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Abstract

In this work we analyzed the effects of three culture systems on developmental ability of bovine embryos in vitro produced
with sexed sperm, the survival to vitrification (cryologic vitrification method) of such blastocysts, and their pregnancy rates after
embryo transfer to recipients, both as fresh and after vitrification/warming. Finally, we measured the accuracy of the sorting
protocol by a polymerase chain reaction-based method to validate the embryo sex at blastocyst stages. We confirmed an individual
effect of the bull as well as development rates of embryos produced with sorted sperm lower than embryos with unsorted sperm,
independent of the culture system used. The cryoresistance to vitrification of embryos produced with sexed sperm did not differ
from that of conventionally produced embryos (re-expansion rates at 24 and 48 h: 74.6% vs. 75.5%, and 64.5% vs. 68.1% for
embryos produced with conventional and sorted sperm, respectively; hatching rates at 48 h: 63.55% vs. 55.5% for embryos
produced with conventional and sorted sperm, respectively). Finally, no significant differences were found in pregnancy rates after
the embryo transfer of fresh and vitrified/warmed blastocysts (52.8% vs. 42.0%, respectively; P � 0.05). Male and female embryos
produced with sorted sperm showed the same quality in terms of developmental ability, cryoresistance, and pregnancy rates after
transfer. Our culture system, coupled with the vitrification in fiber plugs, provides good quality sex-known embryos which survive
vitrification at similar rates than embryos produced with conventional unsorted sperm; also it produces good pregnancy rates after
transfer of sexed embryos both fresh and after vitrification and warming.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The possibility of sex preselection has always gen-
erated great interest among livestock producers. Sexed
semen can contribute to increase the profitability of the
cattle industry through the production of offspring of
the desired sex, such as females for dairy or males for
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meat production. Other applications would allow cattle
breeders and artificial insemination (AI) semen compa-
nies to test elite bulls on small numbers of females [1].

Reliable sorting of X- and Y-bearing sperm through
flow cytometry impacts selection schemes and enable
the cattle industries to enhance and accelerate the dif-
fusion of production traits [2]. After the development of
the sperm sorting industry, sexed sperm has been used
for AI, in vitro fertilization (IVF) and intracytoplasmic
sperm injection in several species. However, reduced

efficiency in the production of the embryos has been
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reported when using sexed sperm as compared with
unsorted semen [for review, see 3]. Moreover, the sort-
ing process is costly and has negative effects on quality
of semen. Injuries have been reported because of the
passage of semen by flow cytometry and laser inci-
dence in DNA [4,5].

In vitro fertilization with sexed sperm has been ap-
proached with different sperm gradient separation tech-
niques [6], modifying heparin concentrations, adding
penicillamine, hipotaurine, and epinephrine (PHE) [7],
or by means of new sperm cryopreservation procedures
[8]. However, after fertilization with sex-sorted sper-
matozoa, lower fertility rates have been observed both
in vivo [9–13] (after AI) and in vitro [14–16]. Thus, in

recent large field trial of AI using sexed spermatozoa
rom seven Holstein bulls, Frijters et al. [17] reported a
3.6% decline in the 56-day no return rate; many works
lso reported decreases in blastocysts rates after IVF of
ocytes with sex-sorted sperm [18,19]. Proposed fac-
ors for the reduced fertility rates in vivo include not
nly the damage to the spermatozoa caused by the
orting procedure [11], but also the lower doses of
permatozoa used [9], and sire effects [20] (for review,
ee Rath et al. [21]).

Despite these data, IVF can increase the fertilization
fficiency on a per spermatozoa basis [22]. In cattle,
pproximately 5000 unsorted sperm [23] and as few as
00 [24] or 1500 to 2250 sexed sperm [4] are sufficient
o fertilize a bovine oocyte in vitro, whereas 20 million
nsorted sperm [25] and 1 to 4 million of sorted and
rozen sperm [13,26] are normally used per AI. In vitro
roduction (IVP) of embryos with sex-sorted sperm
ould justify the use of this sperm despite its higher
rice. Furthermore, we can increase the benefits of this
echnology by combining the use of sexed sperm in
ocytes recovered by ovum pick-up [27] from donors
reviously superovulated, a treatment that improves the
fficiency of the in vitro procedure compared with
ntreated donors [2].

