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Abstract

co-selecting close relatives.

Background: A breeding program for commercial broiler chicken that is carried out under strict biosecure condi-
tions can show reduced genetic gain due to genotype by environment interactions (G x E) between bio-secure (B)
and commercial production (C) environments. Accuracy of phenotype-based best linear unbiased prediction of
breeding values of selection candidates using sib-testing in C is low. Genomic prediction based on dense genetic
markers may improve accuracy of selection. Stochastic simulation was used to explore the benefits of genomic selec-
tion in breeding schemes for broiler chicken that include birds in both B and C for assessment of phenotype.

Results: When genetic correlations (ry) between traits measured in B and C were equal to 0.5 and 0.7, breeding
schemes with 15, 30 and 45% of birds assessed in C resulted in higher genetic gain for performance in C compared

to those without birds in C. The optimal proportion of birds phenotyped in C for genetic gain was 30%. When the
proportion of birds in C was optimal and genotyping effort was limited, allocating 30% of the genotyping effort to
birds in C was also the optimal genotyping strategy for genetic gain. When ry was equal to 0.9, genetic gain for perfor-
mance in C was not improved with birds in C compared to schemes without birds in C. Increasing the heritability of
traits assessed in C increased genetic gain significantly. Rates of inbreeding decreased when the proportion of birds

in Cincreased because of a lower selection intensity among birds retained in B and a reduction in the probability of

Conclusions: If G x Einteractions (rg of 0.5 and 0.7) are strong, a genomic selection scheme in which 30% of the
birds hatched are phenotyped in C has larger genetic gain for performance in C compared to phenotyping all birds in
B. Rates of inbreeding decreased as the proportion of birds moved to C increased from 15 to 45%.

Background

In commercial broiler chicken breeding programs, pure-
bred lines are kept under strict bio-secure environmen-
tal conditions (B) to avoid the risk of losing the lines
and to prevent spread of diseases [1]. In contrast, birds
in a commercial production environment (C) live under
less strict hygienic conditions and diseases can reduce
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performance, death, or dysfunction of birds. For example,
diseases caused by pathogenic mycoplasma are chronic
problems in many commercial poultry flocks [2] but
these pathogens are completely eradicated in very big
commercial breeding programs such as those of Aviagen
and Cobb-Vantress [1]. The differences between environ-
ments B and C can affect phenotypic expression of traits
and change the genetic ranking of breeding birds such
that the best individual based on performance in B might
not be the best based on performance in C, i.e. genotype
by environment interactions (G x E) are expected in this
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situation. G X E interactions for B versus C have been
reported for a number of traits [3-6]. Kapell et al. [4]
reported substantial G x E interactions for bodyweight
and foot-pad dermatitis; they found that genetic corre-
lations (rg) between traits measured in B and C ranged
from 0.46 to 0.69 for body weight and from 0.78 to 0.82
for foot-pad dermatitis. N'Dri et al. [6] found that 7, for
performance in B versus C ranged from 0.74 to 0.82 for
body weight and from 0.84 to 0.93 for meat quality traits.
Long et al. [5] and Ye et al. [3] also found significant
G x E interactions for body weight, mortality, and other
performance traits measured in B and C. Thus, a breed-
ing program that is carried out under disease-free condi-
tions, i.e. B, is expected to show reduced genetic gain due
to G x E interactions, since only gains obtained in C have
substantial economic value.

To improve the performance of commercial ani-
mals in the presence of G x E interactions, the classical
method uses sib-testing for phenotypes in both B and
C environments and pedigree-based best linear unbi-
ased prediction (BLUP) for prediction of breeding val-
ues. This method has been used successfully in pig and
cattle breeding programs [7-9]. In these studies, a fixed
number of animals in B was assumed, with no limit on
the number of animals in C. The result was a higher
genetic gain when phenotypes were assessed in both B
and C environments. However, when r; was 0.9, the extra
genetic gain was small and a large amount of informa-
tion from C was necessary to increase genetic gains sig-
nificantly. These studies did not investigate situations in
which the number of animals available for phenotyping
is limited.

In broiler chicken breeding programs, the number of
hens mated to a rooster is limited and facilities only allow
for a limited number of offspring per hen to be hatched
at the same time. In addition, birds in C cannot be used
as selection candidates because they cannot be brought
back to a B environment due to bio-security restrictions
and are, therefore, used only as sources of information
for relatives (sibs) in B. In the classical method of sib test-
ing using pedigree, the accuracy of prediction of breeding
values for selection candidate birds in B is low due to lack
of information on Mendelian sampling terms. For these
situations, genomic prediction based on dense marker
genotypes can be an interesting option due to better
modeling of relationships between individuals and better
prediction of the Mendelian sampling terms [10, 11].

Several studies have shown that accuracy of selec-
tion can be improved considerably by genomic selection
using high-density markers [10, 12]. Genomic selection
applied in a pig breeding scheme that combines infor-
mation of performance from purebreds and crossbreds
can significantly increase genetic gain and reduce rates
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of inbreeding compared to a scheme that uses perfor-
mance from purebreds only [13]. Modeling traits that are
expressed in purebreds and crossbreds is similar to the
G x E modeling of a trait expressed in B and C environ-
ments. In another deterministic simulation study, van
Grevenhof and van der Werf [14] investigated the impact
of the proportion of purebred versus crossbred animals
in the reference population, the r, between purebred and
crossbred traits, and economic weight on performance
of purebreds versus crossbreds on genetic gain. They
showed that with r, equal to 0.5 and 0.7, increasing the
proportion of crossbreds in the reference population
from 0 to 100% increased genetic gain of the breeding
program, but with an r, of 0.9, inclusion of crossbred ani-
mals in the reference population reduced genetic gain.
However, to our knowledge, no studies have explored
genomic selection breeding programs using sib testing in
B and C for broiler chickens.

The proportion of birds phenotyped in B versus C
and the level of G x E interaction are important fac-
tors to consider in designing broiler chicken breeding
schemes [7-9]. Birds in C provide information on ani-
mal performance in C but, given the limited number of
birds hatched in a selection round, a high proportion of
birds in C would reduce selection intensity among selec-
tion candidates that remain in B. Therefore, the key
to improve genetic gain is to find the best compromise
between selection intensity among selection candidates
and phenotypes for the target environment. The level
of G x E interaction also affects the optimum design of
breeding schemes. The genetic correlation between trait
in B versus C represents the magnitude of the GxE
interaction, and different heritabilities for traits in B ver-
sus C can be also important.

