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ABSTRACT

Selection for fertility traits, such as daughter preg-
nancy rate (DPR), heifer conception rate (HCR), and cow
conception rate, has been shown to improve pregnancy
success within dairy herds. This study explored the rela-
tionship between fertility traits and embryo development
in both in vitro and in vivo conditions in dairy cattle.
Data from 2,408 in vitro—produced (IVP) and 1,801 in
vivo—derived (IVD) embryo procedures were analyzed.
Embryos produced in these procedures were classified by
quality (grade 1, 2, and 3). We assessed the relationship
between fertility traits (DPR and HCR) and various em-
bryo development parameters, including the total number
of structures collected, blastocyst rate, and embryo qual-
ity, using generalized linear models. The analysis focused
on female Holstein donors aged 10 to 20 mo. Fertility
traits did not show a significant association with in vitro
embryo production. However, in vivo, higher fertility
values for DPR and HCR were associated with improved
blastocyst rates, suggesting that these fertility traits may
have a greater influence on embryo development in vivo.
In addition, higher HCR values in the embryo were as-
sociated with increased pregnancy per transfer by d 30
when embryos were transferred into both heifers and
cows, resulting in more calves born. Higher DPR values
were also associated with a higher proportion of calves
born when embryos were transferred to cows, indicating
the potential influence of DPR on pregnancy outcomes
in lactating cows. Our findings show that fertility traits
DPR and HCR are associated with improved embryo
development and competence to establish pregnancy,
highlighting the potential for selection for embryo devel-
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opmental and reproductive success. Further research is
needed to better understand the mechanisms underlying
these effects and to identify genetic markers and indi-
vidual genes that could enhance fertility outcomes.
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INTRODUCTION

Fertility plays a crucial role in the productivity and eco-
nomic efficiency of dairy herds. In the United States, the
main traits used to assess female fertility in dairy cattle
are daughter pregnancy rate (DPR), cow conception rate
(CCR), and heifer conception rate (HCR; VanRaden et
al., 2004; Kuhn et al., 2006; Gobikrushanth et al., 2020).
Daughter pregnancy rate quantifies how quickly lactating
cows return to pregnancy, expressed as the percentage of
open cows that become pregnant every 21 d (VanRaden
et al., 2004), whereas HCR and CCR measure the ability
of a heifer and a cow, respectively, to conceive following
insemination (Kuhn et al., 2006; Gobikrushanth et al.,
2020). Despite the low heritability of these traits (Van-
Raden et al., 2004, 2021), several studies have shown
that animals with high genetic merit for fertility have im-
proved reproductive performance (Ortega et al., 2017a;
Lima et al., 2020; Sitko et al., 2023).

Measuring phenotypes associated with reproduction
noninvasively and in a large number of animals is dif-
ficult and limits our ability to improve current fertility
traits. However, a few studies have attempted to do so.
For example, a study by Chebel and Veronese (2020)
found that cows with high genetic merit for fertility had a
shorter period to first estrus postpartum. The same group
found that, in heifers, those with higher values for DPR
exhibited larger follicular diameters and higher estradiol
(E,) concentrations compared with the low DPR group.
However, this association was not observed with HCR
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(Veronese et al., 2019). Although these traits have a ge-
netic correlation of 0.514 (VanRaden et al., 2021), they
may not explain the same phenotypes associated with
fertility.

Single nucleotide polymorphisms in candidate genes
associated with fertility traits have also been associated
with embryo development in vitro and their adaptation
to stressful environmental conditions (Cochran et al.,
2013a,b; Ortega et al., 2016b, 2017b), lipid metabolism,
and conceptus elongation (Abdollahi-Arpanahi et al.,
2019). This underscores the importance of genetics in
embryo development and pregnancy establishment, rais-
ing the question of whether embryos derived from cows
with high genetic merit for fertility are more likely to
produce viable embryos and achieve pregnancy.

The objectives of this study were to associate the
fertility traits DPR and HCR with embryo development
in both in vivo and in vitro conditions and to determine
the association of fertility traits with the ability of an in
vitro—produced (IVP) embryo to establish pregnancy. It
was hypothesized that higher genetic merit for fertility
is associated with improved embryo development to the
blastocyst stage and that IVP embryos from high-fertility
donors have higher pregnancy per embryo transfer.

MATERIALS AND METHODS

This was a retrospective study with embryo produc-
tion data provided by Peak Genetics (URUS Group LP,
Madison, WI). Two datasets were used, one that included
embryo production from in vivo (in vivo—derived; IVD)
and in vitro (IVP) procedures, and another one for trans-
fers and pregnancy outcomes from IVP embryos.

Study 1. Association of Fertility Traits with Embryo
Production In Vitro and In Vivo

Each observation corresponded to a collection for IVD
or IVP and included: the dam (donor) ID, breed, birth
date, fertility genetic values (DPR, HCR), date of pro-
cedure, location, and technician. Information regarding
superstimulation and synchronization protocols used for
in vivo embryo collection was not available and there-
fore could not be included as fixed effects in the statisti-
cal analyses. For IVP embryos, data included the total
number of cumulus-oocyte complexes (COC) per aspira-
tion procedure, blastocyst number, and their grade based
on International Embryo Technology Society (IETS)
guidelines (Barfield and Demetrio, 2022), where grade
1 embryos were considered the highest quality and grade
3 the lowest. For IVD embryos, data included structures
recovered per flush procedure (unfertilized oocytes or
uncleaved embryos, degenerated embryos, morulae, and
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blastocysts, per the IETS guidelines), the number of blas-
tocysts, and their grade.

Data Filtering for Statistical Analysis. Analyses were
performed on procedures from January 2020 to July 2024
in order to ensure that all data aligned with the most re-
cent genetic base change available for the dataset (the
2020 genetic base), and only Holstein females ranging
from 10 to 20 mo old were included. Pregnancy status
of the heifer was not available and therefore could not
be included in the analysis. To control for environmental
conditions, season was added to the observations based
on the month of occurrence (winter = December, January,
February; spring = March, April, May; summer = June,
July, August; fall = September, October, November), and
blocks were created by combining the farm location and
laboratory, the year, and the season of each procedure.
Only blocks with at least 10 observations were considered
for analysis. In vitro and in vivo embryo production were
analyzed independently. In addition, a separate analysis
was done to determine the differences in the response
variables between IVD and IVP by filtering cows that
have gone through both procedures at least once.

For the IVD analysis, a total of 617 donors with a total
of 1,801 observations were used. The data included 5
farms and 5 laboratories in a total of 43 blocks. The IVP
data analysis included 429 donors with a total of 2,408
observations. The data included 2 different laboratories
and 5 different farm locations, in a total of 57 blocks. In
addition, a group of 235 cows that had gone through both
procedures was used to analyze the differences between
IVD and IVP.

