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Abstract

Background: In commercial fish, dominance effects could be exploited by predicting production abilities of the
offspring that would be generated by different mating pairs and choosing those pairs that maximise the average
offspring phenotype. Consequently, matings would be performed to reduce inbreeding depression. This can be
achieved by applying mate selection (MS) that combines selection and mating decisions in a single step. An alter-
native strategy to MS would be to apply minimum coancestry mating (MCM) after selection based on estimated

breeding values. The objective of this study was to evaluate, by computer simulations, the potential benefits that can
be obtained by implementing MS or MCM based on genomic data for exploiting dominance effects when creating
commercial fish populations that are derived from a breeding nucleus.

Methods: The selected trait was determined by a variable number of loci with additive and dominance effects. The
population consisted of 50 full-sib families with 30 offspring each. Males and females with the highest estimated
genomic breeding values were selected in the nucleus and paired using the MCM strategy. Both MCM and MS were
used to create the commercial population.

Results: For a moderate number of SNPs, equal or even higher mean phenotypic values are obtained by selecting on
genomic breeding values and then applying MCM than by using MS when the trait exhibited substantial inbreeding
depression. This could be because MCM leads to high levels of heterozygosity across the whole genome, even for loci
affecting the trait that are in linkage equilibrium with the SNPs. In contrast, MS specifically promotes heterozygosity
for SNPs for which a dominance effect has been detected.

Conclusions: In most scenarios, for the management of aquaculture breeding programs it seems advisable to follow
the MCM strategy when creating the commercial population, especially for traits with large inbreeding depression.
Moreover, MCM has the appealing property of reducing inbreeding levels, with a corresponding reduction in inbreed-

ing depression for traits beyond those included in the selection objective.

Background

Non-additive genetic effects are usually ignored in animal
breeding programmes for several reasons [1]. Perhaps the
main reason is the scarcity of suitable data for estimat-
ing these effects, in particular the scarcity of informative
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pedigrees. However, the structure of the populations
used in aquaculture breeding programs, with large full-
sib families, may facilitate estimation of dominance
effects. In fact, significant dominance effects have been
detected for traits of commercial interest in aquaculture,
such as growth traits [2—5] and filet yield [5].

The availability of genomic information may make
the estimation of dominance effects easier, and several
authors have included dominance effects in genomic
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evaluation models [6-16]. However, even when using
genomic data, the accuracy of estimates of dominance
effects still depends on the number of individuals sam-
pled and the structure of the population (in particular,
the presence or not of large full-sib families) [17].

In aquaculture programs, the breeding population (i.e.
the nucleus in which selection is performed) is usually
kept separate from the commercial population that is
composed of fish that are destined for market. The rea-
son for this dual structure is that the production levels of
the nucleus may be not able to provide the number of fish
required to cope with the demand. Therefore, a popula-
tion that is separate from the nucleus must be created at
each generation.

The main objective in the breeding nucleus is to iden-
tify and select the fish with the highest breeding values
to produce the next generation. The interest in estimat-
ing dominance effects in the nucleus would be to increase
the accuracy of estimates of breeding values [6]. How-
ever, the main objective when creating a commercial
population from the nucleus is to maximise the pheno-
typic performance of the fish destined for market. Thus,
for commercial fish, dominance effects could be explic-
itly exploited by predicting production abilities of the
offspring that would be generated by different mating
pairs and choosing those pairs that maximise the average
offspring phenotype. Consequently, matings would be
performed to reduce inbreeding depression (an impor-
tant consequence of the dominance) [6, 14—16, 18]. This
objective can be achieved by applying an optimisation
method such as mate selection (MS) that combines selec-
tion and mating decisions in a single step [19-23].

Minimum coancestry mating (MCM) following selec-
tion has also proved to be an efficient strategy for con-
trolling inbreeding in selection programmes [24, 25].
Effective control of inbreeding would reduce the risk of
inbreeding depression in the commercial population.
Thus, an alternative strategy to MS for creating commer-
cial populations would be to apply MCM after selection
based on estimated breeding values.

As suggested in the literature, estimation of breeding
values and dominance deviations to predict the expected
offspring genotype required for MS could benefit from
the use of the high-density single nucleotide polymor-
phism (SNP) genotyping tools that are currently available
[6, 17]. With sufficient markers, the genomic relation-
ship matrices for both additive and dominance effects
are expected to be more accurate than pedigree-based
matrices. Similarly, the coancestry coefficients required
to perform MCM (where the average pairwise coances-
try coefficient in the selected group is minimized) are
expected to have a higher accuracy when computed from
genomic data than from pedigree data [26, 27].
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The objective of this study was to evaluate the poten-
tial benefits that can be obtained by implementing MS or
MCM based on genomic data for exploiting dominance
effects when creating commercial fish populations that
are derived from a breeding nucleus. Stochastic simula-
tion was used to achieve these objectives.

Methods

Genome structure

Diploid individuals with a genome of 15 M and compris-
ing 24 chromosomes of equal size were simulated. Such
a genome is similar to that of some of the most common
aquaculture species (e.g., sea bream, sea bass and turbot).
In total, 200,000 biallelic loci were homogenously dis-
tributed across chromosomes and evenly spaced on each
chromosome. One hundred to 200,000 loci, with equal
numbers per chromosomes, were used to evaluate the
selection candidates and to decide how the selected fish
were mated. These loci are referred to as SNPs and were
simulated at even distances along the chromosomes.
Genotypes for non-SNP loci were used to monitor the
effect of the strategies evaluated on genetic diversity
(expected heterozygosity and genomic inbreeding).

