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ABSTRACT

Abnormal fetuses, neonates, and adult offspring de-
rived by assisted reproductive technologies have been
reported in humans and mice and have been associated
with increased likelihood of certain adult diseases. To
test the hypothesis that bovine females derived by as-
sisted reproductive technologies have altered postnatal
growth and adult function, a retrospective cohort study
evaluated survival, growth, and production traits of
offspring derived by in vitro embryo production (IVP)
with conventional (IVP-conv) or reverse X-sorted semen
(IVP-sexed), multiple ovulation and embryo transfer,
and artificial insemination (AI) in a large dairy herd.
Live calves produced by IVP were born slightly heavier
compared with Al calves. In addition, IVP-sexed calves
had a higher cumulative mortality from 90 to 180 d of
age compared with Al offspring. Mortality of IVP-conv
and multiple ovulation and embryo transfer offspring
was intermediate and not different from AI or IVP-
sexed offspring. The altered phenotype of offspring
from IVP-sexed extended to adult milk production.
Cows derived by IVP-sexed produced less milk, fat,
and protein in their first lactation compared with dairy
cows derived by Al. Additionally, females born to nul-
liparous dams had a distinct postnatal phenotype com-
pared with offspring from parous dams even when data
were restricted to offspring of surrogate females. In con-
clusion, procedures associated with in vitro production
of embryos involving use of reverse-sorted spermatozoa
for fertilization result in an alteration of embryonic pro-
gramming that persists postnatally and causes an effect
on milk production in adulthood. Thus, some benefits
of reverse-sorted semen for genetic improvement may
be offset by adverse programming events.
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INTRODUCTION

The theory that maternal environment during gesta-
tion modulates offspring health and disease has been
repeatedly demonstrated (Wadhwa et al., 2009; Schulz,
2010). Programming of adult phenotype can occur at
the earliest stages of embryonic development, during
the preimplantation period [see Fleming et al. (2015)
and Hansen et al. (2016) for review]. Furthermore, epi-
genetic changes in male gametes can also play a role
in programming offspring phenotype [see (Rando and
Simmons, 2015) and (Schagdarsurengin and Steger,
2016) for review].

Perhaps the most extreme perturbation in the envi-
ronment of the preimplantation embryo occurs when
the embryo is produced in vitro. In this situation, nu-
trients, regulatory molecules, ions, dissolved gases, the
substratum, and other molecules in the reproductive
tract are replaced by artificial culture media. The result
can be alterations in embryonic gene expression, DNA
methylation, metabolome, cell allocation into inner cell
mass and trophectoderm lineages, and competence to
establish pregnancy after transfer to recipient females
(Thompson, 1997; Lonergan et al., 2006; Urrego et
al., 2014). Even an assisted reproductive technology
(ART) such as multiple ovulation and embryo transfer
(MOET), where embryonic development occurs in
vivo, can perturb embryonic function due to changes in
the reproductive tract or characteristics of the oocytes
from which embryos are derived (Market-Velker et al.,
2010; Gad et al., 2011; Mainigi et al., 2014).

Conceptuses generated from MOET or in vitro pro-
duction of embryos (IVP) have altered placental growth
and function (Miles, 2004; de Waal et al., 2014; Mainigi
et al., 2014). In addition, IVP has been associated with
abnormal fetal development in sheep, cattle, mice, and
humans (Young et al., 1998; Farin et al., 2010; Bloise
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et al., 2014). The result can be increased incidence of
pregnancy loss (Kruip and den Daas, 1997; Farin et al.,
2006), preterm delivery (Ceelen et al., 2008), perinatal
morbidity and mortality (Jackson et al., 2004; Hansen
and Bower, 2014), and a phenomenon known as large
offspring syndrome in which offspring are of unusually
large size (Farin et al., 2006, 2010). Offspring born as a
result of IVP can have altered phenotypes that extend
into juvenile and adult periods as shown in humans
(Ceelen et al., 2008; Valenzuela-Alcaraz et al., 2013;
Rexhaj et al., 2015) and mice (Calle et al., 2012; Rexhajj
et al., 2013; Donjacour et al., 2014). Some abnormali-
ties in mice occurred primarily in one sex (Donjacour et
al., 2014) and some were transmitted transgeneration-
ally (Calle et al., 2012; Rexhaj et al., 2013).

