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Abstract
In	cattle,	several	calves	born	after	IVP	(“in	vitro”	embryo	production)	present	sim-
ilar	birthweight	to	those	generated	after	MOET	(multiple	ovulation	and	embryo	
transfer).	However,	the	underlying	molecular	patterns	in	organs	involved	in	the	
developmental	process	are	unknown	and	could	indicate	physiological	program-
ming.	The	objectives	of	this	study	were:	(1)	to	compare	epigenomic	and	transcrip-
tomic	modifications	in	the	hypothalamus,	pituitary,	gonadal	and	adrenal	organs	
between	 3  months	 old	 ovum	 pick-	up-	IVP	 and	 MOET	 male	 calves	 (n  =  4	 per	
group)	and	(2)	to	use	blood	epigenomic	data	to	proxy	methylation	of	the	inner	or-
gans.	Extracted	gDNA	and	RNA	were	sequenced	through	whole-	genome	bisulfite	
sequencing	and	RNA	sequencing,	respectively.	Next,	bioinformatic	analyses	de-
termined	differentially	methylated	cytosines	(DMC)	and	differentially	expressed	
genes	(DEG)	(FDR < 0.05)	in	IVP	versus	MOET	samples	and	the	KEGG	pathways	
that	were	overrepresented	by	genes	associated	with	DMC	or	DEG	(FDR < 0.1).	
Pathways	 related	 to	 hypothalamus,	 pituitary,	 gonadal	 (HPG)	 axis	 activation	
(GnRH	secretion	in	the	hypothalamus,	GnRH	signaling	in	the	pituitary,	and	ster-
oidogenesis	in	the	testicle)	were	enriched	in	IVP	calves.	Modeling	the	effect	of	the	
methylation	levels	and	the	group	on	the	expression	of	all	the	genes	involved	in	
these	pathways	confirmed	their	upregulation	in	HPG	organs	in	IVP	calves.	The	
application	 of	 the	 DIABLO	 method	 allowed	 the	 identification	 of	 15	 epigenetic	
and	five	transcriptomic	biomarkers,	which	were	able	to	predict	the	embryo	origin	
using	the	epigenomic	data	from	the	blood.	In	conclusion,	the	use	of	an	integrated	
epigenomic-	transcriptomic	 approach	 suggested	 an	 early	 activation	 of	 the	 HPG	
axis	in	male	IVP	calves	compared	to	MOET	counterparts,	and	the	identification	
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1 	 | 	 INTRODUCTION

During	the	last	decades,	the	successful	application	of	as-
sisted	reproductive	technologies	(ART)	in	cattle	has	short-
ened	the	generational	 interval	and	improved	the	genetic	
gain	 in	 breeding	 populations,	 with	 a	 positive	 economic	
impact	on	beef	and	milk	production.1,2	One	of	 the	most	
implemented	 ART	 for	 cattle	 reproduction	 is	 embryo	
transfer,	where	embryos	are	produced	either	“in	vivo”	by	
multiple	 ovulation	 and	 embryo	 transfer	 (MOET),	 which	
involves	 ovarian	 superstimulation	 followed	 by	 artificial	
insemination,	 embryo	 collection,	 and	 transfer;	 or	 “in	
vitro”	embryo	production	(IVP),	where	immature	oocytes	
are	collected	from	live	animals	via	transvaginal	aspiration	
of	 follicles	(ovum	pick-	up	[OPU])	or	from	the	ovaries	of	
animals	slaughtered	for	beef	production.

The	 application	 of	 genomic	 selection	 on	 early	 IVP	
embryos	 provides	 possibilities	 for	 rapid	 genetic	 im-
provement	across	many	livestock	species.3	Furthermore,	
epigenetic	markers	can	be	used	in	the	selection	of	elite	
animals	 for	 production	 and	 health	 (e.g.,	 Refs.	 [4,5]).	
Epigenetics	 is	 defined	 as	 heritable	 changes	 in	 pheno-
types	without	structural	changes	 in	 the	DNA	sequence	
per	se.	Epigenomics	 is	 the	study	of	 the	complete	set	of	
epigenetic	 modifications,	 including	 DNA	 methylation,	
mRNA	 methylation,	 histone	 modifications,	 chromatin	
remodeling,	and	non-	coding	RNAs.	From	these	modifi-
cations,	one	of	 the	best-	characterized	epigenetic	marks	
is	DNA	methylation,	which	consists	of	the	addition	of	a	
methyl	 group	 to	 the	 cytosine	 of	 a	 Cytosine-	phosphate-	
Guanine	 (CpG)	 dinucleotide	 by	 developmental	 or	
environmental	signals.6	DNA	methylation	is	directly	in-
volved	 in	 the	 control	 of	 gene	 expression;	 for	 example,	
hypermethylation	of	CpG	islands	in	promoters	is	usually	
related	to	transcriptional	suppression,7	and	it	drives	cru-
cial	developmental	processes	such	as	tissue	and	cellular	
differentiation.8

Despite	the	advantages	of	the	ART,	the	methodology	
employed	for	the	production	of	both	MOET	and	IVP	bo-
vine	embryos	can	induce	undesirable	epigenetic	modifi-
cations	in	the	conceptus,	which	are	related	to	alterations	
in	 the	 transcriptome,9,10	 reported	 both	 at	 the	 blasto-
cyst11–	15	 and	 the	 elongated	 stages	 of	 development.16–	18	
Hence,	 the	 embryo	 is	 sensitive	 to	 the	 environment,	
and	 its	 early	 development	 is	 programmed	 during	 the	

preimplantation	 period.19–	22	 Developmental	 program-
ming	can	impact	the	health	and	phenotype	of	the	indi-
vidual	permanently,	a	concept	known	as	“developmental	
origins	 of	 health	 and	 disease”.23–	25	Thus,	 although	 sev-
eral	 studies	 aimed	 to	 determine	 deviations	 in	 the	 IVP	
embryo	compared	to	the	MOET	counterparts,	it	is	essen-
tial	to	highlight	that	ART	application	essentially	seeks	to	
produce	a	healthy	calf	with	higher	genetic	potential.26,27	
However,	IVP	has	been	associated	with	fetal	overgrowth	
and	placental	abnormalities	referred	to	as	large	offspring	
syndrome	 (LOS)	 or	 abnormal	 offspring	 syndrome.28–	31	
The	main	molecular	alterations	associated	with	this	syn-
drome	include	defects	in	DNA	methylation,	especially	in	
imprinted	genes.32–	34	The	 incidence	of	LOS	 is	variable,	
but	it	has	been	reported	to	be	as	high	as	10%	of	the	IVP	
fetuses.34

Nonetheless,	 several	 IVP	 calves	 have	 normal	 birth	
weight	and	develop	without	apparent	health	 issues,	and	
therefore	they	are	not	investigated	at	a	molecular	level	as	
LOS	fetuses	or	abnormal	calves.	However,	the	epigenetic	
modifications	 introduced	 by	 the	 IVP	 process	 could	 lead	
to	the	development	of	an	altered	but	still	functional	pla-
centa,	resulting	in	phenotypically	normal	IVP	calves,	but	
for	 which	 the	 effects	 of	 subtle	 aberrances	 in	 the	 devel-
opmental	 programming	 are	 unknown.	 Previous	 studies	
characterized	 the	 growth	 rate	 and	 productivity	 of	 adult	
IVP	animals,35–	37	and	concluded	that	major	traits	like	milk	
production	could	be	affected	by	the	combination	of	sperm	
sexing	and	IVP.	Still,	the	IVP	alone	effect	was	not	signif-
icant.	We	believe	 that	 the	application	of	next-	generation	
sequencing	 methods	 and	 system	 biology	 could	 identify	
functional	molecular	changes	occurring	in	specific	organs	
in	IVP	animals.	We	hypothesized	that	the	IVP	process	im-
pacts	the	epigenome	and	transcriptome	of	hypothalamus,	
pituitary,	gonadal	(HPG)	and	hypothalamus,	pituitary,	ad-
renal	(HPA)	axes,	which	are	physiologically	crucial,	with-
out	visible	changes	 in	the	animal's	health.	Furthermore,	
the	presence	of	differentially	methylated	sites	conserved	
across	relevant	organs	in	this	axis	could	be	reflected	in	a	
tissue	of	easy	accessibility,	such	as	the	blood.

The	 objectives	 of	 this	 study	 were:	 (1)	 to	 compare	
the	 epigenomic	 and	 transcriptomic	 modifications	 of	
relevant	 hypothalamus,	 pituitary,	 gonadal	 and	 adre-
nal	(HPGA)	organs	between	OPU-	IVP	and	MOET	male	
calves	of	3 months	of	age	and	(2)	to	use	blood/buffy	coat	

of	potential	biomarkers	allowed	the	use	of	blood	samples	to	proxy	methylation	
levels	of	the	relevant	internal	organs.

K E Y W O R D S
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epigenomic	data	to	proxy	methylation	of	these	inner	or-
gans.	The	novel	results	presented	in	this	study	can	help	
understand	the	underlying	biology	behind	deviations	in	
developmental	processes	associated	with	applying	the	in	
vitro	 procedure.	 Moreover,	 identifying	 IVP	 biomarkers	
measured	 on	 accessible	 tissue	 can	 facilitate	 the	 refine-
ment	 of	 the	 involved	 protocols	 and	 techniques	 in	 the	
future.	The	pipeline	and	main	outputs	of	this	study	are	
shown	in	Figure 1.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals

The	donors,	recipients,	and	calves	were	all	housed	in	the	
same	nucleus	herd,	ensuring	minimal	differences	 in	 the	
housing	 environment.	 The	 Danish	 Animal	 Experiments	
Inspectorate	 characterized	 the	 IVP,	 superovulation,	 and	
embryo	 transfer	 procedures	 as	 part	 of	 the	 nucleus	 herd	
breeding	program	Tirsvad	Holstein.	Therefore,	we	did	not	
need	a	license	for	these	practices.	The	euthanasia	proce-
dures	were	approved	by	the	Local	ethical	and	administra-
tive	committee	at	 the	Department	of	Veterinary	Clinical	

Sciences	at	the	University	of	Copenhagen	(license	number	
2020-	006).

