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Sex-sorted bovine spermatozoa and DNA damage:
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bstract

This study examined the static response of Spermatozoa DNA Fragmentation (SDF) after sex selection in bulls using a MoFlo®

X (Beckman Coulter, Miami FL) spermatozoa sorter to produce three different subpopulations: 1) Spermatozoa bearing X-
hromosomes with a purity of 95%, 2) Spermatozoa bearing Y-chromosomes with a purity of 95%, and 3) non-viable
permatozoa. The static response of SDF refers to the baseline values observed for DNA damage when analyzed pre- and post
ex-sorting. Results showed that while the baseline level SDF in pre-sorted bull spermatozoa samples ranged from 5.3% to 11%
ith an average of 7.9% � 2.1%, the level of SDF obtained in X- and Y-chromosome sorted samples was much lower (3.1% �
.9%) and statistical differences were obtained after comparing both groups (P � 0.01). Spermatozoa containing a fragmented
NA molecule tend to be accumulated in the non-viable subpopulation. The baseline SDF level in X- and Y-chromosome sorted

ubpopulations is reduced, by 63% on average when compared to the values obtained in the neat semen sample. Different bulls
xhibit unique SDF reduction efficiencies via the X- and Y-chromosome sex selection process.

2011 Elsevier Inc. All rights reserved.
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. Introduction

Sex-sorting via flow cytometry is currently the only
eliable technique that has been used successfully for
he cost effective commercialization of sexed semen in
he dairy industry [1,2,3,4]. Particularly in cattle, this
raxis offers potential benefits in the logistics of meat
nd milk production processes [5,6,7]. One of the main
onstraints of applying this technology for cattle is the

* Corresponding author. Tel.: �34 91 497 8210; fax: �34 91 497
344.
iE-mail address: jaime.gosalvez@uam.es (J. Gosálvez).

093-691X/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
oi:10.1016/j.theriogenology.2010.08.006
ower fertility that has been reported [5,7,8], especially
hen compared to the use of conventional semen sam-
les for assisted reproductive technologies (ART).
owever, the reason for the lower fertility that has been

ssociated with sex-sorted spermatozoa is still subject
o debate [8,9].

Due to the limited production efficiency of sex-
orting spermatozoa, a normal commercial dose of
exed bull semen contains only 8.4 � 106 spermatozoa
er mL (2.1 � 106 spermatozoa per dose in 0.25 cc
traws). An insemination dose of only 2.1 � 106 is a
ow dose for AI. The usual insemination dose for cattle

s around 20 � 106 or more cryopreserved sperm [7] in

mailto:jaime.gosalvez@uam.es
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.5 cc straws or 40 � 106 spermatozoa per mL. Addi-
ionally, the samples used for sex-sorting are handled
nder para-biological environments such as the inter-
ction of the DNA with fluorophores, laser exposure,
permatozoa separation in micro-droplets, acceleration
f spermatozoa through geometrically-pressured fluid
hannels and centrifugation. All of these para-biologi-
al spermatozoa-media or mechanical interactions
ould theoretically have the potential to produce

hanges in cell structures, including the DNA molecule.
hile taking these stressors into account, the decrease

n fertility rates could also be related to the amount of
permatozoa containing a certain level of DNA damage
enerated by the individual. Thus, while spermatozoa
oncentration could be one of the factors in reducing
he capacity for fertilization of sorted samples, other
xternal factors may also be affecting the ability of
hese samples to produce viable offspring.

The main objective of this investigation was to study
he level of DNA damage that could be putatively
roduced after sex selection in the different subpopu-
ations. The main hypothesis is that during spermatozoa
ex-sorting, the level of DNA damage decreases in the
permatozoa fraction to be used for insemination be-
ause of a step included in the sorting methodology that
emoves nonviable and non-flow orientated spermato-
oa. Non-flow orientated sperm may result if abnormal
orphological issues prevent them from aligning prop-

rly in the flow stream as discussed by Dean et al [10].
n general, poor-quality semen including increased
orphological abnormalities have been shown to have
higher degree of DNA fragmentation associated with

hem [11].

