
1275

Copyright © 2019 by Asian-Australasian Journal of Animal Sciences 
This is an open-access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided the original work is properly cited.www.ajas.info

Asian-Australas J Anim Sci  
Vol. 32, No. 8:1275-1283 August 2019
https://doi.org/10.5713/ajas.19.0381
pISSN 1011-2367 eISSN 1976-5517

— Special Issue —
Recent advances in breeding and genetics for dairy goats

Terry A. Gipson1,*

Abstract: Goats (Capra hircus) were domesticated during the late Neolithic, approximately 
10,500 years ago, and humans exerted minor selection pressure until fairly recently. Probably 
the largest genetic change occurring over the millennia happened via natural selection and 
random genetic drift, the latter causing genes to be fixed in small and isolated populations. 
Recent human-influenced genetic changes have occurred through biometrics and genomics. 
For the most part, biometrics has concentrated upon the refining of estimates of heritabilities 
and genetic correlations. Heritabilities are instrumental in the calculation of estimated breed
ing values and genetic correlations are necessary in the construction of selection indices that 
account for changes in multiple traits under selection at one time. Early genomic studies 
focused upon microsatellite markers, which are short tandem repeats of nucleic acids and 
which are detected using polymerase chain reaction primers flanking the microsatellite. 
Microsatellite markers have been very important in parentage verification, which can impact 
genetic progress. Additionally, microsatellite markers have been a useful tool in assessing 
genetic diversity between and among breeds, which is important in the conservation of minor 
breeds. Single nucleotide polymorphisms are a new genomic tool that have refined classical 
BLUP methodology (biometric) to provide more accurate genomic estimated breeding values, 
provided a large reference population is available.
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INTRODUCTION

Goats (Capra hircus) have been modified by humankind ever since their domestication during 
the late Neolithic, approximately 10,500 years ago, in the Fertile Crescent [1-3]. As domesti-
cated goats spread from the Fertile Crescent, humans exerted minor selection pressure. The 
largest genetic change happened through natural selection and random genetic drift, the 
latter causing genes to be fixed in small populations [4]. As humans began to exert selection 
pressure on domesticated goats, geographical differences arose and those differences have 
been noted in various studies [5-7]. Two major historical events shaped the raising of goats 
in Europe, especially northern Europe, and have had an impact on dairy goats worldwide. 
The first event, which happened approximately 3,000 years after the domestication of the 
goat, was a small mutation in the human population [8]. This mutation was in a regulatory 
region near the gene for lactase that allowed lactose tolerance to persist into adulthood [9,10]. 
With this mutation, goats and cattle could serve another important role other than meat 
and hides. Milk is a complete food, easily digested, and easily obtained from domesticated, 
lactating ruminants. This mutation was so important that nearly all Europeans and people 
of European descent carry this mutation. The second event was the defeat of the Umayyad 
army by Charles Martel and his Frankish troops near Poitiers (central France) in 732 BCE 
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[11]. One of the items left behind by the hastily retreating 
Umayyad forces were their goats that they used for milk and 
cheesemaking. This region of France has become the premier 
commercial dairy goat hub in the world [12]. With increased 
selection, regional phenotypic differentiation became more 
apparent. Interest grew in standardizing animals and later in 
improving their productivity and one of the early pioneers of 
breed standardization and improvement was Robert Bakewell, 
who is considered to be the father of modern animal improve-
ment [13]. From Bakewell’s time on, humans have used many 
tools to assist in the amelioration of dairy goats. The objective 
of this paper is to examine those tools. These tools generally 
include genetic evaluation (biometrics), and most recently 
genomics.