After IVF and culture, the timing of both embryonic
leavage and blastocyst appearance has been reported
o be altered when using sex-sorted spermatozoa [14].
uch parameters have been considered as embryo qual-

ty indicators. Moreover, ultrastructural studies showed
hat blastocysts produced with flow-cytometrically sex-
orted spermatozoa have a lower quality than their
onsorted counterparts [19]. Puglisi and coworkers [6]
escribed a minor tolerance of the sexed frozen-thawed
perm to the stress, making the manipulation proce-
ures important during IVF. Although these kinetic and

orphologic alterations may be responsible for the t
ompromised development observed in embryos pro-
uced with sex-sorted spermatozoa, we could hypoth-
size that embryo development could be improved by
sing an optimized postfertilization culture.

Ultimately, a necessary step for the implementation
f the production of sex-known calves by IVP is the
evelopment of an adequate cryopreservation protocol,
llowing the storage of the produced embryos.

In the present study we analyzed the influence of
hree culture systems on blastocyst production with
exed sperm; we also tested the quality of the sex-
nown produced embryos in terms of survival to vitri-
cation in fiber plugs (cryologic vitrification method;
VM) and their ability to establish pregnancies after
mbryo transfer to recipients, both fresh and after vit-
ification/warming. The accuracy of the sorting proto-
ol was also evaluated by a polymerase chain reaction
PCR)-based method to validate the embryo sex.

. Materials and methods

All chemicals were purchased from Sigma (Madrid,
pain), unless otherwise indicated.

.1. Collection of cumulus oocyte complexes

Ovaries recovered from slaughtered cows were
laced in NaCl solution (9 mg/mL) with antibiotics
penicillin, 100 IU/mL and streptomycin sulfate, 100
g/mL) and maintained at 25 °C to 30 °C until cumu-

us oocyte complex (COC) collection. Follicles 2 to 7
m in size were aspirated through an 18-ga needle

onnected to a syringe. Follicular fluid and COCs were
insed three times in holding medium (HM) consisting
f TCM199 (Invitrogen, Barcelona, Spain), 25 mM
EPES and BSA 0.4 g/L and matured in TCM199
aHCO3 (2.2 g/L), fetal calf serum (FCS) (10% vol/
ol), porcine FSH-LH (Stimufol, ULg FMV, Liège,
elgium) and 17�-estradiol (1 �g/mL). Only oocytes

enclosed in a compact cumulus with an evenly granu-
lated cytoplasm were selected for maturation and per-
formed by culturing approximately 20 COCs in 400 �L
f maturation medium in four-well dishes at 39 °C in
% CO2 in air with high humidity for 22 h.

.2. In vitro fertilization and culture

Semen was provided by Sexing Technologies (Nava-
ota, TX, USA). Purified sperm was sorted into X-bearing
hromosome (female) and Y-bearing chromosome (male)
opulations by identifying differences between the X- and
-bearing sperm. The difference in DNA contents be-
ween X- and Y-bearing sperm was used to sort sperma-
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tozoa with a flow cytometer. This technique is proven to
be routinely 93% accurate in sorting.

Semen samples, sorted and unsorted, of 5 bulls were
layered on a gradient consisting of 2 � 700 �L of Percoll
(90% and 45%) (three straws containing 2.5 � 106 sperm
per gradient for sexed sperm; one straw per gradient for
conventional no sexed sperm), and centrifuged at 700 X g
for 15 min. The supernatant was discarded and the pellet
washed with 5 mL of Fert-TALP containing heparin and
penicillamine (2 mM), hypotaurine (1 mM) and PHE (250
�M). Heparin (Calbiochem, La Jolla, CA, USA) concen-
tration (10 or 20 �g/�L) was previously tested and ad-
usted for each bull as based on blastocyst development
ates. After centrifugation (10 min, 200 X g) the resultant
ellet was used for fertilization.

After in vitro maturation, COCs (in groups of 20)
ere washed twice in HM, twice in pre-equilibrated
ert-TALP, and placed in 20-�L droplets of Fert-TALP
overed with mineral oil. Fertilization (Day 0) was
ccomplished by adding 20 �L of the sperm pellet

allowing the obtention of 5000 spermatozoa per drop.
Gametes were coincubated for 18 to 20 h at 39 °C in
5% CO2 in air under high humidity.

