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Valour D, Degrelle SA, Ponter AA, Giraud-Delville C, Cam-
pion E, Guyader-Joly C, Richard C, Constant F, Humblot P,
Ponsart C, Hue I, Grimard B. Energy and lipid metabolism gene
expression of D18 embryos in dairy cows is related to dam physio-
logical status. Physiol Genomics 46: 39-56, 2014. First published
November 12, 2013; doi:10.1152/physiolgenomics.00091.2013.—We
analyzed the change in gene expression related to dam physiological
status in day (D)18 embryos from growing heifers (GH), early
lactating cows (ELC), and late lactating cows (LLC). Dam energy
metabolism was characterized by measurement of circulating concen-
trations of insulin, glucose, IGF-1, nonesterified fatty acids, -hy-
droxybutyrate, and urea before embryo flush. The metabolic param-
eters were related to differential gene expression in the extraembry-
onic tissues by correlation analysis. Embryo development estimated
by measuring the length of the conceptuses and the proportion of
expected D18 gastrulating stages was not different between the three
groups of females. However, embryo metabolism was greatly affected
by dam physiological status when we compared GH with ELC and
GH with LLC but to a lesser extent when ELC was compared with
LLC. Genes involved in glucose, pyruvate, and acetate utilization
were upregulated in GH vs. ELC conceptuses (e.g., SLC2A1, PC,
ACSS2, ACSS3). This was also true for the pentose pathway (PGD,
TKT), which is involved in synthesis of ribose precursors of RNA and
DNA. The pathways involved in lipid synthesis were also upregulated
in GH vs. ELC. Despite similar morphological development, the
molecular characteristics of the heifers’ embryos were consistently
different from those of the cows. Most of these differences were
strongly related to metabolic/hormone patterns before insemination
and during conceptus free-life. Many biosynthetic pathways appeared
to be more active in heifer embryos than in cow embryos, and
consequently they seemed to be healthier, and this may be more
conducive to continue development.

dairy cow; fertility; energy balance; energy metabolism; conceptus
development; gene expression; correlations

IN THE MODERN HOLSTEIN cow, calving rates are close to 55—-60%
in heifers and 35-40% in lactating cows (39, 73). Most
pregnancy losses occur prior to the period of maternal recog-
nition and maintenance of the corpus luteum, i.e., before days
15-17 (D15-D17) after artificial insemination (Al), and are
due to nonfertilization-early embryonic loss (NF-EEL, Refs.
22, 35, 73). NF-EEL can be estimated in field trials by
measuring plasma or milk progesterone concentrations the day
of Al and 21-24 days later. The frequency of NF-EEL has been

Address for reprint requests and other correspondence: B. Grimard, Ecole
Nationale Vétérinaire d’Alfort, 7, Av. du Général de Gaulle - Bat. Letard
94704 Maisons-Alfort Cedex France (e-mail: bgrimard @vet-alfort.fr).

1094-8341/14 Copyright © 2014 the American Physiological Society

reported to be between 25 and 45% in lactating Holstein cows
(26, 32, 35, 52), and it has increased from the 1980s (22).
Age/parity, uterine health (nulliparous heifers vs. postpar-
tum cows), and metabolic and endocrine environment are
factors that can explain differences in reproductive efficiency.
Maternal metabolism is known to influence fertility. Milk
production, body condition score (BCS), postpartum BCS
variations, negative energy balance (NEB), and quantity and
quality of dietary protein supply are related to pregnancy rate
(reviews Refs. 15, 40, 45, 65, 73, 76). This effect might be
explained partly by the clearance of progesterone in high-
producing dairy cows (22) and by poor oocyte quality (43),
which impair fertilization ability and early embryonic devel-
opment. The metabolism of the dam also influences the ovi-
ductal and endometrial environment. Early after calving, dras-
tic NEB has an effect on gene expression in the oviduct (24)
and the endometrium (74). Mild pre- and postpartum under-
feeding alters gene expression in the oviduct and in the endo-
metrium between D4 and D15 postovulation (70). Moreover,
recent studies using multiple transfers of in vitro produced
embryos report that the ability of the reproductive tract of
postpartum lactating cows to sustain embryo development was
compromised compared with nulliparous heifers (59) or post-
partum nonlactating cows (47) between D2 and D7. The same
trend is observed between D7 and D14-D16 when lactating vs.
nonlactating cows are compared (7), but not when postpartum
lactating vs. postpartum dry cows are compared (47). In these
experiments, multiple transfers of in vitro produced embryos
were used to avoid confusing effect of dam energy metabolism
on oocyte quality (3 to 30 by recipient on D7 in Ref. 7, ~65 on
D2, and 15-20 on D7 by recipient in Ref. 47). Embryo
development was evaluated by visual characteristics and/or
size (length). However, it was abnormal since it was consid-
erably delayed. This could be due to the high number of
embryos/blastocysts transferred to a single recipient (7, 47).
Elongation has long been characterized (31) by the transition
from a spherical blastocyst [150 wm, at 7-8 days postinsemi-
nation (dpi)] to a filamentous conceptus (>20 cm, by 19-20
dpi). By D14, the conceptus becomes tubular in shape (20 to 50
mm). Elongation may also be evaluated by the developmental
stage of the embryonic tissues, since both are synchronized
when development occurs after Al (20) and thus assessed
either by the morphology of the embryonic tissues or gene
expression patterns in the embryonic and/or the extraembry-
onic tissues (EET). Starting from an inner cell mass at the
blastocyst stage (7-9 dpi), the embryonic tissues evolve to a
germ disc (11-12 dpi) and then to an embryonic disc [14-19
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dpi (16, 72)]. The genes classically used to follow these stages
are Oct-4 or Nodal for pregastrulating stages [D7-D14 (18,
50)] and Brachyury for gastrulating ones [D15-D18 (20, 34)].
Alternatively an extraembryonic gene set may also be used to
define these stages (21).

Extraembryonic gene profiling has not often been performed
in the bovine, because of the small number of experiments
where the embryonic discs have been dissected out before gene
expression analysis. Due to the tiny size of the disc, most
investigators consider profiling whole conceptuses to be easier
and roughly equivalent. Although molecularly true, dissecting
the discs to define the developmental stages of elongating
conceptuses provides an advantage: knowing whether the con-
ceptus is fully developed (elongation and gastrulation) or not.
So far, molecular studies on bovine elongating conceptuses
have identified gene clusters involved in cell growth and
differentiation, connective tissue development, lipid metab-
olism, signaling pathways involving growth factors or cy-
tokines and their receptors, as well as transcription factors
(33, 48, 68, 69).

Moreover, gene expression might be used to investigate
embryo metabolism and its adaptation to a modification in the
oviduct and uterine environment during its free-life. The me-
tabolism of the bovine embryo before D7 has been widely
studied with a view to increasing in vitro production efficiency
(42, 63, 67), but little is known of its metabolism before
implantation (30, 54). In the young embryo, the main energy
sources are glucose, lactate, and pyruvate. In the uterus, glu-
cose and amino acids are crucial for embryo development
before implantation (6). Betsha et al. (8) used Affymetrix
bovine genome array to compare gene expression in D16
elongated bovine embryos from somatic cell nuclear transfer
(SCNT) to Al embryos. A considerable reduction in elongation
size was observed in SCNT embryos (93.3 mm) compared with
Al embryos (196.3 mm), and this was related to alterations in
the expression of genes involved in glycolysis, arginine, pro-
line, pyruvate, and glutathione metabolism (4 pathways among
the 11 top canonical pathways affected in SCNT embryos), as
seen earlier in D14 and D16 Al embryos (54). Moreover, lipid
metabolism is a top function frequently identified by Ingenuity
Pathway Analysis (IPA) and cited as differentially expressed
between SNCT, in vitro (IVP), and in vivo (IA) produced
elongated embryos (33). Lipids and fatty acids are precursors
for prostaglandin and steroid hormone biosynthesis. They are
included in cell membranes and might be used for energy
production in the pathway of B-oxidation. To our knowledge,
the lipid composition of the histotrophs and putative lipid
utilization by the peri-implantation bovine embryo has not yet
been investigated. Histotroph composition was widely studied
in the ewe (6), but there is a major difference between the two
species of ruminants: circulating concentrations of fatty acids
are high around breeding in the postpartum dairy cow as a
consequence of fat mobilization to support milk production but
not in the ewe, which is bred after weaning.

In this study, we aimed to investigate the effect of dam
physiological status with a special focus on dam energy me-
tabolism prior to Al and during the beginning of pregnancy on
embryo development and conceptus gene expression in single
ovulated heifers and postpartum cows. We selected D18 as the
point at which to analyze the embryos that survived the
embryonic loss occurring before D16, that is to say the em-

bryos that within a period of 3 days will face the implantation
phase, a crucial period for the success of pregnancy. In doing
S0, our aim was to: /) analyze in each group of females which
kind of embryos reached the 18th day post-Al, 2) investigate
precisely their developmental stage and 3) characterize their
alterations in relation to the physiological status of the dam and
the potential for further postimplantation embryo development.

MATERIAL AND METHODS
Animals, Feeding, and Management

Animals were managed in accordance with the European Commu-
nity Directive 86-609-EC and under the license of the French Institute
of Agricultural Research (INRA-UCEA). The objective was to collect
10 embryos from growing heifers (GH), 10 from early-lactating cows
(ELC, collection around D80-D90 postpartum), and 10 from late-
lactating cows (LLC, collection around D130-D140 postpartum). A
total of 67 Holstein animals were included in the protocol: 19 heifers
[14.3 = 0.4 (mean = SE) mo old, 351.6 = 8.6 kg of body weight
(BW), 2.1 £ 0.1 points of BCS (scale from 0 = very thin to 5 = very
fat)] and 48 multiparous cows (rank of lactation 3.2 * 0.2, range from
2 to 8; 683.5 = 11.2 kg BW at calving, 3.2 = 0.1 points of BCS at
calving). In the cows, the proportions of unassisted calving, easy
calving and hard pull at calving were 31/48 (65%), 16/48 (33%), and
1/48 (2%).

