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  ABSTRACT 

  The objectives of this study were to describe, us-
ing the goat SNP50 BeadChip (Illumina Inc., San 
Diego, CA), molecular data for the French dairy goat 
population and compare the effect of using genomic 
information on breeding value accuracy in different 
reference populations. Several multi-breed (Alpine and 
Saanen) reference population sizes, including or exclud-
ing female genotypes (from 67 males to 677 males, and 
1,985 females), were used. Genomic evaluations were 
performed using genomic best linear unbiased predic-
tor for milk production traits, somatic cell score, and 
some udder type traits. At a marker distance of 50 kb, 
the average r2 (squared correlation coefficient) value 
of linkage disequilibrium was 0.14, and persistence of 
linkage disequilibrium as correlation of r-values among 
Saanen and Alpine breeds was 0.56. Genomic evalua-
tion accuracies obtained from cross validation ranged 
from 36 to 53%. Biases of these estimations assessed 
by regression coefficients (from 0.73 to 0.98) of pheno-
types on genomic breeding values were higher for traits 
such as protein yield than for udder type traits. Using 
the reference population that included all males and 
females, accuracies of genomic breeding values derived 
from prediction error variances (model accuracy) ob-
tained for young buck candidates without phenotypes 
ranged from 52 to 56%. This was lower than the average 
pedigree-derived breeding value accuracies obtained at 
birth for these males from the official genetic evaluation 
(62%). Adding females to the reference population of 
677 males improved accuracy by 5 to 9% depending on 
the trait considered. Gains in model accuracies of ge-
nomic breeding values ranged from 1 to 7%, lower than 
reported in other studies. The gains in breeding value 
accuracy obtained using genomic information were not 
as good as expected because of the limited size (at most 
677 males and 1,985 females) and the structure of the 
reference population. 

  Key words:    dairy goat ,  genomic evaluation ,  linkage 
disequilibrium ,  female genotype 

  INTRODUCTION 

  Selection in the French Alpine and Saanen dairy 
goat breeds has been implemented by a single breeding 
organization. The objectives of this breeding scheme 
were to improve milk composition, milk yield, and ud-
der morphology. Selection for these characteristics was 
based on a combined index calculated from EBV for 
milk yield, fat and protein yields, fat and protein con-
tents, and various udder-type traits. This total merit 
index, which differs for Alpine and Saanen breeds (Clé-
ment et al., 2006), will change in 2013 to introduce 
selection on SCS (Rupp et al., 2011). Genetic evalu-
ation of milk production traits has been carried out 
simultaneously in the 2 breeds using a BLUP animal 
model and considering all female performance records 
since 1980. Genetic evaluation of type traits (based on 
performance recorded since 2000) and SCS is performed 
separately for the 2 breeds. 

  The 2 breeds originated from the same single breed. 
The white coat variety of the Alpine goat, bred in the 
northern area of the Swiss Alps, was selected centuries 
ago to create the Saanen breed (Babo, 2000). When 
Alpine and Saanen were introduced in France in the 
1910s, they were largely crossbred. In the 2000s, the 
percentage of Alpine genes in Saanen goats was 3.6 
(Piacere et al., 2004), and genetic distance between the 
2 breeds was <0.13 (Araujo et al., 2006). 

  The core selection population was composed of 1,000 
dams of bucks selected each year for their reproductive 
ability, genetic level, and morphology. The AI rate was 
20% in all goat herds. For health (e.g., no Q fever, 
tuberculosis), reproductive ability, growth, and genetic 
level, only 20% of all males (40 Alpine and 35 Saanen) 
born from assortative mating with the dams of bucks 
were progeny tested each year. Among those progeny-
tested males, 25 Alpine and 15 Saanen were used as 
AI bucks. Progeny testing was performed on at least 
60 daughters per buck over 18 mo. This led to a short 
generation interval of less than 4 yr in the sire-daughter 
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pathway, but a longer one (>5.5 yr) in the sire-son 
pathway (Danchin-Burge, 2011).

The availability of the Illumina goat SNP50 Bead-
Chip (Illumina Inc., San Diego, CA; Tosser-Klopp et 
al., 2012) and recent genotyping methods means it is 
now feasible to assess genomic selection in this species. 
In dairy cattle, genomic selection has led to decreased 
generation intervals in the male pathway because of the 
early selection of males and improved breeding value 
accuracies for young animals at birth (Schaeffer, 2006; 
de Roos et al., 2010). Although the generation interval 
in the sire-son pathway in French dairy goats is shorter 
than that in dairy cattle, it is expected to be reduced 
with genomic selection, because of higher breeding 
value accuracies of young males at birth. In French 
dairy goats, AI bucks were largely used by breeders 
with more than 1,000 daughters per males, which led 
to accurate breeding values of males. Breeding values 
of young males at birth were 62% accurate on average, 
using average parent EBV accuracy. The aim of using 
genomic selection in this species would be to obtain 
breeding value accuracies for young males at least as 
accurate as the pedigree-derived breeding value accura-
cies to limit progeny testing.