Statistical Analysis. All statistical analyses were con-
ducted using R v4.4.0. The package Ime4 was used to
fit generalized linear mixed-effects models. The pack-
age emmeans was also used to estimate the LSM of the
variables. Most of the analyses were computed using the
following model:

y =By + B x BV+ BLOCK +ID + e,

where the response variable, y, was modeled with S, rep-
resenting the intercept and S, as the coefficient for the
effect of the breeding value (BV) for either DPR or HCR.
Fertility traits were analyzed separately due to multicol-
linearity, using a linear regression model. Random ef-
fects included BLOCK to account for environmental and
management effects; donor ID, as there were multiple
procedures per donor; and residual deviance (e). The re-
sponses (y) were the total number of structures collected,
percentage of embryos produced, and percentage of grade
1, 2, and 3 embryos per procedure. To analyze the total
number of structures, the Imer function in R was used
with a square root transformation to adjust normality. For
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analyses of proportions or percentages, a glmer function
was used employing a cbind function of successful versus
nonsuccessful events. To estimate the proportion of em-
bryos produced, a minimum of one structure recovered
per procedure was required. To determine the proportion
of grade 1, 2, and 3 embryos, at least one embryo was
required per procedure.

To compare the differences between IVP and IVD, a
similar model was used:

y =By + FTYPE + BLOCK + ID + ¢,

where y is the response variable, f, is the intercept, and
fixed effects were the type of procedure implemented
(FTYPE; IVP or IVD). Random effects included BLOCK,
ID of the donor, and residual variance (e). Response
variables were the number of structures collected, the
number of blastocysts produced, blastocyst rate, and the
percentage of grade 1, 2, and 3 embryos per procedure.

Study 2. Association of Fertility Traits with Pregnancy
Outcomes Following Embryo Transfer

In this dataset, each observation was a transferred
embryo and included information about the production
technique (IVD or IVP), embryo type (fresh or frozen),
embryo grade (1, 2, or 3), dam and sire ID and their ge-
netic values for fertility, pregnancy status at d 30 and 60,
and pregnancy outcomes (whether a live calf was born).
In addition, data included recipient ID, breed, and clas-
sification (heifer or cow). Detailed information regard-
ing estrus detection or synchronization protocols used
for embryo transfer was not available in this dataset and
could not be directly included in the statistical analyses.

Data Filtering and Selection Criteria. The embryos
used in this analysis were derived from the previous
dataset, with embryos produced from 2020 onward and
transferred into recipients until September 2023, as those
should have completed their gestation by July 2024.
Only Holstein donors aged between 10 and 20 mo were
included. Due to the limited number of IVD-transferred
embryos included in the dataset (n = 36), only IVP em-
bryos that were either grade 1 or grade 2 were used in
the analysis. The season for each embryo transfer was
determined as explained above. Data were organized into
blocks based on farm location, technician who realized
the transfer, year, and season of the transfer, with a mini-
mum of 10 observations per block.

The first round of analyses evaluated embryo type and
processing. The first analysis evaluated differences in
pregnancy outcomes between grade 1 and 2 embryos that
were either fresh or frozen, including a total of 10,676
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transfers. The second analysis removed the effect of em-
bryo grade and freezing and only compared pregnancy
outcomes for transfers of fresh grade 1 embryos into heif-
ers (n=5,114) versus cows (n = 1,400). Lastly, follow-up
analyses focused specifically on transfers involving fresh
grade 1 embryos, with separate evaluations for transfers
into heifers (n = 5,079) and cows (n = 1,356). Pregnancy
outcomes are reported as pregnancy per embryo transfer
(P/ET); for consistency with existing literature, the term
pregnancy rate is used throughout the manuscript to de-
note P/ET.

To evaluate the effect of the genetic merit for fertility
of the embryo on pregnancy outcomes, a parent average
for HCR and DPR was calculated for each transferred
embryo. Likewise, to determine the effect of recipient
genetic merit on pregnancy outcomes, Holstein heifers
with genetic values for fertility that received fresh grade
1 embryos were used (n = 69).

Statistical Analysis. Statistical analyses were per-
formed using R v4.4.0, applying the Ime4 package to
fit generalized linear mixed-effects models, with the
emmeans package used to estimate LSM for the vari-
ables. When significant main effects or interactions
were detected, pairwise comparisons among LSM were
performed using Tukey’s honestly significant difference
adjustment to control for multiple comparisons. The
following model was used to evaluate the data from all
embryo transfers:

y =py+ EMBTYPE + EMBGR + EMBTYPE:
EMBGR + RTYPE + BLOCK + DID + e,

where y is the response variable; f, is intercept; and fixed
effects were the type of embryo (EMBTYPE), its grade
(EMBGR), their interaction (EMBTYPE:EMBGR), and
the type of recipient used in the transfer (RTYPE; heifer
or cow). Random effects included BLOCK to account for
environment and management during the transfer, and
donor ID (DID), as there were multiple embryos derived
per donor. Response variables were the pregnancy status
of a transferred embryo, computed as binary data for suc-
cess (1) or non-success (0) at d 30, 60, and if the preg-
nancy resulted in a calf. For pregnancy loss from d 30 to
60, only recipients pregnant at d 30 were considered, and
for pregnancy loss after d 60, recipients pregnant at d 60
were considered for analysis. To evaluate the association
between recipient type and pregnancy from fresh and
grade 1 embryos, a similar model was used:

y =f, + RTYPE + BLOCK + DID + e,
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where y was the response variable and f, the intercept,
the type of recipient used in the transfer was set as a fixed
effect. Random effects included BLOCK and ID of the
donor (DID). Response variables were pregnancy status
at d 30, 60, if pregnancy ended in a calf, and pregnancy
loss at d 60 and until calving.

A similar model was applied to evaluate the impact
of fertility traits on pregnancy outcomes from fresh and
grade 1 embryos:

y =fo+ B x BV+BLOCK + DID + e,

where the response variable y was modeled with £, as the
intercept and f; as the coefficient for the effect of breed-
ing value (BV), and BV represented the values of DPR or
HCR from both the donor or the embryo. Random effects
included BLOCK and donor ID (DID). For embryo fertil-
ity analysis, the sire’s ID (SID) was also considered as
a random effect. Response variables included pregnancy
status at d 30 and 60, whether pregnancy resulted in a
calf, and pregnancy loss at d 60 and until calving. Trans-
fers into cows and heifers were analyzed separately.

To evaluate the fertility of the recipient on pregnancy
outcome, the following model was used:

y =pfo+ By x BVg + BLOCK + DID + e,

where y was the response variable, S, the intercept, and
p1 the coefficient for the effect of the recipient’s breeding
value (BVy) on fertility based on HCR or DPR. Random
effects included BLOCK and ID of the donor. Response
variables were pregnancy status at d 30 and 60, if preg-
nancy ended in a calf, and pregnancy loss at d 60 and
until calving.

RESULTS
Study 1. Embryo Production

Comparison of In Vitro and In Vivo Embryo Pro-
duction Techniques. To compare in vitro and in vivo
procedures, we evaluated females that underwent both
procedures at least once. More oocytes were collected
by follicular aspiration for in vitro embryo production
(P < 0.001) than the number of structures recovered by
flush for in vivo—derived embryos. The blastocyst rate
(the number of blastocyst-stage embryos over either the
number of structures flushed for IVP, or the number of
COC collected and processed for [IVP) was greater (P <
0.001) in IVD procedures compared with IVP, although
the total number of blastocysts produced tended to be
greater (P = 0.06) for IVP procedures. Embryo quality
differed between procedures. There were fewer grade 1
embryos (P < 0.001) and more grade 2 and 3 (P < 0.001)
embryos from IVP compared with IVD procedures
(Table 1). Covariates included in the models, including
donor identity and block effects, accounted for a portion
of the variability in embryo production outcomes but did
not alter the direction or significance of the associations
between fertility traits and embryo development.