The question of whether alterations in developmental
programing associated with ART affect postnatal func-
tion is becoming an increasingly important question be-
cause of the growing effect of these technologies on hu-
man and livestock reproduction. In cattle, the number
of reported embryos transferred reached over 900,000 in
2015 (Perry, 2016) including, for North America, 271,045
transfers of embryos derived by MOET and 97,871 IVP
embryos. Little is known about whether techniques like
MOET or IVP are associated with alterations in eco-
nomically important phenotypes in cattle. It is not even
known whether a widely used procedure like sex-sorted
semen can alter adult phenotypes. It might because
sex-sorted semen has been reported to delay the first
cleavage division of the embryo (Bermejo—Alvarez et
al., 2010) and to be associated with increased frequency
of stillbirths, decreased birth weights, and reduced calf
viability (Healy et al., 2013; Djedovi¢ et al., 2016). In
other studies, however, there were few consequences of
sex-sorted semen on the resultant calf (DeJarnette et
al., 2009; Norman et al., 2010).

Here we hypothesized that IVP and MOET can
modify embryonic programming and lead to changes
in postnatal phenotype. We also took advantage of one
characteristic of assisted reproduction, namely that the
embryo typically develops in a female distinct from the
female that provided the oocyte from which the embryo
arose, to test whether parity of the female gestating the
embryo would also change the developmental program
of the embryo to alter adult function.

MATERIALS AND METHODS
Experimental Design

A retrospective cohort observational study was
performed to determine the fate of a female calf born
following 4 methods of pregnancy establishment: Al
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(in vivo development), IVP with conventional semen
(IVP-conv; embryo produced in vitro), IVP with
reverse sorted sexed semen (IVP-sexed, embryo pro-
duced in vitro with the use of X-bearing sperm sorted
after thawing), and MOET (an embryo produced in
vivo with the aid of superstimulatory hormones). Data
were collected from a registered Holstein dairy farm lo-
cated in Bell, Florida (29.7266° N, 82.8533° W) milking
~4,000 cows/d. Animals were not research animals and
institutional approval was not relevant. Calves in the
Al group were conceived after estrus detection and Al
Dams were inseminated with a single dose of nonsorted
frozen-thawed semen. After AI, no other intervention
was performed to the dam, except for ultrasonogra-
phy at d ~30 and ~60 for pregnancy diagnosis. For
MOET, donors were selected within the farm herd
and embryos were produced by superovulation with
FSH. Donors were artificially inseminated at the end
of the FSH treatment with nonsorted semen. Seven
days after Al, the uterus was flushed transcervically
for embryo collection. For IVP, embryos were produced
in vitro by the laboratory of Trans Ova in Boonsboro,
Maryland. Cumulus-oocytes complexes were collected
by ultrasound-guided ovum-pick up from FSH-treated
donors belonging to the farm. Fertilization in vitro
was performed with conventional or reverse X-sorted
semen, and embryo culture was performed using the
laboratory’s procedure for IVP. The reverse sorting
procedure consisted of X- and Y-chromosome-bearing
sperm separation by flow cytometry performed on fro-
zen-thawed semen straws. Donors were maintained at
the Trans Ova facility in Maryland and embryos were
shipped to the farm for transfer on d 7 of development,
typically at the blastocyst stage. Embryos were trans-
ferred either fresh (IVP-conv, IVP-sexed, and MOET)
or frozen-thawed after conventional slow freezing with
ethylene-glycol (MOET) to recipient heifers and cows
(a single embryo per recipient) that were at d 6 to 8
of the estrous cycle. No differences were observed be-
tween calves produced by MOET and transferred fresh
or frozen, and data were combined for these groups.
Pregnancy diagnosis was performed at ~30 and ~60 d
after embryo transfer.

Study Subjects

Farm records were screened to identify females for
inclusion in the study. Inclusion criteria for subjects in
the MOET and IVP groups were as follows: conceived
by embryo transfer (MOET or IVP), female sex, born
alive, entered into the dairy herd, and for lactation
data, possessed lactation records through at least the
first 50 d after calving as of January 2016. The final
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data set included 1,252 female calves born alive (249
MOET, 345 IVP-conv, and 658 IVP-sexed) and 831
adult cows (183 MOET, 218 IVP-conv, and 430 IVP-
sexed) that had the requisite lactation records. Similar
criteria were used to include subjects for the Al group:
conceived by Al, female sex, born alive, entered into
the dairy herd, and lactation records through at least
the first 50 d after calving as of January 2016. Further-
more, only animals born within the period of births of
MOET and IVP calves (June 2012 to April 2014) were
included. The number of AI subjects matching these
criteria that were born alive was 3,465. Among these,
2,037 had requisite lactation data.

