgM, of IgTotal with IgG and of IgM with
IgG were equal to 0.65 (+0.10), 0.87 (+0.05) and 0.41
(£0.15), respectively.

Table 4 shows the results of the bivariate analyses in
which male and female antibody titers were treated as
different traits. For IgM, the estimated genetic correlation
was 0.96, which is not significantly different from 1. The
phenotypic and additive genetic variances for IgM NAb
were larger in males than in females. For IgG, the esti-
mated genetic correlation was 0.88, which is significantly
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Table 4 Estimated genetic parameters when male and female total (IgTotal) IgM, and IgG KLH-binding natural antibody titers are
treated as genetically different traits in bi-variate analyses (standard errors in parentheses)

IgM I9G IgTotal

Male Female Male Female Male Female
Phenotypic variance (0,72) 1-28(0.03) W»05(0.02J 196(0 04) 193(0.04) 1-90(0.04) 1»79(0.03)
Heritability (h?) 0.3003) 032503 0100 01400 0.1200y 01500
Maternal env. effects (m?) 00401 0.0401) 0.030.01) 0.02(9,01) 0.05¢01) 0.02,09)
Ia 0.960,04) 08810 0.7811)
Im 074023 09749 0.86(9 34

ryis the correlation between additive genetic effects and ry, is the correlation between maternal environmental effects

3.0 1.0
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o
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Fig. 1 Genetic trend for IgTotal, IgM and IgG natural antibody titers (expressed in genetic standard deviations) and in frequencies of the TLR1A C
allele for the High (filled marker) and Low lines (open marker) with mass selection on IgTotal. The frequency of TLR1A C allele in the base population
was based on imputed genotypes, as described by Berghof et al. [15]

different from 1. However, the estimate of the genetic
correlation between male and female IgTotal NAb titers
was 0.78, which is significantly different from 1 (p=0.05).
Correlations between maternal environmental effects
(rm) could not be estimated very accurately, with stand-
ard errors ranging from 0.23 to 0.42.

Figure 1 shows the genetic trend for NAD titers in the
High and Low lines, which was estimated based on a
model that accounts for maternal environmental effects
(Model (1)). To make the results for IgTotal, IgM and IgG
comparable, the genetic trends are expressed in additive

genetic standard deviations (o4) (from Table 2). Mass
selection for high IgTotal titers increased the genetic lev-
els for IgTotal, IgM, and IgG, whereas the opposite was
observed for the Low selection line. In the first round of
selection, response was higher due to a higher selection
intensity, which could be realized due to a larger number
of selection candidates (see Table 1) and (see Additional
file 2: Figs. S1 and S2). In the last round of selection,
response was lower due to a lower realized selection dif-
ference (see Additional file 2: Figs. S1 and S2). Selection
for IgTotal titers resulted in a genetic difference of 5.1 o4
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(2.4 titer points) between the High and Low lines. Cor-
related selection responses for IgM and IgG were 4.6 o4
and 4.8 o4, respectively. For IgM, the selection response
was asymmetrical, i.e. the genetic level was —2.7 o4
and + 1.9 o4 in the Low and High lines, respectively.

The frequency of the C allele was 0.71, 0.64, and 0.66
in generations 5, 6, and 7, respectively, in the High line
(Fig. 1), and it was 0.09, 0.06, and 0.04 in generations 5,
6, and 7, respectively, in the Low line. In generation 5 of
the Low line, five chickens had the CC genotype, but in
generations 6 and 7 there were no chickens with the CC
genotype.

Table 5 shows that the TLRIA polymorphism had a
highly significant effect on IgM and IgTotal NAb titers
and a smaller but significant effect on IgG (p=0.048).
The CC and CG genotypes had more than 1 titer point
higher IgM NAb levels than the GG genotype. As for
IgM, the CC and CG genotypes had higher IgTotal NAb
titers than the GG genotype. For IgG, the heterozygous
CG genotype had higher titers than the GG and CC geno-
types. For IgM and IgTotal, both additive and dominance
effects of TLRIA were significant. For IgG, the additive
effect was not significant, but the dominance effect was
(p=0.015).

