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Abstract

This study was an attempt to evaluate sperm chromatin structure in the semen of insemination boars. Preparations of
semen were stained with acridine orange, aniline blue, and chromomycin A3. Abnormal protamination occurred more frequently
in young individuals whose sexual development was not yet complete, but may also be an individual trait. This possibility
is important to factor into the decision regarding further exploitation of insemination boars. Thus a precise assessment
of abnormalities in the protamination process would seem to be expedient as a tool supplementing morphological and
molecular evaluation of semen. Disruptions in nucleoprotein structure can be treated as indicators of the biological value of
sperm cells.
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Introduction

Evaluation of semen is a basic tool in the
diagnosis of male fertility. However, routinely
performed tests of basic semen parameters appear to
be insufficient to determine fertility. This takes on
greater importance in the case of breeders used at
insemination centres. The costs of purchasing and
keeping selected males are not always commensurate
with the quality of the semen obtained from them and
its fertilisation capacity. Hence it would be worth
expanding preliminary semen diagnostics to include
additional tests, at least at the start of a breeder’s
exploitation. A lack of success in fertilisation may
have deeper causes (23). Some authors suggest that in
addition to standard semen analysis, functional tests
should be used as well, as the fertilisation rate
depends to a large extent on the quality of the semen
used for insemination (10, 26). Research on the
integrity of boar sperm DNA has been conducted by
Fraser and Strzeżek (16), Perez-Llano (29), and
Hu et al. (20), who used the comet assay to assess the
degree of DNA defragmentation due to storage of

semen at different temperatures and in different
diluents. Evaluation of chromatin structure is one of
the means of assessing semen quality. A growing
focus of interest in the area of sperm chromatin
condensation is clarification of how protamination
and retained histones affect the epigenetic state of the
mature sperm cell (8, 22). For this reason, the use of
indirect methods based on various staining techniques
for assessing the quantity of protamines and
measuring chromatin structure (DNA or chromatin
integrity) is currently becoming widespread (21, 23).
The available literature describes studies on human
semen, in which chromatin structure is assessed in
order to predict fertilisation in patients undergoing
intracytoplasmic sperm injection (ICSI) or in vitro
fertilisation (IVF) (25, 28). It would be advisable to
conduct similar pilot research on animals, especially
those used for insemination, and in particular young
individuals at the start of their exploitation, in order to
eliminate breeders with low fertilisation capacity.
Hence, the aim of this study was an evaluation of
sperm chromatin structure in the semen of
insemination boars.
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Material and Methods

The material for the study consisted of semen
collected from 34 insemination boars used at
insemination stations in the Masovian Province. The
material for the study was obtained during slaughter at
a facility where each stage of processing was subject
to veterinary control and met European Union
requirements, as well as the requirements of the
National Ethics Committee for Animal Experiments
of the European Union.

The animals were 12-56 months old. From each
boar 10 ejaculates were collected and evaluated.
A total of 340 ejaculates were used. Immediately after
collection, the ejaculates were analysed to determine
their basic physical characteristics: volume after
removal of the gel fraction (mL), concentration of
sperm cells determined by photometry (AccuRead
photometer, IMV Technologies, France) (1000/mm3),
and percentage of sperm cells exhibiting progressive
movement, using a light microscope. Microscope
slides were stained using 3 techniques.

One technique was chromomycin (CMA3)
staining according to Lolis et al. (25). The slides were
initially incubated in Carnoy’s solution at 40°C for
5 min. Each slide was treated for 20 min with 100 μL
of CMA3 stain solution (0.25 mg/mL in McIlvane’s
buffer, pH 7.0, containing 10 mM MgCl2). The slides
were rinsed in the buffer and mounted with buffered
glycerol. The percentages of sperm cells with normal
chromatin packaging (dull green fluorescence) and
abnormal chromatin packaging (bright green
fluorescence) were determined.

