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Introduction	
Average	milk	 yield	 per	 lactation	 nearly	 dou‐
bled	in	U.S.	Holstein	cows	between	1950	and	
2000	 (Figure	 1).	 More	 than	 half	 of	 this	 pro‐
gress	resulted	from	genetic	selection	for	milk	
yield	 (Dekkers	 and	 Hospital,	 2002),	 because	
milk	 yield	 and	 composition	 have	 moderate	
heritability	 (20	 to	 40%)	 (Hayes	 et	 al.,	 2010;	
Kemper	and	Goddard,	2012).	During	the	same	
period,	cow	fertility	declined	in	US	dairy	cattle	
(reviewed	by	Washburn	et	al.,	2002;	Diskin	et	
al.,	 2006;	Diskin	 and	Morris,	 2008b;	Hansen,	
2011).	Reproductive	status	of	US	Holstein	and	
Jersey	 cattle	 between	 1996	 and	 2006	 was	
evaluated	in	2009	(Norman	et	al.,	2009).	Dur‐
ing	that	10‐year	period,	conception	rate	(CR),	
defined	as	the	probability	of	a	successful	out‐
come	of	 individual	breeding	services	 (Averill	
et	al.,	2004),	declined	by	3%	and	4%	for	all	ser‐
vices	in	Holsteins	and	Jerseys,	respectively.	By	
2006,	 overall	 CR	 was	 30%	 in	 Holsteins	 and	
35%	in	Jerseys.	The	number	of	breedings	per	
lactation	increased	in	both	Holsteins	and	Jer‐
seys,	and	the	days	from	calving	to	last	breed‐
ing	 increased	10	or	11	days	 in	Holsteins	and	
Jerseys,	 respectively.	 Conception	 rate	 de‐
creased	 in	both	Holstein	 and	 Jersey	 cattle	 as	
more	breedings	took	place	during	lactation	or	
as	the	number	of	calvings	increased.	Primipa‐
rous	Holsteins	had	a	CR	of	34%	after	the	first	
breeding,	which	declined	 to	26%	by	 the	 fifth	
breeding.	In	contrast,	mean	CR	for	US	Holstein	
and	Jersey	replacement	heifers	was	56.3%	and	
52.2%,	 respectively	 (Kuhn	 et	 al.,	 2006).	 In	
2010,	reproductive	management	data	from	85	
Holstein	dairies	in	4	regions	of	the	US	were	an‐
alyzed	and	found	that	21‐day	pregnancy	rates	
(PR)	to	artificial	insemination	(AI)	were	simi‐
lar	 among	 regions	 and	 averaged	 only	 18.5%	
(Moeller	 et	 al.,	 2010).	Thus,	dairy	 cattle	 con‐

tinue	to	have	problems	with	fertility	or	repro‐
ductive	efficiency	that	affects	the	sustainabil‐
ity	and	profitability	of	US	dairy	production	en‐
terprises.	
	
Given	 the	 decline	 in	 important	 reproductive	
traits,	 more	 selection	 emphasis	 has	 been	
placed	on	 fertility	 in	 recent	years.	For	exam‐
ple,	days	open	(DO),	which	is	used	to	calculate	
PR	 for	 genetic	 evaluations,	 increased	 by	 37	
days	 for	Holsteins	 from	 1960	 through	 2000;	
approximately	75%	of	that	increase	in	DO	was	
attributed	to	genetics	as	a	consequence	of	se‐
lection	for	greater	milk	yield	traits.	A	negative	
genetic	 correlation	 between	 milk	 yield	 and	
fertility	exists	in	dairy	cattle	(VanRaden	et	al.,	
2004;	Pritchard	et	al.,	2013).	Although	fertility	
traits	have	low	heritability	(1	to	10%;(	Sun	et	
al.,	2010),	the	large	improvement	in	milk	yield	
was	 accompanied	 by	 a	 decline	 in	 fertility	
(Washburn	 et	 al.,	 2002;	 Hare	 et	 al.,	 2006;	
Norman	et	al.,	2009).	The	genetic	correlation	
between	milk	yield	and	interval	between	calv‐
ing	 and	 first	 insemination	 is	0.43	 (Sun	et	 al.,	
2010).	The	genetic	correlation	of	cow	fertility,	
as	measured	by	DO,	with	milk	 yield	 is	 about	
0.35	 (VanRaden	et	 al.,	 2004).	Thus,	 selection	
on	milk	yield	traits	without	concomitant	selec‐
tion	 for	 fertility	 is	 proposed	 to	 be	 the	major	
cause	of	 the	decline	 in	 cow	 fertility	 between	
1960	and	2000	in	spite	of	relatively	low	herit‐
abilities	 for	 reproductive	 traits	 (Veerkamp	
and	Beerda,	2007).	For	example,	the	heritabil‐
ity	 for	 daughter	 pregnancy	 rate	 (DPR),	 the	
dairy	 fertility	 trait	most	widely	measured	 in	
the	United	 States,	 has	 been	 estimated	 at	 4%	
(VanRaden	et	al.,	2004).	Fortunately,	historical	
trends	in	 fertility	have	started	to	recover	be‐
cause	of	the	incorporation	of	genetic	merit	for	
productive	life	(PL)	in	1994	and	DPR	in	2003	
as	 well	 as	 the	 change	 in	 breeding	 strategies	
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from	natural	service	to	ovulation	synchroniza‐
tion	programs	coupled	with	AI	 that	decrease	
DO.	
	
Poor	fertility	of	dairy	cattle	involves	a	myriad	
of	different	aspects	including	anovulation,	in‐
adequate	 expression	 of	 estrus,	 irregular	 es‐
trous	cycles,	and	pregnancy	loss	after	insemi‐
nation	 (Lucy,	 2007).	 The	 majority	 of	 preg‐
nancy	 loss	occurs	during	the	first	month	and	
embryonic	period	of	gestation	(Hansen,	2011).	
The	main	factors	implicated	in	pregnancy	suc‐
cess	 (or	 loss)	 in	 dairy	 cows	 are	 those	 of	 ge‐
netic,	 physiological,	 endocrine,	 environmen‐
tal,	and	disease	origin.	The	reader	is	referred	
to	several	recent	reviews	on	the	contributions	
of	 oocyte	 quality,	 progesterone	 insufficiency,	
sperm	damage,	oviductal	and	uterine	environ‐
ment,	 disease,	 negative	 energy	 balance,	 and	
maternal	metabolism	 to	 fertility	problems	 in	
lactating	dairy	cattle	(Lucy,	2007;	Diskin	and	
Morris,	2008a;	Hansen,	2011;,	LeBlanc,	2014;	
Wiltbank	 et	 al.,	 2014).	 Although	 a	myriad	 of	
gene	 expression	 profiling	 studies	 have	 been	
conducted	in	dairy	and	beef	cattle,	we	still	do	
not	really	understand	the	gene	networks	and	
biological	pathways	that	regulate	the	physio‐
logical	processes	that	control	maternal	 fertil‐
ity	(i.e.,	estrous	behavior,	hypothalamic‐pitui‐
tary	function,	ovarian	function	[oogenesis	and	
ovulation]),	 oviductal	 and	 uterine	 function,	
conceptus	development,	and	maternal	metab‐
olism	(Bauersachs	and	Wolf,	2012l	Lonergan	
and	Forde,	2014).	New	management	tools	are	
needed	 in	cattle	 to	decrease	embryonic	mor‐
tality	and	pregnancy	 loss,	 thereby	 increasing	
overall	 herd	 fertility,	 reproductive	 and	 pro‐
ductive	 longevity,	 and	 sustainability	 of	 dairy	
enterprises.	 Sufficient	 genetic	 variability	 ex‐
ists	within	major	breeds	for	fertility	traits	that	
are	complex	and	polygenic	with	low	heritabil‐
ity.	Selection	for	those	fertility	traits,	however,	
relies	on	genomic	selection	strategies	that	re‐
quire	many	different	markers	developed	from	
analysis	of	carefully	phenotyped	animal	popu‐
lations.	 Fortunately,	 advent	 of	 high	 through‐
put	“next	generation”	DNA	sequencing	(NGS)	
and	other	genomic	technologies,	such	as	single	
nucleotide	 polymorphism	 (SNP)	 genotyping,	