2.1.1	 |	 Production	of	the	OPU-	IVP	embryos

The	 same	 donor	 was	 used	 for	 all	 the	 IVP	 calves.	 OPU	
was	 performed	 after	 a	 mild	 two	 days	 stimulation	 proto-
col	using	75 IU	of	FSH	and	LH	each	day	(Pluset,	Scanvet,	
Denmark)	 starting	 in	 mid-	luteal	 phase,	 4  days	 before	
OPU.	Just	before	OPU	the	donor	was	given	epidural	an-
esthesia	(Lidocain).	An	ECM	scanner	(ECM	France)	with	
a	 5-	MHz	 transducer	 was	 used	 to	 visualize	 the	 donor's	
ovaries.	Follicles	were	aspirated	transvaginally	using	a	17-	
gauge	needle	connected	to	a	Minitube	GmbH	aspiration	
pump.	 The	 oocytes	 were	 collected	 in	 OPU	 media	 (IVF-	
Bioscience,	UK)	and	scored	according	to	layers	of	cumu-
lus	cells,	color,	and	homogeneousness	of	ooplasma.

Chemically	 defined	 media	 from	 IVF	 Bioscience	 were	
used	 for	 oocyte	 search,	 in	 vitro	 maturation,	 in	 vitro	 fer-
tilization,	and	 in	vitro	culture.	All	steps	were	performed	
according	to	manufacturer's	guidelines,	as	previously	de-
scribed.38	 The	 embryos	 were	 transferred	 fresh	 7–	8  days	
after	fertilization.

F I G U R E  1  Pipeline	and	main	outputs	of	the	study.	The	scheme	represents	the	workflow	employed	in	the	samples	from	the	
hypothalamus,	pituitary,	gonadal,	and	adrenal	(HPGA)	organs	obtained	from	3-	month-	old	IVP	or	MOET	male	calves.	The	methods	are	
detailed	in	italics	(the	software	used	is	in	parenthesis),	while	the	outputs	are	shown	in	the	squares.	Shaded	squares	denote	the	main	results	
from	the	study	(corresponding	tables	or	figures	are	indicated	in	parenthesis).	Dashed	arrows	mean	that	the	information	from	a	given	result	
is	used	for	the	other	result.	*Blood	samples	are	obtained	at	3 months	of	age,	while	buffy	coat	samples	are	obtained	at	birth.	MOET:	embryos	
are	produced	in	vivo	(ovarian	superovulation	followed	by	embryo	collection	and	transfer).	IVP:	embryos	are	produced	in	vitro	(ovarian	mild-	
stimulation,	OPU,	and	cultured/fertilized	in	a	serum-	free	media)
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2.1.2	 |	 Production	of	the	MOET	embryos

Beginning	in	the	mid-	luteal	phase,	6–	13 days	after	regis-
tered	estrus,	the	donor	was	superstimulated	with	a	total	
of	 800  IU	 FSH	 and	 800  IU	 LH	 (16  ml	 Pluset,	 Scanvet,	
Denmark)	 over	 four	 days	 in	 a	 decreasing	 dose	 sched-
ule,	according	to	the	manufacturer's	guidelines.	Briefly,	
twice	 a	 day	 (08:00	 and	 20:00),	 3  ml	 or	 150  IU	 (day	 1),	
2.5 ml	or	125  IU	 (day	2),	 1.5 ml	or	75  IU	 (day	3),	 and	
1.0  ml	 or	 50  IU	 (day	 4)	 of	 FSH	 and	 LH	 were	 injected	
im	 On	 the	 fourth	 day	 of	 stimulation,	 luteolysis	 was	
induced	 with	 0.5  mg	 Cloprostenol	 (Estrumate,	 MSD	
Animal	Health,	Denmark).	Artificial	 insemination	was	
performed	 2	 and	 3  days	 after	 luteolysis	 was	 induced.	
Embryo	 flushing	was	performed	7	and	8 days	after	 in-
semination,	 and	 embryos	 were	 transferred	 fresh.	 The	
recipients	were	synchronized	with	0.5 ml	Cloprostenol	
given	24 h	before	 the	donors	were	given	Cloprostenol.	
The	 recipients	 received	 epidural	 anesthesia	 (Lidocain)	
before	transfer,	and	a	single	embryo	was	transferred	ip-
silateral	to	the	corpus	luteum.

2.1.3	 |	 Calves

The	 calves	 were	 born	 at	 Tirsvad	 Holstein	 (Denmark)	
and	housed	there	until	2.5 months	of	age.	All	animals	in	
this	study	were	born	at	term	from	February	2020	to	June	
2020,	and	they	were	all	Holstein	males	(n = 4	per	group).	
Birth	weight	did	not	differ	between	IVP	and	MOET	calves	
(38.25 ± 2.62	vs.	36.25 ± 2.75 kg,	respectively,	p > .05).	
Calves	in	both	groups	were	raised	in	similar	conditions	
until	euthanasia,	performed	at	around	3 months	of	age	
(101.75 ± 2.5	vs.	102.67 ± 1.15 days	for	IVP	and	MOET	
calves,	respectively),	except	for	one	MOET	calf	that	was	
144  days	 old.	 Bodyweight	 gain	 from	 birth	 to	 euthana-
sia	was	similar	among	calves	in	both	groups	(0.88 ± 0.1	
vs.	0.83 ± 0.1 g	for	IVP	and	MOET	calves,	respectively,	
p  >  .05).	 For	 euthanasia,	 the	 calves	 were	 transported	
to	 the	 Large	 Animal	 Hospital	 of	 UCPH	 (Taarstrup,	
Denmark).	They	were	housed	for	14 days	in	the	hospital	
stables	and	euthanized	with	100 mg/kg	pentobarbital	so-
dium	(Dechra	Veterinary	Products	A/S,	Denmark).

2.2	 |	 Sampling

Using	 EDTA	 coated	 vacutainers,	 around	 10  ml	 of	 blood	
samples	were	drawn	from	each	animal	at	birth	to	isolate	
the	buffy	coat.	Whole	blood	samples	were	also	obtained	
immediately	 before	 euthanasia.	 Afterward,	 calves	 were	
humanly	sacrificed	with	an	overdose	of	sodium	pentobar-
bital.	Tissue	samples	from	several	organs	were	obtained	in	

less	than	10 min	after	euthanasia	and	immediately	snap-	
frozen	in	liquid	nitrogen.	All	samples	were	biobanked	in	
liquid	nitrogen.

For	the	current	study,	samples	from	the	hypothalamus,	
pituitary,	 left	 testicle,	 and	 left	 adrenal	 were	 subjected	 to	
gDNA	 and	 RNA	 extraction,	 while	 only	 gDNA	 was	 ex-
tracted	from	buffy	coat	samples	(at	birth)	and	whole	blood	
samples	(at	euthanasia).

2.3	 |	 gDNA/RNA extraction, library 
preparation, and sequencing

Tissues	samples	were	shipped	in	dry	ice	to	the	BGI	TECH	
SOLUTIONS	 Company	 (Hong	 Kong),	 which	 performed	
the	 gDNA	 and	 RNA	 extraction,	 quality	 control,	 library	
preparation,	and	sequencing.	All	samples	met	the	require-
ments	 for	 library	 preparation	 (GC	 content	 between	 35%	
and	65%	for	extracted	gDNA;	adequate	concentration	and	
quantity,	purity	as	OD260/280 = 1.8–	2.0	and	RIN > 7	for	
the	 extracted	 RNA).	 The	 gDNA	 samples	 were	 subjected	
to	 whole-	genome	 bisulfite	 sequencing	 (WGBS),	 through	
bisulfite	 library	preparation	and	PE100	 sequencing	with	
45 Gb	clean	data	per	 sample	on	DNBSEQ.	RNAseq	was	
run	in	the	RNA	samples	through	non-	stranded	&	polyA-	
selected	 mRNA	 library	 preparation	 and	 PE100	 sequenc-
ing	with	5 Gb	clean	data	per	sample	on	DNBSEQ.	For	both	
techniques,	after	library	preparation	and	sequencing,	raw	
data	 with	 adapter	 sequences	 or	 low-	quality	 sequences	
were	 filtered	 to	 remove	 contamination	 and	 obtain	 valid	
data.	This	step	was	completed	by	the	SOAPnuke	software	
developed	by	the	BGI	Company.	Clean	raw	data	were	gen-
erated	in	FASQ	format.

2.4	 |	 Bioinformatic analysis

The	WGBS	clean	reads	were	aligned	to	the	bovine	refer-
ence	genome	(bosTau	9)	using	the	Bismark	Bisulifte	Read	
Marker	(v	0.22.3).39	All	covered	Cytosines	were	used	for	
calculation	 of	 global	 CpG	 methylation	 level	 in	 Bismark	
using	the	following	formula:

where	%GM,	percentage	of	global	methylation;	MCt,	meth-
ylated	cytosines,	and	Ct,	cytosines.

The	 RNAseq	 read	 pairs	 were	 mapped	 to	 the	 bovine	
reference	genome	(bosTau	9)	with	STAR	aligner	(v.	2.7),40	
generating	the	genome	index	with	the	gene	Bos	taurus	re-
lease	102	annotation.	Read	counts	were	estimated	at	the	
gene	level	using	HTSeq-	count	(v.	0.11.1).41

%GM =
∑ MCt

Ct
× 100
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Data	 are	 deposited	 in	 NCBI’s	 Gene	 Expression	
Omnibus	and	are	accessible	through	GEO	accession	num-
ber	GSE17	6219.