BIOMETRICS

Early biometric studies in dairy goats focused upon estimating 
heritabilities [14-16], which are needed for predicting breeding 
values, the main component in any genetic evaluation and 
breed improvement program [17] and upon the estimation of 
genetic correlations. In addition to the aforementioned genetic 
studies, projection and adjustment factors specifically for dairy 
goats were developed [18]. The 305-d lactation, which is the 
standard lactational length in dairy cattle and by default is the 
standard lactational length in dairy goats in the United States, 
was divided into 13 stages, with the shortest stages in early 
lactation. Sets of factors were developed for four ages at fresh-
ening, two seasons, two levels of herd production, and two 
breed groups [18]. Theses projection factors enabled dairy 
goat producers to compare objectively records of goats at all 
stages of lactation. These projected records also enabled more 
accurate culling and breeding decisions and were a first step 
towards genetic evaluations of goats, which was to come later. 
Multiplicative age-season adjustment factors for milk and fat 
yields of five breeds of dairy goats were also estimated and 
published [19]. These adjustment factors reflected the changes 
in milk and fat yields associated with age and season of fresh-
ening. As in dairy cattle, these adjustment factors indicated 
that milk records of goats are affected differently in different 
seasons for a particular age. Prior to the development of these 
adjustment factors, goat records were adjusted using age fac-
tors for dairy cows [19]. In the early 1980’s, genetic evaluations 
of production traits of milk and fat yields soon followed and 
in 1989, genetic evaluation of dairy goats was extended to in-
clude evaluation of protein yield and also in 1989, evaluations 
of milk, fat, and protein yields for Oberhasli and experimen-
tal breeds were added [20]. Diverse genetic background of 
parents was accounted for with an animal model that included 
all animal relationships. Due to a smaller sample size, the ani-
mal model system implemented for dairy goats differed from 
the one for dairy cattle in that all breeds were processed si-

multaneously. Genetic trend in 1984 for the five breeds with 
largest population sizes ranged from 3.8 to 5.2 kg/yr for milk 
yield. These changes in evaluation procedures improved the 
usefulness of dairy goat evaluations and aided the dairy goat 
industry in making genetic improvement [20].
  In 1997, type traits were included in the genetic evaluation 
[21]. Covariance components for final score and 13 linear type 
traits of dairy goats were estimated by multitrait restricted 
maximum likelihood using canonical transformation with 
an animal model. Heritabilities estimates from that study are 
presented in Table 1. Genetic correlations of linear type traits 
and final score were positive except for dairyness (–0.15) and 
teat diameter (–0.10); the largest correlations with final score 
were 0.66 for fore udder attachment, 0.44 for rear udder arch, 
0.36 for rump width, and 0.30 for strength [21]. Later refine-
ments to the animal model were made and genetic progress 
has continued to chart production and type traits [22,23].
  The most recent advancement in the genetic evaluation of 
production traits in dairy goats has been the incorporation 
of the test-day model [24]. Test day data for daily milk yield 
and fat, protein, and lactose content have been analyzed using 
four test day models with different methodologies to address 
fixed effects. The reference model contained a fixed effect of 
year-season of kidding with regression on polynomials nested 
within the year-season classes, and a random effect of herd 
test day. In the second model the lactation curve effect from 
the reference model was replaced by a fixed effect of days in 
milk (in 3-d periods), the same for all year-seasons of kidding. 
Two other models were obtained from the reference model 
by removing the fixed year-season of kidding effect and con-
sidering the herd test day effect as either fixed or random, 
respectively. The models were compared by using two criteria: 

Table 1. Heritability estimates for production and type traits using a biometrical 
or genomics approach [citation follows the estimates]

Trait Biometrical Genomics

Milk yield (kg) 0.26 [24] 0.30 [65]
Fat (%) 0.24 [24] 0.30 [65]
Protein (%) 0.27 [24] 0.30 [65]
Final score 0.27 [21]
Stature 0.52 [21]
Strength 0.29 [21]
Dairyness 0.24 [21]
Teat diameter 0.38 [21]
Rear legs 0.21 [21]
Rump angle 0.32 [21]
Rump width 0.27 [21]
Fore udder attachment 0.25 [21] 0.29 [65]
Rear udder height 0.25 [21] 0.27 [65]
Rear udder arch 0.19 [21]
Udder depth 0.25 [21] 0.31 [65]
Suspensory ligament 0.33 [21] 0.34 [65]
Teat placement 0.36 [21] 0.29 [65]
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mean-squared error of prediction and a test of bias affecting 
the genetic trend. The mean-squared error of prediction in-
dicated a preference for the model with random herd test-day 
effect, whereas bias preferred the model with the fixed effect 
of days in milk. Heritability estimates for daily milk yield and 
milk fat and protein content were 0.26 and 0.24 to 0.27 (Table 
1), respectively [24]. Generally, biometric studies have switched 
from classical studies on heritabilities and genetic correlations 
of milk and component yields to studies involving longevity 
[25] or incorporating genomic information into standard 
genetic evaluations [26].

