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ABSTRACT: This experiment evaluated the impacts 
of estrus expression and intensity, estimated by physi-
cal activity during a timed-AI protocol, on reproduc-
tive performance of Bos indicus-influenced beef cows. 
A total of 290 lactating, primiparous, and multipa-
rous nonpregnant Nelore × Angus cows received a 
2 mg injection of estradiol benzoate and an intravag-
inal progesterone (P4) releasing device (CIDR) on d 
−11, a 12.5 mg injection of PGF2α on d −4, CIDR 
removal in addition to 0.6 mg injection of estradiol 
cypionate and 300 IU injection of eCG on d −2, 
and timed-AI on d 0. Cows were fitted with a ped-
ometer behind their left shoulder on d −4. An estrus 
detection patch was attached to the tail-head of each 
cow on d −2. Pedometer results were recorded on d 
−2 and 0. Estrus expression was defined as removal 
of >50% of the rub-off coating from the patch on d 
0. Net physical activity during estrus was calculated 
by subtracting total steps from d −4 to −2 (nonestrus 
basal activity) from total steps from d −2 to 0 (proes-
trus + estrus period) of each cow. Cows that did not 
express estrus were classified as NOESTR. Cows that 
expressed estrus were ranked by net physical activity; 
those above the median were classified as HIESTR 
and the remaining cows as LWESTR. Ovarian 

ultrasonography was performed on d 0 and 7. Blood 
was collected on d 0, 7, 20, and 30. Pregnancy status 
was verified by ultrasonography on d 30. Only data 
from cows responsive to the estrus synchronization 
protocol were utilized (NOESTR, n = 59; LWESTR, 
n = 100; HIESTR, n = 98). Diameter of dominant fol-
licle on d 0, corpus luteum volume on d 7, and plasma 
P4 concentrations on d 7 were greater (P ≤ 0.05) in 
HIESTR vs. LWESTR and NOESTR and also 
greater (P ≤ 0.05) for LWESTR vs. NOESTR. Plasma 
P4 concentrations on d 0 were greater (P < 0.01) in 
NOESTR vs. HIESTR and LWESTR and similar 
(P = 0.93) between HIESTR and LWESTR. Whole 
blood mRNA expression of myxovirus resistance 2 on 
d 20 was greater (P ≤ 0.05) in HIESTR vs. LWESTR 
and NOESTR, and similar (P  =  0.72) between 
LWESTR and NOESTR. Pregnancy rates were less 
(P ≤ 0.04) in NOESTR vs. HIESTR and LWESTR 
(52.4%, 68.9%, and 73.5%, SEM = 7.2), and similar 
(P = 0.57) between HIESTR and LWESTR. Hence, 
expression of estrus during a timed-AI protocol 
improved ovarian dynamics and pregnancy success, 
whereas estrus intensity modulated key biological 
markers associated with fertility but not pregnancy 
rates in B. indicus-influenced cows beef cows.
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INTRODUCTION

Reproductive management is a critical com-
ponent of cow–calf  systems and directly contrib-
utes to the number of cattle available for harvest. 
With the continuing increase in worldwide beef 
demand, strategies to maximize the reproductive 
efficiency of beef females are warranted to ensure 
profitability of cattle producers (Lamb et al., 2008) 
and address the global demand for animal pro-
tein (FAO, 2009). One strategy is the adoption of 
timed-AI protocols, which directly contributed to 
increased efficiency in U.S.  beef production over 
the last decades (Patterson et al., 2016). Yet, alter-
natives to maximize pregnancy success to timed-AI 
programs are warranted to further enhance repro-
ductive efficiency of cow–calf  systems and encour-
age its adoption by commercial producers (Lamb 
et al., 2010).

Expression of  estrus near the time of  AI is 
associated with improved ovarian function, result-
ing in enhanced fertility, embryo development, and 
pregnancy establishment in cattle (Davoodi et al., 
2016; Pereira et  al., 2016). Recent research also 
demonstrated that intensity of  estrus expression, 
assessed by activation level of  estrus detection 
patches, was positively associated with concep-
tus viability in beef  cows (Pohler et  al., 2016b). 
However, research is warranted to further under-
stand fertility and pregnancy establishment param-
eters associated with estrus and to characterize the 
impacts of  estrus intensity on reproductive func-
tion of  beef  females. One alternative for the latter 
is the use of  pedometers to estimate cow physical 
activity (Schubach et  al., 2017), which has been 
used as measurement for estrus intensity in dairy 
cattle (Silper et  al., 2015). Therefore, we hypoth-
esized that estrus expression and intensity will be 
positively associated with fertility variables and 
pregnancy rates in beef  cows. To test this hypothe-
sis, this experiment evaluated the impacts of  estrus 
expression and intensity, assessed via physical 
activity during a timed-AI protocol, on reproduc-
tive responses and performance of  Bos indicus-in-
fluenced beef  females.

MATERIALS AND METHODS

This experiment was conducted from January 
to March 2017 at a commercial cow–calf  operation 
located in Aruanã/GO, Brazil. The animals utilized 
herein were cared for in accordance with the prac-
tices outlined in the Guide for the Care and Use of 
Agricultural Animals in Agricultural Research and 
Teaching (FASS, 2010).

Animals and Treatments

Two hundred and ninety lactating, nonpreg-
nant, primiparous (n  =  95), and multiparous 
(n  =  195) Nelore × Angus cows (mean ± SEM; 
BW  =  428  ±  4  kg; BCS  =  4.72  ±  0.02 according 
to Wagner et al., 1988; days postpartum = 134 ± 1 
d) were assigned to this experiment. For at least 
60 d prior to and during the experimental period, 
cows were managed in three experimental groups 
of approximately 96 cows each according to the 
general management scheme of the operation. 
Experimental groups were maintained in individual 
Panicum maximum pastures averaging 35 ha each, 
with ad libitum access to water and a commer-
cial mineral–vitamin mix (M. Cassab Tecnologia 
Animal, São Paulo, Brazil). The walking distance 
between pastures and the working facility ranged 
from 360 to 420 m, and pastures were at least 300 
m apart from each other. To facilitate cattle man-
agement and sampling procedures, experimental 
groups started the experiment 5 d apart but followed 
the same experimental schedule (d −11 to 30).

