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ABSTRACT

Objectives were to evaluate the effects of follicular 
wave and progesterone concentration on growth of the 
ovulatory follicle, conceptus elongation, uterine IFN-τ 
concentration, and transcriptome of conceptus and 
endometrium of pregnant cows on d 17 of gestation. 
Nonlactating nonpregnant Holstein cows were assigned 
randomly to one of 3 treatments: ovulation of a first-
wave follicle (FW, n = 15); ovulation of a first-wave 
follicle and progesterone supplementation (FWP4, n 
= 12); and ovulation of a second-wave follicle (SW, 
n = 19). Ovulation of a first- or second-wave follicle 
was achieved by initiating the Ovsynch protocol (d −9 
GnRH, d −2 and −1 PGF2α, d 0 GnRH and artificial 
insemination, d 0.7 artificial insemination) on d 0 or 6 
of a presynchronized estrous cycle, respectively. Cows 
in FWP4 received 3 intravaginal inserts containing pro-
gesterone at 12, 24, and 48 h after the first GnRH injec-
tion that were removed on d −2. Cows were killed on 
d 17 for collection of the reproductive tract. Transcrip-
tome was evaluated by microarray using the Affymetrix 
Bovine Array. Orthogonal contrasts were built to assess 
the effects of progesterone concentration during follicle 
growth (FW vs. FWP4 + SW) and follicular wave 
(FWP4 vs. SW). Progesterone concentrations (LSM ± 
SEM) from d −9 to −2 were greater for SW, followed 
by FWP4 and FW (5.38 ± 0.24, 4.26 ± 0.28, and 1.17 
± 0.27 ng/mL). Diameter of the ovulatory follicle (FW 
= 19.6 ± 0.6; FWP4 = 15.6 ± 0.6; SW = 15.2 ± 0.5 
mm) and concentrations of estradiol from d −2 to 1 
(FW = 4.05 ± 0.33; FWP4 = 2.73 ± 0.35; SW = 2.48 

± 0.30 pg/mL) were greater for FW compared with 
FWP4 and SW. Progesterone concentrations from d 3 
to 16 were greater for FW compared with FWP4 and 
SW. A total of 28 singleton conceptuses were collected 
(FW, n = 8; FWP4, n = 8; SW, n = 12) and only in-
tact conceptuses were included in the analyses of length 
(FW, n = 8; FWP4, n = 6; SW, n = 12). Although 
conceptuses were longer for FW compared with FWP4 
and SW (FW = 16.6 ± 2.3; FWP4 = 9.8 ± 2.2; SW = 
9.6 ± 2.0 cm), treatment did not affect the amount of 
IFN-τ in uterine flushing. Transcriptome of conceptuses 
and endometrium of pregnant cows was not extensively 
affected by follicular wave (8 and 1 differentially ex-
pressed transcripts) or concentration of progesterone 
during follicle growth (0 and 3 differentially expressed 
transcripts), showing that these factors did not affect 
conceptuses and endometrium transcriptome in preg-
nancies that are maintained to d 17.
Key words: corpus luteum, embryo, reproduction, 
gene expression

INTRODUCTION

Pregnancy loss is one of the main limitations for 
achievement of optimal fertility in dairy cows. Suc-
cessful fertilization is observed in approximately 80% 
of dairy cows subjected to AI. However, 60% of zy-
gotes are expected to die before term, which means 
the proportion of inseminated cows that calve often is 
below 30% (Santos et al., 2004; Wiltbank et al., 2016). 
Embryonic death is particularly important within the 
first 28 d of insemination, when 75% of all pregnancy 
losses are observed (Santos et al., 2004). Establishment 
of pregnancy is a coordinated process that entails a 
delicate crosstalk between the embryonic and maternal 
components. Bovine conceptuses must be able to elon-
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gate rapidly and produce IFN-τ to block the luteolytic 
cascade (Thatcher et al., 1989). Nutrients and growth 
factors secreted by endometrial glands, collectively 
known as histotroph, are essential for conceptus elonga-
tion after hatching from the zona pellucida (Filant and 
Spencer, 2014). In turn, conceptus-derived IFN-τ and 
prostaglandins control the expression of IFN-stimulated 
genes both locally and systemically (Gifford et al., 2007, 
2008; Spencer et al., 2013). Altogether, the interaction 
between conceptus and endometrium leads to the main-
tenance of a functional corpus luteum (CL), immune 
modulation and receptivity to pregnancy, adhesion of 
the trophectoderm to the endometrium, and subsequent 
implantation (Spencer et al., 2008). Understanding the 
factors that disrupt this communication is critical to 
mitigate pregnancy loss and enhance individual fertility 
in dairy cows.

Insufficient concentration of progesterone in plasma 
during the growth of the ovulatory follicle substantially 
reduces pregnancy per AI (P/AI) in dairy cows (Bisi-
notto et al., 2014; Wiltbank et al., 2014). Cows induced 
to ovulate the dominant follicle from the first wave, 
which develops concurrently with the CL and, thus, 
under reduced concentrations of progesterone, are 30% 
less likely to become pregnant compared with those that 
ovulate a second-wave follicle (Bisinotto et al., 2010; 
Denicol et al., 2012). Cows that lack a functional CL at 
the initiation of a timed AI protocol also have reduced 
concentrations of progesterone in plasma and lesser P/
AI compared with herdmates in diestrus (Bisinotto 
et al., 2013, 2015). More importantly, supplementing 
progesterone to increase progesterone concentrations in 
plasma above 2 ng/mL restored fertility in cows lacking 
CL when the timed AI program was initiated (Bisi-
notto et al., 2013, 2015). Although these results sup-
port the importance of progesterone for proper follicle 
maturation and subsequent embryo survival, the exact 
mechanisms implicated in such process remain unde-
fined (Santos et al., 2016). Reduced concentrations of 
progesterone during the first wave are associated with 
greater frequency of LH pulses and expedited follicular 
growth compared with that observed during the second 
wave (Endo et al., 2012). Furthermore, cows induced 
to have reduced concentrations of progesterone during 
development of the ovulatory follicle had increased 
LH concentrations in plasma, faster rate of follicular 
growth, and smaller intra-follicular concentrations of 
IGF-1 (Cerri et al., 2011a). Such changes in follicular 
growth and intrafollicular environment have been as-
sociated with decreased number of live blastomeres, 
impaired embryo quality, and increased proportion of 
degenerated embryos on d 7 after AI (Cunha et al., 
2008; Cerri et al., 2011b; Rivera et al., 2011). Never-
theless, the effects of follicular wave and progesterone 

concentrations during growth of the ovulatory follicle 
on development of elongating conceptuses during pre-
implantation stages remain largely unknown.

