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bstract

The objective was to evaluate the structural and functional quality of bull sperm after sexing by flow cytometry. Frozen
on-sexed (NS), sexed for X (SX) and sexed for Y (SY) sperm from four bulls was used. Frozen-thawed sperm was analyzed for
otility, sperm head agglutination, morphology, capacitation, and integrity of the plasma membrane, acrosome, and chromatin.
fter Percoll centrifugation (45:60% gradients), the pellet was used for sperm analysis or IVF. Data were analyzed using
eneralized linear models (P � 0.05) and were reported as least squares means � standard error (SEM). Based on sperm
valuations, NS sperm had better (P � 0.05) quality than sexed sperm, including higher motility and greater percentages of cells
ith an intact membrane and acrosome (58.0 � 3.0, 58.2 � 3.0, and 60.9 � 3.3) than SX (29.6 � 1.3, 36.0 � 2.9, and 37.1 �
.3), and SY (26.2 � 2.1, 36.4 � 2.9, and 37.5 � 3.3). There were no differences (P � 0.05) among groups for fertilization and
leavage rates. Similarly, blastocyst rate on Day 8 (Day 0 � day of insemination) did not differ among groups (22.2 � 3.2, 18.1 �
.3, and 14.8 � 2.9 for NS, SX, and SY, respectively). Regarding embryo development kinetics, all groups had similar
evelopmental stages from Days 6 to 9. Although the sex-sorting procedure affected sperm characteristics, it did not significantly
ffect fertilization or embryo development.

2010 Elsevier Inc. All rights reserved.
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. Introduction

The only proven method for sex-sorting of sperm,
hich is effective for commercial use, is fluorescence-

ctivated cell sorting using flow cytometry [1]. Al-
hough sexed sperm can have a great impact on breed-
ng programs, the high cost and reduced pregnancy
ates especially for artificial insemination (AI), limit
pplication in cattle breeding. Indeed, lower pregnancy
ates or embryo production in AI and embryo transfer
ET) programs using sexed sperm by flow cytometry
ave been well documented [2–8]. Moreover, there
as higher pregnancy loss for sexed sperm compared to
on-sexed sperm [4,8]. There is speculation that the
exing process damages sperm, perhaps due to expo-
ure to the laser, the high velocity inside the collecting
ube, electric charges, and room temperature before
eing processed [9].

Although the efficiency of in vitro embryo produc-
ion (IVP) using sexed sperm has improved, with blas-
ocyst rates as high as 45% [10], in the majority of the
tudies the mean rate was �25% [11–14]. Neverthe-
ess, IVP was considered a valuable and meaningful
ethod to use sex sorted sperm.
Since sexed sperm are submitted to a variety of

dverse conditions during sorting, an evaluation of the
ossible damages caused by the sexing process is
eeded. It is expected that this will help to develop
rocedures to improve results when using sexed sperm.

The majority of the studies with sexed sperm eval-
ated a specific feature such as their motility [15,16],
nd integrity of the DNA [17,18] and acrosome [19]. In
ome studies, only features of embryos produced with
exed sperm were assessed, e.g. gene expression
14,20] and embryo ultrastructure [21]. To our knowl-

dge, there are only a few studies [13] that evaluated S
he various structural characteristics of the sperm and
ts ability to produce embryos in vitro. Furthermore,
here are apparently no studies that compared sexed for

and Y with non-sexed sperm obtained from the same
jaculate from several bulls. It is noteworthy that this
pproach enables comparison of kinetics and develop-
etal potential of male and female embryos produced

n vitro, which is a controversial issue in in vitro em-
ryo production systems [22–25].

The objectives of the present study were to investi-
ate sperm structural and functional quality after sexing
y flow cytometry and, additionally, the kinetics of
evelopment of male and female embryos generated
rom oocytes fertilized with sexed sperm.

. Materials and methods

.1. Chemicals

Unless otherwise indicated all chemicals were pur-
hased from Sigma (St. Louis, MO, USA).