The objective of this stochastic simulation study was
to compare genomic selection broiler chicken breed-
ing schemes when all selection candidates are kept in a
B environment or a proportion of the birds hatched are
phenotyped in a C environment. Three factors were
investigated: (1) the proportion of birds in B versus C; (2)
the genetic correlation between the trait measured in B
and C (G x E); and (3) the heritability of the trait assessed
in C. In addition, sensitivity analyses were carried out to
investigate the effects of genotyping strategy and breed-
ing population structure.

Methods

Breeding schemes

The breeding schemes were simulated in three stages: (1)
generation of a historical base population; (2) simulation
of the previous selection programs based on pedigree
BLUP with phenotype testing in B only; and (3) appli-
cation of genomic selection with birds in C and/or B
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environments for phenotype testing. The historical popu-
lation (stage 1) was simulated using QMSim [15], while
the second and third stages were simulated using the sto-
chastic simulation program ADAM [16].

The simulated genome consisted of 26 chromosomes,
with a length ranging from 5 to 195 cM and a total length
of 916 cM, representing the major chromosomes in
chicken. In the first historical generation, approximately
1000 markers and 150 quantitative trait loci (QTL) per
cM was simulated, and each marker and QTL had two
alleles with an equal frequency of 0.5. The population
was simulated for 950 historical generations in order to
establish mutation-drift equilibrium [12]. Over the 950
generations, the population was gradually expanded in
size from 1100 to 2400 animals with equal numbers of
individuals from both sexes. The population had ran-
dom mating with no selection or migration. A recurrent
mutation rate of 2 x 107> was simulated for both markers
and QTL. In descendants, markers and QTL were inher-
ited from their parents following standard principles of
Mendelian inheritance and allowing for recombination
[17], which was sampled from a Poisson distribution with
scale parameter A=1 for a 100 cM region. Positions of
the recombinations along each chromosome were drawn
from a uniform distribution. From the historical popula-
tion, a base population was created, in which each indi-
vidual had 40 k neutral marker loci and 2 k QTL, which
were randomly drawn from segregating loci with a minor
allele frequency of at least 0.05 and were, therefore, ran-
domly distributed along the genome.

The simulated breeding schemes had overlapping gen-
erations and in each generation, selection was applied
over several time steps. A time step is a selection round,
in which offspring are born and tested for phenotypes,
and selection is applied. A generation was equivalent to
6.5 time steps. At each time step, a parental group of 16
roosters and 160 hens were randomly mated to produce
1280 offspring birds with 8 offspring per hen. Parents
produced offspring for several consecutive time steps.
The sex ratio among the offspring was 1:1. From the com-
mon base population, birds were chosen randomly to be
parents from time steps 1 to 5. In time steps 6 to 8, the
selected birds from time steps 1 to 3 were sufficiently
mature to be parents, but the remaining parents were
from the base population to make up the parental group
of 16 roosters and 160 hens within a time step. From time
step 9 onwards, the parents were no longer from the base
population, but were selected in previous time steps. Dif-
ferent genetic parameters were used to simulate breeding
values and phenotypes for birds in the base population.
The breeding schemes were simulated for 40 time steps.

In the first 20 time steps, all 1280 birds hatched in each
time step were phenotyped in the B environment only
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and all birds were selection candidates. Selection dur-
ing this stage was based on pedigree-based BLUP esti-
mated breeding values (EBV) from records in B only. This
stage was to mimic the situation of breeding programs
in which broiler chicken are selected for a certain period
using records in B and was the same for all simulated
breeding schemes. From time step 21 to 40, the 1280
birds hatched in each time step were all genotyped and
allocated to either the B or C environment for phenotype
testing. The number of birds in B or C depended on the
scenario of the breeding schemes. Thus, the birds in C
were siblings of birds in B. After genotyping and assess-
ment of the phenotype, single-step GBLUP (ssGBLUP)
models [18, 19] were used in each time step to estimate
the genomic estimated breeding value (GEBV) for all
birds. Instead of GBLUP, ssGBLUP was used to exploit
all pedigree and phenotype information of birds from
the previous time steps 1 to 20 when genomic informa-
tion was not available. Based on GEBV rankings, breed-
ing parents were always selected from birds in B; due to
bio-security restriction, birds in C were not candidates
for selection.

Trait simulation

In a broiler-breeding program, the overall breeding goal
includes a number of traits with different economic
weights. However, for simplification, only a growth per-
formance type of trait was considered, which is the pri-
mary trait in the breeding goal for all broiler-breeding
programs [1]. The simulated trait expressed in B and C
environments was similar to growth performance in the
two environments, and thus its genetic parameters were
simulated based on parameters for growth performance
in B and C from studies on broiler chicken [4, 6, 20, 21].
The trait expressed in the B environment was defined as
the B trait and the trait expressed in the C environment
was defined as the C trait.

Theoretically, G x E interactions can result in different
ranking of breeding values of birds in B and C, different
heritabilities, and genetic variances in each environment
[22]. In this simulation, only the first two effects were
accounted for because G x E interaction was modelled
through r, and the heritability of the C trait. The mean
(=0) and genetic variance (=1) were assumed to be iden-
tical in B and C because heterogeneity of genetic variance
does not change rankings between selection candidates
when the candidates are located in a single environment,
their sibs are in another environment, and performances
in the two environments are treated as correlated traits
[23]. Non-additive genetic effects were not included in the
simulation.

The phenotype of the trait expressed in B or C for the ith
bird in the base population, y; was calculated as
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yi = gi + e;, where g; is the true breeding value (TBV) of
the ith bird in the base population for a phenotypic record
in B or C, and ¢; is the environmental term for a phenotypic
record in B or C. Each animal had TBV for both B and C
traits, which were calculated based on genotype at 2000

QTL. The effects of QTL {zg } were randomly sampled

and then scaled to achieve an initial genetic covariance

matrix of { rl s } in the base population. All genetic vari-

g 1
ance and covariance was explained by additive QTL vari-
ance and covariance. During the simulation of breeding
scenarios, the effect of a QTL was kept constant, but the
allele frequency at each QTL could change due to selection
and drift.