Generation of selection candidates

The creation of fish in the base population from which
the breeding program started followed a two-step pro-
cess. First, a large population in mutation-drift equi-
librium was generated, and second, individuals were
sampled from this population to constitute the base
population.

Equilibrium population

In order to create linkage disequilibrium (LD) between
loci, a large population (N =1000, 50% males and 50%
females) with random mating was simulated for 3000 dis-
crete generations. For each generation, sires and dams of
the new offspring were randomly sampled with replace-
ment. Population size was kept constant across genera-
tions. To generate individuals for the starting population,
genotypes for each locus were sampled at random, with
initial allelic frequencies equal to 0.5 for all loci and,
thus, the initial population was in Hardy—Weinberg and
linkage equilibrium. Across generations, mutation was
allowed to occur throughout the genome, with a muta-
tion rate per locus and generation of ©=2.5x10"% for
both SNPs and non-SNPs. The number of new mutations
simulated in each generation was sampled from a Pois-
son distribution with a mean equal to 2Nn un;, where n,
is the number of chromosomes and #; is the total num-
ber of loci per chromosome. Mutations were then ran-
domly distributed across individuals, chromosomes and
loci, switching allele O to allele 1 and vice versa. When
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generating a gamete, the total number of crossovers was
drawn from a Poisson distribution with a mean equal
to 15. Crossovers were randomly distributed across the
genome without interference. At the end of the 3000 gen-
erations, the expected heterozygosity (H,) of the popu-
lation had stabilized around an equilibrium value (H,
= 0.48) and the mean LD between adjacent loci, meas-
ured by 2, was 0.03. At equilibrium, all loci were still
segregating.

Base population

The second step of the process consisted of randomly
sampling 100 individuals from the population at equilib-
rium. These fish constituted the founders of the breeding
program. At this step, a quantitative trait with an initial
heritability h%o) of 0.4 was defined. Phenotypic mean and
variance were 0 and 1, respectively. When dominance
was simulated, the proportion of phenotypic variance
explained by dominance effects (d(zo)) was set to 0.2. In
most of the scenarios, the trait, which was measured on
both sexes, was controlled by 1000 loci (thereafter called
quantitative trait loci, QTL) with no epistatic interactions
between them. Scenarios in which the trait was con-
trolled by 10 or 100 QTL were also simulated. In all cases,
QTL were chosen at random from the simulated SNPs
and non-SNPs. Two types of scenarios were simulated:
(i) the effects of all QTL were equal (EQU); and (ii) the
effects varied across QTL (VAR). In the EQU scenarios,
two types of gene action were considered, which differed
in the values given to the additive effect (a*, the value of
the homozygous 11 genotype), and the dominance effect
(d*, the value of the heterozygous genotype):

« Additive (ADD_EQU): a* =1 and d* =0 for all
QTL,

+ Dominant (DOM_EQU_ x):
QTL,

a*=d*=1 for all

where x represents the number of QTL that control
the trait: 10 (DOM_EQU_10), 100 (DOM_EQU_100) or
1000 (DOM_EQU_1000). Thus, three levels of inbreed-
ing depression were simulated (the larger the number of
QTL, the higher the inbreeding depression).

In the VAR scenarios, three gene actions were
considered:

« Additive (ADD_VAR): the additive effect of QTL i
(af) was sampled from a normal distribution with
mean 0 and variance 1; no dominance effects were
simulated.

+ Dominant (DOM_VAR): both additive and domi-
nance effects (af and df) were sampled indepen-
dently from normal distributions with mean 0 and
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variance 1. Note that 47 may be positive, negative or
zero, and thus the QTL may be (over-, under-) domi-
nant, recessive or additive. In this situation of no
directional dominance, no inbreeding depression is
expected.

» Directional dominance (DIR_VAR): both additive
and dominance effects (4] and 4) were sampled
independently from normal distributions with mean
0 and variance 1 but then the absolute value was
taken for each d, resulting in directional dominance
and inbreeding depression.

In all scenarios, the final additive effect for QTL i (a;)
was obtained by multiplying af by the factor
\/{ Vawoy/ [Zp(l —p)nQTL} }, where Vy () is the initial
additive variance (i.e. h%o) Vp©) = 0.4), p is the average
frequency across QTL in the base population, and nqry is
the number of QTL (i.e. 1000, 100 or 10). Note that this
results in the expected additive variance summed over all
loci to equal V4(g), assuming that covariances between
loci generated by LD are negligible and given that the
allele frequencies at £=0 are close to 0.5 and, therefore,
the allele substitution effect a; ~ a;. Similarly, the final
dominance effects (d;) were obtained by multiplying 47
by {1/[2p(1 —p)I}\/(Vbw)/nqre), with Vpe) = 0.2.
Additive and dominance effects were constant across all
generations of selection.

The phenotypic value for an individual j was obtained
as the sum across QTL i of a;, d; or —a; for homozygotes
11, heterozygotes 10, and homozygotes 00, respectively,
and an individual environmental deviation that was
sampled from a normal distribution with mean 0 and
variance Vg =1 — (VA(O) + VD(O)). The environmental
variance (V) was initially calculated for each replicate in
order to ensure that each replicate started with the same
proportion of genetic variance, and was kept constant
across generations.