2.5	 |	 Correlation between 
epigenomic and transcriptomic datasets

The	 relation	 between	 both	 omics	 matrices	 was	 modeled	
through	 PLS	 regression	 method,	 using	 the	 mixOmics	
package.42	 Next,	 the	 correlation	 between	 the	 first	 prin-
cipal	 components	of	both	omics	datasets	was	estimated.	
The	 samples	 distribution	 in	 each	 dataset	 was	 observed	
individually	through	scatter	plots	and	superimposed	in	a	
single	plot.	Here,	each	sample	was	indicated	by	an	arrow	
starting	at	 the	 location	 of	 the	 sample	 in	 the	 epigenomic	
data	plot	and	the	tip	at	the	location	of	the	sample	in	the	
transcriptomic	data	plot.

2.6	 |	 Correlation between changes 
in genome- wide methylation and 
mRNA expression

The	overall	correlations	between	DNA	methylation	level	
changes	and	gene	expression	changes	between	both	groups	
of	 samples	 were	 determined	 with	 MethGET,43	 through	
Pearson's	correlation	coefficient.	Briefly,	the	Cytosine	re-
ports	generated	by	Bismark	were	converted	to	a	CGmap	
format	using	a	script	provided	by	the	software.	Next,	DNA	
methylation	(CGmap	file),	gene	expression	(text	file),	and	
gene	 annotation	 (Bos	 taurus	 release	 102	 GTF	 file)	 data	
were	input	for	the	analysis.	Samples	belonging	to	the	old-
est	144 days	calf	were	not	included	in	this	analysis.

2.7	 |	 Determination of DMC or DEG and 
functional analysis

The	 BAM	 files	 generated	 from	 the	 Bismark	 software	
after	processing	the	WGBS	files	were	analyzed	using	the	
Bioconductor	 package	 methylKit44	 for	 the	 R	 software.	
Read	coverages	lower	than	10	counts	or	higher	than	the	
99.9th	percentile	were	filtered	out	to	discard	low-	coverage	
and	clonal	reads.	The	effect	of	age	was	controlled	by	re-
moving	 the	 component	 associated	 with	 this	 variable.	
Identification	 of	 DMC	 between	 IVP	 and	 MOET	 groups	
was	performed	by	logistic	regression,	where	the	“group”	
variable	 is	used	to	predict	 the	log-	odds	ratio	of	methyla-
tion	proportions,	as:

where	�i,	methylation	proportion,	β0,	intercept,	and	Gi,	group	
indicator	which	is	either	IVP	or	MOET	derived	samples.

The	logistic	regression	model	was	fitted	per	methylated	
region,	testing	if	the	group	vector	has	any	effect	on	the	out-
come	variable	or	not.	p-	values	were	adjusted	 to	q-	values	
using	the	SLIM	method,45	and	DMC	were	defined	as	those	
with	q < .05.	Annotation	of	DMC	was	performed	with	the	
Bioconductor/R	package	Genomation.46	BED	files	of	CpG	
islands	 and	 RefSeq	 database	 for	 the	 bosTau9	 assembly	
were	downloaded	from	the	UCSC	table	browser	(https://
genome.ucsc.edu/cgi-	bin/hgTables).	All	DMC	were	anno-
tated	with	the	nearest	(no	specific	cut-	off)	TSS.	Promoters	
and	CpG	shore	were	defined	as ± 1000	and ± 2000 bp	of	
the	TSS	and	CpG	islands,	respectively.

The	read	count	files	(text	files)	obtained	after	process-
ing	 the	 RNAseq	 files	 were	 employed	 to	 determine	 the	
DEG	with	the	DESeq2	package47	for	the	R	software.	The	
effect	of	age	was	controlled	with	the	sva	package.48	Next,	
the	 gene	 expression	 counts	 were	 normalized	 by	 library	
size	with	DESeq2	methods.	The	differential	analysis	was	
performed	 by	 fitting	 a	 logistic	 regression	 model	 to	 the	
gene	counts,	modeled	by	a	negative	binomial	distribution,	
and	 p-	values	 were	 adjusted	 with	 Benjamini-	Hochberg	
method.	The	Wald	test	statistic	was	employed	to	 test	 for	
model	 significance.	 The	 DEG	 between	 IVP	 and	 MOET	
groups	were	defined	as	those	with	FDR < 0.05.

The	EntrezID	corresponding	to	the	annotated	TSS	re-
lated	to	DMC	in	a	genic	region	or	to	the	DEG,	were	inter-
rogated	for	enriched	KEGG	pathways	using	the	R	package	
clusterProfiler.49	The	enriched	KEGG	pathways	were	de-
fined	as	those	with	FDR < 0.1.	The	R	package	org.Bt.eg.
db	was	used	for	Genome	wide	annotation	for	the	Bovine.

2.8	 |	 Association between changes 
in genome- wide methylation and 
mRNA expression for genes involved in 
particular pathways

Based	on	the	results	obtained	from	the	functional	analysis,	
some	pathways	were	chosen	to	determine	if	the	methyla-
tion	levels	and	the	group	(IVP	or	MOET)	were	influencing	
the	expression	of	the	genes	involved	in	such	pathway	in	
each	of	the	HPGA	organs.	For	this,	the	effect	of	methyla-
tion	 levels,	 the	 group,	 and	 the	 interaction	 among	 these	
variables,	on	the	read	counts	for	each	gene	was	modeled	
through	a	negative	binomial	 regression	using	 the	MASS	
package	 for	 the	R	software.50	Each	 term	was	considered	
significant	at	p < .05	or	showing	a	tendency	at	p < .1.	If	
the	 interaction	was	not	 significant,	 it	was	dropped	 from	
the	model.

The	 complete	 list	 of	 genes’	 Entrez	 IDs	 belonging	 to	
the	selected	pathways	was	downloaded	from	the	KEGG	

ln

(

�i

1 − �i

)

= �0 + �1Gi

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176219
https://genome.ucsc.edu/cgi-bin/hgTables
https://genome.ucsc.edu/cgi-bin/hgTables
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pathway	 database	 (https://www.genome.jp/kegg/pathw	
ay.html).	 Next,	 for	 each	 pathway	 and	 organ,	 the	 meth-
ylation	 proportions	 for	 each	 gene	 in	 each	 sample	 were	
obtained	across	the	whole	genome	(annotated	CpG	with	
nearest	 TSS)	 or	 only	 in	 the	 promoter	 regions.	 If	 more	
than	two	regions	included	the	same	Entrez	ID,	the	meth-
ylation	 proportions	 were	 averaged.	 A	 similar	 step	 was	
performed	 for	 the	 transcriptome	data	 if	more	 than	 two	
Ensembl	IDs	were	encoding	for	the	same	Entrez	ID,	al-
though	the	average	counts	were	rounded.	If	the	effects	of	
the	methylation	level	and	the	group	(or	the	interaction)	
were	 significant	 or	 showed	 a	 tendency,	 the	 model	 was	
employed	to	predict	the	gene	counts	for	each	group	and	
the	 minimum,	 mean,	 and	 maximum	 methylation	 pro-
portion	for	the	genes	in	that	pathway.	In	addition,	all	the	
predicted	 gene	 counts	 from	 the	 minimum	 to	 the	 maxi-
mum	methylation	levels	were	plotted	along	with	the	95%	
confidence	intervals.

2.9	 |	 Identification of biomarkers 
discriminating IVP and MOET calves and 
use of blood/buffy coat as a proxy

The	 integrative	 method	 DIABLO	 from	 the	 mixOmics	
package51	was	employed	as	a	supervised	machine	learn-
ing	 method	 to	 identify	 key	 epigenomics	 and	 transcrip-
tomics	 variables	 able	 to	 discriminate	 between	 groups.	
Briefly,	this	method	extends	sparse	generalized	canoni-
cal	 correlation	 analysis,52	 which	 uses	 singular	 value	
decomposition	 and	 selects	 correlated	 variables	 from	
several	 omics	 datasets	 to	 a	 classification	 or	 supervised	
framework.	 Mathematical	 details	 about	 the	 approach	
can	 be	 found	 in	 the	 reference	 mentioned	 above.	 Three	
parameters	should	be	tuned	in	DIABLO:	the	design	ma-
trix	or	correlation	between	omics	datasets,	 the	number	
of	components,	and	the	number	of	variables	to	select	per	
dataset.

The	data	matrices	used	in	input	were	the	methylation	
proportion	and	gene	expression	values	 for	each	sample	
of	the	HPGA	organs,	considering	them	as	one	unit.	These	
values	were	filtered	to	retain	the	50%	of	most	variable	re-
gions	 or	 genes,	 and	 afterward,	 values	 were	 normalized	
by	variable	stabilizing	transformation.53	Correlation	be-
tween	 epigenomics/transcriptomics	 datasets	 was	 deter-
mined	through	a	data-	driven	approach:	PLS	was	used	to	
model	 pair-	wise	 associations	 between	 both	 datasets,54	
and	the	correlation	between	the	first	component	of	each	
dataset	was	calculated.	The	number	of	components	was	
one,	as	the	authors	found	that	G-	1	components	could	ex-
tract	sufficient	information	to	discriminate	all	phenotype	
groups,55	 being	 G	 the	 number	 of	 groups.	 The	 optimal	
number	of	variables	to	select	per	dataset	was	determined	

by	 10-	fold	 cross-	validation	 repeated	 50	 times,	 from	 a	
grid	of	5	 to	50	variables,	 to	 favor	 selecting	 the	 smallest	
signature.