The environmental terms for the B and C traits
were drawn from a random normal distribution
N [O, (1-— hz) / hz}, where /2 is the heritability of the B and
C traits, respectively. Environmental variance was kept
constant through the simulations. Environmental covari-
ance between B and C traits was 0 since each bird has a
phenotypic record in only one environment.

Selection criteria
For selection in time steps 21 to 40, the breeding goal had
an economic value of 1 for performance of birds in C and
an economic value of 0 for performance of birds in B. Dur-
ing time steps 1 to 20, to emulate the previous breeding
program, the selection index had an economic value of
1 for performance of birds in B and 0 for performance of
birds in C.

Estimated breeding values were based on the following
bivariate mixed linear model:

][ 2l 5 Al [z
Yc 0 Xc||bc 0 Zc || 8c ec|’

(1)
where yp and yc are vectors of phenotypic records of
birds in B and C; bg and b are vectors of the fixed effect
of time step for records in B and C; g and gc are vectors
of breeding values of the B and C traits; Xp and Zg and
Xc and Z¢ are incidence matrices associating fixed effects
and breeding values to the phenotypic records in B and
C; ep and e are vectors of random residuals in B and in

C, respectively. Model (1) assumed :z ~MVN

2
[8 ) ( IBSEB ICgezC )}, where Ip and I¢ are identity matri-

ces corresponding to birds in B and C environments; o
and o2 are environmental variances of B and C traits,
respectively.

For time steps 1 to 20, breeding values were esti-
mated using bivariate model (1) with the pedigree-based
BLUP approach [24], although there were no phenotypic
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records for the C trait. In the BLUP model, breeding
values were assumed to follow a multivariate normal
distribution MVN [O,A ® Vg], where A is the matrix of
additive genetic relationships based on pedigree; Vg is
the 2 x 2 genetic covariance matrix of the B and C traits;
® is the Kronecker product. The pedigree relationship
matrix was constructed from pedigree traced back to the
base population.

For time steps 21 to 40, breeding values were estimated
from the bivariate model (1) using the ssGBLUP
approach [18, 19], which assumes that
{gg] ~ MVN[O,H(X)Vg], where H is a combined
matrix of the pedigree relationship matrix A and a
genomic relationship matrix, with a weight of 0.25 [18,
19] on pedigree relationships. The genomic relationship
matrix was constructed based on marker data [25].

In each time step, EBV or GEBV were predicted for
all individuals after all records in that time step were
obtained. Both BLUP and ssGBLUP models used the true
genetic variance components for prediction of breeding
values. Computations were carried out using the DMU5
module of DMU package [26]. The prediction in each
time step used all information (phenotypes, genomic
data and pedigree) of all individuals since time step 1.
Thus, although all birds were genotyped in time steps 21
to 40, ssGBLUP was used in order to use the phenotypic
records from time steps 1 to 20. Selection of birds for use
as parents was carried out right after genetic evaluation,
although they were not yet sexually mature.

Factors investigated

The factors investigated in this study were the genetic
correlation (ry) between trait records obtained in B and
C, heritability of the trait in C and the proportions of
birds that were kept in B or transferred to C (Table 1).
Parameters r, and heritability were used for trait simula-
tion of birds in the base population. On average, selec-
tion intensity for breeding schemes with 0, 15, 30 and
45% birds transferred to C was 2.82, 2.77, 2.70 and 2.62,
respectively, for males, and 1.97, 1.90, 1.81 and 1.69,
respectively, for females. Combining these three factors

Table 1 Levels of investigated factors in the simulated
breeding programs

Investigated factors Levels
Proportion of birds transferred to C (%) 0; 15; 30; 45
Heritability in B environment 0.28
Heritability in C environment 0.15;0.25; 0.35
Genetic correlation (rg) between traits measured in B 0.5;0.7,09

and C
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yielded 36 simulated scenarios. Schemes without birds
phenotyped in C included nine scenarios; the remaining
27 scenarios had a proportion of the birds transferred to
the C environment.

Sensitivity analysis

In the main simulation study, we assumed that all birds
were genotyped when genomic selection was introduced
in the breeding program. To ensure the general valid-
ity of our results, extra simulations were carried out to
investigate sensitivity when not all birds were genotyped
and/or the number of offspring per hen increased. The
breeding programs used in the sensitivity analysis were
similar to those described previously except for a few
modifications, as specified in Table 2. For the sensitivity
analysis, in all cases, only one level of G x E interaction
was analyzed, i.e. 7y equal to 0.7 and heritability of the C
trait equal to 0.15. In each time step, a random 50% of the
total number of birds that hatched in each time step were
genotyped. In sensitivity analysis simulation 1 (SS1), only
50% of the birds in B and C were genotyped and the num-
ber of offspring per hen in each time step was equal to 8
or 10. Thus, SS1 included eight scenarios that had 1200
or 1600 birds with 0, 15, 30 and 45% birds in C. In sensi-
tivity analysis simulation 2 (SS2), breeding schemes with
15 and 30% of the birds in C differed in the proportion of
genotypes allocated to birds in B versus C. The number of
offspring per hen was 8 in each time step.
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Simulation outputs

For each scenario, 50 replicates were simulated. For each
replicate, genetic merit (G;) at time step ¢ was the average
TBV of all birds hatched in time step ¢ for the C trait. The
difference between genetic merits at time steps 31 (Gs;)
and 40 (G4o) was used to compute the rate of genetic gain
per time step (AG): (AG) = (Gao — G31)/(40 — 31).

The inbreeding coefficient of each individual was the
proportion of homozygous identical-by-descent markers
for the individual [27]. The average inbreeding coefficient
F; at time step t was equal to the average of the inbreed-
ing coefficients of the 1280 individual birds hatched at
time step t. For comparison of our findings to those of
other studies, rate of inbreeding per generation was used
instead of rate of inbreeding per time step. Therefore, in
the calculation of the inbreeding coefficient, time step ¢
was translated to its corresponding generation. The rate
of inbreeding per generation (AF) [28] for a replicate was
computed as AF(%) = (1 - eﬂ) * 100, where B is the
slope of the linear regression of In(1 — F;) on generation
corresponding to time steps 31 to 40.

The accuracy of GEBV was computed as the correla-
tion between GEBV and TBV of the C trait for all B birds
hatched at time step 36, using the GEBV obtained dur-
ing that time step. Birds selected at time step 36 were the
last selected parents that produced offspring at time step
40.