Heifers received a diet composed of natural prairie hay (7 kg/day/
animal), mineral and vitamin complements (140 g/day/animal), liquid
nutritional supplement (20 g once a week), and concentrate (1 kg/
day). The diet was designed to allow a daily weight gain of 600 g/day
(36). After a 4 wk period of adaptation, they were monitored over 10
wk. They were submitted to an estrus induction and synchronization
treatment in week 6 and were inseminated in week 8, and embryos
were collected 18 days after insemination in week 10.

After calving, cows received ad libitum a total mixed ration (maize
silage, natural prairie hay, commercial concentrates, minerals, and
vitamins) designed to cover requirements for a milk production level
of 37 kg/day (36). They were first estrus-synchronized to be insemi-
nated between D60 and D70 postpartum, and embryos were collected
18 days later (between D80 and D90, ELC). Nonpregnant cows after
the first insemination were resubmitted to an estrus synchronization
treatment and inseminated between D110 and D120 postpartum and
collected 18 days later between D130 and D140 (LLC). BW and BCS
were evaluated every 2 wk. Milk production, milk fat, and protein
content were measured once a month in cows.

Blood Sampling, Hormone and Metabolite Assays

Blood samples were collected weekly by caudal venipuncture before
the morning feed. Blood was immediately centrifuged at 2,000 g for 15
min at 4°C to harvest plasma, which was stored at —20°C until required
for analysis. Plasma samples were analyzed by photometric methods for
glucose (Glucose-RTU; BioMérieux, Lyon, France), nonesterified fatty
acids (NEFA C; Wako Chemicals, Neuss, Germany), urea (Urea-kit S,
BioMérieux), B-hydroxybutyrate (BHB, method adapted from Ref. 3).
Insulin and IGF-1 were analyzed by radioimmunoassays based on,
respectively, porcine insulin (Insulin-CT; CIS Bio International, Gif-sur-
Yvette, France) and human recombinant IGF-1 (IGF-I-RIACT, CIS Bio
International). IGF-BPs were removed following the manufacturer’s
instructions. Plasma progesterone (P4) concentrations were measured
with an ELISA kit prepared for bovine serum or plasma (OVU-
CHECK PLASMA; Biovet, St-Hyacinthe, Canada). Interassay coef-
ficients of variation were 11.2, 9.3, 8.3, 11.3, 12, 9.6, and 10.8% for
glucose, NEFA, urea, BHB, insulin, IGF-1, and P4. Intra-assay
coefficients of variation were 11.2, 12.4, 11.3, 8.3, 11.7, 6.0, and 6.3%
for glucose, NEFA, urea, BHB, insulin, IGF-1, and P4.
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Reproductive Management and Estrus Synchronization Treatment

In the cows, uterine involution was checked on D30 postpartum by
transrectal palpation, ultrasonography, and vaginoscopy. When abnor-
mal uterine involution was diagnosed (vaginal discharge, uterine horn
diameter >5 cm, cervix diameter >7.5 cm) im injection of prosta-
glandin analog (500 g Cloprostenol, 2 ml Estrumate; MSD Santé
Animale, Beaucouzé, France) and an intrauterine antibiotic 2 days
later (500 mg Cephapirin, Metrijet; MSD Santé Animale) were per-
formed. The estrus synchronization treatment combined a 3 mg
Norgestomet ear implant for 9 days (Crestar, MSD Santé Animale), an
im injection of 10 pg Busereline (2.5 ml Receptal, MSD Santé
Animale) at implant insertion, and 500 wg Cloprostenol (2 ml Estru-
mate, MSD Santé Animale) 48 h before implant removal. In cows,
400 UI of equine chorionic gonadotropin (eCG) (Chronogest PMSG,
MSD Santé Animale) were injected im at implant removal. As
recommended by the laboratory, eCG was not used in heifers to
prevent multiple ovulations. The females were inseminated 48 h after
implant removal.

D18 Embryo Flush

At 18 dpi, conceptuses were collected with a modified catheter
(IMV Technologies, L’Aigle, France) to flush the uterus with warm
PBS. After flushing, each recovered conceptus was carefully rinsed in
fresh PBS before treatment. For each conceptus (n = 32), the
embryonic disc was dissected out when visible and stored separately
from the EET. Embryonic discs were fixed in formaldehyde, and EET
were snap-frozen in liquid nitrogen before storage at —80°C until
RNA extraction.

Embryo Sexing

Genomic DNA was obtained from each conceptus after total RNA
extraction from EET using Trizol (as per the manufacturer’s instruc-
tions). The sex of the embryos was genetically determined by PCR
with primers R-IV/U-IV and BTANRP1/2 as described by Alves et al.
(1): R-RIV 5'-GTT TTA TTA TCC CAG CAAG-3', U-IV 5'-TAT
TCC TTT GGG GAG CA-3’, BTANRP1 5'-CCA ACT TTC CCT
TCT TTC CC-3’, and BTANRP2 5'-ATG GCC CAA AAG AAC
ATT CA-3'. Briefly, primers R-RIV/U-IV amplified a 655 bp Y-
specific sequence present in male genomic DNA and primers
BTANRP1/2 amplified a 370 bp BTANRP sequence present in all
tested samples, thus showing the effectiveness of the PCR reactions.
DNA was amplified using an initial denaturizing step at 94°C for 5
min, followed by 35 cycles of denaturation at 94°C for 45 s, annealing
at 55°C for 45 s, and synthesis at 72°C for 45 s. An extension time of
5 min was added at the end of the final cycle.

Embryonic Stage Determination

A total of 23 embryonic discs were available: 9, 7, and 7 in GH,
ELC, and LLC, respectively. The isolated embryonic discs were fixed
in 4% paraformaldehyde, stored, and hybridized with a Brachyury-
DIG-labeled riboprobe as described by Hue et al. (34). When no disc
was available (n = 6), the developmental stage of the embryonic disc
was determined by PCR using a set of six extraembryonic genes that
previously proved to be accurately predictive: CALMI, CPA3,
CITEDI, DLD, HNRNPDL, and TGFB3. In both cases, the embryo
staging was performed as described by Degrelle et al. (21).

RNA Isolation and Amplification

Eight EET were RNA-extracted in GH, 11 EET in ELC, and 10 in
LLC (total for molecular analysis n = 29). Total RNA from EET was
isolated with Trizol (Life Technologies - Invitrogen, St-Aubin,
France), and linear amplification was performed with the Message-
Amp aRNA kit (Ambion, Courtaboeuf, France), starting from 1 pg
total RNA as described by Degrelle et al. (19). The same process was

applied to a pool of placental tissues that was used as a reference later
in the experimental design for array hybridization.

Microarrays

Microarrays used in this study were 22K bovine oligonucleotide probe
arrays [National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO): 6695] spotted by Centre de Ressources
Biologiques - Génomique des Animaux Domestiques et d’Intérét
Economique (CRB-GADIE; INRA, Jouy-en-Josas, France). Of the
23,232 probes spotted on the slides, 960 were empty spots, 260 were
spots containing buffer, 8,709 spots were oligonucleotides from the
Bovine Genome Oligoset V1.1 (Operon Biotechnologies), and 13 303
spots were oligonucleotides from a pre-existing set (NCBI GEO:
GPL2853), developed from a bovine embryo cDNA library. These
two bovine oligonucleotide sets were identified as “Operon” and
“Illumina” sets, respectively, and annotated by Sigenae, INRA,
France (Systtme d’Information des GENomes des Animaux
d’Elevage, http://www.sigenae.org). The annotation of the array was
updated in May 2013.

Probe Labeling, Array Hybridization

Amplified RNA was labeled with the ULS aRNA Labeling Kit
(Kreatech Diagnostics, Amsterdam, The Netherlands). Briefly, 2 g
of amplified RNA were directly labeled with 2 ul of Cy(3-5)-ULS.
Amplified RNA and Cy-ULS were mixed with 2 pl of 10X labeling
solution to obtain a 1 X labeling solution mixture in a volume of 20 wl
(adjusted with ultrapure water). The mixture was incubated at 85°C
for 15 min and chilled on ice. Labeled targets were then purified on
KREApure columns.

Frequencies of dye incorporation (FOI, rate per thousand labeled
nucleotides) and cDNA concentrations were estimated for both dyes
by measuring the absorbance at 260, 550, and 650 nm on a Nanodrop
spectrophotometer (Thermo Scientific). The following ratios were
calculated: FOI per 1,000 bases (Cy3) = 58.5 * Abs550/Abs260, FOI
per 1,000 bases (CyS) = 35.1 * Abs650/Abs260.

Prior to hybridization, microarrays were prehybridized for 30 min
at 50°C in a filtered solution of 1% BSA, 3.5X SSC, and 0.1% SDS
and rinsed twice at room temperature in ultrapure water for 5 min with
orbital agitation. They were dried by compressed air.

A reference design was developed for array hybridization (37). In
this design, each experimental sample of EET was hybridized against
a reference that hybridized to 95.8% of the probes and was a pool of
placental tissues. To minimize the variance associated with labeling,
the amplified aRNA from the pool of placental tissues were always
labeled with Cy3, while EET from the different conceptuses were
always labeled with Cy5. Thus, all the slides were hybridized with the
same placental reference, while each slide corresponds to one specific
EET.

The hybridizations were processed on the ICE platform (previously
PICT-Gem, http://www4 jouy.inra.fr/gabi_eng/Our-resources/ICE-
Integrated-Microgenomics-platform) of Jouy-en-Josas, France. Each
microarray was cohybridized with two fluorescently labeled (Cy3 and
Cy5) aRNA samples according to the experimental design. An eval-
uated amount of 500 ng of each labeled aRNA was fragmented for 30
min at 60°C in 1X fragmentation buffer (Agilent Technologies).
KREAblock is a background blocker and was added as % of the final
volume of 200 pl (adjusted with ultrapure water).

