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ABSTRACT

The aims of this study were to identify and characterize 
the morphometrically distinct sperm subpopulations into 
cryopreserved bull semen and to determine how sperm with 
damaged chromatin are distributed in each subpopulation. To 
this, sperm of fifteen cryopreserved ejaculates from Brahman 
bulls were stained with toluidine blue and chromatin integrity 
status was determined to each sperm, and simultaneously sperm 
head morphometry was determined using a CASMA software. 
Posteriorly, CLUSTER analysis to determine the number of 
sperm morphometrically distinct subpopulations according to 
morphometric parameters (length, width, area and perimeter) 
was carried-out, and the distribution of sperm with damaged 
chromatin in each sperm subpopulation was determined. A total of 
2,273 sperm were analyzed, 70.35% with normal chromatin and 
29.65% with damaged chromatin. CLUSTER analysis identified 
three sperm subpopulations, SP1 (smallest sperm-head) with 
143 sperm (6.29%), SP2 (intermediate sperm-head) with 1,376 
sperm (60.54%) and SP3 (biggest sperm-head) with 754 sperm 
(33.17%). Percentage of sperm with damaged chromatin was 
lower in SP2 (20.58%; P<0.05) in comparison with SP1 (53.15%) 
and SP3 (42.31%). No differences were observed between SP1 
and SP3 (P>0.05). In conclusion, Cluster analysis identified three 
morphometrically distinct subpopulations in cryopreserved bull 
semen, and sperm with damaged chromatin were presented 
in all these subpopulations, with intermediate sperm-head 
subpopulation having the lowest percentage of sperm with 
damaged chromatin, suggesting that this sperm subpopulation 
has more stable chromatin.

Key words: Sperm chromatin; sperm head; toluidine blue; 
morphometry; subpopulations.

RESUMEN 

Los objetivos de este estudio fueron identificar y caracterizar 
subpoblaciones espermáticas morfométricamente distintas 
en semen criopreservado de toros y determinar cómo los 
espermatozoides con cromatina dañada se distribuyen en cada 
subpoblación. Para esto, espermatozoides criopreservados de 
toros Brahman fueron teñidos con azul de toluidina para determinar 
la integridad de la cromatina y simultáneamente se determinó la 
morfometría de cada cabeza espermática usando un software 
para AMAC (Análisis Morfométrico Asistido por Computadora). 
Posteriormente, se realizó un análisis CLUSTER para determinar 
el número de subpoblaciones morfométricamente distintas de 
acuerdo a los parámetros morfométricos (largo, ancho, área y 
perímetro), y la distribución de los espermatozoides con cromatina 
dañada en cada subpoblación fue determinada. Un total de 2.273 
espermatozoides fueron analizados, 70,35% con cromatina 
normal y 29,65% con cromatina dañada. El análisis CLUSTER 
identificó tres subpoblaciones, SP1 (cabezas pequeñas) con 143 
espermatozoides (6,29%), SP2 (cabezas intermedias) con 1.376 
espermatozoides (60,54%) y SP3 (cabezas grandes) con 754 
espermatozoides (33,17%). El porcentaje de espermatozoides con 
daño en la cromatina en la SP2 (20,58%, P <0.05) fue menor que 
en SP1 (53,15%) y SP3 (42,31%). No se observaron diferencias 
entre SP1 y SP3 (P>0,05). En conclusión, se identificaron tres 
subpoblaciones espermáticas morfométricamente distintas en el 
semen criopreservado de toros Brahman y los espermatozoides 
con cromatina dañada estuvieron presentes en las tres 
subpoblaciones, con la subpoblación de cabezas intermedias 
(SP2) teniendo el porcentaje más bajo de espermatozoides con 
daño en la cromatina, sugiriendo que estos espermatozoides 
tienen una cromatina más estable. 