Cows were enrolled in an estrus synchronization 
+ fixed-time AI protocol (Meneghetti et al., 2009) 
from d −11 to 0. More specifically, cows received a 
2 mg injection of estradiol benzoate and an intra-
vaginal progesterone (P4) releasing device (CIDR) 
on d −11, a 12.5 mg injection of PGF2α on d −4, 
CIDR removal in addition to 0.6 mg injection of 
estradiol cypionate and 300 IU injection of eCG on 
d −2, and fixed-time AI on d 0. All cows were insem-
inated by the same technician, using semen from the 
same bull and batch. At the time of PGF2α on d −4, 
cows were fitted with a pedometer (HJ-321; Omron 
Healthcare, Inc., Bannockburn, IL) placed inside a 
polyester patch (Heat Watch II; Cow Chips, LLC, 
Manalapan, NJ) fixed behind their left shoulder to 
assess physical activity (Haley et al., 2005; Knight 
et al., 2015; Schubach et al., 2017). Pedometers had 
the capability to store daily data for seven consecu-
tive days. Pedometer results were recorded con-
currently with handling for estrus synchronization 
and timed-AI on d −2 and 0, respectively. Estrus 
detection patches (Estrotect; Rockway Inc., Spring 
Valley, WI) were applied to the tail-head of each 
cow during handling on d −2, and occurrence of 
estrus was recorded at timed-AI on d 0. Estrus was 
defined as removal of >50% of the rub-off coating 
on the estrus detection patch (Thomas et al., 2014), 
whereas no visual assessment of estrus behavior 
was conducted herein..

Total steps recorded from d −4 to −2 were 
considered the basal physical activity of each cow, 
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as estrus expression was not expected during this 
period due to CIDR insert (Lamb et  al., 2001). 
Total steps recorded from d −2 to 0 were considered 
physical activity associated with estrus expression, 
due to CIDR removal and hormonal treatments 
applied to cows on d −2 (Meneghetti et al., 2009). 
To account for individual variations in basal phys-
ical activity, d −4 to −2 total steps were subtracted 
from d −2 to 0 total steps to calculate net physical 
activity. Cows that did not express estrus from d −2 
to 0, according to the estrus detection patch, were 
classified as NOESTR regardless of their net physi-
cal activity. Cows that expressed estrus were ranked 
by net physical activity; those above the median 
were classified as HIESTR and the remaining cows 
as LWESTR. Cows that were inserted with a ped-
ometer that malfunctioned or it was lost were not 
included in this classification and removed from 
further analysis (n = 9). An outline of the experi-
mental schedule is described in Figure 1.

Sampling

Cow BW and BCS (Wagner et al., 1988) were 
recorded on d −11. Blood samples were collected 
immediately before timed-AI (d 0)  and on d 7 of 
the experiment from either the coccygeal vein or ar-
tery into blood collection tubes (Vacutainer, 10 mL; 
Becton Dickinson, Franklin Lakes, NJ). After col-
lection, blood samples were placed immediately on 
ice, allowed to clot for 24 h at 4 °C, centrifuged at 
3,000 × g at room temperature for 15 min for serum 
collection, and stored at −20 °C. Transrectal ultra-
sonography (7.5 MHz transducer; 500 V, Aloka, 
Wallingford, CT) was performed concurrently 
with blood sampling on d 0 and 7 to verify dom-
inant follicle diameter (DFD; d 0)  and determine 
corpus luteum (CL) presence (d 0) and volume (d 
7). Corpus luteum volume was estimated using the 
formula for the volume of a sphere; volume = 4/3π 
× (D/2)3, where D is the maximum luteal diameter 
(Cooke et al., 2009). When the CL had a cavity, the 
cavity volume was also calculated as a sphere and 
subtracted from the CL volume.

Cows diagnosed without the presence of a 
CL on d 0, but with a CL greater than 0.38  cm3 

in volume on d 7 were classified as responsive to 
the estrus synchronization protocol (Cooke et al., 
2014; Cipriano et  al., 2016). This criterion was 
based on the smallest diameter of a functional 
CL detected in B.  indicus-influenced cows follow-
ing induced ovulation, as reported by Figueiredo 
et  al. (1997). Hence, only cows that responded to 
the estrus synchronization protocol (n = 260; syn-
chronization rate = 89.6% [260/290 total cows]) and 
that were successfully classified according to estrus 
characteristics were maintained in the experiment 
(NOESTR, n = 59; LWESTR, n = 100; HIESTR, 
n = 98). Within cows classified as responsive to the 
estrus synchronization protocol, those without a 
dominant follicle on d 0 were considered as having 
ovulated prior to timed-AI.

On d 20, whole blood samples were collected 
from 11 cows randomly selected from each es-
trus characteristics (NOESTR, LWESTR, and 
HIESTR) within each experimental group into 
PAXgene tubes (BD Diagnostics, Sparks, MD) 
for whole blood RNA extraction and subsequent 
mRNA expression analysis of interferon-stim-
ulated genes (ISG). On d 30, blood samples were 
collected from all cows and processed for serum 
as described for d 0 and 7, whereas cow pregnancy 
status was verified by detecting a viable conceptus 
via transrectal ultrasonography (7.5 MHz trans-
ducer; 500 V, Aloka).

Laboratory Analysis

Serum samples from d 0 and 7 were analyzed 
for P4 concentrations using a chemiluminescent 
enzyme immunoassay (Immulite 1000; Siemens 
Medical Solutions Diagnostics, Los Angeles, CA). 
Serum samples from d 0 were analyzed for estradi-
ol-17β using an RIA as described by Kirby et al. 
(1997). Serum samples collected on d 30 from 
cows diagnosed as pregnant (HIESTR, n  =  71; 
LWESTR, n = 69, NOESTR, n = 31) were analyzed 
for concentrations of bovine pregnancy-associated 
glycoproteins (bPAG) using a polyclonal antibody 
ELISA as described in Pohler et  al. (2016a). All 
serum samples were analyzed for P4 and bPAGs 
within single assays, with an intra-assay CV of 2.0 

Figure 1. Outline of the experimental protocol assigned to 290 lactating, primiparous, and multiparous nonpregnant Nelore × Angus cows. 
Blood samples were also collected on d 20 and 30, and pregnancy status was verified by transrectal ultrasonography on d 30. EB = estradiol 
benzoate injection; CIDR = intravaginal progesterone-releasing device; ECP = estradiol cypionate injection.
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and <10% and minimum detectable concentration 
of 0.05  ng/mL and 0.28  ng/mL, respectively. The 
intra- and inter-assay CV for the estradiol-17β pro-
cedure were 4.8% and 14.3% and minimum detect-
able concentration of 0.5 pg/mL.