Impact of Donor Genetic Merit for Fertility on Em-
bryo Production. We found no differences in the number
of oocytes or structures recovered in IVP or IVD proce-
dures based on DPR or HCR values of the donor (P >
0.05; Figure 1). Blastocyst rate in vitro was unaffected
by fertility traits (P > 0.05; Figure 2A, B). However, in
vivo, females with higher values for fertility traits had in-
creased blastocyst rates (P < 0.05). It was estimated that
for a unit increase in HCR the blastocyst rate increased
by 2.97%, and each unit increase in DPR corresponded to
a 1.88% increase in blastocyst rate (Figure 2C, D). Fertil-
ity traits did not have an overall effect on the proportion
of grade 1 embryos produced in vivo (P > 0.05; Figure
3C, D). However, in vitro, females with higher values for

Table 1. Effect of type of procedure on embryo production; results presented as LSM + SEM

Variable In vitro embryo production’ In vivo embryo production’ P-value
Structures® (n) 13.5+0.47° 6.5+0.39° <0.001
Blastocysts (n) 4.92+0.22 431+0.27 0.06
Blastocyst rate (%) 38.7 +1.26" 573+ 1.76° <0.001
Grade 1 embryos (%) 70.9 +1.23" 84.5+1.12° <0.001
Grade 2 embryos (%) 23.8+2.38" 154+1.12° <0.001
Grade 3 embryos (%) 4.67 +0.48 —

*"Different superscripts within a row indicate differences (P < 0.05) between procedures.

'In vitro—produced: 1,220 procedures, 235 donors.
’In vivo—derived: 598 procedures, 235 donors.

3Structures: for in vitro procedures, this refers to COC collected. For in vivo procedures, this refers to all the struc-
tures collected from a flush, including unfertilized oocytes or uncleaved embryos, degenerated embryos, morulae,

and blastocysts, following IETS guidelines.
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Figure 1. Effect of fertility traits on structures recovered per procedure. (A) Association between heifer conception rate (HCR) and oocytes
recovered through ovum pick-up (OPU; P = 0.76). (B) Association between daughter pregnancy rate (DPR) and oocytes recovered through OPU (P
=0.14). (C) Association between HCR and structures recovered through uterine flush (P = 0.12). (D) Association between DPR and structures recov-
ered through uterine flush (P = 0.85). Gray dots represent the predicted number of structures collected per donor. The 95% CI is presented in pink.

HCR tended (P = 0.06) to produce more grade 1 embryos
(Figure 3A) and, consequently, fewer grade 2 embryos
(Supplemental Figure S1A; see Notes). It was estimated
that for each unit increase in HCR, grade 1 embryo rate
increased by 0.52% (Figure 3A). This trend was not ob-
served with DPR (Figure 3B; Supplemental Figure S1B).

Study 2. Pregnancy Outcomes of In Vitro—
Produced Embryos

Influence of Embryo Type and Grade on Pregnancy
Qutcomes. Pregnancy outcomes from transferred em-
bryos are presented in Table 2. To evaluate pregnancy
per embryo transfer at d 30 and 60, as well as calf rate,
a total of 10,676 embryo transfers derived from 352
donors were analyzed. For pregnancy loss between d
30 and 60, a total of 5,532 transfers that were pregnant
at d 30 and originated from 322 donors were included.
For pregnancy loss after d 60, a total of 5,017 transfers
that remained pregnant at d 60 and originated from 322
donors were evaluated.
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Fresh embryos exhibited a higher likelihood of achiev-
ing pregnancy by d 30 (P <0.001) compared with frozen
embryos (Table 2), and grade 2 embryos had a lower
likelihood of pregnancy by d 30 compared with grade
1 embryos (P < 0.001). An interaction between embryo
type and grade was also observed (P < 0.05), with no
significant differences in pregnancy found between fresh
and frozen grade 2 embryos, and both groups having
lower pregnancy rates than fresh and frozen grade 1
embryos. This effect was maintained at d 60, and in the
percentage of calves born (P < 0.05; Table 3). Pregnancy
loss between d 30 and 60 was higher for grade 2 embryos
compared with grade 1 embryos (P = 0.003). No signifi-
cant effect was observed for pregnancy loss after d 60 for
any embryo type (P > 0.05; Table 2).

Effect of Recipient Type on Pregnancy QOutcomes.
Table 3 summarizes pregnancy outcomes following
embryo transfers into either cows or heifers. To evalu-
ate all types of embryo transfers (grades 1 and 2, fresh
and frozen), a total of 2,376 transfers into cows and
8,300 transfers into heifers were analyzed. In addition,
pregnancy outcomes from fresh, grade 1 embryos were
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Figure 2. Effect of fertility traits on embryo production. (A) Association between HCR and blastocyst rate on in vitro procedures (P = 0.25).
(B) Association between DPR and blastocyst rate on in vitro procedures (P = 0.80). (C) Association between HCR and blastocyst rate on in vivo
procedures. For each increase in one HCR value, there is an estimated increase of 2.97% in blastocyst rate (P < 0.001). (D) Association between DPR
and blastocyst rate on in vivo procedures. For each increase in one DPR value, there is an estimated increase of 1.88% in blastocyst rate (P = 0.03).
Gray dots represent the predicted blastocyst rate per donor. The 95% CI is presented in pink.

evaluated, including 1,400 transfers into cows and 5,114
transfers into heifers. When evaluating all types of em-
bryo transfers, pregnancy rate in heifer recipients was
higher by d 30 (P < 0.001) and 60 (P < 0.01) compared
with cows (Table 3). No differences in pregnancy loss
between d 30 and d 60 were observed between heifers
and cow recipients (P > 0.05). However, heifers expe-
rienced higher pregnancy loss after d 60 compared with
cows for all types of embryo transfer, as well as when
evaluating only transfers of fresh grade 1 embryos (P

< 0.05). Despite this, heifers still produced more total
calves compared with cows when all transfers are evalu-
ated (P < 0.001; Table 3).