Genomic Testing and Donor Selection

All animals underwent genomic testing to determine
genetic merit. The test was performed using a micro-
chip containing 19,000 selection markers (Clarifide
712 19K, Zoetis Genetics, Kalamazoo, MI). Genomic
estimates included those for predicted transmitting
ability for milk (GPTAM), fat (GPTAFat), and
protein (GPTAPro), net merit dollars (GNMS$), and
daughter pregnancy rate (GDPR). Donor cows chosen
for embryo production by MOET or IVP were chosen
primarily based on a custom genetic selection index
developed by the farm based on production and health
traits. Oocyte donor cows for IVP were selected from
the top 1% of females ranked for this index, whereas do-
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nors used for superovulation and production of MOET
embryos were selected from the top 5% of the same
index. Sires were selected based on their USDA genetic
proofs, and a combination of health and production
traits were taken into account. Sire and dam predicted
transmitting abilities for milk (sire and dam PTAM)
were also recorded for each offspring.

Statistical analysis of genomic traits of the offspring
(GPTAM, GPTAFat, GPTAPro, GNM$, and GDPR)
and their parents (sire PTAM and dam PTAM) were
performed by ANOVA using the general linear models
procedure of SAS version 9.4 (SAS Inst. Inc., Cary,
NC) with main effects of group (AI, TVP-conv, TVP-
sexed, MOET). Given that breeding females used to
produce subject animals were assigned to a particular
reproductive technique based on genetic merit, differ-
ences were present in specific genetic traits between
groups (Table 1). In particular, GPTAM, GPTAFat,
GPTAPro, GNMS$, GDPR of the enrolled subjects,
and sire and dam PTAM were affected by group (P <
0.0001). In all cases, AT offspring had the lowest values.
In general, IVP-conv and IVP-sexed were the highest
and not different from each other and MOET offspring
were intermediate.

On-Farm Management of Offspring

Cattle enrolled in the study were raised together
under the same management conditions without dis-

Table 1. Effects of technique used to produce a pregnancy on characteristics of the resultant offspring’

Endpoint Al IVP-conv IVP-sexed MOET P-value?
Growth trait
Gestation length (d) 276.3 £ 0.1 276.5 £ 0.4 276.2 £ 0.3 275.5 £ 0.5 0.7222
Birth weight (kg) 38.5 + 0.1 39.4 +0.3" 39.0 £ 0.2 38.7 £ 0.4 0.0280
Weaning weight (kg) 88.2 + 0.6 88.3 + 1.7 89.4 + 1.2 87.0 £ 2.4 0.7718
Weight at first breeding (kg) 344.3 £ 0.8" 351.0 + 2.8™ 355.3 £+ 2.0° 346.5 + 3.2 <0.0001
ADG, birth to weaning (kg/d) 0.69 £ 0.01 0.68 £ 0.03 0.70 £ 0.03 0.66 £ 0.05 0.8925
ADG, weaning to breeding (kg/d) 0.85 £ 0.004" 0.87 + 0.01"" 0.89 + 0.01" 0.87 + 0.02" 0.0015
Reproduction trait
Age at first calving (mo) 23.5 £ 0.1 23.8 £0.3 232 +£0.2 23.3£0.3 0.4520
Days open, first lactation (d) 100.0 £ 2.1 108.3 & 5.5 102.7 £ 3.9 875 £ 7.6 0.1479
Production trait
Projected actual milk yield, 305 d (kg) 11,038 + 31* 10,946 + 100™ 10,717 + 76" 10,891 + 149™ 0.0014
Projected actual fat yield, 305 d (kg) 388.3 £ 1.2° 385.6 + 3.9 377.1 £+ 3.0° 384.7 + 5.8" 0.0072
Projected actual protein yield, 305 d (kg) 334.6 + 1.0" 336.5 + 3.3" 327.1 + 2.5 331.2 + 4.8 0.0318
Genetic trait
Genomic PTA for milk (kg) 203.2 + 5.4° 290.2 + 16.6 284.2 + 12.0° 234.7 + 18.3% <0.0001
Genomic PTA for fat (kg) 8.9 + 0.2" 14.8 + 0.7° 14.3 + 0.5 14.6 + 0.7" <0.0001
Genomic PTA for protein (kg) 7.3 +0.1° 11.1 + 04" 10.6 + 0.3" 9.6 + 0.4 <0.0001
Dam PTA for milk (kg) 68.9 + 6.1" 216.9 + 33.2" 182.2 + 27.9" 20.6 £+ 30.2° <0.0001
Sire PTA for milk (kg) 3304 + 6.2" 346.5 + 18.8" 461.3 + 13.3" 366.7 £ 20.8" <0.0001
Net merit (%) 321.0 + 2.9° 455.7 £ 9.0° 463.6 + 6.5 420.2 + 9.9° <0.0001
Genomic PTA for DPR 1.9 + 0.03" 2.0 + 0.09" 2.4 + 0.06" 2.1+ 0.1 <0.0001

““Within a row, means without a common superscript differ at P = 0.059 (birth weight, IVP-sexed vs. AI) or P < 0.05 (all other comparisons).