.2. Experimental design

The sperm used in this study were obtained from four
ellore bulls. One ejaculate from each bull was collected.
ach ejaculate was divided into three fractions; one fraction
as used as the non-sexed (NS) sperm group, whereas the
ther two were submitted to flow-cytometry and sorted for X
SX) and Y (SY) bearing fractions. Thereafter, each of the
hree fractions were placed in straws and frozen by the same
rocedure. Sexed and non-sexed sperm from each bull was
sed for quality assessment before and after Percoll (GE
ealthcare Bio-Sciences, Uppsala, Sweden) selection and/or

or IVF, which were repeated three times in independent
eplicates. In each replicate, a straw from each group (NS,

X, and SY) was concurrently thawed and evaluated. The
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umber of sperm per straw was 35.0 � 2.7 � 106, 2.4 � 0.8
106, and 2.2 � 0.4 � 106 for unsorted, X-bearing, and

-bearing sperm samples, respectively.

.3. Semen collection, preparation, and sorting

Semen was collected with an artificial vagina from four
exually mature Nelore bulls. Sperm was checked for
otility and morphology; only ejaculates with �60%
otility and �20% morphological abnormalities were

sed. The proportion of semen designated for immediate
reezing was diluted in a Tris-base freezing diluent with
% egg yolk, cooled at 4 °C for 90 min, and then diluted
ith the Bioxcell® (IMV, L’Aigle, France). Sperm were

oaded into 0.5 mL straws (IMV, L’Aigle, France) and
rozen in a programmable freezer (TK 3000®, TK,
beraba, MG, Brazil). At the conclusion of the freezing
rogram, straws were plunged into liquid nitrogen and
tored there until retrieved for thawing.

The remainder of the ejaculate was diluted to 200 � 106

perm/mL with Tris medium supplemented with 49 to 65
M Hoechst 33342 (Invitrogen Molecular Probes®, Eugene,
R, USA) and incubated for 45 min at 35 °C. After staining,

amples were diluted 1:1 with Tris medium supplemented
ith 4% egg yolk and 0.0015% food dye (FD&C #40;
arner Jenkinson Company Inc., St. Louis, MO, USA) and

ltered through a 50 �m filter (GCAT, Fort Collins, CO,
SA) to remove any debris or agglutinated cells prior to

orting.
A high-speed cell sorter (MoFlo SX, Beckman

ounter, CA, USA) was operated at 40 psi with a diode
umped solid-state pulse laser (Vanguard 350 HMD-
55; Spectra Physics, Mountain View, CA, USA) at
25 mW, with bovine sheath fluid (CHATA Biosys-
ems Inc., Fort Collins, CO, USA). Gates were set to
ttain 90% purity, and sexed sperm were sorted into
ris I medium. After being cooled at 4 °C for 1 h and
0 min, the sexed sperm was centrifuged and diluted in
ioxcell® (IMV, L’Aigle, France). Semen was pack-
ged in 0.25 mL straws and frozen as described above.

.4. Sperm quality assessment

.4.1. Assessment of motility, morphology, head
glutination and sperm concentration

The percentage of motile sperm and progressively
otility was determined with a CASA system (Sperm
nalysis System, Ivos-Ultimate 12’s, Hamilton Thorne
iosciences, Beverly, MA, USA). For this assessment,
�L of sperm were placed in pre-warmed glass-slide

Leja® standard count, SC20.01.04.B, 20 �m, Leja
roduct B.V., the Netherlands). At least seven fields

ere selected for reading and analysis. t
Sperm morphology was evaluated, according to
arth and Oko [26], using a phase contrast microscope

1 000� magnification). A total of 200 cells were
ounted and the results were expressed in percentages.

To evaluate head-to-head agglutination, 200 cells
ere counted at random under phase contrast micros-

opy at 400� magnification. For this analysis, head-to-
ead agglutination was considered when the head of
wo or more cells where grouped, as described by Maiti
t al [27]. Results were expressed in percentage of
ead-to-head agglutinated cells.

Sperm concentration was determined with a hemocytom-
ter (Neubauer chamber) after a 1:20 dilution. The recovery
ate was calculated as described by Machado et al [28],using
he following formula: (final concentration � final volume)

(initial concentration � initial volume)�1 � 100.