Influence of Donor Genetic Merit for Fertility on
Pregnancy Outcomes. When evaluating pregnancy out-
comes only from fresh embryos and quality grade 1 to
heifer recipients, those derived from high-HCR females
had increased pregnancy at d 30 (P = 0.01); it was esti-
mated that each unit increase in HCR corresponded to a
1.32% rise in pregnancy rate by d 30. (Figure 4A). This

Table 2. Effect of the type and grade of the embryo on pregnancy success; results presented as LSM + SEM

Grade 1 Grade 2 P-value
Variable Fresh Frozen Fresh Frozen Embryo type Embryo grade Interaction
Pregnancy at day 30 (%) 58.1+0.88"  49.1+1.58 36.7+1.13°  35.6+3.58° <0.001 <0.001 0.06
Pregnancy at day 60 (%) 532+0.91°  44.1+1.56° 324+1.09° 32.6+3.50° <0.001 <0.001 0.03
Calf rate (%) 49.0+£0.95  40.0+1.57 29.7+1.08° 31.24+3.48° <0.001 <0.001 0.01
Pregnancy loss d 30 to 60 (%) 7.70+0.64"  9.76 = 1.31° 1057+ 1.14°  6.78 £2.98% 0.08 0.003 0.13
Pregnancy loss d 60 to parturition (%) 6.63 £0.65  8.40+ 1.30 720+098  4.23+241 0.12 0.51 0.18

““Different superscripts within a row indicate a difference (Tukey-adjusted comparisons; P < 0.05) between embryo classification.
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Figure 3. Effect of fertility traits on the proportion of grade 1 embryos produced. (A) Association between HCR and grade 1 embryo rate on in
vitro procedures. For each increase in one HCR value, there is an estimated increase of 0.52% in proportion of grade 1 embryos produced (P = 0.06).
(B) Association between DPR and grade 1 embryo rate on in vitro procedures (P = 0.54). (C) Association between HCR and grade 1 embryo rate
on in vivo procedures (P = 0.27). (D) Association between DPR and grade 1 embryo rate on in vivo procedures (P = 0.70). Gray dots represent the
predicted proportion of grade 1 embryos produced per donor. The 95% CI is presented in pink.

was not observed for pregnancy rate by d 60 (P = 0.11;
Figure 4B). However, embryos derived from high-HCR
donors tended (P = 0.06) to produce more calves, with
an estimated increase of 1.07% in calf rate for each unit
increase in HCR (Figure 4C). We found no effect of HCR
on pregnancy loss from d 30 to 60 (P = 0.10), or after d
60 (P = 0.45; Supplemental Figure 2A, B; see Notes). In
cow recipients, embryos coming from high-HCR donors
had increased pregnancy rates by d 30, 60, and produced
more calves (P < 0.05). For each unit increase in HCR,
we observed were increases in pregnancy rate by d 30,

60, and calf rate by 2.80, 2.43, and 2.59%, respectively
(Figure 4D-F).

Daughter pregnancy rate of donors did not affect preg-
nancy outcomes (P > 0.05; Figure 5A—C) or pregnancy
loss when embryos were transferred to heifers (Supple-
mental Figure S2E, F). When embryos were transferred
into cows, pregnancy rate by d 60 was higher when using
embryos from high-DPR donors (P = 0.04; Figure 5E),
and these embryos resulted in more calves (P = 0.01;
Figure 5F), with estimated increases of 2.67 and 3.18%
for each one-unit increase of DPR, respectively.

Table 3. Effect of the type of recipient on pregnancy outcomes; results presented as LSM + SEM

All transfers

Fresh grade 1 embryos

Variable Cow Heifer P-value Cow Heifer P-value
Pregnancy at day 30 (%) 41.1+1.51 48.4+1.25 <0.001 55.3+1.50 61.4+0.90 <0.001
Pregnancy at day 60 (%) 373 +1.49 434+1.25 <0.001 51.2+1.48 56.0+0.91 0.003
Calf rate (%) 35.0+1.49 39.5+£1.26 <0.001 479+ 1.56 50.9+£1.00 0.08
Pregnancy loss, d 30 to 60 (%) 8.41+1.30 8.75+1.13 0.74 7.18 £1.02 8.25+0.67 0.35
Pregnancy loss, d 60 to parturition (%) 5.52+1.10 7.48 £1.20 0.04 4.44 £ 0.88 7.70 £0.83 0.006
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Figure 4. Effect of donor’s HCR on pregnancy outcomes from fresh and grade 1 transferred embryos. (A) Association between HCR and
pregnancy rate at d 30 on heifers. For each increase in one HCR value, there is an estimated increase in pregnancy rate by 1.32% (P = 0.01). (B)
Association between HCR and pregnancy rate at d 60 on heifers (P =0.11). (C) Association between HCR and proportion of calves born from heifers.
For each increase in one HCR value, there is an estimated increase in calves born by 1.07% (P = 0.06). (D) Association between HCR and pregnancy
rate at d 30 on cows. For each increase in one HCR value, there is an estimated increase in pregnancy rate by 2.80% (P = 0.003). (E) Association
between HCR and pregnancy rate at d 60 on cows. For each increase in one HCR value, there is an estimated increase in pregnancy rate by 2.43% (P
=0.009). (F) Association between HCR and proportion of calves born from cows. For each increase in one HCR value, there is an estimated increase
in calves born by 2.59% (P = 0.004). Gray dots represent the predicted pregnancy or calf rate per donor. The 95% CI is presented in pink.
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Figure 5. Effect of donor’s DPR on pregnancy outcomes from fresh and grade 1 transferred embryos. (A) Association between DPR and preg-
nancy rate at d 30 on heifers (P = 0.82). (B) Association between DPR and pregnancy rate at d 60 on heifers (P = 0.88). (C) Association between
DPR and proportion of calves born from heifers (P = 0.67). (D) Association between DPR and pregnancy rate at d 30 on cows. For each increase in
one DPR value, there is an estimated increase in pregnancy rate by 2.09% (P = 0.12). (E) Association between DPR and pregnancy rate at d 60 on
cows. For each increase in one DPR value, there is an estimated increase in pregnancy rate by 2.67% (P = 0.04). (F) Association between DPR and
proportion of calves born from cows. For each increase in one DPR value, there is an estimated increase in calves born by 3.18% (P = 0.01). Gray
dots represent the predicted pregnancy or calf rate per donor. The 95% CI is presented in pink.
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Impact of Embryo Genetic Merit for Fertility on
Pregnancy Success. Embryos with higher values for
HCR based on their parent average were more likely to
achieve pregnancy by d 30, regardless of whether they
were transferred into heifers or cows (P < 0.05). It was
estimated that for each unit increase of HCR, pregnancy
rate at d 30 increased by 1.80% when transferred on heif-
ers and 2.85% on cows (Figure 6A, D). Pregnancy loss
from d 30 to 60 was greater (P = 0.01) for high-HCR
embryos when transferred into heifers (Supplemental
Figure S3A, see Notes). At the end of gestation, em-
bryos with higher HCR tended to result in more calves,
regardless of recipient type (heifers: P = 0.09; cows: P
=0.07). For each unit increase in HCR, it was estimated
that the proportion of calves increased by 1.25% when
transferred into heifers and 2.51% when transferred into
cows (Figure 6C, F).

No association was found between the embryo’s DPR
and pregnancy outcomes when transferred into heifers
(P > 0.05; Figure 7A—C). However, when embryos were
transferred into cows, higher DPR values were associated
with increased pregnancy rates by both d 30 and d 60 (P
< 0.05), and resulted in more calves (P = 0.01). For each
unit increase in DPR, there was an increase in pregnancy
by d 30, 60, and proportion of calves by 3.71%, 4.53%,

and 4.34%, respectively (Figure 7 D—F). Pregnancy loss
tended to be lower for high-DPR embryos between d
30 and 60 (P = 0.06), but no differences were found in
pregnancy loss after d 60 (Supplemental Figure S3G, H).
Recipient Genetic Merit for Fertility and its Effect on
Pregnancy Outcomes. We found no effect of recipient
HCR value on pregnancy outcomes at d 30 (P = 0.88),
d 60 (P = 0.95), or in pregnancy loss between d 30 and
d 60 (P = 0.93). Furthermore, no significant differences
were found in pregnancy loss from d 60 to parturition (P
= 0.59) or in the calving rate (P = 0.70; Supplemental
Figures S4A—C and S5A, B; see Notes). The recipient’s
DPR was also not associated with any of these variables
(P > 0.05; Supplemental Figures S4D-F and S5C, D).