Then fragmented labeled aRNA samples were diluted in 200 .l of
Agilent hybridization buffer 2X and hybridized on the 22K bovine
oligo-array for 20 h at 60°C in a rotating hybridization oven (Agilent
Technologies).

After hybridization, microarrays were washed at room temperature
with orbital agitation successively twice for 5 min in a 2X SSC-0.1%
SDS solution, once for 5 min in a 0.5X SSC-0.1% SDS solution, and
three times for 5 min in a 0.2X SSC solution. They were finally dried
with compressed air.
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Image Acquisition and Quantification

Microarrays were scanned on an Agilent scanner (Agilent Tech-
nologies, G2505B Microarray Scanner System) ata 10 X 10 wm pixel
resolution provided by the CRB-GADIE. Feature extraction was
performed with GenePix Pro 6.1.0.4 software to quantify mean and
median signals for each sample and for background estimation.
Extracted data were stored in the BioArray Software Environment
(BASE) of SIGENAE and then formatted according to MIAME
standards (11). The data have been submitted to the NCBI GEO
database and are referenced as series GSE46940.

Validation of Gene Expression Data by RT-PCR

The purified aRNA samples analyzed by microarray hybridizations
were used for the quantitative RT-PCR (RT-qPCR). Primers (Table 1)
were designed based on the target sequences of the array (close to
3'-untranslated region) with the primer designing tool Primer-BLAST
(NCBI, http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to specifi-
cally amplify 16 selected genes and five housekeeping genes in the
EET of GH, ELC, and LLC.

For the selected EET (n = 15, 5 by group of dam; all fully
elongated with properly gastrulated embryonic disc), cDNA were
synthesized twice (then pooled) from 1 g of aRNA by reverse
transcription using Superscript II as reverse transcriptase and random
hexamers as primers. A pool of all the cDNA was successively diluted
and used to generate standard curves in qPCR to estimate the effi-
ciency (E) and the specificity of primers. The amplified fragments
were sequenced and then BLASTed to confirm that the correct gene
was amplified.

The RT-qPCR were performed with the SYBR Green PCR Master
Mix and the StepOnePlus Real-Time PCR Systems (Applied Biosys-
tems by Life Technologies, St-Aubin, France).

According to the delta-CT method [RQNormgampie
E(CTmin=CTsample)/Geometric  mean(REF;), where REF; =
E(CTmin=CTreD] degeribed in the geNorm method (71), the relative
quantification of aRNA of the selected differentially expressed genes
(DEG) (RQNorm) was calculated against RPL19, RPSI1S8, GAPDH,

ENERGY AND LIPID METABOLISM GENE EXPRESSION OF D18 EMBRYOS

ACTB, and B4GALTS as previously used in Ref. 70. Reference genes
for normalization were all selected for stability by the geNorm
method.

Data Analysis

Energy balance (EB) was evaluated for cows monthly (3 time
points) before and at conceptus flush as the difference between energy
requirements (maintenance + milk production) and energy supply
(energy provided by the diet, which was considered to be ingested to
fill voluntary feed intake). Milk production was recorded by the milk
production board, and voluntary feed intake was calculated to take
into account: age in months, parity, BW, BCS, milk production, and
milk fat (36). EB was expressed in the French net energy system for
lactation (unité fourragere lait, I UFL = net energy provided by 1 kg
of barley, 1.7 Mcal of net energy) per day.

Repeated BW, BCS, milk production, plasma concentrations of
metabolites and hormones, and estimated EB were compared between
GH, ELC, and LLC by split-plot ANOVA with the MIXED procedure
of the SAS Software (SAS Inst., Cary, NC), including the fixed effects:
group of dam, time, and group X time, and the random animal effect.
Results are presented as least-square means * SE.

P4 concentrations in blood measured each week between Al and
D18 as well as conceptuses’ lengths were compared by r-tests. A
linear regression was performed between the plasma P4 of females at
D18 of pregnancy and the length of the conceptuses. The correlation
of those data was evaluated by the coefficient of determination (%) of
the linear regression.

Microarray data were analyzed with R Program Writer software
(http://www.r-project.org/) (57). Median signal normalization was
performed using the “limma” R package based on “normalizeWithin-
Arrays” (log2-transformation, median centering and global loess) and
“normalizeBetweenArrays” (Aquantile transformation) procedures.
Probes with intensity below the background were flagged absent and
were not entered in the analysis.

A two-dimensional principal component analysis (PCA) was per-
formed with the package “ade4” (23) to test the effect of the group of

Table 1. Primer sequences per international (5'-3') convention for selected DEG and housekeeping genes (ACTB,

B4GALTS, GAPDH, RPLI19, RPS18) analyzed by RT-qPCR

Gene Fw Primer Size Fw, bp Rev Primer Size Rev, bp Size Amplicon, bp
ABCG2 ATCTCAAAACCGTCGTGCCT 20 TCATTATGCTGCAAAGCCGC 20 85
APOE TTCTGGGATTACCTGCGCTG 20 TCACCTCCTTCATGGTCTCCTC 22 118
ATP6VID CTGGTTTAGCCAGAGGTGGG 20 AGTGAAGCCAGTTCCACCAG 20 88
CTGF AGACCTGTGCCTGCCATTAC 20 GGCTTTAGGCCATGTCTCCA 20 93
DBI CTCTTGTGCTGCTGCTACCT 20 CTCATCTGCTGGCTTGGTCT 20 139
ELF3 TAAGCACGGGAAGCGGAAAA 20 GGTGGATGAGGATGTCACGG 20 137
IGFBP4 TGGTTCACTGTCTGTGGCTC 20 AAAAATGCCCAGGGGTAGGG 20 88
LIPA GCAGGCCATAAAGCCACTTG 20 TCTACACATGCCATCGCCAG 20 121
NDUFAI TCCACAGGTTCAGTAACGGC 20 GACGCGCCTATCTCTTTCCA 20 86
NDUFC2 GTATGCTGTGAGGGACCACG 20 ACTTCAACGCACTGGATGGA 20 121
NDUFS6 GGGAGTCGGGTGATATCGTG 20 GTCCCCGTCTTCGTTTCCTT 20 92
PC CCCTGGACAGCCTCAATACG 20 CGAAGAAGACCTGCCTCTGG 20 150
PGF CTGCTTGTGCTGGGACATTG 20 GGCCCACTTTTTGCCTTTGT 20 81
RBP4 TCTTTCGTGTTTGCCCGAGA 20 AACCGTTGTGAGGGATCAGC 20 118
SLC2A1 GAGAGGGGAAGGGCCATACT 20 GCAGGAGTGTCCAGGTCTTC 20 132
STARD10 ATCCAGACGGGCTACCTCAT 20 GGGAGCCAGGAACTGAGAAG 20 129

Housekeeping genes
ACTB GCTTTACCACCACAGCCGAGCG 22 CGACGCAGCAGTAGCCATCT 20 100
B4GALTS GAGGAAGTCCAAGGAGCGG 19 TCGGGTGTCAAGTTGACGGT 20 111
GAPDH GCCGATGCCCCCATGTTTGT 20 TCATAAGTCCCTCCACGATGC 21 151
RPLI9 CCCCAATGAGACCAATGAAATC 22 CAGCCCATCTTTGATCAGCTT 21 73
RPS18 CGGAAAATTGCCTTTGCCAT 20 CCTCATCCTCGGTGAGCTCC 20 121

Optimal annealing temperature: 60°C. Most primers were specifically designed for this study except for APOE (M. Raliou, UMR BDR 1198, unpublished data)
and ACTB, B4GALT5, GAPDH, RPLI19, RPS18 (70). DEG, differentially expressed gene; Fw, forward; Rev, reverse.
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dam (GH, ELC, LLC), the length and sex of the conceptuses, and the
developmental stage of the embryonic disc on global gene expression
in the EET of the conceptuses.

A differential analysis was designed to test the effect of dam group
(GH, ELC, or LLC) on gene expression in the EET. Normalized data
entered a linear model by the ‘Imfit’ procedure and were tested by an
empirical Bayes statistics for differential expression (“ebayes”). Raw
P values were adjusted for multiple testing with a Benjamini-Hoch-
berg correction to control the false discovery rate (FDR).

DEG were investigated under a 5% significance threshold (FDR <
0.05). Functions of the DEG were analyzed with NCBI web tools and
IPA (Ingenuity Systems, http://www.ingenuity.com).

A hierarchical clustering (PermutMatrix, Ref. 14), using Pearson’s
distance, was performed on differentially expressed genes to visualize
the similarity between individuals.

To assess differential expression, 7-tests were performed on the
results obtained from RT-qPCR. Input data were the means of dupli-
cates of RT-qPCR values.

DEG were then analyzed for correlations with patterns of metab-
olites/hormones by two-dimensional regularized canonical correlation
analysis (RCCA). To correlate gene expression in the conceptuses to
temporal metabolite/hormone measurements, parameters representa-
tive of metabolism variations before embryo flush in the three groups
of dam were computed as previously proposed by Valour et al. (70).

Thus, to process RCCA, we calculated regularization parameters on
the basis of the functions provided in the R package CCA (28). RCCA
were investigated according to the three principal components (fall of
eigenvalues). Metabolite-gene interactions were quantified with the cor-
relation between the two types of projected variables onto the space
spanned by the first components retained in the RCCA (package
“mixOmics” in R, Ref. 38). IPA was finally used to highlight the
biological functions and networks of the DEG selected by RCCA.

RESULTS

D18 conceptuses were recovered from 11 GH, 11 ELC, and
10 LLC. The interval between calving and Al was 63 = 1 days
for ELC and 117 = 1 days for LLC, and GH were inseminated
at 17.1 = 0.3 mo old. The interval between calving and
conceptus collection was 81 = 1 days in ELC, 135 = 1 days
in LLC.