Table 2 Sensitivity analysis 1 and 2 simulating breeding schemes with 0, 15, 30 and 45% of birds in C (PO, P15, P30
and P45), using 8 (H8) or 10 (H10) offspring per hen hatched for phenotype testing, and allocating 15, 30, 45 and 60%

of total genotyping to birds in C (GC15, GC30, GC45 and GC60)

Total number of birds
hatched for phenotyping

Scenario

Total number of
genotyped birds

Number of birds moved
to C (% of birds hatched)

Number of birds in C genotyped
(% of total genotyping)

Sensitivity analysis 1

H8-PO 1280 640
H8-P15 1280 640
H8-P30 1280 640
H8-P45 1280 640
H10-PO 1600 800
H10-P15 1600 800
H10-P30 1600 800
H10-P45 1600 800
Sensitivity analysis 2

P15-GC15 1280 640
P15-GC30 1280 640
P30-GC15 1280 640
P30-GC30 1280 640
P30-GC45 1280 640
P30-GC60 1280 640

0 (0%) 0 (0%)
192 (15%) 96 (15%)
384 (30%) 192 (30%)
576 (45%) 288 (45%)
0 (0%) 0 (0%)
240 (15%) 120 (15%)
480 (30%) 240 (30%)
720 (45%) 360 (45%)
192 (15%) 96 (15%)
192 (15%) 192 (30%)
384 (30%) 96 (15%)
384 (30%) 192 (30%)
384 (30%) 288 (45%)
384 (30%) 384 (60%)
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Data analyses

AG and AF for each replicate were used for comparison
of scenarios in the main simulation study, whereas only
AG was used to assess differences between scenarios in
the sensitivity analysis. Descriptive statistics and stand-
ard ANOVA were used. Comparison tests for signifi-
cance using Tukey’s HSD (honest significant difference,
P <0.05) were used. For accuracy of ssGBLUP prediction,
only the means are reported.

In the main study, three factors were included in the
ANOVA model: the proportion of birds in C, ry, and her-
itability of the C trait. Their main effects and all two- and
three-factor interactions were assessed. In the sensitiv-
ity analysis simulations, SS1 had eight scenarios, while
SS2 had six scenarios. Rates of genetic gain for the eight
SS1 scenarios and the four corresponding scenarios of
the main study that had the same r, and heritability were
combined for analysis using a two-way ANOVA model,
which included the number of birds genotyped, the num-
ber of offspring per hen (three levels), and the proportion
of birds in C (four levels). For SS2, a one-way ANOVA
model was applied to compare six scenarios.

Results

Rate of genetic gain

The three-factor interaction between the proportion of
birds in C, rg, and the heritability of the C trait on AG
was not significant (P=0.099). Significant two-factor
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interaction effects on AG were found between the pro-
portion of birds in C and r, (P<0.001) and between the
proportion of birds in C and heritability (P <0.001). The
interaction between r; and heritability did not have a
significant effect on AG (P=0.562). Figure 1 shows the
genetic gain of breeding schemes for different 7, and her-
itability of the trait recorded in C.

The effect of the two-way interaction between the pro-
portion of birds in C and r, on AG was significant. With
an rg of 0.5 and 0.7, AG of breeding schemes without
birds in C was significantly lower than that of schemes
with birds in C. On average, schemes without birds in C
had a AG of 0.116 and 0.164 per time step with r, equal
to 0.5 and 0.7, respectively, while schemes with birds in
C had AG of 0.199 and 0.200 with r, equal to 0.5 and 0.7,
respectively. Among the schemes with birds in C, with rg
of 0.5 and 0.7, AG of the schemes with 30 and 45% birds
in C was significantly higher than AG of the scheme with
15% birds in C (P<0.05). With an 7y of 0.9, AG of the
schemes with 0, 15 and 30% birds in C were not signifi-
cantly different from each other (P >0.05), but they were
significantly higher than AG of the scheme with 45% of
birds in C (P <0.05).

Changes in AG with increasing r, varied for differ-
ent proportions of birds in C. Increasing r, increased
AG of schemes without birds in C significantly, and an
increase in AG with increasing r, was also observed for
the scheme with 15% birds in C. However, AG of the

rg 0.5 ry 0.5 rg 0.5 rq 0.7

h? 0.15 h? 0.25 h? 0.35 h? 0.15

o
N
o

AG

o
-
(o))

o
-
N

WPr% =0l P% =15MP% =30 M P% =45
Fig. 1 Genetic gain per time step (AG) (mean over 50 replicates & standard error) of scenarios with different proportions of birds in C (P %) for
different levels of the genetic correlation (ry) between the B and C traits and of heritability (h?) of the C trait

rg 0.7 rg 0.7 rg 0.9 rg 0.9 rg 0.9

h? 0.25 h? 0.35 h% 0.15 h? 0.25 h? 0.35
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scheme with 30% birds in C did not change significantly
as rp increased. For the scheme with 45% birds in C,
AG tended to decrease when ry increased. Thus, AG of
schemes with 30% birds in C were similar for different r,.

The effect of the interaction between the proportion of
birds in C and heritability on AG was significant. With
heritabilities of 0.15 and 0.25, a change in the propor-
tion of birds in C led to significant differences in AG
between schemes with birds in C. With a heritability of
0.35, changes in AG due to the proportion of birds in C
were not significant between schemes with birds in C.
More importantly, AG increased as heritability increased
in schemes with birds in C. However, AG in the scheme
without birds in C, as expected, was not affected by herit-
ability of the C trait. On average, AG of scenarios with
heritabilities of 0.15, 0.25 and 0.35 were 0.161, 0.163 and
0.161, respectively, for schemes without birds in C, while
AG was 0.191, 0.200 and 0.210, respectively, for schemes
with birds in C.

In addition, the effect of the two-factor interaction
between the proportion of birds in C and heritability
on AG suggested that schemes with birds in C had sig-
nificantly higher AG than schemes without birds in C
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regardless of heritability (0.15, 0.25 and 0.35). However,
if r; had been not accounted for, these results could be
misinterpreted. For example with an r, of 0.9, a change
in heritability did not cause differences in AG among
breeding schemes with 0, 15 and 30% birds in C but
with heritabilities of 0.25 and 0.35, schemes with 15 and
30% birds in C tended to have higher AG than schemes
without birds in C (P >0.05). Differences in AG between
breeding schemes with different proportions of birds in C
depended on both r, and heritability.