.4.2. Assessment of capacitation
Capacitation status was evaluated using chlortetra-

ycline (CTC) staining, as described by Cormier et al
29], with slight modifications. The CTC stock solution
ontained 0.75 mM CTC, 20 mM tris and 5 mM DL-
ysteine and was prepared daily; 300 mL of CTC stock
olution was mixed with 10 �L of 12.5% paraformal-
ehyde in 20 mM tris and 60 �L of 0.22 M 1,4 diaza-
iciclo [2.2.2] octane (Invitrogen Molecular Probe®,
ugene, OR, USA). The final CTC stain solution (15
L) was added to the sperm (10 �L) and the stained

uspension (5 �L) was placed on a slide, covered with
coverslip, and observed under epifluorescence mi-

roscopy (400�, Axiophot Zeiss®; barrier filter 440/
70 nm excitation/emission). A total of 200 sperm were
ounted and classified into three groups, as decribed by
raser et al [30]: bright fluorescence over the whole
ead (uncapacitated cells, F pattern); fluorescence-free
and in the postacrosomal region (capacitated cells, B
attern); and full fluorescence over the whole head
xcept for a thin, bright band of fluorescence along the
quatorial region (acrosome-reacted cells, AR pattern).

.4.3. Assessment of plasma membrane and
crosome integrity

Sperm membrane integrity was assessed using
-carboxy-fluorescein diacetate (C-FDA; propidium io-
ide [PI], Invitrogen Molecular Probe®, Eugene, OR,
SA), as described by Harrison and Vickers [31]. An

liquot of sperm (10 �L) was added to the stain solu-
ion (40 �L) and incubated for 10 min. The stain
olution was composed of buffered formal saline (96
L of 0.9% saline solution and 4 mL of 40% formal),

odium citrate (3%), PI (0.75 mM), and C-FDA solu-

ion (0.46 mg/mL solution in dimethyl sulphoxide). An
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liquot (5 �L) of stained suspension was placed on a
lide, covered with a coverslip, and observed under an
pifluorescence microscope (1 000X; Axiophot Zeiss®;
arrier filter 494/517 nm excitation/emission and 536/
17 nm excitation/emission). For each slide, 200 sperm
ere counted and classified as having an intact or
amaged plasma membrane. Cells stained green with
-FDA were considered to have an intact membrane,
hereas those stained red with PI were deemed to have
damaged membrane.
Acrosome status was examined using fluorescent

robe isothiocyanate-conjugated peanut agglutinin (FITC-
NA) and PI, as described by Klinc and Rath [32]. An
liquot (10 �L) of a thawed sperm sample was diluted with
taining solution (30 �L) and incubated for 10 min. The
taining solution consisted of buffered formal saline, sodium
itrate (3%), PI (0.75 mM), and FITC-PNA solution (1
g/mL in PBS). An aliquot (5 �L) of stained suspension was

laced on a slide and covered with a coverslip. At least 200
perm were examined under a phase contrast and epifluores-
ence microscope (1 000 X; Axiophot Zeiss®; barrier filter
84/518 nm excitation/emission). Sperm labeled in red with
I were considered alive. Living cells were classified as
crosome reacted, if the acrosome had uniform FITC-PNA
reen fluorescence, or as acrosome intact, if no fluorescence
as visible.

.4.4. Assessment of chromatin integrity
Chromatin integrity was determined using the acridine

range staining procedure. Three smears were prepared for
ach sample, air-dried, and fixed overnight in freshly pre-
ared fixation solution (methanol:acetic acid, 3:1). Then, the
lides were again air-dried and incubated in a solution con-
aining 80 mmol/L citric acid and 15 mmol/L Na2HPO4 (pH
.5) at 75 °C for 5 min to test chromatin stability. Subse-
uently, slides were stained for 5 min with a solution con-
aining acridine orange stain (0.2 mg/mL), citric acid (0.1 M)
nd disodium phosphate (0.3 M), and analyzed within a few
ours, using an epifluorecense microcope (Axiophot Zeiss®:
arrier filter 490/530 nm excitation/emission). For all sam-
les, 500 cells were examined on each slide at 1,000 �
agnification. Sperm with normal DNA had green fluores-

ence, whereas those with abnormal DNA emitted fluores-
ence in a spectrum varying from yellow-green to red.

.5. Embryo production

.5.1. Oocyte recovery and in vitro maturation (IVM)
Ovaries from crossbred cows (Bos indicus � Bos

aurus) were collected immediately after slaughter and
ransported to the laboratory in saline solution (0.9%
aCl) supplemented with penicillin G (100 IU/mL) and
treptomycin sulfate (100 �g/mL) at 35 °C. Cumulus 9
ocyte complexes (COC) were aspirated from 2 to 8
m diameter follicles with an 18 gauge needle and

ooled in a 15 mL conical tube. After sedimentation,
OC were recovered and selected using a stereomicro-

cope. Only COC with homogenous cytoplasm and at
east three layers of cumulus cells were used. The
elected COC were washed and transferred (groups of
5 to 30) to a 200 �L drop of maturation medium under
ilicone oil and incubated for 22 h at 39 °C in 5% CO2

n air. A total of 2,271 COC were matured in vitro
hroughout the experiment.