"IVP-conv = in vitro embryo production with conventional semen; IVP-sexed = in vitro embryo production with reverse X-sorted semen; MOET
= multiple ovulation and embryo transfer; PTA = predicted transmitting ability; DPR = daughter pregnancy rate. Data are LSM + SEM.

?P-values for the main effect of reproductive technique (AL, IVP-conv, IVP-sexed, MOET).
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tinction of origin (AI, IVP-conv, IVP-sexed, or MOET)
and following standard operational procedures of the
farm. Parturition was induced with dexamethasone
and PGF,, for dams of some calves in each group. In-
duction of parturition was not recorded. Calves were
raised without distinction of origin either individually
in hutches or, beginning in 2014, in groups in indoor
pens using automatic liquid feeders. Weaning occurred
at ~60 d of age, after which heifers were maintained
in outdoor pens. After puberty, heifers entered into
the breeding program and were bred by Al following
estrus detection. Lactating cows were kept in an in-
door confinement system in free-stall barns equipped
with cooling devices (fans and sprinkles) or in tunnel
ventilation barns. Cows were fed according to the NRC
requirements (NRC, 2001) and were milked 3 times
daily. All data from birth to puberty were collected by
farm personnel and recorded in a management software
(PCDART, Dairy Records Management Systems, Ra-
leigh, NC). Lactation data were collected once a month
by DHIA personnel and also entered into the PCDART
software.

Outcome Variables and Database Assessment

Data were recovered using built-in tools in the herd
management software (PCDART). Reports were cre-
ated for 2 main categories of outcome variables: (1)
growth, health, and reproduction traits and (2) produc-
tion traits. The first category included birth month;
risk of death at 30, 60, 90, 120, 150, and 180 d of age for
calves born alive; weight at birth for calves born alive;
weight at weaning; weight at breeding; ADG from birth
to weaning; ADG from weaning to breeding; age at first
calving; and interval from parturition to conception
(days open) in first lactation. Death rates at birth were
not examined due to the lack of accuracy in records.
The second category included projected 305-d actual
milk, actual fat, and actual protein yields, and average
SCS in the first lactation. Projected 305-d actual yields
are an estimate of what a cow with a minimum of 50
d of lactation records would produce in the first 305 d
of the current lactation, based upon current lactation
records to date. For cows with lactation records for 305
d, projected milk yield equals actual milk yield.

Statistical Analysis

Data were examined for normality and homogeneity
of variances. Average SCS was not normally distributed
and therefore transformed into natural logarithms before
analysis. Statistical analysis of discrete variables (death
rates) was performed using the chi-squared test with
Yates’ correction to determine differences in mortality
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among calves derived by the 4 types of reproductive
techniques. Risk of death was calculated by dividing
the cumulative number of dead animals at each time
point (30, 60, 90, 120, 150, and 180 d of age) by the
number of born alive (live calves at 48 h after birth).
Continuous variables were analyzed by ANOVA using
the general linear models procedure of SAS. If a main
effect of group was detected at P < 0.10, pairwise com-
parisons were performed using the PDIFF statement
of SAS to determine differences among techniques. For
growth, reproduction, and production traits, the statis-
tical model tested the effects of technique, dam parity
while pregnant, their interaction, and birth month. The
GPTAM, GPTAFat, and GPTAPro for the offspring
were used as covariates for production data (GPTAM
for milk, GPTAFat for fat, and GPTAPro for protein
yields). The same variables were analyzed for the effect
of dam parity (nulliparous, parity = 0 vs. parous, par-
ity >1). Results are presented as least squares means
+ SEM. In addition, a subset of data from IVP-conv,
IVP-sexed, and MOET was analyzed to determine ef-
fects of dam parity independent of AT (the only group
in which parity affects oocyte donor as well as repro-
ductive tract).

