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The aim of this study was to evaluate the chromatin packing and sperm head
morphometry of cryopreserved semen of Nelore bulls (Bos taurus indicus) of different ages.
Furthermore, the influence of the degree of chromatin compaction on in vitro embryo
production (IVP) was investigated. Forty bulls were divided into three groups: young (1.8–
2 years), adult (3.5–7 years), and senile (8–14.3 years). The ejaculates were frozen ac-
cording to standards established by the Artificial Insemination Center located in the
Southeast of Brazil. Toluidine blue staining was used for simultaneous evaluation of the
sperm chromatin and sperm head morphometry. Chromomycin A3 (CMA3) was applied to
analyze sperm protamination and IVP for embryonic development. Spermatozoa of young
bulls presented higher values for area (A, pixels), perimeter (P, pixels), and width (W,
pixels) compared to adults and senile (young: A ¼ 1848.5 � 119.79, P ¼ 10.23 � 0.29, and
W ¼ 1.95 � 0.1; adults: A ¼ 1672.9 � 104.46, P ¼ 9.86 � 0.33, and W ¼ 1.81 � 0.06; senile:
A ¼ 1723.1 � 124.41, P ¼ 9.97 � 0.33, and W ¼ 1.83 � 0.09; P < 0.0001) and showed higher
protamination deficiency when analyzed by CMA3 (young: 1.57 � 0.76; adults: 1.09 � 0.63,
and senile: 0.90 � 0.59; P < 0.05). Likewise, variables of sperm head size (A, P, and W) and
protamination assessed by CMA3 showed negative correlation with age and positive cor-
relation with ellipticity, evaluated by toluidine blue method (P < 0.05). Sperm head area
was larger in spermatozoa presenting chromatin instabilities than spermatozoa without
chromatin alteration (P < 0.0001). There was no difference in IVP when using semen with
larger or smaller portions of spermatozoa with chromatin instabilities, indicating that the
proportion of sperm with abnormal chromatin compaction (4%–16.15%) did not interfere
with early embryonic development. From our results, it can be concluded that sperm of
young Nelore bulls have larger heads compared to adults and senile due to reduced
protamine content when evaluated by CMA3 and higher proportion of major sperm
defects assessed by differential interference contrast microscopy.
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1. Introduction spermatozoa (%), sperm concentration (Neubauer cham-
ber), and spermatozoa with morphologic abnormalities (%,
Embryonic mortality in cattle is pointed out as the main
source of economic loss for livestock producers [1]. Embryo
survival is a major factor affecting production and economic
efficiency in all systems of ruminant milk and meat pro-
duction. In Brazil, the embryonicmortality in cattle leads to a
loss of 350 to 850 million US$/year [2]. Semen analysis, a
primarymethod of fertility diagnosis, evaluates sperm count,
motility, morphology, plasma membrane, and acrosomal
membrane integrity. However, modifications in sperm
chromatin are usually not taken into account [3]. Sperma-
tozoa containing chromatin instabilities are able to fertilize
oocytes both in vivo and in vitro; however, the defect may
persist throughout the embryonic period, inducing
apoptosis, embryonic disruption, and abortion [4,5].

Previous to meiosis, the chromatin in the spermatocyte
nucleus is diffusely organized similarly to the nucleus of all
somatic cells. The predominant proteins in this phase are
histones, which increase their volume [6,7]. When sper-
miogenesis is initiated, protamines become most abundant
in mammalian sperm nucleus and allow high organization,
condensation, and compaction [8,9].

The head of mammalian spermatozoa consists almost
entirely of chromatin. In case of changes in chromatin
structure, morphologic abnormalities are expected [3,10,11].
However, some studies have shown that sperm containing
abnormal chromatin condensation do not necessarily pre-
sent morphologic changes, requiring morphologic analysis
followed by evaluation of the internal structure [12,13].

Recent studies regarding the compaction of chromatin
related to sperm head morphometry in cattle do not
compare different age groups [11,14–16]. The aim of this
study was to investigate the relationship between chro-
matin condensation and sperm morphometry in young,
adult, and senile Nelore bulls and its influence on fertility.