.5.2. Sperm selection procedures
To have a concurrent control of the laboratory IVP

ystem, a fifth group was added to each replicate. In this
roup, oocytes were fertilized with sperm from a con-
rol bull (CB) of known in vitro fertility, which has
een used for several years as the reference bull for in
itro embryo production in our laboratory.

For the CB group, sperm selection was performed by
entrifugation of the semen samples in a total volume of 800
L, comprised of 400 �L of 45% Percoll gradient and 400
L of 90% Percoll gradient, placed in a 2-mL microtube, and
entrifuged for 5 min at 5 400 � g, as previously described
28]. For sexed (SX and SY) and non-sexed control
perm (NS), a modified Percoll selection method de-
cribed by Blondin et al [13], was used. Briefly, thawed
perm was layered on a top of a gradient composed of
.4 mL fraction each of 45% and 60% Percoll and
entrifuged for 5 min at 700 � g. After centrifugation,
he supernatant was discarded and the pellet was cen-
rifuged for 2 min in fertilization media at 300 � g (NS,
X and SY) or 5 min in sp-TALP at 700 � g (CB).
hen, the resultant pellet was re-suspended with fertil-

zation medium and used for sperm analyses or IVF. In
ach replicate, one straw from each group was used.

.5.3. In vitro fertilization (IVF) and embryo culture
IVC)

Following maturation, COC were transferred to a 50
L (NS, SX, and SY) or 200 �L (CB) drop of fertili-
ation medium. The sperm concentration after Percoll
election was determined for each group using a hemo-
ytometer and then, added into the fertilization drop in
final concentration of 1 � 106 sperm/mL. Sperm and
ocytes were co-incubated for 18 h at 39 °C with 5%
O2 in air; the day of in vitro insemination was con-

idered Day 0. After co-incubation, presumptive zy-
otes were washed and transferred to 200 �L drops of
OF medium supplemented with 5% fetal calf serum
FCS), and cultured at 39 °C and 5% of CO2 in air for
d. Embryos were evaluated on Day 2, (48 h post-
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nsemination) for cleavage, and on Days 6, 7, 8, and 9
or rates of blastocyst formation.

.5.4. Assessment of fertilization rate and kinetics of
lastocyst development

To evaluate fertilization rate, 294 embryos/ova were
sed. Presumptive zygotes were removed from culture
8 h post-insemination, fixed with acetic acid:alcohol
1:3), and stained with 1% solution of lacmoide in 45%
lacial acetic acid. Then, they were examined under
hase contrast microscopy (Nikon Eclipse E200, 1,000
) and classified as: a) nonfertilized (presence of fe-
ale and absence of male chromatin); b) fertilized

presence of female and sperm chromatin in the cyto-
lasm, decondensed sperm head, pronucleus or cleaved);
r c) fertilized with polyspermia (presence of female chro-
atin and two or more decondensed sperm heads and/or

ronuclei).
The kinetics of male and female embryo develop-

ent was evaluated by the speed that they reached
pecific blastocyst stages. To measure these events, we
sed a system described by Souza et al [33], in which
ach embryo stage was graded as: 5 � initial blasto-
yst, 6 � blastocyst, 7 � expanded blastocyst, and 8 �
atched blastocyst (according to the International Em-
ryo Transfer Society). Then, on each day of evaluation
Days 6, 7, 8, and 9), the average embryo stage was
alculated.

able 1
ercentage (least squares mean � SEM) of various characteristics o
efore passage through a Percoll gradient.

Sperm Motility Progressive
motility

Normal
morphology

NS 58.0 � 3.0a 8.3 � 1.2 89.6 � 0.8
SX 29.6 � 1.3b 9.3 � 0.9 91.2 � 0.7
SY 26.2 � 2.1b 6.8 � 1.1 88.9 � 0.8

verage of four bulls (three replicates per bull).
a,b Within a column, means without a common superscript differ (P

able 2
ercentage (least squares mean � SEM) of various characteristics o
fter passage through a Percoll gradient.