RESULTS

Gestation Lengths, Birth Weights, and Neonatal
Survival Until 180 d of Age

Gestation length did not differ between groups (Table
1), but birth weight was higher for IVP-conv calves
compared with calves produced by AI (P = 0.01) and
tended to be higher for IVP-sexed compared with Al
(P = 0.059). Birth weights of MOET calves were in-
termediate and not different from other groups (Table
1). Mortality rates through 180 d of age for offspring
derived by AI, IVP-conv, IVP-sexed, or MOET that
were born alive are shown in Figure 1. No differences
in death rates were observed at 30 and 60 d. Thereaf-
ter, however, calves in the IVP-sexed group were at a
higher risk of being dead by 90 (P = 0.051), 120 (P =
0.008), 150 (P = 0.018), and 180 d of age (P = 0.008)
compared with Al calves. Calves from IVP-conv and
MOET had intermediate mortality rates which did not
differ significantly from IVP-sexed or Al. Note that the
gestation lengths of calves that died were not different
from gestation lengths of calves that survived (275.9 +
0.1 vs. 276.0 &+ 0.1 d).

Postnatal Growth from Birth to Breeding

The results are shown in Table 1. Weaning weight
did not differ among groups, but weight at first breed-
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ing was lower for Al-derived heifers than IVP-conv (P
= 0.02) and TVP-sexed (P < 0.0001). Weight at first
breeding was also lower for heifers in the MOET group
than for IVP-sexed heifers (P = 0.02), but MOET was
not different from Al or IVP-conv. The ADG from birth
to weaning did not differ among groups, whereas ADG
from weaning to breeding was highest for IVP-sexed
heifers, lowest for Al (Al vs. IVP-sexed; P = 0.0002),
and intermediate for IVP-conv and MOET heifers.

Reproductive Function and Lactational Performance

Neither age at calving nor days open after first calv-
ing differed among heifers derived by the different re-
productive techniques (Table 1).

The results for lactational performance are shown in
Table 1. Adjusted for GPTAM, projected 305-d milk
yield for first lactation was affected by the main ef-
fect of group (P = 0.0014), with milk yield lower for
IVP-sexed offspring compared with AT (P = 0.0001)
and with IVP-conv and MOET-derived cows having
intermediate milk yields not different from either Al
or IVP-sexed. Adjusted for GPTAFat, projected 305-d
fat yield in first lactation also varied between groups
(P = 0.0072). Fat yield was lower for TVP-sexed off-
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Figure 1. Technique used to produce a pregnancy affects the risk
of death in the first 6 mo of age. Cumulative risk of death (percent
of animals alive at birth that were dead at subsequent time points)
is shown for heifers produced by Al (in vivo development), in vitro
embryo production with conventional semen (IVP-conv; in vitro de-
velopment), in vitro embryo production with reverse X-sorted semen
(IVP-sexed; in vitro development), and multiple ovulation and embryo
transfer (MOET; in vivo development) from 30 to 180 d of age. The
IVP-sexed calves were at a higher risk of being dead by 90 (P = 0.051),
120 (P = 0.008), 150 (P = 0.018), and 180 d of age (P = 0.008) com-
pared with AI calves. The IVP-conv and MOET-derived calves had
intermediate mortality rates that did not differ significantly from Al
or IVP-sexed. Number of live births were as follows: AI, n = 3,465;
IVP-conv, n = 345; IVP-sexed, n = 658; and MOET, n = 249. Color
version available online.
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spring compared with cows derived by AI (P = 0.0005),
whereas IVP-conv and MOET-derived cows had inter-
mediate fat yield. Projected 305-d protein yield after
adjustment for GPTAPro was affected by group (P =
0.0318) and lower for IVP-sexed compared with Al (P
= 0.0056) or with IVP-conv (P = 0.0210), but was not
different from MOET.

An additional analysis was performed to determine
whether shortened gestation lengths caused by induced
parturition could be responsible for differences between
groups. Differences in lactation between groups re-
mained when analyses were restricted to calves born
following gestation lengths of 273 d or more (n = 2365).
For example, projected 305-d milk yield for first lacta-
tion adjusted for GPTAM was affected by the main
effect of group (P = 0.0003), with milk yield for IVP-
sexed offspring (10,681 + 83 kg) lower than AT (11,050
+ 32 kg; P < 0.0001) and MOET (11,059 + 206 kg; P
< 0.088), and ITVP-conv (10,836 + 113 kg) tending to
be different (P = 0.065) from AI but not other groups.