Breeding program

The breeding program included a breeding nucleus
(where selection was performed) and a commercial pop-
ulation (composed by individuals that are slaughtered)
that was obtained from the nucleus at each generation.
The selection for four discrete generations was simu-
lated. To create generation t=0 (i.e. the base popula-
tion), founders were mated at random to form 50 full-sib
families, and 30 offspring (half of each sex) were obtained
from each mated pair. Consequently, the number of
selection candidates in this first generation (and in subse-
quent generations) was 1500. Genotypes and phenotypes
were available for all candidates.
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Genetic evaluation

Genomic evaluations were performed using phenotypes
and genotypes of selection candidates in the nucleus at
a given generation and of individuals of previous gener-
ations. The following genomic BLUP_SNP model using
the software GS3 [28] was assumed to estimate breed-
ing values and dominance deviations:

y=1lpu+Zu+Wv+bF+e 1)

where y is the vector of phenotypes, 1 is a vector of
1s, u is the population mean, u and v are the vectors
of additive and dominance SNP effects, respectively, F
is a vector with mean SNP heterozygosity of each indi-
vidual, b the regression coefficient of phenotypes on
heterozygosity, e is the vector of random residuals, and
Z and W are incidence matrices constructed from the
SNP genotypes for each individual. The element of the i
th row and j th column in Z was 2, 0 or 1, if the i th fish
was respectively homozygous 11, heterozygous 10, or
homozygous 00 for SNP j. The corresponding element
of W was 0 if the fish was homozygous and 1 if the fish
was heterozygous. It was assumed that SNP effects
were uncorrelated and that V(u) = Io2 and V(v) = Io2,
where I is the identity matrix and 02 and o are the
variances of the additive and dominance SNP effects.
Variance o2 was calculated by dividing the simulated
total additive variance by 25 [p;(1 — p;)], where p; is
the frequency, att = 0, of allele 1 of SNP i in the group
of individuals evaluated [29]. For o2, the weighting
term in the denominator was 4 [p?(l —p,»)z] Both
o2 and 0 were kept constant across generations. The
model included the effect of observed heterozygosity of
the candidates as a covariate to account for inbreeding
depression [14, 15].

The estimated breeding value (EBV) for each fish was
calculated from the estimated additive SNP effects (a;),
and the dominance effects (d;) by summing estimated
additive genetic values across the SNPs. For SNP i, esti-
mated additive genetic values were equal to 2(1 — p))@;,
(1 —2ppa;, or —p;a; for homozygotes 11, heterozy-
gotes 10, and homozygotes 00, respectively, where
@; = a; + (1 — 2p;)d;. Similarly, the estimated domi-
nance deviation for each fish was calculated from the
estimated dominance SNP effects (d;) by summing esti-
mates of dominance deviations across the SNPs, which
were equal to —2(1 — pi)2di, 2pi(1 — p))d;, or —2p?di for
homozygotes 11, heterozygotes 10, and homozygotes
00, respectively. True breeding values (TBV) and domi-
nance effects were calculated in the same way but using
the effects and frequencies of QTL.
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Selection and mating in the nucleus

The 50 males and 50 females with the highest EBV were
selected to be the parents of the next generation in the
nucleus. Each selected fish was involved in one mating
only. Matings followed a minimum coancestry mating
(MCM) design to form 50 full-sib families of 30, for a
total of 1500 offspring, which constituted the selection
candidates for the next generation. Optimization in the
MCM scheme was performed by a simulated annealing
algorithm [30], using the molecular coancestry matrix
based on the proportion of SNP alleles shared by two
individuals [31, 32]. Note that only the 50 selected
males and 50 selected females were involved in the
optimization.

Selection and mating to produce the commercial population
Two strategies were used to create the fish that consti-
tuted the commercial population. In the first strategy,
commercial fish were generated in the same way as the
selection candidates in the nucleus; i.e., selection based
on EBV and selected fish mated using the MCM scheme.
In the second strategy, commercial fish were generated
in a single step process known as ‘mate selection’ (MS),
taking advantage of dominance effects. In this strategy,
all selection candidates (750 males and 750 females) enter
the optimization.

To implement MS, first, a matrix with the expected
phenotypic value of the offspring of each possible mating
pair was created. This value depends on the SNP geno-
types of the parents, which determine the probability of
transmitting allele 1 or 0. Homozygous parents 11 always
transmit allele 1, homozygous parents 00 never transmit
allele 1, and heterozygous parents transmit allele 1 to half
of their offspring. The proportion of offspring with each
possible genotype P11, P1p and Pgg for genotypes 11, 10
and 00, respectively, was calculated by multiplying the
probabilities of transmitting each allele (assuming no
deviations from Mendelian inheritance) for each mating
pair. Then, the expected phenotype of the offspring of a
potential mating pair was estimated as the sum across
each SNP i of 2;P11 + d;P19 — a;Poo. Finally, the expected
heterozygosity in the offspring (calculated as 1 minus the
molecular coancestry between the parents) multiplied by
the regression coefficient estimated in the evaluation step
was added to the matrix of expected phenotypes of the
offspring, such that mating pairs that result in lower lev-
els of SNP-based inbreeding were given higher priority.

In order to be comparable with the MCM strategy,
the combination of 50 mating pairs that yielded the
highest average expected phenotypes in the offspring
(from all 750%x750 possible matings) were selected
and mated, and 30 offspring were generated from each
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mating. The optimization was performed using a Hun-
garian algorithm [33].

Finally, in order to have a benchmark scenario to bet-
ter understand the performance of both the MCM and
the MS strategy, all simulations were also run using the
true (simulated) additive and dominance values for the
QTL, both in the management of the nucleus and the
creation of the commercial population. These scenarios
will be referred to as QTL scenarios in contrast with
SNP scenarios in which marker information is used.

Gametes from each of the parents to create off-
spring were generated following the same procedure as
explained before for the equilibrium population, except
that no mutation was allowed during the selection
period.