Among the 48 cows, five were diagnosed with delayed uterine
involution and were treated. Among them, three were pregnant at
first service and one at the second service. Four needed easy pulls
at calving in the two groups of pregnant cows (4/11 in ELC, 4/10
in LLC), and the others were unassisted.

BW, BCS, and Performance of Pregnant Females

The characteristics of pregnant cows are presented in Table 2
and Fig. 1. During the 12 wk preceding Al and conceptus

Table 2. Characteristics of pregnant lactating cows

Characteristics ELC (n = 11) LLC (n = 10)
Rank of lactation 35*+0.6 29*03
Milk genetic merit, kg/yr relative to
the mean of the breed 228.5 = 130.8* 585.9 + 99.8°
Peak milk production, kg 389=*+33 39.1 £ 0.6
BW at calving, kg 687.3 = 26.7 654.1 = 27.7
BCS at calving, points 32*0.1 3.1+02
BW at embryo flush, kg 644.1 = 36.5 647.6 = 19.9
BCS at embryo flush, points 1.7+03 1.5+02
Milk production at embryo flush, kg 341 £23 346 £ 1.1

avs. b, Significant differences with P < 0.05. BW, body weight; BCS, body
condition score. ELC, early lactating cow; LLC, late lactating cow.

collection, heifers and LLC were gaining weight, while ELC
were losing weight. During this period, BCS was decreasing in
ELC, increasing in GH, and remaining stable in LLC. Daily
weight gain was, respectively, 517 = 24, —392 = 143, and
48 *= 74 g per day in GH, ELC, and LLC during the 12 wk
before conceptus recovery. Milk production was lower in LLC
1 mo before conceptus collection compared with ELC. At
conceptus collection, GH were gaining weight; EB was slightly
positive in LLC and still negative in ELC. BW and BCS at
calving, mean lactation rank, and peak milk production were
not different between the two groups of lactating cows. Genetic
merit for milk production was significantly lower in ELC
compared with LLC (P < 0.05).

Blood Metabolites and Hormones 9 wk Before Conceptus
Flush at D18

Kinetics of metabolites and hormones during the 9 wk
before conceptus recovering are presented on Fig. 2.

Plasma glucose concentrations were higher in heifers than in
cows but were not different between the two groups of cows
except in weeks —9 and 0.

Plasma NEFA concentrations were low and close to/or
inferior than 0.2 mmol/l throughout the period of observation
in heifers. They were lower in GH than in ELC throughout the
experiment and lower in GH than in LLC between weeks —9
and —6. Plasma NEFA concentrations were higher in ELC
than in LLC from week —9 to week —1.

Plasma BHB concentrations were lower in GH than in ELC
between weeks —9 and —4 but were not different from LLC. They
were higher in ELC than in LLC between weeks —9 and —5.

Plasma urea concentrations were lower in heifers than in
cows. They were lower in ELC cows than in LLC cows in
weeks —9 and —4.

Plasma IGF-1 concentrations were 10-fold higher in heifers
than in cows throughout the period of observation, but they
were not different between the two groups of cows.

Plasma insulin concentrations were higher in heifers than in
ELC except in week —4, and they were higher in GH than in
LLC in weeks —6, —5, —3, —2. They were lower in ELC than
in LLC in weeks —8 and 0.

During the 3 last weeks of the period of observation (period
when the D18 conceptuses are free-living) the metabolic status
was more favorable in GH than in ELC (higher glucose, IGF-1,
and insulin in weeks —2 and 0 and lower NEFA and urea).
Some significant differences were observed between GH and
LLC (higher glucose in week 0, IGF-1 and insulin on weeks —2
and 0, and lower urea in weeks —2 and 0) and between ELC
and LLC (lower glucose in week —1, higher NEFA in weeks
—3 and —2 and lower insulin in week 0).

P4 Profiles From Al to DI8 of Pregnancy

After synchronization, the levels of P4 in blood were not
different between the three groups of females (P > 0.05). They
were 7.27 = 0.33 ng/ml at D7 and 8.6 = 0.36 ng/ml at D18.

Recovered Conceptuses and Elongation

The recovery rates and the size of the conceptuses at D18 of
pregnancy are presented in Table 3. We collected 11 concep-
tuses from 19 heifers (conceptus recovery rate: 58%), while three
other conceptuses were suspected of having early embryonic loss
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(collection of trophoblastic vesicles). Among the 48 multiparous
cows, 11 gave a DI8 conceptus after the first insemination
(conceptus recovery rate: 23%). Among the nonpregnant cows
after the first Al, 35 were resubmitted to estrus synchronization
and Al Of those, we collected 10 conceptuses (conceptus recov-
ery rate: 29%). The recovery rate of the heifers was significantly
higher than the recovery rate of the two groups of cows (P <
0.05), but the recovery rates of the two groups of cows were
similar.

The elongation status of the D18 conceptuses was homoge-
neous within the three groups of females (P > 0.05) since
mainly filamentous (>15 cm), early filamentous (10—15 cm),
and tubular (3—10 cm) conceptuses were collected, with only
two that were atypically small (1.5 cm) and resembled D12
rather than D18 conceptuses. These two conceptuses originated
from the GH and LLC groups. The correlation between the
level of circulating P4 and the length of the conceptuses at D18
was nonsignificant (* = 0.38, n = 32, P > 0.05).

Sex ratios were not different between groups as the concep-
tuses collected in GH, ELC, and LLC were, respectively,
composed of 5 vs. 3, 5 vs. 6, and 7 vs. 3 males vs. females.

The morphological and molecular staging of the embryonic
discs (n = 23) revealed similar proportions of the expected
D18 gastrulating stages in the three groups of females (5/9 in
GH, 4/7 in ELC, and 3/7 in LLC), i.e., stages that display an
early or a late primitive streak as described in Degrelle et al.
(21). In each group, however, few embryonic discs appeared
younger than expected at D18, since a posterior pole instead of

Months before embryo flush

a streak was visualized by the Brachyury labeling (Table 4). As
for the elongation status, only two atypical stages were ob-
served at the gastrulation level: one in the ELC and one in the
LLC group. Similarly, the prediction of the embryonic stages
in the conceptuses where no disc was found at the time of
collection also revealed a majority of expected D18 stages
(3/4), i.e., late streak (or stage 4, n = 2) and early streak (or
stage 3, n = 1). One younger disc (posterior pole but no streak,
stage 2) was also found (in the LLC group), and two remained
undetermined (one in the GH group of dam, one in the LLC
one). Altogether, 24/27 had properly gastrulated at D18, 18
being at the expected stages (3 or 4) and six slightly delayed
(stage 2).

Dam Physiological Status and Gene Expression in D18 EET

The gene expression profiles were evaluated individually in
the 29 EET, according to the reference design. A two-dimen-
sional PCA of the genes expressed within these EET revealed
that the sex of the conceptus, the development stage of the disc
(D18 vs. earlier than D18), or the elongation degree of the EET
(filamentous vs. tubular) explained 3.1, 1.4, and 5.1% of the
variability, respectively. Conversely, the physiological status
of the dams represented 23.7% of the variability observed in
the overall gene expression pattern (Fig. 3). In the present
work, the repeated spotted probes and the probes targeting the
same gene were not averaged but checked for similar expres-
sion. In doing this, we first identified 483 differentially ex-
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Fig. 2. Metabolic status of the dams. Plasma
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pressed probes between the D18 EET of GH and ELC (362 1
in GH, 121 1 in ELC) among which 333 were annotated and
unique (247 7 in GH, 861 in ELC, Fig. 4). We found 459
probes to be differentially expressed between the D18 EET
from GH and LLC (2477 in GH, 2127 in LLC), among
which 357 were annotated and unique (198 1 in GH, 159 1 in
LLC). Finally, 105 probes were differentially expressed be-
tween the D18 EET collected from ELC vs. LLC (68 7 in
ELC, 371 in LLC), among which 75 were annotated and
unique (527 in ELC, 231 in LLC). EET developed in
lactating cows were thus molecularly less different than those
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Weeks before embryo flush

developed in heifers, whereas the most different D18 EET
were those from GH vs. ELC. Moreover, most of the differ-
ential expressions observed in this work appeared as higher
expressions in the D18 EET that developed in heifers (301/434,
Fig. 4).

Within the annotated and unique probe set, the gene expres-
sion differences observed between the EET from heifers or
lactating cows were only partly similar with 73 common genes
out of 493 (Fig. 4). Even less were common when comparing
GH vs. LLC and ELC vs. LLC (n = 15) or GH vs. ELC and
ELC vs. LLC (n = 11), and very few were common to the three

Table 3. Conceptus recovery rate and conceptus size at D18 after Al, in GH, ELC, and LLC

Elongated D18 Conceptuses

Fully Elongated

Delayed

Recovery Rate, Conceptus, Filamentous and Early

Tubular and Ovoid,

Group Females, n n (%) Fil., n (%) Length (mm), mean = SD n (%) Length (mm), mean = SD
GH 19 11(57.9) 7 (63.6) 151.4 £ 109 4(36.4) 583 = 21.6
ELC 48 11 (22.9) 8 (63.6) 156.9 £ 14.6 3(27.3) 66.6 = 8.8

LLC 35 10 (28.6) 7 (70.0) 181.4 £ 18.3 3(30.0) 48.3 £22.0

Conceptus shape is defined as in Degrelle et al. (20): filamentous (>15 cm), early filamentous (Early Fil.) (10—15 cm), and tubular (3—10 cm). Filamentous
and Early Fil. day (D)18 conceptuses are considered “fully elongated”; tubular D18 conceptuses are considered “delayed.” Al, artificial insemination; GH,

growing heifer.
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Table 4. Developmental stages of the conceptuses recovered at D18 after Al in GH, ELC, and LLC