2. Material and methods

2.1. Animals and experimental design

A total of 40 healthy Nelore bulls, kept on native pasture
(Cynodon plectostachyus) with dietary supplementation to
fulfill energy balance, were selected from an Artificial
Insemination Center located in Southeastern Brazil
(21�09056.5800S/048� 020 25.1300W). The ejaculates were ob-
tained by artificial vagina, routinely tested and classified as
normospermia and frozen in 0.25-mL straws according to
standard procedures established by Artificial Insemination
Center and stored in liquid nitrogen until evaluation. Three
groups of bulls were evaluated, with three ejaculates per
animal: young group (from 1.8- to 2-years old, n ¼ 9), adult
group (from 3.5- to 7-years old, n ¼ 19), and senile group
(from 8- to 14.3-years old, n ¼ 12). All evaluations in this
study were performed with cryopreserved semen samples.

2.2. Semen evaluation

2.2.1. Conventional physical tests
Semen thawing was performed at 35 �C for 20 seconds.

Postthaw semen evaluation included progressively motile
differential interference contrast microscopy [Olympus
BX61] in a humid chamber, � 1000) [17].

Three ejaculates were collected from each bull using an
artificial vagina according to a regular twice-a-week
collection schedule and evaluated according to standard
procedures for volume (mL), sperm concentration (106/mL,
photometry), gross motility (zero to five), progressively
motile spermatozoa (%) (subjective estimation using phase
contrast microscopy, � 200), and spermatozoa with
morphologic defects. For evaluation of sperm morphology,
spermatozoa were fixed in a stock solution of buffered
formol saline [18]. Sperm alterations were classified into
major defects (i.e., primary acrosome defects, proximal
droplets, abnormal loose heads, abnormal head contour,
abnormal midpiece, nuclear vacuoles, double forms, and
dag defect) and minor defects, a total of 200 cells were
examined per sample [19,20].

2.2.2. Sperm head morphometry and chromatin condensation
evaluation with toluidine blue

Gray-level digital images of a minimum of 100 sper-
matozoa per smear were obtained (light microscopy,
Olympus BX 61 coupled to an DP-71 Olympus camera,
� 100 magnification), and the average intensities of the
gray-levels per head in each image were determined using
software programs developed in the SCILAB environment,
according to the protocol established by Beletti and Costa
[21].

The reference for the normal spermatozoa staining was
performed by an automatic selection of six heads in each
smear and considering themean value of the pixel values of
these heads. Heads presenting the highest average pixel
values and homogeneousness were selected. Next, for each
image, the difference between the average value of stan-
dard heads and the value of each head examined was
determined. Finally, the coefficient of variation (%) of gray
level and the percentage difference in the degree of ash
(% diff) was calculated. Sperm heads with difference greater
than 2.0% and/or gray level to the degree of ash greater than
5.0 were considered to have abnormal chromatin structure
[22].

Morphometric variables evaluated by this technique by
programs developed in SCILABwere area (A), perimeter (P),
width (W), length (L), length/width ratio (L/W), ellipticity
(E), shape factor (SF), Fourier descriptors with amplitude of
zero to two (F0, F1, and F2), lateral symmetry (LS), and
anteroposterior symmetry (APS) [21].

A, P, W, and L have become standard measures; L/W and
E are derived from the previous basic measures. Ellipticity
is described as measure of elongation of the head contour,
normalized such that �1< and <1. SF is obtained from the
basic measures and indicates the deviation of the head
contour from smooth ellipse [21].

2.2.3. Evaluation of sperm protamination with chromomycin
A3 (CMA3)

For evaluation of sperm protamination, the CMA3
fluorescent dye (Sigma, St. Louis, MO, USA) was used. The
staining protocol for flow cytometry has been developed
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according to Tavalaee et al. [23], and for the positive con-
trol, the protocol described by Simoes et al. [24] was used,
which consists in induction of disulfide bonds cleavage
between the protamine chains and permeabilization of the
plasma membrane of sperm samples.

After staining, the reading was performed by flow
cytometry, 10,000 events, per sample, corresponding to
sperm, were stimulated by 488-nm argon laser and read in
the blue laser (BL1) filter (530/30 nm).