In addition to its effects on follicle maturation and 
embryo quality, reduced progesterone concentrations 
before ovulation likely have a legacy effect on uterine 
function in the subsequent estrous cycle. Cows with 
reduced progesterone concentration during the growth 
of the ovulatory follicle had greater release of PGF2α in 
response to oxytocin (Shaham-Albalancy et al., 2001; 
Cerri et al., 2011a) and altered uterine vascularization 
and endometrial gland morphology (Shaham-Albalancy 
et al., 1997). Interestingly, the ovulation of follicles that 
developed under low concentrations of progesterone 
resulted in larger CL on d 6 after AI (Cerri et al., 
2011b), which has been associated with greater concen-
trations of progesterone after ovulation (Vasconcelos et 
al., 2001). Nevertheless, it remains unexplored whether 
a faster rise in progesterone concentrations after AI 
offsets the negative effect of ovulating a first-wave 
dominant follicle or creates an asynchrony between 
conceptus and endometrium by hastening progression 
of gene expression further disrupting the establishment 
of pregnancy in cows that ovulate first-wave follicles 
(Forde et al., 2009; O’Hara et al., 2014).

Objectives of the present experiment were to evalu-
ate the effects of follicular wave and progesterone con-
centration during the growth of the ovulatory follicle on 
ovarian responses, conceptus elongation, concentrations 
of IFN-τ in uterine flush, and global gene expression in 
the endometrium and conceptus on d 17 of gestation. 
Our hypotheses were that the ovulation of first wave 
follicles disrupts conceptus elongation in dairy cows 
compared with the ovulation of follicles from the second 
wave, which would alter embryonic and endometrial 
gene expression and reduce concentrations of IFN-τ in 
the uterine flushing. Moreover, we hypothesized that 
these negative effects on embryo development and 
uterine receptivity to pregnancy are eliminated by 
supplementing cows with progesterone during the first 
follicular wave.

MATERIALS AND METHODS

All experimental procedures complied with the Guide 
for Care and Use of Agricultural Animals in Agricul-
tural Research and Teaching and were approved by 
the Animal Research Committee of the University of 
Florida protocol number 018–09ANS.

Cows and Eligibility for Enrollment

Nonlactating and nonpregnant Holstein cows were 
kept on pasture and had access to shade and water ad 
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libitum. Cows were fed a TMR containing corn silage, 
Bermuda grass silage, ground corn, citrus pulp, soy-
bean meal, wet brewer’s grains, minerals, and vitamins. 
Cows were transrectally palpated and those diagnosed 
with abnormal reproductive tracts (i.e., follicular cysts, 
adhesions, abscesses, tumors) were excluded from en-
rollment. Body condition was scored 7 d before the 
onset of presynchronization using a 1 to 5 scale with 
0.25 increments (Elanco Animal Health, 2009).

Experimental Design, Treatments,  
and Sample Size Calculation

Eligible cows were stratified by parity group (pri-
miparous or multiparous) and BCS and assigned 
randomly to one of 3 treatments as a completely ran-
domized design (Figure 1). Treatments were ovulation 
of a first-wave follicle (FW); ovulation of a first-wave 
follicle concurrent with progesterone supplementation 

(FWP4); ovulation of a second-wave follicle (SW). 
The treatment FWP4 was designed to mimic proges-
terone concentrations in plasma of those in SW, but 
have cows ovulate a first-wave dominant follicle.

A 2-sided sample size was calculated with the 
POWER procedure of SAS version 9.3 (SAS Institute 
Inc.). To adjust for possible multiple comparisons with 
3 treatments, the value of α was set 0.017 (α = 0.05/3 
= 0.017) and β = 0.20. The sample size calculated of 
11 cows per treatment allowed detection of statistical 
effect in ovulatory follicle diameter when a difference 
of 3.0 mm is observed assuming a standard deviation 
(SD) of 2.0 mm for follicle diameter based on data 
from previous experiments manipulating follicle proges-
terone concentrations during growth of the ovulatory 
follicle (Cerri et al., 2011a,b). Because not every cow 
was anticipated to respond to all hormonal treatments, 
additional cows were added to ensure at least 11 per 
treatment that synchronized. No sample size was cal-
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Figure 1. Diagram of experimental procedures. FW = cows induced to ovulate a first-wave follicle; FWP4 = cows induced to ovulate a 
first-wave follicle and treated with 3 controlled internal drug release (CIDR) inserts containing 1.38 g of progesterone each (inserted 12, 24, and 
48 h after GnRH injection on d −9 and removed on d −2); SW = cows induced to ovulate a second-wave follicle. AI = artificial insemination; 
GnRH = injection of 100 µg of gonadotropin-releasing hormone; PGF2α = injection of 25 mg of prostaglandin F2α; US = evaluation of ovarian 
structures via transrectal ultrasonography (unless experiment day is indicated, US were performed 2 d after preceding GnRH injection).
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culated for number of conceptuses for transcriptome 
analyses because of an inability to determine expected 
differences and variance in the data. A previous cohort 
study in our group observed large differences in tran-
scriptome in d 15 conceptuses between anovular cows, 
that ovulated to first-wave follicles, or estrous cyclic 
cows that ovulated follicles that developed under high 
concentration of progesterone with 6 elongated concep-
tuses analyzed per treatment (Ribeiro et al., 2016b). To 
ensure that at least 6 or 7 elongated conceptuses would 
be recovered on d 17 in each treatment, the experiment 
enrolled at least 13 cows per treatment. The unequal 
number of cows per treatment was caused by some 
cows not responding to one of the hormonal treatments 
during estrous synchronization protocols (Figure 1). 
Cows diagnosed with double ovulation on d 0 were not 
included in the statistical analyses (FW, n = 1; FWP4, 
n = 1). Therefore, 46 cows (FW, n = 15; FWP4, n = 
12; SW, n = 19) were considered for statistical analy-
ses of ovarian responses and hormonal concentrations, 
whereas 28 pregnant cows carrying singletons (FW, 
n = 8; FWP4, n = 8; SW, n = 12) were considered 
for statistical analyses of conceptus and endometrial 
transcriptome.