Rate of inbreeding
The effect of the three-factor interaction between the
proportion of birds in C, g, and heritability of the C trait
on AF was not significant (P =0.445). Significant inter-
actions on AF were found between the proportion of
birds in C and r; (P=0.005) and between and heritabil-
ity (P=0.043). The effect of the interaction between the
proportion of birds in C and heritability on AF was not
significant (P =0.085).

The proportion of birds in C affected AF differently
as g changed (Fig. 2). On the one hand, with increasing
rg, AF of schemes without birds in C did not change. On

rg 0.5

3.5 -

AF (%)

30 -
25-
2.0 | i

Wr% =0l P% =15l P% =30 llP% =45
Fig. 2 Rate of inbreeding per generation (AF%) (mean over 150 replicates & standard error) of breeding schemes with different proportions of
birds in C for different levels of the genetic correlation (ry) between the B and C traits

Iy 0.7 Iy 0.9
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rg 0.5

3.5 -

3.0 -
25 -
2.0 -

h’> 0.15 h? 025 h® 0.35

AF (%)

between the B and C traits and of the heritability (h?) of the C trait
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the other hand, AF of schemes with birds in C decreased
with increasing r,. On average, AF of schemes with r, of
0.5, 0.7 and 0.9 were 3.27, 2.99 and 2.62% per generation,
respectively. As the proportion of birds in C increased,
AF decreased. With an r; of 0.5, AF was lowest for
schemes with 0 and 45% birds in C and highest for the
scheme with 15% birds in C. With an r, of 0.7, AF was
not significantly different between schemes. With an r, of
0.9, schemes without birds in C had the highest AF, fol-
lowed by schemes with 15, 30 and 45% birds in C.

The effect of the interaction between the effects of r,
and heritability of C trait on AF was found to be signifi-
cant. With an ry of 0.7, there were no significant differ-
ences in AF between all levels of heritability (Fig. 3).
With an rg of 0.5, AF tended to decrease with increasing
heritability. With an r, of 0.9, AF increased as heritability
increased.

Sensitivity analyses

In SS1, breeding schemes with 8 and 10 offspring per hen
in each time step had 0, 15, 30 and 45% birds in C when
only 50% of birds in B and C were genotyped. We found
that the schemes of SS1 had lower AG than corresponding
schemes in the base situation. In SS1, schemes with 8 off-
spring per hen per time step had lower AG than schemes

with 10 offspring per hen. However, similar to the base
situation, schemes without birds in C had the lowest AG
among all breeding schemes investigated in SS1 (Fig. 4).
In addition, the scheme with 30% birds in C had the high-
est AG, followed by schemes with 15 and 45% birds in C
when the number of offspring per hen was 8. AG tended
to increase as the proportion of birds in C increased from
0 to 45% when the number of offspring per hen was 10 but
the rate of increase in AG decreased as the proportion of
C birds increased. The scheme with 45% of birds in C had
the highest AG when the number of offspring per hen was
10. However, the difference in AG between schemes with
30 and 45% birds in C was small.

In SS2, genetic gain of breeding schemes with 15 and
30% birds in C that used different genotyping strategies
was examined when the number of genotyped birds was
kept constant (Fig. 5). For breeding schemes with 15%
birds in C, the scheme with 30% of genotyping allocated
to birds in C yielded a higher AG than the scheme with
15% of genotyping allocated to birds in C. For the breed-
ing scheme with 30% birds in C, the strategy with 30% of
genotyping allocated to birds in C resulted in the high-
est AG. For a constant number of genotyped birds, AG
tended to decrease as the proportion of genotyping allo-
cated to birds in C increased from 30 to 60%. Among the
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six schemes of SS2, AG was highest in the scheme with  Discussion
30% birds in C and 30% of genotyping allocated to birds  In this study, we investigated genetic gain (AG) and
in C. rate of inbreeding (AF) in different genomic breeding



Chu et al. Genet Sel Evol (2018) 50:52

schemes for broiler chickens with varying levels of G x
E interactions between the bio-secure breeding envi-
ronment (B) and the commercial environment (C). We
investigated schemes with 0, 15, 30 and 45% birds in C.
The effects of G x E interaction were modelled by vary-
ing the genetic correlation (rg) between the B and C traits
(0.5, 0.7 and 0.9) and the heritability of the C trait (0.15,
0.25 and 0.35). Sensitivity analyses were also carried out
to further investigate the effects of genotyping strategy
and of the number of offspring per hen.

Rate of genetic gain

Genetic gain in the main study was influenced by the pro-
portion of birds in B versus C, r; between B and C traits,
and heritability of the C trait. The proportion of birds in
B versus C has an effect on the accuracy of selection and
on selection intensity. Since only the performance in C
has an economic value, a higher proportion of birds in C
resulted in a higher accuracy of GEBV. For example, when
rg was 0.5 and heritability was 0.25, accuracies of GEBV
were 0.369, 0.718, 0.777 and 0.804 for 0, 15, 30 and 45%
birds in C, respectively. When r; was 0.9 and heritabil-
ity was 0.25, accuracies of GEBV were 0.745, 0.809, 0.819
and 0.837 for 0, 15, 30 and 45% birds in C, respectively.
Even with an ry of 0.9, increasing the proportion of birds
in C resulted in increases in the accuracy of EBV. There-
fore, genetic gain of a breeding program can be improved
by producing records in the C environment if there is a
significant level of G x E interaction in the population.
This was illustrated also by Bijma and Arendonk [7] and
Mulder and Bijma [9], who found that genetic gain was
improved with extra information from C when r, was less
than 1. However, given limited hatching and reproductive
capacities, increasing the number of birds in C reduces
selection intensity in B due to a reduction in the number
of selection candidates. In other words, there is a trade-
off between additional accuracy of selection from records
in C and a reduction in selection intensity. In our main
study, 30% of the birds in C resulted in the optimal bal-
ance between accuracy and selection intensity.