Parameters compared

The main comparisons were based on the phenotypic
mean obtained in the commercial population each gen-
eration under the MS and MCM strategies. The average
genealogical inbreeding coefficient and the observed
homozygosity at SNPs, non-SNPs, and QTL obtained
under the different strategies were also compared. The
accuracies of the estimates of the breeding and domi-
nance values were calculated as the correlation between
the true (using the genotypes and the frequencies at the
QTL) and the estimated (using the estimated effects
and the actual allelic frequencies at the SNPs) values.
Results presented are the averages of 100 replicates.
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Results

The average phenotypic performance of the commercial
population under both MCM and MS strategies for each
simulated scenario is in Table 1 for generations 1 and
4. The results of the simulations in which additive gene
action was assumed (whether ADD_EQU or ADD_VAR)
followed very similar patterns and, thus, only those for
the ADD_VAR scenario are shown.

In all MCM scenarios, phenotypic values and accu-
racies of EBV and dominance deviations (Table 2)
increased as the number of SNPs used increased. How-
ever, increasing the number of SNPs genotyped above
10,000 led to little additional improvement in accuracy
and response, although the 200,000 scenario included the
genotypes of all QTL. Except for low SNP densities, the
accuracy of EBV remained constant across generations.
Please note that estimation of SNP effects was performed
for each generation and, thus, linkage between QTL and
SNPs was reevaluated at each generation, resulting in this
maintenance of accuracy.

Both MCM and MS strategies performed equally when
gene action was additive (Table 1), which is as expected
since the predicted mean phenotype in the offspring with
pure additivity depends on selection decisions and not on
the mating system. However, differences in the observed
molecular homozygosity (Table 3) and genealogical
inbreeding were found (see Additional file 1: Table S1).
Whereas MCM explicitly avoids the generation of molec-
ular inbreeding at the SNPs (and indirectly at the other
loci because markers cover the whole genome) and of

Table 1 Mean phenotype in the commercial population at generations (t) 1 and 4 when using MCM or MS based
on the genotypes of a variable number of SNPs (ng,,) for different types of gene action

Nenp ADD_VAR DOM_VAR DOM_EQU_10 DOM_EQU_100 DIR_VAR DOM_EQU_1000
MCM MS MCM MS MCM MS MCM MS MCM MS MCM MS
r=1
100 0.60 0.60 0.57 0.60 0.50 0.51 0.55 0.50 0.82 0.52 0.61 0.39
1000 0.78 0.77 0.74 0.80 0.60 0.55 0.71 0.45 0.83 0.23 0.86 0.12
10,000 0.81 0.81 0.79 0.88 0.62 048 0.76 0.08 0.92 —-0.73 0.94 —1.03
100,000 0.81 0.81 0.80 0.90 0.65 046 0.78 —0.05 093 —1.17 0.97 —1.65
200,000 0.87 0.87 0.84 0.96 0.69 0.53 0.84 —0.01 0.98 —1.17 1.02 —1.63
t=4
100 1.64 1.64 1.69 1.71 1.06 1.04 1.28 117 147 1.15 0.98 0.66
1000 2.58 2.57 2.59 2.63 1.31 1.29 2.01 1.90 2.09 1.79 1.96 1.55
10,000 2.80 2.80 2.85 292 1.36 1.34 223 207 2.39 192 2.27 1.75
100,000 2.81 2.80 2.88 2.96 1.36 1.35 224 2.05 242 1.88 2.33 1.68
200,000 2.86 2.85 294 3.03 1.38 1.36 2.30 2.10 244 1.89 2.39 1.75

Standard errors ranged from 0.02 to 0.13

MCM minimum coancestry mating, MS mate selection, ADD_VAR only additive effects normally distributed, DOM_VAR additive and dominance effects normally
distributed, DIR_VAR as in DOM_VAR but with dominance effects all positive, DOM_EQU_x all effects equal with d=a being x the number of QTL (actually 10, 100 or

1000)
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Table 2 Accuracy of estimates of breeding values (Add) and dominance deviations (Dom) based on the genotypes
of a variable number of SNPs (ngy,) at generations (t) 1 and 4 for different types of gene action

Neyp ADD_VAR DOM_VAR DOM_EQU_10 DOM_EQU_100 DIR_VAR DOM_EQU_1000
Add Dom Add Dom Add Dom Add Dom Add Dom Add Dom
=1
100 0.53 - 047 0.16 047 0.16 0.46 0.16 057 0.28 042 023
1000 0.73 - 0.68 032 0.68 032 0.67 032 0.62 0.37 0.59 0.39
10,000 0.76 - 0.73 042 0.72 042 0.71 043 0.66 047 063 0.50
100,000 0.77 - 0.73 043 0.73 043 0.72 0.45 0.66 0.49 0.63 0.51
200,000 0.77 - 073 043 0.73 045 0.72 044 0.66 049 0.66 0.51
t=4
100 032 - 032 0.09 0.26 0.08 0.30 0.09 0.39 0.13 0.30 0.10
1000 0.65 - 0.63 0.27 039 0.21 0.57 0.27 0.58 0.30 0.57 0.29
100,00 0.74 - 0.73 0.46 0.45 0.36 0.66 0.46 0.67 047 0.66 047
100,000 0.75 - 0.74 0.50 047 040 067 0.50 0.69 0.52 0.68 0.51
200,000 0.75 - 0.74 0.51 0.46 0.40 0.68 0.51 0.69 0.51 0.69 0.53

Standard errors were lower than 0.02

ADD_VAR only additive effects normally distributed, DOM_VAR additive and dominance effects normally distributed, DIR_VAR as in DOM_VAR but with dominance
effects all positive, DOM_EQU_x all effects equal with d=a being x the number of QTL (actually 10, 100 or 1000)

genealogical inbreeding, MS generates more inbreeding.
In fact, for example, at =1, the genealogical inbreeding
was still zero under MCM but greater than zero under
MS.