Aniline blue (AB) staining according to Franken
et al. (15) was also used. The slides were initially
incubated in 3% buffered glutaraldehyde at room
temperature. After thorough rinsing with distilled
water they were stained with 5% AB in 4% acetic acid
(pH 3.5) for 5 min. Next, they were rinsed again and
lightly stained with 0.5% eosin for 1 min. This was
a modification suggested by Wong et al. (36) to
augment staining of the sperm cells. The presence of
cells with normal histone content (pale blue staining)
and histone content that was too high (bright blue
staining) were analysed.

The third technique was acridine orange (AO)
staining according to Tejda et al. (35). The stock
solution was prepared by dissolving 1 mg of AO in
1000 mL of distilled water. Storage was in the dark at
4°C. The staining solution was prepared from 10 mL
of stock solution, 40 mL of 0.1 M citric acid, and
2.5 mL of 0.3 M Na2HPO4 and its final concentration
was 0.19 mg/mL, with pH 2.5. The slides were then
stained with 2-3 mL of staining solution for 10 min.
The slides were rinsed with distilled water and the wet
slides were covered with a cover slip, which was
sealed with rubber cement. Microscope analysis of the
slides involved identification of sperm cells with
normal DNA structure (green fluorescence) and

damaged single-stranded DNA (orange fluorescence).
All chemicals for sample preparation were obtained in
the highest commercially available purity from
Sigma-Aldrich Co. LLC (Poland).

The microscope analysis of the slides was
performed using an Olympus BX50 fluorescence
microscope (Olympus, Japan). In each slide 500
sperm cells were analysed, for a total of 17 000 sperm
cells.

The material collected was divided into three
groups according to the age of the boar. The first
group contained data on ejaculates collected from
boars aged up to 18 months, the second from boars
aged 18-24 months, and the third from boars older
than 24 months (the age given relevance was the age
of the boars on the day the ejaculates were collected).
Statistical differences between the samples were
tested using Tukey's test and one-way analysis of
variance (ANOVA) (STATISTICA version 10.0,
StatSoft Inc., USA). The level of significance was set
at P ≤ 0.05 or P ≤ 0.01.

Results

Table 1 presents data concerning the basic
physical characteristics of boar ejaculates and
evaluation of sperm chromatin structure performed
comparatively using 3 staining techniques. The data
show that quantitative and qualitative semen
characteristics depend on the individual predisposition
of a given boar. The semen characteristics of most
boars were within the norms adopted for insemination
boars. In boar 1, the mean percentage of sperm
exhibiting progressive motion was low (60%), which
is borderline normal for a breeder. However, no
significant percentage of sperm with abnormal
protamination was observed in the semen of this
individual. Markedly reduced sperm motility was
found in boars 7 and 17. These were young males
assigned to the first age group. Most of the ejaculates
collected from boar 7 exhibited asthenozoospermia.
Another breeder whose sperm had abnormal
protamination was boar 24. This boar was between
1.5 and 2 years of age when the semen was collected
and was thus assigned to the second age group. Its
ejaculates were of fairly high volume and sperm
concentration, and the sperm cells had normal
motility. However, the percentages of sperm with
abnormal chromatin packaging and with excessively
high histone content were 14.5% and 7.9%
respectively. No sperm cells with fragmented DNA
were found in the semen of this boar. Apart from
these 3 cases, the ejaculates were within reference
values for insemination boars, despite considerable
individual variation.

The proportion of normal spermatozoa in the
semen of 3 groups of boars after staining by 3
techniques is presented in Fig. 1.
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Table 2 shows data pertaining to ejaculate
characteristics and the results of staining, taking into
account the age of the boar on the day of semen
collection. Older individuals were found to have
ejaculates of somewhat lower volume, but greater
sperm concentration. The percentage of sperm
exhibiting progressive movement in the ejaculate is
significantly higher in individuals over 1.5 years of
age. It should be kept in mind, however, that the
results obtained for the 3 boars discussed above
unquestionably affected the average for the
population. Abnormal protamination was more often
observed in young boars (up to 1.5 years) whose
sexual development was not yet complete. This was
evidenced by the higher percentages of sperm with

lower chromatin condensation and abnormal histone
retention - 9.88% and 8.41% respectively. The
frequency of sperm with abnormal protamination
appears to decrease as the boars grow older, as in
individuals aged over 2 years the frequency of sperm
with chromatin abnormalities did not exceed 0.7%.

