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ABSTRACT Salmonella propagation by apparently
healthy chickens could be decreased by the selection
and use of chicken lines that are more resistant to car-
rier state. Using a reduced set of markers, this study
investigates, for the first time to the authors’ knowl-
edge, the feasibility of a genomic selection approach for
resistance to carrier state in hen lines. In this study,
commercial laying hen lines were divergently selected
for resistance to Salmonella carrier state at 2 differ-
ent ages: young chicks and adults at the peak of lay.
A total of 600 birds were typed with 831 informative
SNP markers and artificially infected with Salmonella
Enteritidis. Phenotypes were collected 28 d (389 young

animals) or 38 d (208 adults) after infection. Two types
of variance component analyses, including SNP data
or not, were performed and compared. The set of SNP
used was efficient in capturing a large part of the ge-
netic variation. Average accuracies from mixed model
equations did not change between analyses, showing
that using SNP data does not increase information in
this data set. These results confirm that genomic se-
lection for Salmonella carrier state resistance in laying
hens is promising. Nevertheless, a denser SNP coverage
of the genome on a greater number of animals is still
needed to assess its feasibility and efficiency.
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INTRODUCTION

Salmonella is the second leading cause of reported
food poisoning cases in Europe, after Campylobacter
(EFSA, 2010). Humans can be infected after the in-
gestion of contaminated poultry meat or eggs. The
serotype Salmonella enterica Enteritidis in particular
is responsible for most cases of human food poisoning
outbreaks caused by Salmonella. This serotype can be
carried by apparently healthy birds that cannot elimi-
nate it and thus contribute to Salmonella propagation.
In addition to prophylactic measures and vaccination,
the selection and use of chicken lines more resistant to
Salmonella carrier state could be a way to decrease the
propagation of Salmonella in poultry stocks and hence
a way to improve food safety.

The feasibility of selection for improved resistance
to carrier state has been demonstrated by a divergent
selection experiment from a laying hen commercial line,
conducted in parallel on young chicks (7 d of age) and
on adults hens at the peak of lay (Beaumont et al.,
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2009). Genetic heritabilities ranged from 0.14 to 0.23
according to the trait assessed and to the chicken’s age.
Selection efficiency was reduced because of the need to
perform selection on siblings of the infected animals.
Knowing the genes involved in the control of resistance
to Salmonella carrier state could allow a marker-assist-
ed selection performed directly on the infected animals,
thus improving selection efficiency. In addition, artifi-
cial infections would not be needed at each generation
because animals would be selected according to their
genotype. Although many studies led to the identifica-
tion of candidate genes or genomic regions controlling
resistance to salmonellosis, few studies focused on genes
controlling resistance to Salmonella carrier state (re-
viewed in Calenge et al., 2010). A QTL study identified
QTL for resistance to carrier state on chromosomes 1,
2, 5, 11, and 16 in experimental chicken lines infected
with S. Enteritidis at 7 d of age (Tilquin et al., 2005;
Calenge et al., 2009). To assess the interest of these
QTL for commercial selection, their effect on resistance
to carrier state was tested on the above-mentioned di-
vergent lines; the same study also investigated the ef-
fects of the candidate genes solute carrier family 11,
member 1 (SLC11A1) and toll-like receptor 4 (TLR4;
Calenge et al., 2009). The genomic regions carrying the
candidate gene SLC11A1 and 2 QTL on chromosomes
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1 and 16 were found to be associated with resistance
to carrier states in these lines (Calenge et al., 2009).
Nevertheless, these loci account for only a small part
of the total genetic variation observed in those lines, so
a marker-assisted selection based on these genes alone
would not be efficient. A more exhaustive study of the
genes of markers controlling resistance to carrier state
in these lines is needed to assess the feasibility of a
marker-assisted selection.

In the present study, we used a low-density SNP chip
covering the entire genome to perform a genetic evalu-
ation of resistance to Salmonella carrier state in the
divergent lines. The analyses performed were based on
the first steps of the genomic selection methodology
(Meuwissen et al., 2001). The objective of this work
was to evaluate the interest of including SNP marker
data in the genetic evaluation of fowls; it was based
on the divergent lines and phenotypes measured after
infection with S. Enteritidis. To reach this purpose, we
compared, using estimates of genetic parameters and
estimated reliabilities, the efficiency of a SNP-assisted
genetic evaluation with the efficiency of a classical ped-
igree evaluation in these lines.