For IgG, no significant interactions of the TLRIA poly-
morphism with Sex, Line, or Generation were detected.
The TLRIA effect on IgM and IgTotal suggested full
dominance of the C allele and, therefore, only two geno-
type classes (GG and CG/CC) were distinguished for the
interaction analyses. For IgM, a significant (TLRIA x Sex)
interaction was detected (p=0.004). The effect of the
TLRIA polymorphism (CC/CG versus GG) was larger in
males (1.15) than in females (0.92). For IgTotal, neither a
significant (TLRIA x Sex) interaction, nor a significant
(TLRIA x Line) interaction were detected, which indi-
cates that the TLRIA effects did not differ significantly
between the High and Low selection lines. For IgM, the
(TLRIA x Line) interaction was suggestive (p=0.051),
with the TLRIA effect tending to be larger in the Low
(1.17) than in the High line (0.89).

Remarkably, highly significant (TLRIA x Generation)
interactions were detected, both for IgM (p<0.001) and

Table 5 Estimated effects of the TLRIA polymorphism on
total (IgTotal), IgM, and IgG KLH-binding natural antibody titers
based on chickens in generations 5 (n=1105), 6 (h=681), and 7
(n=978) (standard errors in parentheses)

IgM I9G IgTotal
GG 0 0 0
G 1.0T007) 0220919 0.49.09)
cc 1.120.09) 007013 044011
p-value <0.001 0.048 <0.001
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IgTotal (p=0.008). For IgTotal, the difference between
the CC/CG and GG genotype classes was 0.43, 0.23, and
0.71 titer points in generations 5, 6, and 7, respectively.
For IgM, the difference between the CC/CG and GG gen-
otype classes was 0.70, 1,22, and 1.28 titer points in gen-
erations 5, 6, and 7, respectively.

Discussion

In this paper, we describe a divergent selection experi-
ment for high and low levels of natural antibodies in
chickens using mass selection. To enhance immune com-
petence or disease resistance, several selection experi-
ments for single- or multi-trait immune responses have
been performed in poultry (reviewed in [18, 19]). These
studies demonstrated the feasibility of selecting for
immune responses. Heritability estimates for antibody
responses in these studies ranged from 0.20 to 0.35
(reviewed in [19]), which is in line with our results for
IgM NAb. In some of these selection experiments, differ-
ences in major histocompatibility (MHC) allele frequen-
cies were observed between the divergent lines (reviewed
in [19]), which might be due to selection.

To our knowledge, our study is the first divergent selec-
tion experiment for a non-antigen specific immune trait,
i.e. natural antibodies. The large number of phenotypes
collected over multiple generations allowed a detailed
study of the maternal environmental and genetic factors
that affect NAb and, in particular, the effect of a polymor-
phism in the TLRIA gene. Our results provide unique
experimental verification of changes in allele frequencies
at a major gene with dominant gene action on a quantita-
tive trait that is subjected to mass selection.