Developmental Programming Associated
with Dam/Recipient Parity

The effect of parity of the female gestating the calf
(i.e., embryo transfer recipient for IVP and MOET and
the inseminated female for AI) was examined as an
additional determination of developmental program-
ming (Table 2). Calves born from nulliparous heifers
(parity = 0 while pregnant) had lower weights at birth
(P < 0.0001), weaning (P < 0.0001), and breeding (P =
0.0025) compared with parous dams (parity > 1 while
pregnant). Dam parity while pregnant did not affect
ADG, age at first calving, or days open in first lacta-
tion. Offspring born from nulliparous dams produced
less milk (P = 0.0019), fat (P < 0.0001), and protein (P
= 0.0007) in their first lactation. No significant interac-
tions were observed between dam parity x reproductive
group, except for weaning weight (P = 0.028). This
interaction occurred because groups differed only for
offspring born from nulliparous dams. For these off-
spring, IVP-sexed offspring were heavier (P = 0.0051)
than TVP-conv calves (86.7 + 1.4 vs. 79.7 + 2.1 kg,
respectively) and tended (P = 0.096) to be heavier than
AT (84.0 £+ 0.9 kg). Moreover, IVP-conv were lighter (P
= 0.055) than AT; MOET (81.3 £ 4.4 kg) did not differ
from any other groups. For dam parity >1, no differ-
ences between groups were observed. Differences due
to parity were also observed when data were restricted
to animals born with gestation lengths >273 d (results
not shown).

To remove possible effects of parity of the dam on
the ovarian follicle and oocyte, parity effects were also
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Table 2. Effects of parity of the dam carrying the pregnancy on characteristics of the resultant offspring (LSM + SEM)

Dam parity P-value
Nulliparous Parous Dam Dam parity by

Endpoint (parity = 0) (parity >1) parity technique interaction
Growth trait

Gestation length (d) 274.8 £ 0.2 277.5 £ 0.21 <0.0001 0.154

Birth weight (kg) 36.9 + 0.2 40.9 £ 0.2 <0.0001 0.13

Weaning weight (kg) 829+ 1.3 93.6 + 1.0 <0.0001 0.028'

Weight at first breeding (kg) 345.7 £ 1.7 352.8 + 1.6 0.0025 0.87

ADG, birth to weaning (kg/d) 0.66 £+ 0.03 0.70 + 0.02 0.22 0.49

ADG, weaning to breeding (kg/d) 0.86 + 0.009 0.87 + 0.007 0.39 0.60
Reproduction trait

Age at first calving (mo) 23.3+£0.2 23.6 £ 0.2 0.29 0.16

Days open, first lactation 96.0 £ 4.2 103.3 = 3.2 0.15 0.36
Production trait

Projected actual milk yield, 305 d (kg) 10,761 £+ 70 11,035 £ 62 0.0019 0.37

Projected actual fat yield, 305 d (kg) 377.0 £ 2.7 390.7 £ 2.4 <0.0001 0.17

Projected actual protein yield, 305 d (kg) 327.5 + 2.3 337.2 + 2.0 0.0007 0.22

"The significant interaction between dam parity and technique occurred because for dam parity = 0, IVP-sexed offspring were heavier than
IVP-conv (86.7 + 1.4 vs. 79.7 £ 2.1, respectively) and tended to be heavier than AT (84.0 £ 0.9), whereas IVP-conv calves were lighter than AT
and MOET (81.3 + 4.4) did not differ from any other groups. For dam parity >1, no differences were observed. IVP-conv = in vitro embryo
production with conventional semen; IVP-sexed = in vitro embryo production with reverse X-sorted semen; MOET = multiple ovulation and

embryo transfer.

examined in a subset of data from offspring derived
by surrogate recipients (i.e., IVP-conv, IVP-sexed, and
MOET). Dam parity had a significant effect on weights
at birth, weaning, and breeding as well as milk, fat, and
protein yields in first lactation (Table 3). Effects were
in the same direction as for the larger data set.

DISCUSSION

Here we show for the first time that use of in vitro
fertilization with reverse X-sorted semen in dairy cattle

has consequences that extend to adult life and reduces
biological efficiency of food production. Compared
with calves born following AI, IVP-sexed calves had
higher birth weight, accelerated postnatal growth from
weaning to breeding, and increased risk of mortality
up to 180 d of age. Moreover, milk production was
reduced compared with cows conceived by AI. These
effects were specific to reverse-sorted semen because, in
general, calves born as a result of other ART were not
significantly different from calves born from AI. An ad-
ditional finding was that parity of the recipient affects

Table 3. Effects of parity of the dam carrying the pregnancy on characteristics of the resultant offspring in a
subset of data comprising only offspring in the in vitro-production and multiple ovulation and embryo transfer
groups (i.e., born from surrogate recipients; LSM + SEM)