GENOMICS

In the beginning of the genomics era in the early 1990’s, re-
search studies investigated the influence of major genes upon 
productivity traits but has evolved rapidly [27-29]. Marker- or 
gene-assisted selection has been applied to the αs1-casein gene 
in goats. One study stated that “… the selection for major genes 
will be more profitable at the breed level if an efficient breed-
ing scheme is already running to be able to account for these 
optimizations over time [27]”. The knowledge of major genes 
affecting dairy traits in goats has been well established for 
protein, and more precisely casein content which is the main 
component of milk protein. So far, seven variants correspond-
ing to 14 alleles have been identified in many European breeds 
[30,31] and classified according to their synthesis rate of αs1-
casein as ‘strong’ (A, B, C), ‘intermediate’ (E), ‘weak’ (F,G) 
and ‘null’ (O) when αs1-casein is absent. The quantitative 
effects of goat αs1-casein variants on dairy traits were studied 
and have indicated that the difference for protein content 
between the extreme genotypes AA (favorable) and FF was 
4.5 g/kg. These results indicate that milk from AA goats have 
higher protein, casein, and fat content, and a higher casein: 
protein ratio than milk from FF goats. A major gene such as 

αs1-casein can also explain a major portion of the total genetic 
variation in protein content. One study compared estimates 
of genetic parameters for Alpine goats using an animal model 
including or excluding αs1-casein fixed effect [28]. The heri-
tability of protein content changed from 0.66 to 0.34 when 
the αs1-casein effect was accounted for, showing that variance 
at this major gene represents about 50% of total genetic vari-
ance of protein content in this goat population [28]. When 
ignoring or accounting for αs1-casein, genetic correlations 
between protein yield and protein content were 0.09 and 
–0.22, respectively [28,32].
  In a recent study in China, a variant within the αs1-casein 
gene (a 11-bp indel variant determined as II, ID, or DD) was 
related to primiparous litter size in five breeds of Chinese goats. 
Individuals with the II genotype had the largest litter size when 
compared with ID or DD genotypes [33]. The authors pro-
pose that the 11-bp indel variant (II) could be an effective 
molecular marker for increasing litter size of goats.
  From major genes, the genomic focus shifted to microsat-
ellites for parentage testing [34-36]. Microsatellites, also called 
short tandem repeats or simple sequence repeats, are scattered 
throughout the genome of all mammalian species. Microsat-
ellites are identified by constructing polymerase chain reaction 
(PCR) primers for the DNA flanking the microsatellite region. 
In one of the original studies on PCR primers, two multiplex 
systems spanning 11 microsatellite loci each were evaluated 
for parentage testing in goats [34]. Eight of the loci originated 
from goats, nine were from cattle and five were from sheep, 
with 18 of the loci mapped to 16 different autosomes. Parent-
age exclusion probabilities were computed to be greater than 
0.999999 with the probability of finding two identical geno-
types is less than 10–15. Thus, microsatellite markers are a very 
reliable tool for parentage identification. The number of PCR 
primers is periodically evaluated and the number of recom-
mended primer is now 14 (Table 2) [37]. Ancillary to parentage 