The optimal breeding scheme in terms of the propor-
tion of birds in B versus C depends on the extent of G
x E interaction. Transferring birds from B to C did not
improve AG in all situations. The level of r, changed
the accuracy of GEBV in the scenarios investigated. For
example, when the proportion of birds in C was 0 and
heritability was 0.25, the accuracy of GEBV was equal to
0.369, 0.534 and 0.745 for ry of 0.5, 0.7 and 0.9, respec-
tively. The contribution of records on birds in B to the
accuracy of GEBV increased as r, between the two envi-
ronments increased. In other words, the contribution
of records on birds in C relative to the contribution of
records on birds in B to the accuracy of GEBV decreased
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as 1y increased, which explains the increase in AG with
increasing r, for schemes without birds in C. The differ-
ence in AG between schemes with and without C birds
was also smaller when 7, increased or when there was
less G x E interaction. Dekkers [13] concluded that with
an rg of 0.7, genomic selection could improve genetic
gain if information from records on birds in B and C was
combined. However, van Grevenhof and van der Werf
[14] implied that with an r, of 0.9, transferring animals
from the B to the C environment did not increase genetic
gain. Therefore, when the level of G x E interaction is low
(rg=0.9), transferring birds from B to C is not necessary.
Nonetheless, with a low level of G x E interaction, one
possible benefit of including records on birds tested in
C is to enable selection for disease resistance, especially
diseases that exist in the C environment but not in B [29].

Apart from ryg, heritability of the C trait had a signifi-
cant effect on AG for breeding schemes with birds in C.
The level of r, relates to the contribution of records in B
to the accuracy of GEBV prediction while the level of the
heritability of C trait relates to the contribution of records
on birds in C to the accuracy of GEBV. As the heritabil-
ity of the C trait increases, the contribution of records to
the accuracy of GEBV increases. For example, with an r, of
0.7 and 30% of birds in C, accuracies of GEBV were equal
to 0.756, 0.793 and 0.827 for heritabilities of 0.15, 0.25 and
0.35, respectively. However, in schemes without birds in C,
the heritability of the C trait was not important. Genetic
gain in the C trait in schemes without birds in C depends
on the amount of genetic variation, selection intensity and
rg. In our simulations, AG is in genetic standard devia-
tions and the genetic standard deviation was kept constant
as the heritability of the C trait changed. Therefore, no
change in AG was observed in schemes without birds in C
as heritability of the C trait increased.

When designing breeding programs, effects of G x E
interaction are often modelled through r,, while het-
erogeneous heritability of traits across environments is
often not taken into account [7, 9, 13, 14]. The value of
rg expresses the magnitude of the G x E interaction but
G x E interaction can also result in heritabilities of the B
and C traits being different. Heritability of the C trait can
be lower or higher than heritability of the B trait. Kapell
et al. [4] reported that for three of the four studied pure
broiler lines, the C trait had a lower heritability than the
B trait for body weight at 5 weeks of age. Both higher and
lower heritability for the C trait than for the B trait were
also found by N’'Dri et al. [6]. Heritability of the B trait
can also have a significant effect on the design of a breed-
ing program that takes G x E interactions into account
but this was not investigated in our study. The contribu-
tion of records on birds in B would increase with increas-
ing heritability of the B trait.



Chu et al. Genet Sel Evol (2018) 50:52

In addition to the proportion of birds in C, rg, and her-
itability of the C trait, sensitivity analyses showed that the
amount of genotyping, the number of offspring per hen
and genotyping strategies can influence genetic gain of a
genomic selection program for broilers. In the sensitiv-
ity analysis, only 50% of all birds that hatched were geno-
typed, ry was 0.7, and heritability of the C trait was 0.15.
Genetic gain of the corresponding scenarios in the main
study were higher than in the SS1 scenarios, even for SS1
scenarios that had 10 offspring per hen, compared to 8
for the scenarios in the main study, primarily because of
the smaller number of birds genotyped in the SS1 scenar-
ios: 640 and 800 for the schemes with 8 and 10 offspring
per hen, respectively, compared 1280 birds genotyped in
each time step in the main study.

When the number of offspring per hen was 8, relative
differences in AG between the SS1 schemes with 0, 15,
30 and 45% birds in C were similar to those of the main
study, and schemes with 30% birds in C had the highest
AG. In the latter case, selection intensity was not changed
when comparing the SS1 schemes with 8 offspring per hen
to the corresponding schemes of the main study, and pro-
portions of birds in B versus C among the schemes were
the same as the proportions of birds in B versus C geno-
typed. When the number of offspring per hen increased
from 8 to 10 per time step, schemes with 45% of birds in
C had the highest AG. However, the difference between
schemes with 30 and 45% of birds in C was very small. This
implies that 30% birds in C is close to optimal when the
number of offspring per hen is 8 and 10 per time step.

In SS2, AG of the scheme with 15% of birds in C
tended to increase as the number of genotyped birds in
C increased, which suggests that a higher proportion of
birds in C should be genotyped when the proportion of
birds in C is less than optimal. Therefore, the scheme
with 15% of birds in C for phenotyping and with all these
birds genotyped was expected to yield a higher AG than
the scheme with 30% of birds tested in C and 50% of
these birds genotyped. However, the decrease in AG of
the scheme with 15% compared to 30% of birds in C was
not compensated by increasing the number of genotyped
birds in C and increasing selection intensity.

The scheme with 30% of the birds in C and 30% of gen-
otyping allocated to birds in C has the highest AG in SS2.
Increasing the number of genotyped birds in C increases
the amount of information from C. However, when geno-
typing resources are limited, increasing the number of C
birds that are genotyped reduces the number of B birds
genotyped. Information “brought” from the C to the B
environment is less meaningful as the number of B birds
genotyped decreases, which may explain the reduction in
AG as the proportion of genotyping allocated to birds in
Cincreased from 30 to 60%.
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A genotyping strategy that was not tested was selective
genotyping. Boligon et al. [30] found that a selective gen-
otyping strategy improves the accuracy of GEBV and that
animals with the best performance are the most informa-
tive. Selective genotyping is possible in broilers because
important traits such as body weight and feed efficiency
can be measured before sexual maturity. When applying
this strategy, it is necessary to consider whether selective
genotyping should be applied to birds in B, C, or both.
Especially in B, selective genotyping can be advantageous
in order to increase genetic gain for a given investment in

genotyping.