is	 useful	 to	 identify	 genes	 to	 improve	 repro‐
ductive	efficiency	in	dairy	cattle	without	nega‐
tively	 affecting	 desirable	 production	 traits,	
such	as	milk	yield.	Genetic	selection	for	repro‐
duction	and	health	traits	as	well	as	new	repro‐
ductive	and	genomic	technologies	is	expected	
to	continue	improving	dairy	cow	fertility	and	
productivity	(Lucy,	2007;	Schefers	and	Weigel,	
2012).	The	objective	of	this	review	is	to	high‐
light	how	genetics	and	genomic	selection	may	
be	 used	 to	 increase	 reproductive	 efficiency	
and	fertility	in	dairy	cattle.	

	
Genetics	of	Fertility	

Improvements	 in	 fertility	of	both	heifers	and	
lactating	cows	would	be	of	great	benefit	to	the	
U.S.	dairy	industry.	Despite	the	low	heritability	
for	common	fertility	traits,	substantial	genetic	
effects	have	been	reported	and	significant	ge‐
netic	 variation	 for	 fertility	 exists	 in	 lactating	
cows	 (Veerkamp	 and	 Beerda,	 2007).	 A	 ge‐
nome‐wide	analysis	(GWAS)	of	31	production,	
health,	 reproduction	 and	 body	 conformation	
traits	in	contemporary	Holstein	cows	was	con‐
ducted	recently,	and	the	results	supported	the	
hypothesis	that	most	traits	are	polygenic,	each	
gene	 having	 a	 small	 effect	 on	 the	 phenotype	
(Cole	et	al.,	2011).	Genetic	causes	influencing	
fertility	include	chromosomal	defects,	individ‐
ual	genes	and	genetic	interactions	(VanRaden	
and	Miller,	2006).	The	advent	of	new	genomic	
technologies	and	improvements	in	NGS	allows	
for	the	discovery	of	new	genetic	markers	use‐
ful	to	improve	fertility	in	dairy	cattle	using	ge‐
nomic	selection	strategies.	
	
Sequencing	and	analysis	of	the	approximately	
2.87	 gigabase	 pairs	Bos	 taurus	 genome	 indi‐
cates	that	it	contains	more	than	22,000	genes.	
Availability	of	the	cattle	genome	sequence	has	
allowed	development	of	commercially	availa‐
ble	genome‐wide	SNP	assays	that	can	be	used	
to	identify	genomic	regions	and	pathways	as‐
sociated	with	complex	polygenic	traits	such	as	
disease	 resistance	 and	 susceptibility	
(Matukumalli	et	al.,	2009;	Settles	et	al.,	2009).	
The	SNPs	are	estimated	to	account	for	84%	of	
the	variation	in	gene	expression	in	animals.	If	
present	in	the	coding	region	of	genes,	SNPs	can	
affect	 protein	 production	 or	 function.	 The	
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SNPs	not	in	the	coding	region	may	still	affect	
protein	production	by	modulating	gene	splic‐
ing,	 transcription	 factor	 binding,	 and	 mRNA	
degradation	of	noncoding	RNAs.	For	complex	
traits,	individual	SNPs	usually	work	in	coordi‐
nation	with	other	SNPs.	The	next	generation	of	
cattle	SNP	assays	currently	available	consists	
of	 2	 different	 high	 density	 cattle	 SNP	 panels	
available	from	Illumina	(777K)	and	Affymetrix	
(640K)	for	identifying	and	precise	mapping	of	
loci	associated	with	desirable	traits.	
	
It	is	now	recognized	in	humans	that	structural	
genetic	 variation	 involves	 more	 DNA	 se‐
quences	 than	 the	 sequences	 represented	 by	
SNP	(Conrad	et	al.,	2010).	The	cattle	sequence	
and	 recent	 NGS	 studies	 revealed	more	 com‐
plex	mutations	such	as	segmental	duplications	
that	make	up	approximately	3%	of	the	cattle	
genome	with	the	majority	(76%)	of	those	cor‐
responding	to	complete	or	partial	gene	dupli‐
cations	(Bickhart	et	al.,	2012).	The	duplicated	
genes	typically	encode	proteins	with	functions	
that	involve	interactions	with	the	external	en‐
vironment;	however,	the	majority	of	segmen‐
tal	duplications	within	 the	cattle	genome	are	
structural	DNA	variants	known	as	copy	num‐
ber	variants	 (CNV).	The	CNVs	are	defined	as	
DNA	 fragments	 1,000	 nucleotides	 or	 longer	
that	vary	in	number	when	the	tested	genome	
is	compared	with	a	reference	genome	(Feuk	et	
al.,	2006)	and	may	involve	DNA	duplications,	
deletions,	inversions,	and	translocations.	They	
are	estimated	to	account	for	18%	of	the	varia‐
tion	in	gene	expression	in	animals.	The	CNVs	
may	be	inherited	or	occur	de	novo	during	gam‐
etogenesis,	even	in	a	relatively	inbred	popula‐
tion	(Egan	et	al.,	2007).	In	cattle,	over	850	CNV	
loci	 have	 been	 identified	 in	 538	 cattle	 genes	
that	cover	22	megabase	pairs	(Mbp)	of	the	ge‐
nome	 (Bae	 et	 al.,	 2010;	 Fadista	 et	 al.,	 2010).	
Twenty	percent	of	the	CNV	identified	in	cattle	
are	 associated	 with	 segmental	 duplications	
and	30%	with	genes.	It	is	not	known	if	fertility	
traits	 are	 associated	with	 CNVs,	 but	 an	 esti‐
mated	84%	and	18%	of	the	variation	in	gene	
expression	in	humans	is	associated	with	SNPs	
and	CNV,	respectively	(Stranger	et	al.,	2007).	
Thus,	interrogation	of	both	forms	of	variation	
is	 important	 for	 a	 comprehensive	 evaluation	

of	the	genomic	regions	associated	with	pheno‐
types.	
	