Presumptive zygotes were vortexed for 2 min to sep-
rate cumulus cells, washed three times in HM and twice
n the culture medium before putting them in the culture
roplets. Culture medium consisted of modified synthetic
viductal fluid (mSOF) [28] containing 6 g/L BSA. The
SOF was freshly prepared every week and adjusted to

85 mOsm and pH 7.2 to 7.3. Droplets of 50 �L mSOF
ere prepared in four-well dishes under mineral oil and

quilibrated for 2 h before the addition of 35 to 40 zygotes
er drop; culture was carried out at 39 °C, 5% CO2, 5%

2 and 90% N2. Medium was renewed on Days 3 and 6
ost IVF.

In the experiment evaluating the effect of the culture
edia on the in vitro development of zygotes produced
ith both sorted and unsorted sperm, three different cul-

ure systems were tested: (1) Vero cells: 50 �L B2 me-
dium (CCB, Paris, France) supplemented with 5% FCS,
seeded with Vero cells and overlaid with mineral oil [29];
(2) mSOF-FCS: embryo culture in mSOF containing
amino acids, citrate, and myoinositol [28], without protein
up to Day 3, and supplemented with 10% FCS from Days
3 to 8; and (3) mSOF-BSA: embryo culture in mSOF �
6 g/L BSA. Embryos in Vero cells were cultured at 39 °C
and 5% CO2 in air. Twenty-five �L of medium were
enewed with fresh medium every 2 days.

Cleavage (Day 3 post-IVF) and development (Days
to 8 post IVF) rates were recorded following reported
riteria [30].
.3. Embryo vitrification

Day 7 and 8 excellent and good expanded blasto-
ysts were vitrified in fiber plugs (CVM) by using the
itrification solutions described by Vajta et al. [31].
riefly, embryos were first handled in a basic vitrifica-

ion medium (BV), consisting of TCM 199-HEPES �
0% FCS. All procedures were performed in a warm
oom (30 °C) on a heated surface (41 °C). Groups of
ne to eight blastocysts were exposed to BV with 7.5%
thylene-glycol (EG) � 7.5% DMSO (vitrification so-
ution-1) for 3 min and then moved into a microdrop
ontaining BV with 16.5% EG � 16.5% DMSO � 0.5 M
ucrose (vitrification solution-2; VS2). Blastocysts (one to
ight) were then loaded into a micropipette in 0.3 to 2.5

�L of VS2 (one embryo per 0.3 �L VS2), and put in a
microdrop in the hook of the fiber plug. Then, the sample
was vitrified by touching with the hook in a supercooled
block placed in liquid nitrogen. The time spent by the
embryos in VS2 (including loading) was 20 to 25 sec.
Vitrified embryos were stored in closed straws up to
warming, that was performed by immersing the end of the
fiber plug directly in 1.2 mL of 0.25 M sucrose in BV.
Embryos were kept for 5 min, and then transferred into
0.15 M sucrose in BV for another 5 min, and subsequently
transferred and washed twice in BV.

2.4. In vitro survival after warming

After warming, blastocysts were rinsed twice in the
culture medium and then cultured in droplets of 50 �L
of mSOF [28] containing 6 g/L BSA and 10% FCS.
Embryo survival was evaluated in terms of re-expan-
sion and hatching at 24 and 48 h.

2.5. In vivo survival after transfer

Fresh and vitrified/warmed Day 7 expanded em-
bryos were transferred to synchronous mixed breed
recipient heifers (one embryo per recipient).

2.6. Embryo transfer

Experiments were carried out from June 2010 to June
2011 within animals belonging to our experimental herd.

Candidate animals were cyclic heifers aged 15 to 18
mo, with 350 kg of required live weight (50% to 60%
of adult weight) and body condition score of 3 � 0.5
units (scale of one to five, where one indicates emaciated
and five obese). Health status was verified clinically by
general and gynecologic examination. Estrus cycles were
synchronized by using an intravaginal progestagen device
(PRID ALPHA, Ceva, Barcelona, Spain) for 10 days

combined with a prostaglandin analogue (Dynolitic,
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Pfizer, Madrid, Spain) injected 48 h before progestagen
removal. Estrus detection (Day 0; 2.5 days after the PGF2�

administration on average) was based on a three times per
day monitoring of behavioral signs and serum levels of
progesterone (P4). Serum P4 was determined by ELISA
by means of DRG EIA KIT (DRG International, Moun-
tainside, NJ, USA). The test was sensitive starting from
0.5 ng/mL, and cross-reactivity from steroids other than
P4 was less than 1%. Intra- and interassay coefficients of
variation were 6% and 7%, respectively.