Rate of inbreeding

Along with genetic gain, we investigated rates of inbreed-
ing in the schemes of the main study. We found that the
proportion of birds in C, rg, and heritability of the C trait
all affected AF. Among the schemes that used records
from C, AF decreased as ry increased or when the pro-
portion of birds in C increased. Heritability of the C trait
had different effects on AF for different levels of rg.

Transferring birds from the B to the C environment
reduces selection intensity and increases the amount of
information obtained from C. Reducing selection inten-
sity reduces AF because decreasing the number of selec-
tion candidates decreases the probability of co-selecting
birds from the same family. Increasing the amount of
information from C has two opposite consequences on
AF. One consequence is an increase in the probabil-
ity of co-selecting close relatives, which increases AF.
For example, a group of closely related selection candi-
dates receives similar information from C and, therefore,
the probability of co-selecting close relatives increases.
In addition, increasing the proportion of birds in C
increases the weight or the contribution of C information
to GEBV of birds in B, which increases AF. Another con-
sequence of increasing the amount of information from
C is an increase in the accuracy of prediction, especially
because genomic information describes relationships
between full-sibs better than pedigree information. As
the amount of information from C increases, the accu-
racy of GEBV of birds in B increases and, therefore, the
probability of co-selecting close relatives decreases.

An extra simulation was carried out to test the effect
on AF when information from C increases and selection
intensity remains constant. Heritability of the C trait was
0.15, and ry was 0.5 or 0.9. The breeding scheme for this
simulation was the same as in the main study, except that
the number of offspring per hen was varied from 4, to
5, 6, 7 and 8, which is equivalent to 640, 800, 960, 1120
and 1280 birds hatched in each time step. In each time
step, 640 birds were in B as selection candidates, and the
remaining were transferred to C. With an r, of 0.9, AF
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was 2.18, 2.37, 2.49, 2.52 and 2.65 for schemes with 4, 5,
6, 7 and 8 offspring per hen, respectively. With an r, of
0.5, AF was 2.48, 3.29, 3.15, 2.99 and 2.82 for schemes
with 4, 5, 6, 7 and 8 offspring per hen, respectively. These
results confirm that increasing information from C has
two opposite consequences on AF, as explained above.

When rg is equal to 0.5, the effect of the co-selection
on AF due to using information from C is substantial for
schemes with 15 and 30% of birds in C, which leads to
higher AF of these schemes than schemes without birds
in C, although the latter, indeed, has the highest selection
intensity. As r, increases, information from the B envi-
ronment has more weight for GEBV prediction, which
reduces the probability of co-selection due to using C
information. Therefore, changes in 7, result in changes in
probabilities of co-selection due to using C information.
This explains the reduction in AF of schemes with birds
in C as ry increases. Meanwhile, AF of schemes without
birds in C is not affected by a change in r,.

As heritability of the C trait increased, the pattern of
changes in AF depended on r, because changing the
heritability of the C trait has two opposite consequences
on AF. One consequence is that an increase in heritabil-
ity decreases the weight on information from relatives
in BLUP, which reduces the probability of co-selection
of relatives [31, 32] and AF. Another consequence of
increasing the heritability of the C trait is that it increases
the weight of C information, which increases AF. With a
low 74 of 0.5, these increases in the weight of C informa-
tion for prediction do not clearly show its effect, but it
increases AF with a high r, of 0.9.

Conclusions

Genetic gain and rate of inbreeding of genomic breed-
ing schemes for broiler chickens were compared for dif-
ferent degrees of G x E interaction between breeding (B)
and commercial (C) environments. We showed that the
proportion of birds in B versus C for a breeding program
that maximizes genetic gain depends on the genetic cor-
relation between the trait assessed in B and in C (rp),
heritability of the trait measured in C, the number of
offspring per hen, the amount of genotyping, and the
genotyping strategy. With an r, of 0.5 and 0.7, transfer-
ring birds from B to the C environment increased genetic
gain for the breeding program and 30% of birds assessed
in C was optimal. When the proportion of birds in C was
optimal (30%) and genotyping efforts were limited, 30%
of the genotyping effort allocated to C birds was also the
optimal genotyping strategy. When the proportion of
birds in C was less than optimal, genotyping more birds
in C increased genetic gain. Increasing the proportion
of birds in C reduced the rate of inbreeding. The rate of
inbreeding of schemes with birds in C increased when
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rg increased, whereas that of schemes without birds in C
did not change. In summary, if G x E interaction is strong
(rg equal to 0.5 and 0.7), a genomic selection scheme that
evaluates a considerable proportion (30%) of birds in C
yields more genetic gain than evaluating all birds in B. In
addition, rate of inbreeding decreases as the proportion
of birds transferred from B to C increases from 15 to 45%.

Authors’ contributions

TTC, EN and JJ designed and coordinated the study. TTC, SWA, ACS, JH and JJ
designed breeding schemes. TTC, SWA, ACS conducted all simulations. TTC
drafted the manuscript. All authors read and approved the final manuscript.

Author details

! Department of Molecular Biology and Genetics, Center for Quantitative
Genetics and Genomics, Aarhus University, 8830 Tjele, Denmark. 2 Wagenin-
gen University and Research Animal Breeding and Genomics, 6709 PG Wage-
ningen, The Netherlands. 3 Department of Animal and Aquacultural Sciences,
Norwegian University of Life Sciences, 1432 As, Norway. 4 Cobb-Vantress Inc,
Siloam Springs, AR 72761-1030, USA.

Acknowledgements

The authors gratefully thank the genomics and quantitative genetics team
from Cobb-Vantress Inc. for funding and discussion and comments on com-
mercial broiler breeding programs. Thinh T. Chu benefits from a joint grant
from the European Commission within the framework of the Erasmus-Mundus
joint doctorate "EGS-ABG" and Graduate School of Science and Technology,
Aarhus University. Thinh also thanks Peer Berg for his useful discussion and
explanation of simulation techniques. We gratefully acknowledge the very
helpful comments and supportive language editing by the two anonymous
reviewers and GSE editors.

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

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

Received: 29 January 2018 Accepted: 25 October 2018
Published online: 03 November 2018

References

1. Hiemstra SJ, ten Napel J. Study of the impact of genetic selection on the
welfare of chickens bred and kept for meat production. In: Final report
of a project commissioned by the European Commission (DG SANCO
2011/12254); 2013.