Synchronization of the Estrous Cycle

The estrous cycle of cows was presynchronized with 
an injection of GnRH (100 µg of gonadorelin diacetate 
tetrahydrate, i.m., Cystorelin, Merial Ltd.) and a con-
trolled internal drug release (CIDR) insert (1.38 g of 
progesterone, Eazi-Breed CIDR, Pfizer Animal Health). 
Inserts were removed 7 d later and cows received 2 
PGF2α injections (25 mg of dinoprost tromethamine, 
i.m., Lutalyse, Pfizer Animal Health) 24 h apart. Cows 
received a second GnRH injection 1 d after the second 
PGF2α. The experimental synchronization protocol 
(d −9 GnRH, d −2 and −1 PGF2α, d 0 GnRH) was 
initiated either on the same day of the second GnRH 
injection of the presynchronization in treatments FW 
and FWP4, or 6 d after the second GnRH injection of 
the presynchronization in SW. Cows assigned to FWP4 
received 3 CIDR inserts given singularly at 12, 24, and 
48 h after the injection of GnRH administered on d −9. 
All inserts were removed on d −2. Cows in all treat-
ments were inseminated using frozen-thawed semen 
concurrently with the final GnRH injection (d 0) and 
16 h later (d 0.7). Two sires of high sire conception rate 
were used and distributed equally among treatments. 
Only cows that responded to all hormonal treatments 
based on ultrasonographic (Aloka SSD-500 equipped 
with a 7.5 MHz linear transducer, Aloka Co.) evalua-
tion of the ovaries were kept in the experiment.

Ultrasonographic Evaluation of Ovaries

Ovaries were evaluated by ultrasonography to ensure 
response to hormonal treatments and for the measure-
ment of ovarian structures (Figure 1). Position and di-
ameter of all follicles >5 mm and CL were recorded at 
each examination. Ovulation was defined as the disap-
pearance of one or more follicles ≥8.5 mm within 2 d of 
a GnRH injection followed by the formation of a CL in 
the same location. Structural luteolysis was defined as 
the disappearance of a CL within 4 d of a PGF2α injec-
tion. The largest diameter of the ovulatory follicle was 
measured on d −2 and 0. The volume of the CL was 
evaluated on d 7 and 13. At the largest cross-section, 
the width and height of the CL and its cavity were 
measured. Average radiuses were used for calculation of 
CL volume as 4 3 4 33 3/ / ,× ×( )− × ×( )π πR RCL cavity  

where RCL is the average radius of the CL, Rcavity is the 
average radius of the cavity, and π = 3.14159.

Analyses of Progesterone and Estradiol 
Concentrations in Plasma

Blood was sampled daily from d −9 to 17 by punc-
ture of the coccygeal vessels using evacuated tubes 
with K2 EDTA (Vacutainer, Becton Dickinson). Blood 
tubes were placed on ice immediately and centrifuged 
at 2,000 × g for 15 min at 4°C within 2 h of collection. 
Plasma samples were frozen at −20°C until assayed. 
Concentrations of progesterone from d −9 to 17 were 
analyzed by radioimmunoassay using a commercial kit 
(Coat-a-Count, Siemens Healthcare Diagnostics). The 
average sensitivity of the assay calculated at 2 SD be-
low the mean counts per minute at maximum binding 
was 0.02 ng/mL. Intra- and interassay coefficients of 
variation were calculated based on samples with known 
progesterone concentrations (1.5 and 2.5 ng/mL) and 
averaged 7.1 and 9.1%, respectively. Concentrations of 
estradiol in plasma were analyzed from d −2 to d 1 
by radioimmunoassay using a commercial kit (Estra-
diol Double Antibody, Siemens Healthcare Diagnostics) 
validated for use in bovine samples (Siddiqui et al., 
2009). The average sensitivity of the assay calculated at 
2 SD below the mean counts per minute at maximum 
binding was 0.17 pg/mL. All samples were analyzed 
in duplicate and the intra-assay coefficient of variation 
averaged 10.7%. The interassay coefficient of variation 
calculated based on the plasma from a cow exhibit-
ing standing estrous activity (~7.5 pg/mL) was 14.3%. 
Cows whose greatest estradiol concentration was ob-
served before the injection of GnRH administered on d 
0 were considered to have a premature peak of estradiol.
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Uterine Flush and Collection of Conceptus  
and Endometrial Tissue

Cows were euthanized via penetrating captive bolt 
followed by exsanguination on experiment d 17. Repro-
ductive tracts were collected, immediately placed on 
ice, and processed within 2 h of collection. The uterine 
horn ipsilateral to the CL was dissected from the in-
tercornual and broad ligaments, then isolated from the 
contralateral horn using a Doyen forceps. The cervix 
was closed using a string tight between 2 rings proximal 
to the uterine body. A transversal incision on the uter-
ine horn was performed approximately 2 cm before the 
uterotubal junction and the ipsilateral horn was flushed 
with 30 mL of sterile Dulbecco’s phosphate-buffered sa-
line (DPBS) solution using a 14-gauge needle coupled 
to a 60-mL syringe. The needle was inserted at base of 
the ipsilateral horn, and DPBS solution was injected 
gently. Uterine flush was collected through the trans-
versal incision into a petri dish and evaluated for the 
presence of a conceptus under microscope. Pregnancy 
was defined as the presence of a conceptus recovered 
by uterine flushing on d 17. Conceptuses were mea-
sured, snap-frozen in liquid N2, and stored at −80°C. 
The remaining fluid was cleared by centrifugation at 
2,000 × g for 30 min at 4°C, quantified, and stored at 
−80°C until assayed. After flushing, the uterine horn 
was opened longitudinally using scissors and samples 
of intercaruncular endometrium were dissected, snap-
frozen in liquid N2 and stored at −80°C. The uterine 
horn was visually divided into 3 sections (i.e., third 
proximal to the bifurcation, intermediate third, and 
third distal to the bifurcation), and an equal number 
of biopsies were collected from each section to ensure 
that the final sample was as representative of the entire 
horn as possible. Corpora lutea was dissected from the 
ovary and weighed.

RNA Extraction and Transcriptome Analysis

Total RNA extraction was performed using TRIzol 
reagent (Invitrogen) and a commercial kit for RNA 
purification (PureLink RNA Mini Kit, Invitrogen) 
according to recommendations provided by the manu-
facturer. Endometrial samples were homogenized using 
a handheld rotor-stator homogenizer (Qiagen). Con-
centration of RNA was analyzed using a microvolume 
spectrophotometer (NanoDrop 2000, Thermo Fisher 
Scientific). Quality of RNA was assessed using the 
Agilent 2100 Bioanalyzer (Agilent Technologies Inc.) 
and only samples with RNA integrity numbers greater 
than 7 were considered for subsequent transcriptome 
evaluation. Microarray analyses were conducted at the 

Interdisciplinary Center for Biotechnology Research, 
University of Florida. Samples were prepared using 
the GeneChip 3′ IVT Express kit (Affymetrix Inc.) ac-
cording to manufacturer’s protocols and hybridized to 
the Affymetrix GeneChip Bovine array. Arrays were 
washed and stained using the Affymetrix GeneChip 
Hybridization Wash and Stain kit in the Affymetrix 
Fluidics Station 450. Scanning of arrays was performed 
using the Affymetrix GeneChip 7G Scanner.