. Material and methods

All bulls included in this analysis are of the Jersey
n � 5) and Holstein (n � 15) breeds. They were se-
ected at random from a collection of bulls maintained
or semen production at Sexing Technologies (Nava-
ota, TX, USA). The bulls providing semen samples
sed in these experiments are regularly used for artifi-
ial insemination on a routine basis or were prepared
or these experimental purposes. For this particular
nvestigation bulls ranged from 3 to 9 years of age.

Preparation of the semen samples for sex-sorting
as similar to that discussed in Seidel and Garner [12].

n this case, X- and Y-chromosome bearing, sorted
permatozoa samples were selected based on differ-
nces in fluorescence signals using 16.2 mM Hoechst

3342 (Molecular Probes, Eugene, Oregon, USA), di- t
uted 1 : 1 (Hoechst : Nanopure water, v/v), and Red
ood Dye (FD&C #40; Sensient Technologies Corpo-
ation, St. Louis, Missouri, USA). Although the DNA
ontent of spermatozoa for individual mammalian spe-
ies is highly conserved, DNA content differences oc-
ur and can even be observed among breeds of cattle
4,12]. For example, the X- and Y- chromosome-bear-
ng sperm DNA content difference is 4.22% for Jersey
nd 4.01% for Holstein breeds [4]. Therefore, the X-
hromosome-bearing sperm have about 4% more dye
ound to their DNA than Y-sperm and a greater fluo-
escence signal can be observed as a result [13].

Live spermatozoa that have intact cell membranes
xclude Red Food Dye from entering and quenching
he Hoechst fluorescence signal thus exhibiting a higher
uorescence signal than the nonviable spermatozoa.
orting of X- or Y-chromosome bearing spermatozoa
as conducted similar to the procedures previously
escribed by Seidel and Garner [14], using a MoFlo®

X (Beckman Coulter, Inc., Miami FL) spermatozoa
orter and Summit v4.0 software.

For these experiments, the MoFlo® SX was set to a
orting pressure of 40 psi. The sheath fluid used for
hese spermatozoa sorting experiments was SortEnsure™

Catalogue number 77-86-1, XY Inc. Fort Collins,
O), a Tris-based sheath fluid [15,16] The laser

ource was a NdYag, mode locked pulsed Vanguard™

MD350 (Spectra Physics Lasers-North America,
anta Clara, CA, USA) operating at 355 nm. The op-
rating power was light regulated at 350 mW with a
rop drive amplitude of 45–50 volts. Being a dual
eaded sorter, the laser beam was split using a CVI
elles Griot (Albuquerque, New Mexico, USA) high

nergy beam splitter (BSI-355-50-1025-45S) providing
75 mW of power to each head. Power was confirmed
t 160 mW at the flow cell using a Power/Energy
eter, model 841-PE. A 70 �m Orient-tip™ (XY Inc,

ort Collins, CO) was used to generate the sorting
tream while using a drop frequency of 68 000 Hz
or sorting. Event rates were held at 30,000 events per
econd while gating on living and properly oriented
permatozoa, or �55–65% of the total cells, while
aking �40–45% of the X- or Y-chromosome bearing
egion to optimize for that purity, subsequently con-
rmed using the STS Sexed Semen Purity Analyzer
Sexing Technologies, Navasota, TX). The aforemen-
ioned settings resulted in sorting speeds of 5,000 to
,000 sexed spermatozoa per second. After the sperma-
ozoa had been sex-sorted they were collected in 50 mL

ubes (Axygen Scientific Inc., Union City, CA, USA)
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ontaining catch fluid consisting of a �20% egg yolk-
RIS extender [14,15].