Availability	of	genome‐wide	SNP	assays	make	
association	 analysis	 the	 most	 powerful	 ap‐
proach	 for	 identifying	 loci	 associated	 with	
complex	traits	(Risch	and	Merikangas,	1996).	
This	 method	 of	 analysis	 relies	 upon	 linkage	
disequilibrium	or	the	non‐random	association	
of	 alleles	at	2	or	more	 loci	 to	detect	 associa‐
tions	between	neutral	markers	and	casual	loci.	
Association	studies	do	not	require	structured	
breed	crosses	or	pedigreed	populations	of	cat‐
tle,	 but	 instead	 use	 a	 sampling	 of	 the	 inde‐
pendent	meiosis	present	in	a	cattle	population.	
The	studies	also	utilize	high‐throughput	high‐
density	 SNP	genotyping	 assays	 that	dramati‐
cally	 reduce	costs	and	 increase	study	power.	
Use	of	a	high	density	SNP	assay	is	very	efficient	
to	identify	loci	of	large	effects	that	are	associ‐
ated	with	production	traits	in	cattle	(Settles	et	
al.,	2009;	Zanella	et	al.,	2011).	
	
Daughter	Pregnancy	Rate	(DPR)	
Genetic	improvement	of	female	fertility	can	be	
achieved	by	 indirect	 selection	 for	productive	
life	or	body	condition	score	and	direct	selec‐
tion	for	DPR,	the	only	measure	of	female	fertil‐
ity	used	for	genetic	evaluation	of	dairy	sires.	In	
the	U.S.,	introduction	of	genetic	evaluations	for	
PL	in	the	mid‐1990s	provided	the	first	oppor‐
tunity	to	improve	female	fertility	through	ge‐
netic	 selection	 (VanRaden	 and	 Klaaskate,	
1993).	Although	indirect	selection	tools	can	be	
helpful,	direct	selection	for	improved	fertility	
is	 more	 desirable.	 Thus,	 genetic	 evaluations	
for	DPR	were	introduced	in	2003	(VanRaden	
et	 al.,	 2004).	 The	 DPR	 involves	 use	 of	 DO,	
which	 is	 computed	 from	 reported	 breeding	
dates	for	current	cows	and	from	calving	inter‐
val	 for	 historical	 cows,	 and	 these	 are	 subse‐
quently	transformed	into	21‐day	PR	that	 is	a	
common,	timely	measure	of	reproductive	effi‐
ciency	 on	 dairy	 farms.	 The	 best	 and	 worst	
available	Holstein	sires	differ	by	7.2%	in	DPR.	
Because	a	1%	difference	in	PR	corresponds	to	
approximately	4	DO	(VanRaden	et	al.,	2004),	
daughters	of	the	best	and	worst	DPR	sires	dif‐
fer	by	roughly	29	DO	per	lactation.	Mean	DPR	
between	sires	in	the	top	and	bottom	deciles	is	
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4.9%,	which	corresponds	to	a	difference	of	20	
DO	 per	 lactation.	 During	 the	 past	 10	 years,	
DPR	has	been	incorporated	into	all	major	se‐
lection	indices	used	by	U.S.	dairy	farmers	with	
a	relative	weight	of	6.9	to	12%	of	the	total	eco‐
nomic	 value.	 The	 lifetime	 net	 merit	 index	
(http://aipl.arsusda.gov/refer‐
ence/nmcalc.htm)	will	be	updated	 in	Decem‐
ber	2014	with	the	proposed	weight	on	DPR	de‐
creasing	from	11%	to	7%.	However,	heifer	and	
cow	CR	will	be	added	to	the	index	with	weights	
of	 2%	 each,	which	will	maintain	 11%	 of	 the	
overall	emphasis	on	female	fertility.	The	DPR	
is	strongly	correlated	with	a	number	of	fertil‐
ity	traits	including	days	to	first	service,	CR	and	
PR.	Thus,	 producers	 can	 expect	daughters	 of	
better	 DPR	 bulls	 to	 have	 improved	 fertility	
across	a	variety	of	management	systems.	Be‐
cause	of	relatively	low	reliabilities,	some	bulls	
with	better	DPR	will	have	over‐estimated	DPR.	
Selection	 for	DPR	has	resulted	 in	genetic	 im‐
provement	(or	at	least	stabilization)	of	female	
fertility	 (Figure	 2)	 and	 could	 be	 used	 to	 in‐
crease	PR	by	as	much	as	7%	within	a	herd.	Ad‐
ditional	 knowledge	 of	 genes	 and	 their	 prod‐
ucts,	however,	is	expected	to	make	a	substan‐
tial	contribution	to	understanding	and	eventu‐
ally	 improving	 fertility	 and	 other	 desirable	
traits	in	dairy	cattle	(Dawson,	2006).	
	
Genetic	estimates	of	fertility	can	be	improved	
by	genome‐wide	SNP	arrays.	Utilization	of	the	
Bovine	SNP50	chip	from	Illumina	(San	Diego,	
CA)	 improved	 reliability	 for	DPR	 (Cole	 et	 al.,	
2011;	Wiggans	et	al.,	2011),	but	the	poor	her‐
itability	and	polygenic	nature	of	 the	trait	has	
meant	 that	 improvements	 in	 reliabilities	
achieved	 by	 incorporation	 of	 genomic	 infor‐
mation	was	less	than	for	other	traits.	Thus,	alt‐
hough	 incorporation	of	 information	 from	the	
SNP50	 chip	 increased	 reliability	 of	 DPR	 by	
17%	in	Holsteins,	 this	 improvement	was	one	
of	the	least	of	the	12	traits	examined	(Wiggans	
et	al.,	2011).	One	possible	way	to	improve	ac‐
curacy	of	genomic	estimates	of	fertility	is	to	in‐
corporate	SNPs	for	specific	genes	involved	in	
reproduction	 into	 genomic	 selection	 panels.	
The	 bovine	 genome	 contains	 over	 20,000	
genes,	and	over	14,000	of	those	do	not	contain	
a	 single	 SNP	 on	 the	 Bovine	 SNP50	 chip	

(Michelizzi	et	al.,	2011).	Incorporation	of	can‐
didate	gene	SNPs	into	genomic	tests	for	repro‐
duction	 would	 allow	 selection	 of	 causative	
SNPs	or	SNPs	physically	more	close	to	causa‐
tive	SNPs.	Such	an	approach	has	been	success‐
ful	for	improving	ability	to	detect	genomic	as‐
sociations	 with	 disease	 (Amos	 et	 al.,	 2011).	
Many	genes	have	been	associated	with	repro‐
duction	 in	 the	 dairy	 cow.	 Among	 these	 are	
SNPs	related	to	 in	vitro	 fertilization	or	devel‐
opment,	 such	 as	 DNAJC27,	 FGF2,	 GHR,	 PGR,	
SPP1,	STAT3,	and	STAT5A	(Khatib	et	al.,	2008a;	
Khatib	et	al.,	2008b;	Driver	et	al.,	2009;	Khatib	
et	 al.,	 2009b;	Wang	et	 al.,	 2009;	Zhang	et	 al.,	
2011),	DPR	(CAST;	Garcia	et	al.,	2006),	sire	CR	
including	FGF2,	 ITGB5	 and	STAT5A	 (Feugang	
et	al.,	2009;	Khatib	et	al.,	2010),	and	calving	in‐
terval	(GHR;	Waters	et	al.,	2011),	superovula‐
tion	response	(FSHR;	Yang	et	al.,	2010),	twin‐
ning	 rate	 (IGF1;	 Kim	 et	 al.,	 2009),	 and	 inci‐
dence	of	still	birth	(NLRP9	and	LEP;	Ponsuksili	
et	 al.,	 2006;	 Brickell	 et	 al.,	 2010).	 The	previ‐
ously	mentioned	SNPs	only	represent	a	small	
portion	of	the	genes	involved	in	reproductive	
processes.	Recent	studies	have	revealed	genes	
whose	 expression	 in	 tissues	 or	 cells	 of	 im‐
portance	to	reproduction	vary	with	reproduc‐
tive	status;	these	genes	are	candidates	for	con‐
taining	SNPs	that	impact	fertility.	For	example,	
genes	were	identified	that	were	differentially	
regulated	 in	 the	 brain	 of	 cows	 displaying	
strong	estrus	compared	with	those	displaying	
weak	estrus	(Kommadath	et	al.,	2011),	in	the	
endometrium	of	heifers	which	produced	via‐
ble	embryos	compared	with	those	which	pro‐
duced	 non‐viable	 embryos	 (Beltman	 et	 al.,	
2010),	and	in	biopsies	from	embryos	that	re‐
sulted	 in	 live	calves	compared	with	embryos	
that	died	following	embryo	transfer	(El‐Sayed	
et	al.,	2006).	Genetic	variants	in	the	genes	dif‐
ferentially	 expressed	 in	 the	 aforementioned	
studies	and	others	may	be	responsible	for	dif‐
ferences	in	fertility	among	animals.	
	