The quality of genomic predictions depends on the 
number of phenotypes and genetic markers, heritability 
of traits, the reference population size (Goddard, 2009; 
Hayes and Goddard, 2010; Liu et al., 2011), relation-
ships within the reference population, and relationships 
between reference and candidate populations (Habier 
et al., 2010).The number of bucks progeny tested each 
year in the French dairy goat breeding scheme limited 
the number of genotyped bucks for this study. The small 
reference population of this study consisted of all bucks 
progeny tested from 1993 to 2009. To maintain the link 
between the reference and candidate population, it was 
not possible to increase the number of male genotypes 
by genotyping more generations of young males. For 
this reason, we assessed the use of genotyped females 
on breeding value accuracy of candidates, using geno-
types from commercial females available at the time of 
the study.

A first objective of this study was to examine the 
structure of the reference population by considering the 
level of linkage disequilibrium (LD) within the popula-
tion and between the 2 breeds. A second objective was 
to study the size and structure of the reference popula-
tion on the accuracy of genomic EBV (GEBV).

MATERIALS AND METHODS
Animals and Genotypes

The Saanen and Alpine purebred animals included in 
this study were obtained from 2 populations. The first 

population had previously been used for QTL detection 
for new traits such as fine milk composition (Maroteau 
et al., 2012). This population consisted mostly of fe-
males from commercial herds: 2,254 females (938 Saa-
nen and 1,316 Alpine) born between 2008 and 2009 and 
their 20 sires (9 Saanen and 11 Alpine). The best goats 
of this population will be used in future goat breeding 
as dams of bucks. The second population genotyped 
was composed of 852 bucks (369 Saanen and 483 Alpine 
born between 1993 and 2011). All bucks were progeny 
tested except young buck candidates born between 
2010 and 2011. From 2003, all French bucks progeny 
tested in the breeding scheme were genotyped, of which 
60% were Alpine bucks.

Animals were genotyped using the Illumina goat 
SNP50 BeadChip (Tosser-Klopp et al., 2012). Of the 
53,347 SNP on the chip, 46,959 were validated after 
quality control. Missing SNP genotypes were not 
imputed, and the marker effect of the missing SNP 
genotypes was set to zero for affected animals. Quality 
control consisted of obtaining a call rate threshold of 
98%, a minor allele frequency >1%, and checking for 
Hardy-Weinberg equilibrium. Validation was carried 
out separately for the 2 breeds, and SNP that were 
not retained in both Saanen and Alpine breeds were 
discarded. Because of poor DNA quality and the ani-
mal call frequency threshold being set at 99%, 2,810 
genotyped animals (1,164 Saanen and 1,646 Alpine) 
were available for this study.

Phenotypes

Five milk production traits were considered: milk 
yield, fat yield, and protein yield (h2 = 0.3 for milk, fat, 
and protein yields) and fat content and protein content 
(h2 = 0.5) (Bélichon et al., 1999). Somatic cell score (h2 
= 0.20; Rupp et al., 2011) and 5 udder type traits were 
also studied: udder floor position (h2 = 0.29), udder 
shape (h2 = 0.32), rear udder attachment (h2 = 0.27), 
fore udder (h2 = 0.30), and teat angle (h2 = 0.31) (Clé-
ment et al., 2002). All heritabilities defined for SCS 
and udder type traits were averages from Alpine and 
Saanen breeds. In general, values for milk production 
traits of Saanen goats were different (Bélichon et al., 
1999) from those of Alpine goats (783 vs. 733 kg for 
milk yield in Saanen and Alpine respectively; Institut 
de l’élevage, 2010).

The phenotypes used for the genomic evaluation were 
daughter yield deviations (DYD) for the 677 AI bucks 
and yield deviations (YD) for the 1,985 females. Yield 
deviations were calculated from the official genetic 
evaluation of January 2012 (Clément et al., 2002) using 
Genekit software (Ducrocq, 1998) as performance cor-
rected for fixed effects. Daughter yield deviations were 
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calculated from DYD averages corrected for environ-
mental effects and the merit of their dams (VanRaden 
et al., 2009). Each female of this study had 2 lactations; 
that is, 2 YD per female, weighted by 1 for first lacta-
tion and by 0.8 for second lactation, as in the official 
genetic evaluation. Each male’s DYD was weighted by 
effective daughter contributions (EDC; Fikse and Ba-
nos, 2001), calculated from all daughters considered in 
the national genetic evaluation. The EDC were calcu-
lated separately in each breed for SCS and type traits, 
and simultaneously for the other traits using crEDC 
software (Sullivan, 2010). Average EDC ranged from 
36.5 for the teat angle trait to 65.9 for milk yield in the 
whole phenotyped male population.