Selection of recipients was performed immediately
before embryo transfer (ET). Recipient acceptance fo-
cused on time elapsed from standing estrus (6.5 to 7.5
days), quality of corpus luteum (CL) and serum levels
of P4 on Day 0 and Day 7, as previously reported in
Hidalgo et al. [32]. Recipients with two negative preg-
ancy diagnoses were discarded for a third ET.

Embryos were nonsurgically transferred to the uter-
ne horn ipsilateral to the CL, under epidural anesthesia
5 mL, 2% lidocaine chlorhydrate, Laboratorios Ove-
ero, Leon, Spain). Excellent quality fresh and vitrified/
armed embryos were washed twice in embryo holding
edium (Holding Embryo Transfer Medium, 019449;

MV, l’Aigle, France) and then loaded into straws in
he same medium. Pregnancy diagnosis was evaluated
y ultrasound on Day 40 and confirmed on Day 62.

.7. Analysis of embryonic sex by PCR

The efficiency of the sex-sorting sperm was inferred
y determining the embryonic sex by a built-in control
CR technique using transferable stage embryos [33].

Briefly, fresh and vitrified/warmed blastocysts were
incubated for 2 min in pronase (5 mg/mL in PBS) to
remove the zona pellucida. Then, embryos were

Fig. 1. Gel electrophoresis representative of polymerase chain reactio
which shows a 270 base pair (bp) band for females and two bands (2
control (�); male control (�); blank (�); embryo 1 (male); embryo

6 (male); embryo 7 (male).
washed four times in PBS � 0.1 mg/mL polyvinyl
alcohol (PVA), individually collected in 0.3 �L of
medium into PCR 0.2 mL tube strips (Bio-Rad, Madrid,
Spain) and stored at �20 °C until analysis. Embryonic
DNA was extracted by a heat shock at 95 °C for 10 min
in 6 �L deionized water. Embryonic sex by PCR was
analyzed with amelogenin primers. The bovine
amelogenin cDNA sequences were obtained by Gen-
Bank accession no: NM_001014984 (AMELX) and
NM_174240 (AMELY). The PCR reactions were car-
ried out with a total volume of 20 �L containing 6 �L
eated water. The reaction mixture was formed by 2�
iagen Multiplex master mixes (containing Hot Star
aq DNA Polymerase, Multiplex PCR Buffer, dNTP
ix), Q-solution 5x, 3.0 �M AMEL forward (5=-CAG
CA AAC CTC CCT CTG C) reverse (5=-CCC GCT
GG TCT TGT CTG TTG C). PCR rounds were per-

ormed in a Bio-Rad thermocycler with one cycle of
5 °C for 15 min, 35 cycles of 94 °C for 20 sec,
nnealing temperatures of 60 °C for 40 sec, and 72 °C for
0 sec, and a final extension step of 72 °C for 10 min.
roducts were visualized on a Syber Green stained 2%
garose gel. The gel was visualized under ultraviolet illu-
ination, where single fragments of 270 base pair (bp)
ere assigned as female, and two fragments of 270 bp and
14 bp were considered male (Fig. 1). Every PCR reaction
as carried out with three controls: male (unsorted sperm)

nd female (ovarian tissue) genomic DNA, and a negative
ontrol with deionizer water.

.8. Experimental design

.8.1. Experiment 1
To analyze the effect of sorting procedure on em-

ryo development, we compared the developmental

) sexing reactions. Samples were processed by amelogenin (aMEL),
nd 214 bp) for males. From left to right: Ladder (Ld-100 bp); female
le); embryo 3 (male); embryo 4 (male); embryo 5 (female); embryo
n (PCR
70 bp a

2 (ma
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rates of zygotes fertilized with sorted and unsorted
sperm from five bulls. For this, presumptive zygotes
were cultured in mSOF � 6 g/L BSA up to Day 8.

Subsequently, we analyzed the effect of the culture
system in the development of bovine embryos produced
after IVF with sexed sperm, and we recorded the devel-
opment of embryos produced with female and male sperm
from two out of the five bulls used in the above described
experiment. Embryos were cultured in the three culture
media described in the IVF and culture section.

2.8.2. Experiment 2
We analyzed the quality of embryos produced with

sexed sperm in terms of ability to develop in vitro after
vitrification/warming. Day 7 (168 h post-IVF) and Day
8 (192 h post-IVF) excellent quality vitrified/warmed
blastocysts were cultured in mSOF � 6 g/L BSA and
10% FCS for 48 h to evaluate re-expansion and hatch-
ing rates.