In	 order	 to	 evaluate	 effectiveness	 of	 SNPs	 in	
candidate	genes	 for	explaining	genetic	varia‐
tion	 in	DPR,	semen	was	genotyped	 from	550	
Holstein	bulls	of	high	or	low	DPR	for	434	can‐
didate	 SNPs	 (Cochran	 et	 al.,	 2013a).	 Three	
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types	of	SNPs	were	evaluated:	(1)	SNPs	previ‐
ously	 reported	 to	 be	 associated	 with	 repro‐
ductive	 traits	 or	 physically	 close	 to	 genetic	
markers	 for	 reproduction;	 (2)	 SNPs	 in	 genes	
well	 known	 to	 be	 involved	 in	 reproductive	
processes;	and	(3)	SNPs	in	genes	differentially	
expressed	between	physiological	conditions	in	
a	variety	of	tissues	associated	with	reproduc‐
tive	function.	A	total	of	40	SNPs	were	associ‐
ated	with	 DPR.	 Among	 these	were	 genes	 in‐
volved	in	the	endocrine	system,	cell	signaling,	
immune	function,	and	inhibition	of	apoptosis.	
A	total	of	10	genes	were	regulated	by	estradiol.	
In	 addition,	 22	 SNPs	 were	 associated	 with	
heifer	CR,	33	with	cow	CR,	36	with	productive	
life,	34	with	net	merit,	23	with	milk	yield,	19	
with	milk	 fat	yield,	13	with	milk	 fat	percent‐
age,	19	with	milk	protein	yield,	22	with	milk	
protein	percentage,	 and	13	with	 somatic	 cell	
score.	Allele	substitution	effect	for	SNPs	asso‐
ciated	 with	 heifer	 CR,	 cow	 CR,	 PL,	 and	 net	
merit	were	 in	 the	same	direction	as	 for	DPR.	
Allele	substitution	effects	for	several	SNPs	as‐
sociated	 with	 production	 traits	 were	 corre‐
lated	 negatively	 with	 DPR.	 Nonetheless,	 29	
SNPs	associated	with	DPR	were	not	negatively	
associated	with	production	traits.	These	SNPs	
are	now	being	incorporated	into	genomic	tests	
of	 reproduction	 and	 other	 traits	 such	 as	 the	
GeneSeek®	Genomic	Profiler™	(Neogen	Agri‐
genomics,	Lincoln,	NE).	Genes	associated	with	
DPR	also	are	likely	important	for	understand‐
ing	 reproduction.	 Given	 the	 large	 number	 of	
SNPs	associated	with	DPR	that	were	not	nega‐
tively	 associated	 with	 production	 traits,	 it	
should	be	possible	 to	 select	 for	DPR	without	
compromising	production.	
	
The	 results	 of	 that	 study	 (Cochran	 et	 al.,	
2013a)	support	the	idea	that	a	candidate	gene	
approach	could	be	a	successful	method	of	de‐
termining	markers	for	DPR.	It	was	anticipated	
that,	 because	 the	 SNPs	 used	 for	 genotyping	
were	specifically	 chosen	 for	 their	 function	 in	
reproductive	processes,	a	larger	proportion	of	
them	would	be	 associated	with	 reproductive	
traits	than	for	production	traits.	Such	a	result	
was	obtained.	Of	the	98	genes	that	met	analy‐
sis	 criteria,	 42	 genes	 were	 associated	 with	
DPR,	 but	 only	 23	were	 associated	with	milk	

yield.	Moreover,	 all	of	 the	 significant	SNP	ef‐
fects	 for	 DPR	were	 between	 5	 and	 25	 times	
greater	than	the	largest	marker	effect	from	the	
Bovine	SNP50	chip	(Cole	et	al.,	2011),	proba‐
bly	because	of	differences	in	SNP	selection	be‐
tween	the	2	methods.	The	majority	of	SNPs	on	
the	 Bovine	 SNP50	 chip	 are	 between	 genes	
(63%)	with	over	14,000	genes	represented	by	
a	 SNP	 in	 close	 proximity,	 but	 not	within	 the	
gene	 itself	 on	 the	 Bovine	 SNP50	 chip	
(Michelizzi	et	al.,	2011).	In	the	current	study,	
almost	all	of	the	SNPs	examined	were	located	
in	 the	 coding	 region	of	 the	 gene,	 and	 the	 re‐
mainder	close	physically	to	the	coding	region.	
Moreover,	SNPs	were	chosen	to	maximize	the	
probability	 that	 a	 change	might	 occur	 in	 the	
characteristic	 of	 the	 protein	 encoded	 for	 the	
gene.	Thus,	 it	 is	 likely	 that	many	of	 the	SNPs	
that	have	large	effects	on	DPR	do	so	because	
they	are	causative	SNPs	resulting	in	changes	in	
protein	 function.	 The	 remainder	 may	 repre‐
sent	 linkages	 to	 causative	 SNPs.	 The	 SNPs	
identified	 in	 this	 study	may	 be	 closer	 to	 the	
causative	 SNPs	 than	 the	 SNPs	 on	 the	Bovine	
SNP50	chip.	
	