Although the aim of MS is to take dominance effects
into account to obtain the highest possible mean phe-
notypes in the commercial population, for most sce-
narios with dominance (DIR_VAR, DOM_EQU_10,
DOM_EQU_100 and DOM_EQU_1000), it performed
clearly worse than MCM (Table 1 and Fig. 1). Only in the
case of no directional dominance (DOM_VAR), did MS
outperform MCM. The superiority of MCM increased
with increasing levels of inbreeding depression, as shown
in Fig. 2, where the difference between the performance
of MCM and MS at t=1 and t =4 is shown for scenarios
with dominance effects.

This suggests that the poor performance of MS is
related to the higher levels of inbreeding generated with
this strategy. In addition, the difference between the per-
formance of MCM and MS increased with the number of
SNPs used (Fig. 2).

The observed homozygosity (H,) was always higher for
MS than for MCM, irrespective of the type of loci used
for the calculations (Table 3) and (see Additional file 1:
Table S1). Under both management strategies, H, meas-
ured at the SNPs was practically equal to H, measured
at the non-SNP loci (see Additional file 1: Table S1). The
only significant differences were observed for scenarios
in which only 100 SNPs were used for genetic evalua-
tion, for which SNP H, was lower at =1 under MCM
and higher at t=4 under MS. Few differences were

observed between H, calculated at non-SNP loci and at
QTL, except for scenario DOM_EQU_10 (Table 3). For
both MS and MCM, H, was higher at QTL, especially in
the last generation and when a large number of SNPs was
used for genetic evaluation.

Evolution of genealogical inbreeding (and molecu-
lar homozygosity) in the nucleus followed the expected
pattern of a situation where individuals in generation ¢
are created from individuals in generation ¢—1. Actually,
genealogical inbreeding and molecular homozygosity
in the nucleus did increase across generations (data not
shown). However, at each generation, the commercial
population is created from the nucleus and, thus, there is
no direct connection between consecutive generations of
the commercial population.

The higher or lower level of inbreeding generated
by MS depended on the particular relationship among
selection candidates. In the first generation, there was a
wider range of situations regarding the relationships for
MS and, therefore, when decisions were not based on
the true values, it had a greater probability of incurring
high inbreeding. As the number of generations increased,
candidates were more homogeneous and inbreeding was
lower than in early generations. Please note that when
the true genetic values were used, inbreeding in the com-
mercial population and in the nucleus showed a parallel
evolution.

Evolution of H, in the nucleus (i.e. under MCM)
showed the same trend as that of the genealogical
inbreeding. Thus, rates of inbreeding calculated as
AF = (Fy — Fy—1)/(1 — Fy_1), were similar regardless of
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Table 3 Mean observed homozygosity (H,) for the non-SNP loci and the QTL (in italics) in the commercial population
when using the MCM or MS strategy based on the genotypes of a variable number of SNPs (ngy,) under different gene

actions
Ngnp ADD_VAR DOM_VAR DOM_EQU_10 DOM_EQU_100 DIR_VAR DOM_EQU_1000
MCM MS MCM MS MCM MS MCM MS MCM MS MCM MS
=1
100 0.52 0.57 0.52 0.54 0.52 0.53 0.52 0.54 0.52 0.54 0.52 0.53
0.52 057 0.52 0.54 0.53 0.54 052 0.53 052 0.53 0.52 0.53
1000 0.52 0.58 0.52 0.56 052 0.55 052 0.56 0.52 0.55 0.52 0.55
0.52 0.58 0.52 0.56 0.54 0.56 052 0.55 052 0.55 0.52 0.55
10,000 052 0.58 052 0.62 052 0.61 0.52 0.61 0.52 0.60 052 0.59
0.52 0.58 0.52 0.62 0.54 0.59 0.52 0.60 0.52 0.60 0.52 0.59
100,000 052 0.58 052 0.63 052 0.63 0.52 0.63 0.52 0.62 052 0.62
0.52 0.58 0.52 0.63 0.54 0.60 0.52 061 0.52 0.62 0.52 061
200,000 052 0.58 0.52 0.63 0.52 0.63 0.52 0.63 0.52 0.62 0.53 0.62
0.52 0.58 0.52 0.63 0.54 0.60 052 061 052 062 052 062
t=4
100 0.55 0.57 0.56 057 0.55 0.56 0.55 0.56 0.55 0.56 0.55 0.56
0.56 057 0.56 057 0.62 0.63 0.55 0.56 0.55 0.56 0.54 0.55
1000 0.55 0.59 0.55 057 0.54 0.55 0.54 0.56 0.54 0.56 0.54 0.56
0.55 0.59 0.55 0.57 0.70 0.70 0.55 057 0.54 0.56 0.54 0.55
10,000 0.55 0.61 0.54 0.58 0.54 0.56 0.54 0.57 0.54 0.56 0.54 0.56
0.55 061 0.55 0.58 0.74 0.74 0.56 057 0.54 0.56 0.54 0.56
100,000 0.54 0.60 0.54 0.59 0.54 0.57 0.54 0.58 0.54 0.57 0.54 0.57
0.55 0.60 0.55 0.59 0.74 0.74 0.56 0.58 0.54 0.56 0.54 0.56
200,000 0.55 0.60 0.55 0.59 0.54 057 0.54 0.58 0.54 0.57 0.55 0.57
0.55 0.60 0.55 0.59 0.75 0.75 0.56 0.58 0.54 0.56 0.54 0.56

Standard errors lower than 0.01

MCM minimum coancestry mating, MS mate selection, ADD_VAR only additive effects normally distributed, DOM_VAR additive and dominance effects normally
distributed, DIR_VAR as in DOM_VAR but with dominance effects all positive, DOM_EQU_x all effects equal with d=a, being x the number of QTL (actually 10, 100 or

1000)

whether they were based on pedigree or molecular infor-
mation (data not shown).