2.2.4. In vitro embryo production (IVP)
Ovaries from slaughtered cows were obtained in a local

abattoir and transported to the laboratory. Intact cumulus–
oocyte complexes (COCs) were aspirated from antral folli-
cles (3–8 mm in diameter), and oocytes with at least four
layers of cumulus cells with homogenous cytoplasm were
selected for the experiments. Selected COCs were washed
and cultured in 100-mL droplets of IVM medium (20–25
oocytes per droplet), which consisted of TCM-199 (GIBCO
BRL Invitrogen, Grand Island, NY, USA) supplemented with
10% (v/v) fetal calf serum (GIBCO BRL Invitrogen), 0.2-mM
sodium pyruvate, 25-mM sodium bicarbonate,
50-mg mL�1 amikacin, 0.5-mg mL�1 FSH (Folltropin-V; Bio-
niche Animal Health, Lavaltrie, Canada), and 100-IU mL�1

hCG (Vetecor; Hertape Calier, Juatuba, Brazil). Cumulus–
oocyte complexes were cultured under mineral oil, for
22 hours at 38.5 �C under an atmosphere of 5% CO2 in air
with maximum humidity.

Matured oocytes were subjected to IVF with pooled
semen of three Nelore bulls (Bos taurus indicus) showing 4%
to 16.15% of alterations in sperm chromatin compactation
(CD groupdwith chromatin damage) and three Nelore
bulls without alterations in chromatin compaction (WCD
groupdwithout chromatin damage). The bulls were cho-
sen based on the results from sperm chromatin evaluation
by toluidine blue technique. Pool of three different in-
dividuals per group was used to eliminate the bull effect, as
the male factor is widely known to influence IVF outcome
[25]. For the control group we used, semen from a single
Nelore bull of proven fertility was routinely used in our
laboratory [26].

Motile spermatozoa were obtained by centrifuging
thawed semen twice at 300 � g for 5 minutes at room
temperature in Tyrode’s albumin lactate pyruvate [27] con-
taining 0.2-mM Na-pyruvate, 6-mg mL�1 fatty acid-free
bovine serum albumin, 25-mM sodium bicarbonate,
13-mM Na lactate, 50-mg mL�1 amikacin. Spermatozoa
(100� 103 cellsmL�1) were added to the fertilization droplet
containing 90-mL fertilization medium, which consisted of
Tyrode’s albumin lactate pyruvate supplemented with
40-mL mL�1 PHE solution (final concentrations of 20-mM
penicillamine, 10-mM hypotaurine, and 2-mM epinephrine)
and 10-mg mL�1 heparin. The COCs (20–25 per droplet) and
spermatozoa were coincubated for 18 hours at 38.5 �C in an
atmosphere of 5% CO2 in air, with maximum humidity. The
day of fertilization was defined as Day 0.

Following IVF, the presumptive zygotes (20–25 oocytes
per droplet) were stripped from the cumulus cells by vor-
texing and transferred to 100-mL droplets of modified syn-
thetic oviductal fluid [28] supplemented with 50-mg mL�1

amikacin, 5 mg mL�1 fatty acid-free bovine serum albumin,
and 2.5% (v/v) fetal calf serum, under mineral oil at 38.5 �C in
an atmosphere of 5% CO2 in air, with maximum humidity.
Cleavage rates were assessed under stereoscopic microscopy
at� 40magnification 72 hours post insemination (h.p.i.; Day
3), and blastocyst development rates were recorded at
168 h.p.i. (Day 7) and at 192 h.p.i. (Day 8).

2.2.5. Statistical analysis
To investigate the differences in the variables sperm

motility, concentration, morphology, variables analyzed by
toluidine blue and CMA3 and IVP, analysis of variance
(ANOVA) was carried out and the means were compared by
Tukey’s test. Data in percentage (blastocyst formation rates
at Day 7 and Day 8) were transformed into arcsine

ffiffiffi

%
p

to
obtain the normal distribution and perform analysis of
variance. The Spearman correlation coefficient (r) was
calculated for the selected variables. The significance of the
tests was determined for P values less than 0.05, and
analysis were performed with SAS (Statistical Analysis
System, SAS Institute, Cary, NC, USA, 2008) version 9.2.