MATERIALS AND METHODS

An experiment of divergent selection for either an
increased or a decreased resistance to Salmonella car-
rier state was achieved (for details see Beaumont et al.,
2009). The base population was a commercial laying
hen line. Selection was conducted in parallel on 7-d-old
chicks and on adult hens at the peak of lay so that 4
lines were produced. Animals from the seventh breed-
ing generation of those 4 divergent lines were challenged
for the present study (389 chicks and 208 adult hens).
Sires of the animals belonging to the chick line were
also genotyped.

Salmonella Challenges

The S. Enteritidis nalidixic acid- and streptomycin-
resistant PT 4 strain 1009 was used for all challenges.
Chick resistance was assessed as described previously
(Duchet-Suchaux et al., 1995). Chicks (7 d of age) were
orally inoculated with 5 x 10% cfu of S. Enteritidis.
Birds were slaughtered 35 d postinfection and bacte-
ria were counted in the removed ceca. Cecal bacteria
counts were expressed in log colony forming units per
gram of ceca.

Resistance of adult hens was assessed as described
previously (Protais et al., 1996). A total of 265 hens
were orally inoculated at their peak of lay (140168 d)
with 109 cfu of S. Enteritidis. They were slaughtered
28 d postinfection and the liver, spleen, and ceca were
removed for Salmonella counting. The presence or ab-
sence of Salmonella in the spleen, liver, and ceca and
the animal contamination rate (0 for no organ contami-
nated, 1 for >1 organ contaminated) were considered
for further analyses. A total of 5 traits, 1 describing

chick carrier state and 4 describing adult hen carrier
state, were thus used for further analyses.

Genotyping with SNP Markers

Genotypes for 1,536 SNP markers were obtained us-
ing Illumina Golden Gate (Ilumina, San Diego, CA) on
a BeadExpress station (KOS Genetics, Milan, Ttaly). A
total of 194 markers were chosen to specifically cover
3 previously identified QTL regions on chromosomes
1, 2, and 5 (Tilquin et al., 2005; Calenge et al., 2009),
and the remaining 1,342 SNP markers were chosen to
homogeneously cover the entire genome. Respectively,
389 and 208 individuals were genotyped in populations
measured for chick and adult resistance. Most individu-
als were half-sibs, issued from 13 (12 of them geno-
typed) and 16 (none of them genotyped) sires for chick
and adult resistance, respectively.

Parameters Estimation and Genetic
Evaluation

For each of the 6 traits measured in the 4 diver-
gent lines, 2 analyses were performed. The first did not
take genotypes into account but rather used the usual
pedigree-based relationship matrix A; this approach
was referred to as control. The second analysis consid-
ered both pedigree and genotypes at the SNP sets and
used 2 random effects, one with covariance matrix A
(thus based on pedigree) and the other using a com-
bined pedigree-genomic relationship matrix H (Legarra
et al., 2009); this approach was referred to as com-
bined (combined variance components). This matrix
H is equivalent to predict genotypes for nongenotyped
animals (Christensen and Lund, 2010). Two random
effects were used for 2 reasons: 1) a priori the markers
did not properly cover all genetic variability, and 2) this
procedure made it possible to measure to what extent
the phenotypic variation was better explained by pedi-
gree and markers than by pedigree alone.

In a preliminary analysis, variance components were
estimated by Bayesian methods and Gibbs sampling
(Sorensen and Gianola, 2002) using flat priors. The
mean of the posterior distribution was retained as the
estimate of the parameters of interest. After variance
component estimation and using the estimates of vari-
ance components, best linear unbiased prediction
(BLUP; Henderson, 1973) predictions of genetic val-
ues were computed either using the pedigree-based re-
lationship matrix A only (control) or also including the
pedigree-genomic relationship matrix H (combined).
To obtain only 1 (and not 2) estimated breeding value,
a new relationship matrix was created weighting each