The same standards for routine semen preparation
nd cut-off values for standard semen characteristics
or selecting the ejaculates for processing were applied.
n all experiments, the bull ejaculates for processing
ither conventional or sex-sorted straws of semen were
sed if they met the following criteria: 1) minimum
otility of � 55%, 2) minimum concentration of �

00 � 106/mL, determined using the SP1-Cassette,
eagent S100, and NucleoCounter® SP-100™ system

ChemoMetec A/S, Gydevang 43, DK-3450 Allerød,
enmark), and 3) primary morphologies � 15%, sec-
ndary morphologies � 15%, and a total morphology
ount not to exceed 25%. Further, samples used in the
ost-thaw analyses had to meet standard quality control
onditions of progressive motility � 45% at 0 h and �
0% at 3 h, including intact acrosomes � 50% at 3 h.
or three hour post-thaw motility and acrosome mea-
urements, all samples were incubated for 3 h at 37 °C
n a humidified chamber. For all semen quality evalu-
tions, 75 � 25 mm glass microscope slides (Andwin,
ddison, Illinois, USA) and 22 � 22 mm #1.5 cover-

lips (Thomas Scientific, Swedesboro, New Jersey,
SA) were used. All motility assessments were made
sing brightfield microscopy and post intact acrosomes
nd morphology assessments used differential interfer-
nce contrast (DIC) microscopy with a magnification of

400.
Each sex-sorted sample was produced according to

he standards for semen production dose in Sexing
echnologies (Navasota, TX, USA). All extenders used

n the experiments were of the same formulation having
pH of 6.8 and an osmolarity balanced at 300 mOsm

or the TRIS extender. For cryopreservation, sorted and
onventional sperm samples were processed using a
wo step extension with glycerol. All frozen-thawed
ex-sorted samples used in the experiments contained
2.1 � 106 spermatozoa/straw (0.25 cc) while conven-

ional samples had �25 to 30 � 106 spermatozoa/straw
0.5 cc).

The first experiment was conducted to analyze pos-
ible differences in the level of spermatozoa DNA frag-
entation (SDF) before and after X- and Y-chromo-

ome sex selection. Five Jersey bulls, one ejaculate
ach (n � 1 ejaculate/bull), were included in this anal-
sis. Neat semen from each individual was divided into
wo aliquots, one aliquot was sex-sorted and thereafter
he spermatozoa were frozen using an automated freez-
ng device, IMV Digitcool® (IMV, Cedex, France) and

tored in liquid nitrogen. The second aliquot was di- 1
ectly cryopreserved for subsequent analysis of sper-
atozoa DNA fragmentation after thawing. The SDF

nalysis was performed for the different subpopula-
ions, after X- and Y-chromosome sex selection, while
omparing both aliquots for each respective bull. One
ubpopulation included exclusively those spermatozoa
hich were dead (R2 in Fig. 1) and the other two
roups consisted of live spermatozoa (R1 in Fig. 1)
ubpopulations containing X-chromosome bearing (R3
n Fig. 1) and Y-chromosome bearing spermatozoa (R4
n Fig. 1) at a purity � 95%. Sex ratio purities of the
amples were determined using an STS Sexed Semen
urity Analyzer (Sexing Technologies, Navasota, TX),
hich provides high resolution peaks of X- and Y-

hromosome bearing spermatozoa populations and bas-
ng each analysis on 2.000 spermatozoa. All of these
ubpopulations were compared with the level of SDF
btained in the respective pre-sort sample, a sample
aken after staining and incubation but before sorting. A
otal of �2 � 106 spermatozoa for each sample were
orted. Dead spermatozoa were sorted based on Region
in Fig. 1 while excluding all other cells except those

hat fall into that region. The proportion of dead cells in
he semen samples averaged 13%, thereby providing an
verage sort speed of 800 to 900 dead spermatozoa per
econd.

The second experiment was conducted to analyze
he effectiveness of X- and Y-chromosome sex-sorting
n reducing the baseline level of SDF and the level of
ntra-individual variation of SDF. For this purpose, one
undred frozen-thawed X- and Y-chromosome sorted
amples from 10 individual Holstein bulls were as-
essed for DNA fragmentation. Ten semen samples
rom each bull, each from a different ejaculate collected
hroughout the year, were used.

.1. Spermatozoa DNA fragmentation assessment

To determine the degree of DNA damage in each
ample, the bull Sperm-Halomax® kit (Halotech DNA,
adrid, Spain) was used. This technique is an adapted

ersion of the sperm chromatin dispersion test (SCD;
17]). Details of this technique have been previously
eported for human and other mammalian species
17–20].