3. Results

Table 1 summarizes the postthaw semen characteristics,
morphometric and chromatin values according to the age
range. Spermatozoa of young and adult bulls showed
higher values of motility compared to senile. Sperm con-
centration and major sperm defects were higher in young
bulls.

Spermatozoa of young bulls showed higher values of
area, perimeter, and width and lower ellipsoid portion than
adult and senile bulls. The degree of compaction of chro-
matin did not differ significantly among groups when
assessed by toluidine blue stain. However, the percentage
of spermatozoa with abnormal chromatin, defined as per-
centage of sperm heads with chromatin decompaction rate
greater than 2.0 and/or chromatin heterogeneity greater
than 5.0, varied from 0% to 16.15%. Flow cytometric evalu-
ation of sperm protaminationwith CMA3 revealed stronger
protamination deficiency in sperm heads of young bulls
compared with older bulls (Table 1).

Variables of sperm head size (A, P, W) and protamina-
tion assessed by CMA3 showed negative significant corre-
lation with age (r ¼ �0.272; �0.241; �0.288; and �0.335,
r), respectively and positive significant correlation with
ellipticity (0.272, r), evaluated by toluidine blue method
(P < 0.05).

In spermatozoa showing abnormalities in chromatin
structure, the area of the head was significantly larger than
that in spermatozoa with normal chromatin structure
(Table 2).

Cleavage rates (76.58 � 4.84% to 81.09 � 9.79%) and
embryo development to the blastocyst stage at Day 7
(36.73�19.72% to 49.74� 30.58%) and Day 8 (37.84� 21.35%
to 48.15 � 28.04%) were unaffected (P > 0.05) by chromatin
damage in sperm cells (Table 3).

4. Discussion

This study shows a clear relationship between
compaction of chromatin and sperm head morphometry.



Table 1
Mean ðxÞ and standard deviation (�SD) of motility, concentration, major, minor, and total sperm defects, morphometric variables of the sperm head,
chromatin decompaction, and instability of chromatin evaluated by toluidine blue and percentage of spermatozoa with chromatin alteration evaluated by
CMA3 staining of young (N ¼ 27, H ¼ 7629), adult (N ¼ 59, H ¼ 15186), and senile (N ¼ 36, H ¼ 8966) Bos taurus indicus Nelore bulls.

Parameters Young (x � SD) Adult (x � SD) Senile (x � SD)

Motility (%) 38.9 � 10.9a 38.2 � 8.8ab 33.7 � 6.1b

Sperm concentration (�106 spermatozoa) 28.6 � 8.7a 21.0 � 3.3c 24.5 � 4.7b

Major sperm abnormalities (%) 13.7 � 5.0a 9.3 � 5.7b 9.2 � 4.7b

Minor sperm abnormalities (%) 5.1 � 3.3 6.3 � 3.9 6.3 � 5.0
Total sperm abnormalities (%) 18.8 � 7.0 14.5 � 7.8 15.1 � 6.4
Area (pixels) 1848.5 � 119.79a 1672.9 � 104.46b 1723.1 � 124.41b

Perimeter (pixels) 10.23 � 0.29a 9.86 � 0.33b 9.97 � 0.33b

Width (pixels) 1.95 � 0.1a 1.81 � 0.061b 1.83 � 0.09b

Length (pixels) 3.89 � 0.11 3.81 � 0.14 3.86 � 0.13
Width/length 0.5 � 0.03a 0.48 � 0.02b 0.47 � 0.02b

Elliptical shape 0.33 � 0.02a 0.36 � 0.02b 0.36 � 0.02b

Shape factor 0.92 � 0.02a 0.91 � 0.01b 0.9 � 0.01b

Fourier 0 2784.9 � 212.01 2751.4 � 272.4 2810.0 � 2226.24
Fourier 1 293.14 � 59.94 281.32 � 44.88 274.62 � 50.6
Fourier 2 200.07 � 17.53a 181.64 � 14.56b 186.24 � 19.42b