Sperm Motility Progressive
motility

Normal
morphology

Agglutinated
head

NS 70.4 � 2.9a 38.5 � 3.0a 92.8 � 0.7 22.6 � 2.9
SX 37.1 � 4.0b 10.3 � 2.4b 94.9 � 0.6 27.2 � 2.5
SY 43.4 � 3.2b 13.2 � 1.4b 93.5 � 0.7 25.1 � 2.5

verage of four bulls (three replicates per bull).

a,b Within a column, means without a common superscript differ (P � 0.05
.6. Statistical analysis

Data were analyzed utilizing the theory of general-
zed linear models (PROC GLIMMIX; SAS 9.1, SAS
nst. Inc., Cary, NC, USA). Adjustment of the model
as performed considering a binomial distribution of

he results of ratio variables and Poisson distribution for
ount variables, with mean and variance having the
ogit and logarithm as link functions, respectively.

The model considered the fixed effects of bull as
lock, treatment, time, and treatment*time, as well as

he effect of repeated measures in the subject bull*treatment,
ith a first order autoregressive covariance structure
eyond the random residual effect.

Signficant differences between treatments were de-
ermined with least square means and were reported as
east squares means � standard error (SEM) in original
cale, using the inverse link option for ease of interpre-
ation. The least square means were compared using a
tudent’s t-test, at a significance level of � � 0.05.

. Results

.1. Sperm quality assessment

Sperm characteristics of the different groups before
nd after Percoll selection are shown (Tables 1 and 2).
oth before and after Percoll selection, SX and SY groups
ere not significantly different for all sperm characteris-

exed (NS), sorted for X (SX), and sorted for Y (SY) bull sperm

tinated
ead

Intact
membrane

Live sperm with
intact acrosome

Intact
chromatin

� 0.4 58.2 � 3.0a 60.9 � 3.3a 98.7 � 0.1
� 0.3 36.0 � 2.9b 37.1 � 3.3b 98.6 � 0.1
� 0.2 36.4 � 2.9b 37.5 � 3.3b 99.5 � 0.1

).

exed (NS) sorted for X (SX), and sorted for Y (SY) bull sperm

itated Intact
membrane

Live sperm with
intact acrosome

Intact
chromatin

Recovery
rate

13.4 65.9 � 2.9a 61.0 � 3.3a 98.7 � 0.1 47.9 � 4.0
13.8 39.6 � 3.0b 37.8 � 3.3b 98.7 � 0.1 52.7 � 3.9
13.6 41.3 � 3.0b 40.4 � 3.3b 98.5 � 0.1 48.7 � 4.3
f non-s

Agglu
h

2.6
1.4
0.8
f non-s

Capac

30.5 �
34.7 �
32.4 �
).
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ics evaluated. However, there was an effect of sperm
exing of various sperm quality end points after thawing
Table 1) and after Percoll selection (Table 2).

To evaluate the effect of Percoll on sperm charac-
eristics in each group, an analysis comparing each
ariable before and after Percoll selection was per-
ormed (Fig. 1). There was no significant effect of
ercoll for percentage of cells with normal morphology
nd with intact chromatin. However, for all groups,
here were post-Percoll increases for motility and head
gglutination.

There were no significant changes in percentage of
orted sperm (X and Y) with an intact membrane and an
ntact acrosome after Percoll separation (Fig. 1). How-

ig. 1. Percentage (least squares mean � SEM) of various aspects o
perm, before and after passage through a Percoll gradient (shaded a
,bDifference between pre- and post-Percoll gradients within each tre
ver, passage through the Percoll gradient increased the n
ercentage of non-sexed sperm with an intact mem-
rane.

.2. Fertilization rate

There was no significant differences in percentages of
ertilized oocytes among NS (63.2 � 5.7), SX (67.2 �
.7) and SY (55.8 � 5.9) groups. Regarding fertilized
ocytes, the stage of the fertilization process at 18 hpi
as similar for all groups, with the majority of the
ocytes having a female and a male pronucleus (Fig. 2).

.3. Embryo production

There was no significant difference between sexed and

of non-sexed (NS), sorted for X (SX), and sorted for Y (SY) bull
-shaded columns, respectively).

group (P � 0.05).
f sperm
nd non
on-sexed sperm in cleavage rate (Table 3). Furthermore,
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lastocyst production on Days 6, 7, 8, and 9 of culture was
ot significantly different among groups. When the blasto-
yst rate was calculated in relation to the number of cleaved
ocytes, the same pattern for embryo production was ob-
erved (Table 4).