When the true additive and dominance effects of QTL
and the molecular relationships at the QTL positions
were used (QTL scenarios), MS yielded higher aver-
age phenotypic values than MCM for scenarios with
dominance effects (Table 4 and Fig. 1) except for DOM_
EQU_10. H, (Table 4), and genealogical inbreeding lev-
els (see Additional file 1: Table S1) calculated based on
the effects estimated at the non-SNP loci were practically
equal under both MS and MCM, but lower than when
based on the effects estimated at the SNPs.

At the QTL, H, for traits controlled by 1000 loci were
equal with MCM and MS. However, H, at the QTL was
clearly lower with MS when the trait was determined by
fewer loci (see DOM_EQUA_10 or DOM_EQUA_100 in
Table 4), which reflects the higher power of controlling
simultaneously a small number of loci.

Discussion

In this study, we investigated, through computer simu-
lations, the possibility of exploiting dominance effects
when using genomic tools in the framework of an aqua-
culture breeding programme, which comprised a nucleus
(where selection is performed) and a commercial popu-
lation (composed of fish destined for market). When the
trait under selection exhibited high levels of inbreeding
depression, the mate selection strategy (MS), which is
explicitly designed to maximize the performance of the
offspring in the commercial population, yielded lower
average phenotypic values than the alternative strategy
of selecting fish based on the EBV and applying subse-
quently minimum coancestry mating (MCM). However,
when inbreeding depression was low or zero (i.e. there
was no directional dominance), MS slightly outper-
formed MCM.
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Estimating dominance

Although several authors have proposed to include domi-
nance in genomic evaluation models to obtain more
accurate estimation of breeding values [7-13] or to opti-
mize the mating scheme [6, 14], non-additive genetics
effects are usually ignored in animal breeding programs.
As mentioned previously, one of the reasons for this
is that low accuracies are obtained when dealing with
pedigrees that do not allow precise estimation of domi-
nance effects, even when genomic information is avail-
able [17]. However, the structure of aquaculture breeding

populations, with large full-sib families, facilitates estima-
tion of dominance effects. Our results showed accuracies
higher than 50% for estimates of dominance deviations in
the scenario with the largest number of SNPs, although
there were no relevant increases in accuracy by increas-
ing the number of SNPs above 100,000. It should be
noted that, here, family size was 30 and the number of
families was 50. Actually, a larger number of offspring per
family and, particularly, a larger number of families are
common in commercial aquaculture breeding programs
and, thus, higher accuracies can be expected. Therefore,
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Fig. 2 Difference between the mean phenotype when using the
MCM and MS strategies with different numbers of SNPs plotted
against the inbreeding depression of the simulated trait (in standard
deviations per 100% of increase in inbreeding). a generation one; and

b generation four

the combination of number of families and family sizes
required to obtain a significant change in accuracies need
to be investigated. In addition, in this study, genomic
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evaluation was performed using the true variances but
these have to be estimated in practice, which would lead
to a lower accuracy of estimates of dominance deviations.

Exploiting dominance

The simulated scenarios mimicked a situation that is
common in aquaculture breeding programs, i.e. the fish
destined for market come from a commercial popula-
tion that is created from the breeding nucleus in each
generation, such that the production levels required to
cope with the demand can be reached. This structure is
ideal for the implementation of methodologies that are
directed towards exploitation of dominance effects, with-
out interfering with the selection process carried out in
the nucleus (which is based on additive effects). Deter-
mining the best mating pairs can be done by using MS
(to take advantage of dominance effects) or MCM. The
latter has proven to be useful in different animal species
and particularly in the aquaculture sector (see, for exam-
ple [34]).

Results from our simulations show that, in most sce-
narios (i.e. different gene actions for the QTL and differ-
ent numbers of SNPs genotyped), MCM yield higher or
equal phenotypic means in the commercial population
than MS. The advantage of MCM may come from its
tendency to avoid matings between relatives to a larger
extent and, thus, it tends to increase the percentage of
heterozygotes across the genome, even at QTL that are
not in LD with any SNPs. Although MCM is not directly
developed to deal with dominance, the effective control
of inbreeding reduces the risk of inbreeding depression.
The importance of controlling inbreeding to increase the
expected phenotype of the offspring has also been sug-
gested by Sun et al. [35], even if dominance effects are not

Table 4 Mean phenotype, observed homozygosity (H,) at the non-SNP loci and the QTL in the commercial population
when using the MCM or MS strategy based on the true additive and dominance effect and the genotypes of the QTL

under different gene actions

DOM_VAR DOM_EQU_10 DOM_EQU_100 DIR_VAR DOM_EQU_1000
MCM MS MCM MS MCM MS MCM MS MCM MS
t=1
Phenotype 1.14 1.50 0.94 0.74 1.10 131 113 148 1.29 1.5
Ho non-SNP 0.52 0.53 0.52 0.53 0.52 0.52 0.52 0.52 0.52 0.52
Ho QTL 0.52 0.53 0.58 0.35 0.53 047 0.52 0.51 0.52 0.51
t=4
Phenotype 3.68 4.00 1.49 1.40 2.88 3.09 3.16 354 3.20 361
Ho non-SNP 0.54 0.55 0.54 0.55 0.54 0.54 0.54 0.53 0.54 0.53
Ho QTL 0.55 0.55 0.99 0.78 0.58 0.52 0.54 0.52 0.53 0.51