Fertilization	and	Embryo	Development	
Fertilization	and	development	of	 the	pre‐im‐
plantation	 embryo	 is	 under	 genetic	 control.	
Existence	of	genes	controlling	fertilization	and	
embryonic	 development	 indicates	 that	 some	
historical	decline	in	fertility	in	dairy	cattle	may	
be	the	result	of	increased	frequency	of	alleles	
that	 inhibit	 conceptus	 development	 (Lucy,	
2001,	Hansen,	2011).	There	are	SNPs	in	cattle	
for	which	the	beneficial	allele	for	milk	produc‐
tion	 is	 the	 less	desirable	 allele	 for	 reproduc‐
tion	 (Pimentel	 et	 al.,	 2011;	 Cochran	 et	 al.,	
2013a).	 Therefore,	 selection	 for	 production	
traits	may	have	 reduced	 the	 frequency	of	 al‐
leles	 that	 benefit	 fertility.	 In	 cattle,	 several	
SNPs	have	 been	 associated	with	 these	 traits.	
For	 example,	 SNPs	 in	 DNAJC27,	 FGF2,	 GHR,	
PGR,	SPP1,	STAT3,	and	STAT5A	have	been	as‐
sociated	with	 in	 vitro	 fertilization	 (Khatib	 et	
al.,	 2008b;	 Driver	 et	 al.,	 2009;	 Khatib	 et	 al.,	
2009a;	 Khatib	 et	 al.,	 2009b;	 Khatib	 et	 al.,	
2009c;	 Wang	 et	 al.,	 2009;	 Cochran	 et	 al.,	
2013b).	Furthermore,	SNPs	in	DNAJC15,	FGF2,	
GHR,	PGR,	PRLR,	SERPINA15,	STAT3,	STAT5A,	
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and	 SPP1	 have	 been	 associated	with	 in	 vitro	
development	 of	 embryos	 to	 the	 blastocyst	
stage	(Khatib	et	al.,	2008a;	Khatib	et	al.,	2008b;	
Driver	et	al.,	2009;	Khatib	et	al.,	2009b;	Wang	
et	al.,	2009;	Zhang	et	al.,	2011).	There	is	a	re‐
port	that	alleles	for	FGF2	and	STAT5A	also	are	
associated	 with	 bull	 fertility	 (Khatib	 et	 al.,	
2010),	but	another	group	failed	to	find	an	ef‐
fect	of	allelic	variation	in	FGF2	or	STAT5A	on	
female	 fertility	 in	 vivo	 (Oikonomou	 et	 al.,	
2011).	In	contrast,	(Al	Naib	et	al.	(2011)	found	
that	bulls	with	increased	CR	in	vivo	also	had	in‐
creased	cleavage	rates	in	vitro.	Allelic	SNP	var‐
iants	related	to	in	vitro	development	also	may	
be	related	to	DPR	and	fertility	in	vivo.	
Recently,	Cochran	et	al.	(2013b)	determined	if	
any	 of	 the	 434	 SNPs	 previously	 studied	
(Cochran	et	 al.,	 2013a)	were	associated	with	
genetic	variation	in	fertilization	and	early	em‐
bryonic	 development.	 They	 produced	 em‐
bryos	from	93	bulls	using	in	vitro	procedures	
and	related	cleavage	rate	and	development	of	
cleaved	embryos	to	the	blastocyst	stage	to	the	
genotype	for	each	SNP.	Bulls	were	selected	to	
have	 either	 large	 or	 small	 estimates	 for	 pre‐
dicted	transmitted	ability	for	DPR,	an	estimate	
of	future	daughters’	fertility.	The	repeatability	
was	0.84	for	cleavage	rate	and	0.55	for	blasto‐
cyst	 development.	 No	 significant	 correlation	
was	detected	between	DPR	and	either	 cleav‐
age	rate	or	blastocyst	development.	A	total	of	
100	SNPs	had	a	minor	allele	 frequency	suffi‐
ciently	large	(>	5%)	to	allow	association	anal‐
ysis.	 Nine	 genes	 with	 SNPs	 were	 associated	
with	 cleavage	 rate	 (AVP,	 DEPP,	 EPAS1,	
HSD17B6,	 NT5E,	 SERPINE2,	 SLC18A2,	
TBC1D24,	 and	 a	 noncharacterized	 gene)	 and	
12	genes	with	SNPs	associated	with	blastocyst	
development	 (C1QB,	 FAM5C,	 HSPA1A,	 IRF9,	
MON1B,	 PARM1,	 PCCB,	 PMM2,	 SLC18A2,	
TBC1D24,	TTLL3,	and	WBP1).	Results	indicate	
that	in	vitro	cleavage	rate	and	blastocyst	devel‐
opment	 are	 under	 genetic	 control	 and	 high‐
light	the	potential	 importance	of	some	previ‐
ously	unknown	genes	 in	 these	processes.	Se‐
lection	of	cattle	based	on	the	genotype	at	one	
or	more	of	 these	19	 loci	may	prove	useful	 in	
conjunction	 with	 other	 genetic	 markers	 for	
improving	fertility.	Indeed,	failure	of	fertiliza‐
tion	and	embryo	cleavage	to	form	a	blastocyst	

is	a	cause	of	pregnancy	loss	in	high	milk‐pro‐
ducing		dairy	cattle	(Hansen,	2011).	
	
Genome‐Wide	Association	Studies	(GWAS)	
Candidate	 gene	 studies	 have	 often	 produced	
inconclusive	results,	due	largely	to	systematic	
under‐powering	 and	 lack	 of	 replication	
(Pasche	 and	 Yi,	 2010).	With	 the	widespread	
availability	of	low‐cost,	high‐density	SNP	pan‐
els,	candidate	gene	studies	are	being	comple‐
mented	by	GWAS,	which	can	provide	valuable	
insights	 into	the	genetic	architecture	of	com‐
plex	 processes.	 A	 study	 of	 high‐density	 (>	
250K	 SNP)	 human	 panels	 (Wilkening	 et	 al.,	
2009)	concluded	that	there	is	sufficient	cover‐
age	of	individual	genes	and	pathways	that	can‐
didate	gene	studies	are	not	necessary.	In	con‐
trast,	 most	 dairy	 cattle	 currently	 are	 geno‐
typed	using	a	50K	SNP	panel,	which	may	not	
adequately	cover	rare	gene	variants	or	mark‐
ers	with	only	moderate	effects	on	phenotypes.	
The	 latter	point	 is	particularly	 important	be‐
cause	associations	 that	are	not	detected	may	
be	 valuable	 for	 understanding	 the	 biological	
basis	 of	 complex	 phenotypes	 (Cantor	 et	 al.,	
2010).	Measures	of	 fertility,	such	as	DPR,	are	
the	 phenotypic	 expression	 of	 complex	 geno‐
types	affected	by	many	loci	(Cole	et	al.,	2009).	
Fertility	 measurements	 have	 low	 heritabili‐
ties,	 and	 few	 loci	with	 large	 effects	 on	 those	
traits	have	been	 identified	 (Cole	 et	 al.,	 2009;	
2011).	
	