2.8.3. Experiment 3
In this experiment the quality of embryos produced

with sexed sperm was measured as the ability to estab-
lish a pregnancy, after the transfer of fresh and vitrified/
warmed embryos.

Day 7 expanded blastocysts were transferred fresh
or after vitrification and warming to synchronous re-
cipients. Before ET, warmed blastocysts were allowed
to re-expand for 2 h in mSOF � 6 g/L BSA � 10%
FCS. As no differences were obtained within in vitro
survival rates after vitrification/warming between the
three culture systems (unpublished data, not shown) we
selected the simple medium mSOF � 6 g/L BSA to
produce embryos for transfer to recipients.

2.8.4. Experiment 4
To evaluate the efficiency of sexed semen separa-

tion, blastocysts produced with sorted semen (male and

Table 1
In vitro development of bovine embryos fertilized with either conve
modified synthetic oviductal fluid � 6 g/L BSA.

N R Day 3

% � 5 Cells

Unsorted Sorted

Bull 1 776 33 40.3 � 5.9a,x 26.3 � 5.5b,x

Bull 2 1443 22 27.6 � 3.5a,x 19.1 � 3.1b,x

Bull 3 1869 42 26.9 � 5.5a,x 19.6 � 5.2b,x

Bull 4 658 18 16.7 � 6.2a,y 9.6 � 5.5b,y

Bull 5 1916 33 14.8 � 3.7a,y 5.6 � 3.6b,y

, number of zygotes cultured; R, replicates (includes the total of re
n the same row, for the same bull and developmental stage, differ

among bulls) differ significantly (P � 0.05).
female) were collected on Day 8 and processed by PCR
to either confirm or discard the expected embryo sex.

2.9. Statistical analysis

The proportion of oocytes that cleaved and devel-
oped to the below described stages were calculated for
each replicate. Treatment effects were analyzed by
least-square analysis of variance using the General Lin-
ear Models procedure of SAS [34]. The model included
the main effects of replicate, culture treatment, sperm
sex, sorted/unsorted sperm, age of the embryo (Day 7
and Day 8), and bull used. This procedure performs the
analysis of variance for unbalanced data. General Lin-
ear Model was used to estimate the least square means
for each fixed effect having a significant F value. Dun-
can’s multiple-range test was used to compare raw
means calculated for the main effects. All values re-
ported are least square means � SEM. Because of the
discrete definition of pregnancy rates and calving rates,
before performing a statistical analysis using a linear
model, as described above, the statistical significance of
the embryonic sex (expected and diagnosed) and the
treatment (fresh or vitrified/warmed) was explored us-
ing Proc CATMOD of SAS/STAT (SAS for Windows,
Version 9.0, Cary, NC, USA).

3. Results

3.1. Experiment 1

In this experiment, a total of 6662 oocytes were
processed. Table 1 shows the bull (N � 5) effects on
embryo development rates. Within the five bulls used,
we found a significant decrease in development rates of
embryos produced with sorted sperm, as compared with
embryos fertilized with unsorted sperm. Moreover, bull

unsorted, or sex-sorted sperm from five bulls and cultured in

Day 6 Day 8

% � Morulae % Blastocysts

nsorted Sorted Unsorted Sorted

� 4.5a,x 10.2 � 4.3b,x 17.1 � 3.5a,x 8.6 � 3.3b

� 2.7a,x 8.9 � 2.4b,x 8.6 � 2.1a,y 4.9 � 1.9b

� 4.2a,y 26.8 � 4.0b,y 18.2 � 3.3a,x 10.0 � 3.1b

� 4.8a,y 21.1 � 4.3b,x,y 16.5 � 3.7a,x 8.5 � 3.3b

� 2.9z 0 6.2 � 2.2y 0

for IVF with unsorted and sorted sperm. Superscript letters a and b
ally (P � 0.05); Superscript letters x, y, and z in the same column
ntional,

U

20.3
15.1
37.2
29.6
6.4

plicates
statistic
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effects were observed both with sorted and unsorted
sperm. The development of zygotes obtained after IVF
with unsorted and sorted sperm, and subsequently cul-
tured in three different culture systems was shown in
Table 2. Sexed sperm showed significantly reduced
development rates as compared with unsorted sperm.
Thus, sorted sperm showed reduced five- to eight-cell,
Day 6 morulae, and Day 7 and 8 blastocyst rates over
unsorted sperm within the three culture systems ana-
lyzed.