In order to increase the spermatozoa concentration
er slide, we modified the standard protocol as recom-
ended by the manufacturer. This methodology was

sed because the spermatozoa concentration obtained
fter X- and Y-chromosome sex selection, before fur-
her centrifugation, was relatively low (�0.8 to 1.0 �

06 spermatozoa/mL). In this case, 10 �Ls of the sorted
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ample were diluted in 10 �Ls of low melting agarose
nd one 10 �L microdroplet of the mix was spread onto
he surface of the pretreated slide. This was a modifi-
ation with respect to the manufacturer=s recommenda-
ion because under the regular protocol, the final con-
entration of the agarose is higher which may make
preading the spermatozoa agarose mixture more diffi-

ig. 1. Illustration of live (R1) and dead (R2) sperm cell populations
opulations using forward angle fluorescence for detecting DNA cont
4 are gated on R1). Boolean sort logic is as follows: sorting region

orting region for Y-chromosome bearing sperm cells � R1 and R4
ult. Based on our experience, the agarose must be U
aintained at 38 °C once the spermatozoa have been
ixed with agarose to avoid any such issue. Under

emperatures lower than 38 °C the spreading of the
garose spermatozoa mixture could be more difficult.

For visualizing spermatozoa chromatin after pro-
essing, slides were stained using SYBR® Green I
10X) (Invitrogen, Molecular Probes, Eugene, Oregon,

separated into X- (R3) and Y-chromosome (R4) bearing sperm cell
side angle fluorescence for detecting sperm cell orientation (R3 and

X-chromosome bearing sperm cells � R1 and R3 and not R2, while
t R2.
further
ent and
(R) for
SA) or GelRed (10X) (Biotium, Hayward, CA, USA)
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n Vectashield® Mounting Medium (Vector Laborato-
ies, Inc., Burlingame, CA, USA) for DNA staining.
his staining method permits manual scoring by allow-

ng for the distinction of spermatozoa nuclei containing
ither fragmented DNA (large and spotty halo of chro-
atin dispersion) or unfragmented DNA (small and

ompact halo of chromatin dispersion). A percentage of
ragmented versus non-fragmented spermatozoa was
etermined by examining 300 spermatozoa for each
ample. Samples were viewed and captured using a
ikon Eclipse 80i microscope with fluorescence capa-
ilities and NIS Elements BR 3.00 imaging software
ith a CCD (Photometrics® CoolSNAP™ EZ).

.2. Statistical analysis

The results for purposes of statistical comparison are
eported as mean and standard deviation, while the distri-
utions of the different values are presented as box and
hisker plots using Statgraphic Plus 5.1 software (Aca-
emic Enterprise, StatPoint Inc., Herndom, Virginia,
SA). The non-parametric Wilcoxon-Mann-Whitney test
as used to test the hypothesis that two samples being

ompared do not show significant differences.

. Results

High resolution images were obtained when SYBR®

reen I or GelRed staining was combined with the
CD protocol (Fig. 2). Spermatozoa heads presenting
ompact haloes of dispersed chromatin are indicative of
permatozoa without fragmented DNA, while those
resenting large and expanded haloes are identified as
ontaining fragmented DNA (arrows in Fig. 2b and c).

ig. 2. Bull sperm DNA fragmentation after the sperm chromatin
ispersion procedure. (a) Fragmented (large red fluorescent halo) and
nfragmented (small red fluorescent halo) in a sex-sorted spermato-
oa sample. Selected unfragmented and fragmented spermatozoa
arrows) in (b) sex-sorted and (c) conventional spermatozoa to show
iifferences in the halo size.
t is interesting to note that in all of the samples ana-
yzed herein, the haloes of chromatin dispersion after
ex-sorting are smaller than those obtained in conven-
ional spermatozoa samples. In Figure 2a, a sex-sorted
permatozoa sample showing a regular small sized halo
f chromatin dispersion is shown. In general, the halo
ize of a spermatozoon identified as containing frag-
ented DNA after sorting is half the size of one iden-

ified in a conventional spermatozoa sample (compare
ig. 2b with 2c).