No	GWAS	employing	the	high‐density	bovine	
SNP	panels	(>	500K	SNP)	have	been	reported	
with	a	focus	on	fertility	in	dairy	cows.	Using	a	
low‐density	SNP	panel,	Sugimoto	et	al.	(2013)	
investigated	genetic	effects	on	CR	in	Holstein	
cows.	The	DNA	was	collected	from	4,362	Hol‐
stein	cows	and	used	to	evaluate	the	estimated	
breeding	 value	 (EBV)	 for	 CR	 (Averill	 et	 al.,	
2004).	 The	 EBV	 is	 a	 genetic	 component	 ob‐
tained	by	subtracting	an	environmental	com‐
ponent	 from	a	phenotype.	The	mean	EBV	for	
CR	was	45.3	±	3.5%.	Next,	 the	 samples	were	
stratified	 and	 grouped	 by	 CR	 with	 192	 low	
samples	(CR	<	41.1%)	and	192	high	samples	
(CR	 >	 51%)	 and	 then	 genotyped	 for	 54,001	
SNPs	 using	 the	 Illumina	 Bovine	 SNP50	 v1	
panel.	 This	 analysis	 found	 6	 loci	 associated	
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with	CR	on	chromosomes	3,	5,	13,	18,	and	28.	
The	associated	regions	surrounding	2	signifi‐
cant	 SNPs,	 ARS‐BFGL‐NGS‐72055	 (chromo‐
some	3)	and	BTB‐01171634	(chromosome	28),	
did	not	include	any	known	genes.	The	other	4	
loci	 harbored	 2	 gap	 junction‐related	 genes,	
plakophilin	 2	 (PKP2)	 and	 cortactin‐binding	
protein	2	N‐terminal	like	(CTTNBP2NL),	and	2	
neuroendocrine‐related	 genes,	 SET	 domain	
containing	 6	 (SETD6)	 and	 calcium	 channel,	
voltage‐dependent,	 beta	 2	 subunit	 (CACNB2).	
Knockdown	of	Pkp2	or	overexpression	of	CTT‐
NBP2NL	 inhibited	 embryo	 implantation	 in	
mice.	 Additional	 experiments	 found	 that	
SETD6	is	involved	in	the	transcriptional	regu‐
lation	 of	 GnRH,	 whereas	 CACNB2	 controlled	
the	secretion	of	FSH	in	cattle.	The	total	allele	
substitution	 effect	 of	 these	 genes	 on	 CR	was	
3.5%.	Moreover,	these	genes	had	favorable	ef‐
fects	on	the	duration	of	DO,	which	was	reduced	
by	8.5	days	as	the	total	allele	substitution	ef‐
fect.	Days	open	is	an	important	fertility	trait	in	
cattle,	and	its	additive	genetic	variance	is	90.5	
days.	 Therefore,	 genetic	 variants	 related	 to	
gap	 junctions	 and	 neuroendocrinology	 influ‐
ence	CR	as	well	as	DO.	
	
Deleterious	Recessive	Lethal	Alleles	
With	 the	 recent	 advent	 of	 genomic	 tools	 for	
cattle,	 several	 recessive	 conditions	 affecting	
fertility	 have	 been	 identified	 and	 selected	
against,	 such	 as	 deficiency	 of	 uridine	 mono‐
phosphate	 synthase,	 complex	 vertebral	 mal‐
formation,	 and	 brachyspina.	 In	 the	 Holstein	
breed,	2	major	recessive	defects	affecting	em‐
bryo	or	fetal	survival	have	been	detected.	De‐
ficiency	 of	 uridine	 monophosphate	 synthase	
(DUMPS;	 Robinson	 et	 al.,	 1984),	 a	 homozy‐
gous	 recessive	 condition,	 causes	 fetal	 death	
between	40	and	50	of	gestation	 (Shanks	and	
Robinson,	 1989).	 Testing	 of	 AI	 sires	 for	
DUMPS	 and	 selecting	 against	 it	 has	 reduced	
the	frequency	of	heterozygous	sires	and	of	ho‐
mozygous	recessive	embryos,	and	has	now	al‐
most	eliminated	DUMPS	as	a	cause	of	infertil‐
ity	(VanRaden	and	Miller,	2006).	Complex	ver‐
tebral	malformation	is	a	lethal	recessive	con‐
dition	that	causes	late	fetal	death	in	cattle.	This	
defect	was	disseminated	by	widespread	use	of	
the	 Holstein	 sire,	 Carlin‐M	 Ivanhoe	 Bell	

(Thomsen	et	al.,	2006).	Availability	of	genome‐
wide,	high‐density	SNP	panels,	combined	with	
the	typical	structure	of	livestock	populations,	
markedly	 accelerates	 the	 identification	 of	
genes	and	mutations	that	cause	inherited	de‐
fects	 (Charlier	 et	 al.,	 2008).	 This	 approach,	
combined	with	NGS,	 identified	a	3.3	Kb	dele‐
tion	in	the	FANCI	gene	causing	the	brachyspina	
syndrome,	 a	 rare	 recessive	 genetic	 defect	 in	
Holstein	cattle	(Charlier	et	al.,	2012).	Despite	
the	very	 small	 incidence	of	brachyspina	 (<	1	
per	100,000),	carrier	frequency	was	as	high	as	
7.4%	in	the	Holstein	breed.	
	
VanRaden	et	al.	(2011)	recently	reported	the	
discovery	of	5	haplotypes	with	deleterious	ef‐
fects	on	fertility	in	3	breeds	of	dairy	cattle,	in‐
cluding	1	recessive	in	Ayrshire	cattle,	2	reces‐
sives	in	Brown	Swiss	cattle,	3	in	Holsteins,	and	
1	in	Jerseys	(VanRaden	et	al.,	2011;	Cooper	et	
al.,	2014).	Similar	methodology	also	has	been	
used	to	identify	novel	recessives	in	other	cattle	
populations	 (Fritz	 et	 al.,	 2013).	 The	 Jersey	
haplotype	 (JH1)	 was	 localized	 to	 the	 region	
between	11	and	16	Mbp	on	Bos	 taurus	 chro‐
mosome	15,	and	was	determined	to	have	a	sig‐
nificant	negative	effect	on	fertility.	Despite	the	
relatively	 high	 carrier	 frequency	 (23.4%)	 in	
the	population,	no	homozygous	animals	have	
been	 identified	 in	 the	 population,	 leading	 to	
the	 conclusion	 that	 JH1	 is	 associated	 with	
early	embryonic	loss.	The	5‐Mb	region	identi‐
fied	 using	 SNP	 genotypes	 was	 therefore	 an	
ideal	 candidate	 for	 resequencing	 to	 identify	
the	causal	variant	associated	with	this	pheno‐
type.	The	DNA	sequence	variation	associated	
with	 the	 lethal	 haplotype	 JH1	was	 identified	
using	 targeted	 resequencing	of	heterozygous	
animals	 and	 the	 putative	 biological	 mecha‐
nisms	 underlying	 the	 JH1	 phenotype	
(Sonstegard	 et	 al.,	 2013).	 By	 combining	 SNP	
analysis	 of	whole‐genome	 sequences	 aligned	
to	the	JH1	interval	and	subsequent	SNP	valida‐
tion,	a	nonsense	mutation	in	CWC15	was	iden‐
tified	as	the	likely	causative	mutation	underly‐
ing	the	fertility	phenotype.	No	homozygous	re‐
cessive	 individuals	were	 found	 in	 749	 geno‐
typed	animals,	whereas	all	known	carriers	and	
carrier	 haplotypes	 possessed	 1	 copy	 of	 the	
mutant	allele.	This	newly	identified	lethal	has	
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been	responsible	for	a	substantial	number	of	
spontaneous	 abortions	 in	 Jersey	 dairy	 cattle	
throughout	 the	 past	 half‐century	 and	 origi‐
nated	 with	 1	 highly	 influential	 Jersey	 bull.	
With	the	mutation	identified,	selection	against	
the	deleterious	allele	in	breeding	schemes	will	
reduce	incidence	of	this	defect	in	the	popula‐
tion.	Whole‐genome	 resequencing	using	NGS	
proved	 to	 be	 a	 powerful	 strategy	 to	 identify	
rapidly	a	previously	mapped	deleterious	mu‐
tation	in	a	known	carrier	of	a	recessive	lethal	
allele.	
	