In	order	to	establish	blood	or	buffy	coat	as	a	proxy,	the	
epigenome	data	were	 filtered	 to	 retain	 the	 same	regions	
as	for	the	HPGA	organs.	Next,	data	were	normalized	with	
the	HPGA	data	by	addon	normalization.56	Group	predic-
tion	in	the	blood	and	buffy	coat	data	was	made	based	on	
the	 regression	 coefficients	 using	 the	 model	 created	 with	
the	data	from	HPGA	organs.	Distributions	of	the	samples	
according	to	the	values	of	the	selected	epigenetic	or	tran-
scriptomic	biomarkers	were	assessed	through	hierarchical	
clustering	and	heatmap	of	the	values	and	PCA	by	plotting	
the	first	and	second	components.

3 	 | 	 RESULTS

3.1	 |	 Profile of the genome- wide 
methylation and transcriptomic datasets 
and their correlation

Data	 generated	 from	 the	 WGBS	 method	 had,	 in	 aver-
age,	 a	 65.1%	 of	 unique	 mapping	 rate	 to	 the	 bos	 taurus	
genome,	 ranging	 from	58.1%	to	71.1%.	Per	organ,	 these	
proportions	ranged	from	61.5%	in	adrenal	to	67.5%	in	the	
buffy	coat.	Per	group,	the	averages	were	64.8%	and	64.5%	
for	 IVP	 and	 MOET	 groups,	 respectively.	 From	 these	
mapped	 reads,	 73.3%	 (63.5%–	78.9%)	 of	 the	 Cytosines	
belonged	to	CpGs,	and	only	1%	to	CHG	or	CHH	(which	
were	not	considered	in	further	analyses).	The	lowest	av-
erage	proportion	of	methylated	CpGs	was	 found	 in	 the	
pituitary	(65.3%),	while	the	highest	was	in	the	buffy	coat	
(77.8%).	These	proportions	were	73.4%	and	72.2%	for	IVP	
and	 MOET	 groups,	 respectively.	 Table  S1	 contains	 the	
details	about	the	results	from	the	mapping	and	methyla-
tion	call	steps.

The	 RNAseq	 method	 in	 the	 RNA	 extracted	 from	 the	
HPGA	organs	resulted	in	a	high	proportion	of	reads	with	
unique	alignment	to	the	bos	taurus	genome:	95.9%	on	av-
erage	(94.6%–	96.7%).	The	average	proportions	were	alike	
among	 the	 organs	 (from	 95.4%	 in	 adrenal	 to	 96.4	 in	 pi-
tuitary)	 and	 among	 the	 groups	 (95.9%	 for	 both	 groups).	
72.9%	 (68.2%–	78.9%)	 of	 these	 reads	 were	 assigned	 to	
Ensembl	 IDs,	 going	 per	 organ	 from	 71.5%	 in	 adrenal	 to	
74.9%	 in	 pituitary,	 and	 73.0%	 or	 72.7%	 in	 IVP	 or	 MOET	
groups,	respectively.	Details	about	the	mapping	and	read	
counting	steps	are	shown	in	Table S2.

For	 all	 the	 HPGA	 organs,	 there	 was	 more	 than	 90%	
correlation	between	the	whole	epigenomic	and	transcrip-
tomic	datasets	within	each	organ.	In	other	words,	after	ap-
plying	 PLS	 regression,	 a	 dimension-	reduction	 technique	
that	models	the	covariance	structures	in	both	datasets,	the	

https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
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model	found	the	multidimensional	direction	in	the	epig-
enomic	dataset	that	explained	the	maximum	multidimen-
sional	 variance	 direction	 in	 the	 transcriptomic	 dataset.	
Thus,	 the	 first	components	of	both	datasets	were	highly	
correlated	(97.2%	for	the	datasets	corresponding	to	the	hy-
pothalamus,	96.2%	for	the	ones	to	the	pituitary,	and	94.2%	
for	the	ones	to	both	testicle	and	adrenal;	Figure	S1).	The	
high	 correlation	 between	 both	 datasets	 for	 each	 sample	
can	be	appreciated	in	Figure 2.	The	shorter	the	arrow	for	
a	given	sample,	the	stronger	the	agreement	between	both	
datasets.

3.2	 |	 Differentially methylated 
cytosines and differentially expressed 
genes in HPGA organs between IVP and 
MOET calves

The	number	of	DMC	and	DEG	for	each	organ	is	shown	in	
Table 1.	The	full	lists	can	be	found	in	Table S3	for	the	DMC,	
and	Table S4	for	the	DEG.	Next,	for	each	organ,	the	main	
enriched	KEGG	pathways,	defined	by	genes	differentially	
methylated	 in	 the	 promoters	 or	 gene	 bodies	 and	 upregu-
lated	or	downregulated	DEG,	are	described.	Tables S5	and	

F I G U R E  2  Superimposed	plots	of	the	samples	after	applying	Partial	Least	Square	regression	between	epigenomic	and	transcriptomic	
datasets.	Each	sample	is	indicated	by	an	arrow	starting	at	the	location	of	the	sample	in	the	epigenomic	data	plot,	and	the	tip	at	the	location	
of	the	sample	in	the	transcriptomic	data	plot.	(A)	Hypothalamus;	(B)	pituitary;	(C)	testicle	and	(D)	adrenal.	Samples’	names	belonging	
to	the	IVP	group	are	colored	in	red,	while	the	ones	from	the	MOET	group	are	in	blue.	MOET:	embryos	are	produced	in	vivo	(ovarian	
superovulation	followed	by	embryo	collection	and	transfer).	IVP:	embryos	are	produced	in	vitro	(ovarian	mild-	stimulation,	OPU,	and	
cultured/fertilized	in	a	serum-	free	media)

T A B L E  1 	 Number	of	differentially	methylated	cytosines	(DMC)	and	differentially	expressed	genes	(DEG)	between	IVP	and	MOET	
calves	(FDR < 0.05)

DMC DEG

Hypermethylated Hypomethylated Upregulated Downregulated

Hypothalamus 1712 1634 571 667

Pituitary 1162 812 1391 1490

Testicle 1289 1232 119 121

Adrenal 264 229 724 327

Blood 1591 1415
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S6,	respectively,	contain	the	full	list	of	the	enriched	KEGG	
pathways.	In	addition,	the	results	from	the	overall	correla-
tions	 between	 DNA	 methylation	 level	 changes	 and	 gene	
expression	 changes	 between	 IVP	 and	 MOET	 samples	 are	
mentioned	and	considered	in	both	directions	(Figure	S2).

3.2.1	 |	 Hypothalamus

Methylation	changes	in	the	promoters	or	gene	body	were	
positively	 (R:	 0.012)	or	negatively	 (R:	−0.024)	 correlated	
with	 gene	 expression,	 respectively	 (Figure	 S2A).	 Genes	
with	 DMC	 in	 the	 promoters	 were	 associated	 with	 four	
immune-	related	 KEGG	 pathways,	 including	 “Cytokine-	
cytokine	receptor	interaction”.	Genes	hypomethylated	in	
their	bodies	enriched	70	KEGG	pathways,	including	sev-
eral	related	to	the	endocrine	and	reproductive	system,	al-
though	only	“GnRH	secretion”	occurred	exclusively	in	the	
hypothalamic	neurons.

Genes,	 whose	 mRNA	 expression	 was	 higher	 in	 IVP	
calves	compared	to	MOET	calves,	also	were	involved	with	
several	 KEGG	 pathways	 related	 to	 the	 immune	 system,	
such	as	“Chemokine	signaling	pathway”,	“Toll-	like	recep-
tor	 signaling	pathway”,	and	“Cytokine-	cytokine	receptor	
interaction”.	 Furthermore,	 the	 upregulated	 DEG	 were	
associated	 with	 endocrine-	related	 pathways,	 including	
“GnRH	 secretion”.	 The	 downregulated	 DEGs	 only	 en-
riched	the	KEGG	pathway	“Thermogenesis”.

3.2.2	 |	 Pituitary

Methylation	changes	 in	 the	promoters	or	gene	body	were	
negatively	(R:	−0.017)	or	positively	(R:	0.033)	correlated	with	
gene	expression,	respectively	(Figure	S2B).	However,	genes	
differentially	 methylated	 in	 the	 promoters	 enriched	 no	
pathways.	Genes	hypermethylated	in	their	bodies	enriched	
44	 KEGG	 pathways.	 From	 those	 related	 to	 the	 endocrine	
system,	“GnRH	signaling	pathway”	and	“Growth	hormone	
synthesis,	secretion	and	action”	take	place	in	pituitary	cells.

Genes,	 whose	 mRNA	 expression	 was	 higher	 in	 IVP	
calves	 than	MOET	calves,	also	enriched	 these	 two	path-
ways	and	64	other	pathways.	On	the	other	hand,	downreg-
ulated	DEG	were	involved	in	60	pathways,	several	related	
to	energy	or	carbohydrate	metabolism,	such	as	“Oxidative	
phosphorylation”,	 “Glycolysis/Gluconeogenesis”	 and	
“Fructose	and	mannose	metabolism”.

3.2.3	 |	 Testicle

Only	 methylation	 changes	 in	 the	 gene	 body	 tended	 to	
be	 positively	 correlated	 with	 gene	 expression	 (R:	 0.011;	

Figure	 S2C).	 Genes	 hypermethylated	 in	 their	 bodies	 en-
riched	five	pathways,	including	“Ovarian	steroidogenesis”,	
while	the	hypomethylated	enriched	for	only	two	pathways	
(“Glycerophospholipid	metabolism”	and	“Focal	adhesion”).

The	number	of	DEG	was	the	lowest	in	this	organ	com-
pared	to	the	others	of	the	HPG	axis	(Table 1).	Nevertheless,	
the	 upregulated	 DEG	 enriched	 14	 pathways,	 including	
“Steroid	biosynthesis”	and	other	pathways	related	to	car-
bohydrate	and	lipid	metabolism.