The baseline level of DNA damage in the five pre-
orted bull semen samples ranged from 5.3% to 11%
ith an average 7.9% � 2.1% (Mean � SD; Table 1).
he level of spermatozoa DNA fragmentation obtained

n X- and Y-chromosome sorted samples was much
ower (3.1 � 1.9) than that obtained in pre-sorted sam-
les. Statistical differences were obtained after compar-
ng both groups (P � 0.01). On average, the efficiency
or SDF reduction was about 63%, but in some cases
he reduction could be as high as 85% (compare values
n Table 1). The level of SDF recovered after X- and
-chromosome sex-sorting was notably reduced in the
and Y subpopulations when analyzed separately (Fig.

; X-subpopulation: mean � SD: 1.8% � 1.5%; Y-
ubpopulation: mean 1.2% � 0.6%). The tendency ob-
erved in all of the bulls was to accumulate spermato-
oa containing a fragmented DNA molecule in the
orted non-viable subpopulation (Fig. 3; Mean � SD:
2% � 4.4%). This general tendency of SDF accumu-
ation for each subpopulation was observed for each
ndividual (Fig. 3).

To study the intra-individual consistency of this re-
uction in SDF, X-chromosome sorted straws obtained
rom 100 X- and Y-chromosome sex-sorted samples
ere assessed and the results are shown in Table 2. On

verage the level of SDF obtained after X- and Y-
hromosome sex-sorting is low and similar to the level
btained in experiment 1 with values for SDF ranging
rom 0.03% to 2%. The level of spermatozoa DNA
amage obtained after X- and Y-chromosome sex-sort-

able 1
hole distribution of sperm DNA fragmentation (percent)

bserved pre- and post X/Y sex sorting.

Reference Pre-sort XY

E1 7.00 1.10
E2 7.50 1.10
E3 11.00 4.00
E4 9.00 5.00
E5 5.30 4.60
verage � SD 7.96 � 2.15 3.16 � 1.91
ng within each individual is quite similar when straws
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elonging to different dates and belonging to the same
ndividual are compared (see values in Table 2). Inter-
stingly, differences among individual bulls, regarding
he efficiency in decreasing the SDF after X- and Y-
hromosome sex-sorting, exist (F: 3.27; P � 0.05). The
escriptive statistics for the values of SDF after sex-
orting are represented in Figure 4. As observed in
igure 4, it is apparent that some bulls (HO-04) harbour

ig. 3. Diagram to show the subpopulation distribution of SDF pre-s
he dead sperm subpopulation, X-sorted spermatozoa sub-population

able 2
istribution of SDF (percent) in X-sorted spermatozoa within 10 ind

ollection are given.

eference Sem

1 2 3 4 5

HO-01 1.00 0.66 1.00 0.66 0.66
01/07/08 01/12/08 03/09/08 06/06/08 06/13/

HO-02 0.00 0.00 0.66 0.33 0.00
04/30/02 12/15/08 12/18/08 12/20/08 12/28/

HO-03 1.00 0.66 0.33 0.66 1.00
03/09/05 03/15/05 08/27/05 08/29/05 09/13/

HO-04 0.66 0.33 0.33 0.33 0.66
11/07/07 11/13/07 11/26/07 11/30/07 12/03/

HO-05 0.33 0.00 0.30 0.66 0.00
03/22/08 04/02/08 04/17/08 06/03/08 06/07/

HO-06 0.00 0.00 0.00 0.00 0.33
04/09/08 04/29/08 05/02/08 06/03/08 06/29/

HO-07 0.00 0.66 0.33 0.33 0.66
08/30/06 11/09/07 12/05/07 12/06/07 12/13/

HO-08 0.00 0.00 0.00 0.00 0.00
11/06/06 04/07/08 04/16/08 05/09/08 05/19/

HO-09 1.66 0.00 0.33 1.66 0.33
09/15/08 10/22/08 10/30/08 11/17/08 12/14/

HO-10 0.33 0.66 0.00 1.66 0.33

02/02/09 02/11/09 02/23/09 02/28/09 03/02/09 03
ore DNA damaged spermatozoa than others (HO-07).
n 6 out of the 10 bulls analyzed, outliers which double
he mean for SDF are detected (Fig. 4).