Heritabilities and maternal effects

In a previous study, we estimated genetic parameters for
NAb using data on 3689 chickens from the base popula-
tion [14]. In the current study, we used data from 10,878
chickens from eight generations, which enhanced the
ability to disentangle genetic and maternal (genetic)
effects. Based on data from the base population, Berg-
hof et al. [14] reported heritability estimates of 0.12 for
IgTotal, 0.07 for IgG and 0.14 for IgM, and significant
maternal environmental effects for IgM (0.06) but not
for IgTotal and IgG. The current study shows that IgTo-
tal, IgM, and IgG are all significantly affected by mater-
nal environmental effects, and to the same extent (#1y =
0.02-0.03). The heritability estimate for IgM in the cur-
rent study is considerably higher than that previously
reported by Berghof et al. [14], i.e. 0.30 (SE=0.02) ver-
sus 0.14 (SE=0.05). This difference can be explained by
the larger number of birds with NAb phenotypes in the
current study that were collected over multiple genera-
tions, which resulted in more accurate estimates of the
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genetic and maternal environmental effects. The magni-
tude of the maternal environmental component can have
a considerable effect on the heritability estimate. In the
current study, maternal environmental effects explained
3% (SE=1%) of the phenotypic variation in IgM versus
6% (SE=2%) in the study by Berghof et al. [14]. When
maternal environmental genetic effects were removed
from the model, Berghof et al. [14] reported a heritability
estimate of 0.29 for IgM. When maternal environmental
effects in the current study were fixed at 6%, the herit-
ability estimate for IgM reduced from 0.30 to 0.28.

Our analyses did not show evidence for maternal
genetic effects on IgG and IgTotal, in spite of the large
number of records included and collected over multi-
ple generations. The standard error for estimates of the
genetic correlation between direct and maternal genetic
effects suggests that there is little information in the data
to estimate this parameter when the model also includes
a maternal environmental effect (Model (4)). For IgM, a
model with a maternal genetic effect did result in a sig-
nificantly better fit (p=0.04) than a model with only a
maternal environmental effect. However, the segregation
of a gene with a major effect on IgM and allele frequen-
cies that change during the course of selection, violates
the assumption of equal genetic variance. As a result, a
model with more degrees of freedom, as for the model
that includes maternal genetic effects, could result in a
better fit, even in the absence of true maternal genetic
effects.

Correlations

Estimates of genetic and phenotypic correlations
reported in the current study are similar to those esti-
mated by Berghof et al. [14] for the base population. The
strong genetic correlations between of IgTotal with IgM
and IgG can be explained by the part-whole relationship
between these NAb. A stronger phenotypic correlation
of IgTotal with IgG (0.84) than with IgM (0.54) reflects
that the IgG in plasma are a larger contributor to IgTo-
tal than IgM. The low environmental correlation between
IgM and IgG (0.21) indicates that these two NAb titers
are largely affected by different environmental factors.
Production of antibodies in chicken includes two dis-
tinct processes: (1) primary production of IgM B cells,
and (2) mechanisms that regulate class-switching of IgM
to IgG or IgA (e.g. [20]). The process of class-switching
is enhanced by environmental factors, usually antigenic
challenges. Our results indicate that the production of
IgM is under stronger genetic control than the process
of class-switching to IgG. Our results also show that the
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environmental factors that affect the production of IgM
differ largely from those involved in class-switching.

Sex differences in NAb titers

In the study by Berghof et al. [14], the effects of plate
and sex were confounded and therefore differences in
NAb titers between females and males could not be
estimated. From generation 1 onwards, the samples
from males and females were analysed on the same
ELISA plates and, therefore, the effects of sex and plate
could be disentangled in the current study. In the base
population, the blood plasma samples were taken at
15 weeks of age for the males and at 19 weeks of age
for the females, but in the other generations, the blood
plasma samples were taken at 16 weeks of age for both
sexes. In generations 5 and 6, NAD titers were meas-
ured at both 16 and 32 weeks of age. Estimates of the
genetic correlation between NAb titers for the same
isotype (IgTotal, IgG or IgM) at these two ages were
higher than 0.92 and not significantly different from
1 (results not shown). Therefore, it is unlikely that age
differences between males and females in the base pop-
ulation affected results presented in Table 4.