Measurement of IFN-τ in Uterine Flush

Concentrations of IFN-τ in the uterine flush were 
determined using a luciferase-based interferon stimula-
tory response element reporter gene assay in MDBK 
cells as described previously (McCoski et al., 2014). 
Recombinant human IFN-α (3.87 × 108 IU/mg; EMD 
Biosciences) was used to build the standard curves and 
50 µL of One-Glo Luciferase Assay Substrate (Promega 
Corp.) was added to each well to determine luciferase 
activity. An initial run was performed to define the 
optimal range of dilution for each sample. All samples 
were analyzed in triplicate, assay sensitivity was 0.3 
ng/mL and the intra-assay coefficient of variation aver-
aged 18.5%.

Statistical Analyses

Continuous data were analyzed by ANOVA using 
the GLIMMIX procedure of SAS version 9.3 (SAS In-
stitute Inc.) fitting a normal distribution. The fixed 
effects of treatment, parity, and the interaction between 
treatment and parity were included as independent 
variables. Concentrations of progesterone and estradiol 
were analyzed as repeated measures by ANOVA using 
the GLIMMIX procedure of SAS fitting a normal dis-
tribution. The effects of treatment, parity, day, and the 
interactions between treatment and parity, and treat-
ment and day were included in the model as indepen-
dent variables. Cow nested within treatment was con-
sidered a random effect. The covariance structure that 
resulted in the smallest Schwarz’s Bayesian information 
criterion value was selected for each analysis. Normal-
ity of residues, homogeneity of variances, and possible 
outliers were assessed by visual evaluation of Q-Q plots, 
histograms of the distribution of residuals, and scatter 
plots of studentized residuals against predicted values. 
Data that did not fulfill the assumptions for ANOVA 
were subjected to power transformation accordingly. 
Binary responses were analyzed by multivariable logis-
tic regression using the GLIMMIX procedure of SAS 
fitting a binary distribution with a logit link. Initial 
models included the fixed effects of treatment, parity, 
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and the interaction between treatment and parity. The 
effects of the interaction between treatment and par-
ity and that of parity were sequentially removed from 
the statistical models by backward elimination if P > 
0.10. The P-values for all pairwise comparisons among 
treatments were adjusted using the Tukey method. Or-
thogonal contrasts were used to evaluate the effects of 
concentrations of progesterone during the development 
of the ovulatory follicle (FW vs. FWP4 + SW) and 
follicular wave (FWP4 vs. SW). Differences with P ≤ 
0.05 were considered significant and those with 0.05 < 
P ≤ 0.10 were considered tendencies.

Quality of microarray was analyzed using Affymetrix 
internal controls with the ArrayAnalysis.org tool (Eijs-
sen et al., 2013) and no indication of RNA degradation 
or technical issues were observed. Processing of CEL 
files and statistical analyses were conducted using the 
Bioconductor repository in R. The Guanidine-Cytosine 
Robust Multichip Average method was used for array 
normalization, background correction, and summariza-
tion of probesets (Wu et al., 2004). Adjustment for batch 
effects was implemented using a parametric empirical 
Bayes method as described previously (Johnson et al., 
2007). Expression data were analyzed using robust 
regression within the Linear Models for Microarray li-
brary (Smyth, 2004) and the statistical model included 
the fixed effect of treatment. Orthogonal contrasts were 
used to evaluate the effects of concentration of proges-
terone and follicular wave during growth of the ovula-
tory follicle as described previously. The P-values were 
adjusted for multiple hypotheses testing to limit the 
false discovery rate at 5% (Benjamini and Hochberg, 
1995). Genes with adjusted P ≤ 0.05 and fold changes 
≥1.5 were considered differentially expressed. Biologi-
cal functions associated with differentially expressed 
genes were explored using the Database for Annotation, 
Visualization, and Integrated Discovery bioinformatics 
resources (Huang et al., 2009).

RESULTS

Hormonal Concentrations and Ovarian Structures

Concentrations of progesterone in plasma during the 
development of the ovulatory follicle differed among 
treatments (Figure 2). Cows in FW and FWP4 had 
lesser (P < 0.001) progesterone concentrations on d −9 
compared with SW cows (FW = 0.36 ± 0.13; FWP4 = 
0.23 ± 0.15; SW = 2.12 ± 0.12 ng/mL). However, no 
difference (P = 0.79) in progesterone concentration on 
d −9 was observed between FW and FWP4. Insertion 
of 3 CIDR devices increased (P < 0.001) concentra-
tions of progesterone in plasma in FWP4 that reached 

a plateau on d −6, whereas cows in FW and SW had 
a continuous increase in progesterone concentrations in 
plasma until d −2 when PGF2α was administered. From 
d −8 to −2, progesterone concentrations were lesser (P 
< 0.0001) for FW compared with FWP4 and SW and 
tended to be lesser (P = 0.10) for FWP4 compared 
with SW. Progesterone concentration on d −1 did not 
differ (P = 0.46) between FW and FWP4, however, it 
was greater (P ≤ 0.02) for SW compared with FW and 
FWP4 (FW = 0.50 ± 0.07; FWP4 = 0.38 ± 0.08; SW 
= 0.76 ± 0.06 ng/mL). Treatment did not affect (P 
= 0.59) concentrations of progesterone on d 0 (FW = 
0.30 ± 0.05; FWP4 = 0.26 ± 0.05; SW = 0.36 ± 0.04 
ng/mL).

Diameter of the ovulatory follicle on d −2 and 0 was 
greater (P < 0.001) for FW compared with FWP4 and 
SW (Table 1). Although follicular wave tended to affect 
(P = 0.06) diameter of the ovulatory follicle on d −2, 
no difference between FWP4 and SW was observed on 
d 0. Maximal concentration of estradiol from d −2 to 
1 and the proportion of cows with premature peak of 
estradiol were greater (P < 0.01) for FW compared 
with FWP4 and SW (Table 1). Estradiol concentra-
tions from d −2 to 1 were affected (P < 0.001) by the 
interaction between treatment and day because FW 
had greater (P < 0.001) estradiol concentrations on d 
−1 compared with FWP4 and SW (Figure 3).

Number of CL per cow and the total CL volume on d 
−2 were greater (P < 0.01) for SW compared with FW 
and FWP4. Luteal volume on d 7 was affected (P < 
0.001) by progesterone during preovulatory follicle de-
velopment, as CL volume was greater for FW compared 
with FWP4 and SW (Table 1). Both progesterone and 
follicle wave tended to affect (P = 0.10) CL volume on 
d 13, which was largest for FW, smallest for FWP4, 
and intermediate for SW. Corpus luteum weight on d 
17 was affected by progesterone (P < 0.01) and follicle 
wave (P = 0.05) because cows in FW had heavier CL 
than those in FWP4 and SW, and cows in FWP4 had 
lighter CL than those in SW. None of the cows in the 
experiment underwent spontaneous luteolysis before d 
17. Progesterone concentrations from d 3 to 16 were 
greater (P < 0.03) for FW compared with FWP4 and 
SW (Figure 4). On d 17, FW had greater concentra-
tions of progesterone than FWP4 whereas no difference 
was observed between SW and either FW or FWP4.