Cases Studied

The aim of this study was to examine the effect of 
population size and female genotypes on the accuracy 
of predictions, using several reference and candidate 
populations. The first population (A) consisted of 67 
males in the reference population and 148 candidates. 
The candidates were young males born in 2010 and 
2011 with no daughters at the time of the present 
study. The 67 reference males were all born between 
1999 and 2009; 54% were Alpine and 46% were Saanen 
(Table 1; case A). Among the 148 candidates, 15 were 
half-sibs of genotyped females. This small reference 
population was used to investigate the usefulness of 
adding genotyped females in a small male population. 
The second population (B) consisted of a reference 
population with the same previous 67 males plus 1,985 
females, and the same 148 candidates as in case A. 
Cases C and D consisted of the same animals as cases 

A and B, respectively, plus 610 males in the reference 
population and the same candidate population as in 
previous cases. All the additional males in cases C and 
D were related (ancestors or half sibs) to the males 
in cases A and B. Of the 610 additional males in the 
reference population, 26% were born before 2001 (Table 
1). In this study, case B was not compared with case C, 
because it is difficult to compare the addition of both 
males and females because of the different accuracies of 
their phenotypes.

Description of the Population

Extent of LD and Persistence of LD Phases. 
Estimations of the extent of LD between markers in the 
whole reference population and in each breed, as well 
as estimations of the persistence of LD phases among 
Alpine and Saanen breeds were calculated. Because 
phases of chromosomes in this study were unknown, the 
extent of LD between markers was measured between 
genotypes for each pair of SNP within chromosome. 
Thus, the measure of LD used was the correlation 
across diploid genotypes as proposed by Rogers and 
Huff (2009):

	 r
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where gi and gj were the genotypes at SNP i and j, re-
spectively. Average r2 (squared correlation coefficient) 
values were calculated for 20-kb intervals. For the 
persistence of LD phases between breeds, average cor-

Table 1. Number of genotyped males for each case (population) by year of birth 

Year

Cases1

A and B C and D

Alpine Saanen Alpine Saanen

1993–1998 0 0 24 19
1999 0 2 23 21
2000 0 0 19 18
2001 0 0 23 25
2002 2 6 28 29
2003 7 3 36 28
2004 4 0 41 25
2005 7 5 42 29
2006 5 7 40 25
2007 3 3 40 29
2008 0 0 28 17
2009 8 5 40 28
2010 43 33 43 33
2011 43 29 43 29
1Cases A and B: 67 males in reference population, 148 male candidates; cases C and D: 677 males in reference 
population, 148 male candidates.



4 Carillier et al.

Journal of Dairy Science Vol. 96 No. 11, 2013

relations of signed r-values between Alpine and Saanen 
were derived over intervals of the same distance.

The interest in using r-values instead of r2-values 
for persistence of phases between breeds was the use 
of a signed value. The r-value can be different in 2 
breeds even if the absolute value is similar. The extent 
of LD and persistence of LD phases were evaluated for 
a population of 677 AI bucks and 148 young bucks 
(Table 1; cases C and D).

Relationships and Inbreeding Between and 
Within Populations. Inbreeding and relationship 
coefficients were calculated using Pedig software (Boi-
chard, 2006) for both reference and candidate popula-
tions in all cases studied. The relationship coefficient 
between 2 animals is the probability that, at a given 
locus, the 2 individuals share alleles identical by de-
scent from the same ancestor. The inbreeding coeffi-
cient of an individual is the probability that, at a given 
locus, an individual has received similar alleles from 
both parents. In this study, it was calculated using the 
Meuwissen and Luo (1992) method.

Statistical Model for Genomic Evaluation

To estimate GEBV for both females and males, ge-
nomic BLUP (GBLUP) using genomic BLUPf90 soft-
ware (Misztal et al., 2002) was implemented. The mixed 
model considered was y = Xβ + Zu + e, where y is a 
vector of phenotypes weighted by EDC for males (DYD 
phenotypes) and the official weights of lactation (1 for 
first lactation and 0.8 for second lactation) for females 
(YD phenotypes), X is the incidence matrix relating 
breed effect (β) to the individuals, Z is a design matrix 
allocating observations to breeding values (u), and e is 
a vector of random normal errors. Genomic values u 
were normally distributed with Var( ) ,u G= σu

2  where G 
is the genomic relationship matrix as defined by Van 
Raden (2008):

	 G
WW

A= ×
′

−

+ ×

=
∑

0 95

2 1

0 05

1

.