It is generally accepted that males and females dif-
fer in their immune response, with females tending to
mount stronger innate and adaptive immune responses
than males, which can be due to the actions of genes,
possibly due hormonal differences between males
and females [21]. In the current study, the differences
between NAD titers in males and females were small;
males had 0.13 points higher IgM NAb titers than
females. Furthermore, we detected a significant (TLRIA
x Sex) interaction for IgM NAD titers; the TLRIA effect
was larger in males than in females, which is consist-
ent with the larger additive genetic variance for IgM in
males than in females (Table 4). This scaling of TLRIA
effects affects genetic variances but not the genetic cor-
relation of IgM NAD titers between males and females
(0.96). The estimate of the genetic correlation for IgTo-
tal between males and females differed from 1 (0.78).
This indicates that the effects of genes affecting IgTo-
tal NAD titers differ between males and females. Sexual
dimorphism has been described for e.g. body weight
in broilers, with genetic correlation estimates ranging
from 0.89 to 0.94, depending on age [22]. However, the
genetic differences in immune response parameters
between males and females have been scarcely analysed
(e.g. [23]).

Previously, Berghof et al. [14] suggested that the
maternal environmental effects for IgM might differ
between females and males but it was not confirmed
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in the current study; the contribution of maternal
environmental effects was very similar for males and
females and estimates of the correlation between
maternal environmental effects did not differ from 1.

Selection strategy

The selection experiment described in the current study
was designed based on the work of Wijga et al. [12] who
estimated a heritability of 0.23 in layers for plasma NAb
levels binding rabbit red blood cells based on agglutina-
tion assays. In the current study, the heritability estimate
for the selection criterion, i.e. NAb for IgTotal binding
KLH as measured by the much more sensitive ELISA
technique, appeared to be considerably lower, with an
estimate of 0.12 in the base population [14]. Therefore,
selection methods other than mass selection might have
been more efficient. The lower than expected estimate of
heritability for this trait in the current population became
available only after the experiment had started and we
decided to continue with mass selection. Model calcula-
tions showed that alternative selection criteria, such as
best linear unbiased predictions, would have resulted in
an unacceptable increase in inbreeding, if not properly
controlled. Furthermore, more complex breeding strat-
egies would affect the logistics of the selection experi-
ment. Thus, instead of changing the selection method, we
decided to maximize the number of selection candidates
within the restrictions set by the experimental facilities,
and to reduce the generation interval. This allowed us to
realize a considerable genetic difference between the lines
while limiting the increase in inbreeding (see Additional
file 3: Fig. S3), and thus the effect of random drift. During
the course of the selection experiment, information on
the segregation of a gene with a major effect on NAb in
the base population became available [15] but this infor-
mation was not included when selecting parents.

Selection response

The phenotypic trend shows that IgTotal titers in the Low
line changed from 6.89 in the base population to 3.32 in
generation 7 (Table 1). The High line did not show a simi-
lar increase in antibody titers, i.e. average IgTotal titers
decreased from 6.89 in the base population to 5.96 in
generation 7. This might lead to the incorrect conclusion
that IgTotal titers can only be reduced and not increased
by means of selective breeding. The estimated genetic
trends differ in that respect from the phenotypic trends.
For IgTotal, estimated genetic trends were very similar
in the High and Low lines: genetic level in generation 7
was+1.20 points (2.550,) in the High line and —1.19
points (2.590,) in the Low line. Furthermore, the pheno-
typic difference in generation 7 was similar to the genetic
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difference; phenotypic and genetic differences between
the High and Low lines for IgTotal were 2.64 (Table 1)
and 2.39 titer points, respectively. The apparent discrep-
ancy between the phenotypic and genetic trends (Table 1
vs Fig. 1) is due to the effects of ELISA plate (results not
shown), which include generation (or batch) effects, i.e.
specific environmental conditions during hatching and
rearing of the chickens. Plate effects might also be due
to factors such as laboratory conditions and reagent lots
that cannot be overcome by using highly experienced and
trained personnel or an internal standard, as in the cur-
rent study. Moreover, we used one lot of KLH for coating
and only two pooled reference samples for all ELISA tests
during the whole selection experiment. Plate effects can,
however, be accounted for in the statistical analysis, when
using the appropriate experimental design, removing
them from the estimates of genetic trends. In the current
study, the samples from the two lines were analysed on
the same plate, which allowed separation of the effects of
line and plate. These plate or batch effects are a problem
for several high-throughput technologies used in biology
and, when not properly accounted for, can lead to incor-
rect conclusions [24], as demonstrated here when com-
paring the phenotypic and genetic trends.