Table 3 presents correlation coefficients between
the staining techniques. The data show a high positive
correlation between semen stained with CMA3 and
AB, as the 2 techniques complemented each other,
and a smaller but also positive correlation between
these 2 techniques and AO, as sperm cells with
abnormal protamination did not always have
fragmented DNA.

Table 1. Semen characteristics (average ±SD) and evaluation of sperm chromatin structure for the 3 staining techniques in particular boars

Boar
Ejaculation
volume (mL)

Concentration
(x106/mL)

Progressive
motility (%)

Results of CMA3 Results of AB Results of AO

x ± SD x ± SD x± SD x± SD x± SD x± SD
1 385 ± 70.61 552 ± 57.62 60 ± 18.00 1.00 ± 0.53 0.52 ± 0.36 0.00 ± 0.00
2 333 ± 67.42 482 ± 29.50 80 ± 0.00 0.28 ± 0.39 0.32 ± 0.23 0.04 ± 0.09
3 315 ± 35.00 900 ± 112.45 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
4 456 ± 52.87 386 ± 80.80 80 ± 0.00 0.46 ± 0.41 0.23 ± 0.34 0.09 ± 0.23
5 188 ± 29.00 510 ± 47.49 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
6 124 ± 28.00 600 ± 79.20 80 ± 0.00 0.40 ± 0.30 0.00 ± 0.00 0.00 ± 0.00
7 370 ± 108.63 370 ± 57.15 15 ± 17.00 41.25 ± 5.29 35.25 ± 2.58 0.80 ± 0.37
8 237 ± 45.50 708 ± 71.90 80 ± 0.00 1.72 ± 1.67 0.36 ± 0.17 0.00 ± 0.00
9 540 ± 49.50 480 ± 67.45 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
10 125 ± 27.76 612 ± 212.53 80 ± 0.00 0.60 ± 0.28 0.40 ± 0.32 0.00 ± 0.00
11 326 ± 27.02 540 ± 171.61 80 ± 0.00 0.44 ± 0.38 0.36 ± 0.30 0.04 ± 0.09
12 175 ± 47.70 680 ± 80.00 80 ± 0.00 0.47 ± 0.64 0.00 ± 0.00 0.00 ± 0.00
13 262 ± 38.34 630 ± 168.08 80 ± 0.00 1.88 ± 1.50 0.96 ± 0.50 0.00 ± 0.00
14 271 ± 84.05 617 ± 148.41 80 ± 0.00 0.37 ± 0.34 0.27 ± 0.35 0.07 ± 0.16
15 250 ± 71.00 490 ± 58.30 80 ± 0.00 0.20 ± 0.25 0.00 ± 0.00 0.00 ± 0.00
16 228 ± 30.61 648 ± 178.93 80 ± 0.00 0.97 ± 0.63 0.67 ± 0.27 0.00 ± 0.00
17 254 ± 58.22 475 ± 28.87 38 ± 5.00 11.25 ± 1.65 8.90 ± 1.18 1.25 ± 0.77
18 380 ± 45.90 360 ± 47.09 80 ± 0.00 1.00 ± 0.50 0.00 ± 0.00 0.00 ± 0.00
19 120 ± 32.20 380 ± 76.99 80 ± 0.00 0.60 ± 0.30 0.20 ± 0.40 0.00 ± 0.00
20 243 ± 45.96 615 ± 133.35 80 ± 0.00 0.80 ± 1.13 0.90 ± 0.14 0.10 ± 0.14
21 380 ± 40.20 525 ± 106.07 80 ± 0.00 0.30 ± 0.42 0.20 ± 0.28 0.00 ± 0.00
22 420 ± 34.50 400 ± 53.22 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
23 260 ± 42.43 425 ± 17.07 80 ± 0.00 0.10 ± 0.14 0.50 ± 0.71 0.00 ± 0.00
24 470 ± 84.85 515 ± 120.21 80 ± 0.00 14.50 ± 0.71 7.90 ± 0.14 0.00 ± 0.00
25 320 ± 39.50 420 ± 45.33 70 ± 10.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
26 203 ± 111.22 496 ± 71.27 70 ± 18.00 0.32 ± 0.30 0.24 ± 0.22 0.04 ± 0.09
27 280 ± 58.20 430 ± 23.67 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
28 247 ± 24.95 763 ± 94.45 80 ± 0.00 0.00 ± 0.00 0.80 ± 0.57 1.40 ± 1.70
29 250 ± 45.30 650 ± 43.50 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
30 362 ± 104.02 336 ± 80.81 80 ± 0.00 0.24 ± 0.26 0.28 ± 0.23 0.00 ± 0.00
31 450 ± 74.83 352 ± 52.63 80 ± 0.00 0.80 ± 0.55 0.76 ± 0.84 0.04 ± 0.09
32 390 ± 56.44 520 ± 44.00 80 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
33 308 ± 45.60 468 ± 34.00 80 ± 0.00 0.20 ± 0.20 0.00 ± 0.00 0.00 ± 0.00
34 420 ± 78.40 640 ± 59.80 80 ± 0.00 1.60 ± 1.50 0.00 ± 0.00 0.00 ± 0.00
LSD0.05 137.413 249.242 15.218 0.606 1.454 2.824
LSD0.01 175.188 317.759 19.402 0.772 1.854 3.600