( )

. ,

q qj j
j

p
	

where p is the number of loci considered, qj is the fre-
quency of an allele of marker j estimated across Alpine 
and Saanen, W is a centered incidence matrix of SNP 
genotypes, and A is the pedigree-based relationship 
matrix. The genomic relationship matrix was derived 
from genomic and pedigree relationships to make G 
and A compatible (Christensen et al., 2012). Combin-
ing pedigree and genomic information in the relation-
ship matrix avoids bias in the hypothesis of no selection 
in the base generation, which is true considering the 
A matrix but not considering G (Legarra et al., 2009; 

Vitezica et al., 2011). The G matrix was computed 
using allele frequencies across breed for computation 
simplicity reasons. Although considering the difference 
of allele frequencies in breed reduced the relationship 
coefficient between distant individuals, it did not affect 
the results on accuracy of GEBV (Makgahlela et al., 
2013). Single nucleotide polymorphism marker effects 
were assumed to have a prior normal distribution and 
mixed model equations were used with the genomic 
relationship matrix (VanRaden, 2008). To study the 
effect of including genotyped females, YD and DYD 
phenotypes were taken into account together in the 
model. By definition, variances of YD and DYD were 
not the same: 

	 Var( )2
1
2 42 2 2DYD

d
i u

i
u e= + +( )σ σ σ 	

and

	 Var( ) ,YD u e= +σ σ2 2 	

where di is the EDC of animal i. To take into account 
this difference, each EDC is multiplied by a coefficient 

	 k e

u e

=
+

σ

σ σ

2

2 22 4
,	

where σu
2 is the genetic variance and σe

2 is the residual 
variance.

Because of the small population size (i.e., <400 male 
genotypes available per breed), Alpine and Saanen 
populations were analyzed together, considering the 2 
breeds as 1, as in Bélichon et al. (1999). The genetic 
parameters considered were the official parameters 
for milk production traits (Alpine and Saanen treated 
together) and the average parameters of Alpine and 
Saanen goats for SCS and type traits.

Accuracy and Bias of Genomic Evaluation. 
Accuracy and bias of genomic evaluation were esti-
mated by splitting the 677 males from the total refer-
ence population into a training set and a validation set. 
The training set consisted of 425 males born between 
1993 and 2005. The DYD of these males were obtained 
from official 2008 genetic evaluations. This set was used 
to predict the GEBV of the validation population of 
252 males (i.e., 37% of total population) born between 
2006 and 2009. Accuracies of genomic selection were 
derived from a correlation between GEBV and DYD of 
validation males, where DYD were estimated from of-
ficial genetic evaluation of January 2012. Pedigree-de-
rived accuracies of validation males were estimated 
from correlation between EBV and DYD. The EBV 
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were obtained from training males using the same 
model as for GEBV, except that Var( ) ,u u= Aσ2  where 
A is the pedigree relationship matrix, and excluding 
genotype information. The prediction equation used to 
compute EBV of young males was derived from DYD 
(and YD) of reference animals and pedigree. The gain 
of using genomic information was derived from the dif-
ference between correlations between GEBV and DYD 
and correlations between EBV and DYD for validation 
males.

Taking into account that females were born in 2008 
and 2009, and that no males with known phenotypes 
were born after them, the effect of adding females on 
genomic evaluation accuracy could not be estimated by 
cross validation. Model accuracies, derived from predic-
tion error variance (PEV), were used to investigate the 
benefit of adding female genotypes.

Model Accuracy of Young Buck Breeding Val-
ues Estimated from PEV. Estimates of additive 
genetic values and PEV were obtained for all animals 
using the GBLUP model. The model accuracy consid-
ered (ρPEV) was

	 ρPEV u

u

PEV
=

−σ

σ

2

2
,	

where PEV was the variance of prediction error and σu
2 

is the genetic variance estimated on GEBV obtained 
(Bijma, 2012).

Average model accuracies were calculated for the 148 
young buck candidates not yet progeny tested. Because 
the genomic relationship matrix was built using pedi-
gree information, pedigree and genomic accuracy de-
rived from PEV could be compared, calculating gain of 
model accuracy using genomic evaluation (Legarra et 
al., 2009; Christensen et al., 2012). The gain in model 
accuracy was estimated using genomic information for 
young bucks by comparing pedigree-derived model ac-
curacy with genomic model accuracy. Pedigree-derived 
accuracy was obtained using the method described in 
the Accuracy and Bias of Genomic Evaluation section: 
using the same pedigree information and phenotypes of 
males and females from a reference population as for 
GBLUP evaluation but without molecular information. 
The objective of this study was to investigate how aver-
age genomic prediction accuracy varies with reference 
population size and addition of males or females.