Titer points are expressed on a log,-scale, and thus the
High line had a 5.2 times higher IgTotal titer than the
Low line. Comparing expected and realized selection
responses for IgTotal shows that they closely agree for
the Low line but response in the High line was lower than
expected (see Additional file 3: Fig. S4). The expected
selection response for IgTotal was based on standardized
realized selection differentials (see Additional file 2: Figs.
S1 and S2) and estimated genetic parameters (Table 2).
These differences can be explained by allele frequency
changes for the TLRIA polymorphism, which affect the
genetic variance (see Additional file 4: Fig. S7) and were
not accounted for when calculating expected selection
responses. Theoretically expected changes in TLRIA
allele frequencies due to mass selection for IgTotal were
approximated using Falconer and Mackay [25] and were
in line with observed allele frequency changes. In genera-
tion 7 of the High line, expected and observed TLRIA C
frequencies were 0.77 and 0.66, respectively. For the Low
line, expected and observed TLRIA C frequencies were
0.04 and 0.07, respectively (see Additional file 5: Fig. S8).
When allele frequencies change as expected based on
theory, the genetic variance due to TLRIA monotoni-
cally decreases in the High line from generation 1 to 7
(see Additional file 4: Fig. S7). However, in the Low line
the genetic variation due to TLRIA first increases when
the allele frequency changes from 0.45 to 0.23 and sub-
sequently decreases. Allele frequencies might not only
change due to selection but also due to drift. However,
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the increase in inbreeding per generation was low, i.e. on
average 0.26% in the Low line and 0.31% in the High line
(see Additional file 3: Fig. S3) and, therefore, allele fre-
quency changes due to drift are expected to be small.

Correlated responses

Selection for IgTotal resulted in correlated responses
for IgM and IgG. The difference in the magnitude of
the direct and correlated selection responses is due
to the genetic correlation between the selection crite-
rion and the correlated trait and the relative size of the
additive genetic standard deviation of the correlated
trait (see Additional file 3: Fig. S5 and S6). The genetic
trend for IgM clearly differed between the High and
the Low selection lines and was not symmetrical: the
genetic level in generation 7 in the Low line was -1.60
titer points (—2.710,) in the Low line and+1.13 titer
points (4 1.920,) in the High line. Asymmetric selection
responses have been observed in several divergent selec-
tion experiments and have several possible explanations
[25]. The asymmetrical selection response observed for
IgM in the current study can be attributed to segregation
of the TLRIA polymorphism with a full dominance mode
of gene action. By generation 7, the response that was
due to changes in allele frequency at the TLR1A gene was
-0.65 titer points in the Low line and 4 0.21 titer points in
the High line. Selection response due to genes other than
TLRIA was very similar for the High (— 0.95 titer points)
and Low lines (4 0.92 titer points).

In addition to the correlated responses in KLH-bind-
ing IgM and IgG, we have previously reported positive
phenotypic correlations between NAb and natural auto-
antibody isotypes that bind different antigens at different
ages [26-28], and for total antibody isotype concentra-
tions at 16 weeks of age [15]. Positive phenotypic cor-
relations have also been reported for specific antibody
responses, although they were antigen-dependent [27].
Moreover, chickens from the High line from generations
4 and 6 had improved avian pathogenic Escherichia coli
(APEC) resistance compared to Low line chickens [11].
In addition, in generation 6, peripheral B-cell concen-
trations were higher in a subset of the High line females
than in the Low line females. Relative bursa and spleen
weights at 15 days of age were also larger in High line
chickens than in Low line chickens of generations 4 and
6 [28]. These results collectively suggest that selection for
higher KLH-binding NAb at 16 weeks of age improved
humoral immune development and humoral immunity,
which may improve the response of chickens to some
diseases.
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Variance