Total RNA was extracted from whole blood 
samples collected on d 20 using the PAXgene Blood 
RNA Kit (Qiagen, Valencia, CA). Only samples 
from cows diagnosed as pregnant on d 30 were uti-
lized for mRNA expression analysis of the ISGs 
interferon-stimulated gene 15, 20,50-oligoadenylate 
synthetase, and myxovirus resistance 2 (HIESTR, 
n  =  26; LWESTR, n  =  30, NOESTR, n  =  20). 
Quantity and quality of isolated RNA were assessed 
via UV absorbance (NanoDrop Lite; Thermo 
Fisher Scientific, Wilmington, DE) at 260 nm and 
260/280  nm ratio, respectively (Fleige and Pfaffl, 
2006). All samples had a 260/280 nm ratio between 
1.8 and 2.0, hence appropriate for cDNA synthesis 
(Fleige and Pfaffl, 2006). Extracted RNA (120 ng) 
was reverse transcribed using the High-Capacity 
cDNA Reverse Transcription Kit with random 
hexamers (Applied Biosystems, Foster City, CA). 
Real-time RT-PCR was completed using the Fast 
SYBR Green Master Mix (Applied Biosystems) 
and gene-specific primers for the ISGs (20 pM each; 
Table 1) with the StepOne Real-Time PCR system 
(Applied Biosystems), according to procedures 
described by Cooke et al. (2008). At the end of each 
RT-PCR, amplified products were subjected to a 
dissociation gradient (95 °C for 15 s, 60 °C for 30 s, 
and 95  °C for 15  s) to verify the amplification of 
a single product by denaturation at the anticipated 
temperature. Responses were quantified based on 
the threshold cycle (CT), which is the number of 

PCR cycles required for target amplification to 
reach a predetermined threshold. Responses from 
ISGs were quantified based on CT and normalized 
to the geometrical mean of CT values from β2-mi-
croglobulin and β-actin (Vandesompele et al., 2002). 
The CV for the geometrical mean of β2-microglob-
ulin and β-actin CT values across all samples was 
2.4%. Results are expressed as relative fold change 
(2−ΔΔCT) as described by Ocón-Grove et al. (2008).

Statistical Analyses

Quantitative and binary data were analyzed, 
respectively, with the MIXED and GLIMMIX 
procedures of SAS (SAS Inst., Inc., Cary, NC) 
and Satterthwaite approximation to determine the 
denominator df for the tests of fixed effects. All 
data were analyzed using cow as the experimen-
tal unit. Model statements used for cow BCS, BW, 
days postpartum on d (11), as well as physical activ-
ity parameters contained the effects of estrus char-
acteristics (NOESTR, LWESTR, and HIESTR), 
parity, and the interaction. All other model state-
ments contained the effects of estrus characteris-
tics (NOESTR, LWESTR, and HIESTR), parity, 
the interaction, and cow BCS (d −11) as independ-
ent covariate. All random statements contained 
the effects of cow (estrus characteristics × parity 
× experimental group) and experimental group. 
Given that walking distance between pastures and 
the working facility was similar across experimental 
groups, which contained cows from all estrus char-
acteristics, the activity associated with cattle gath-
ering and handling for experimental procedures 
was not discounted from net physical activity, but 

Table 1. Primer sequences, accession number, and reference for all gene transcripts analyzed by real-time 
RT-PCR

Target gene Primer sequence Accession number Source

20,50-oligoadenylate synthetase NM 001040606 Fricke et al. (2016)
  Forward ACCCTCTCCAGGAATCCAGT

  Reverse GATTCTGGTCCCAGGTCTGA

Interferon-stimulated gene 15 NM_174366 Fricke et al. (2016)

  Forward GGTATGAGCTGAAGCAGTT

  Reverse ACCTCCCTGCTGTCAAGGT

Myxovirus resistance 2 NM 173941 Fricke et al. (2016)

  Forward CTTCAGAGACGCCTCAGTCG

  Reverse TGAAGCAGCCAGGAATAGTG

β-Actin AY141970 Gifford et al. (2007)

  Forward CTGGACTTCGAGCAGGAGAT

  Reverse GGATGTCGACGTCACACTTC

β2-microglobulin NM_173893 Silva et al. (2008)

  Forward GGGCTGCTGTCGCTGTCT

  Reverse TCTTCTGGTGGGTGTCTTGAGT
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was statistically accounted for by the random effect 
of experimental group. Results are reported as least 
square means or covariately adjusted least square 
means to BCS.

The probability of cows to become pregnant to 
timed-AI was evaluated according to cow BW and 
BCS on d −11, DFD and serum estradiol-17β con-
centrations on d 0, serum P4 concentrations on d 0 
and 7, as well as CL volume and CL volume:serum 
P4 ratio on d 7. The GLM procedure of SAS was 
initially used to determine if  each individual meas-
urement influenced pregnancy maintenance lin-
early, quadratically, or cubically. The LOGISTIC 
procedure was used to generate the regression model 
and determine the intercept and slope(s) values 
according to maximum likelihood estimates from 
each significant continuous order effect, and the 
probability of pregnancy was determined accord-
ing to the following equation: Probability = (elogistic 

equation)/(1 + elogistic equation). Logistic curves were con-
structed according to the values detected for each 
variable.

For all analyses, significance was set at P ≤ 0.05 
and tendencies were determined if  P > 0.05 and ≤ 
0.10. Results are reported according to estrus char-
acteristics if  no interaction containing this variable 
was significant, or according to highest-order inter-
action detected. Least square means were separated 
using PDIFF when the P-value for the main effect, 
such as estrus characteristics, was ≤0.10.