Observed Gastrulating Stages

Expected at D18 Younger Than Expected

Group Conceptus, n Staged Conceptus, n On the Disc On the EET On the Disc On the EET
GH 11 8§ +3TV 5 1 UD 2

ELC 11 11 (including 1 Ab) 6 2+ 1UD 1

LLC 10 10 (including 1 Ab) 4 1 3 1

Embryonic stages are defined as expected D18 stages, i.e., late streak (or stage 4) and early streak (or stage 3). Younger discs harboring no streak but a posterior
pole gastrulated properly but were delayed, whereas abnormal ones were called “Ab” when the gastrulating pattern was atypical. These stages were determined
on the discs or on the extraembryonic tissue (EET), as detailed in Degrelle et al. (20, 21). UD, undetermined; TV, trophoblastic vesicles.

comparisons: 7SPO and CAPG. The translocator protein gene
(TSPO) is a key factor in the flow of cholesterol into mito-
chondria to allow the initiation of steroid hormone synthesis
(60). This gene was downregulated in GH vs. ELC and LLC
and upregulated in ELC vs. LLC. The capping protein (actin
filament) gelsolin-like (CAPG) encodes a member of the actin-
regulatory proteins that may play a role in regulating cytoplas-
mic and/or nuclear structures in epithelial cells (4, 53). This
gene was downregulated in GH vs. ELC and LLC and upregu-
lated in ELC vs. LLC. Finally, most of the DEG appeared
specific to each comparisons with 201, 197, and 27 differences

A Dam physiological status effect

between, respectively, heifers vs. ELC, heifers vs. LLC and
ELC vs. LLC.

When the whole set of DEG is considered, the top biological
functions that emerged at first glance as differential among
these three groups of EET, after in silico analysis with the IPA
software, were all linked to development and metabolism
(Table 5). As for development, three main groups of func-
tions appeared, namely those related to /) connective tissue
development (BGN, COL, CTGF, DCN), redox homeostasis
(TXDNDCY9), or EET differentiation (PTGDS, PTGES, SPPI,
PAGI1, PAGI2); 2) embryonic patterning (FURIN); and

B sexofthe embryo effect

Fig. 3. Sources of variability of gene expres-

d=5

d=5

sion in the conceptuses. Gene expression
variability related to: dam physiological sta-
tus (GHn = 8, ELCn = 11, LLC n = 10)
(A), conceptus sex (male n = 17, female n =
12) (B), conceptus size [filamentous and
early filamentous (fil.) n = 21, tubular (tub.)
n = 7] (C), developmental stage of the em-
bryonic disc (expected at D18: stages 3 and
4, n = 11; younger than D18: stage 2, n =

10) (D). The number of extraembryonic tis-
sues (EET) in each Principal Component

D Embryonic Disc effect

Analysis is the merge between the EET that
were used in the transcriptomic analysis and
the observed variables for those EET (the
merge is complete in A, B, C, where n = 29
but incomplete for D since embryonic discs
were not found for the 29 EET, indeed with
a disc, n = 23). d, Euclidean distance for
normalized and centered data.

d=5

Early D1

D18 disc

N

Physiol Genomics « doi:10.1152/physiolgenomics.00091.2013 - www.physiolgenomics.org



ENERGY AND LIPID METABOLISM GENE EXPRESSION OF D18 EMBRYOS 47

©q GH<ELC GH>ELC

5
L

333 DEG

GH vs. ELC
(483 probes)

4
h

2
1

1
1

log10 p-value
3

o4

247

T T T
=20 -15 1.0 05 00 05 1.0 15

log2 Fold Change

ELC vs. LLC
C (105 probes)
1) 2)
©1 ELC<LLC ' .ELC>LLC
Min 0 Max g 10
) =
M <
=
Q o
o
v~ o
RS [
o
> 4 o0 1 2

log2 Fold Change

75 DEG

GH<LLC GH>LLC

357 DEG

GHvs. LLC
(459 probes)

logt0 p-value

T T T T T T T
-15 1.0 05 00 05 1.0 15 20

log2 Fold Change

TSPO
CAPG

Fig. 4. Classical differential analysis of gene expression in the conceptuses. Differentially expressed genes (DEG) between EET of D18 conceptuses collected
in GH (n = 8), ELC (n = 11), and LLC (n = 10). A Venn diagram compares the DEG of EET of GH vs. ELC, GH vs. LLC, and ELC vs. LLC. Each comparison
is illustrated by a hierarchical clustering (PermutMatrix, Pearson’s distance) of the DEG, EET, and dam physiological status. Volcano plots present the fold
changes in gene expression for the 3 comparisons. Gene and probe numbers differ due to repeated spotting and/or missing annotation.

3) chromatin remodeling via effector molecules that modify
histone marks (7DRD3) and thus lead to gene activation
(SMARCAI, SMARCA2, SMARCBI) or repression (EHMT?2).
Moreover, since the physiological status of the dams ex-
plained 23.7% of the variability observed in the overall gene
expression pattern of these D18 EET, we further investigated
correlations between the whole set of differentially expressed
probes and the metabolic/hormonal patterns related to preinsemi-
nation and early pregnancy energy status of the dams (Fig. 5,
A-C). Using two-dimensional RCCA, we selected 214 probes
within the GH vs. ELC comparison, among which 163 were
annotated. Similarly, 342 probes (255 annotated) and 16 probes
(11 annotated) were highlighted from the GH vs. LLC and
ELC vs. LLC comparisons. The variations as well as the mean
level of IGF-1 in the blood before embryo flush were the main
factors that were correlated (Irl > 0.6) with EET gene expres-
sion differences between heifers and lactating cows (ELC, 189
probes; LLC, 196 probes). Mean NEFA and urea concentra-
tions were both correlated with one annotated gene (7KT7) in
GH vs. ELC and with a few probes in GH vs. LLC (with n =
38, n = 14 probes, respectively). The postpartum variations in

NEFA and urea were also linked to some probes in the GH vs.
LLC comparisons (n = 23, n = 78, respectively). The post-
partum variations and the mean of metabolites/hormones mea-
sured were not significantly correlated with EET gene expres-
sion differences between the two groups of lactating cows
(Ih < 0.6). However, we created a small dataset with a Irl
superior to 0.3 for this comparison.

Expression of Genes Involved in Lipid and Energy
Metabolism Is Affected in Relation to Dam Physiological
Status

To characterize the functions of the DEG linked by RCCA
with the metabolic/hormonal patterns of the dams, we focused
mainly on the prominent pathways that were affected in GH vs.
ELC and GH vs. LLC comparisons, based on IPA significance
thresholds. The outcome was that pathways related to energy
and lipid metabolism were affected in both cases. Only two
genes were implicated in metabolic functions of the concep-
tuses in the comparison between ELC and LLC. Developmen-
tal pathways were affected too, mostly within the GH vs. ELC
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Table 5. Top functions highlighted among the whole set of DEG in D18 EET from GH (n = 11) and lactating cows (ELC,

n=11; LLC, n = 10)

Top Functions (IPA

score >20) GH vs. ELC

GH vs. LLC ELC vs. LLC

Cellular development 2 networks, 46 DEG

1 AFG3L2, SMARCA2

| FURIN

1 network, 21 DEG
T BGN, COL18A1, CTGF DCN, PTGES, SPPI

Tissue development

| H2AFV

Metabolic disease

Lipid metabolism 1 network, 16 DEG

1 APOE, LIPA, PTGDS, SMARCAI, TDRD3

| TSPO

1

2 networks, 27 DEG
1" ARFGEF2, CAPG,
HANDI, PGF, RBP4

| TXNDC9
network, 25 DEG

1 COL18AI, HNRNPDL, SMARCBI,

PAGI1, PAGI2

| HANDI, NIPA2

1

network, 30 DEG

1 NDUFA9
| EHMT2, H2AFX

3 networks, 46 DEG

1 network, 16 DEG

1 APLPI, APOE, LIPA, PTGDS, SMARCA2, 1 TSPO
TDRD3
| CAPG, CAPZA2, ELF3, H2AFV, | APOE

TXNDCY9

In addition to gene networks and DEG numbers, are some of the DEG. Boldface shows genes involved in development. ], upregulated DEG; | ,

downregulated DEG.

and GH vs. LLC comparisons. Among them, several DEG were
known for their expression in elongating EET (CAPZA2,
COLI8Al, FURIN, HANDI, PAGI11, PAGI2, PTGES, PTGDS,
SPPI; reviewed in Refs. 33, 48, also see Ref. 68), but few were
new at that stage (CTGF, ELF3, PGF). We thus further focused
on metabolic pathways.

GH vs. ELC. The first canonical pathways related to these
DEG were involved in energy and lipid metabolism, namely:
acetate conversion to acetyl-CoA (T ACSS2, 1 ACSS3), pro-
stanoid biosynthesis (T PTGDS, 1 PTGES), pentose phos-
phate pathway (1 PGD, 1 TKT), and fructose biosynthesis
({ GMDS).

GH vs ELC and
metabolic/hormonal patterns

GH vs LLC and
metabolic/hormonal patterns

Moreover, the first top diseases and disorders associated with
the functions of these DEG corresponded to metabolic diseases
such as: experimentally induced diabetes (1 CSDA, 1 DUSPI,
1 PDLIM4, 1| PRKCD), cholesteryl ester storage disease
(1 LIPA), glucose transporter (Glutl) deficiency syndrome type 2
(1 SLC2A1), pyruvate carboxylase deficiency disease (T PC),
and adiposity (1 DYNCIHI, T GPXI, | THRA, T TKT).