Standard errors range from 0.02 to 0.03 for mean phenotype and are always lower than 0.01 for observed homozygosity

MCM minimum coancestry mating, MS mate selection, DOM_VAR additive and dominance effects normally distributed, DIR_VAR as in DOM_VAR but with dominance
effects all positive, DOM_EQU_x all effects equal with d=a, being x the number of QTL (actually 10, 100 or 1000)
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estimated and used. In contrast, the MS approach pro-
motes heterozygosity exclusively at SNPs for which a sig-
nificant dominance effect has been estimated. With the
simulated parameters, it seems that the accuracy of the
estimates of effects is not high enough, leading to subop-
timal schemes that generate increased levels of inbreed-
ing (genealogical or molecular), which cause a reduction
in performance for the selected trait. Actually, with-
out directional dominance (scenario DOM_VAR) and,
therefore, no inbreeding depression, MS outperformed
MCM, even when a small number of SNPs was used.
Moreover, for the scenario DOM_EQU_10, for which
inbreeding depression was around 1.3 SD (per 100% F),
MS resulted in slightly higher mean phenotypic values in
the commercial population at £=1 when only 100 SNPs
were used. For this scenario, differences between MS and
MCM were small for subsequent generations and also for
other SNPs densities. The connection between the levels
of inbreeding (homozygosity) generated and the pheno-
typic performance in the commercial population is also
reflected in the results obtained from additional simula-
tions in which random mating was applied to the selected
parents (i.e. no mating allocation) for scenarios DOM_
EQU_1000, DOM_EQU_100, DIR_VAR and DOM_VAR
using 100,000 SNPs for management of the breeding
program. Average phenotypes under random mating
always evolved in parallel with phenotypes under MCM
but were always lower (see Additional file 2: Figure S1).
Differences in phenotypic values between random mat-
ing and MCM became smaller as inbreeding depression
decreased, and null for the scenario DOM_VAR without
inbreeding depression. The average genealogical inbreed-
ing and homozygosity followed a similar trend but were
higher under random mating than under MCM (data not
shown). This suggests that, compared to random mating,
mate allocation (i.e. planned mating) is advantageous and
that this superiority relates to the degree of inbreeding/
homozygosity generated.

Leroy [36] performed a meta-analysis of published
estimates of inbreeding depression for different ani-
mal domestic species. These studies were heterogenous
in terms of estimation methods and of the estimates
obtained. The average inbreeding depression was 0.56
SD at 100% inbreeding, with some estimates as high as
five SD (see Figure S1 in [36]). Our results show that,
although some advantage can be obtained from the use of
MS compared to MCM at the lower bound of the range
of published estimates of inbreeding depression, this
advantage is small. However, for traits with high levels of
inbreeding depression, the disadvantage (i.e. lower phe-
notype) of using MS versus MCM could be high. Conse-
quently, in general, implementation of MCM instead of
MS should be recommended for commercial population.
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Dealing with a scenario that included a single popula-
tion (the selection nucleus), Aliloo et al. [14] compared
MCM with a mating design method that tried to maxim-
ise the phenotype of the offspring (accounting for domi-
nance) for choosing mating pairs after selection based
on EBV. They found significant increases in the aver-
age phenotype of the offspring when using estimates of
dominance effects compared to using MCM. Notwith-
standing, the advantage of MS was only observed when
a large weight (actually multiplied by 100) was given to
the term related to inbreeding depression (i.e. expected
heterozygosity in the offspring) when calculating the
expected phenotype of the offspring of each mating pair.
The differences with our results may be because, in our
implementation of MS, mating pairs were chosen from
all selection candidates in the nucleus, with the aim of
maximizing the expected phenotype in the offspring,
i.e. simultaneously deciding who to select and the mat-
ing pairs. It should be noted that this is different from
the management scheme presented by [14], in which
selection was exclusively on EBV and conducted inde-
pendently of the mating scheme. Therefore, estimates of
dominance effects were only used to determine the mat-
ing pairs from the already selected animals.

Toro and Varona [6] also simulated a mate selection
process with selection and mating decisions performed
in a single step. They found that MS had some advantages
(in terms of the average phenotype of the commercial
population) over a two-step process with random mat-
ing. In our study, comparisons were made with a scenario
in which MCM was performed after the selection step,
leading to lower levels of inbreeding than in [6] in the ref-
erence scenario (i.e. independent selection and mating).
Our study shows the importance of the level of inbreed-
ing for the performance of the MS strategy.

In this study, in the scenarios that involve dominance
effects, they were simulated independently of the addi-
tive effect. However, it has been shown that correlations
between additive and dominance effects exist [37, 38]. In
such scenarios, inbreeding could be even more impor-
tant because QTL that have greater additive effects (and,
therefore, are under greater selection pressure) tend to be
dominant, leading to larger inbreeding depression. The
performance of MS in this situation deserves further
investigations.

Effect of SNP density and linkage disequilibrium

It should be noted that, for a given type of gene action,
superiority of MCM over MS increased as the number
of SNPs used increased (Fig. 2). When moving from 100
to 10,000 SNPs per Morgan, the accuracy of estimates
of breeding values and dominance deviations increased
(Table 2), leading to higher phenotypic means in the
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commercial population for both MCM and MS (Table 1).
At the same time, the correlation between coancestry
computed from SNP genotypes versus QTL genotypes
increased with increasing SNP density. Therefore, the
control of inbreeding at the QTL with MCM is more
efficient with a denser panel of markers (i.e. the percent-
age of heterozygous individuals is higher), enlarging the
advantage of MCM over MS irrespective of the improve-
ments with MS that resulted from more accurate estima-
tion of additive and dominance effects.