RESULTS AND DISCUSSION

The estrus characteristics × parity interaction 
was not significant (P ≥ 0.25) for any of the varia-
bles evaluated herein; hence, all results are reported 
across parities. Moreover, 77% of cows expressed 
estrus (198/257 of LWESTR and HIESTR/total 
cows classified as responsive to the estrus synchro-
nization protocol) according to the estrus detec-
tion patch (Thomas et al., 2014). This outcome is 
greater than the results reported by a meta-analysis 
conducted by Richardson et al. (2016) and research 
with B. indicus cattle utilizing estradiol cypionate as 
ovulatory stimulus (Sá Filho et al., 2010). Different 
from these authors, this experiment evaluated only 
cows classified as responsive to the synchronization 
protocol, thus removing from analyses those that 
did not express estrus due to lack of estrus syn-
chronization. If  cows that failed to respond to the 
synchronization protocol were included into the 
experiment, estrus expression would be observed in 
68% of cows (198/290 of LWESTR and HIESTR/
total cows assigned to the experiment on d −11), 

which is coherent to values reported by Carvalho 
et al. (2016) in B. indicus cattle receiving estradiol 
cypionate to stimulate ovulation. The estrus syn-
chronization protocol utilized herein (Meneghetti 
et al., 2009) is commonly used in B. indicus-influ-
enced cattle in South America and other parts of 
the world, and likely contributed to the elevated 
incidence of estrus expression due to the use of 
exogenous eCG and estradiol (Vasconcelos et  al., 
2014). Yet, all cows received the exact same dosage 
of exogenous hormones for estrus synchronization. 
Hence, reproductive differences among NOESTR, 
LWESTR, and HIESTR cows should be attrib-
uted to physiology and endocrinology variances 
among these groups, similar to research investigat-
ing estrus behavior in beef (Carvalho et al., 2016; 
Davoodi et al., 2016; Pohler et al., 2016b) and dairy 
cows (Madureira et al., 2015b; Pereira et al., 2016; 
Silper et al., 2017) administered eCG and estradiol 
for estrus synchronization.

Estrus expression is primarily determined by 
circulating concentrations of estradiol, which trig-
gers the hypothalamus to initiate estrus behavior 
(Vailes et al., 1992; Allrich, 1994). In turn, intensity 
of estrus expression has been associated, although 
weakly, with preovulatory concentrations of estra-
diol in lactating dairy cows (Madureira et  al., 
2015a), whereas estrus expression is considered 
a biomarker for estradiol concentrations in beef 
females (Perry et al., 2005; Larimore et al., 2015). 
Estrus intensity has been quantified in dairy cat-
tle by physical activity using pedometers, with 
their activity during diestrus serving as baseline 
(Madureira et  al., 2015a; Silper et  al., 2015). In 
view of that, cows utilized in this experiment were 
classified by net physical activity during the proes-
trus + estrus period with pedometers (Schubach 
et al., 2017), which accounted for individual basal 
physical activity when cows were inserted with a 
CIDR (Lamb et al., 2001). Accordingly, net physi-
cal activity was greater (P < 0.01) in HIESTR and 
LWESTR vs. NOESTR cows (Table 2), corroborat-
ing with the increased physical activity triggered by 
estrus behavior (Kiddy, 1977). By design, net phys-
ical activity was also greater (P < 0.01) in HIESTR 
compared with LWESTR cows (Table  2). Lastly, 
total steps from d −4 to −2 were similar (P = 0.97) 
among estrus characteristic groups (Table  2), 
representing similar baseline physical activity in 
NOESTR, LWESTR, and HIESTR cows. Hence, 
differences in net physical activity between estrus 
characteristic groups should be mainly attributed 
to changes in physical activity during the proestrus 
+ estrus period (total steps from d −2 to 0), which 
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were greater (P ≤ 0.03) in HIESTR vs. LWESTR 
and NOESTR and in LWESTR vs. NOESTR cows 
(Table 2).

No differences in days postpartum were 
detected (P  =  0.75) among estrus characteris-
tics groups on d −11 of the experiment (Table 2), 
which were adequate for optimal pregnancy 
rates of B.  indicus-influenced cattle to timed-AI 
(Vasconcelos et al., 2014). However, BW on d −11 
was greater (P  <  0.01) in HIESTR vs. NOESTR 
and similar (P ≥ 0.12) between these groups com-
pared with LWESTR (Table 2). Cow BCS on d −11 
was greater (P  <  0.01) in HIESTR vs. LWESTR 
and NOESTR cows and in LWESTR vs. NOESTR 
cows (Table 2). Similar to these findings, others have 
also documented a positive association between 
BW and BCS with estrus expression and intensity 
(Madureira et al., 2015a; Richardson et al., 2016). 
Moreover, Aungier et  al. (2015) reported that a 
0.25 increase in BCS was positively correlated with 
an increase in physical activity prior to ovulation 
in dairy cows. The importance of nutrient status 
for adequate reproductive function of beef cows, 
including fertility and pregnancy maintenance, 
is well known (Hess et al., 2005). In contrast, the 
specific mechanism by which nutritional status 
modulates estrogen-dependent estrus behavior, 
particularly in cows that successfully responded to 
an estrus synchronization protocol as herein, is still 
unclear. To account for differences in nutritional 
status among NOESTR, LWESTR, and HIESTR 
cows during the timed-AI protocol, all reproductive 
variables evaluated herein were covariately adjusted 

to cow BCS on d −11. Yet, research is warranted 
to determine the mechanisms underlying a cause–
effect relationship between cow nutritional status 
and estrus expression, which could result in man-
agement strategies to increase the incidence of 
females displaying high-intensity estrus.