Many top molecular and cellular functions were also asso-
ciated with lipid metabolism and are presented in Table 6. In
brief, the metabolism, concentration, synthesis, cleavage, con-
version, and release of lipids including metabolism of prosta-
glandins within the EET were related to the females’ energy

ELCvs LLC and
metabolic/hormonal patterns
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Fig. 5. Relationships between gene expression in the conceptus and dam energy metabolism. Links between differentially expressed probes in the D18 EET
collected from GH vs. ELC (A), GH vs. LLC (B), or ELC vs. LLC (C) and metabolic/hormonal patterns from the corresponding dams. Using regularized
correlation analysis, the correlation threshold is higher in A and B (Il > 0.6) than in C (Irl > 0.3). Red spots (probes) and blue text (metabolites/hormones)
represent the values that passed the threshold, while black features indicate those that were not significantly correlated. Variat., variations in the profiles before

embryo flush.
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Table 6. Top 10 functions related to DEG in DI8 EET from GH, ELC, and LLC associated with lipid metabolism functions

Comparisons Molecules Function Annotation P Value Molecules, n
GH vs. ELC 1 ACSS2, ACSS3, BCL2L1, CDI4, COL18Al, DUSPI, fatty acid metabolism 1.53E-04 14
DYNCIHI, EPHXI, FAAH, FCERIG, GGT5, concentration of lipid 1.69E-02 13
GPXI, LIPA, ME2, PDPN, PGS1, PLAIA, synthesis of lipid 1.22E-02 12
PRKCD, PTGDS, PTGES, TAC3, THRA, TRIB3 concentration of fatty acid 3.30E-04 9
| AHSG, GSTP1, PGF, PLCD3, SATI synthesis of fatty acid 3.73E-04 9
metabolism of eicosanoid 1.48E-03 7
cleavage of lipid 4.36E-03 7
conversion of lipid 7.30E-04 6
release of lipid 5.47E-03 6
metabolism of prostaglandin 6.06E-03 5
GH vs. LLC 1 CACNAIH, CERS2, CNTF, COTLI, EPHXI, FCERIG, GSN, synthesis of lipid 2.27E-02 16
IGFBP4, PGS1, PRKCD, SGPP1 fatty acid metabolism 6.62E-03 14
| CERS5, CHKA, CLN3, DBI, GGT5, MVK, SLC35A2, LPCAT3  metabolism of glycosphingolipid 6.18E-03 5
synthesis of glycosphingolipid 1.42E-02 4
synthesis of ceramide 1.88E-02 3
synthesis of leukotriene 2.50E-02 3
synthesis of D-erythro-C16-ceramide 3.48E-04 2
metabolism of sphingomyelin 2.37E-03 2
metabolism of ceramide 8.43E-03 2
transport of taurocholic acid 1.60E-02 2
ELC vs. LLC 1 RBP4 fatty acid metabolism 2.49E-02 2
| HMOXI transport of retinol 4.22E-04 1
abnormal quantity of retinol 2.95E-03 1
concentration of 6-keto-prostaglandin Flaa  4.21E-03 1
synthesis of epoprostenol 7.56E-03 1
metabolism of retinol 1.17E-02 1
concentration of prostaglandin E2 1.51E-02 1
peroxidation of lipid 2.05E-02 1

Those were selected as being statistically correlated with blood metabolic/hormonal patterns of the dams before embryo flush (especially IGF-1 and NEFA,

Irl > 0.6 in heifers vs. cows comparison, |rl > 0.3 in cows comparison).

status. Moreover, genes involved in the regulation of triacyl-
glycerol ( |, AHSG), mitochondrial GTP/ATP phosphotransfer-
ase (1 AK3), ATPases (1 ATP4A, | ATP6VIF, 1 PICKI),
genes of oxidation-reduction process in mitochondria and glu-
coneogenesis ( T ME2), mitochondrial components ( 1T MSS51,
Y MTHFD2, | GSTPI, 1 GPXI), genes of electron transport
chain (1 NDUFC2), of cell redox homeostasis (| QSOXI),
and (among other transporters) the major glucose transporter
(1 SLC2A1) or a StAR-related lipid transporter ( | STARD10)
highlighted other aspects of the energy metabolism that are
affected in the D18 EET in addition to lipid metabolism.

GH vs. LLC. Here, the main canonical pathways involved
were those of lipid mitochondrial (cardiolipin) biosynthesis
(1 PGSI), glycolysis (|, PGKI, | TPII), fatty acid B-oxida-
tion (| HSDI7BI10, | IVD), leptin signaling in obesity
(1 GNAS, | GRB2, | PLCD3), pyruvate conversion to lactate
(1 LDHB), GDP glucose biosynthesis, glucose, and glucose I
phosphate degradation (1 HKI), sucrose degradation ( | TPII),
and IGF-1 signaling (| GRB2, 1 IGFBP4, 1 YWHAB). Shared
with the GH vs. ELC comparison were also fructose biosyn-
thesis ( |, GMDS) and the pentose phosphate pathway ( 1 TKT).
Synthesis, metabolism, transport, and accumulation of lipids were
also related here with the dams’ energy status (Table 6). We also
found additional genes involved in energy metabolism such as
acyl-CoA dehydrogenase in mitochondria (|, ACADS), ATP-re-
lated genes (1 ATP4A, | ATP6VID, | ATPIFI), ATP-binder in
mitochondria ( 1 AK2, 1 AK3), ATP-catabolism gene (1 OLAI),
mitochondrial respiratory chain transporter-related genes
(1 NDUFA9, | OXAIL), mitochondrial proteins encoding genes
(4 MRPS30, |, MRPS6), ADP-related genes ( |, ARFRPI), GTP-

related gene (1 GTPBP2), carbohydrate biosynthesis gene
(|, NANS), lipid biosynthesis ATP-binder ( |, MVK), lipid hydro-
lysis ( | PLCD3), and many transporters involved in cell nutrition
and function (e.g., | SLC35A2, UDP-galactose transporter; and
1 SLC25A28, mitochondrial iron transporter).

ELC vs. LLC. Within the small set of DEG associated by
RCCA (Ir1>0.3, 11 annotated) to the circulating metabolites/
hormones of the dams, the first top disease and disorder that
was identified was a metabolic disease. Some of these genes
were also linked to lipid metabolism (Table 6). Of special
interest were those related to ADP-ATP (1 ARFGEF2,
1 ATPIF1) or retinol and fatty acid transport ( 1 RBP4). Act-
ing also as an adipocytokine for lipomobilization from the
adipose tissue, RBP4 was one of the genes that we were
validating by RT-qPCR.

Indeed, in support of these in silico analyses, a small set of
16 genes was selected for technical validations (ABCG2,
APOE, ATP6VID, CTGF, DBI, ELF3, IGFBP4, LIPA,
NDUFAI, NDUFC2, NDUFS6, PC, PGF, RBP4, SLC2Al,
STARD10). Among these, 12 were significantly correlated to
the circulating metabolites/hormones of the dams, and four
were not (ABCG2, APOE, NDUFAI, NDUFS6). Most were
involved in metabolic pathways (13/16), although a few (3/16)
in developmental ones. To our knowledge, CTGF, ELF3, and
PGF have not been analyzed so far in bovine D18 EET.
Twelve expression patterns out of 16 were biologically vali-
dated on a batch of the 15 fully elongated EET harboring
properly gastrulated D18 embryonic discs. On these D18 EET,
most of the selected genes related to the metabolism in the EET
and to the dam energy status were validated (75%; Table 7: 4
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out of 7 from the GH vs. ELC comparison, 7 out of 8 from the
GH vs. LLC comparison, and 1 out of 2 from the ELC vs. LLC
comparison). As observed on the microarray dataset, /) LIPA,
CTGF, and SLC2A1 were more and STARDI0 less expressed in
D18 EET from GH than ELC, 2) IGFBP4, ABCG2, and
ATP6VID were more and NDUFS6, NDUFC2, NDUFAI, and
DBI less expressed in D18 EET from GH than LLC, and 3) RBP4
was more expressed in D18 EET from ELC than LLC. We only
had difficulties in validating the genes encoding APOE, ELF3,
PC, and PGF (data not shown). For APOE, we excluded the
possibility that this was due to the 14 EET that were not
used in the validations. The minimum and maximum ex-
pression values for this gene were indeed not different
among the 29 EET of the study. For PC and PGF, this could
be due to EET that were not included in the validations and
were outliers. As for ELF3, the overall range of expression
of this gene may explain that, conversely to the array data,
these gene expression differences were normalized against a
small set of housekeeping genes and were thus not as
statistically significant.

DISCUSSION
Dam Energy Metabolism

In this experiment, three groups of cows in different energy
statuses before conceptus recovery were successfully created.
Lactating cows experienced a period of NEB after calving,
typically associated with low circulating concentrations of
glucose, insulin, and IGF-1 and high concentrations of NEFA
and BHB, both products of fatty acid metabolism (76). As
lactation progresses, voluntary feed intake increased and NEB
was reduced. Therefore, in the present experiment, ELC were
initially in a strong NEB (losing BCS) that gradually evolved
to be a slight NEB at conceptus collection, whereas LLC were
in a slight NEB initially (9 wk before embryo collection) that
became balanced just before conceptus collection (BCS nearly
constant over the period). GH were nearly in the same EB
situation as the LLC group, where energy intake equaled
energy output (either as milk synthesis or as muscle growth).
Heifers had high circulating concentrations of glucose, insulin,
and IGF-1 and low concentrations of NEFA and BHB as
previously observed by our research group in Holstein heifers
with a comparable daily weight gain (25, 56). The big differ-
ences between the heifers and the cows were the IGF-1

ENERGY AND LIPID METABOLISM GENE EXPRESSION OF D18 EMBRYOS

concentrations: they were ~ 10 fold higher in the growing than
in the lactating animals. During the free-life of the conceptuses,
i.e., between Al and flushing of the uterus at D18, energy
statuses were clearly different between heifers and cows but
were closely similar between ELC and LLC.