Palabras clave: Cromatina espermática; cabeza espermática; 
azul de toluidina; morfometría; subpoblaciones. 
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INTRODUCTION

Classical sperm quality evaluation includes the measure 
of integrity and functionality of sperm membrane, acrosome 
integrity, motility, morphology and capacitation and several 
studies have reported a relationship between these parameters 
and bull (Bos taurus/Bos indicus) fertility [10, 13, 27]. Currently, 
other parameters have become relevant. This is the case of 
chromatin integrity and sperm head morphometry. Damaged 
chromatin has a negative correlation with other parameters 
of sperm quality, embryo development and pregnancy rate 
[9, 15, 16, 18, 22, 29, 31, 48]. Few studies about relationship 
between sperm head morphometry and another sperm quality 
parameters or fertility has been published. In bull semen, pre-
freeze morphometry parameters were related with fertility [11]. In 
Iberian red deer (Cervus elaphus hispanicus) semen, changes in 
the frequency distribution of sperm within some subpopulations 
after cryopreservation were related with post-thaw sperm 
quality [8], while in boar (Sus scrofa domesticus), sperm head 
morphometric parameters in fresh semen were related with post-
thaw membrane integrity and motility [36].

Because sperm head is composed by chromatin (DNA 
condensed by protamine proteins), the chromatin integrity, the 
shape sperm head and the sperm head morphometry should 
be related, and several studies have been published. Variation 
of sperm head morphology is a good indicator of chromatin 
integrity [17] and sperm with damaged chromatin have more 
morphoanomalies than sperm with normal chromatin [2, 7, 
30]. However, the relationship between chromatin integrity and 
sperm head morphometry is more controversial. Sailer et al. [44] 
observed a positive correlation between morphometric parameters 
with sperm susceptibility. To DNA denaturation measured with 
Sperm Chromatin Structure Assay (SCSA), but Beletti et al. [6] 
observed that sperm head with less packed chromatin have lower 
area than sperm head with normal chromatin. While, Nava-Trujillo 
et al. [32] observed than bull sperm with damaged chromatin 
had more width and area and less ellipticity than sperm with 
normal chromatin. Since both canine (Canis familiaris) and bull 
(Bos taurus; Bos indicus) sperm contain only protamine 1 [21, 
23], and in canine, sperm head with fragmented chromatin were 
more elliptical [20] and a relationship between morphometric 
sperm subpopulations and damaged chromatin integrity has been 
observed [33], a similar situation can be expected in bull sperm.

The association between Computer-assisted Sperm 
Morphometry Analysis (CASMA) and statistical software have 
allowed cluster the spermatozoa according to morphometric 
parameters in morphometrically distinct subpopulations [8, 25, 
36, 43]. Recently, toluidine blue, a nuclear stain used to evaluate 
chromatin integrity [4, 26, 31] has been used successfully to 
morphometric analysis by CASMA [4, 34, 38], and this combination 
has opened the possibility to evaluate simultaneously the sperm 
head morphometry and chromatin integrity as well as their 
relationship and could be a powerful tool to improve the results 

of spermiogram [33]. Currently, there are no studies about 
another characteristics different to morphometric parameters, 
like chromatin integrity, of sperm into each morphometrical 
subpopulation in bull semen, therefore, the purpose of this 
study was to identify and characterize the morphometrically 
distinct subpopulations of cryopreserved bull sperm and to 
determine how sperm with damaged chromatin are distributed 
in each subpopulation, using a combination of toluidine blue 
stain and CASMA.