. Discussion

The results presented in this investigation show that
permatozoa sex-sorting, using a MoFlo® SX and di-

nd after spermatozoa sex-sorting in five Jersey (JE) bulls, including
-sorted spermatozoa sub-population.

bulls using 10 different ejaculates per individual. Dates of sperm

ple Average

6 7 8 9 10

0.00 0.33 1.66 0.66 0.66 0.73
/26/08 10/06/08 10/12/08 11/02/08 12/11/08
0.30 0.00 0.66 0.66 0.50 0.31
/30/08 01/04/09 01/06/09 01/08/09 01/11/09
1.00 1.33 0.33 1.00 1.00 0.83
/22/05 03/07/06 06/26/06 06/29/06 07/03/06
1.00 0.66 0.66 0.66 0.00 0.53
/06/07 12/07/07 12/11/07 12/17/07 12/19/07
2.00 0.30 0.00 0.33 1.00 0.49
/11/08 06/18/08 06/30/08 07/15/08 07/29/08
0.00 0.00 0.00 0.00 0.00 0.03
/08/08 07/11/08 07/15/08 07/18/08 07/27/08
0.00 0.00 0.00 0.00 0.66 0.26
/17/07 12/20/07 12/30/07 01/03/08 01/04/08
0.00 0.33 0.00 0.00 0.00 0.03
/01/08 06/23/08 06/26/08 07/24/08 07/30/08
0.00 0.00 0.00 0.00 0.00 0.40
/17/08 12/28/08 01/02/09 01/09/09 01/11/09
0.33 0.00 1.00 0.00 0.00 0.43
orting a
ividual

en sam

08 07

08 12

05 09

07 12

08 06

08 07

07 12

08 06

08 12
/09/09 03/18/09 03/24/09 03/27/09 03/31/09
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iding the net sample into three different subpopula-
ions is a process that not only increases the percentage
i.e. purity) of X- or Y-chromosome bearing spermato-
oa in a sample, but also considerably reduces the level
f DNA damage in the samples being used for artificial
nsemination (AI) or in vitro fertilization (IVF). On
verage, a 69% in the reduction of SDF should produce
eneficial effects on the final spermatozoa quality.
owever, in terms of sample efficiency for ART, levels
f SDF lower than 2% should not have a major impact
n offspring when the sample is used for insemination
urposes. In fact, although the impact on fertility of
DF in bulls has not been thoroughly assessed, existing
ata indicate that changes in chromatin packing may
lay a major role in infertility [21,22] and SDF may
ave a negative impact of about 10% on pregnancy
hen the DNA damage is higher than 20% [23].
At present, variations in the level of SDF after sper-

atozoa sex-sorting have not been conclusive mainly
ecause of the scarce information available. Persistence
n the level of SDF after flow cytometry, without a
ramatic increase in the baseline level, has been re-
orted in mammalian species [4,24]. However, damage
o sex-sorted spermatozoa has been shown to occur
uring sorting, since interaction of these cells with
on-orthodox biological conditions is especially high
25,26,]. For example, under certain conditions the
hemical and mechanical stress of staining spermatozoa
ombined with centrifugation increased the percentage
f dead and damaged spermatozoa by 18.6% [27], but

ig. 4. Box–whisker plots for the distribution of SDF in sorted sperma-
ozoa within each bull using ten different ejaculates per individual.
simple unstained sorted sample increased the level of D
NA damage by only 2% [4,27]. Variations in the level
f spermatozoa stressing resulting in spermatozoa dam-
ge have also been reported using high or low pressure
ith a MoFlo® SX sorting system [25]. In general, for
ull and stallion lowering the pressure for spermatozoa
orting from 50 psi, considered as the standard pres-
ure, to 40 psi improved spermatozoa quality without a
ignificant decrease in the sorting efficiency [25].