DISCUSSION

This work aimed to determine the association of fertil-
ity traits with embryo production in vitro or in vivo. In
this study, donors with higher values of HCR and DPR
produced more embryos per IVD procedure than donors
with lower values of HCR and DPR. Previous research
has found genes associated with early embryonic devel-
opment, including embryo compaction, trophectoderm,
and inner cell mass formation (Cochran et al., 2013a;
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Figure 6. Effect of embryo’s HCR on pregnancy outcomes from fresh and grade 1 transferred embryos. (A) Association between HCR and
pregnancy rate at d 30 on heifers. For each increase in one HCR value, there is an estimated increase in pregnancy rate by 1.80% (P = 0.01). (B)
Association between HCR and pregnancy rate at d 60 on heifers (P = 0.22). (C) Association between HCR and proportion of calves born from heifers.
For each increase in one HCR value, there is an estimated increase in calves born by 1.25% (P = 0.09). (D) Association between HCR and pregnancy
rate at d 30 on cows. For each increase in one HCR value, there is an estimated increase in pregnancy rate by 2.85% (P = 0.05). (E) Association
between HCR and pregnancy rate at d 60 on cows. For each increase in one HCR value, there is an estimated increase in pregnancy rate by 2.63% (P
=0.07). (F) Association between HCR and proportion of calves born from cows. For each increase in one HCR value, there is an estimated increase
in calves born by 2.51% (P = 0.07). Gray dots represent the predicted pregnancy or calf rate per combination between donor and sire. The 95% CI

is presented in blue.
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Figure 7. Effect of embryo’s DPR on pregnancy outcomes from fresh and grade 1 transferred embryos. (A) Association between DPR and
pregnancy rate at d 30 on heifers (P = 0.92). (B) Association between DPR and pregnancy rate at d 60 on heifers (P = 0.67). (C) Association between
DPR and proportion of calves born from heifers (P = 0.63). (D) Association between DPR and pregnancy rate at d 30 on cows. For each increase in
one DPR value, there is an estimated increase in pregnancy rate by 3.71% (P = 0.04). (E) Association between DPR and pregnancy rate at d 60 on
cows. For each increase in one DPR value, there is an estimated increase in pregnancy rate by 4.53% (P = 0.01). (F) Association between DPR and
proportion of calves born from cows. For each increase in one DPR value, there is an estimated increase in calves born by 4.34% (P = 0.01). Gray
dots represent the predicted pregnancy or calf rate per combination between donor and sire. The 95% CI is presented in blue.

Ortega et al., 2016a, 2017a). Downregulation or inhibi-
tion of those genes has been shown to impair embryo de-
velopment and even cause embryonic death (Thiel et al.,
2006; Rantakari et al., 2010; Chan et al., 2016; Ortega
et al., 2017b), suggesting, as do the results of this study,
that some of the genes which explain fertility traits are
associated with proper embryo development during the
first week of gestation, increasing the chances to estab-
lish a pregnancy. To provide context for the population
evaluated, the fertility genetic merit of animals included
in this study differed from contemporary US Holstein
averages reported by the Council on Dairy Cattle Breed-
ing (CDCB); however, direct comparisons should be
interpreted cautiously, as CDCB summaries primarily
reflect cow populations, whereas donor animals in this
study were predominantly heifers selected within ge-
netic development programs.

In this study, associations between HCR and blasto-
cyst rate were stronger than those observed for DPR. It is
possible that HCR is more explanatory of embryo devel-
opment than DPR. Even with a high genetic correlation
between these traits (VanRaden et al., 2021), they may
still reflect different aspects of fertility. This has been
previously illustrated in a study with Holstein females
genotyped as heifers and followed until after first calv-
ing. When evaluated by DPR, those with higher values
had larger follicle diameters and higher E, concentrations
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as heifers. However, their HCR did not influence any of
these measurements (Veronese et al., 2019; Chebel and
Veronese, 2020).

In this study, fertility traits were not associated with in
vitro embryo production. This is not surprising, as IVP
systems impose a uniform developmental constraint that
can reduce the expression of donor-specific biological
advantages, rather than amplifying genetic differences
among donors. Indeed, oviductal embryokines such as
IGF1, CSF2, LIF, and FGF2 have been shown to regulate
cell signaling pathways that affect early embryo devel-
opment and their competence in vitro (Loureiro et al.,
2011; Denicol et al., 2014; Hansen and Tribulo, 2019;
Tribulo et al., 2019; Stoecklein et al., 2021; McDonald et
al., 2025). Hence, under in vivo conditions, the fact that
high-fertility females produce more embryos is an indi-
cator of the genetic influence on their ability to provide
a favorable environment for early embryo development.
When embryos are produced in vitro, this maternal ad-
vantage is removed, masking developmental differences
between high- and low-fertility donors. In beef cattle, for
example, the uterine lumen of females classified as high-
fertility had increased concentrations of prostaglandins,
metabolites related to energy and amino acid metabolism,
and increased expression in the uterus of genes related to
transport of amino acids and growth factors (Moraes et
al., 2018, 2020a,b). However, further research is required
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to determine if these differences exist in Holsteins classi-
fied by current fertility traits.

As previously shown in other studies (Hasler et al.,
1995; Chebel et al., 2008; Demetrio et al., 2020), em-
bryos with quality grade 1 had greater pregnancy rates
compared with grade 2 embryos. High-HCR females also
tended to produce more grade 1 embryos through IVP
procedures, indicating that even in suboptimal in vitro
conditions, high-fertility females produce embryos with
more competency to establish pregnancy, making HCR
a potential trait to select donors for embryo production.
This is further supported by previous studies, where,
when controlling only for sire genetics, markers associ-
ated with embryo cleavage and blastocyst production
in vitro were identified, with some of these previously
associated with fertility traits (Cochran et al., 2013b;
Davenport et al., 2025).

The heritability of the number of viable embryos pro-
duced through in vitro procedures has been estimated to
range from 0.01 to 0.187, whereas for in vivo embryo
production, it ranged from 0.136 and 0.210 (Jaton et al.,
2016; Parker Gaddis et al., 2017). This suggests that it
is possible to select for increased embryo production,
offering a potential method to improve outcomes in this
technique. However, further research is required to iden-
tify genetic markers and candidate genes associated with
embryo development and competence and fertility traits,
controlling for the embryo genetics.