A greater (P  <  0.01) percentage of HIESTR 
cows had no dominant follicle on d 0, hence were 
considered as having ovulated prior to timed-AI, 
compared with LWESTR and NOESTR cows, 
which was similar (P  =  0.91) between LWESTR 
and NOESTR cows (Table 3). This outcome sug-
gests an anticipated ovulatory LH surge due to 
increased preovulatory estradiol concentrations, 
or perhaps reduced estradiol threshold for estrus 
expression and ovulation, in HIESTR compared 
with LWESTR and NOESTR cows (Chenault 
et  al., 1975). However, no differences in serum 
estradiol-17β concentrations on d 0 were detected 
(P  =  0.73) among estrus characteristics groups 
(Table  3), which does not corroborate with the 
rationale of estrus expression and intensity being 
driven by circulating estradiol concentration (Perry 
et al., 2005) but can be explained by the sampling 
schedule and timed-AI protocol adopted herein. 
Not only LWESTR and HIESTR cows likely 
experienced an estradiol surge that elicited estrus 
expression prior to sampling on d 0 (Larimore 
et al., 2015), an individual collection only provided 
a snapshot of circulating estradiol at the time of 
AI. Moreover, the estradiol cypionate administered 
on d −2 may have cleaved and cross-reacted with 
the estradiol-17β RIA utilized herein (Kirby et al., 

Table 2. Physical activity, BW, BCS, and days postpartum in Nelore × Angus beef cows according to estrus 
expression and intensity1,2,3

Item NOESTR LWESTR HIESTR SEM P

Activity variables
  Total steps, d −4 to −2 10,946 10,926 11,030 541 0.97

  Total steps, d −2 to 0 13,737c 15,248b 21,504a 593 <0.01

    Net physical activity, steps 2,779 4,273 10,475 375 <0.01

Cow variables

  Days postpartum (d −11), d 136 135 137 2 0.75

  BW (d −11), kg 412b 426ab 436a 9 0.02

  BCS (d −11)2 4.56c 4.71b 4.81a 0.06 <0.01

1Cows were assigned to an estrus synchronization + timed-AI protocol (Meneghetti et al., 2009) from d −11 to 0. Cows were fitted with a ped-
ometer (HJ-321; Omron Healthcare, Inc., Bannockburn, IL) behind their left shoulder on d −4 (Schubach et al., 2017). An estrus detection patch 
(Estrotect; Rockway Inc., Spring Valley, WI) was attached to the tail-head of each cow on d −2. Pedometer results were recorded on d −2 and 
0. Estrus expression was defined as removal of >50% of the rub-off coating from the patch on d 0 (Thomas et al., 2014). Net physical activity during 
estrus was calculated by subtracting total steps from d −4 to −2 (nonestrus basal activity) from total steps from d −2 to 0 (expected estrus period) 
of each cow. Only data from cows responsive to the estrus synchronization protocol and with physical activity recorded on d −2 and 0 were utilized. 
Cows that did not express estrus were classified as NOESTR (n = 59). Cows that expressed estrus were ranked by net physical activity; those above 
the median were classified as HIESTR (n = 98) and the remaining cows as LWESTR (n = 100).

2According to Wagner et al. (1988).
3Within rows, values with different superscripts (a, b, c) differ (P ≤ 0.05).
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1997). Hence, additional research is warranted to 
characterize serum estradiol-17β concentrations 
and further assess time of ovulation in beef cows 
according to estrus intensity. These should include 
collection of serial blood samples and follicle assess-
ment beginning at CIDR removal in timed-AI pro-
tocols, as well as protocols based on spontaneous 
ovulation or that use GnRH as ovulatory stimulus.

On d 0, DFD was greater (P ≤ 0.05) in HIESTR 
vs. LWESTR and NOESTR cows and in LWESTR 
vs. NOESTR cows (Table 3), whereas serum P4 con-
centrations were greater (P < 0.01) in NOESTR vs. 
HIESTR and LWESTR cows and similar (P = 0.38) 
between HIESTR and LWESTR cows (Table  3). 
Supporting our findings, Carvalho et al. (2016) also 
reported that beef cows that expressed estrus had 
increased DFD and decreased serum P4 concentra-
tions at timed-AI compared with cohorts that did 
not express estrus. Similar outcomes were reported 
in dairy cattle by Pereira et al. (2016). To our knowl-
edge, this is the first research to report a positive 
relationship among estrus intensity and follicle size 
in beef cows at timed-AI, which can be attributed 
to increased circulating estradiol concentrations as 
DFD increases (Perry et al., 2007; Jinks et al., 2013) 
although such relationship was not observed herein 
as discussed in the previous paragraph. Circulating 
P4 during proestrus and estrus suppresses LH pul-
satility, dominant follicular growth, estradiol syn-
thesis, and estrus behavior (Allrich, 1994; Kinder 

et al., 1996); hence, reduced serum P4 in HIESTR 
and LWESTR vs. NOESTR corroborates with 
estrus expression and DFD results. Despite the lack 
of a visible CL on d 0 in the cows utilized herein, 
serum P4 can be originated from residual luteal 
structures due to incomplete luteolysis (Pereira 
et  al., 2013), as well as the adrenal gland if  cows 
are exposed to stressful conditions (Cooke and 
Arthington, 2008). Conversely, differences in DFD 
between LWESTR and HIESTR cows were not 
complemented by equivalent changes in P4 concen-
tration, suggesting that serum P4 levels in HIESTR 
and LWESTR cows on d 0 were at negligible levels 
that did not hinder follicle growth.

Corpus luteum volume on d 7 was greater 
(P < 0.01) in HIESTR and LWESTR vs. NOESTR 
cows and similar (P = 0.16) between HIESTR and 
LWESTR cows (Table 3). Serum P4 concentrations 
on d 7 were also greater (P < 0.01) in HIESTR vs. 
LWESTR and NOESTR cows and in LWESTR 
vs. NOESTR cows (Table 3). These outcomes can 
be directly associated with corresponding DFD 
results on d 0, as ovulation of  larger follicles yields 
larger CLs and greater P4 synthesis (Vasconcelos 
et al., 2001). Madureira et al. (2015b) also reported 
that circulating P4 concentrations 10 d after AI 
was greater in cows displaying high-intensity 
estrus, although these authors did not report an 
equivalent effect on DFD at AI. Preovulatory 
estradiol also modulates proliferation of  follicular 

Table 3. Cow and physical activity variables in Nelore × Angus beef cows according to estrus expression 
and intensity1,2,3

Item NOESTR LWESTR HIESTR SEM P

Ovarian variables
  Cows with no dominant follicle at timed-AI (d 0), % 2.29b 2.77b 17.22a 3.09 <0.01