2. Michiels T, Welby S, Vanrobaeys M, Quinet C, Rouffaer L, Lens L, et al.
Prevalence of Mycoplasma gallisepticum and Mycoplasma synoviae in
commercial poultry, racing pigeons and wild birds in Belgium. Avian
Pathol. 2016;45:244-52.

3. Ye X, Avendano S, Dekkers JC, Lamont SJ. Association of twelve immune-
related genes with performance of three broiler lines in two different
hygiene environments. Poult Sci. 2006;85:1555-69.

4. Kapell DN, Hill WG, Neeteson AM, McAdam J, Koerhuis AN, Avendano S.
Genetic parameters of foot-pad dermatitis and body weight in purebred
broiler lines in 2 contrasting environments. Poult Sci. 2012,91:565-74.

5. Long N, Gianola D, Rosa GJ, Weigel KA, Avendano S. Marker-assisted
assessment of genotype by environment interaction: a case study of
single nucleotide polymorphism-mortality association in broilers in two
hygiene environments. J Anim Sci. 2008;86:3358-66.

6. N'Dri AL, Sellier N, Tixier-Boichard M, Beaumont C, Mignon-Grasteau S.
Genotype by environment interactions in relation to growth traits in slow
growing chickens. Genet Sel Evol. 2007;39:513-28.

7. Bijma P.van Arendonk JAM. Maximizing genetic gain for the sire line of a
crossbreeding scheme utilizing both purebred and crossbred informa-
tion. Anim Sci. 1998;66:529-42.



Chu et al. Genet Sel Evol

20.

21

(2018) 50:52

Jiang BX, Groen A. Combined crossbred and purebred selection for repro-
duction traits in a broiler dam line. J Anim Breed Genet. 1999;116:111-25.
Mulder H, Bijma P. Effects of genotype x environment interaction on
genetic gain in breeding programs. J Anim Sci. 2005;83:49-61.

Daetwyler HD, Villanueva B, Bijma P, Woolliams JA. Inbreeding in genome-
wide selection. J Anim Breed Genet. 2007;124:369-76.

. Hayes BJ, Visscher PM, Goddard ME. Increased accuracy of artificial

selection by using the realized relationship matrix. Genet Res (Camb).
2009,91:47-60.

Meuwissen THE, Hayes BJ, Goddard ME. Prediction of total genetic value
using genome-wide dense marker maps. Genetics. 2001;157:1819-29.
Dekkers JCM. Marker-assisted selection for commercial crossbred perfor-
mance. J Anim Sci. 2007;85:2104-14.

van Grevenhof IE, van der Werf JH. Design of reference populations for
genomic selection in crossbreeding programs. Genet Sel Evol. 2015;47:14.
Sargolzaei M, Schenkel FS. QMSim: a large-scale genome simulator for
livestock. Bioinformatics. 2009;25:680-1.

Pedersen L, Serensen A, Henryon M, Ansari-Mahyari S, Berg P. ADAM: a
computer program to simulate selective breeding schemes for animals.
Livest Sci. 2009;121:343-4.

Mendel G. Experiments in plant hybridization. Verhandlungen des natur-
forschenden Vereins Brinn. www.mendelweb.org/Mendel.html; 1866.
Accessed 1 Jan 2013.

Aguilar |, Misztal |, Legarra A, Tsuruta S. Efficient computation of the
genomic relationship matrix and other matrices used in single-step
evaluation. J Anim Breed Genet. 2011;128:422-8.

Christensen OF, Lund MS. Genomic prediction when some animals are
not genotyped. Genet Sel Evol. 2010;42:2.

Momen M, Mehrgardi AA, Sheikhy A, Esmailizadeh A, Fozi MA, Kranis A,
et al. A predictive assessment of genetic correlations between traits in
chickens using markers. Genet Sel Evol. 2017;49:16.

Kause A, van Dalen S, Bovenhuis H. Genetics of ascites resistance and
tolerance in chicken: a random regression approach. G3 (Bethesda).
2012;2:527-35.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Page 13 of 13

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

Sae-Lim P, Kause A, Mulder HA, Martin KE, Barfoot AJ, Parsons JE, et al.
Genotype-by-environment interaction of growth traits in rainbow

trout (Oncorhynchus mykiss): a continental scale study. J Anim Sci.
2013;91:5572-81.

Henderson CR. Best linear unbiased estimation and prediction under a
selection model. Biometrics. 1975;31:423-47.

VanRaden PM. Efficient methods to compute genomic predictions. J
Dairy Sci. 2008;,91:4414-23.

Madsen P, Jensen J. DMU: a user’s guide. In: A package for analysing
multivariate mixed models, Version 6, release 52. vol. 6; 2013.

Pedersen LD, Serensen AC, Berg P. Marker-assisted selection reduces
expected inbreeding but can result in large effects of hitchhiking. J Anim
Breed Genet. 2010;127:189-98.

Liu H, Henryon M, Sorensen AC. Mating strategies with genomic informa-
tion reduce rates of inbreeding in animal breeding schemes without
compromising genetic gain. Animal. 2017;11:547-55.

Morton D, Oltenacu T, Arnould C, Collins L, Le Bihan-Duval E, Hocking P,
et al. Scientific opinion on the influence of genetic parameters on the
welfare and the resistance to stress of commercial broilers. In: Efsa Scien-
tific Colloquium Summary Report; 2010.

Boligon AA, Long N, Albuquerque LG, Weigel KA, Gianola D, Rosa

GJM. Comparison of selective genotyping strategies for prediction

of breeding values in a population undergoing selection. J Anim Sci.
2012;,90:4716-22.

Bijma P, Woolliams JA. Prediction of rates of inbreeding in populations
selected on best linear unbiased prediction of breeding value. Genetics.
2000;156:361-73.

Verrier E, Colleau JJ, Foulley JL. Long-term effects of selection based

on the animal model BLUP in a finite population. Theor Appl Genet.
1993;87:446-54.

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



http://www.mendelweb.org/Mendel.html

	Benefits of testing in both bio-secure and production environments in genomic selection breeding programs for commercial broiler chicken
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Breeding schemes
	Trait simulation
	Selection criteria
	Factors investigated
	Sensitivity analysis
	Simulation outputs
	Data analyses

	Results
	Rate of genetic gain
	Rate of inbreeding
	Sensitivity analyses

	Discussion
	Rate of genetic gain
	Rate of inbreeding

	Conclusions
	Authors’ contributions
	References