For IVP using the control bull, the cleavage rate was
0.3 � 4.1% and the blastocyst production on Days 6,
, 8, and 9 of culture was 18.5 � 3.2, 38.8 � 3.9,
3.7 � 4.0, and 44.5 � 4.1%, respectively.

Regarding the kinetics of embryo development,
here was no significant difference among groups in the
peed that embryos reached the various stages of blas-
ocyst development on Days 6, 7, 8, and 9 (Fig. 3).

. Discussion

In the present study, structural and functional via-
ility of sperm sexed by flow cytometry were evaluated
sing sperm cell characteristics and their ability to
ertilize oocytes and to produce embryos in vitro. The
se of non-sexed, X-sexed, and Y-sexed sperm from
he same ejaculate of each bull facilitated comparisons
f the kinetics of in vitro development of male and
emale embryos. The sexing process did not reduce in
itro embryo production, and male and female embryos
ad similar developmental kinetics.

As expected, sexed sperm had lower quality than the
on-sexed after thawing, with lower motility and per-

ig. 2. Distribution (least squares mean � SEM) of male chromatin
tage in zygotes 18 h post-insemination, using non-sexed (NS), sorted
or X (SX) and sorted for Y (SY) bull sperm after Percoll selection
P � 0.05).

able 3
east squares mean (� SEM) rates of cleavage and blastocyst produ

NS), sorted for X (SX), and sorted for Y (SY) bull sperm after Per

Sperm No. oocytes Cleavage

D

NS 516 55.6 � 3.6 5.9
SX 431 54.0 � 4.2 5.5

SY 481 45.2 � 4.0 3.4 � 1.4
entages of cells with an intact membrane and an intact
crosome. The reduction in sperm quality in the present
tudy could have been caused, for example, by expo-
ure to Hoechst 33342 stain, the laser light, or exposure
n the droplets to electric charges, as previously dis-
ussed [16,34,35]. According to Smith [36], the effect
f exposure to dye and then the laser may reduce
itochondrial activity in bovine oocytes. This type of

amage could explain the decreased motility of sexed
perm, since mitochondria produce ATP as an energy
ource for sperm [37].

Another physical characteristic affected by the pro-
ess of sexing was integrity of the membrane. This
hange may have been due to mechanical stress [35]; in
hat regard, decreased pressure during the process of
exing increased the survival of sexed sperm, and con-
equently rates of fertilization [16] and pregnancy [38].

Although there were some indications that exposure
f sperm to UV radiation during sexing by flow cytom-
try affected chromatin integrity [17,18], there was no
ignificant difference between non-sexed and sexed
perm for that end point. This result, based on a staining
echnique, was confirmed with IVF data, in which rates
f sperm head decondensation, cleavage, and blastocyst
ormation were not affected by sexing. Perhaps bovine
perm are somewhat less sensitive to UV exposure than
perm from other mammals, due to their greater content
f protamine in the DNA [39], which augments chro-
atin stability. In that regard, DNA which was more

ightly packed could account for the apparent lack of
amage in the sexed-sperm chromatin. However, the
ossibility that the deleterious effects of the exposure to
V would be manifested only at later stages of devel-
pment (i.e. after blastocyst formation) cannot be ex-
luded.

The lack of post-thaw differences between sex-
orted and unsorted sperm were maintained after Per-
oll selection. The most noticeable changes observed in
ll groups after Percoll selection was for motility and
ercentage of head-to-head agglutination. The effect of
ercoll in selecting sperm with higher motility has been

%) on Days 6, 7, 8, and 9 of culture (after IVF) using non-sexed
ection.

Blastocysts

Day 7 Day 8 Day 9

19.3 � 3.0 22.2 � 3.2 23.1 � 3.2
16.4 � 3.1 18.1 � 3.3 20.3 � 3.3
ction (
coll sel

ay 6

� 1.7
� 1.8
12.0 � 2.6 14.8 � 2.9 15.9 � 3.4
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ell documented [28,40–44]. It is noteworthy that
here were no significant differences between unsorted
perm treatments in the magnitude of motility improve-
ent.
The increase in sperm head-to-head agglutination,

hich is related to sperm capacitation, could very eas-
ly have been induced by Percoll selection [42,44]. This
ssumption was supported by the great magnitude of
ost-Percoll increase in this end point for all groups.
assage through a Percoll gradient can alter the plasma
embrane, causing membrane destabilization and ca-

acitation [43]. However, that hypothesis was not con-
rmed in the present study since a CTC technique was
ot done before Percoll selection, due to the presence of
ryoprotectant and diluents in the samples. Although
he percentage of capacitated cells was similar for all
roups, the percentage of cells with an intact acrosome
as higher in non-sexed than in sexed sperm fractions.
n acrosome reaction is the final step of the capacita-

ion event [13]; therefore, we inferred that capacitation
an also be induced by sorting, which agrees with
esults reported by Maxwell et al [45].