Although	the	lethal	effects	discovered	to	date	
manifest	themselves	during	later	gestation	or	
cause	 stillbirths,	 it	 is	 tempting	 to	 speculate	
that	chromosomal	abnormalities	and	specific	
lethal	 genes	 may	 cause	 failure	 of	 embryo	
cleavage	 to	 form	 a	 blastocyst	 or	 conceptus	
elongation	 that	 results	 in	 early	 embryonic	
mortality	denoted	by	large	or	slightly	delayed	
21‐day	return	to	estrus	rates.	
	
Copy	Number	Variation	(CNV)	
In	addition	to	recessive	lethal	alleles	and	SNPs,	
CNV	may	also	be	a	source	of	genetic	variation	
that	affects	pregnancy	loss	in	dairy	cattle.	A	re‐
cent	study	identified	a	660‐kb	deletion	encom‐
passing	4	genes	as	a	causative	variant	for	a	ma‐
jor	 fertility	 quantitative	 trait	 locus	 (QTL)	 in	
Nordic	Red	Cattle	(Kadri	et	al.,	2014).	Of	note,	
the	 deletion	 causes	 embryonic	 lethality	 be‐
cause	 of	 the	 loss	 of	RNASEH2B,	which	 elicits	
embryonic	death	 in	mice	 lacking	both	alleles	
or	 null	 mice.	 Despite	 causing	 problems	with	
fertility	 resulting	 from	 embryonic	 lethality,	
carrier	frequency	for	the	variant	is	13%,	23%,	
and	32%	of	Danish,	Swedish	and	Finnish	Red	
Cattle,	respectively,	because	the	deletion	has	a	
strong	 positive	 effect	 on	 milk	 yield	 in	 those	
dairy	cattle.	This	study	supports	the	idea	that	
that	embryonic	lethal	mutations	account	for	a	
non‐negligible	fraction	of	the	decline	in	fertil‐
ity	of	dairy	cattle	and	that	positive	effects	on	
milk	yield	may	account	for	part	of	the	negative	
genetic	correlation.	This	work	adds	to	the	evi‐
dence	 that	 embryonic	 lethals	 are	 at	 least,	 in	
part,	 responsible	 for	 the	 increase	 in	 fertility	
problems	and	conception	 failure	observed	 in	
highly	 selected	 cattle	 populations.	 In	 man,	

largely	 deleterious	 alleles	 are	 typically	 rare,	
and	hence	homozygosity	 for	 such	 variants	 is	
exceptional	in	absence	of	consanguinity.	In	do‐
mestic	animals,	however,	and	as	a	result	of	in‐
tense	selection	and	reduction	in	effective	pop‐
ulation	sizes,	a	yet	unidentified	number	of	em‐
bryonic	 lethals	may	be	 segregating	at	 low	 to	
moderate	 frequencies	 in	 most	 dairy	 cattle	
populations.	
	

Genomic	Selection	
Genomic	selection	can	be	defined	as	the	study	
of	 differences	 between	 individual	 animals	 in	
the	 bovine	 genome	 sequence	 (SNP	 or	 CNV)	
that	 can	be	used	 to	predict	economically	 im‐
portant	 traits,	 such	 as	milk	 production,	milk	
composition,	 health,	 fertility,	 or	 longevity	
(Meuwissen	et	al.,	2001).	Genetic	information	
for	a	given	calf,	heifer,	cow,	or	bull	is	compared	
with	that	of	a	reference	population	of	older	an‐
imals	of	the	same	breed.	This	reference	popu‐
lation	 is	 composed	 of	 animals	 with	 known	
phenotypes	 that	have	been	 genotyped	previ‐
ously,	and	their	phenotypic	and	genomic	infor‐
mation	are	stored	in	an	extensive	database	at	
the	USDA‐ARS	Animal	Genomics	and	Improve‐
ment	Laboratory	(AGIL,	Beltsville,	MD).	Dairy	
cattle	are	particularly	well‐suited	for	genomic	
selection,	 because	 individual	 animals	 with	
high	 EBV	 have	 sufficient	 value	 to	 offset	 the	
costs	 of	 genomic	 testing,	 and	 because	 large	
reference	populations	of	bulls	with	high	relia‐
bility	predictions	of	genetic	merit	exist	for	the	
purpose	of	estimating	SNP	effects	or	calculat‐
ing	 genomic	 predicted	 transmitting	 abilities	
(GPTA).	More	than	350,000	dairy	bulls,	cows,	
heifers,	 and	 calves	 have	 genomic	 data	 in	 the	
AGIL	 database,	 and	 genomic	 predictions	 are	
available	for	Holstein,	Jersey,	and	Brown	Swiss	
cattle.	 Current	 cost	 of	 genomic	 testing	 is	 ap‐
proximately	 $45	 per	 animal	with	 a	 low‐den‐
sity	(9K	or	12K)	chip,	whereas	the	cost	of	me‐
dium‐density	 (54K)	 or	 high‐density	 chip	
(648K	 or	 777K),	 genotyping	 is	 2‐	 to	 4‐fold	
greater	(GeneSeek,	Lincoln,	NE).	
	
In	 North	 America,	 as	 in	most	 countries	with	
well‐developed	 genomic	 evaluation	 systems	
for	 dairy	 cattle,	 genotype	 information	 has	
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been	incorporated	into	genetic	evaluation	sys‐
tems	in	a	nearly	seamless	manner	(Wiggans	et	
al.,	 2011).	 Approximately	 45,000	 SNPs	 are	
used	 in	 routine	genomic	evaluations,	and	 for	
animals	 that	 have	been	 genotyped	with	 low‐
density	chips	the	remaining	SNPs	are	imputed	
with	 90	 to	 99%	 accuracy	 based	 on	 the	 me‐
dium‐	and	high‐density	genotypes	of	reference	
animals	 of	 the	 same	 breed	 (Boichard	 et	 al.,	
2012;	VanRaden	et	al.,	2013).	In	this	manner,	
inexpensive	 low‐density	 genotyping	 of	 cows,	
heifers,	and	calves	on	commercial	dairy	farms	
is	 possible,	 and	 after	 genotype	 imputation,	
their	GPTA	values	are	of	sufficient	accuracy	for	
selection	and	culling	decisions	 (Weigel	 et	 al.,	
2010;	Dassonneville	et	al.,	2011).		
	