  Dominant follicle at timed-AI (d 0), mm 12.6c 13.3b 14.0a 0.3 <0.01

  Corpus luteum volume (d 7), cm3 3.72b 4.89a 5.42a 0.47 <0.01

Physiological variables

  Plasma progesterone, ng/mL

    d 0 0.48b 0.26a 0.30a 0.06 <0.01

    d 7 3.04a 4.03b 4.74c 0.19 <0.01

      P4 to CL ratio (d 7) 1.07 1.04 1.02 0.10 0.91

  Estradiol-17β (d 0), pg/mL 7.64 7.46 7.29 0.45 0.73

1Cows were assigned to an estrus synchronization + timed-AI protocol (Meneghetti et al., 2009) from d −11 to 0. Cows were fitted with a ped-
ometer (HJ-321; Omron Healthcare, Inc., Bannockburn, IL) behind their left shoulder on d −4 (Schubach et al., 2017). An estrus detection patch 
(Estrotect; Rockway Inc., Spring Valley, WI) was attached to the tail-head of each cow on d −2. Pedometer results were recorded on d −2 and 
0. Estrus expression was defined as removal of >50% of the rub-off coating from the patch on d 0 (Thomas et al., 2014). Net physical activity during 
estrus was calculated by subtracting total steps from d −4 to −2 (nonestrus basal activity) from total steps from d −2 to 0 (expected estrus period) 
of each cow. Only data from cows responsive to the estrus synchronization protocol and with physical activity recorded on d −2 and 0 were utilized. 
Cows that did not express estrus were classified as NOESTR (n = 59). Cows that expressed estrus were ranked by net physical activity; those above 
the median were classified as HIESTR (n = 98) and the remaining cows as LWESTR (n = 100).

2Transrectal ultrasonography (7.5 MHz transducer; 500 V, Aloka, Wallingford, CT) was performed concurrently with blood sampling on d 0 and 
7. Corpus luteum volume was estimated using the formula for the volume of a sphere (Cooke et al., 2009).

3Within rows, values with different superscripts (a, b, c) differ (P ≤ 0.05). All values reported are covariately adjusted to cow BCS (Wagner et al., 
1988) recorded on d −11.
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granulosa cells, which after ovulation differentiate 
into luteal cells responsible for 80% of progester-
one secretion by the CL (Donaldson and Hansel, 
1965; Murdoch and Van Kirk, 1998). However, no 
differences in CL volume to serum P4 ratio on d 
7 were detected (P  =  0.91) among estrus charac-
teristics groups (Table 3), indicating that serum P4 
concentration on d 7 increased according to estrus 
expression and intensity due to increasing CL 
volume rather than CL efficiency in P4 synthesis 
(Cipriano et al., 2016).

No differences in mRNA expression of inter-
feron-stimulated gene 15 and 20,50-oligoadenylate 
synthetase in whole blood cells were detected (P ≥ 
0.67) among estrus characteristics groups (Table 4). 
Expression of myxovirus resistance 2 mRNA, how-
ever, was greater (P ≤ 0.05) in HIESTR vs. LWESTR 
and NOESTR cows and similar (P = 0.72) between 
LWESTR and NOESTR cows (Table 4; main estrus 
characteristics effect, P = 0.08). Expression of ISGs 
in whole blood can be used to assess conceptus 
development from d 15 to 22 of gestation, as well 
as pregnancy diagnosis on d 18 of gestation (Fricke 
et al., 2016). Interferon-tau production by the con-
ceptus upregulates mRNA expression of myxovi-
rus resistance 2 in body tissues (Forde et al., 2011), 
including whole blood cells (Gifford et  al., 2007; 
Stevenson et  al., 2007). Moreover, expression of 
estrus near the time of AI have been associated with 

enhanced uterine environment for embryo develop-
ment (Larimore et al., 2015; Davoodi et al., 2016), 
whereas estradiol appears to modulate secretion 
of oviductal glycoproteins (Buhi, 2002) and endo-
metrial nutrients that contribute to early concep-
tus growth (Geisert et al., 1992; Gray et al., 2001). 
Larimore et  al. (2015) reported that heifers that 
exhibited estrus yielded embryos on d 6 of gestation 
that were more advanced in stage and had improved 
quality when compared with embryos recovered 
from heifers not exhibiting estrus. Davoodi et  al. 
(2016) reported that estrus expression favored 
expression of endometrial genes that suppress the 
local maternal immune system and modulate adhe-
sion between endometrium epithelial cells and con-
ceptus. These same authors reported that cows that 
displayed estrus yielded longer conceptuses on d 
19 of gestation, which can be associated with bet-
ter chances of pregnancy establishment (Davoodi 
et al., 2016). Data from the present experiment par-
tially corroborates with these findings, as myxovirus 
resistance 2 mRNA results suggest enhanced con-
ceptus development in cows that expressed high-in-
tensity estrus, without equivalent outcomes on 
interferon-stimulated gene 15 and 20,50-oligoadeny-
late synthetase. Nonetheless, research is warranted 
to further elucidate the relationship among estrus 
expression, estrus intensity, and early pregnancy 
development.

Table 4. Expression of genes associated with pregnancy establishment in whole blood, serum concentra-
tions of bovine pregnancy-associated glycoproteins (bPAGs), and pregnancy rates of Nelore × Angus beef 
cows according to estrus expression and intensity1,2,3

Item NOESTR LWESTR HIESTR SEM P

mRNA expression, fold effect
  Interferon-stimulated gene 15 4.54 4.27 3.94 0.83 0.67

  Myxovirus resistance 2 4.75b 5.30b 7.89a 1.12 0.08

  20,50-oligoadenylate synthetase 4.99 5.35 5.10 1.00 0.91

Serum bPAGS, ng/mL 11.5 12.3 13.2 1.1 0.46

Pregnancy rates,4 % 52.4b (31/59) 68.9a (69/100) 73.5a (71/98) 7.2 0.03

1Cows were assigned to an estrus synchronization + timed-AI protocol (Meneghetti et al., 2009) from d −11 to 0. Cows were fitted with a ped-
ometer (HJ-321; Omron Healthcare, Inc., Bannockburn, IL) behind their left shoulder on d −4 (Schubach et al., 2017). An estrus detection patch 
(Estrotect; Rockway Inc., Spring Valley, WI) was attached to the tail-head of each cow on d −2. Pedometer results were recorded on d −2 and 
0. Estrus expression was defined as removal of >50% of the rub-off coating from the patch on d 0 (Thomas et al., 2014). Net physical activity during 
estrus was calculated by subtracting total steps from d −4 to −2 (nonestrus basal activity) from total steps from d −2 to 0 (expected estrus period) 
of each cow. Only data from cows responsive to the estrus synchronization protocol and with physical activity recorded on d −2 and 0 were utilized. 
Cows that did not express estrus were classified as NOESTR (n = 59). Cows that expressed estrus were ranked by net physical activity; those above 
the median were classified as HIESTR (n = 98) and the remaining cows as LWESTR (n = 100).