RESULTS AND DISCUSSION

Description of the Reference Population

Extent of LD in the Population. Average r2 cal-
culated for each breed separately (Alpine, Saanen) and 

for the multi-breed population (Alpine + Saanen) as 
a function of marker distance are presented in Figure 
1. For the 3 populations studied, average r2 decreased 
with increasing marker distance. This decrease was less 
substantial for marker distances >150 kb. Average r2 
was constant for distances >1,200 kb, and was 0.07 and 
0.04, respectively, for the 2 single breed populations and 
the multi-breed population. Extent of LD estimated in 
Saanen was close to that estimated in Alpine. Aver-
age r2 values obtained in the multi-breed population 
were lower than in the single-breed populations. In this 
study, the extent of LD between 2 consecutive SNP 
(i.e., 50 kb: average distance between 2 SNP on the 
chip) was 0.17 for single-breed populations and 0.14 for 
the multi-breed population.

Average r2 values in dairy goat at 50 kb were simi-
lar to the values reported in Lacaune sheep [0.12; G. 
Baloche, INRA-Station d’Amélioration Génétique des 
Animaux (SAGA), Toulouse, France, personal com-
munication] but lower than those reported in Holstein 
dairy cattle (from 0.18 to 0.3, de Roos et al., 2008; Ha-
bier et al., 2010) and in Landrace, Duroc, Hampshire, 
and Yorkshire pigs (from 0.46 to 0.36, Badke et al., 
2012). Similarities in LD extent estimated in Saanen 
and Alpine breeds could be explained by their com-
mon ancestor. The lower estimates of average r2 in the 
multi-breed population (Alpine + Saanen) than in the 
single breed populations are in agreement with results 
in dairy cattle (Toosi et al., 2010; Hozé, 2012). In the 
European multi-breed dairy cattle population, extent 
of LD was 0.15 at 70 kb compared with 0.19 and 0.25 
in Montbeliarde and Brown Swiss breeds, respectively 
(Hozé, 2012). As expected, the difference in LD extent 
between the multi-breed population and the single breed 
populations increased with marker distance. For small 
marker distances, it was due to the common origin of 
the 2 breeds. For higher marker distances, it could be 
associated with the management of Alpine and Saanen 
as purebred for more than 40 yr. Indeed, LD calculated 
for small marker distance, when fewer recombinations 
are possible, reflects the former history of breeds. For 
larger distances, extent of LD reflects more recent his-
tory (Hayes et al., 2003).

Using simulation, Habier et al. (2007) demonstrated 
that part of genomic accuracy was due to LD, using the 
decay of accuracy and LD per generation. In German 
Holstein dairy cattle (with LD extent of 0.3 for 60 kb), 
the part of accuracy due to LD ranged from 10% for 
protein yield with a reference population of 1,048 dairy 
bulls to 47% for fat yield with a reference population of 
2,960 bulls (Habier et al., 2010). Based on these results, 
the relatively low extent of LD measured in the dairy 
goat population in the current study should not lead to 
high values of genomic evaluation accuracies. However, 
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accuracy of genomic evaluation was not the only pa-
rameter that influenced genomic evaluation accuracy.

Persistence of LD Phases Among Saanen and 
Alpine Breeds. Figure 2 shows the correlations be-
tween signed r-values of extent of LD among Alpine 
and Saanen breeds as a function of the distance be-
tween markers. Persistence of LD phases among Alpine 
and Saanen breeds decreased with genomic distance. 
At marker distance <50 kb, correlations of r among 
Alpine and Saanen breeds ranged from 0.88 to 0.56. 
This means that 2 SNP had the same level of LD in the 
Alpine breed and in the Saanen breed. The persistence 
of LD phases at 50 kb (i.e., average distance between 
2 SNP) among Alpine and Saanen breeds was 0.56. 
Correlations of signed r-values estimated in Saanen 
and Alpine breeds decrease with increasing genomic 
distance between markers.

For short marker distances, persistence of LD 
phases among Alpine and Saanen was similar to the 
values reported between French Manech red-faced 
and black-faced sheep [0.5; G. Baloche, INRA-Station 
d’Amélioration Génétique des Animaux (SAGA), Tou-
louse, France, personal communication]. The 2 goat 
breeds (Alpine and Saanen) were genetically close cen-
turies ago, as were the 2 Manech sheep breeds.

For greater marker distances, correlations of r-values 
in the reference population (0.08 for 600 kb) were close 

to those found between Lacaune and Manech black-
faced sheep [0.09 for 600 kb; G. Baloche, INRA-Station 
d’Amélioration Génétique des Animaux (SAGA), Tou-
louse, France, personal communication]. But they were 
lower than that reported in dairy cattle between Jersey 
and Holstein for 600 kb (de Roos et al., 2008), in beef 
cattle between Charolais and Angus (Lu et al., 2012), 
and between Landrace and Yorkshire pigs (Badke et 
al., 2012).