Conceptus Length and IFN-τ Concentration  
in Uterine Flush

Proportion of pregnant cows on d 17 was not affected 
by progesterone or follicular wave during the develop-
ment of the ovulatory follicle (Table 2). Conceptus 
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length on d 17 of gestation tended to be greater (P = 
0.06) for FW compared with FWP4 and SW. The con-
centration and total amount of IFN-τ in uterine flush 
were not affected by progesterone or follicular wave 
treatments during growth of the ovulatory follicle.

Conceptus and Endometrium Transcriptome

The length of the conceptuses included in the micro-
array analyses did not differ (P = 0.28) among treat-
ments (FW = 16.2 ± 2.6; FWP4 = 12.2 ± 2.6; SW = 
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Figure 2. Progesterone concentrations in plasma during the development of the ovulatory follicle (LSM ± SEM). Cows had the estrous cycle 
synchronized (d −9 GnRH, d −2 and −1 PGF2α, d 0 GnRH and AI; d 0.7 AI). FW = cows induced to ovulate first-wave follicles; FWP4 = cows 
induced to ovulate a first-wave follicle and treated with 3 controlled internal drug release (CIDR) inserts containing 1.38 g of progesterone each 
(inserted 12, 24, and 48 h after GnRH injection on d −9 and removed on d −2); SW = cows induced to ovulate second-wave follicles. The mean 
concentrations of progesterone from d −8 to −2 were: FW = 1.43 ± 0.27; FWP4 = 4.90 ± 0.30; SW = 5.70 ± 0.24 ng/mL. Effects of treatment 
(P < 0.001), day (P < 0.001), interaction between treatment and day (P < 0.001) and effects of progesterone (P < 0.001) and follicular wave 
(P < 0.04). Letters a, b, and c indicate that within day, LSM differed (P < 0.05). Error bars represent SEM.

Table 1. Effect of concentration of progesterone and follicular wave during the development of the ovulatory follicle on ovarian responses and 
hormonal profiles in dairy cows

Response

Treatment1

 

P-value2

FW FWP4 SW TRT P4 Wave

Ovulatory follicle, mm              
  At PGF2α injection (d −2) 14.1 ± 0.6 9.9 ± 0.7 11.7 ± 0.6   <0.001 <0.001 0.06
  At GnRH injection (d 0) 19.9 ± 0.5 15.2 ± 0.6 15.0 ± 0.5   <0.001 <0.001 0.80
Peak estradiol concentration, pg/mL 8.6 ± 0.5 6.0 ± 0.6 5.8 ± 0.5   <0.001 <0.001 0.82
Premature peak of estradiol,3 % (n/n) 53.3 (8/15) 8.3 (1/12) 0.0 (0/19)   0.01 <0.01 0.74
Number of CL on d −2 1.1 ± 0.1 0.9 ± 0.1 2.0 ± 0.1   <0.001 0.05 <0.001
CL volume,4 cm              
  d −2 7.3 ± 0.9 4.9 ± 1.1 9.5 ± 0.8   <0.01 0.96 <0.01
  d 7 5.4 ± 0.4 3.2 ± 0.4 3.9 ± 0.3   <0.01 <0.001 0.21
  d 13 6.9 ± 0.6 5.0 ± 0.6 6.4 ± 0.5   0.09 0.10 0.10
CL weight on d 17, g 6.9 ± 0.3 5.0 ± 0.4 6.0 ± 0.3   <0.01 <0.01 0.05
1FW = ovulation of first-wave follicles; FWP4 = ovulation of first-wave follicles and progesterone supplementation during follicular growth; SW 
= ovulation of second-wave follicles. Responses reported as LSM ± SEM unless specified.
2TRT = effect of treatment; P4 = effect of progesterone (FW vs. FWP4 + SW); Wave = effect of follicular wave (FWP4 vs. SW).
3Cows with the maximal estradiol concentration observed on d −1.
4Only cows with corpus luteum (CL) on d −2 were included in the statistical analysis.
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10.9 ± 2.1 cm). Neither progesterone (0 differentially 
expressed genes) nor follicular wave (8 differentially 
expressed genes) affected extensively the transcriptome 
of conceptuses on d 17 of gestation (Table 3). Similar 
to the results observed in the transcriptome analyses 
of conceptuses, progesterone (3 differentially expressed 
genes) and follicular wave (1 differentially expressed 
gene) did not have a major influence on endometrial 
transcriptome on d 17 of gestation (Table 4). No bio-
logical process in conceptus and endometrium on d 17 
of gestation was significantly affected by follicular wave 
and progesterone concentration during follicle growth.

DISCUSSION

Previous experiments have shown that cows induced 
to ovulate first-wave follicles have reduced concentra-
tions of progesterone in plasma during follicular growth 
and smaller P/AI compared with herdmates that 
ovulated the dominant follicle from subsequent waves 
(Bisinotto et al., 2010; Denicol et al., 2012). Under-
standing the mechanisms that underlie this reduction in 
fertility is important for the development of strategies 
to improve reproductive performance in dairy herds. 
First-wave follicles grew at a faster rate and reached a 

larger diameter compared with follicles from the second 
wave, which agrees with previous reports in dairy cows 
subjected to timed AI programs (Bisinotto et al., 2010) 
or during a spontaneous estrous cycle (Wolfenson et al., 
1995). The effect of treatment on follicle growth also 
was associated with changes in the pattern of estradiol 
concentrations in plasma during proestrus. Others have 
observed no difference in diameter between first- and 
second-wave dominant follicles in heifers exhibiting 2 
waves (Savio et al., 1988; Ginther et al., 1989). This in-
consistency can be partially explained by differences in 
the duration of follicle growth between waves (Ginther 
et al., 1989). In the present experiment, the emergence 
of the first and second waves was synchronized using 
GnRH and occurred on the same day in all treatments, 
as confirmed by ultrasonography. In addition, follicles 
from first and second waves were allowed to grow for 
the same period of time until induction of luteolysis 
with PGF2α and were exposed to the same length of 
proestrus determined by the final injection of GnRH. 
Therefore, current outcomes can be attributed exclu-
sively to follicular wave and the stage of the estrous 
cycle in which the ovulatory follicle developed. Supple-
menting progesterone during the first wave reduced 
the diameter of the ovulatory follicle and altered the 
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Figure 3. Estradiol concentrations in plasma during proestrus (LSM ± SEM). All cows had the estrous cycle synchronized (d −9 GnRH, d 
−2 and −1 PGF2α, d 0 GnRH and AI; d 0.7 AI). FW = cows induced to ovulate first-wave follicles; FWP4 = cows induced to ovulate a first-
wave follicle and treated with 3 controlled internal drug release (CIDR) inserts containing 1.38 g of progesterone each (inserted 12, 24, and 
48 h after GnRH injection on d −9 and removed on d −2); SW = cows induced to ovulate second wave follicles. The mean concentrations of 
estradiol from d −2 to 1 were: FW = 3.96 ± 0.30; FWP4 = 2.79 ± 0.34; SW = 2.76 ± 0.27 pg/mL. Effects of treatment (P = 0.01), day (P < 
0.001), interaction between treatment and day (P < 0.001) and effects of progesterone (P < 0.01) and follicular wave (P = 0.94). Letters a and 
b indicate that within day, effect of progesterone (P < 0.001). Error bars represent SEM.
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pattern of estradiol concentrations during proestrus, 
which did not differ between waves when progesterone 
was supplemented in FWP4 compared with SW. These 
results corroborate previous reports suggesting that 
the reduction in fertility observed in cows induced to 
ovulate first-wave follicles is mediated by insufficient 