Conceptus Recovery Rates

In the Holstein breed in France, calving rate after first Al is
57% in heifers, 40% in primiparous cows, and 35% in third-
lactating cows (39). In our experiment, conceptus recovery
rates at D18 were similar to pregnancy rates observed in
commercial herds for our heifers (58%) but lower in our
multiparous cows (23% after first Al and 29% after second Al)
even if measured on D18 after Al (i.e., before late embryonic
and fetal death). This can be due to a recovery rate <100%.
The same team have obtained an embryo recovery rate (num-
ber of embryos/number of corpus luteum) of 39% between D6
and D9 after AI (n = 145 flushes) and 44% between D12 and
D21 (n = 251 flushes) in superovulated cows (58), but we have
to consider that early embryonic mortality might have occurred
before D12 even in superovulated cows. Embryo recovery rate
might be close to pregnancy rate at late stage when the embryo
is large. Moreover, first service conception rate is usually
low in this herd: 29% measured on D60 after AI (41).
Additionally, the low embryo recovery rate in the cows can
be partly explained by the calving-to-first-Al interval, which
was lower in our experiment (63 days) compared with
commercial French dairy herds (ranging between 85 and 95
days over the years 2000 and 2008) and to high postpartum
loss of BCS, which is sometimes (but not always) related to
low pregnancy rates in dairy cows (45). Nevertheless, we
observed the expected difference in fertility between virgin
heifers in adequate BCS at breeding (recommendation 2.5)
and multiparous lactating cows, which is classically attrib-
uted to higher fertilization rate and lower embryonic loss in
heifers compared with lactating cows (22, 62).

Dam Group Effect on Conceptus Recovery Rate

The dam group effect on recovery rate might be related to
some known variation factors of fertility between the two
groups (heifers vs. cows) of females: age/parity (heifers are
close to puberty vs. older multiparous cows), uterine health and

Table 7. Validation of 12 gene expression differences in D18 EET from GH, ELC, and LLC

Differential Analysis RT-qPCR
Comparison Gene Name Sense of Variation Fold Change FDR Sense of Variation Fold Change P Value
GH vs. ELC LIPA GH > ELC 1.57 <0.05 GH > ELC 1.78 0.01
CTGF GH > ELC 1.59 <0.05 GH > ELC 1.45 0.06
SLC2A1 GH > ELC 1.29 <0.05 GH > ELC 1.10 0.12
STARDI10 ELC > GH 1.41 <0.05 ELC > GH 1.44 0.03
GH vs. LLC IGFBP4 GH > LLC 1.5 <0.05 GH > LLC 1.19 0.07
ABCG2 GH > LLC 1.39 <0.05 GH > LLC 1.14 0.07
ATP6VID GH > LLC 1.31 <0.05 GH > LLC 1.19 0.07
NDUFS6 LLC > GH 1.40 <0.05 LLC > GH 1.25 0.09
NDUFC2 LLC > GH 1.36 <0.05 LLC > GH 1.22 0.04
NDUFAI LLC > GH 1.28 <0.05 LLC > GH 1.14 0.06
DBI LLC > GH 1.60 <0.05 LLC > GH 1.06 0.10
ELC vs. LLC RBP4 ELC > LLC 1.44 <0.05 ELC > LLC 1.10 0.09

We tested 15 D18 EET (5 per group: GH, ELC, LLC). FDR, false discovery rate.
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integrity (nulliparous heifers vs. postpartum cows), physiological
stage (nonlactating vs. lactating), diet protein supply, and EB.

The parity effect had a profound impact on early embryonic
mortality in our experiment. Fertilization rate is supposed to be
high in heifers (>90%) and in lactating dairy cows (75-80%,
Refs. 62, 70). Early embryonic mortality would have occurred
in our three groups of cows but to a greater extent in cows than
in heifers. Three hypotheses are used to explain the high
incidence of early embryonic loss in high-producing dairy
cows: ) poor oocyte quality, 2) impaired ability of the genital
tract to ensure conceptus development, and 3) low progester-
one concentrations before and after insemination.

Lactating cows were in an NEB before Al. This is expected
to have a detrimental effect on oocyte quality and to impair
fertilization rate and early conceptus development, which
might have an effect on later gene expression, at D18 (43, 44).

Moreover, we recently showed that postpartum nutritional
stress alters gene expression in the oviduct to a larger extent
than in the endometrium (70). This supports the hypothesis that
NEB may mainly affect fertilization rate and very early (DO—
D7) rather than later (D7-D18) embryonic development by
modifying the oviductal environment in the cow. In the heifer
group, most of the conceptuses survived after D7 since we
identified three trophoblastic vesicles and 11 conceptuses in the
19 females. This is in agreement with the observations of Rizos
et al. (59) and Maillo et al. (47), who observed that the
reproductive tract of lactating primiparous cows is less capable
of supporting early embryonic development (D2-D7) com-
pared with heifers or nonlactating cows.

Protein supply was higher in cows than in heifers and led to
higher circulating urea concentrations, but they remained lower
than the value of 7.14 mmol/l (urea nitrogen 20 mg/dl) con-
sidered being detrimental for fertility (44).

Moreover, it is possible that some of our cows were affected
by subclinical endometritis, which is known to have a detri-
mental effect on fertility (73). Some of them were assisted at
calving, and some of them presented delayed uterine involu-
tion.

Circulating concentrations of P4 during the cycle prior to
insemination and between 4 and 7 dpi are related to conceptus
survival (22, 61). In our experimental design, heifers and cows
received a P4 analog supplement (Norgestomet) before Al this
is known to increase fertility (77). After Al, circulating con-
centrations of P4 were not different between pregnant heifers
and pregnant lactating cows in our experiment. This is not
consistent with the hypothesis that higher feed intake during
lactation is associated with depressed circulating steroid con-
centrations due to greater hepatic clearance. However, our
results are similar to those previously published by Maillo et al.
(47) in lactating vs. dry cows. At D18, P4 concentrations were
not correlated with conceptus development. This is not contra-
dictory with the potential positive effect of high P4 on im-
proved conceptus survival: low P4 concentrations might be
involved in very early embryonic death (between D2 and D13),
and we did not observe these animals in the present study since
they were found to be nonpregnant on D18.

Cows and heifers did not receive the same treatment before
insemination: eCG was used in cows but not in heifers as
recommended by the laboratory to prevent multiple ovulations
in young (and light) animals. This modified the endocrine
milieu during early embryo development and might have had

an effect on conceptus gene expression on D18. It may also
mask the poorer fertility usually observed in cows vs. heifers
since this hormone is known to have a positive effect on
pregnancy rate after treatment.

Dam Group Effect on Conceptus Development

In our experiment, the development of the conceptuses that
survived up to D18 was similar between the three groups of
dams with: /) almost all being elongated (only 2/32 were
atypically small for D18 conceptuses) and 2) similar ratios of
filamentous to tubular conceptuses per group. Similarly most
embryonic discs displayed a normal gastrulating pattern (only
2/29 were atypical). The ability of the uterus to sustain con-
ceptus development between D13/D14 and D18 might thus be
considered equivalent in heifers and lactating cows.

The length of D18 bovine conceptuses has often been
recorded to be between 17 and 25 cm. This was observed by
Degrelle et al. (20), Thompson et al. (66), as well as in many
earlier reports (9, 31, 46). Accordingly, in the present experi-
ment most of the conceptuses were properly elongated. How-
ever, even in heifers, some of them were early filamentous
(length between 10 and 15 cm) or tubular (length <10 cm).
Indeed, the flush technique is susceptible to cause superficial
damage to EET. Moreover, we used purebred Holstein females
inseminated with a Holstein bull, whereas crossbred dairy and
beef heifers were inseminated with various breeds of bulls to
produce Al, IVP, and SCNT conceptuses in previous experi-
ments (8, 17, 20, 49). Heterosis is known to be high for
reproductive traits that are of low heritability (51, 64). Using
such crossbreeding might thus have had an effect on early
conceptus development. The effect of this practice should be
investigated more carefully in the future.

Dam Group Effect On Conceptus Gene Expression

Gene expression differences were observed between the
EET of our heifer vs. cow D18 conceptuses, though not more
than 5% of the transcriptome assessed with our microarray
(690 DEG out of 10,000 expressed genes in these D18 EET).
The observed differences were mainly dealing with develop-
ment and metabolism and were not all statistically correlated
with the circulating concentrations of metabolites and hor-
mones before embryo recovering.

As Betsha et al. (8) at D16 or Degrelle et al. (20) at D18, we
did not observe any effect of the sex of the conceptus on gene
expression patterns of our D18 conceptuses. Moreover, the
embryonic stage of the conceptus, determined by the morphol-
ogy of embryonic disc or the expression pattern of a predictive
set of six extraembryonic genes, only had a modest effect on
gene expression. This is probably related to small differences
in conceptus development after Al and was also observed by
Mamo et al. (49) while comparing transcripts between D16 and
D19 conceptuses.

The expression of many DEG was correlated with metabol-
ic/hormonal patterns before embryo flush but not all of them.
The observed correlations were strong with circulating IGF-1
and NEFA concentrations, which were the parameters the most
different between heifers and cows. However, we cannot ex-
clude that confounding factors (cited above) may also have had
a substantial effect on conceptus gene expression. Neverthe-
less, energy status might explain a considerable part of the
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differences observed in the expression of genes involved in
developmental, carbohydrate, and lipid metabolism pathways.

The cow group effect (ELC vs. LLC) on gene expression
was lower than the parity effect (GH vs. ELC and GH vs.
LLC): only 75 genes were affected vs. 333 and 357 in the GH
vs. cow comparisons. The LLC did not differ from ELC for
BCS, BW at calving and at breeding, peak milk production, nor
milk production at breeding. However, LLC had a higher
genetic merit for milk production than ELC cows, which is
known to be negatively related to fertility (10). The difference
in conceptus gene expression might reflect these differences in
innate fertility. These two groups also differ in the calving to
Al interval and in the fact that LLC received two vs. one estrus
synchronization treatment. They were rebred after a uterine
flush. These factors can lead us to consider LLC as being
similar to repeat breeder cows. Surprisingly, neither calving
assistance nor delayed uterine involution had a detrimental
effect on fertility in our experiment: 36 and 40% of the
pregnant cows were assisted at calving in the ELC and LLC
groups, and among the five cows with delayed uterine involu-
tion, three were pregnant at first service (ELC) and one at the
second service (LLC). Therefore, these last two factors cannot
be considered as important variation factors of gene expression
between our two groups of cows. Cows were in different EB
before embryo flush, but this seems to have a lower impact on
gene expression than variations between GH and lactating
cows have (no strong correlations with metabolites/hormones
patterns).