2On d 20, blood samples were collected from 33 cows randomly selected from each estrus characteristics (NOESTR, LWESTR, HIESTR) into 
PAXgene tubes (BD Diagnostics, Sparks, MD) for whole blood RNA extraction. Values are expressed as relative fold change compared to threshold 
cycle of reference genes analyzed within the same sample (Ocón-Grove et al., 2008). On d 30, blood samples were collected for the analysis of serum 
bPAGs and pregnancy status was verified by detecting a viable conceptus via transrectal ultrasonography (5.0 MHz transducer; 500 V, Aloka, 
Wallingford, CT). Only data from cows diagnosed as pregnant were analyzed for whole blood mRNA expression and serum bPAGs concentrations.

3Within rows, values with different superscripts (a, b, c) differ (P ≤ 0.05). All values reported are covariately adjusted to cow BCS (Wagner et al., 
1988) recorded on d −11.

4Values reported within parenthesis correspond to number of pregnant cows/total cows responsive to the estrus synchronization protocol and 
classified based on estrus characteristics.
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No differences in serum bPAGs concentrations 
on d 30 were detected (P = 0.46) among HIESTR, 
LWESTR, and NOESTR cows (Table 4), whereas 
bPAG is an accurate predictor of late embryonic 
mortality in cattle (Pohler et al., 2016b). These latter 
authors assessed estrus intensity prior to timed-AI 
according to the level of activation of estrus detec-
tion patches during the same timed-AI protocol 
utilized herein. As intensity of estrus expression 
increased, circulating bPAG concentrations on 28 
d after AI also increased, suggesting decreased like-
lihood of late embryonic mortality (Pohler et  al., 
2016b). In the present experiment, however, estrus 
expression and intensity failed to impact serum 
concentrations of bPAGs and perhaps late embry-
onic survival as in Pohler et al. (2016b), although 
pregnancy diagnosis was only performed on d 30. 
Nonetheless, Pohler et  al. (2013) reported that 
serum bPAG concentrations were not influenced by 
ovulatory follicle size or serum P4 concentration on 
d 7 of gestation in beef cows, which does not sup-
port a direct relationship among bPAGs with estrus 
expression and intensity as reported herein.

Pregnancy status to timed-AI on d 30 was greater 
(P ≤ 0.04) in HIESTR and LWESTR vs. NOESTR 
cows (Table 4), which corroborate with a multitude 
of research efforts documenting that beef females 
expressing estrus between CIDR removal and 
timed-AI have greater pregnancy success compared 
with cohorts that do not express estrus (Perry et al., 
2005; Whittier et al., 2013; Thomas et al., 2014). In 
fact, a meta-analysis conducted by Richardson et al. 
(2016) reported a 27% overall increase in pregnan-
cies per AI in beef females detected in estrus. The 
positive effects of estrus expression on pregnancy 
success in timed-AI protocols are mainly attributed 
to increased circulating estradiol prior to ovula-
tion, which coordinates a series of physiological 
events that regulate fertility and pregnancy estab-
lishment (Perry and Perry, 2008a, 2008b; Pohler 
et al., 2012). Contrary to our hypothesis, however, 
pregnancy rates to timed-AI were similar (P = 0.56) 
between HIESTR and LWESTR cows (Table 4). In 
dairy cattle, a positive association among estrus 
intensity and pregnancy success to AI has been 
reported, representing a 35% improvement in fer-
tility (Madureira et  al., 2015a, 2015b). The exact 
reasons for these outcomes are yet to be clarified, 
but may be associated with increased preovulatory 
concentrations of circulating estradiol (Perry et al., 
2005), lower rates of ovulation failure (Silper et al., 
2017), and a more favorable P4 profile around the 
time of AI (Madureira et al., 2015b). In the present 
experiment, one could attribute similar pregnancy 

rates between HIESTR and LWESTR cows to the 
elevated incidence of HIESTR cows with no dom-
inant follicle on d 0 and considered having ovulated 
prior to timed-AI. If  these cows are removed from 
the analysis, pregnancy rates to AI remained sim-
ilar (P  =  0.42) between HIESTR and LWESTR 
cows (75.0% vs. 68.9% of pregnant cows/total cows, 
respectively; SEM = 5.7). Alternatively, pregnancy 
rates to timed-AI were already elevated in LWESTR 
cows based on research efforts using similar cattle 
and timed-AI protocol as herein (Vasconcelos et al., 
2017), which could have limited the fertility benefits 
of high-intensity estrus. The 6% to 8% improve-
ment in pregnancy rate to timed-AI in HIESTR 
cows could be considered biologically relevant, but 
would require at least 400 cows/estrous character-
istic group (G*power 3 software; Faul et al., 2007) 
to yield a statistical difference (P ≤ 0.05) compared 
with LWESTR cows.