Table 2. Microsatellites panel primers for parentage testing in goats

Marker Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Fragment sizes in bp

CSRD247 GGACTTGCCAGAACTCTGCAAT CACTGTGGTTTGTATTAGTCAGG 216-240
ILSTS008 GAATCATGGATTTTCTGGGG TAGCAGTGAGTGAGGTTGGC 174-182
ILSTS19 AGGGACCTCATGTAGAAGC ACTTTTGGACCCTGTAGTGC 146-152
ILSTS87 AGCAGACATGATGACTCAGC CTGCCTCTTTTCTTGAGAGC 133-151
INRA005 TTCAGGCATACCCTACACCACATG AAATATTAGCCAACTGAAAACTGGG 115-121
INRA006 AGGAATATCTGTATCAACCGCAGTC CTGAGCTGGGGTGGGAGCTATAAATA 107-123
INRA023 GAGTAGAGCTACAAGATAAACTTC TAACTACAGGGTGTTAGATGAACTC 195-215
INRA063 GACCACAAAGGGATTTGCACAAGC AAACCACAGAAATGCTTGGAAG 171-177
MAF65 AAAGGCCAGAGTATGCAATTAGGAG CCACTCCTCCTGAGAATATAACATG 117-135
MCM527 GTCCATTGCCTCAAATCAATTC AAACCACTTGACTACTCCCCAA 152-164
OARFCB20 GGAAAACCCCCATATATACCTATAC AAATGTGTTTAAGATTCCATACATGTG 95-105
SRCRSP5 GGACTCTACCAACTGAGCTACAAG TGAAATGAAGCTAAAGCAATGC 163-179
SRCRSP8 TGCGGTCTGGTTCTGATTTCAC CCTGCATGAGAAAGTCGATGCTTAG 220-240
SRCRSP23 TGAACGGGTAAAGATGTG TGTTTTTAATGGCTGAGTAG 77-103
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testing, microsatellite markers have been used in pedigree 
verification [38]. Of the 388 pedigree verifications (dam-off-
spring) in a nucleus herd of Murciano-Granadina goats in 
Spain, 71.9% (279) resulted compatible, while 16.2% (63) were 
incompatible. These errors were probably due to the archaic 
system used for animal identification and for data transfer. 
Thus, microsatellite should be considered for verification to 
reduce errors. This is important because only about a 10% 
parentage misidentification can reduce genetic progress by as 
much as 4% [38].
  Microsatellites have also been used to evaluate genetic dis-
tances among breeds, which is a tool used in the conservation 
and management of animal genetic resources, especially the 
conservation of endangered indigenous breeds [39-41]. In a 
genetic diversity study on nine dairy breeds of Canary Islands 
goats (Fuerteventura - Feral Esquinzo, Fuerteventura - Feral 
Ajui-Costa, Fuerteventura - Domestic, Gran Canaria, Lan-
zarote, La Gomera, La Palma, North Tenerife, and South 
Tenerife) using 27 microsatellite markers, a mean of 5.9 alleles 
per population per marker was found and FIS values ranged 
between 0.45 and –0.48, and FST was 0.04 [42]. In a structured 
population, the fixation index, F, is the reduction in hetero-
zygosity relative to Hardy-Weinberg expectation [43]. F can 
be partitioned into three levels. FIT is the measure of an indi-
vidual (I) relative to the total population (T), FIS is the measure 
of an individual (I) relative to the subpopulation (S), and FST 
is the measure of a subpopulation (S) relative to the total (T) 
[43]. FIS (inbreeding coefficient) is interpreted as a correlation 
measure between alleles rather than a probability, which means 
that it can have negative values. Positive values of FIS indicate 
that the individual is less heterozygous than expected given 
the subpopulation's heterozygosity, i.e. inbred, and negative 
values of FIS indicate that the individual is more heterozy-
gous then expected given the subpopulation, i.e. outbred. 
High FST (gene fixation coefficient) implies a considerable 
degree of differentiation among populations. In this Canary 
Island study, an FST of only 0.04 indicates that most of the 
breeds were genetically similar indicating a high degree of 
interbreeding.
  In a study on Chinese dairy goats, the genetic diversity of 
six breeds, four developed breeds (Guanzhong, Laoshan, Wen-
deng, and Xinong Saanen) and two introduced breeds (Saanen 
and Nubian), was examined using 15 microsatellite markers 
[44]. A mean of 4.9 alleles per population per marker was 
found, FIS values ranged between 0.09 and –0.08, and FST 
was 0.08. The four native Chinese breeds share a common 
ancestor of Saanen, which was imported from Europe many 
decades before. There was close genetic relationship between 
Wendeng and Laoshan and between Guanzhong and Xinong 
Saanen, which were both in agreement with the formation 
history and geographical distribution of the breeds in China. 
As expected, Nubian was genetically distant from Saanen and 