For all three NAD titers, their standard deviation was
consistently higher in the Low line than in the High line,
and this difference tended to increase with generation
(Table 1). The same differences can be observed when
studying residuals of the statistical models (results not
shown). This differs from the increasing variance with the
mean (scale effects that are commonly observed), which
is expected to result in a higher variance in the High than
in the Low line [23, 29]. Changes in allele frequencies at
the TLRIA gene as a result of selection will affect the var-
iance explained by this major gene (see Additional file 4:
Fig. S7], which is not accounted for by Model (1). How-
ever, these changes in allele frequency can only explain
about 5% of the observed changes in the phenotypic vari-
ation of IgTotal. Furthermore, the variation due to TLRIA
in generation 7 was similar in the High and Low lines (see
Additional file 4: Fig. S7). Therefore, changes in TLRIA
allele frequencies cannot explain the observed differences
in variation between the Low and High lines. More vari-
ation in the Low line could also point at increased envi-
ronmental sensitivity in animals selected for low NAb
levels [30].

Effects of TLR1A

Based on a GWAS in the base population, we identi-
fied a genomic region on chromosome 4 with a major
effect on IgM NADb [15]. Based on variant effect predic-
tion tools, we identified the polymorphism in the TLRIA
gene as the most likely candidate gene. Allele frequencies
in the base population were derived based on imputed
genotypes [15]. Chickens in generations 5, 6 and 7 were
genotyped for this polymorphism. Using these data, we
were able to confirm and further characterize the highly
significant effects of TLR1A on IgTotal and IgM reported
by Berghof et al. [15]. However, the estimated genotypic
effects of TLRIA on IgM and IgTotal were about 69 and
19% larger, respectively, than those reported by Berghof
et al. [15]. Berghof et al. [15] also reported a significant
effect of TLR1A on IgG (p=0.05), which was confirmed
in the current study but with different estimates; the het-
erozygous advantage as suggested in the current study
was not found by Berghof et al. [15].

The current data allowed us to test for the interaction
of TLRIA with sex, line, and generation. Interactions
of the TLRIA polymorphism with background genes
might result in an interaction between TLRI1A and line.
The (TLRIA x Line) interaction on IgM was sugges-
tive (p=0.051) and the effects tended to be larger in the
Low than in the High line. This is in line with the general
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observation that there was more variation in the Low
than in the High line. Surprisingly, we detected highly
significant TLRIA x generation interactions for IgM and
IgTotal. The difference between the CC/CG and GG gen-
otype classes for IgM was 0.70 titer points in generation
5, 1.22 titer points in generation 6, and 1.28 titer points
in generation 7. Berghof et al. [15] reported a difference
of 0.65 titer points between CC and GG genotypes in
the base population for chickens kept on the facilities of
Hendrix Genetics. In the selection experiment, the con-
ditions were kept as stable as possible, but in spite of this
standardization, generation-specific variation was pre-
sent. Each generation of chickens was raised as a single
batch and therefore several factors might be responsible
for the observed TLRIA x generation interactions. It has
been reported that season can influence the expression of
toll-like receptor (TLR) genes via changes in temperature
(e.g. [31]) and possibly in relative humidity, as described
in humans [32]. Nutritional composition can be a direct
source of variation in the expression of TLR genes (e.g.
[33, 34]) and can also induce changes in microbiota com-
position [35], which can in turn affect expression of TLR
genes (e.g. [36, 37]). Stress (corticosterone supplementa-
tion) was shown to influence the expression of TLR genes
in the chicken bursa [38]. Therefore, feather pecking,
cleaning, and changes in care takers cannot be excluded
as potential factors that affect the effects of the TLRIA
polymorphism in the different generations. Although the
research facility has a high sanitary status, immune status
and presence of pathogens could be another major fac-
tor that may have affected the expression of TLR genes
in different generations (e.g. [39, 40]). Although the exact
source of the observed differences in the effects of the
TLRIA polymorphism between generations cannot be
pinpointed, some results in the literature suggest a high
sensitivity of the TLRIA polymorphism to environmen-
tal conditions. To the best of our knowledge, such strong
genotype x environment interaction effects have not
been reported before for traits related to disease resist-
ance, either because such effects were not present or
were not investigated.