Across estrus characteristic groups, the prob-
ability of cows becoming pregnant to timed-AI 
decreased as serum P4 concentrations on d 0 
increased (linear effect, P < 0.01; Figure 2), and was 
affected quadratically P < 0.01; Figure 2) by DFD 
on d 0 and serum P4 concentrations on d 7.  No 
other variables from the present experiment affected 
the probability of pregnancy to timed-AI (P ≥ 0.15; 
data not shown) including BW and BCS on d −11, 
corroborating that none of the reproductive differ-
ences between estrous characteristics groups should 
be associated with BW and BCS differences on d 
−11. Accordingly, others have reported the import-
ance of low progesterone concentrations on d 0 for 
pregnancy success (Pereira et  al., 2013; Carvalho 
et  al., 2016) due to the deleterious effects of ele-
vated P4 during the estrus period on female fer-
tility (Kinder et al., 1996). A quadratic relationship 
among DFD on d 0 and serum P4 concentrations 
on d 7 with pregnancy success has also been doc-
umented in cattle (Perry et al., 2005; Diskin et al., 
2006; McNeill et  al., 2006), denoting an optimal 
range of these variables to maximize pregnancy 
to timed-AI. Moreover, values of DFD and serum 
P4 on d 7 that yielded the maximum probability of 
pregnancy to timed-AI were, respectively, 14.3 mm 
and 4.5 ng/mL. Caution should be adopted when 
interpreting these results, which can vary according 
to the population of cows evaluated and laboratory 
procedures for serum P4 analysis.

It should be noted, however, that the prob-
ability of cows becoming pregnant to timed-AI 
according to DFD and serum P4 concentrations 
on d 0 and 7 differed among estrus character-
istic groups (Figure  3). More specifically, DFD 
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affected the probability of pregnancy in LWESTR 
and NOESTR (quadratically; P < 0.01) but not in 
HIESTR cows (P ≥ 0.27), suggesting that DFD on d 
0 does not impact pregnancy risk when cows express 
high-intensity estrus. Serum P4 concentrations on d 
7 affected probability of pregnancy to timed-AI in 
HIESTR and NOESTR (quadratically; P ≤ 0.02), 
but not in LWESTR cows (P ≥ 0.48). This outcome 
should be associated with the majority of LWESTR 
cows having serum P4 concentrations near the pop-
ulation average; hence, not enough cows were in 
both extremes of the curve as noted for HIESTR 
and NOESTR cows (Figure  3). Lastly, serum P4 
concentrations on d 0 affected probability of preg-
nancy to timed-AI in NOESTR (linear; P < 0.01), 
but not in LWESTR and HIESTR cows (P ≥ 0.13). 
Again, a limited number of HIESTR and LWESTR 
cows had elevated serum P4 concentrations on d 
0, corroborating with estrus characteristics effects 

on this variable (Table 3). Still, it seems that when 
cows exhibit estrus during a timed-AI protocol, 
the detrimental effects of elevated serum P4 dur-
ing proestrus and estrus on pregnancy success are 
mostly eliminated (Wiltbank et  al., 2012; Pereira 
et al., 2013). Collectively, these results propose that 
expression of estrus during a timed-AI protocol, 
particularly high-intensity estrus behavior, over-
comes the impacts of DFD and serum P4 on preg-
nancy success in beef cows.

In summary, physical activity during the proes-
trus + estrus period, DFD and serum P4 concen-
trations at timed-AI, CL volume and serum P4 
concentration 7 d after timed-AI, and pregnancy 
rates to timed-AI were greater in cows that expressed 
estrus during a timed-AI protocol (LWESTR and 
HIESTR) compared to cohorts that did not express 
estrus (NOESTR). In turn, physical activity during 
the proestrus + estrus period, DFD on d 0, and CL 

Figure 2. Probability of pregnancy to timed-AI (d 0) in Nelore × Angus beef cows (n = 257) according to the diameter of dominant follicle 
on d 0 (A) and serum P4 concentrations on d 0 (B) and d 7 (C). Pregnancy status was verified 30 d after timed-AI via transrectal ultrasonography 
(5.0 MHz transducer; 500 V, Aloka, Wallingford, CT).
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volume and serum P4 concentrations on d 7 were 
further increased in cows that expressed high-inten-
sity estrus (HIESTR). Whole blood mRNA expres-
sion of myxovirus resistance 2 mRNA on d 20 of 
gestation, an indicator of conceptus development 
and interferon-tau production (Gifford et al., 2007; 
Stevenson et al., 2007; Forde et al., 2011), was also 
greater in HIESTR cows compared with the other 
estrous characteristics groups. Pregnancy rates to 
timed-AI were not impacted by estrus intensity, 
although HIESTR had improved indicators of fer-
tility such as DFD on d 0 and serum P4 concentra-
tion on d 7 compared with LWESTR cows (Perry 
et al., 2005; McNeill et al., 2006). Cow BCS on d 
−11 was positively associated with estrus expression 

and intensity; hence, it was included as independent 
covariate into all reproductive analyses and did not 
impact probability of pregnancy to timed-AI. It 
should be noted that the estrus synchronization pro-
tocol utilized herein likely increased the incidence 
of pharmacologically induced estrus compared 
with protocols based on spontaneous ovulation or 
using GnRH as ovulatory stimulus (Vasconcelos 
et al., 2014), whereas the impacts of estrus expres-
sion and intensity should also be evaluated in beef 
cows assigned to these last two ovulation strategies. 
Collectively, expression of estrus during a timed-AI 
protocol improved reproductive function and preg-
nancy success, whereas estrus intensity modulated 
key biological markers associated with fertility but 

Figure 3. Probability of pregnancy to timed-AI (d 0) in Nelore × Angus beef cows according to the diameter of dominant follicle on d 0 (A) 
and serum progesterone (P4) on d 0 (B) and d 7 (C). Cows were fitted with a pedometer behind their left shoulder on d −4. An estrus detection 
patch was attached to the tail-head of each cow on d −2. Estrus expression was defined as removal of >50% of the rub-off coating from the patch 
on d 0. Net physical activity was calculated by subtracting total steps from d −4 to −2 from total steps from d −2 to 0 of each cow. Cows that did 
not express estrus were classified as NOESTR (n = 59). Cows that expressed estrus were ranked by net physical activity; those above the median 
were classified as HIESTR (n = 98) and the remaining as LWESTR (n = 100). All cows were assigned and effectively responded to an estrus syn-
chronization protocol (Meneghetti et al., 2009; d −11 to 0). Pregnancy status was verified 30 d after timed-AI via transrectal ultrasonography (5.0 
MHz transducer; 500 V, Aloka, Wallingford, CT).
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not pregnancy rates in B.  indicus-influenced cows 
beef cows.
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