Among other factors, the comparison in performance
between the MCM and MS strategies also depends on
the LD between SNPs and QTL. At t=0, the LD in the
simulated genome was rather low (r>=0.09 and 0.02 for
distances around 1 and 10 cM, respectively). However,
in fish populations, low LD is common. For example, LD
was even lower in a coho salmon breeding population
[39] (r2=0.05 at distance of 0.2 cM). In contrast, Kijas
et al. [40] reported higher LD for Tasmanian populations
of Atlantic salmon, which is probably due to their lower
population sizes in the past. In turbot [41], estimates of
LD across the genome of a recently domesticated popula-
tion were as low as 2=0.10 for SNPs that were 0.005 cM
apart. Thus, the parameters simulated in our study are
representative of an aquaculture population. In livestock,
higher levels of LD are found [42—44] and, therefore, the
relative efficiency of MS and MCM will differ from what
was observed here.

Management based on QTL

To better understand the comparison between MS and
MCM, we performed simulations by applying these strat-
egies when using the true additive and dominance effects
of QTL and their genotypes. In these scenarios, MS out-
performed MCM, regardless of the level of inbreeding
depression, except in the case of DOM_EQU_10 (see
the explanation for this particular outcome below). The
superiority of MS over MCM in these simulations gives
us some clues on the performance of MS. First, the poor
results for MS when using estimates of SNP effects is
due to the low accuracy of the estimates and not to the
methodology itself. Second, the poor performance of MS
based on SNPs is not related to a malfunction (i.e. lack
of power to find the best solution) of the optimization
algorithm. It should be noted that MCM optimized mat-
ing decisions for a 50x50 matrix of selected individuals,
while MS dealt with a 750x 750 matrix, which represents
a much greater computational load and a more complex
optimization problem. Notwithstanding, when using the
true QTL effects and genotypes, the MS optimization
algorithm was able to find better solutions than MCM.
In addition, the MS strategy was repeated for some sce-
narios for which the performance of MS was worse than
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that of MCM, by using a different optimization method
(the simulated annealing algorithm) but the results did
not change.

However, for the DOM_EQU_10 scenario, we found
that, MCM outperformed MS when using true QTL
effects and genotypes, which contrasted with the previ-
ous observations. This could be explained in the following
way. Let us imagine an extreme case of a trait controlled
by a single QTL with complete dominance (a = d), and
assume that selection candidates are males and females
with the AA and Aa genotypes at the QTL, and that a
single pair of individuals is to be selected. Homozygous
individuals (AA) have a higher breeding value than het-
erozygous Aa, (2(1 —p)az) versus (1 — 2p)a?) and, thus,
one AA male and one AA female will be selected. Off-
spring from the mating of those individuals will all be AA
and have a genetic (mean phenotypic) value of a. When
performing MS, decisions are based on the expected
genetic value of the offspring of each possible mating pair.
Matings AaxAa will yield lower values, since they gener-
ate aa individuals, and will never be selected. However,
matings AAxAa and AA xAA generate offspring with the
same mean value because heterozygotes and homozy-
gotes AA have the same value (d = a). Consequently,
with MS, heterozygotes can be selected and, thus, the
frequency of the beneficial allele (4) will not increase as
quickly as it does under MCM. Table 4 shows that the
observed homozygosity for QTL becomes much higher
with MCM than with MS. The larger the number of QTL,
the more complicated it is to find individuals that are
homozygous for all or most beneficial alleles, resulting
in MS to show its superiority over MCM in our simula-
tions for traits controlled by 100 or 1000 QTL. However,
with few QTL (scenario DOM_EQU_10), the situation
explained above (i.e. MS selecting more heterozygotes)
occurs and MCM outperforms MS. It is important to
highlight again that the difference between strategies lies
in the values used for decision making: estimated breed-
ing values with MCM against expected offspring values
with MS.

Computational load

The difference in computing time between MCM and
MS can be huge and depends on the number of evalu-
ated candidates; but this may not be a problem for its
application in a breeding program, since it has to be
performed only once per generation. For the scenario
DOM_EQUAL_1000 and using 200,000 SNPs, the MS
optimization algorithm was 1000 times slower than that
of MCM, with 15% of the time spent on the construction
of the matrix of expected performances in the offspring.
When reducing the number of fish evaluated from each
family, these differences in computing time between MS
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and MCM decreased a lot, with MS being only 50 times
slower when 10 candidates per family were considered
(65% of the time spent on matrix construction) and 1.7
times when only two individuals per family were evalu-
ated. Note that the MCM optimization always dealt with
a 50x50 matrix, while the MS optimization dealt with a
50x50 matrix when evaluating two candidates per family
and a 250x 250 matrix for 10 candidates per family.

Conclusions

To create the commercial population, the strategy that
involves a two-step process, where fish are selected based
on their EBV and then mated following a MCM design,
gave higher mean phenotypic values for the commercial
population than the strategy that involves a single step
through MS in most simulated scenarios. Even for traits
with low or no ID, the advantage of MS was never high.
Moreover, MCM has the appealing property of reduc-
ing inbreeding levels, with a corresponding reduction in
inbreeding depression for traits beyond those included
in the selection objective. Finally, our results show that
controlling inbreeding is very important in the presence
of dominance and inbreeding depression. In this sense,
another possible strategy would be to implement mate
selection but with an explicit restriction on the genera-
tion of inbreeding using optimal contributions theory
[45]. The computational load that this optimization
implies in large populations could be reduced by using
differential evolution algorithms [22, 23] or semidefinite
programing [46].
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