MATERIALS AND METHODS

Semen collection and processing

Three ejaculates from five fertile Brahman bulls, 5-8 years old, 
in regular service were obtained from the artificial insemination 
center of VIATECA at Machiques, Zulia State, Venezuela. 
The ejaculates were collected between 6:00 and 8:00 am. 
After semen collection by using an artificial vagina, sperm 
concentration and subjective scores of motility (wave motion) 
were performed. The sperm concentration of each sample was 
determined by photometer (SpermaCue, Minitub®, Germany). In 
addition, ejaculates were diluted and used to assess individual 
sperm motility. The sperm samples were diluted at 30°C to final 
sperm concentration ~40x106 sperm/mL with a skim milk-egg 
yolk medium, containing 15% of skim milk, 1% of egg yolk, 7% 
glycerol, besides TRIS, fructose and antibiotics (Tilosin 0.56%, 
Linco-Espectin 0.56%, Gentamicin 0.74%) in a final solution with 
adjusted pH at 6.8. The dilution was carried out in two stages. 
The first extender (A) was added at 30°C and two (h) later, the 
second extender (B) at 5°C. Seminal samples in the “extender 
A” were cooled down slowly up at 5°C. This cooling up at 5°C 
lasted 2 h approximately. The second extender differed of the first 
one in the substitution of water (14%, v/v) with the same glycerol 
volume (final concentration = 7%). Then, the diluted sperm was 
refrigerated slowly at 5°C for 2 h, equilibrated at temperature 
for 2 h and loaded into 0.5 mL straws. The straws were frozen 
in nitrogen vapours, 4 centimeter (cm) above the surface of the 
liquid nitrogen, for 10 minutes (min) and then plunged into liquid 
nitrogen (MVE® Millenium 2000, XC20, Minnesota, USA). One 
week after, thawing was carried out by placing the straws in a 
water bath (Gemmy® modelo YCW-03S, Taipei, Taiwán) at 37 °C 
for 20 seconds (s). and the sperm was allowed to equilibrate for 
5 min before evaluation. After thawing, samples were taken for 
sperm head morphometric and chromatin evaluation.

Chromatin integrity

Chromatin integrity was evaluated with toluidine blue stain 
[26]; with this procedure, sperm with normal chromatin look light 
blue or green, whereas dark blue or violet sperm are considered 
as having damaged chromatin. Sperm slides were prepared 
and stained as described by Beletti et al. [4]. Five µL of semen 
were placed on the clear end of a frosted slide and dragging 
the drop across the slide, air dried and fixed in ethanol–acetic 
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acid (3:1, v/v) for 1 min and 70% ethanol for 3 min; then, smears 
were hydrolyzed for 25 min in 4 N of chloridric acid, rinsed in 
distilled water and air-dried. One droplet of 0.025% toluidine blue 
in McIlvaine buffer (sodium citrate-phosphate) pH 4.0 was placed 
over each smear and then coverslipped.

Morphometric analysis of sperm heads

Toluidine blue stained sperm heads were evaluated using the 
morphometry module of a commercially available system (Sperm-
Class Analyzer®, Microptic, Barcelona, Spain). The equipment 
consisted of a Nikon (Labophot-2, Tokyo, Japan) microscope with 
ax 60 bright-field objective and a Sony video camera (CCD AVC-
D7CE, Sony Corporation, Tokyo, Japan) connected to a Pentium 
950 MHz processor. The illumination source was centered and 
the intensity of the bulb and the gain and offset of the camera 
were standardized for all samples. The configuration of the 
computer system included a PIP-1024 B video digitizer board 
(Matrox Electronic Systems Ltd., Quebec, Canada), the sperm 
image analysis software and a high-resolution assistant monitor 
Sony Triniton PVM-1443MD (Sony Corporation, Tokyo, Japan). 
The array size of the video frame recorder was 512 x 512 x 8 
bits, digitized images were made up of 262.144 pixels (picture 
elements) and 256 grey levels. Resolution of images was 0.15 and 
0.11 µm per pixel in the horizontal and vertical axes, respectively.

The system only detected the boundary of sperm heads and 
their outlines were displayed as white overlays superimposed on 
the video image and four measurements of sperm heads were 
obtained (length in µm, width in µm, area in µm2, perimeter in 
µm). The sperm heads, regardless of morphology, were selected 
for the morphometric analysis and simultaneously were classified 
according chromatin integrity. The measurements of each 
individual sperm head and their chromatin integrity status (normal 
or damaged) were saved in an Excel® (Microsoft® Corporation, 
Redmond, Washington, USA)-compatible database by the 
software for further analysis.

Statistical analysis

Data analysis was performed using SPSS 20 for windows 
computer program (SPSS Inc, Chicago, IL, USA). All sperm head 
measurements were clustered by length, width, area, perimeter 
using iterative k-means cluster analysis to classify spermatozoa 
into a reduced number of subpopulation according to their 
head dimensions and then a step-wise discriminant analysis 
of the clusters was obtained [36]. The effects of cluster on the 
measurements of length, width, area and perimeter were analyzed 
by generalized linear model analysis of variance, and the effect of 
chromatin integrity (normal or damaged) on the relative frequency 
of spermatozoa into each morphometric subpopulation was 
analyzed by Mantel-Haenszel Chi-square tests. 