concentrations of progesterone during follicle growth 
(Rivera et al., 2011; Bisinotto et al., 2013, 2015).

The changes in diameter of the ovulatory follicle and 
estradiol concentrations during proestrus were likely 
caused by increased LH pulsatility in cows with low 
concentrations of progesterone during follicle growth. 
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Figure 4. Progesterone concentrations in plasma after ovulation (LSM ± SEM). Cows had the estrous cycle synchronized (d −9 GnRH, d −2 
and −1 PGF2α, d 0 GnRH and AI; d 0.7 AI). FW = cows induced to ovulate first-wave follicles; FWP4 = cows induced to ovulate a first-wave 
follicle and treated with 3 controlled internal drug release (CIDR) inserts containing 1.38 g of progesterone each (inserted 12, 24, and 48 h after 
GnRH injection on d −9 and removed on d −2); SW = cows induced to ovulate second wave follicles. The mean concentrations of progesterone 
from d 1 to 17 were: FW = 4.70 ± 0.31; FWP4 = 3.08 ± 0.34; SW = 3.64 ± 0.27 ng/mL. Effects of treatment (P < 0.001), day (P < 0.001), 
interaction between treatment and day (P < 0.001) and effects of progesterone (P < 0.001) and follicular wave (P = 0.07). * indicates LSM 
were greater (P < 0.03) in FW compared with FWP4 and SW. § indicates LSM were greater (P < 0.01) in FW compared with FWP4. Error 
bars represent SEM.

Table 2. Effect of concentration of progesterone and follicular wave during the development of the ovulatory follicle on conceptus development 
and IFN-τ in uterine flush

Response

Treatment1

 

P-value2

FW FWP4 SW TRT P4 Wave

Pregnant cows, % (n/n) 53.3 (8/15) 75.0 (9/12) 68.4 (13/19)   0.48 0.23 0.70
Conceptus length, cm              
  Range 4.4 to 26.4 0.4 to 23.0 0.4 to 22.0   — — —
  Length of intact conceptuses3 16.2 ± 2.7 9.6 ± 3.1 9.9 ± 2.2   0.17 0.06 0.94
Concentration of IFN-τ, µg/mL 1.9 ± 0.7 1.9 ± 0.7 0.7 ± 0.6   0.27 0.48 0.17
Amount of IFN-τ recovered, µg 22.6 ± 10.5 30.8 ± 9.9 17.2 ± 8.2   0.58 0.90 0.30
1Cows had the estrous cycle synchronized (d −9: GnRH, d −2 and −1: PGF2α, d 0: GnRH and AI; d 0.7: AI); FW = ovulation of first-wave 
follicles; FWP4 = ovulation of first-wave follicles and supplementation with exogenous progesterone from d −9 to −2; SW = ovulation of second-
wave follicles. Responses indicated as LSM ± SEM unless specified.
2TRT = effect of treatment; P4 = effect of progesterone (FW vs. FWP4 + SW); Wave = effect of follicular wave (FWP4 vs. SW).
3Conceptuses that were fragmented upon visual evaluation on d 17 were excluded from statistical analyses.
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The frequency of LH pulses decreases as progesterone 
concentrations in plasma increase throughout the es-
trous cycle, leading to greater LH pulsatility during the 
period in which the first wave develops (Endo et al., 
2012; Santos et al., 2016). The effects of supplementing 
progesterone to dairy cows using multiple intravaginal 
inserts on the frequency of LH pulses have not been 
evaluated. Anovular cows treated with a single insert 
had fewer LH pulses compared with untreated controls 
during the first day of treatment, but not 4 d after 
the device insertion (Nation et al., 2000). The use of 3 

CIDR inserts increased concentrations of progesterone 
in nonlactating cows by 3.1 ng/mL during the first fol-
licle wave in FWP4 compared with FW cows. More 
importantly, progesterone concentrations in FWP4 
cows were above 5.0 ng/mL on d −2, immediately 
before insert withdraw. It is possible that the use of 
multiple inserts maintains circulating concentrations of 
progesterone that are sufficient to reduce LH pulsatility 
during growth of the ovulatory follicle. In fact, treat-
ment of heifers with injectable progesterone sustained 
concentration in plasma of 3.5 ng/mL above that of 
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Table 3. Effect of concentration of progesterone and follicular wave during the development of the ovulatory follicle on conceptus transcriptome 
on d 17 of gestation1

Item2   Entrez ID   Gene name FC3 Adj. P4

Effect of progesterone concentration during 
  follicle growth (FW vs. FWP4 + SW)5

  None        
Effect of follicular wave (FWP4 vs. SW)6

  SLC45A2 538746 Solute carrier family 45, member 2 0.14 1.19E-02
  STEAP1 515156 Six transmembrane epithelial antigen of the 

prostate 1
0.20 4.88E-02

  DEPTOR 617606 DEP domain containing MTOR-interacting 
protein

0.38 4.38E-04

  AMACR 540376 Alpha-methylacyl-CoA racemase 0.39 3.62E-02
  CA9 511923 Carbonic anhydrase IX 0.43 2.12E-02
  BDP1 55814 B Double Prime 1, Subunit of RNA 

Polymerase III Transcription
0.51 3.58E-03

  PITRM1 513230 Pitrilysin metallopeptidase 1 2.16 5.84E-03
  IGHM 404057 Immunoglobulin heavy constant mu 3.60 1.85E-03
1Differentially expressed genes with adjusted P ≤ 0.05 and fold change ≥1.5, either up- or downregulated for a particular comparison.
2FW = ovulation of first-wave follicles; FWP4 = ovulation of first-wave follicles and supplementation with exogenous progesterone from d −9 
to −2; SW = ovulation of second-wave follicles. 
3FC = fold change compared with the reference group.
4P-value adjusted for multiple hypothesis testing using the Benjamini and Hochberg method to allow for a maximal false discovery rate of 5%.
5FW is the treatment used as reference.
6FWP4 is the treatment used as reference.