Lateral symmetry 0.961 � 0.005a 0.958 � 0.003b 0.958 � 0.004b

Anteroposterior symmetry 0.93 � 0.01 0.93 � 0.01 0.93 � 0.01
Chromatin decompaction (%) 1.13 � 0.22 1.06 � 0.34 1.04 � 0.29
Instability of chromatin (%) 0.91 � 0.17 0.83 � 0.15 0.86 � 0.15
CMA3 1.57 � 0.76a 1.09 � 0.63b 0.90 � 0.59b

a,bDifferent letters in the line indicate significant differences by Tukey test (P < 0.05).
Abbreviations: CMA3, Chromomycin A3; H, number of sperm heads; N, number of evaluated ejaculates.
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Young bulls presented larger sperm head area than both
adult and senile bulls, possibly due to higher protamination
deficiency index, as demonstrated by CMA3 staining, and
higher values of major sperm defects. Nevertheless, 4% to
16.15% of spermatozoa with deficient chromatin compac-
tion in the sample did not impair embryo development in
IVP until Day 8.

Previous studies in Nelore bulls showed changes in
semen quality after puberty characterized by increased
motility and percentage of normal morphology in addition
to a decrease of major sperm defects [29]. In another
research, young bulls at mean ages of 13,18, and 24months
showed an increase in the percentage of morphologic
normal sperm with age progression [30]. Positive correla-
tions between age and body and testicular growth or
seminal physical aspects of the ejaculate were observed in
Nelore bulls between 10 and 20 months showing an
improvement in seminal characteristics with sexual
maturity. In agreement with our study, sperm defects also
decreased with age [31].

Our results indicate that young bulls had larger sperm
head area than both adult and senile bulls. To our knowl-
edge, there are no studies comparing these morphometric
sperm parameters at different ages following sexual
Table 2
Mean (x) and standard deviation (�SD) of the spermatozoa head areawith
abnormal and normal chromatin structure.

Group H Area (pixels); (x � SD)

Abnormal chromatin 650 2194.8 � 509.08a

Normal chromatin 10,000 1792.1 � 324.28b

a,bDifferent letters in the column indicate significant differences
(P < 0.0001).
Abbreviation: H, number of sperm heads.
maturity in bulls. Similar results were shown in rams
where all morphometric dimensions values decreased,
except for length, with the increase of sexual maturity [32].
In rabbits, the highest values for width, area, and length
were observed in males with 6 to 8 months of age that
could be considered as mature rabbit males and sperm
head dimensions were shown to be hereditable [33].

A study in roosters showed larger sperm head area in
younger males due to increased morphological abnormal-
ities [34]. In contrast, older boars showed spermatozoa
with larger head area than their younger counterparts [35].
Fourier harmonic amplitude (FHA) 2 measures sperm
length, indicating microcephalic and macrocephlic sperm
[36] and this parameter was significantly increased in
young bulls. The FHA assists in the identification of changes
on sperm nuclear shape, and substantial variation in shape
exists among sperm considered to be normal. It has been
shown that bulls with reduced fertility have sperm nuclei
showing longer length (FHA 2). Identification of decreased
fertility in males is greater than 95% using FHA data, thus
allowing for the culling of bulls with reduced fertility,
identified through this analysis, reducing financial losses
[37].

Young bulls in the present study showed a higher per-
centage of spermatozoa with protamination deficiency,
rated by CMA3, possibly due to reproductive immaturity.
Similar results were observed in young rats when
compared to older ones, undergoing the same evaluation
by CMA3 [38]. Further, a study indicated a possible effect of
age in protamine content in Bos indicus bulls where agewas
positively correlated with low CMA3 binding [39]. The
authors also suggested an association between lower
sperm protamine content and sperm DNA damage. How-
ever, another study did not find a correlation between age
of bulls and sperm chromatin integrity following analysis



Table 3
Effect of chromatin damage in sperm cells on cleavage rates and embryo development to the blastocyst stage.

Group No of oocytes % Cleavage (x � SD) % Blastocyst Day 7 (x � SD) % Blastocyst Day 8 (x � SD)

Control 158 81.09 � 9.79 49.74 � 30.58 48.15 � 28.04
CD 158 78.76 � 9.24 46.05 � 25.55 45.35 � 28.65
WCD 164 76.58 � 4.84 36.73 � 19.72 37.84 � 21.35

The data represent the mean (x) � standard deviation (�SD). No differences were observed between treatments (P > 0.05, Tukey’s test).
Abbreviations: CD, sperm cells with chromatin damage; SD, standard deviation; WCD, sperm cells without chromatin damage.
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by Sperm-bos-halomax and sperm chromatin structure
assay [30]. This can be explained by the difference in age
groups employed in the studies and also by the fact that we
used highly selected animals from an Artificial Insemina-
tion Center.