RESULTS AND DISCUSSION

A total of 2,273 sperm head stained with toluidine blue were 
evaluated simultaneously to morphometry with CASMA system 
(SCA®) and chromatin integrity, 70.35% of sperm were with normal 
chromatin and 29.65% with damaged chromatin. After cluster 
analysis, according to morphometric parameters (length, width, 
area and perimeter) three morphometric distinct subpopulations 
were identified. Head dimensions to each subpopulation are 
summarized in TABLE I. The subpopulation 1 (SP1) was 
composed by the 6.29% of sperm and this included the smallest 
sperm head dimensions. Subpopulation 2 (SP2) characterized 
by spermatozoa with intermediate sperm head dimensions was 
integrated by the 60.54% of sperm; while subpopulation 3 (SP3) 
corresponding to the biggest sperm head was represented by the 
33.17% of sperm.

Proportion of spermatozoa with damaged chromatin was 
significantly lower in the subpopulation with intermediate sperm 
head (SP2) with 20.28%, in comparison with the 53.15% and 
42.31% in SP1 and SP3, respectively (TABLE II). No differences 
in the proportion of sperm with damaged chromatin between SP1 
and SP3 were observed.

TABLE I
STATISTICAL DESCRIPTORS AND PERCENTAGE OF SPERM HEADS WITHIN EACH SUBPOPULATION FOR THAWED BULL 

SPERMATOZOA
Sperm Subpopulation

Morphometric Parameters 1 2 3
Length (µm) 6.97 ± 0.54c 7.77 ± 0.007b   8.30 ± 0.01a

Width (µm) 3.86 ± 0.31c 4.18 ± 0.004b   4.44 ± 0.008a

Area (µm2)  23.69 ± 0.24b 28.51 ± 0.02b 32.10 ± 0.07a

Perimeter (µm)  19.03 ± 0.11c 21.05 ± 0.01b 22.57 ± 0.06a

Relative frequency %, (n)* 6.29 (143)c 60.54 (1376)a 33.17 (754)b

a,b,c values with different superscripts in the same row were significantly different (P < 0.0001). Results are presented as means ± 
standard error. The total number of spermatozoa analyzed was 2273. 
*Relative frequency, values of chi-square test and Mantel-Haentsel chi-square revealed significant differences in the percentage of 
spermatozoa to each cluster (P < 0.0001).
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TABLE II
PROPORTIONAL DISTRIBUTION OF SPERM ACCORDING 

TO CHROMATIN INTEGRITY STATUS IN EACH 
SUBPOPULATION

Sperm Subpopulation
Chromatin Integrity
Normal Damaged

1 46.85b 53.15a

2 79.72a 20.28b

3 57.69b 42.31a

a,b Values with different superscripts in the same column 
were significantly different (P< 0.0001). The total number of 
spermatozoa analyzed was 2,273. 

Mammalian ejaculate is not composed by a homogenous 
population of spermatozoa. Unlike, semen of different species 
have different sperm subpopulations according to motility [1, 
24, 37, 39], morphometry [8, 25, 36, 43, 46], chromatin integrity 
[33] or morphology and chromatin integrity [7, 30]. In this study, 
three morphometrically distinct subpopulations were identified by 
cluster analysis, smallest (SP1), intermediate, (SP2) and biggest 
(SP3) and different proportions of sperm to each one were 
observed, with SP2 having the highest frequency and this is in 
agree with Rubio-Guillén et al.  [43]. In Iberian red deer (Cervus 
elaphus hispanicus), subpopulation with more spermatozoa 
was those composed by the biggest sperm with 42.94% [8]. 
Sperm distribution within each subpopulation is affected by bull 
and cryopreservation process [43]. Cryopreservation reduce 
sperm head size [11, 12, 42]. Sperm head dimensions to each 
subpopulation observed in the present study were lower than 
those reported to thawed semen from Brahman bulls [43], and 
this difference could be due to the stain used (Hemacolor®), while 
in the present study it was used toluidine blue and this stain has 
been reported by reduce the sperm head size in comparison with 
Hemacolor [38]. In addition, it has been observed than sperm 
head from Bos indicus bulls are smaller than those form Bos 
taurus bulls or their crossbred [5, 34, 42].