3.2.4	 |	 Adrenal

There	were	no	correlations	between	methylation	and	gene	
expression	 changes	 (Figure	 S2D).	 The	 number	 of	 DMC	
was	 the	 lowest	 compared	 to	 the	 other	 organs	 (Table  1),	
and	 their	corresponding	genes	were	not	 involved	 in	any	
pathway,	 same	 for	 the	 upregulated	 DEG.	 Nevertheless,	
the	 downregulated	 DEG	 enriched	 28	 pathways,	 includ-
ing	several	related	to	signal	transduction,	such	as	Hippo/
Wnt/mTOR	and	cGMP-	PKG	signaling	pathways.

3.3	 |	 Association between changes in 
genome- wide methylation and mRNA 
expression for genes in pathways involved 
with the reproductive system

Results	from	the	functional	analysis	performed	with	hyper/
hypomethylated	 genes	 and	 the	 DEG	 presented	 above	 sug-
gested	that	epigenetic	changes	in	the	IVP	calves	affected	the	
expression	of	genes	involved	in	the	immune	response	in	the	
hypothalamus	and	the	activation	of	the	HPG	axis,	when	con-
sidering	the	three	organs.	Thus,	for	each	organ,	the	follow-
ing	pathways	were	addressed	to	determine	the	relationship	
between	methylation	and	mRNA	expression	for	all	the	genes	
in:	“Cytokine-	Cytokine	receptor	interaction”,	“GnRH	secre-
tion”,	“GnRH	signaling	pathway”,	“Steroid	hormone	biosyn-
thesis”,	and	“Estrogen	signaling	pathway”.	Table 2	shows	the	
effect	of	methylation	level,	group,	or	the	interaction	between	
both	variables,	on	the	read	counts	for	all	the	genes	in	the	path-
way.	There	was	no	effect	of	these	variables	on	gene	expres-
sion	in	the	adrenal;	hence,	this	organ	is	not	shown	in	Table 2.

Next,	 those	 models	 on	 which	 the	 effects	 of	 both	 the	
methylation	 level	 and	 the	 group	 (or	 the	 interaction)	
were	 significant	 or	 showed	 a	 tendency	 (bolded	 p-	values	
in	Table 2)	were	used	to	predict	the	read	counts	(i.e.,	ex-
pression)	 for	 the	genes	 in	 the	 specific	pathway	at	differ-
ent	methylation	proportions	 in	each	group	 (Table 3	and	
Figure  3).	 For	 the	 hypothalamus,	 there	 was	 a	 negative	
association	 between	 methylation	 level	 and	 expression	
for	 genes	 methylated	 in	 the	 promoters	 involved	 in	 the	
cytokine-	cytokine	 receptor	 interaction	 (Figure  3A),	 and	
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genes	 involved	 in	 GnRH	 secretion	 for	 which	 the	 TSS	 is	
near	 methylated	 CpGs	 (Figure  3C).	The	 association	 was	
positive	for	genes	in	this	 last	pathway	but	methylated	in	

the	 promoter	 (Figure  3B),	 and	 genes	 involved	 in	 steroid	
hormone	biosynthesis	in	the	testicle	for	which	the	TSS	is	
near	methylated	CpGs	(Figure 3E).	The	plot	predicted	for	

T A B L E  2 	 Effect	of	methylation	level	(in	the	promoter	or	the	whole	genome),	group	(IVP	or	MOET),	or	the	interaction	between	both	
variables,	on	the	read	counts	for	all	the	genes	in	the	selected	KEGG	pathways

Pathway Variable

Hypothalamus Pituitary Testicle

Promoter Genome Promoter Genome Promoter Genome

CCRI Methylation .004 NS 1.04 × 10−17 NS 2.84 × 10−52 2.32 × 10−07

Group .089 .089 NS NS NS NS

Interaction NS .049 NS NS NS NS

GnRH	
secretion

Methylation 6.90 × 10−08 2.39 × 10−06 NS 6.92 × 10−11 .001 NS

Group .0036 6.15 × 10−04 NS NS NS NS

Interaction NS NS NS NS NS NS

GnRH	
signaling

Methylation NS .066 .0002 1.22 × 10−11 1.55 × 10−08 .020

Group NS NS NS 9.31 × 10−04 NS NS

Interaction NS NS NS 3.60 × 10−04 NS NS

Steroid	
hormone	
synthesis

Methylation .013 3.9 × 10−15 0.022 .018 2.19 × 10−17 1.31 × 10−21

Group NS NS NS NS NS .0348

Interaction NS NS NS NS NS NS

Estrogen	
signaling

Methylation .016 NS 8.02 × 10−05 NS 2.37 × 10−11 .0044

Group NS NS NS 3.44 × 10−08 NS .0767

Interaction NS NS NS NS NS .0797

Note: Models	resulting	in	the	bolded	p-	values	for	the	methylation	and	the	group	(or	the	interaction)	variables	were	employed	for	prediction	(Table 3).	NS:		
p-	value	>.05.
Abbreviation:	CCRI,	cytokine-	cytokine	receptor	interaction.

T A B L E  3 	 Read	counts	predicted	for	genes	involved	in	specific	pathways	according	to	their	methylation	levels	in	the	promoters	or	across	
the	genome

Hypothalamus

CCRI –  promoter GnRH secretion –  promoter GnRH secretion

Methylation proportion

Predicted read 
counts

Methylation 
proportion

Predicted read 
counts

Methylation  
proportion

Predicted read 
counts

IVP MOET IVP MOET IVP MOET

0 454 311 0 624 397 37 5918 3826

72 204 140 39 957 608 81 1713 1108

100 149 102 100 1869 1188 100 1001 647

Pituitary Testicle

GnRH signaling Steroid hormone biosynthesis Estrogen signaling

Methylation proportion

Predicted read 
counts

Methylation 
proportion

Predicted read 
counts

Methylation 
proportion

Predicted read 
counts

IVP MOET IVP MOET IVP MOET

20 193 1465 36 8 5 0 7465 2751

73 3952 3292 79 858 511 74 2465 2375

100 18 389 4971 100 7809 4649 100 1687 2258

Abbreviation:	CCRI,	cytokine-	cytokine	receptor	interaction.
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genes	involved	in	GnRH	signaling	in	the	pituitary	shows	
the	 interaction	 effect	 since	 the	 lowest	 methylation	 level	
predicted	higher	read	counts	in	the	MOET	group,	but	the	
inverse	occurred	after	the	average	methylation	proportion	
(Figure 3D).	The	interaction	effect	was	also	observed	for	
genes	 involved	 in	 estrogen	 signaling	 in	 the	 testicle;	 al-
though	the	lowest	and	average	methylation	level	predicted	
higher	read	counts	 for	 IVP	 than	MOET,	 the	 inverse	was	
predicted	at	the	highest	methylation	level	(Figure 3F).

3.4	 |	 Identification of biomarkers 
discriminating IVP and MOET calves and 
use of blood/buffy coat as a proxy

Application	 of	 the	 DIABLO	 method	 to	 the	 epigenomic	
and	 transcriptomic	 data	 obtained	 from	 the	 HPGA	 or-
gans	 revealed	 15	 methylated	 cytosines	 positions	 and	 five	

transcripts	as	potential	biomarkers	(Table 4).	The	hierar-
chical	clustering/heatmap	and	PCA	plot	of	the	methylation	
proportions	 for	 these	 15	 epigenetic	 biomarkers	 showed	
a	clear	separation	between	samples	corresponding	 to	 the	
IVP	 versus	 MOET	 group,	 except	 for	 samples	 belonging	
to	the	oldest	MOET	calf	(3213),	which	clustered	with	the	
IVP	samples	(Figure 4A).	Nevertheless,	the	overall	differ-
ence	in	methylation	proportion	in	IVP	versus	MOET	sam-
ples	for	each	biomarker	followed	the	same	direction;	(i.e.,	
hyper	or	hypomethylated)	across	all	the	organs,	including	
blood	(Table 5A).	Furthermore,	the	differences	for	five	out	
of	the	15	biomarkers	were	significant	at	q < .1	in	the	HPGA	
organs	and	blood,	while	for	the	other	three	biomarkers	the	
differences	were	significant	(q < .05)	in	the	HPGA	organs.