Table 4. Effect of concentration of progesterone and follicular wave during the development of the ovulatory follicle on endometrial transcriptome 
on d 17 of gestation1

Item2   Entrez ID   Gene name FC3 Adj. P4

Effect of progesterone concentration during 
  follicle growth (FW vs. FWP4 + SW)5

  PHLDA1 540135 Pleckstrin homology-like domain, family A, 
member 1

1.82 7.86E-03

  TNFSF10 507215 Tumor necrosis factor (ligand) superfamily, 
member 10

2.22 3.82E-02

  GIMAP8 531516 GTPase, IMAP family member 8 5.89 3.02E-05
Effect of follicular wave (FWP4 vs. SW)6

  NDRG3 57446 NDRG family member 3 0.62 4.81E-02
1Differentially expressed genes with adjusted P ≤ 0.05 and fold change ≥1.5, either up- or downregulated for a particular comparison.
2FW = ovulation of first-wave follicles; FWP4 = ovulation of first-wave follicles and supplementation with exogenous progesterone from d −9 
to −2; SW = ovulation of second-wave follicles. 
3FC = fold change compared with the reference group.
4P-value adjusted for multiple hypothesis testing using the Benjamini and Hochberg method to allow for a maximal false discovery rate of 5%.
5FW is the treatment used as reference.
6FWP4 is the treatment used as reference.
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controls and reduced the diameter of the first-wave fol-
licle without shortening the period of follicle dominance 
(Adams et al., 1992). Reducing the frequency of LH 
pulses during the development of the first-wave follicle 
is expected to optimize oocyte maturation and, thereby, 
improve embryo survival (Santos et al., 2016). 

Previous studies with beef cattle support that expo-
sure to estradiol during proestrus is critical for priming 
of the endometrium before establishment of pregnancy 
(Jinks et al., 2013; Perry et al., 2020), which would 
favor establishment of pregnancy in FW compared with 
FWP4 and SW in the present study. Nevertheless, the 
benefits from prolonging proestrus and supplementing 
cows with estradiol are linked to inadequate follicular 
development, reduced ovulatory follicle diameter, and 
insufficient estradiol synthesis. Premature increase in 
circulating estradiol and greater preovulatory concen-
tration of estradiol in FW cows was observed concur-
rent with larger follicle diameter compared with FWP4 
ad SW. Concentrations of IGF-1 in the follicular fluid 
were lesser in dairy cows whose follicles grew under 
low progesterone concentrations (Cerri et al., 2011a). 
The oocytes enclosed in persistent follicles display early 
resumption of meiosis and germinal vesicle breakdown, 
supposedly because of excessive exposure to LH (Revah 
and Butler, 1996). This advancement in oocyte matu-
ration might hasten depletion of maternal RNA and 
reduce fertility (Yu et al., 2001, 2004).

In the present experiment, FW cows had greater CL 
volume on d 7 and a faster rise in circulating concen-
trations of progesterone after ovulation compared with 
FWP4 and SW cows. Even though in vitro production 
of progesterone by luteinized theca cells was 2- to 3-fold 
greater in cells derived from first compared with sec-
ond-wave follicles, no difference in progesterone output 
was observed in luteinized granulosa cells (Wolfenson 
et al., 1999). Because granulosa cells give rise to large 
luteal cells and become responsible for 80 to 90% of the 
production of progesterone by the CL (Fitz et al., 1982; 
Farin et al., 1986), the increase in progesterone concen-
tration observed in FW cows early after ovulation was 
likely a consequence of larger ovulatory follicles with 
increased number of granulosa cells that resulted in a 
larger CL volume on d 7 (Vasconcelos et al., 2001). The 
increase in progesterone after ovulation evident start-
ing on d 4 likely underlies the difference in conceptus 
length on d 17 of gestation, which was longer for FW 
cows compared with FWP4 and SW counterparts. 
Similar results were obtained when anovular cows 
were compared with estrous cyclic cows (Ribeiro et 
al., 2016b). After synchronization of the estrous cycle, 
anovular cows ovulated a larger follicle, formed a larger 
CL, had greater concentrations of progesterone after 

AI, and had larger conceptuses on d 15 after AI than 
estrous cyclic cows (Ribeiro et al., 2016b). Develop-
ment of bovine embryos after hatching from the zona 
pellucida (i.e., d 9–10) is highly dependent on growth 
factors and nutrients secreted by the endometrial 
glands, most of which are stimulated by progesterone 
(Bazer et al., 2008; Filant and Spencer, 2014). A faster 
rise in progesterone concentrations after ovulation has 
been associated with increased conceptus length in 
cattle and supplementation with progesterone via intra-
vaginal inserts resulted in longer conceptus compared 
with untreated controls (Mann and Lamming, 2001; 
Carter et al., 2008). Despite the difference in conceptus 
length, transcriptome analyses of the conceptuses did 
not depict major shifts in gene expression in response 
to progesterone concentrations during growth of the 
ovulatory follicle. Progression of embryo development 
during elongation and implantation occurs coincident 
with massive changes in gene expression (Mamo et al., 
2011; Valour et al., 2014; Barnwell et al., 2016; Ribeiro 
et al., 2016a). Although the mean length was greater 
for FW compared with FWP4 and SW, conceptuses 
classified as small (0.4–6.9 cm; FW = 1/8; FWP4 = 
4/9; SW = 6/13), medium (10.5–16.0 cm; FW = 4/8; 
FWP4 = 3/9; SW = 4/13), and large (18.0–26.4 cm; 
FW = 3/8; FWP4 = 2/9; SW = 3/13) were observed 
in all treatments and possibly contributed to offset the 
effect of treatment on the anticipated changes in tran-
scriptome analyses.