In the present study, SP1, comprised by the smallest sperm 
head, had more than 50% of sperm with damaged chromatin. 
Sperm with less packed chromatin had a lower head area than 
sperm with normal chromatin [6] and a negative correlation 
between chromatin decondensation with sperm head area and 
perimeter has been observed [4], although this situation was not 
observed in sperm after Percoll centrifugation [34]. 

In SP3 (biggest sperm head), 42.31% of sperm had damaged 
chromatin. Probably an extensive loss of protamine could 
cause a more extensive decondensation of chromatin resulting 
in an increase of sperm head size. In human, percentage of 
sperm stained positively with Chromomycin A3, an indication of 
deprotamination, had a positively correlation with macrocephaly 
sperm [14]. Additionally, in bull, sperm head area after a 
decondensation treatment was positively correlated with retention 
of histones [35]. Diploidy has been related with an increase of 
sperm head area and alteration in chromatin condensation in 

bulls [41], although in stallion sperm, nuclear area was similar 
between haploid and diploid sperm, but a significant difference 
was observed among these two subpopulations and polyploid 
sperm [45]. Additionally, in bull it was observed than dead sperm 
have higher sperm head area than live sperm [40].

Abnormal chromatin in bull (Bos taurus; Bos indicus) sperm 
is heterogeneous and affects various regions of sperm head 
[3, 4] and its impact on sperm head morphometry (reduction, 
no effect, or increase) could depend of the alteration in the 
DNA-protamine link or another structure like matrix or annulus 
of sperm nucleus [4]. This could explain why there are sperms 
with damaged chromatin into the three sperm subpopulations 
determined in the present study. The present study was carried-
out with cryopreserved sperm, and cryopreservation affects both 
morphometry [11, 12, 42, 43] and chromatin [19, 28, 47]. Now, what 
factors could explain why SP2 presented the lowest percentage 
of sperm with damaged chromatin, is an unanswered question. 
Spermatozoa in SP2 could represent a subpopulation resulting 
from cryopreservation process with more resistant chromatin. 
Cryopreservation affect the distribution of sperm into each 
subpopulation, and it has been observed that percentage of sperm 
into the subpopulation of intermediate sperm head increased 
from 39.24% in fresh semen to 50.45% in thawed semen, while 
percentage of sperm into the biggest sperm head subpopulation 
decreased from 52.06% in fresh semen to 15.51% in thawed 
semen and percentage of sperm into the smallest sperm head 
subpopulation increased from 8.70% in fresh semen to 34.04% 
in thawed semen [43], according to these results, intermediate 
sperm head subpopulation in thawed semen, is in part composed 
by sperm from the biggest sperm head subpopulation in fresh 
semen, to which the cryopreservation reduced the head size and 
also in few cases affected the chromatin integrity. 

Although these reasons are purely speculative, the results 
of this study have important implications to the way that sperm 
quality is evaluated, to the design of cryopreservation protocols 
and to the evaluation of cryopreservation effects on sperm quality 
and the estimation of bull fertility and further research should 
be granted. Probably the use of fresh semen could offer clearer 
results, since the effect of cryopreservation process on head 
morphometry and chromatin integrity would avoid. 

CONCLUSIONS 

In conclusion, three morphometrically distinct subpopulations 
in thawed bull semen were identified, with most of the sperm into 
the subpopulation represented by sperm head with intermediate 
dimensions and within this subpopulation presenting the lowest 
percentage of sperm with damaged chromatin, suggesting that this 
sperm group has a more stable chromatin or than morphometric 
characteristics of these sperm could provide more protection 
or resistance to the chromatin. Additionally, toluidine blue is an 
appropriate stain to the simultaneously measure of morphometry 
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and chromatin integrity in bull sperm, which could improve the 
routine sperm quality evaluation and fertility estimation.
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