The	 expression	 values	 for	 the	 five	 transcriptomic	
biomarkers	 clustered	 the	 samples	 from	 the	 IVP	 versus	
MOET	 group	 in	 the	 hierarchical	 clustering	 and	 PCA	
plot	 (Figure  4B).	 Also,	 four	 of	 these	 transcripts	 were	

T A B L E  4 	 Lists	of	the	15	methylated	cytosines	positions	(A)	or	five	transcripts	(B)	selected	as	biomarkers	discriminating	IVP	and	MOET	
calves

Chr Position Str Dist2TSS Region Entrez Symbol Gene name

(A)

1 88604725 –	 34 627 Intron 534568 KCNMB2 Potassium	calcium-	activated	channel	subfamily	
M	regulatory	beta	subunit	2

2 3759390 –	 –	427 998 Intergenic 518563 HS6ST1 Heparan	sulfate	6-	O-	sulfotransferase	1

3 104576708 + 11 200 Intron 509866 HIVEP3 HIVEP	zinc	finger	3

5 50590055 –	 –	44 726 Intergenic 614880 PPM1H Protein	phosphatase,	Mg2+/Mn2+	dependent	1H

5 72991951 –	 170 802 Intergenic 101905163 LOC101905163 Uncharacterized	LOC101905163

13 14756849 –	 –	283 440 Intergenic 112449251 LOC112449251 Uncharacterized	LOC112449251

13 818 –	 273 608 Intergenic 616519 LOC616519 Uncharacterized	LOC616519

16 75517675 –	 –	7704 Shore 100848665 LOC100848665 Uncharacterized	LOC100848665

16 80146204 –	 –	17 236 Intron 104972797 LOC104972797 Uncharacterized	LOC104972797

20 22239309 + –	40 037 Intergenic 508556 MIER3 MIER	family	member	3

21 12171670 –	 373 543 Intergenic 101902189 LOC101902189 Uncharacterized	LOC101902189

22 37992830 –	 15 374 Intron 613433 SYNPR Synaptoporin

23 31296269 + 20 092 Intergenic 614489 PRSS16 Serine	protease	16

26 25537449 + –	1772 Intron 104972581 LOC104972581 Olfactory	receptor	226-	like

26 48309094 –	 385 247 Intergenic 104976009 LOC104976009 Uncharacterized	LOC104976009

Ensembl ID Symbol Entrez ID Gene name

(B)

ENSBTAG00000008794 ATF6B 513928 Activating	transcription	factor	6	beta

ENSBTAG00000009656 BOLA-	DQA2 282535 Major	histocompatibility	complex,	class	
II,	DQ	alpha	2

ENSBTAG00000019972 TEPSIN 512349 TEPSIN	adaptor	related	protein	complex	
4	accessory	protein

ENSBTAG00000021565 PRSS2 282603 Serine	protease	2

ENSBTAG00000052397 LOC100139916 100139916 Interleukin	32-	like

Abbreviations:	Chr,	chromosome;	Dist2TSS,	distance	to	transcriptional	start	site;	str,	strand.
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upregulated,	while	one	was	downregulated,	across	all	the	
HPGA	 organs	 (Table  5B).	 One	 of	 the	 upregulated	 tran-
scripts	(PRSS2)	was	between	128	and	almost	59 000	times	
(depending	on	 the	HPGA	organ)	more	expressed	 in	 IVP	
samples	than	MOET	samples	(FDR < 0.05).

When	 the	DIABLO	model	was	employed	 to	predict	 the	
group	in	epigenomic	data	from	blood	samples	or	buffy	coat	
samples	obtained	at	birth,	the	predictions	were	100%	correct	
for	all	the	samples.	Accordingly,	the	hierarchical	clustering/
heatmap	 and	 PCA	 plot	 of	 the	 methylation	 proportions	 for	
these	15	epigenetic	biomarkers	demonstrated	a	separation	of	
samples	corresponding	to	the	IVP	or	MOET	groups,	except	
for	the	blood	sample	belonging	to	the	oldest	calf	(3213),	which	
clustered	 with	 the	 IVP	 samples	 (Figure  4C).	 Nevertheless,	
this	sample	was	predicted	as	MOET,	as	mentioned	above.

4 	 | 	 DISCUSSION

Application	 of	 ART	 in	 domestic	 animals	 has	 the	 main	
advantage	 of	 facilitating	 the	 production	 of	 genetically	
superior	 offspring.57	 However,	 oocyte	 maturation,	 ferti-
lization,	and	embryo	culture	until	the	blastocyst	stage	in	

a	laboratory	environment,	instead	of	in	the	female	repro-
ductive	tract,	may	affect	the	developmental	programming	
of	the	embryo	and	display	late	consequences	in	the	post-
natal	life.	In	the	cattle,	it	is	well	documented	that	animals	
born	from	an	in	vitro	procedure	can	differ	from	those	pro-
duced	in	vivo.29,33,58	Fetal	overgrowth	and	increased	birth	
weight,	or	LOS,	is	among	the	most	common	aberrant	phe-
notype	observed	in	IVP	calves.9	Nevertheless,	the	severity	
of	 the	 LOS	 symptoms	 is	 very	 heterogeneous.	 According	
to	 the	 classification	 of	 Farin	 et	 al.,30	 Type	 IV	 functional	
outcome	refers	 to	 the	 least	severe	condition,	with	subtle	
abnormalities	in	the	fetal-	placental	unit	that	are	compen-
sated	during	gestation.	Thus,	the	calf	is	born	at	term,	with	
average	 birth	 weight,	 and	 their	 development	 during	 the	
postnatal	period	is	apparently	normal.	However,	changes	
in	gene	expression	programming	on	these	animals	could	
still	be	affected,	as	the	phenotyping	has	not	been	extensive.

In	 the	 present	 study,	 we	 performed	 comprehensive	
analyses	(Figure 1)	to	provide	novel	evidence	of	such	epi-
genetic	 and	 transcriptomic	 aberrances	 in	 3  months	 old	
phenotypically	normal	male	calves,	i.e.,	with	comparable	
birth	weight	and	growth	rate	to	their	MOET	counterparts.	
It	is	important	to	mention	that,	for	IVP	embryos,	oocytes	

F I G U R E  4  Samples	distribution.	Hierarchical	clustering/heat	maps	and	plots	of	the	first	and	second	principal	components	(PC)	
for	the	15	methylated	cytosines	positions	(A)	or	the	five	transcripts	(B)	identified	as	biomarkers	in	IVP	or	MOET	samples	obtained	from	
the	hypothalamus	(Hypo),	pituitary	(Pit),	testicle	(Test)	or	adrenal	(Adr).	Panel	C	shows	the	heatmap	and	PC	plot	for	the	15	epigenetic	
biomarkers	in	blood	or	buffy	coat	(BC)	samples.	Blood	samples	are	obtained	at	3 months	of	age,	while	BC	samples	are	obtained	at	birth.	
Samples	belonging	to	IVP	or	MOET	calves	are	denoted	with	red	or	blue	colors,	respectively.	MOET:	embryos	are	produced	in	vivo	(ovarian	
superovulation	followed	by	embryo	collection	and	transfer).	IVP:	embryos	are	produced	in	vitro	(ovarian	mild-	stimulation,	OPU,	and	
cultured/fertilized	in	a	serum-	free	media)
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T A B L E  5 	 Difference	in	methylation	proportions	-	or	log2	fold	change	(log2FC)	expression-		between	IVP	and	MOET	groups,	and	
corresponding	p	and	q-	values,	for	the	15	methylated	cytosines	positions	(A)	or	the	five	transcripts	(B)	identified	as	biomarkers

Symbol

Hypothalamus Pituitary

Difference p value q value Difference p value q value

(A)

KCNMB2 41.466 1.24 × 10−06 .0007 29.413 .00043 .065

HS6ST1 42.788 2.13 × 10−08 2.44 × 10−05 33.591 7.09 × 10−05 .02

HIVEP3 −23.363 .0001 .0278 −44.436 1.07 × 10−09 3.37 × 10−06

PPM1H 11.250 NS NS 6.000 NS NS

LOC101905163 10.750 NS NS 10.500 .039 .467

LOC112449251 49.373 6.60 × 10−09 9.36 × 10−06 27.119 .002 .161

LOC616519 10.500 NS NS 20.237 .001 .142

LOC100848665 65.054 3.93 × 10−16 1.18 × 10−11 63.636 2.95 × 10−17 2.59 × 10−12

LOC104972797 −19.673 .0001 .0248 −31.384 2.05 × 10−07 .0002

MIER3 −62.162 2.00 × 10−21 2.09 × 10−16 −65.672 1.85 × 10−18 3.25 × 10−13

LOC101902189 −4.750 NS NS −9.750 NS NS

SYNPR 41.280 6.52 × 10−06 .0024 35.282 4.92 × 10−05 .015

PRSS16 26.092 .002 .12564 22.549 .007 .260

LOC104972581 −39.890 1.69 × 10−09 3.17 × 10−06 −30.093 1.51 × 10−07 .0002

LOC104976009 −22.412 .0014 .10293 −25.134 .00137 .124

Symbol

Testicle Adrenal Blood

Difference p value q value Difference p value q value Difference p value q value

KCNMB2 42.163 2.91 × 10−06 .002 37.412 2.70 × 10−05 .023 36.314 3.07 × 10−05 .00866

HS6ST1 28.197 .0003 .058 40.029 2.61 × 10−06 .005 42.094 2.94 × 10−06 .00139

HIVEP3 −42.364 5.24 × 10−11 2.16 × 10−07 −30.375 .0002 .080 −51.020 1.53 × 10−12 1.25 × 
10−08

PPM1H 11.250 NS NS 5.250 NS NS 6.250 NS NS

LOC101905163 16.439 .007 .295 13.243 .019 .573 23.163 9.99 × 10−05 .02

LOC112449251 39.858 3.88 × 10−05 .011 36.858 4.42 × 10−05 .032 20.050 NS NS

LOC616519 28.889 2.75 × 10−05 .009 24.510 .0001 .054 37.367 1.40 × 10−07 .0001

LOC100848665 56.824 1.20 × 10−12 1.03 × 10−08 43.214 2.91 × 10−07 .001 51.000 Filtered	out

LOC104972797 −24.681 1.88 × 10−06 .001 −21.781 .0002 .09 −29.282 2.99 × 10−06 .001

MIER3 −41.538 8.19 × 10−11 3.17 × 10−07 −45.362 9.94 × 10−07 .003 −45.625 NS NS

LOC101902189 −4.750 NS NS −22.388 1.32 × 10−06 .003 −5.125 NS NS

SYNPR 62.207 1.38 × 10−11 7.54 × 10−08 55.645 1.46 × 10−11 1.02 × 
10−06

68.525 Filtered	out

PRSS16 20.728 .01 .344 22.129 .006 .40571 33.953 9.79 × 10−05 .02

LOC104972581 −34.618 3.25 × 10−07 .0002 −26.577 .0001 .06399 −33.298 5.66 × 10−06 .002

LOC104976009 −20.625 .001 .124 −20.000 .004 .37346 −17.987 .005 .252

Symbol

Hypothalamus Pituitary Testicle Adrenal

log2FC p value FDR log2FC p value FDR log2FC p value FDR log2FC p value FDR

(B)