Another novel finding of this study is that embryos
produced in vitro, coming from high-fertility females,
had increased pregnancy rates when transferred to non-
fertility classified recipients. This indicates that the ge-
netics of the embryo do have an impact on its ability to
establish pregnancy. It is possible that the embryo’s ge-
netic composition could affect its ability to interact with
the maternal environment. Several studies have identi-
fied differentially expressed genes in blastocyst-stage
embryos that are associated with increased pregnancy
outcomes (Zolini et al., 2020a,b). Furthermore, a study
from Ribeiro et al. (2016) found that in differentially
expressed genes related to conceptus elongation, 39 SNP
were associated with at least one fertility trait (DPR,
CCR, or HCR). From these genes, 3 SNP were validated
for their association with the reproductive performance
of heifers, and 4 SNP with reproductive performance in
cows (Abdollahi-Arpanabhi et al., 2019).

The differences in DPR and HCR phenotypes on preg-
nancy outcomes may be due to distinct maternal environ-
ments between heifers and cows. Heifers and cows have
different physiological conditions, particularly regarding
lactation (Wiltbank et al., 2006), which could influence
the way the embryo interacts with the maternal environ-
ment. Heifer conception rate seems to be more closely
associated with genes related to embryonic competence,
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potentially enhancing the embryo’s ability to establish
pregnancy. This may explain why HCR is linked to better
pregnancy outcomes in both heifers and cows. On the
other hand, DPR may be more closely related to genes
involved in communication between the maternal envi-
ronment and the embryo, particularly in lactating dairy
cows. This could explain why the effect of DPR is more
pronounced in cows, which must establish pregnancy
while simultaneously undergoing lactation, a process that
does not happen in heifers and that could affect the uter-
ine environment due to metabolic and hormonal changes.
Several studies have shown that different fertility traits
are associated with different chromosomal regions
(Parker Gaddis et al., 2016), and that some genes may be
associated with one trait but not with others (Cochran et
al., 2013a; Ortega et al., 2016a), supporting the idea that
each trait reflects different biological processes. Overall,
these genetic influences highlight the complex interplay
between the embryo and the maternal environment in
determining pregnancy success, but further research is
necessary to dissect these relationships.

A limitation of this retrospective study is the lack of
detailed information regarding superstimulation, estrus
detection, and synchronization protocols. Although these
factors could not be explicitly modeled, the inclusion of
block effects capturing farm location, laboratory, techni-
cian, season, and year likely mitigated a portion of the
unmeasured variation associated with reproductive man-
agement.

No association was found between the genetic fertility
trait of the recipient (recipient HCR) and pregnancy out-
come. This is not surprising for HCR, as it appears to be
more related to events leading up to proper early embryo
development, rather than to pregnancy stages occurring
after d 7 of insemination (time of blastocyst formation). It
is possible that these results did not achieve significance
due to the small number of transfers evaluated (n = 236).
Further research is needed to confirm whether fertility
traits play a role in enhancing the maternal environment
and to identify specific candidate variants that could
explain these phenotypes and, in turn, improve fertility
traits. Genetic fertility evaluations analogous to DPR
or HCR are not currently available for sires; therefore,
phenotypic measures such as sire conception rate, which
have not been shown to relate to in vitro embryo produc-
tion (Ortega et al., 2018; Lockhart et al., 2023), were not
considered in this study.

In conclusion, this study suggests that fertility traits
such as HCR and DPR are associated with embryo de-
velopment, but the effect varies between in vitro and
in vivo conditions. Higher HCR and DPR values were
linked to improved blastocyst rates in vivo, but not in
vitro, likely due to differences in the environment where
embryo development occurs. Furthermore, embryos with



Chasi et al.: FERTILITY TRAITS AND EMBRYO DEVELOPMENT

high genetic merit for fertility were associated with in-
creased pregnancy outcomes. These findings underline
the complex relationship between genetic traits, embryo
development, and the maternal environment, but also
provide insights into the potential for selection of donors
with higher fertility values to achieve more pregnancies,
ultimately leading to more calves. Further research is
needed to explore specific genetic markers for each one
of these phenotypes that could potentially enhance fertil-
ity outcomes.
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pregnancy per embryo transfer.

REFERENCES

Abdollahi-Arpanahi, R., M. R. Carvalho, E. S. Ribeiro, and F. Penagari-
cano. 2019. Association of lipid-related genes implicated in concep-
tus elongation with female fertility traits in dairy cattle. J. Dairy Sci.
102:10020-10029. https://doi.org/10.3168/jds.2019-17068.

Barfield, J., and D. Demetrio. 2022. Appendix 3: Considerations for
evaluating in vitro- produced bovine embryos. International Embryo
Technology Society Manual. 5th ed. IETS, Champaign, IL.

Chan, B., M. Clasquin, G. A. Smolen, G. Histen, J. Powe, Y. Chen,
Z. Lin, C. Lu, Y. Liu, Y. Cang, Z. Yan, Y. Xia, R. Thompson, C.
Singleton, M. Dorsch, L. Silverman, S. M. Su, H. H. Freeze, and S.
Jin. 2016. A mouse model of a human congenital disorder of glyco-
sylation caused by loss of PMM2. Hum. Mol. Genet. 25:2182-2193.
https://doi.org/10.1093/hmg/ddw085.

Chebel, R. C., D. G. B. Demétrio, and J. Metzger. 2008. Factors affecting
success of embryo collection and transfer in large dairy herds. The-
riogenology 69:98-106. https://doi.org/10.1016/j.theriogenology
.2007.09.008.

Chebel, R. C., and A. Veronese. 2020. Associations between genomic
merit for daughter pregnancy rate of Holstein cows and metabolites
postpartum and estrus characteristics. J. Dairy Sci. 103:10754—
10768. https://doi.org/10.3168/jds.2020-18207.

Cochran, S. D., J. B. Cole, D. J. Null, and P. J. Hansen. 2013a. Discovery
of single nucleotide polymorphisms in candidate genes associated
with fertility and production traits in Holstein cattle. BMC Genet.
14:49. https://doi.org/10.1186/1471-2156-14-49.

Cochran, S. D., J. B. Cole, D. J. Null, and P. J. Hansen. 2013b. Single
nucleotide polymorphisms in candidate genes associated with fertil-

Journal of Dairy Science Vol. TBC No. TBC, TBC

izing ability of sperm and subsequent embryonic development in
cattle. Biol. Reprod. 89:69. https://doi.org/10.1095/biolreprod.113
.111260.

Davenport, K. M., K. Lockhart, K. Stoecklein, R. D. Schnabel, T. E.
Spencer, and M. S. Ortega. 2025. Genome-wide association analyses
identify single-nucleotide polymorphisms associated with in vitro
embryo cleavage and blastocyst rates in Holstein bulls. J. Dairy Sci.
108:7775-7789. https://doi.org/10.3168/jds.2025-26496.

Demetrio, D. G. B., E. Benedetti, C. G. B. Demetrio, J. Fonseca, M.
Oliveira, A. Magalhaes, and R. M. D. Santos. 2020. How can we
improve embryo production and pregnancy outcomes of Holstein
embryos produced in vitro? (12 years of practical results at a Cali-
fornia dairy farm). Anim. Reprod. 17:€20200053. https://doi.org/10
.1590/1984-3143-ar2020-0053.

Denicol, A. C., J. Block, D. E. Kelley, K. G. Pohler, K. B. Dobbs, C. J.
Mortensen, M. S. Ortega, and P. J. Hansen. 2014. The WNT signal-
ing antagonist Dickkopf-1 directs lineage commitment and promotes
survival of the preimplantation embryo. FASEB J. 28:3975-3986.
https://doi.org/10.1096/1j.14-253112.