the four Chinese breeds.
  In a Thai dairy goat study on genetic diversity, five imported 
breeds (Alpine, Jamunapari, Nubian, Saanen, and Toggen-
burg) were evaluated using five microsatellite markers [45]. 
A mean of 7.4 alleles per population per marker was found, 
FIS values ranged between 0.18 and –0.04, and FST was 0.07. 
As expected, Alpine, Saanen, and Toggenburg provided one 
phylogenetic cluster while Jamunapari and Nubian provided 
two other clusters.
  In a Brazilian dairy goat study, Moxotó, which is a local goat 
breed well-adapted to semiarid Northeast Brazil, was com-
pared to two exotic dairy goat breeds (Alpine and Saanen) 
using 11 microsatellite markers [46]. Northeast Brazil has 
the greatest number of goats in the country and imported 
goat breeds are being crossed with Moxotó, which is eroding 
the genetic base of the Moxotó. Means of 7.0 alleles for Alpine 
and Saanen and 3.5 for Moxotó were found, and FIS values 
ranged between 0.32 and –0.10. FST was higher for herds (FST 
S = 0.08) than for breeds (FST P = 0.03), indicating similarity 
between the imported breeds and the existence of crosses be-
tween them. As expected, the genetic distance was greatest 
between Moxotó and the imported breeds, which were of 
similar phylogenetic clusters. 
  In addition to the above usages of microsatellite markers, 
they have been used to verify dairy goat products [47]. Adul-
teration of cheeses and other dairy goat products can affect 
the profitability of many small-scale goat producers. An easy 
method of authentication can contribute to breed sustain-
ability and conservation and improve profitability for dairy 
goat producers. This could have a significant impact on the 
rural economy of particular geographic areas with protected 
status. The Girgentana is an endangered goat breed from Sicily 
(Italy) and has semi-protected status [48,49]. A panel of 20 
microsatellite markers were used on Girgentana, Maltese, and 
Derivata di Siria goats and eight microsatellite markers alleles 
were present in Maltese and Derivata di Siria goats but absent 
in Girgentana goats. Three microsatellite markers (FCB20, 
SRCRSP5, and TGLA122) were concluded to be the best set 
of markers, and the authors proposed that these three micro-
satellite markers could be applied in a breed genetic traceability 
system of Girgentana dairy products in order to detect adul-
teration due to Maltese and Derivata di Siria goat breeds.
  The successor to microsatellite markers is single nucleotide 
polymorphisms, frequently called SNPs (pronounced “snips”). 
A SNP is the single-pair difference at a specific location on 
specific chromosome. For example, a SNP can occur when 
the nucleotide cytosine (C) is replaced with the nucleotide 
thymine (T). SNPs occur normally throughout the genome 
of all livestock species, including goats. Under the umbrella of 
the International Goat Genome Consortium (IGGC, http://
www.goatgenome.org/), several research projects involved in 
sequencing the goat genome successfully identified approxi-
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mately twelve million high quality SNP variants in the goat 
genome [50]. The goal of the IGGC was to create a SNP da-
tabase including biological and technical characteristics using 
reliable bioinformatic SNP detection procedures. In addition, 
the technological success rate of the SNP design, which in-
cluded even spacing of SNPs on the genome and selection of 
minor allele frequencies (MAF) suitable to use in diverse 
breeds, was an important aspect of IGGC’s SNP database. 
The SNPs were identified within and between six breeds (Al-
pine, Boer, Creole, Katjang, Saanen, and Savanna), providing 
for a robustness for breeds that were even not part of the origi-
nal study [51]. Validation of the SNP content was conducted 
with ten goat breeds and 52,295 SNPs were successfully geno-
typed and used in the manufacturing of a SNP chip (Illumina, 
Inc, San Diego, CA, USA). The development of the 52K goat 
SNP chip has accelerated advances in goat genomic studies.
  The most obvious starting point for the SNP chip was in 
evaluating production traits [52,53]. Shortly after the devel-
opment of the 52K goat SNP chip, a genome-wide association 
study (GWAS) was conducted on economically important 
production traits in dairy goats in the UK [53]. A GWAS 
combines the resulting genotypic data from the SNP chip with 
phenotypic data such as milk yield [54]. The GWAS on UK 
dairy goats examined milk yield and udder conformation traits 
[53]. In that study, the phenotypic data consisted of a total of 
137,235 milk yield records on 4,563 goats each scored for 10 
conformation traits (udder traits of udder furrow, udder depth, 
and udder attachment, teat traits of teat shape, teat angle, and 
teat placement, and feet and leg traits of front legs, back legs, 
front feet, back feet). The genotypic data consisted of 2,381 
of the 4,563 goats genotyped with the 52K goat SNP chip. A 
genome-wide significant SNP for milk yield was identified 
on chromosome 19 with additional lesser influential SNPs 
on chromosomes 4, 8, 14, and 29. Three genome-wide sig-
nificant SNP for conformation of udder attachment, udder 
depth, and front legs were identified on chromosome 19 with 
lesser influential SNPs on chromosomes 4, 5, 6, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 21, 23, and 27. However, the proportion of 
total variance explained by the significant SNPs was low and 
ranged between 0.4% and 7.0% for milk yield and between 
0.1% and 13.8% for conformation traits, thus confirming the 
polygenic nature of these traits. This conclusion was later sup-
ported by a smaller GWAS study on milk yield in U.S. dairy 
goats [55].
  SNPs and GWAS have great potential for traits that are hard 
or costly to measure [56], and udder health traits are exactly 
that type of trait because they not only influence milk pro-
duction but also animal health, milking ability, and longevity. 
A study in France performed a GWAS on somatic cell count 
(SCC) as an indirect measure of mastitis resistance [57]. The 
phenotypic data for the GWAS consisted of SCC on 1,941 Al-
pine and Saanen goats sired by 20 artificial insemination bucks 