Among the several processes implicated with suc-
cessful establishment of pregnancy in cattle, bovine 
conceptuses must be able to elongate rapidly and block 
the luteolytic cascade by secreting copious amounts 
of IFN-τ (Thatcher et al., 1989). Contrary to the 
initial hypotheses, low concentrations of progesterone 
in plasma during the growth of the ovulatory follicle 
did not delay conceptus elongation and had no effect 
on the expression of genes associated with embryonic 
development, IFN-τ concentration in the uterine flush, 
or endometrial expression of genes associated with the 
establishment of pregnancy on d 17 of gestation. In-
deed, conceptuses recovered from FW cows tended to 
be longer compared with those from FWP4 and SW 
cows, a difference likely attributed to the faster rise 
in progesterone concentrations after AI in FW than 
FWP4 or SW. Collectively, these results indicate that 
reproductive failure in cows induced to ovulate first-
wave follicles occur either before conceptus elongation 
and maintenance of the CL for pregnancy or during 
implantation past d 17 of gestation. Based on studies 
wherein cows had the uterus flushed for embryo collec-
tion, reduced concentrations of progesterone during the 
growth of the ovulatory follicle did not impair fertiliza-
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tion (Cunha et al., 2008; Rivera et al., 2011). However, 
morphological evaluation of embryos collected on d 7 
after AI indicated a greater proportion of degenerated 
embryos in cows whose ovulatory follicles developed 
under low progesterone concentrations (Cunha et al., 
2008). The proportion of degenerated embryos har-
vested 7 d after AI also was greater in cows subjected 
to superstimulation with FSH during the first wave 
compared with cows treated during the second wave 
(Rivera et al., 2011). Interestingly, supplementation 
with progesterone restored embryo quality in cows that 
were superstimulated during the first follicular wave 
(Rivera et al., 2011). It is reasonable to speculate that 
the changes in follicle maturation observed in cows with 
low concentration of progesterone increase embryo mor-
tality during the first 2 wk of gestation. On the other 
hand, conceptuses that survive until d 17 are able to 
undergo elongation and implantation similarly to those 
from cows with elevated concentrations of progesterone 
during follicle growth. In fact, pregnancy per embryo 
transfer and the risk of pregnancy loss between d 21 
and 63 of gestation did not differ for transferable em-
bryos (i.e., good quality) produced after ovulation of 
follicles that grew under low or high concentrations of 
progesterone (Rivera et al., 2011).

Endometrial gene expression on d 17 of gestation was 
not altered in a major manner by concentration of pro-
gesterone or follicular wave during follicle growth, which 
is supported by the observation that conceptuses in all 
treatments were able to elongate. It has been reported 
previously that nonpregnant cows with reduced proges-
terone concentration during the growth of the ovulatory 
follicle have increased release of PGF2α in response to 
oxytocin (Shaham-Albalancy et al., 2001; Cerri et al., 
2011a). It is important to highlight that such studies 
were conducted with non-inseminated cows, whereas all 
cows subjected to analyses of endometrial transcriptome 
in the present experiment were pregnant. Nevertheless, 
expression of genes that encode for components of the 
luteolytic cascade were not altered in FW compared 
with FWP4 and SW endometria, likely because of 
the effect of IFN-τ suppressing the pulsatile release of 
PGF2α (Thatcher et al., 1989). In addition to the tran-
scriptome analysis, spontaneous luteolysis before d 17 
was not observed in the present experiment. Although 
treatment essentially did not affect endometrial gene 
expression in pregnant cows, changes in transcriptome 
might be associated with reproductive failure in cows 
from which a conceptus was not recovered. Because all 
cows were inseminated, it is not possible to determine 
to what extent the endometrium of nonpregnant cows 
on d 17 was exposed to an embryo. Accordingly, endo-
metrial tissues from nonpregnant cows on d 17 were not 

evaluated in this experiment and additional research is 
needed to evaluate the effects of concentration of pro-
gesterone and follicle wave during pre-ovulatory follicle 
growth on endometrial transcriptome after ovulation.

It is important to highlight that the present experi-
ment was performed using nonlactating dairy cows, as 
opposed to previous experiments that evaluated the 
effect of follicular wave and progesterone concentra-
tion during growth of the ovulatory follicle on fertility 
responses in lactating females (Bisinotto et al., 2010, 
2013; Rivera et al., 2011). Lactating dairy cows have 
lesser concentrations of progesterone during diestrus 
compared with heifers (Sartori et al., 2004), which 
has been linked to increased feed intake and greater 
hepatic blood flow leading to more extensive catabo-
lism of steroid hormones (Sangsritavong et al., 2002). 
On the other hand, recent studies described greater 
concentrations of progesterone in peripheral blood dur-
ing mid-diestrus in nonlactating dairy cows compared 
with lactating counterparts (Endo et al., 2012, 2013). 
Despite using a model with dry dairy cows, results 
from this experiment remain relevant to explore the 
mechanisms underlying reduced fertility in lactating 
dairy cows following ovulation of follicles that grow un-
der insufficient progesterone support. Data from cows 
lacking CL at the first GnRH injection of the Ovsynch 
protocol that received exogenous progesterone sug-
gest that a minimum mean concentration of 2 ng/mL 
is necessary to influence fertility responses (Bisinotto 
et al., 2015). Although the number of cows available 
for subgroup analyses was limited, the same authors 
did not find evidence of decreased fertility as the mean 
progesterone concentrations increased between 5 and 
9 ng/mL. Accordingly, FW cows had progesterone 
concentrations in plasma consistently below 2 ng/mL 
whereas FWP4 and SW cows maintained progesterone 
concentrations between 5 and 8 ng/mL (i.e., means 
from 4.9–5.7 ng/mL) from d −8 to −2. Progesterone 
concentrations in FWP4 reached a plateau on d −6 
and were lesser compared with SW from d −4 to −2. 
It is possible that suppression of LH pulsatility by ex-
ogenous progesterone impaired CL formation in FWP4 
cows. Similar differences in progesterone concentrations 
between metestrus and diestrus are associated with re-
duced LH pulse frequency in dairy cows (Endo et al., 
2012). Moreover, exposure to LH after ovulation is key 
for adequate luteal morphology, number of small luteal 
cells, angiogenesis, progesterone content, and expression 
of steroidogenic enzymes in sheep (Farin et al., 1990; 
Juengel et al., 1995a,b). As similar patterns of pro-
gesterone concentrations were observed in experiments 
with lactating dairy cows wherein supplementation was 
effective in improving fertility outcomes (Bisinotto et 
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al., 2013, 2015), results from the present experiment 
provide relevant insights on the mechanisms controlling 
reproductive efficiency in dairy cattle.

CONCLUSIONS

Inadequate concentrations of progesterone during 
the development of the first wave increased the diam-
eter of the ovulatory follicle and altered the pattern 
of estradiol concentrations during proestrus, which led 
to the formation of a larger CL and a faster rise in 
concentrations of progesterone after ovulation. On the 
other hand, many of those responses were no longer 
observed once first-wave cows received supplemental 
progesterone, thereby resembling those that developed 
the second-wave pre-ovulatory follicle. The length of 
conceptus on d 17 of gestation was longer for cows 
in which the ovulatory follicle developed under low 
concentrations of progesterone. However, progesterone 
concentration and follicular wave during follicle growth 
did not affect the amount of IFN-τ recovered in the 
uterine flush or the transcriptome of conceptuses and 
endometrium of pregnant cows.
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