The use of sexed-sperm did not reduce embryo de-
elopment relative to unsorted-sperm; therefore, changes
n sperm quality did not affect rates of fertilization

ig. 3. Distribution (least squares mean � SEM) of the stage of
mbryo development using non-sexed (NS), sorted for X (SX), and
orted for Y (SY) bull sperm after Percoll selection (no significant
ffect of group). Embryo development was coded as: 5 � initial
lastocyst, 6 � blastocyst, 7 � expanded blastocyst, and 8 � hatched

able 4
east squares mean (� SEM) blastocyst production (%), in relation

VF), using non-sexed sperm (NS), sorted for X (SX), and sorted fo

Sperm No. cleaved oocytes

Day 6

NS 281 10.7 � 3.0
SX 228 10.6 � 3.5
SY 215 7.5 � 3.1
alastocyst.
r blastocyst formation. Similarly, Underwood [10],
eippo [46] and Gutiérrez-Adán [47] did not detect
ifferences in blastocyst formation rates between sorted
nd non sorted sperm. However, in other studies
12,20,21], embryo development was reduced when
exed sperm was used for IVF. Perhaps variations in
he methods of sperm selection contributed to these
pparent differences. In that regard each study used a
ifferent protocol with various types and volumes of
radient, as well as varations in the duration and force
f centrifugation.

Several studies have demonstrated that in vitro pro-
uced male bovine embryos developed faster than fe-
ale embryos [22,25,47–50]. In the present study, there
as no significant difference in blastocyst formation or

he speed of blastocyst development between male and
emale embryos derived from sexed sperm. These re-
ults were supported by others [14,20,23,24]. Reported
ariation has been attributed to the effect of sire, IVF
rotocol, or culture system [50].

Overall, the present study clearly detected an effect
f sperm sexing on sperm quality, but not on embryo
evelopment. Perhaps a decrease in motility and per-
entage of cells with intact membrane and acrosome
aused by the sex-sorting procedure were not as critical
o in vitro conditions as they are in vivo. Another
ossibility is that sex-sorting can cause sperm damage
hat was not detected by the evaluations performed in
his study. In that regard, embryos derived from sex-
orted sperm had a higher proportion of immature mi-
ochondria and damaged nuclear membranes [21], as
ell as reductions in expression of developmentally

mportant genes [20], compared with their counterparts
erived from unsorted sperm. These differences could
xplain the higher embryonic loss at 30–90 d of preg-
ancy, when sexed-sperm was used to inseminate cows
nd heifers [4,8]. Furthermore, some bulls are more
dversely affected by the sexing process than others
13]. For commercial companies, the best way to im-
rove fertility of sexed sperm is to monitor the results

umber of cleaved oocytes, on Days 6, 7, 8, and 9 of culture (after
) bullsperm after Percoll selection.

Blastocysts

Day 7 Day 8 Day 9

35.9 � 5.1 41.7 � 5.3 43.5 � 5.3
31.9 � 5.5 35.3 � 5.6 39.7 � 5.8
26.6 � 5.4 32.9 � 5.8 35.4 � 5.9
to the n
r Y (SY
nd preferentially sort semen from bulls with highest
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ertility for sexed sperm. Considering that all samples
sed in the study were purchased from a commercial
ompany, perhaps a previous selection had already
een made and consequently, in vitro fertility was sim-
lar for sexed and non-sexed sperm. Finally, perhaps
mprovements in the sorting process achieved by the
ompanies in the last years, e.g. changes in sorting
peed, may have reduced sperm damage.

In conclusion, the sex-sorting procedure by flow
ytometry affected some structural characteristics of
ovine sperm, but did not reduce their capacity to
roduce embryos in vitro. Furthemore, male and female
mbryos produced by sorted sperm had similar devel-
pment in vitro.
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