ATF6B −0.27 1.92 ×	
10−05

0.002 −0.19 .0003 0.004 −0.03 .704 0.973 −0.41 .815 0.900

BOLA-	DQA2 2.23 0.099 0.248 1.05 .426 0.637 0.83 .204 0.837 2.92 .038 0.171

(Continues)
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were	produced	after	mild-	ovarian	stimulation,	OPU,	and	
cultured	 in	 serum-	free	 media	 before	 and	 after	 fertiliza-
tion,	as	both	ovarian	stimulation17	and	serum-	containing	
media9,59	can	affect	gene	expression.	Nevertheless,	the	dif-
ferent	degrees	of	ovarian	stimulation	for	the	MOET	or	IVP	
procedures	could	have	introduced	transcriptomic	modifi-
cations,	which	cannot	be	distinguished	in	this	study.	The	
epigenome	 and	 transcriptome	 were	 determined	 in	 the	
hypothalamus,	 pituitary,	 testicle,	 and	 adrenal,	 given	 the	
critical	and	well-	known	roles	of	the	HPG	and	HPA	axes	in	
development	and	maturation.	Our	findings	can	be	sum-
marized	 into	 two	 main	 events	 occurring	 in	 IVP	 calves:	
stimulation	of	the	immune	system	in	the	hypothalamus	
and	activation	of	the	pathways	regulated	by	GnRH,	such	
as	 GnRH	 secretion	 in	 the	 hypothalamus,	 GnRH	 signal-
ing	 in	 the	 pituitary,	 and	 steroidogenesis	 in	 the	 testicle.	
These	 pathways,	 among	 others,	 were	 enriched	 by	 genes	
associated	 with	 the	 DMC	 or	 DEG.	 However,	 the	 results	
from	 these	 univariate	 analyses	 showed	 that	 only	 three	
genes	involved	in	these	pathways	were	both	differentially	
methylated	and	differentially	expressed	 in	 the	 IVP	sam-
ples	 compared	 to	 the	 MOET	 samples:	 phospholipase	 C	
epsilon	 1	 (PLCE1),	 inositol	 1,4,5-	trisphosphate	 receptor	
type	 1	 (ITPR1)	 and	 calcium	 voltage-	gated	 channel	 sub-
unit	alpha1	C	(CACNA1C).	Nevertheless,	exploration	of	
these	pathways	can	also	be	done	 through	a	multivariate	
analysis.	Indeed,	by	modeling	the	influence	of	the	meth-
ylation	level	for	all	the	genes	involved	in	them	(regardless	
of	the	statistical	difference)	and	the	group	(IVP	or	MOET)	
on	their	mRNA	expression,	it	became	apparent	how	these	
pathways	were	particularly	affected	on	each	specific	organ	
in	IVP	calves	(Tables 2	and	3	and	Figure 3).

Several	 pathways	 involved	 in	 immune	 response	 were	
upregulated	 in	 the	 hypothalamus	 of	 IVP	 calves	 com-
pared	 to	 MOET	 calves	 (Table  S6).	 Additionally,	 meth-
ylation	 levels	 in	 the	 promoters	 of	 genes	 involved	 in	 the	
cytokine-	cytokine	 receptor	 interaction	 were	 negatively	
correlated	 with	 their	 expression	 (Table  S5),	 which	 was	
consistently	higher	in	IVP	calves	(Figure 2A	and	Table 3).	
Hypermethylation	of	promoters	is	usually	related	to	tran-
scriptional	suppression,60	and	thus	the	higher	the	methyl-
ation,	the	lower	the	gene	expression.	The	origin	of	these	

findings	can	potentially	reside	 in	 the	placental	 function.	
Placental	overgrowth,	characterized	by	placentomes	with	
an	increased	diameter	and	decreased	thickness,	has	been	
reported	 as	 a	 feature	 associated	 with	 IVP.61	 Also,	 alter-
ations	 in	blood	vessel	development	 in	 the	placenta	have	
been	reported	for	pregnancies	originating	from	IVP.30,62–	64	
In	humans,	live	birth	male	babies	conceived	by	IVF	have	
a	greater	incidence	of	avascular	villi	and	maternal	vascu-
lar	malperfusion	according	to	their	placental	histology.65	
Therefore,	 it	may	be	 theorized	 that	 IVP	conceptuses	are	
exposed	 to	 chronic	 hypoxia	 during	 gestation,	 which	 is	 a	
well-	established	cause	of	intrauterine	stress	affecting	the	
epigenetic	programming	of	 the	developing	brain.66	Also,	
hypoxia	 is	 known	 to	 increase	 the	 expression	 of	 genes	
encoding	for	cytokines	 in	the	hypothalamus	of	ovine	fe-
tuses,67,68	 diverging	 from	 the	 regulated	 development	 of	
the	immune	system	in	the	fetal	brain.69	Thus,	IVP	animals	
in	this	study	could	have	been	exposed	to	mild	chronic	hy-
poxia	 during	 gestation,	 which,	 although	 evidently	 com-
pensated,	induced	epigenetic	modifications	leading	to	the	
expression	of	cytokine-	encoding	genes	in	the	hypothala-
mus	since	the	animals	did	not	manifest	any	sign	of	infec-
tion	postnatally	or	during	gestation.

Pathways	related	to	the	activation	of	the	HPG	axis	were	
deregulated	 in	 different	 ways	 in	 IVP	 calves	 compared	 to	
the	 MOET	 counterparts.	 For	 example,	 in	 the	 hypothal-
amus,	 genes	 involved	 in	 GnRH	 secretion	 showed	 a	 posi-
tive	 and	 negative	 correlation	 between	 methylation	 level	
in	their	promoters	or	bodies,	respectively,	and	expression	
(Figure  2B,C);	 in	 agreement	 with	 the	 overall	 correlation	
between	 methylation	 level	 change	 and	 gene	 expression	
change	 (Figure	 S2A).	 Although	 promoter	 hypermethyl-
ation	is	classically	related	to	transcriptional	repression,	 it	
has	 been	 found	 that	 increasing	 levels	 of	 promoter	 meth-
ylation	 can	 sometimes	 correlate	 with	 increased	 gene	 ex-
pression.70	DNA	methylation	 in	gene	bodies	 is	 abundant	
and	 usually	 positively	 correlated	 with	 gene	 expression.71	
However,	 gene	 expression	 levels	 are	 better	 inversely	 cor-
related	 with	 the	 methylation	 of	 the	 first	 exon	 than	 with	
that	of	the	promoter.72	Thus,	inhibition	or	suppression	of	
gene	expression	depends	on	the	genomic	region.73	In	the	
pituitary	and	 testicle,	methylation	 in	 the	bodies	of	genes	

Symbol

Hypothalamus Pituitary Testicle Adrenal

log2FC p value FDR log2FC p value FDR log2FC p value FDR log2FC p value FDR

TEPSIN 0.11 0.358 0.531 0.14 .029 0.115 0.31 .0499 0.506 0.57 .007 0.071

PRSS2 10.05 3.37 ×	
10−30

5.45 × 
10−26

13.52 6.59 ×	
10−40

1.08 × 
10−35

7.00 3.18 ×	10−62 5.83 × 
10−58

15.85 3.80 ×	
10−47

5.97 × 
10−43

LOC100139916 0.98 0.063 0.197 5.46 .0001 0.003 3.23 1.04 ×	10−09 2.12 × 
10−06

5.87 2.87 ×	
10−24

2.26 × 
10−20

Note: Values	in	red	or	blue	cells	indicate	positive	or	negative	differences,	respectively.	Q-	values	<.05	are	bolded.	NS:	p-	value	>.05.

T A B L E  5 	 (Continued)
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related	with	the	GnRH	signaling	and	steroidogenesis,	re-
spectively,	showed	a	positive	correlation	with	gene	expres-
sion	(Figure 2D,E);	consistent	with	the	overall	correlation	
between	 methylation	 level	 change	 and	 gene	 expression	
change	(Figure	S2B,C).	Despite	the	direction	of	the	correla-
tion	between	methylation	and	gene	expression,	all	genes	in	
these	pathways	are	predicted	to	be	more	stimulated	in	IVP	
samples	than	MOET	samples.	One	exception	is	for	genes	in-
volved	in	the	GnRH	signaling	in	the	pituitary,	projected	to	
be	more	expressed	in	the	MOET	calves	at	low	methylation	
levels.	However,	at	the	average	methylation	proportion,	the	
predicted	gene	counts	are	higher	in	the	IVP	samples	than	
in	the	MOET	counterparts	 (Table 3).	This	 interesting	ob-
servation	 would	 require	 validation	 using	 cell	 culture,	 for	
example,	to	assess	the	regulation	key	for	this	pathway.