Developmental Pathways Expressed in the Conceptuses

Most of the genes affected are already well known and
expressed within the temporal dynamics reported by Mamo et
al. (49) between D7 and D19, as well as by others (reviewed in
Refs. 33, 48, 68).

Indeed, connective tissue development is linked to EET
development since proteins from the extracellular matrix
(BGN, COL, DCN) contribute to the interactions with the
underlying or overlying epithelial cells (mainly trophoblast
cells in D18 EET). Conversely, based on the gene ontology
database, the connective tissue growth factor (CTGF) regulates
BGN and DCN synthesis but has broader functions in the
regulation of cell growth, cell differentiation, or cell migration.
Recently, it has also been predominantly observed in the
trophectoderm of bovine blastocysts, as well as ELF3: an
epithelial-specific transcription factor (55). HANDI, a tran-
scription factor from another family, has also been associated
with extraembryonic differentiation in bovine conceptuses af-
ter AL (18) or SCNT (2). In the present work, BGN, COLI8AI,
DCN, and CTGF were more expressed in the D18 EET from
heifers than from ELC, whereas HANDI and ELF3 were less
expressed in D18 EET from GH than LLC. Also involved in
EET differentiation, and here more expressed in those from
heifers than from lactating cows were the prostaglandin syn-
thases (PTGDS, PTGES).

PAGI1 and PAGI2, genes involved in prostaglandin syn-
thesis, were affected by the dam group in our work and were
recently described in D17 conceptuses by Thompson et al.
(66). Last but not least, genes encoding proteins related to
chromatin remodeling appeared either more expressed in EET
from heifers (SMARC-A, B and TDRD3: activators of gene

expression) or less expressed (EHMT2: negative regulator of
transcription) than in cows. How these proteins relate to the
physiological status of the dam and contribute to D18 EET
differentiation awaits further studies. However, dam EB might
be involved as observed in primates and rodents, where ma-
ternal nutrition has been shown to affect different developmen-
tal windows (even before embryo implantation) and different
tissues, thus modifying both gene expression and epigenetic
marks (for example Ref. 27).

Metabolic Pathways Expressed in Conceptuses

Comparative gene expression between GH and ELC is of
great interest to understand variations in conceptus energy
metabolism. The outcomes of the transcriptomic study were
that differential gene expression patterns in D18 EET from
ELC and LLC were mainly downregulations compared with
those from heifers. Since genes affecting chromatin remodel-
ing and leading to gene activation were less expressed in D18
EET from ELC and LLC than from GH (while those leading to
gene repression were more expressed), it may be that this
overall downregulation in ELC and LLC has an epigenetic
origin.

Carbohydrate metabolism. Glucose, lactate, and pyruvate
are used for energy production in early bovine conceptuses
(67). In our experiment, circulating glucose concentrations
were higher in GH than in ELC, and this was reflected in
conceptus metabolism since for example gene expression of
SLC2A1, a glucose transporter, was upregulated in the concep-
tuses of GH. Glucose plays two roles for the conceptus: it is a
potential source of ATP through the glycolysis pathway but
also of ribose and NADPH through the pentose-phosphate
pathway (67). Ribose synthesis is essential for conceptus
development as this molecule is a precursor of DNA and RNA
synthesis. Interestingly, we found this later pathway upregu-
lated in GH vs. ELC conceptuses (upregulation of PGD and
TKT genes). The exposure of the zygote to high levels of
glucose was associated with an increase in gene expression
associated with oxidative stress (12, 13). The fact that SLC2A 1
is overexpressed in the EET of D18 conceptuses from heifers
in our experiment could thus indicate a state of higher meta-
bolic activity but also of higher oxidative stress. Another way
for the conceptus to produce energy is by oxidative phosphor-
ylation via the oxidation of pyruvate and amino acids. In a
comparison of GH vs. ELC conceptuses, the PC gene, which
encodes for pyruvate carboxylase (an enzyme that catalyzes the
carboxylation of pyruvate to oxaloacetate, the main fuel for the
citric acid cycle), is upregulated. In a comparison of GH vs.
LLC, the LDBH gene, also involved in pyruvate and lactate
utilization, was upregulated.

ACSS2 and ACSS3 (acyl-CoA synthetase short-chain family
member 2 and 3), upregulated in GH vs. ELC cows, are two
enzymes found in the cytosol and mitochondria, respectively,
that activate the utilization of acetate to produce acetyl-CoA
for lipid synthesis or for energy production (75). Acetate is the
major volatile fatty acid produced by ruminal fermentation. It
is oxidized throughout most of the body to generate ATP, and
it is the major source of acetyl CoA for lipid synthesis. To our
knowledge, its availability in the uterus and its utilization by
the peri-implanted conceptus have not been documented.
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Moreover, ATP4A, upregulated in GH vs. ELC and LLC
cows, encodes for an enzyme that catalyzes the hydrolysis of
ATP. The utilization of ATP appeared to be higher in GH than
in cow conceptuses.

All these observations taken together sustain the same hy-
pothesis: energy was more available in heifers than in cow
conceptuses.

Lipid metabolism. Lipids and fatty acids are precursors for
prostaglandin and steroid hormone biosynthesis. In our study,
prostaglandin biosynthesis was upregulated in GH vs. ELC and
LLC (1 PTGDS, 1 PTGES), but cholesterol transport was
downregulated (| TSPO). Lipids are included in cell mem-
branes and provide substrate for energy production by the
B-oxidation pathway (75). Gene expression was in favor of
lipid utilization and synthesis in heifer vs. cow conceptuses as
most of the DEG were upregulated in GH vs. ELC and LLC.
Some genes implicated in the lipid hydrolysis and 3-oxidation
pathways were downregulated in heifers vs. LLC. This may
signify that 3-oxidation was more active in LLC than in GH
conceptuses. Bovine oocyte and conceptuses sometimes have
high concentrations of intracellular lipids, but this is suspected
to have a detrimental effect on oocyte quality and on the
developmental ability of the conceptus (43, 44). Little is known
about the lipid content of uterine secretions around the day of
implantation in the cow. Histotroph composition has been
widely investigated in the ewe (review Ref. 5), but in this
species breeding occurs after weaning and is not concomitant
with postpartum lipolysis and NEB induced by lactation as
seen in postpartum cows. Lipid utilization for energy metabo-
lism was recently demonstrated in early in vitro cultured
bovine embryos (77), but there are no data to our knowledge
about peri-implantation embryos.

Lactating

cows

Young vs Old Nulliparous vs multiparous

Lactating vs non-lactating

53

In summary, heifer conceptuses were engaged in many
functions involving lipid biosynthesis as these pathways
were upregulated compared with lactating cow conceptuses,
which developed in a metabolic environment involved in
lipolysis.

Summarizing the Functions Influenced by Dam Physiological
Status

Gene expression in D18 EET influenced by the dam physi-
ological status is totally new and appears associated with two
main categories of functions: /) development and 2) metabo-
lism. Moreover, we found gene downregulations, in EET
originating from ELC and LLC compared with GH, of a few
genes from the epigenetic machinery. Thus, modifications of
epigenetic marks must constitute a third category of functions
affected by the dam physiology. This, however, has to be
investigated further. In brief, the most significant genes iden-
tified in this study as susceptible to the dam physiological
status are presented in Fig. 6. The expression of most genes is
related to measured metabolic/hormonal patterns observed be-
fore conceptus collection, likely to EB. Nevertheless, as dis-
cussed above, we cannot exclude the effect of confounding
factors such as: age of the dam, parity (nulliparous vs. multip-
arous), lactation, and differential reproductive history (assis-
tance at calving, uterine health). All these factors might affect
oocyte quality and oviductal and uterine environment and thus
affect developing tissues of the embryos. Those modifications
might influence the close or far “future” of the extraembryonic
or embryonic tissues, the early placentation steps, but also the
future germline. Modifications in epigenetic marks could in-
deed influence later performances at the adult stage, compris-
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Fig. 6. Effect of the dam physiological status on molecular pathways expressed in D18 conceptus. Putative effect of energy balance and other factors related to
dam physiological status on gene expression in EET at D18 of pregnancy. The energy balance could influence oocyte quality, oviductal environment as shown
in Ref. 70, but also the uterine milieu, thus affecting on gene expression in the conceptus. A brief search of upstream regulators of the genes highlighted in this
paper using Ingenuity Pathway Analysis highlighted some major “transversal” factors such as the PPAR-family genes, mediating the effect of nutrition on

metabolism and epigenetic machinery (27).
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ing fertility, depending on the marks transmitted to the next
generation (29).

Conclusion

In conclusion, despite similar morphological development in
the conceptuses that survived up to D18, molecular character-
istics of heifer conceptuses were consistently different from
cow conceptuses. Most of these differences were strongly
related to metabolic/hormonal patterns before insemination and
during the free-life of the conceptuses, especially to circulating
IGF-1 and NEFA concentrations, which were the parameters
that were the most different between heifers and cows. We
cannot exclude confounding factors to explain these relation-
ships, but the pathways identified strongly sustain the hypoth-
esis for an important role for dam energy metabolism on
conceptus gene expression. Dam energy nutrient availability
might have a direct effect on endometrium secretions, and this
could affect conceptus metabolism and development. In our study,
heifer conceptuses appeared to be engaged in more biosynthesis
pathways and consequently seemed to be healthier and more able
to continue their development than postpartum cow conceptuses.
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