We hypothesized that NAb play an important role in
the immune defence of poultry. This seems to be in con-
tradiction with the identification of an allele with a major
deleterious effect on IgM Nab, since purifying (natural)
selection is expected to remove alleles with deleterious
effects from the population. However, pure line individ-
uals are mostly kept under strict hygienic conditions in
breeding nuclei, and therefore their immune response is
not seriously challenged and purifying (natural) selec-
tion will not be effective. Furthermore, results from the

Page 11 of 13

selection experiment show that mass selection of pure
line individuals for increased NAD levels will not be able
to completely remove the G allele because of dominance
of the C allele (see Additional file 5: Fig. S8).

Implications

The reported TLRIA x generation interaction highlights
the importance of test environment when selecting for
KLH-binding NAb, and possibly for disease resistance-
related traits in general. Strict hygienic conditions in
commercial breeding nuclei might not seriously chal-
lenge the immune response and purifying (natural)
selection for alleles with detrimental effects on immune
response might not be effective. For selection decisions,
breeding companies not only rely on the performance
of pure line individuals but also on the crossbred phe-
notypes from progeny that are kept under commercial
conditions with less environmental control and that are
therefore more challenging for the immune system. How-
ever, when the other parental line is homozygous for the
favourable TLR1A allele (CC), differences in the perfor-
mance of crossbred offspring will not be affected by the
TLRIA polymorphism because of the dominant gene
action. Therefore, we hypothesize that, in crossbreeding
schemes, most of the alleles with detrimental effects on
immune response remain undetected and that this may
lead to the accumulation of deleterious mutations in elite
purebred lines. This might not be limited to genes related
to disease resistance but might also apply to other genes
if genotype-by-environment interaction plays a role and
mutations show dominant gene action. One might argue
that this is not a problem since it does not affect the per-
formance of commercial crossbred offspring. However,
in the long term, accumulation of alleles with deleterious
effects on disease resistance in the pure lines will gradu-
ally increase the risk of disease outbreaks in the pure
lines. Such a disease outbreak can have far-reaching con-
sequences for commercial breeding companies. Recently,
it has been shown that deleterious alleles can be identi-
fied based on whole-genome sequence analyses (e.g.
[41]). Therefore, sequencing pure line individuals might
offer opportunities to select against these deleterious
mutations. Alternatively, breeding companies might test
pure line animals under commercial conditions.

Conclusions

We successfully selected chickens for high and low NAb
titers. Results confirm a major effect of a polymorphism
in the TLRIA gene on IgTotal and IgM NAb and pro-
vide experimental verification of changes in allele fre-
quencies at a major gene with dominant gene action on
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a quantitative trait that is subjected to mass selection.
The observed asymmetrical selection response could be
attributed to segregation of the TLRIA polymorphism.
TLRIA by generation interactions suggest high sensitiv-
ity to environmental factors and illustrate the importance
of choosing the appropriate environment when selecting
for NAb and, possibly, for disease resistance in general.
Results from this study suggest that in crossbreeding sys-
tems, with pure-line animals kept under strict hygienic
conditions, there is no purifying selection against alleles
with detrimental effects on disease resistance and a dom-
inant mode of gene action. Therefore, alleles with detri-
mental effects on disease resistance might accumulate in
pure line animals.
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