Dam parity while pregnant

Endpoint Nulliparous Parous P-value'
Growth trait
Gestation length (d) 274.8 £ 0.3 277.3 £0.3 <0.0001
Birth weight (kg) 372+ 0.3 41.1 £ 0.3 <0.0001
Weaning weight (kg) 82.6 + 1.3 93.6 + 1.1 <0.0001
Weight at first breeding (kg) 347.7 + 2.2 354.3 + 2.2 0.0319
ADG, birth to weaning (kg/d) 0.66 + 0.02 0.71 £+ 0.02 0.0849
ADG, weaning to breeding (kg/d) 0.86 £+ 0.01 0.87 £ 0.01 0.4452
Reproduction trait
Age at first calving (mo) 23.4+£0.3 23.6 £ 0.3 0.4919
Days open, first lactation 95.6 + 5.2 104.0 £ 4.2 0.1868
Production trait
Projected actual milk yield, 305 d (kg) 10,860 + 88 11,113 £ 79 0.0235
Projected actual fat yield, 305 d (kg) 387.9 + 3.4 400.1 + 3.1 0.0047
Projected actual protein yield, 305 d (kg) 332.7 £ 2.8 341.9 + 2.5 0.0103

! P-values for parity effects.
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postnatal phenotype. This result strengthens the idea
that variation in maternal environment can program
development in a way that changes adult phenotype.

The nature of the methods used to produce calves
does not allow determination of whether differences in
postnatal phenotype between offspring born using IVP-
sexed as compared with other groups is a consequence
of an embryo being derived from sperm subjected
to sex sorting or is rather the result of interactions
of sperm and oocyte in the specific environment used
for in vitro fertilization. Put differently, it cannot be
resolved here whether one would expect that use of
sexed semen would change adult phenotype even when
used for Al or whether differences depend upon use
of the reverse-sorting process and in vitro fertilization.
Some indications in the literature show that sexed se-
men is associated with alterations in the characteristics
of the resultant offspring. A tendency was observed for
greater pregnancy loss for pregnancies established by
embryos produced in vitro with X-sorted semen than
for embryos produced in vitro with conventional se-
men (Rasmussen et al., 2013). Also, a slight increase
occurred in the incidence of stillbirths in females born
from sexed semen (Healy et al., 2013) and in male
calves born after X-sorted sperm insemination (DeJar-
nette et al., 2009). Moreover, a recent study demon-
strated an effect of semen type (nonsexed vs. sexed)
on conception rate, birth weight, stillbirths, and calf
viability within 48 h of birth. In this study, use of sexed
semen reduced conception rate, increased percentage of
stillbirths, decreased birth weight, and reduced calf vi-
ability (Djedovi¢ et al., 2016). In contrast, no apparent
adverse effects were observed of sexed semen on birth
characteristics and perinatal morbidity in other studies
(Seidel et al., 1999; Tubman et al., 2004; DeJarnette
et al., 2009). Adult performance of offspring born from
sexed-sorted semen has not been investigated to date,
but there is a compelling need to do so.

Paternal programming of development is often re-
lated to epigenetic changes in male gametes during
spermatogenesis (Rando and Simmons, 2015; Schagdar-
surengin and Steger, 2016). However, this mechanism
would not be relevant for sexed semen, where sperm
are subjected to sorting after the completion of sper-
matogenesis unless the sorting process inadvertently
selected sperm based on epigenetic character. It might
be that the sorting process induces other changes in
the spermatozoa that has consequences for fertiliza-
tion and development. Sperm sexing by flow cytometry
involves DNA labeling, exposure to a laser beam, and
intensive manipulation (Morrell, 1991; Johnson, 1995;
Cran, 2007) that could potentially be detrimental for
integrity of sperm cells. Specific sperm-borne miRNA
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are involved in the regulation of the first cleavage divi-
sions in embryo and the absence of these miRNA can
negatively affect embryonic development in mice (Liu
et al., 2012). Perhaps, the sorting process results in a
loss of miRNA or other molecules important for the
embryo. The use of sex-sorted semen in vitro has been
reported to alter kinetics of embryonic development by
delaying the first cleavage division (Bermejo—Alvarez et
al., 2010), and such an effect could conceivably change
the developmental program of the embryo.