Day 7 and 8 blastocyst rates produced with unsorted
sperm after culture in Vero cells or mSOF � FCS were
significantly higher than those obtained after culture in
mSOF � BSA. Table 3 shows development of zygotes
btained after IVF with unsorted and sorted female and
ale sperm. No differences in developmental rates
ere found between zygotes produced with male or

emale ejaculates.

.2. Experiment 2

In vitro survival and hatching rates after vitrifica-
ion/warming are presented in Table 4. Day 7 embryos
urvived at higher rates than Day 8 embryos (data not
hown), No differences were obtained in survival and
atching rates of vitrified/warmed embryos produced
ith untreated or sorted sperm. Male and female em-
ryos had similar re-expansion and hatching rates.

Table 2
In vitro development of bovine embryos fertilized with either untrea
synthetic oviductal fluid (mSOF) � 10% fetal calf serum (FCS) or

Treatment Day 3, � 5 cell

Culture Sorted N R

Vero cells No 226 7 65.0 � 5.5x

mSOF � FCS No 233 7 63.7 � 5.5x

mSOF � BSA No 378 11 51.1 � 4.2x

Vero cells Yes 503 14 25.8 � 4.0y

mSOF � FCS Yes 480 13 27.3 � 4.2y

mSOF � BSA Yes 773 21 23.9 � 3.2y

Data are percentages of development related to the zygotes cultu
superscript letters in the same column differ statistically, P � 0.05.
N, oocytes; R, replicates.

Table 3
In vitro development of bovine embryos fertilized with untreated, m

Ejaculate N R Day 3, � 5 cells

Unsorted 837 25 59.0 � 3.5x

Female 827 24 27.4 � 3.5y

Male 929 24 24.3 � 3.6y

Data are percentages of development related to the zygotes cultu
superscript letters in the same column, differ statistically, P � 0.001

N, oocytes; R, replicates.
3.3. Experiment 3

No significant differences were found in pregnancy
rates after transfer of fresh or vitrified/blastocysts (Ta-
ble 5). Male and female embryos produced similar
pregnancy rates.

3.4. Experiment 4

Table 6 shows sex accuracy of the sorting procedure
as diagnosed by PCR of blastocysts produced with male
or female sorted sperm. Embryos produced with X-
sorted or Y-sorted sperm did not differ in their expected
sex rates as confirmed by PCR.

4. Discussion

In this study we have examined the blastocyst de-
velopment and quality rates of oocytes fertilized in
vitro with sex-sorted sperm. We have confirmed an
individual effect of the bull, and a capacity of the
zygotes produced with sorted sperm to develop at lower
rates than embryos produced with unsorted sperm. The
ability of the culture system to influence the embryo
development was not capable to recover the reduced
developmental capacity of embryos produced with
sexed sperm. However, the cryoresistance to vitrifica-
tion of these embryos did not differ from that of con-

sorted sperm and cultured in Vero cells � B2 medium, modified
6 g/L BSA.

Day 6, � morulae Day 7, blastocysts Day 8, blastocysts

46.4 � 3.6x 34.3 � 2.6x 38.6 � 2.8x

47.2 � 3.6x 34.2 � 2.6x 38.3 � 2.8x

34.2 � 2.8x 18.8 � 2.0y 22.5 � 2.1y

21.8 � 2.7y 11.8 � 1.9y,z 12.9 � 2.1z

20.9 � 2.8y 11.7 � 1.0y,z 14.3 � 1.6y,z

16.5 � 2.1y 7.5 � 1.7z 10.0 � 1.6z

are expressed as least square means � standard error. Different

ed, and female-sorted spermatozoa.

, � morulae Day 7, blastocysts Day 8, blastocysts

.8 � 2.3x 29.3 � 1.7x 33.2 � 1.9x

.9 � 2.4y 11.9 � 1.8y 13.6 � 1.9y

.6 � 2.4y 11.4 � 1.8y 14.0 � 2.0y

are expressed as least square means � standard error. Different
ted or
mSOF �

s

red, and
ale-sort

Day 6

42
21
19

red, and
.
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ventionally produced embryos. Moreover, our data in-
dicate that male and female embryos produced with
sorted sperm have the same quality, and can be effec-
tively vitrified.

Although probably affected by the number of trans-
fers, the most important quality criterion, the pregnancy
rate after embryo transfer, did not differ between fresh
and vitrified/warmed blastocysts.