Combining several breeds in a single reference popula-
tion was considered when persistence of LD phases was 
high, as for Jersey and Holstein. However, the moderate 
level of LD phase persistence for 2 consecutive markers 
in Alpine and Saanen goats did not prohibit combining 
both breeds.

Relationships and Inbreeding Between and 
Within Populations. The pedigree file of 37,669 
animals common to the 2 breeds took into account 26 
generations. The kinship coefficient in the whole popu-
lation was, on average, 1.6%. The kinship coefficient 
calculated within the 4 reference populations ranged 
from 1.6 to 1.8% (Table 2). The highest coefficients 
were obtained for case B, because of the addition of 
daughters of males from case A, and for case C, because 
of the addition of strongly related males from case A. 
Nevertheless, the addition of the daughters of 20 males 
from case C to case D did not increase the kinship 

Figure 1. Linkage disequilibrium (average r2) in Saanen and Alpine breeds and in the whole population (Alpine + Saanen).
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coefficient, because these females were not strongly re-
lated to all of the males. Kinship coefficients were 1.3% 
within the candidates and ranged from 1.3 to 1.4% 
between reference and candidate populations. Kinship 
coefficients reported in this study were low compared 
with that observed in cows (~5%; Habier et al., 2010; 
Pszczola et al., 2012).

Inbreeding coefficients (Fz in Table 2) were 2.1, 2.8, 
2.2, and 2.6% within reference populations for cases A, 
B, C, and D, respectively, and 2.1% within candidate 
populations. They were lower than in Holstein dairy 
cattle (Miglior, 2000). The reported inbreeding in case 
B was caused by a higher proportion of females in the 
population, these being more inbred than the males. 
The relatively low levels of kinship and inbreeding 
coefficients within the populations can be attributed 
to the implementation of a new scheme of inbreeding 
management (optimizing contribution methods) in the 
French goat population in 2002 (Colleau et al., 2004). 
In this scheme, selection of AI bucks is managed within 
families to maintain genetic progress and minimize the 
average pairwise relationship coefficient in the popula-
tion. However, among the 20 sires of the females, only 

a few had different ancestral origins. Inbreeding coef-
ficients of those males and their daughters were higher 
(2.8 compared with 1.9%; results not shown) than those 
observed in the other males of the study.

Genomic Evaluation

Accuracy, Bias, and Gain in Accuracy of Ge-
nomic Evaluation Estimated by Cross Valida-
tion. Correlations between DYD and GEBV estimated 
in the validation population of 252 males ranged from 
32.1% for SCS to 53.3% for fat content (Table3). The 
highest correlations were obtained for the most heri-
table traits (i.e., fat and protein contents).

These results were lower than those reported in the 
French Holstein dairy cattle population (Fritz et al., 
2010) for similar traits: 39 versus 59% for milk yield, 36 
versus 60% for protein yield, and 37 versus 63%, for ud-
der floor position. These differences in accuracy could 
not be explained by DYD accuracy in French dairy 
goats (average EDC of 390), which is slightly higher 
than in dairy cattle, but are explained by the structure 
and the size of the reference population. Correlations 

Figure 2. Persistence of linkage disequilibrium (LD) among Alpine and Saanen breeds derived as correlation of signed r LD values between 
the 2 breeds.
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between DYD and GEBV for our validation bucks were 
similar to those reported in Manech red-faced dairy 
rams (38 and 37% for milk and fat yields) with a train-
ing population of around 1,000 rams (Barillet et al., 
2012) and in Normande dairy bulls (36 and 33% for 
milk and protein yields) with 930 training bulls (Fritz 
et al., 2010). Nevertheless, the results for SCS and type 
traits, between 32 and 43%, were slightly lower than in 
other species (48% for SCS of Manech, Barillet et al., 
2012; 47% for udder floor position of Normande breed, 
Fritz et al., 2010).

Gains of accuracy using genomic information in our 
study (Table 3) ranged from 3.4% for protein content to 
21.3% for fore udder. These gains for milk production 
traits were lower than those obtained for milk yield 
in other species (41% in Manech, Barillet et al., 2012; 
41.7% in Normande, Fritz et al., 2010). This finding can 
be explained by the high pedigree-derived accuracies of 
young buck breeding values for those traits because of 
a high number of daughters per sire (388 in average). 
For udder floor position, gains were similar to those 

reported in the Normande dairy cattle breed (23.7%) 
from Fritz et al. (2012).