and the genotypic data of those same females genotyped with 
the 52K goat SNP chip (Illumina Inc., USA). In the Saanen 
breed, a genome-wise significant SNP for SCC was identified 
on chromosome 19, with a region of 33 to 42 Mb in length 
that included candidate genes associated with response to in-
tramammary infections (retinoic acid receptor α [RARA], 
and Janus kinase signaling pathway genes [STAT3, STAT5A, 
and STAT5B]). These SNP effects were not present in the Al-
pine breed. In an Eastern European study using significantly 
lower animal numbers, researchers found 10 candidate genes 
(pentraxin 3 [PTX3], interleukin-6 [IL6], C-type lectin domain 
family 4 member [CLEC4E], interleukin 8 [IL8], interleukin 
1 receptor antagonist [IL1RN], interleukin 15 receptor subunit 
alpha [IL15RA], tumor necrosis factor superfamily member 
13 [TNFSF13], suppressor of cytokine signaling 3 [SOCS3], 
tumor necrosis factor [TNF], and toll-like receptor 3 [TLR3]) 
for resistance to mastitis and gastrointestinal parasitism [58].
  Another GWAS study in France examined supernumerary 
teats (SNT) in goats [59]. Supernumerary teats are undesir-
able due to impaired machine-milking efficiency, which can 
increase milking time and lead to possible injury of the udder. 
The phenotypic data for the GWAS consisted of SNT score 
(present or absent) on 810 Saanen goats sired by nine artificial 
insemination bucks and 1,185 Alpine goats sired by 11 arti-
ficial insemination bucks and the genotypic data of those same 
females genotyped with the 52K goat SNP chip (Illumina Inc., 
USA). No significant SNP effects were found and there was 
no evidence of segregation of a major gene for SNT in Saanen 
and Alpine breeds, thus indicating the polygenic nature of 
this trait.
  As with microsatellite marker, a reduced panel SNP chip has 
been proposed for use in parentage and pedigree verification 
[60]. In an Italian study, the 52K goat SNP chip (Illumina Inc., 
USA) was used to develop a 3-step procedure to identify a 
low-density SNP panel for highly accurate parentage assess-
ment. A reference sample of 109 Alpine goats with known 
pedigree relationships was genotyped using the 52K chip, 
then the authors identified a panel of 200 SNPs that was fur-
ther reduced to two final panels of 130 and 114 SNPs with 
random coincidental match inclusion (probability of finding 
two identical genotypes as mentioned earlier in microsatellites) 
of 1.51×10–57 and 2.94×10–34, respectively. In the reference data 
set of 109 Alpine goats, both panels correctly identified all 
parent–offspring relationships. Further work by these research-
ers constructed a 195 SNP panel with even greater accuracy 
[61]. Thus, a reduced panel SNP chip could substitute for 
microsatellite markers but with a much higher degree of ac-
curacy.
  GWAS studies can also identify candidate genes affecting 
production traits [62]. In a French GWAS, a diacylglycerol 
O-acyltransferase 1 (DGAT1) gene on chromosome 14 was 
identified as a functional and positional candidate gene af-
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fecting fat content. A reference sequence of the DGAT1 gene 
was completed and 29 polymorphisms were found, including 
two novel mutations, R251L and R396W. In the Saanen breed, 
the frequency of the R251L mutation was 3.5%. In both Saa-
nen and Alpine breeds, the frequency of the R396W mutation 
was 13% and 7%, respectively. Both mutations were associ-
ated with a notable decrease in milk fat content. 