The production of sex-known calves has been a goal
for researchers for years. Factors that have been re-
ported to influence sex ratio in cattle are the timing of
insemination in vivo [35], the maturation stage of the
oocyte at the time of in vitro fertilization [15], modifi-
cations of the fertilization procedure [20,36], and the
postfertilization culture conditions [37].

At present, the fastest, most reliable, and potentially
ost cost-effective procedure for sperm sexing is flow

ytometry [38–40], being the only routine procedure
or sexing cattle sperm currently available for practical
pplications [41,42]. However, consistent with our re-
ults, sexed sperm shows diminished efficacy in vitro as
ell as in vivo, because of detrimental effects exerted
y the sorting procedure on sperm cells [43]. Altera-
ions observed in sorted sperm consist of impairment of
he motility, enhanced membrane and acrosomal dam-
ge [44], reduced lifespan [45], an acceleration of the

Table 4
In vitro survival of vitrified/warmed blastocysts produced after IVF
in modified synthetic oviductal fluid � 6 g/L BSA � 10% fetal cal

Sperm N 24 h (%

Re-expanded

Unsorted 90 73.8 � 14.4
Female 106 62.3 � 13.8
Male 110 79.4 � 13.1

Data are percentages of development related to the embryos warmed, and
in 15 replicates and warmed in three replicates. No significant differenc

Table 5
Pregnancy rates, sex diagnosis, and calves born alter the transfer of
sexed sperm.

Embryo transfer N P D62 Preg

Cumulative Day 40

Male 18 9 49.1 � 12.5
Female 35 17 45.8 � 8.9
Fresh 27 15 52.8 � 11.4
Vitrified 26 11 42.0 � 10.1

Pregnancy rates are expressed as least square means � standard erro
N, number of transfers; P D62, number of pregnancies on Day 62.
* One female calf was delivered 15 days before the expected date;
fresh and one from vitrified/warmed female embryos).
acrosome reaction [46], and increased rates of capaci-
tated spermatozoa [47]. Collectively, together with the
usually reduced number of spermatozoa per straw,
these factors may explain the negative impact in fertil-
ity when sorted sperm is used both for AI and multi-
ovulation and embryo transfer programs. According to
a recent review, fertility rates for sex-sorted sperm are
now usually in the range of 70% to 80% of unsexed
sperm at normal doses in well-managed herds. The
predicted average pregnancy rate for sex-sorted sperm
by AI in the dairy industry is approximately 51%, and
it can be considerably lower [10,11].

High variability in development of IVP bovine em-
bryos with sexed sperm has been reported in several
studies [48]. Previous investigations have shown that,
t least, a part of these variations may be because of
ifferent capacities of bulls to produce embryos and a
igh male effect on the efficiency of an IVF program
49]. Fertilization rates were 10% to 20% lower with
egard to IVP using nonsorted sperm [3]. This evidence
as been confirmed in our study, in which a reduction
ithin cleavage and development rates has been ob-

erved in all tested bulls, even when different culture
ystems have been assayed. The individual effect of the
ire we observed agrees with other authors [24,50] and
akes it difficult to establish comparisons between

xed (male, female) or conventional unsorted sperm, and cultured
.

48 h (%)

Hatched Re-expanded Hatched

1.5 � 10.9 63.3 � 15.1 63.4 � 12.7
1.3 � 10.5 53.5 � 14.5 47.0 � 12.2
9.9 � 9.9 71.4 � 13.7 54.8 � 11.6

ressed as least square means � standard error; blastocysts were vitrified
found. Significant effect: blastocyst age (Day 7 vs. Day 8).

esh and vitrified/warmed expanded blastocysts produced with

rate Calves born* Expected sex at birth

Day 62

49.1 � 12.5 8 5/8
45.8 � 8.9 13 13/13
52.8 � 11.4 12
42.0 � 10.1 9

ale calf was born dead. Two pregnancies are still ongoing (one from
with se
f serum

)

5
4
4

are exp
both fr
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r.

one fem
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experiments. However, decreased [2,3,14,51,52] or
comparable [15,27,53] fertilization rates have been re-
ported when using sorted sperm in comparison with
unsorted sperm. Otherwise, Lu and Seidel [4] postu-
lated that, when the adequate heparin and PHE concen-
trations have been established, there should be no dif-
ferences between sexed and untreated sperm.

The embryo culture period is determinant for the
quality of the embryo [54–56], influencing, among
other traits, cell numbers and distribution, cryoresis-
tance, and the ability to establish a pregnancy. In this
work, we have tested three culture systems with the aim
of improving the developmental ability of the embryos
fertilized with sorted sperm.