Regression coefficients presented in Table 3 ranged 
from 0.73 to 0.96. They were higher for fat and protein 
contents (96.2 and 94.9%), close to those reported in 
French Lacaune dairy sheep (85 to 86%; Duchemin et 
al., 2012) and French dairy cattle (71 to 113%; Karoui 
et al., 2012). A coefficient of 1 (indicating the absence 
of bias) was expected if the animals in the validation 
set were not selected. Biases of genomic breeding value 
estimations were low for fat and protein contents and 
for type traits, with regression coefficients up to 90%, 
except for fore udder.

Model Accuracy of Genomic Predictions for 
Candidates Estimated from PEV. Figure 3 shows 
the average model accuracy of genomic prediction 
(derived from PEV) calculated for the 148 candidates 
without progeny test results, in each case for milk yield 
(identical results were obtained for protein and fat 
yields), fat content (identical results were obtained for 
protein content), and teat angle (identical results were 

Table 2. Average (μ) and standard error (SE) kinship (Fij) and inbreeding (Fz) coefficients within reference and candidate populations and 
between candidate and reference populations 

Item

Case1

A B C D

Fij Fz Fij Fz Fij Fz Fij Fz

Within reference population
  μ (%) 1.6 2.1 1.8 2.8 1.8 2.2 1.7 2.6
  SE (%) 2.1 1.0 3.2 1.4 2.6 1.1 2.9 1.3
Within candidate population
  μ (%) 1.3 2.1 1.3 2.1 1.3 2.1 1.3 2.1
  SE (%) 2.3 0.7 2.3 0.7 2.3 0.7 2.3 0.7
Between reference and candidate populations
  μ (%) 1.4 — 1.3 — 1.4 — 1.3 —
  SE (%) 2.1 — 2.0 — 2.2 — 2.0 —
1Case A: 67 males in the reference population, 148 male candidates; Case B: 67 males and 1,985 females in the reference population, 148 male 
candidates; Case C: 677 males in the reference population, 148 male candidates; Case D: 677 males and 1,985 females in the reference popula-
tion, 148 male candidates.

Table 3. Correlations between daughter yield deviations (DYD) and genomic (G)EBV for males from 
validation population and regression coefficient of DYD onto GEBV 

Trait
DYD  

× GEBV
DYD  

× EBV
Gain  
(%)

Regression  
coefficient

Milk yield 0.391 0.372 5.1 0.786
Fat yield 0.373 0.350 6.2 0.784
Protein yield 0.362 0.345 4.9 0.762
Fat content 0.533 0.495 7.7 0.962
Protein content 0.519 0.502 3.4 0.949
Somatic cell score 0.321 0.305 5.2 0.742
Udder floor position 0.367 0.304 20.7 0.918
Udder shape 0.339 0.280 21.1 0.899
Rear udder attachment 0.425 0.396 7.3 0.923
Fore udder 0.325 0.268 21.3 0.726
Teat angle 0.352 0.324 8.6 0.908
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obtained for all type traits and SCS). Similar results 
were obtained when heritability and DYD accuracy 
were the same. For SCS and type traits, accuracy of 
DYD (EDC) for all of those traits was 35% lower than 
EDC of milk production traits. Accuracies ranged from 
9% for type traits and SCS in case A to 56% for fat and 
protein contents in case D with highest heritabilities. 
The lower values observed for GEBV accuracies for the 
young males in case A could be explained by the small 
size of the reference population and the absence of all 
fathers of candidates in the reference population.

The highest accuracies obtained with a reference 
population of 677 males and 1,985 females were similar 
to those observed in Merinos sheep (ρPEV from 50 to 
57%, for ultrasound-scanned traits) with an average 

relationship of 0.5 between animals (Clark et al., 2012) 
and in Jersey dairy cattle (from 52 to 57% for milk 
production traits; Hayes et al., 2009). These results 
were higher than those reported in hens (ρPEV: 42%, 
for presence test of Salmonella in spleen) because of 
the small number (1,342) of SNP used in Calenge et 
al. (2011).

The model accuracies obtained for the 257 males of 
the training population used in the previous section 
were lower than the accuracies derived from cross vali-
dation (from 9 to 56%, results not shown) as in other 
studies (Clark et al., 2012). This could be explained by 
not taking into account the genetic selection of candi-
dates, which led to overestimations of model accuracy 
(Gorjanc et al., 2012).