In	Holsteins,	the	average	gains	in	reliability	for	
production	traits	are	29,	31,	and	23%	for	milk,	
fat,	 and	 protein,	 respectively,	 whereas	 gains	
for	fitness	traits	are	22,	27,	and	22%	for	DPR,	
somatic	cell	score,	and	duration	of	productive	
life,	respectively.	For	protein	yield,	which	has	
a	 heritability	 of	 approximately	 30%,	 the	
amount	 of	 information	 provided	 by	 a	 young	
calf’s	pedigree	 is	 equivalent	 to	 about	7	milk‐
recorded	offspring,	whereas	the	amount	of	in‐
formation	 provided	 by	 the	 calf’s	 genotype	 is	
equivalent	 to	 about	 34	 additional	 daughters.	
In	contrast,	for	DPR,	which	has	a	heritability	of	
about	4%,	the	amount	of	information	provided	
by	 the	 calf’s	 genotype	 is	 equivalent	 to	 about	
131	 additional	 daughters.	 Historically,	 the	
weak	 link	 in	 dairy	 cattle	 improvement	 pro‐
grams	has	been	the	“dams	to	produce	daugh‐
ters”	selection	pathway,	because	of	poor	accu‐
racy	and	 low	selection	 intensity	 (Van	Tassell	
and	Van	Vleck,	1991).	Reliability	of	traditional	
pedigree‐based	PTA	values	for	cows	on	com‐
mercial	farms	has	tended	to	be	small,	and	ele‐
vated	rates	of	culling	resulting	from	illness,	in‐
jury,	 or	 infertility	 have	 typically	 prevented	
culling	 of	 genetically	 inferior	 replacement	
heifers.	 Culling	 rates,	 however,	 on	 modern,	
well‐managed	free‐stall	operations	tend	to	be	
low,	 and	 widespread	 usage	 of	 gender‐en‐
hanced	 (sexed)	 semen	 has	 generated	 an	 ex‐
cess	 of	 replacement	heifers.	 Thus,	 dairy	pro‐
ducers	have	an	opportunity	to	improve	the	ge‐
netic	potential	of	their	herds	by	culling	inferior	

females	at	a	young	age	and,	more	importantly,	
they	can	significantly	reduce	feed	costs	associ‐
ated	with	rearing	heifers	 that	are	unlikely	 to	
perform	at	a	profitable	 level	once	they	reach	
lactating	age.	
	
The	 discovery	 process	 for	 genomic	 selection	
and	 implementation	 into	 breeding	 strategies	
requires	a	2‐stage	approach	in	which	animals	
with	 known	 phenotypes	 and	 genotypes	 are	
used	 in	 a	 training	 analysis	 to	 statistically	 es‐
tablish	 the	 relationships	 between	 individual	
SNPs	and	trait	variation	and	then	the	inferred	
equations	that	predict	breeding	value	are	vali‐
dated	 in	 independent	 populations.	 All	 dairy	
breeding	populations	in	the	U.S.	rely	on	using	
the	most	 superior	 sires	 in	 the	 population	 to	
produce	the	next	generation	of	sons,	leading	to	
high	pedigree	relationships	between	 training	
and	 target	 populations.	 Simulation	 studies	
have	shown	that	genomic	selection	improves	
the	 accuracy	 of	 selecting	 juvenile	 animals	
compared	with	traditional	breeding	methods	
and	 compared	 with	 selection	 using	 infor‐
mation	from	a	few	genes	or	quantitative	trait	
loci	(Veerkamp	and	Beerda,	2007).	Improving	
dairy	cow	fertility	by	means	of	genetic	selec‐
tion	 is	 becoming	 increasingly	 important,	 be‐
cause	 improved	 management	 alone	 cannot	
solve	fertility	problems.	
	

Future	Possibilities	and	Conclusions	
Use	of	genetic	technologies	and	genomic	selec‐
tion	 in	 livestock	 management	 will	 undoubt‐
edly	increase	dairy	cow	fertility	without	sacri‐
ficing	milk	 yield,	 thereby	 improving	 the	 eco‐
nomic	and	sustainability	aspects	of	production	
enterprises.	 It	 is	clear	that	genetic	variability	
exists	within	 the	 Holstein	 and	 Jersey	 breeds	
for	important	traits	relating	to	fertility	(Berry	
et	al.,	2007).	Marker‐assisted	selection	will	in‐
crease	the	rate	of	genetic	progress	for	repro‐
ductive	traits	by	increasing	accuracy	of	selec‐
tion	and	permitting	selection	in	both	genders	
at	a	younger	age	(Rohrer,	2004).	The	current	
genomic	selection	strategies	for	fertility	traits	
rely	mostly	 on	 sires,	 but	markers	 developed	
for	dam	fertility	traits	are	sorely	needed.	Re‐
production‐enhancing	technologies	such	as	AI,	
embryo	 transfer	and	ovum	pick‐up	will	have	
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an	important	role	in	fully	exploiting	the	poten‐
tial	of	marker‐assisted	selection	(Georges	and	
Massey,	1991;	Humblot	et	al.,	2010).	Selective	
breeding	has	long	been	practiced	to	enrich	for	
desirable	 DNA	 variation	 that	 influences	 live‐
stock	 traits.	Advent	of	new	genetic	engineer‐
ing	technologies	allows	for	genetic	variants	to	
be	 directly	 introgressed	 into	 livestock	 ge‐
nomes	using	modified	meganuclease	systems	
(Pennisi,	 2013;	 Tan	 et	 al.,	 2013;	 Hsu	 et	 al.,	
2014).	Transient	exposure	of	livestock	cells	to	
sequence‐targeted	 editors	 stimulates	 homol‐
ogy‐directed	 repair	 to	 levels	 that	 eliminate	
need	 for	 transgene‐dependent	 selection.	 Use	
of	 oligonucleotide	 template	 enables	 efficient	
single	nucleotide	changes	 to	 the	genome	and	
permits	the	transmission	of	both	natural	and	
novel	DNA	sequence	variants	 into	naïve	 live‐
stock	 breeds.	 Indeed,	 gene	 editing	 offers	 a	
powerful	method	for	accelerating	the	genetic	
improvement	of	livestock.	In	summary,	incor‐
poration	of	genetic	selection	for	reproduction	
and	health	traits	as	well	as	new	technologies	is	
expected	to	improve	dairy	cow	fertility,	repro‐
ductive	efficiency,	productivity,	and	sustaina‐
bility.	
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Figure	1.	Association	of	milk	production	in	dairy	cattle	with	daughter	pregnancy	rate.	Selection	for	
milk	yield	in	U.S.	dairy	cattle	has	been	very	successful	to	increase	milk	production.	In	contrast,	cow	
fertility	declined	from	1950	to	2003	in	spite	of	low	heritabilities	for	reproductive	traits.	Fortunately,	
historical	trends	in	fertility	have	started	to	recover	because	of	the	incorporation	of	genetic	merit	for	
productive	life	(PL)	in	1994	and	DPR	in	2003	as	well	as	the	change	in	breeding	strategies	from	natural	
service	to	artificial	insemination	and	ovulation	synchronization	programs	that	decrease	days	open.	
	

20 

24 

28 

32 

10,000 

15,000 

20,000 

25,000 

30,000 

1950 1960 1970 1980 1990 2000 2010 

D
a

u
g

h
te

r 
P

re
g

n
a

n
c

y 
R

a
te

 (
%

) 

M
il

k 
P

ro
d

u
ct

io
n

 (
lb

s)
 

Year 

Milk Production Rate (lbs) Daughter Pregnancy Rate (%) 

30

The Dairy Cattle Reproduction Council does not support one product over another 
and any mention herein is meant as an example, not an endorsement

2014 Dairy Cattle Reproduction Conference Salt Lake City, UT



	

	
Figure	2.	Historical	changes	in	estimated	breeding	value	(BV)	for	daughter	pregnancy	rate	(DPR)	in	
U.S.	Holsteins	from	1957	to	2012.	Data	were	obtained	from	the	USDA	Animal	Genomics	Improvement	
Laboratory	(https://www.cdcb.us/eval/summary/trend.cfm).	
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