The supplementation of the culture medium with
FCS or Vero cells (also containing FCS) increased
development rates of nonsexed embryos. However,
within embryos produced with sexed spermatozoa,
such an increase was nonsignificant. It is known that
the addition of serum to culture media has a biphasic
effect on embryo development, inhibiting the early
stages and promoting the development of morulae and
blastocysts [57,58]. On the other hand, the use of Vero
cells shows an embryotrophic effect by producing
growth factors and also removing toxicants or inhibi-
tory substances derived from the embryo [59]. How-
ever, in a previous work [33] we demonstrated that
embryos produced without serum had better survival
and hatching rates after vitrification (open pulled
straw), pointing toward different qualities among the
embryos. To our knowledge, there are no data about
how culture systems might improve the diminished
developmental ability of embryos produced with sexed
sperm, and we hypothesize that in our case the devel-
opmental ability of the embryos fertilized with sexed
sperm does not depend on the culture system, but on the
bull and the damage inflicted to the sperm by the
sorting process.

It has been reported that IVF of oocytes with sexed
sperm led to embryos with slower developmental ki-
netics, and blastocysts with ultrastructural alterations

Table 6
Sex diagnosis by polymerase chain reaction (PCR) of Day 8
blastocysts produced with sexed semen.

Sexed semen N1 N2 Accuracy (%)

Female 90 87 96.6
Male 86 84 97.7

No differences were found.
N1, embryos processed for PCR; N2, embryos with the expected sex.
affecting numbers and structure of mitochondria, rough
endoplasmic reticulum, and nuclear membrane [19].
Also, Morton et al. [60] describe a reduced expression
of developmentally important genes in embryos pro-
duced with sexed sperm.

The resistance of the embryo to cryopreservation is
one of the most useful parameters allowing an evalua-
tion of the embryo quality [61]. A reliable embryo
production system should be coupled with a cryopreser-
vation protocol leading to improved survival rates after
thawing/warming both in vitro and in vivo (i.e., preg-
nancies). Such a step will greatly contribute to improve
reproductive biotechnologies.

We have analyzed the in vitro survival of the em-
bryos produced with sorted or unsorted sperm after
vitrification in fiber plugs. We did not obtain differ-
ences within in vitro survival of embryos produced with
sexed sperm, when compared with the respective con-
trols. In fact, survival and hatching rates are similar to
those recently obtained in a previous experiment in
which nonsexed embryos were cultured in the same
conditions and vitrified/warmed as we have done in this
work (unpublished). These data indicate that the quality
of the embryos produced with sexed sperm is similar to
that of controls in terms of cryoresistance. Moreover,
no differences were detected between embryos pro-
duced with X- or Y-bearing spermatozoa (data not
shown). Xu et al. [24] reported 90% in vitro survival
rate with embryos produced with sorted and nonsorted
sperm, although the culture medium used by these
authors differed from that used in the present work.

The best method to analyze the quality of an embryo
is its ability to establish a pregnancy and produce an
offspring. In our work, we have transferred 27 and 26
fresh and vitrified/warmed expanded blastocysts, re-
spectively, that yielded comparable pregnancy rates
(Day 62), with no differences between female and male
embryos. These results should be carefully interpreted,
as ET numbers cannot ensure fully conclusive data.
However, our pregnancy rates are higher than those
reported by other authors [24,27,62,63].

From sexing of blastocysts a similar accuracy for
separation of X- and Y-bearing sperm can be inferred.
Our sexing method [33] consists of an accurate built-in
control PCR, which is particularly appropriate when an
accurate embryonic sex diagnosis is necessary [64].
Commercially available, sex-sorted sperm usually al-
low embryos of the desired sex at rates of 90% or
higher, which has been confirmed by PCR in the pres-
ent work.

A recent report in porcine [65] describes the birth of

piglets after transfer of in vivo-produced porcine em-
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bryos with the use of the CVM method. Vitrification of
embryos by the CVM system in fiber plugs is herein
described as an optimal technology for cryopreserva-
tion of IVP blastocysts. In our hands, this procedure
allowed us to obtain the first sexed calves born after the
transfer of IVP vitrified/warmed embryos, with preg-
nancy rates (at 62 days) of 42%. These results demon-
strate that vitrification is a useful tool to cryopreserve
sexed IVF embryos allowing good pregnancy rates that
are, in our conditions, comparable with those obtained
with fresh embryos.
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