Although calves born following IVP-sexed experi-
enced alterations in postnatal phenotype compared
with those born by Al, there was little consequence
of being born following IVP-conv or MOET. The ex-
ception was for a slight increase in birth weight and
weight at breeding for calves born as a result of IVP-
conv. Thus, there is little evidence for deleterious con-
sequences of either MOET or IVP using conventional
semen on the resultant calves. This result is in contrast
to the negative effects of IVP on juvenile and adult
animals derived from the procedure in humans (Ceelen
et al., 2008; Rexhaj et al., 2015; Scherrer et al., 2015)
and mice (Valenzuela-Alcaraz et al., 2013; Bloise et al.,
2014; Feuer et al., 2014). Perhaps the discrepancy in
results is related to the endpoints measured rather than
to inherent differences in the nature of developmental
programming.

There are several caveats to this study. The first is
that the control group, calves born following Al, are
themselves the result of an ART. Evidence from mice
indicates that events in the reproductive tract associ-
ated with deposition of semen can program develop-
ment. In particular, male mice subjected to excision
of the seminal vesicle glands generated offspring with
abnormal postnatal phenotypes (Bromfield et al.,
2014). Further research on cohorts derived by AI com-
pared with progeny born from natural mating would
provide an understanding of whether seminal plasma
can modify the developmental program of bovine
embryos. The second caveat is that females used to
produce the offspring studied here were not randomly
assigned to group but were rather selected by the dairy
based on considerations that included genetic merit.
Thus, genetic merit for production traits varied be-
tween groups. We adjusted for the difference in genetic
merit between groups by including genomic predicted
transmitting ability as covariates in the analyses. In
addition, differences in genetic merit are unlikely to
explain differences in postnatal function between calves
born by IVP-sexed and IVP-conv because most esti-
mates of predicted transmitting ability were similar
between these 2 groups. It should also be considered
that IVP embryos were produced using a specific com-
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bination of procedures. Thus, consequences or lack of
consequences of IVP seen here could be different for
other systems to produce embryos. Unravelling the par-
ticular components of the IVP-sexed production system
that is responsible for altered phenotype in the adult
offspring is likely to be difficult because of the time
periods involved and the requirement for large numbers
of animals to observe effects. Finally, data were only
available for calves that were alive at birth and there-
fore it is not known whether ART contributed to an
increase in stillbirths, neonatal death, or large offspring
syndrome.

Calves were not produced experimentally or animals
assigned at random to treatment. Thus, other biases
could exist. For example, one report indicates that fe-
tal sex can affect the existing lactation (Hinde et al.,
2014), and although unlikely, it cannot be ruled out
whether sex ratio of pregnancies in first lactation var-
ied between groups. Additional epidemiological data on
adult offspring generated by Al with X-sorted semen
and by IVP and MOET with conventional or X-sorted
semen could provide further evidence to support the
potential role of semen sexing with or without IVP on
programming.

An additional important finding in this study was
the effect of dam parity while pregnant on adult milk
production of the offspring. Heifers born from nul-
liparous animals were lighter at birth, remained smaller
until first breeding, and eventually produced less milk
in the first lactation than heifers born from mature,
parous cows. These results indicate that developmental
programming can occur because of differences in the
maternal environment during gestation, which has been
described by others (Tao and Dahl, 2013), including a
study indicating that calves born to parous cows had
higher birth weights, heart girth, and withers height
compared with offspring of nulliparous heifers (Ka-
mal et al., 2015). Nulliparous heifers are smaller and
still partitioning nutrients toward body growth while
pregnant and their reproductive tracts are also usu-
ally smaller than mature cows. Thus, some degree of
intrauterine growth restriction (IUGR) was probably
experienced by offspring gestated in uteri of nulliparous
females. It is well known that IUGR can adversely af-
fect postnatal function, as shown for rodents (reviewed
by Zohdi et al., 2014), sheep (Morrison, 2008), and pigs
(Foxcroft et al., 2006). A novelty of this study was that
it was possible to evaluate effect of dam parity of the
uterus independent of effects on the ovary by exam-
ining parity effects in the offspring born to surrogate
uteri (recipients of IVP and MOET embryos). In both
cases, parity effects were similar whether all data or
only those data from IVP and MOET were studied.
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We therefore infer that IUGR was an important causal
factor for the differences among offspring born to nul-
liparous compared with parous dams.

In conclusion, data were presented to indicate that
IVP with sexed semen produced by reverse sorting has
consequences for dairy cattle that extend to adult life.
Compared with females born following Al, IVP-sexed
calves had greater birth weights, postnatal growth,
and mortality rates and reduced milk, fat, and protein
production. Thus, some benefits of IVP with reverse-
sorted semen for genetic improvement may be offset by
adverse programming events. In contrast to IVP-sexed,
minimal consequences were observed for IVP-conv or
MOET for postnatal function.
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