Gobikrushanth, M., K. Macmillan, D. Hipkin, and M. G. Colazo. 2020.
The relationships among sire’s predicted transmitting ability for
daughter pregnancy rate and cow conception rate and daughter’s re-
productive performance in Canadian Holstein cows. Theriogenology
149:117-122. https://doi.org/10.1016/j.theriogenology.2020.03.026.

Hansen, P. J., and P. Tribulo. 2019. Regulation of present and future
development by maternal regulatory signals acting on the embryo
during the morula to blastocyst transition — insights from the cow.
Biol. Reprod. 101:526-537. https://doi.org/10.1093/biolre/i0z030.

Hasler, J. F., W. B. Henderson, P. J. Hurtgen, Z. Q. Jin, A. D. McCauley,
S. A. Mower, B. Neely, L. S. Shuey, J. E. Stokes, and S. A. Trimmer.
1995. Production, freezing and transfer of bovine IVF embryos and
subsequent calving results. Theriogenology 43:141-152. https://doi
.org/10.1016/0093-691X(94)00020-U.

Jaton, C., A. Koeck, M. Sargolzaei, C. A. Price, C. Baes, F. S. Schenkel,
and F. Miglior. 2016. Short communication: Genetic correlations
between number of embryos produced using in vivo and in vitro
techniques in heifer and cow donors. J. Dairy Sci. 99:8222-8226.
https://doi.org/10.3168/jds.2016-11356.

Kuhn, M. T., J. L. Hutchison, and G. R. Wiggans. 2006. Characteriza-
tion of Holstein heifer fertility in the United States. J. Dairy Sci.
89:4907-4920. https://doi.org/10.3168/jds.S0022-0302(06)72541-3.

Lima, F. S., F. T. Silvestre, F. Peflagaricano, and W. W. Thatcher. 2020.
Early genomic prediction of daughter pregnancy rate is associated
with improved reproductive performance in Holstein dairy cows. J.
Dairy Sci. 103:3312-3324. https://doi.org/10.3168/jds.2019-17488.

Lockhart, K. N., J. N. Drum, A. Z. Balboula, C. M. Spinka, T. E. Spencer,
and M. S. Ortega. 2023. Sire modulates developmental kinetics and
transcriptome of the bovine embryo. Reproduction 166:337-348.
https://doi.org/10.1530/REP-23-0030.

Loureiro, B., L. J. Oliveira, M. G. Favoreto, and P. J. Hansen. 2011.
Colony-stimulating factor 2 inhibits induction of apoptosis in the bo-
vine preimplantation embryo. Am. J. Reprod. Immunol. 65:578-588.
https://doi.org/10.1111/1.1600-0897.2010.00953.x.

McDonald, K. S., R. S. Prather, and M. S. Ortega. 2025. Cytokine
supplementation influences bovine embryo transcriptome during the
preimplantation period. Reprod. Fertil. 6:e250011. https://doi.org/10
.1530/RAF-25-0011.

Moraes, J. G. N., S. K. Behura, J. V. Bishop, T. R. Hansen, T. W. Geary,
and T. E. Spencer. 2020a. Analysis of the uterine lumen in fertil-
ity-classified heifers: II. Proteins and metabolites. Biol. Reprod.
102:571-587. https://doi.org/10.1093/biolre/ioz197.

Moraes, J. G. N., S. K. Behura, T. W. Geary, P. J. Hansen, H. L. Neibergs,
and T. E. Spencer. 2018. Uterine influences on conceptus develop-
ment in fertility-classified animals. Proc. Natl. Acad. Sci. USA
115:E1749-E1758. https://doi.org/10.1073/pnas.1721191115.

Moraes, J. G. N., S. K. Behura, T. W. Geary, and T. E. Spencer. 2020b.
Analysis of the uterine lumen in fertility-classified heifers: 1. Glu-
cose, prostaglandins, and lipids. Biol. Reprod. 102:456-474. https://
doi.org/10.1093/biolre/ioz191.

Ortega, M. S., A. C. Denicol, J. B. Cole, D. J. Null, and P. J. Hansen.
2016a. Use of single nucleotide polymorphisms in candidate genes


https://doi.org/10.3168/jds.2019-17068
https://doi.org/10.1093/hmg/ddw085
https://doi.org/10.1016/j.theriogenology.2007.09.008
https://doi.org/10.1016/j.theriogenology.2007.09.008
https://doi.org/10.3168/jds.2020-18207
https://doi.org/10.1186/1471-2156-14-49
https://doi.org/10.1095/biolreprod.113.111260
https://doi.org/10.1095/biolreprod.113.111260
https://doi.org/10.3168/jds.2025-26496
https://doi.org/10.1590/1984-3143-ar2020-0053
https://doi.org/10.1590/1984-3143-ar2020-0053
https://doi.org/10.1096/fj.14-253112
https://doi.org/10.1016/j.theriogenology.2020.03.026
https://doi.org/10.1093/biolre/ioz030
https://doi.org/10.1016/0093-691X(94)00020-U
https://doi.org/10.1016/0093-691X(94)00020-U
https://doi.org/10.3168/jds.2016-11356
https://doi.org/10.3168/jds.S0022-0302(06)72541-3
https://doi.org/10.3168/jds.2019-17488
https://doi.org/10.1530/REP-23-0030
https://doi.org/10.1111/j.1600-0897.2010.00953.x
https://doi.org/10.1530/RAF-25-0011
https://doi.org/10.1530/RAF-25-0011
https://doi.org/10.1093/biolre/ioz197
https://doi.org/10.1073/pnas.1721191115
https://doi.org/10.1093/biolre/ioz191
https://doi.org/10.1093/biolre/ioz191

Chasi et al.: FERTILITY TRAITS AND EMBRYO DEVELOPMENT

associated with daughter pregnancy rate for prediction of genetic
merit for reproduction in Holstein cows. Anim. Genet. 47:288-297.
https://doi.org/10.1111/age.12420.

Ortega, M. S., A. C. Denicol, J. B. Cole, D. J. Null, J. F. Taylor, R. D.
Schnabel, and P. J. Hansen. 2017a. Association of single nucleotide
polymorphisms in candidate genes previously related to genetic
variation in fertility with phenotypic measurements of reproductive
function in Holstein cows. J. Dairy Sci. 100:3725-3734. https://doi
.org/10.3168/jds.2016-12260.

Ortega, M. S., J. J. Kurian, R. McKenna, and P. J. Hansen. 2017b. Char-
acteristics of candidate genes associated with embryonic develop-
ment in the cow: Evidence for a role for WBP1 in development to the
blastocyst stage. PLoS One 12:¢0178041. https://doi.org/10.1371/
journal.pone.0178041.

Ortega, M. S., J. G. N. Moraes, D. J. Patterson, M. F. Smith, S. K. Be-
hura, S. Poock, and T. E. Spencer. 2018. Influences of sire concep-
tion rate on pregnancy establishment in dairy cattle. Biol. Reprod.
99:1244-1254. https://doi.org/10.1093/biolre/ioy141.