We observed that spermatozoa with chromatin changes
present macrocephaly when compared to those considered
normal in regards to chromatin status and also a less
elliptical shape to their heads. These results were similar in
all age groups studied. It is known that condensation of
sperm DNA, in addition to protecting the genetic material,
determines the shape and size of the sperm cell [6,7].
Therefore sperm showing fragmented DNA are commonly
associated with morphologic sperm abnormalities [11].
However, abnormalities in chromatin are not always
accompanied by apparent morphologic changes, indicating
the need of analyzing the sperm DNA regarding chromatin
compaction, to improve the use of reproductive bio-
technologies [11,22]. Previous study showed a high and
positive correlation between primary sperm defects and
chromatin alteration, suggesting that sperm chromatin
structure affected sperm head morphology [3].

Spermatozoa with deficient chromatin compaction in
the sample (up to 16.15%) did not impair the initial
development of in vitro produced embryos until Day 8 of
culture. Data are in agreement with previous study by
Fatehi et al. [40] who demonstrated that DNA damage in
bovine sperm does not block fertilization and early em-
bryonic development but induces apoptosis after the first
cleavages. One hypothesis for this finding may the
reduced number of spermatozoawith damaged chromatin
in the sample or the short period analyzed, suggesting
that further research to evaluate the relationship between
DNA damage on pregnancy, abortion, and postnatal
development is warranted. Nevertheless, up to the pre-
sent date, there are no consistent data considering the
effects of DNA damage on embryo development or preg-
nancy outcome [9].

In the present study, we used pooled semen of three
different individuals per group aiming to remove the bull
effect [25]. Available evidence suggests the existence of a
bull effect on embryonic development that may not be
related to sperm penetration rate or the apparent
normality of fertilization [25,41–46]. In fact, a previous
study from our group investigating cytoplasmic droplets in
sperm cells, observed that the bull effect was more
important to the embryo development than the defect it-
self [47]. For the purpose of IVP, an interesting alternative to
avoid bull effect is to use pooled semen rather than semen
from only one bull [48]. Our objective in the present work
was to compare semen of bulls with chromatin damage
with semen from healthy animals, regardless of different
intensities of injury. So pooling the semen of different an-
imals was employed to avoid the bull effect, to investigate
chromatin damage.

Our current results shed light on physiological age-
related changes in sperm head dimensions and chromatin
compaction and for optimization of fertility. The integrity of
spermatozoal DNA is an important factor because defects in
chromatin are incompatible with fertility [49] and is often
not analyzed in routine semen analysis [50].

CMA3 results have shown that young bulls had higher
percentages of spermatozoawith protamination deficiency,
whereas no significant differences between age groups
could be shown by toluidine blue staining. This may be
explained by the fact that only a few sperm cells (100 cells/
sample) can be evaluated by the toluidine blue technique
compared to CMA3 (10,000 cells/sample) by means of flow
cytometry.

The finding that young bulls present larger sperm head
dimensions, likely due to looser chromatin, implies that
bulls of this age should be further tested in the procedure of
selection of semen donors. The study highlights the
importance of morphometric evaluation of sperm heads
followed by DNA analysis in routine semen analysis. Since it
was demonstrated that spermatozoa with less chromatin
compaction are larger than those considered normal, the
use of semen with a high amount of spermatozoa with
increased sperm head size in reproduction biotechnologies
should be avoided to minimize fertilization failure.

4.1. Conclusions

From our results, it can be concluded that spermatozoa
of young Nelore bulls have larger head dimensions when
compared to those of adult and senile bulls due to lower
protamination levels, when evaluated by CMA3, and major
abnormalities. Deficiencies in chromatin compaction
appear to be associated to an increase in sperm head di-
mensions. However, when present up to a 16.15% level in
the sample, this lesser compaction did not affect embryo
development to Day 8 in an IVP system.
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