In the present study, the methodology for spermato-
oa sex-sorting includes a step which is conducted to
liminate the dead spermatozoa subpopulation. This
articular methodological step demonstrated that the
evel of SDF does not increase but could be notably
educed in the sample of interest. This strategy is com-
only used in bull X- and Y-chromosome sex-sorting

nd appears to be effective in reducing the level of
permatozoa DNA damage indirectly, as previously
uggested by Boe-Hansen et al [28]. These authors
ound a significant difference between the conventional
evel of SDF established for bulls and the SDF found in
ommercial sex-sorted semen when DNA integrity was
easured using the Sperm Chromatin Structure Assay

SCSA) and neutral comet assay. The authors sug-
ested that this effect was linked to the sorting process
y excluding nonviable spermatozoa. In this work, we
emonstrate that the damaged spermatozoa are effec-
ively accumulated in the sorted dead subpopulation
nd this is the reason why an increase of SDF is always
bserved in this fraction after X- and Y- chromosome
ex-sorting. Although, the previous finding could be
ssumed as obvious, the reality is not so simple because
e have found that not all non-viable spermatozoa

ontain fragmented DNA and not all spermatozoa se-
ected as being viable are absolutely free of DNA dam-
ge. Although a negative correlation with viability and
DF is usually found [17,29], a correlation is not al-
ays easy to establish [29] since both parameters may
ehave in an independent manner [30]. In this experi-
ent we have additional and clear information about

his aspect of spermatozoa quality since not all dead
permatozoa account for the level of spermatozoa con-
aining a fragmented DNA molecule in the sorted dead
ubpopulation. This also points to the fact that, in cattle,

large proportion of spermatozoa containing frag-
ented DNA is injured, presenting major alterations in

he spermatozoa membranes.
It should be stressed that the reduction in the level of

NA damage is fully dependent on the methodology
sed for flow cytometry sorting, in some instances
NA damage could remain the same or increase, e.g.,

e Ambrogi et al [24] and Garner [4], respectively.
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otably, the spermatozoa damage is likely to be the
esult of a synergistic process, whereby the level of
amage in each step is probably reinforcing the damage
roduced in the next one. Therefore, the most parsimo-
ious research plan for improving X- and Y-chromo-
ome spermatozoa sex-sorting would be an attempt to
dentify and then minimize the damage in each single
tep of the sex-sorting process and ultimately optimize
he reproductive potential. Decreasing DNA damage
ay involve decreasing laser strength, decreasing sort-

ng pressure, decreasing stains, spermatozoa extender
e.g., TRIS or TALP) modification or some other
eans; however more research is needed.
The other item of interest to emerge from this in-

estigation is the fact that not all bulls are equally
fficient in achieving the desired reduction in the base-
ine level of SDF when samples from different ejacu-
ates are processed. For example, in terms of SDF
eduction, bulls H07 and H09 appear to be more effi-
ient and consistent irrespective of the ejaculate. On the
ontrary, the DNA data from the rest of the bulls
nalyzed demonstrated both a higher level of SDF and
higher level of variance based on the values obtained

rom different ejaculates. The protamines are one of the
andidates which could be participating in this differ-
ntial spermatozoa behaviour. One of the main func-
ions proposed for these spermatozoa protein residues is
o preserve the DNA integrity. For example, human
permatozoa express two different protamines, prota-
ine 1 (P1) and protamine 2 (P2), in almost equal

mounts. An altered protamine 1 to 2 ratio (P1/P2) has
een described previously in infertile patients, and also
correlation between this ratio and DNA fragmentation
as been found [31,32]. In human cases, correlation
etween baseline spermatozoa DNA damage and pro-
amine content has been clearly established [33,34,35].

The idea that SDF is linked to the genetic background
f an animal needs to be seriously considered for Bovine.
dentifying individuals having sperm with more resistance
o the rigorous process of sex-sorting would allow for
ncreased use of this technology in ART. The capabilities
f using the sexing technology may thereby be applied
urther, e.g., reverse sorting techniques, consisting of
hawing conventional semen doses for subsequent sex-
orting and re-freezing for future AI or IVF.
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