matrix by its associated variance component, as
2

_ 2 2 -
, =0, +o, (Christensen

.
03 = HO'}QI + Aai , where o

and Lund, 2010), where o? is variance associated with

h

markers and O'Z is variance associated with pedigree. In
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matrix H, a submatrix of genomic relationships was
computed including all polymorphic SNP as G =
ZZ'/k, where Z is an incidence matrix of SNP in ani-
mals coded for substitution effects of each SNP (i.e.,
—2p, 1-2p, 2-2p for the AA, Aa, and aa genotypes,
where p is the frequency of a; VanRaden, 2008). Coef-
ficient k was obtained as the trace of ZZ' to obtain
values of the diagonal of G similar to 1; thus, k scales
G so that the variance of the genetic values implied by
G is equivalent, on average, to the variance of genetic
values implied by A (Gianola et al., 2009). Proper
weighting of G is important when combining pedigree
and genomic information (Van Raden et al., 2009; Agu-
ilar et al., 2010). In both variance components and
BLUP estimates, the BLUPF90 series of programs
(Misztal et al., 2002) was used, with the modifications
included to account for genomic relationship matrices
as described by Aguilar et al. (2010).

The theoretical accuracy r was computed in both
cases from the diagonal elements (PEV) of the inverse

PEV

g
g

of the mixed model equations as r = |1 — , where

03 is the genetic variance.

RESULTS AND DISCUSSION

Salmonella Challenges

Presence of bacteria in liver and spleen was rare (fre-
quencies of 1 and 3%, respectively), yet higher for ceca
and overall (29 and 32%, respectively). Average chick
load was 3.96 (+1.88) log cfu.

SNP Marker Genotypes Obtainment

From 1,536 original SNP, only 831 turned out to be
polymorphic; the rest were discarded for further sta-
tistical analyses. A set of 141 SNP were not in Har-
dy-Weinberg equilibrium (P < 1075), but they were
retained in the analysis because a selected population

is not expected to behave in Hardy-Weinberg equilib-
rium. For example, the USDA procedures for genomic
evaluation of dairy cattle do not filter SNP according
to Hardy-Weinberg (Wiggans et al., 2010). Coverage of
the genome is indeed scarce; for example, the squared
correlation between consecutive markers is, on average,
0.05, whereas typical values in dairy cattle are 0.3 or
higher (Sargolzaei et al., 2008).

Genetic Parameter Estimation
and Evaluation

Table 1 shows estimates of genetic parameters. Re-
sults of the control analysis agree with estimates of
Beaumont et al. (2009) for the same lines, except for
adult liver, where our estimates were much lower. For
most traits, standard errors of heritability were around
0.07, except for adult liver, where it was 0.01, prob-
ably because heritability was very low (0.01). On one
hand, estimated residual variances do not change be-
tween control and combined analyses. This implies that
none of the SNP captured a large effect on the trait,
despite some being in QTL regions. On the other hand,
it can be seen that in the second analysis (combined)
most (but not all) heritability was captured by mark-
ers. Indeed, heritability explained by markers ranged
between 40 and 90% of all heritability. This shows that
markers were efficient in capturing genetic information,
although it is difficult to distinguish whether it was
because of strong associations with QTL or because
they were surrogates of family information (Habier et
al., 2007).

Table 2 and Figure 1 show theoretical accuracies com-
puted from the inverse of the matrix of mixed model
equations in each model. Average accuracies did not
change, which confirms that the use of SNP did not re-
ally increase the information. However, for adult mea-
sures, their standard deviation increased, particularly
for liver contamination. This can also be seen from the
spread of accuracies in Figure 1: using SNP led to less
uniform information from animal to animal.

Table 1. Estimates of genetic parameters of analyses with pedigree only (control) or pedigree and
SNP markers (combined) for chicken cecal load, adult liver, spleen, or cecal contamination as well as

animal contamination!

Method of genetic Chicken Animal
evaluation cecal load Adult liver Adult spleen Adult ceca contamination
Control
Var(e) 1.716 0.011 0.022 0.170 0.187
2
b, 0.165 0.039 0.171 0.181 0.212
Combined
Var(e) 1.850 0.011 0.024 0.180 0.193
2
b, 0.048 0.002 0.019 0.023 0.021
2
T 0.034 0.009 0.079 0.127 0.197

IResidual variance [Var(e)] and heritability explained by pedigree (hf) or markers (h]f) .
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Table 2. Mean + SD of theoretical accuracies computed from mixed model equations using either
classical selection based on phenotype and pedigree (control) or combined selection based on the for-
mer data and SNP markers (combined) for chicken cecal load, adult liver, spleen, or cecal contamina-

tion as well as animal contamination

Method of genetic Chicken Animal
evaluation cecal load Adult liver Adult spleen Adult ceca contamination
Control 0.41 £ 0.02 0.18 £ 0.03 0.45 £ 0.04 0.52 £ 0.04 0.59 £ 0.04
Combined 0.42 £ 0.05 0.20 £ 0.09 0.42 £ 0.08 0.51 £ 0.06 0.59 = 0.05

Figure 1 also shows that for some animals, genetic
evaluations were greatly dependent on the information
that was used for genetic evaluation (i.e., control or
combined). Using markers may allow for a more perti-
nent within-family evaluation, contributing to a more
efficient selection.