GENOMIC SELECTION

Combining biometrics and genomics yields genomic selection 
[54,63]. Genomic selection methods yield genomic estimat-
ed breeding values (GEBV), which are more accurate than 
estimated breeding values (EBV) [64]. French researchers are 
at the forefront in calculating and utilizing GEBV. In France, 
all Alpine and Saanen progeny-tested bucks were genotyped 
using the Illumina 52K goat SNP chip. A reference population 
consisted of 677 bucks and 148 selection candidates. Using a 
single-step approach with genomic best linear unbiased predic-
tion (GBLUP), prediction accuracy of candidates was improved 
from 22% to 37% for both breeds compared to the two-step 
method and was greater than that based on parent average 
of official evaluations [65]. From that study, the across-breed 
heritability estimates are presented in Table 1 and are similar 
to heritability estimates for yield traits that were calculated 
nearly four decades earlier [14] and type traits calculated 
nearly two decades earlier [21].
  Also, in France, three weighted single-step GBLUP (ss-
GBLUP) methods were more efficient for detecting SNPs 
associated with protein content (αs1-casein) and yielded a 
better prediction of genomic breeding values than unweight-
ed ssGBLUP [66]. Unweighted ssGBLUP was also compared 
to a gene content method that was previously developed to 
account for multiple αs1-casein alleles [67]. However, the gene 
content method did not improve accuracies of genomic evalu-
ations compared to ssGBLUP probably due the small number 
of animals genotyped (3,696 Alpine and 3,506 Saanen). The 
weighted ssGBLUP methods put more weight on SNPs with 
larger effects, improved accuracies of genomic evaluation over 
ssGBLUP, and had the added advantage of faster computing, 
were simpler, and required ssGBLUP to be run only twice.
  An English GWAS used single step genomic selection to 
estimate breeding values (GEBV) for feed efficiency and body 
weight in a dairy goat herd [68]. Feed accounts for the largest 
proportion of costs in dairy farming. There are differences in 
the efficiency of individual animal’s ability to convert energy 
to milk and the genetic improvement of feed efficiency could 
reduce feed costs per unit of output. The accuracy of GEBV 
were low for this population (0.28 for both traits); however, 
the authors stated that records have only been collected for 
the last year and the validation population only contained 320 
individuals. However, as the reference population containing 

related animals increases, accuracy is expected to increase 
also.
  A recent study in Spain, using 50,649 lactation records on 
19,067 goats of the Florida breed which represented daughters 
of 4,397 dams and 500 sires, indicated that ssGBLUP meth-
odology increased average reliability of the estimations by 
1.06% over classical BLUP methodology [26]. The correlation 
between A (pedigree relationship) matrix and G matrix was 
0.826, which indicated a moderate degree of misidentification 
of parentage. The correlation between the EBV and GEBV was 
0.989 but when only the EBVs of the animals genotyped were 
compared, the correlation between the estimates obtained with 
both approaches decreased to 0.952. However, the average 
reliability of the estimates increased by 5.86%. This increased 
reliability might be similar to the previous reliability because 
only 625 animals representing 538 dams and 87 sires were 
genotyped with the Illumina 52K goat SNP chip.

CONCLUSION

In the most recent history of the dairy goat, biometric and 
genomic approaches have been used to select animals of high-
est genetic merit, and therefore, to improve breeds. Biometric 
approaches have concentrated upon more accurate estimates 
of heritabilities and genetic correlations, the former is used in 
the EBV and the latter is used in the formulation of selection 
indices. EBV and selection indices have been used in various 
countries to improve milk, fat, and protein yields. The genomics 
approach started with microsatellite markers, which have been 
very important in parentage determination and in genetic 
conservation studies. Microsatellite markers are an inexpen-
sive means to determine genetic diversity within and across 
breeds. Most recently, genomics has focused upon SNP and 
the wealth of information that this technology brings.
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