Figure 3. Average “model” accuracy derived from prediction error variance of genomic predictions for candidates in fat content, milk yield, 
SCS, and rear udder attachment. Case A: 67 males in the reference population, 148 male candidates; case B: 67 males and 1,985 females in the 
reference population, 148 male candidates; case C: 677 males in the reference population, 148 male candidates; case D: 677 males and 1,985 
females in the reference population, 148 male candidates. The same results were obtained for protein yield and fat yield as are shown for milk 
yield; the same results were obtained for protein content as are shown for fat content; and the same results were obtained for udder floor posi-
tion, udder shape, and fore udder as are shown for teat angle.
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Adding animals increased GEBV accuracy for all 
traits and in all cases (Figure 3). The addition of females 
increased the accuracy by 5% (case C vs. D). But ac-
curacies for udder type traits and SCS increased greatly 
by 206% (case A vs. B, Figure 3) when females were 
added to the population of 67 males. However, in case 
D, the addition of females led to a greater improvement 
of GEBV accuracies for their 15 half-sibs than for the 
148 other candidates; that is +30% for SCS (results not 
shown). In dairy cattle, the addition of dams of bulls 
slightly altered GEBV reliabilities derived from correla-
tion between DYD and GEBV for candidate bulls, from 
−4.9% for fat yield in Holstein (Dassonneville et al., 
2013) to 5.8% (Wiggans et al., 2011) and 8% (Pryce 
et al., 2012) for protein and fat contents. These lesser 
values could be due to the preferential treatment of 
some cows and lead to errors in the phenotypes of the 
bulls (Dassonneville et al., 2013); this is not the case in 
large herds such as in goats.

Gain in “Model” Accuracy of Genomic Pre-
dictions for Candidates. Table 4 shows the gains 
in the accuracy of EBV of the 148 candidates observed 
when using genomic information or only pedigree and 
phenotypic information. These gains ranged from 1% 
for SCS and type traits in case A to 7% for fat and 
protein contents in case D. These values were similar 
to gains of theoretical accuracy obtained for the pres-
ence of Salmonella in hens (from 0 to 15%; Calenge 
et al., 2011). The gains observed in this study were 
lower than those obtained for Merinos sheep: from 76% 
for ultrasound-scanned eye muscle depth to 468% for 
ultrasound-scanned traits (Clark et al., 2012).

The addition of females to the reference population 
of 67 males was less advantageous for gains in GEBV 

accuracy (+33% for SCS and type traits, case B vs. 
case A; Table 4) than adding them in a larger reference 
population (+500% for SCS and type traits, case D vs. 
case C; Table 4). This improvement in accuracy gains 
could be explained by an increase in GEBV accuracy 
between case C and case D, whereas EBV accuracy 
(calculated using only phenotypes and pedigree infor-
mation) was similar in both cases.

All females used in this study were sired by 20 sires. 
Genetic diversity of these females was not wide enough 
that the addition of genotyped females actually im-
proved the prediction model. An interesting point for 
the future would be to examine the benefit of geno-
typing a set of buck dams chosen to represent genetic 
diversity of the whole set of dams.

The current reference population of 677 males used 
in this study comprised all bucks progeny tested in the 
breeding scheme. Adding new generations of genotyped 
males to the reference population will increase the ref-
erence population size but will not improve relationship 
between the candidate individuals and the reference 
individuals. The main way to increase size and improve 
structure of the French dairy goat reference population 
could be done essentially by genotyping females. The 
choice of these females should be further investigated.

CONCLUSIONS

The present study is the first report to be published 
on genomic evaluation in dairy goats. The results 
describe the characterization of the French reference 
population available currently with an extent of LD of 
0.14 between 2 consecutive SNP. Accuracies of genomic 
evaluation were similar to values reported in other 

Table 4. Average (μ) and standard error (SE) of differences between breeding value “model” accuracies and 
pedigree accuracies derived from prediction error variance for the 148 male candidates 

Trait 

Case1

A B C D

Milk yield2

  μ 0.03 0.05 0.03 0.05
  SE 0.01 0.03 0.02 0.03
Fat content3

  μ 0.05 0.04 0.03 0.07
  SE 0.02 0.01 0.02 0.04
Somatic cell score4

  μ 0.01 0.06 0.03 0.04
  SE 0.02 0.02 0.03 0.03
1Case A: 67 males in the reference population, 148 male candidates; Case B: 67 males and 1,985 females in the 
reference population, 148 male candidates; Case C: 677 males in the reference population, 148 male candidates; 
Case D: 677 males and 1,985 females in the reference population, 148 male candidates.
2The same results were obtained for protein yield and fat yield.
3The same results were obtained for protein content.
4The same results were obtained for udder floor position, udder shape, fore udder, and teat angle.
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species, but gains in using genomic information were 
slightly low because of the structure and size of the 
reference population. Accuracies and gains in accuracy 
could be improved by adding genotyped females. The 
use of the multiple-trait model, models using haplo-
types instead of SNP, and single-step genomic BLUP 
models will be examined in the future.
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