Genomic selection relies on the exploitation of pre-
existing, historical linkage disequilibrium between SNP
markers and the trait of interest. This whole-genome
approach is more exhaustive than marker-assisted se-
lection based on a small number of genes. Moreover,

genetic evaluations can be performed directly in the
populations under selection, discarding the need for con-
firmation of QTL effects in those populations. Genomic
selection is thus a promising tool for those traits that
are expensive or difficult to record in the candidates to
selection (Goddard and Hayes, 2009). Salmonella car-
rier state resistance is undoubtedly one of these traits.
Salmonella challenges are expensive and selection has
to be conducted on sib animals, which considerably re-
duces the selection efficiency. In addition, the heritabil-
ity of resistance to Salmonella carrier state is rather
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Figure 1. Theoretical accuracies from the inverse of the mixed model equations using either pedigree only (control) or pedigree and SNP mark-
ers (combined) for A) chicken cecal load, B) adult liver, C) spleen, or D) cecal contamination as well as E) animal contamination.
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weak (Berthelot et al., 1998; Girard-Santosuosso et al.,
2002; Beaumont et al., 2009), so for this trait marker-
assisted selection should be more efficient than classical
pedigree selection.

Before applying genomic selection for resistance to
carrier state in laying hens, this preliminary study in-
tended to assess the interest of including marker data in
the genetic evaluation of animals, using the first steps
of the genomic selection methodology. We used the sin-
gle step method (Legarra et al., 2009; Aguilar et al.,
2010) to accommodate all available information (i.e.,
genotypes, pedigree, and the fact that some sires are
genotyped whereas others are not). This study shows
that such a procedure may be efficiently implemented.

The SNP markers were efficient in capturing genetic
variation. This is probably partly attributable to the
specific targeting of known QTL regions on chromo-
somes 1, 2, and 5 (Tilquin et al., 2005; Calenge et al.,
2009). Nevertheless, none captured a large effect on
the traits analyzed. This is most probably attribut-
able to the small number of SNP used. Genomic selec-
tion relies on the use of SNP markers in close linkage
disequilibrium with causal genes controlling the trait
under interest. A few studies have been conducted to
assess linkage disequilibrium in broiler or laying hen
lines (Heifetz et al., 2005; Aerts et al., 2007; Andreescu
et al., 2007). They all agree for a low extent of linkage
disequilibrium, which implies that a very dense SNP
coverage should be used to reliably cover the genome.
For instance, Megens et al. (2009) recommend the use
of 10,000 to 20,000 SNP markers in laying hens, pro-
vided the haplotype block structure is taken into ac-
count. Thus, possible improvements in accuracy will
come from the use of many more SNP, each capturing
a small part of genetic variation. Indeed, this is the
trend in current studies (Avendafio et al., 2010; Chen
et al., 2011)

Average accuracies do not change, which confirms
that the use of SNP did not really increase the infor-
mation. Those figures are theoretical accuracies. Cross-
validation or measures of goodness of fit are difficult
to compute because of the scarcity of available data.
However, it has been shown (VanRaden et al., 2009)
that increase of true accuracies (as assessed by cross-
validation) by the inclusion of genomic information
comes with an increase of this theoretical accuracy by
providing additional genomic relationships. Thus, use
of genomic data (as here) that do not increment r (the
theoretical accuracy) in respect to a pedigree-based
procedure is not expected to increase true accuracies.

In conclusion, this study shows that a SNP-assisted
selection for resistance to carrier state may be imple-
mented and even little SNP are efficient in capturing
genetic variation. Overall, however, the use of SNP
markers did not much change the picture of genetic
evaluation. Using a denser SNP chip and more data
would allow a more efficient evaluation of the possi-
bilities of genomic selection for resistance to Salmonella
carrier state.
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