Ortega, M. S., N. A. S. Rocha-Frigoni, G. Z. Mingoti, Z. Roth, and P. J.
Hansen. 2016b. Modification of embryonic resistance to heat shock
in cattle by melatonin and genetic variation in HSPA1L. J. Dairy Sci.
99:9152-9164. https://doi.org/10.3168/jds.2016-11501.

Parker Gaddis, K. L., S. Dikmen, D. J. Null, J. B. Cole, and P. J. Hansen.
2017. Evaluation of genetic components in traits related to superovu-
lation, in vitro fertilization, and embryo transfer in Holstein cattle. J.
Dairy Sci. 100:2877-2891. https://doi.org/10.3168/jds.2016-11907.

Parker Gaddis, K. L., D. J. Null, and J. B. Cole. 2016. Explorations in
genome-wide association studies and network analyses with dairy
cattle fertility traits. J. Dairy Sci. 99:6420-6435. https://doi.org/10
.3168/jds.2015-10444.

Rantakari, P., H. Lagerbohm, M. Kaimainen, J. P. Suomela, L. Strauss,
K. Sainio, P. Pakarinen, and M. Poutanen. 2010. Hydroxysteroid
(17B) dehydrogenase 12 is essential for mouse organogenesis and
embryonic survival. Endocrinology 151:1893-1901. https://doi.org/
10.1210/en.2009-0929.

Ribeiro, E. S., L. F. Greco, R. S. Bisinotto, F. S. Lima, W. W. Thatcher,
and J. E. Santos. 2016. Biology of preimplantation conceptus at the
onset of elongation in dairy cows. Biol. Reprod. 94. https://doi.org/
10.1095/biolreprod.115.134908.

Sitko, E. M., M. M. Perez, G. E. Granados, M. Masello, F. Sosa Her-
nandez, E. M. Cabrera, E. M. Schilkowsky, F. A. Di Croce, A. K.
McNeel, D. J. Weigel, and J. O. Giordano. 2023. Effect of reproduc-
tive management programs that prioritized artificial insemination at
detected estrus or timed artificial insemination on the reproductive
performance of primiparous Holstein cows of different genetic merit
for fertility. J. Dairy Sci. 106:6476-6494. https://doi.org/10.3168/
jds.2022-22673.

Stoecklein, K. S., M. S. Ortega, L. D. Spate, C. N. Murphy, and R. S.
Prather. 2021. Improved cryopreservation of in vitro produced bo-
vine embryos using FGF2, LIF, and IGF1. PLoS One 16:¢0243727.
https://doi.org/10.1371/journal.pone.0243727.

Thiel, C., T. Liibke, G. Matthijs, K. Von Figura, and C. Korner. 2006.
Targeted disruption of the mouse phosphomannomutase 2 gene

Journal of Dairy Science Vol. TBC No. TBC, TBC

causes early embryonic lethality. Mol. Cell. Biol. 26:5615-5620.
https://doi.org/10.1128/MCB.02391-05.

Tribulo, P., L. Balzano-Nogueira, A. Conesa, L. G. Siqueira, and P. J.
Hansen. 2019. Changes in the uterine metabolome of the cow during
the first 7 days after estrus. Mol. Reprod. Dev. 86:75-87. https://doi
.org/10.1002/mrd.23082.

VanRaden, P. M., J. B. Cole, M. Neupane, S. Toghiani, K. L. Gaddis,
and R. J. Tempelman. 2021. Net merit as a measure of lifetime
profit: 2021 revision. USDA AIP Research Report NM$8 (05-21).
USDA.

VanRaden, P. M., A. H. Sanders, M. E. Tooker, R. H. Miller, H. D.
Norman, M. T. Kuhn, and G. R. Wiggans. 2004. Development of a
national genetic evaluation for cow fertility. J. Dairy Sci. 87:2285—
2292. https://doi.org/10.3168/jds.S0022-0302(04)70049-1.

Veronese, A., O. Marques, F. Pefiagaricano, R. S. Bisinotto, K. G. Pohler,
T. R. Bilby, and R. C. Chebel. 2019. Genomic merit for reproductive
traits. II: Physiological responses of Holstein heifers. J. Dairy Sci.
102:6639-6648. https://doi.org/10.3168/jds.2018-15245.

Wiltbank, M., H. Lopez, R. Sartori, S. Sangsritavong, and A. Glimen.
2006. Changes in reproductive physiology of lactating dairy cows
due to elevated steroid metabolism. Theriogenology 65:17-29. https:
//doi.org/10.1016/j.theriogenology.2005.10.003.

Zolini, A. M., J. Block, M. B. Rabaglino, G. Rincon, M. Hoelker, J.
J. Bromfield, D. Salilew-Wondim, and P. J. Hansen. 2020a. Genes
associated with survival of female bovine blastocysts produced in
vivo. Cell Tissue Res. 382:665-678. https://doi.org/10.1007/s0044 1
-020-03257-y.

Zolini, A. M., J. Block, M. B. Rabaglino, P. Tribulo, M. Hoelker, G.
Rincon, J. J. Bromfield, and P. J. Hansen. 2020b. Molecular fin-
gerprint of female bovine embryos produced in vitro with high
competence to establish and maintain pregnancy. Biol. Reprod.
102:292-305. https://doi.org/10.1093/biolre/ioz190.


https://doi.org/10.1111/age.12420
https://doi.org/10.3168/jds.2016-12260
https://doi.org/10.3168/jds.2016-12260
https://doi.org/10.1371/journal.pone.0178041
https://doi.org/10.1371/journal.pone.0178041
https://doi.org/10.1093/biolre/ioy141
https://doi.org/10.3168/jds.2016-11501
https://doi.org/10.3168/jds.2016-11907
https://doi.org/10.3168/jds.2015-10444
https://doi.org/10.3168/jds.2015-10444
https://doi.org/10.1210/en.2009-0929
https://doi.org/10.1210/en.2009-0929
https://doi.org/10.1095/biolreprod.115.134908
https://doi.org/10.1095/biolreprod.115.134908
https://doi.org/10.3168/jds.2022-22673
https://doi.org/10.3168/jds.2022-22673
https://doi.org/10.1371/journal.pone.0243727
https://doi.org/10.1128/MCB.02391-05
https://doi.org/10.1002/mrd.23082
https://doi.org/10.1002/mrd.23082
https://doi.org/10.3168/jds.S0022-0302(04)70049-1
https://doi.org/10.3168/jds.2018-15245
https://doi.org/10.1016/j.theriogenology.2005.10.003
https://doi.org/10.1016/j.theriogenology.2005.10.003
https://doi.org/10.1007/s00441-020-03257-y
https://doi.org/10.1007/s00441-020-03257-y
https://doi.org/10.1093/biolre/ioz190

	Association of fertility traits with embryo development and pregnancy establishment
	INTRODUCTION
	MATERIALS AND METHODS
	Study 1. Association of Fertility Traits with Embryo Production In Vitro and In Vivo
	Study 2. Association of Fertility Traits with Pregnancy Outcomes Following Embryo Transfer

	RESULTS
	Study 1. Embryo Production
	Study 2. Pregnancy Outcomes of In Vitro– Produced Embryos

	DISCUSSION
	NOTES
	REFERENCES