The	 cause	 of	 the	 deregulation	 of	 these	 reproduction-	
related	 pathways	 cannot	 be	 attributed	 exclusively	 to	 the	
imprinted	genes,	like	for	the	LOS,	which	is	linked	mainly	
to	the	incorrect	expression	of	imprinted	genes	caused	by	
DNA	 methylation	 defects.32,34	 This	 phenomenon	 (LOS)	
was	not	seen	among	the	calves	in	our	study.	According	to	
the	list	of	potential	53	imprinted	genes	in	cattle,	identified	
in	the	study	by	Chen	et	al.,74	only	the	Protein	Phosphatase	
1	 Regulatory	 Subunit	 9A	 (PPP1R9A)	 was	 differentially	
hypermethylated	in	hypothalamus,	pituitary,	testicle,	and	
blood	in	our	study,	while	Nucleosome	Assembly	Protein	
1	 Like	 5	 (NAP1L5)	 was	 hypermethylated	 in	 hypothal-
amus	 and	 blood	 and	 Solute	 Carrier	 Family	 2	 Member	 2	
(SLC2A2)	 was	 hyper	 and	 hypomethylated	 in	 pituitary	
and	 blood,	 respectively.	 From	 these,	 PPP1R9A	 deserves	
further	 attention	 given	 its	 role	 in	 actin	 polymerization,	
which	is	critical	for	neuronal	migration	in	the	developing	
brain,75,76	and	axonal	growth-	cone	motility	and	direction-
ality.77	Other	imprinted	genes	have	been	associated	with	
reproductive	function	and	puberty.	Hence,	Necdin	(NDN)	
facilitates	the	migration	of	GnRH	neurons	from	the	olfac-
tory	 placode	 to	 the	 medial	 preoptic	 area.78	 Mutations	 in	
the	 Makorin	 Ring	 Finger	 Protein	 3	 (MKRN3)79	 and	 the	
Delta	Like	Non-	Canonical	Notch	Ligand	1	(DLK1)	abnor-
mal	expression,	among	other	genes,	can	cause	human	pre-
cocious	puberty.80	None	of	these	genes	were	deregulated	
in	the	hypothalamus	of	the	calves	in	this	study,	although	
DLK1	 was	 downregulated	 in	 the	 pituitary.	 Nevertheless,	
kisspeptin	 (KISS1),	 the	 major	 activator	 of	 GnRH	 secre-
tion	and	key	regulator	of	the	HPG	axis,81	was	upregulated	
by	 more	 than	 six	 times	 in	 the	 hypothalamus	 of	 the	 IVP	
calves	compared	to	MOET	calves	(Table S4).	In	the	mouse,	
kisspeptin,	 after	 binding	 its	 receptor,	 initiates	 a	 cascade	
involving	 phospholipase	 C,	 inositol-	trisphosphate	 recep-
tor,	 and	 calcium	 that	 modulate	 depolarization	 in	 GnRH	
neurons.82	 PCE1,	 ITPR1,	 and	 CACNA1C	 were	 among	
the	 genes	 that	 were	 both	 differentially	 methylated	 and	
differentially	 expressed	 in	 the	 IVP	 samples	 compared	 to	

the	MOET	samples	(see	above).	Unfortunately,	we	cannot	
know	from	this	 study	 if	 the	puberty	onset	of	 IVP	calves	
would	have	been	earlier	than	in	MOET	calves,	even	when	
this	event	is	influenced	by	epigenetic	modifications	in	the	
KISS1	gene,	regulating	its	expression.83	However,	our	data	
support	the	concept	that	epigenomic	alterations	in	genes	
involved	 in	GnRH	secretion,	 signaling,	and	steroidogen-
esis	in	hypothalamus,	pituitary,	and	testicle,	respectively,	
influenced	 their	 expression	 differently	 in	 IVP	 or	 MOET	
calves,	 with	 higher	 expression	 levels	 in	 the	 IVP	 calves	
(Table  3	 and	 Figure  2B–	D).	 These	 original	 observations	
indicate	data	to	be	retrieved	or	explored	from	datasets	per-
taining	to	IVP	animals	as	they	aged	in	environments	simi-
lar	to	the	control,	MOET	bulls.

Another	 crucial	 finding	 in	 our	 study	 was	 identifying	
15	 and	 five	 potential	 epigenetic	 and	 transcriptomic	 bio-
markers,	 respectively,	of	embryo	origin.	This	model	cor-
rectly	predicted	the	group	for	all	animals	using	the	blood	
or	buffy	coat	epigenomic	data.	However,	it	is	essential	to	
highlight	 that	 validation	 of	 these  potential  biomarkers	
should	 be	 done	 in	 a	 larger	 population,	 employing	 epig-
enomic	 data	 from	 other	 animals	 rather	 than	 ones	 used	
to	construct	the	model.	Thus,	these	results	can	be	used	to	
support	 future	 studies.	 Among	 the	 epigenetic	 biomark-
ers,	Potassium	Calcium-	Activated	Channel	Subfamily	M	
Regulatory	 Beta	 Subunit	 2	 (KCNMB2),	 Heparan-	Sulfate	
6-	O-	Sulfotransferase	 1	 (HS6ST1),	 the	 transcription	 fac-
tor	 HIVEP	 Zinc	 Finger	 3	 (HIVEP3),	 an	 uncharacterized	
locus	 (LOC104972797),	 the	 olfactory	 receptor	 226-	like	
(LOC104972581),	 Mesoderm	 Induction	 Early	 Response	
Protein	3	 (MIER3)	and	Synaptoporin	 (SYNPR)	were	dif-
ferentially	 demethylated	 (q  <  .1)	 in	 the	 HPGA	 organs	
between	 MOET	 and	 IVP	 calves.	 KCNMB2	 belongs	 to	 a	
family	 of	 calcium-	sensitive	 potassium	 channels	 that,	 in	
the	 rat,	 is	 expressed	 in	 GnRH	 neurons84	 and	 responds	
to	 estradiol	 via	 estrogen	 receptor	 beta.85	 HS6ST1	 is	 also	
expressed	 in	GnRH	neurons,	at	 least	 in	 the	mice,	and	 it	
is	 possibly	 involved	 in	 regulating	 GnRH	 neuron	 activity	
or	other	 relevant	downstream	pathways.86	Also,	HS6ST1	
expression	 is	 required	 for	 normal	 HPG	 axis	 function.87	
Interestingly,	 HIVEP3	 has	 been	 identified	 as	 one	 of	 the	
key	transcription	factors	involved	in	the	molecular	regula-
tion	of	puberty	in	beef	cattle	in	a	GWAS	study.88	MIER3	is	
involved	in	chromatin	binding,	but	there	are	no	anteced-
ents	 of	 a	 reproductive-	related	 function	 for	 this	 gene	 or	
SYNPR	(a	synaptic	vesicle	protein).	Although	 the	differ-
ences	in	methylation	between	groups	for	these	biomark-
ers	 were	 significant	 across	 the	 organs,	 the	 methylation	
levels	 for	 the	 samples	 obtained	 from	 the	 oldest	 MOET	
calf	(3213)	were	similar	to	those	from	IVP	calves	(Figure	
S3).	Furthermore,	the	PCA	plot	and	hierarchical	cluster-
ing	of	 the	epigenomic	biomarkers	according	to	methyla-
tion	levels	showed	that	this	sample	(m3213)	was	closer	to	
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the	IVP	samples	than	to	the	MOET	samples	(Figure 4A).	
Thus,	this	suggests	that	at	least	for	these	biomarkers,	the	
methylation	 levels	 in	 the	HPGA	organs	of	3 months	old	
IVP	calves	resemble	the	ones	of	a	four	and	a	half	months	
animal.	However,	the	low	sample	size	precludes	the	con-
firmation	of	this	hypothesis.

On	 the	 other	 hand,	 the	 expression	 values	 of	 the	 five	
transcriptomic	biomarkers	 resulted	 in	a	 clear	 separation	
of	IVP	and	MOET	samples	(Figure 4B).	The	inclusion	of	
these	data	in	the	model	aided	the	prediction	of	the	blood	
sample	 m3213	 according	 to	 their	 epigenetic	 data,	 cor-
rectly	predicted	as	MOET	even	when	clustered	with	 the	
IVP	 samples	 (Figure  4C).	 In	 this	 study,	 the	 epigenomic	
and	transcriptomic	data	were	highly	correlated	(Figures 2	
and	 S1).	 Still,	 if	 the	 correlation	 were	 low	 (only	 10%,	 for	
example),	 then	 this	 sample	 would	 be	 predicted	 as	 IVP,	
although	the	other	samples	would	still	be	predicted	cor-
rectly.	Among	the	transcriptomic	biomarkers,	 the	Serine	
Protease	2	(PRSS2)	expression	was	differentially	upregu-
lated	 in	 IVP	 versus	 MOET	 groups	 across	 all	 the	 organs.	
Notoriously,	this	gene	was	the	top	deregulated	one	in	all	
the	HPGA	organs	(Table S3).	In	the	chick	embryo,	deliv-
ery	of	the	serine	protease	to	the	olfactory	epithelium	ac-
celerated	the	transit	of	GnRH	neuronal	migration	into	the	
central	nervous	system,89	but	this	action	has	not	been	re-
ported	in	mammals	so	far.

5 	 | 	 CONCLUSION

We	 used	 an	 integrated	 epigenomic-	transcriptomic	 ap-
proach	to	study	the	gene	regulation	changes	occurring	in	
the	HPGA	organs	in	phenotypically	normal	3 months	old	
male	calves	with	similar	birthweight	produced	by	IVP	or	
MOET.	A	comprehensive	analysis	of	the	DMC	and	DEG	
suggested	an	early	activation	of	the	HPG	axis	in	the	IVP	
calves,	although	it	is	unknown	if	this	is	associated	with	an	
earlier	age	of	puberty.	Additionally,	by	modeling	the	epi-
genomic	and	transcriptomic	data	of	the	HPGA	organs,	we	
identified	a	set	of	biomarkers	that	allowed	the	prediction	
of	the	embryo	origin	according	to	the	epigenomic	data	ac-
quired	from	blood	or	buffy	coat	samples,	even	when	the	
latter	were	obtained	at	birth.	Thus,	blood	and	buffy	coat	
samples	can	be	used	to	proxy	methylation	levels	of	physi-
ologically	important	internal	organs,	at	least	for	samples	
obtained	 at	 birth	 or	 3  months	 of	 age.	 Future	 studies	 in-
volving	a	larger	sample	size	can	validate	the	biomarkers	at	
different	ages	and	confirm	this	theory.
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