x mean value, SD - standard deviation; LSD - least significant difference; CMA3 - chromomycin; AB - aniline blue; AO- acridine orange
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Fig. 1. The proportion of normal sperm resulting from staining with different techniques in three age groups
(1 - boars aged up to 18 months, 2 - boars aged 18-24 months, 3 - boars older than 24 months). Abbreviations
as in Table 1

Table 2. Semen characteristics (average ±SD) and evaluation of sperm chromatin structure for the 3 staining techniques compared with
spermatozoa depending on boar age

Boar

Ejaculation volume
(mL)

Concentration
(x106/mL)

Progressive
motility (%) Results of CMA3 Results of AB Results of AO

x ±  SD x ±  SD x ±  SD x ±  SD x ±  SD x ±  SD
1 330.14 ± 101.63 468.41 ± 153.91 60.45 ± 28.20 9.88 ± 15.83 8.41 ± 13.39 0.53 ± 0.75
2 348.20 ± 91.36 518.72 ± 149.17 80.00 ± 0.00 1.73 ± 3.97 0.89 ± 2.13 0.01 ± 0.04
3 272.29 ± 117.94 555.96 ± 158.65 76.92 ± 9.61 0.65 ± 0.75 0.35 ± 0.40 0.02 ± 0.10
LSD0.05 50.957 73.044 7.023 0.170 2.991 3.615
LSD0.01 63.370 90.837 8.734 0.211 3.720 4.495

Abbreviations as in Table 1

Table 3. Correlation between sperm chromatin structure for the 3 staining techniques

Traits Results of CMA3 Results of AB Results of AO
Results of CMA3 1 0.98* 0.45*
Results of AB 0.98* 1 0.44*
Results of AO 0.45* 0.44* 1

*P ≤ 0.05
Abbreviations as in Table 1

Discussion

The functional effectiveness of germ cells, called
fertility, is determined by sperm chromatin and the
integrity of sperm DNA. If there are no abnormalities at
this level, there is a strong probability of a high
fertilisation rate and normal embryonic and foetal
development (4). DNA integrity can be a useful
indicator of fertility in humans and animals (4).
Research on animals which were experimentally
administered chemotherapeutic agents causing DNA
damage showed that damage to the paternal genome

affected the development of the embryo, and even had
a negative effect on subsequent generations (9, 14).
Factors within sperm are also thought to influence
pregnancy losses (27, 31). Some authors indicate that
defects of the sperm nucleus or chromatin may reduce
the fertilisation rate and affect the development of the
foetus (21). Sperm chromatin abnormalities may have
several causes: disturbances during histone-to-
protamine exchange, a lack of protamines, disturbances
at the level of sperm maturation in the epididymis, or
maintenance of chromatin stability during ejaculation
(23), which is dependent on zinc ions (4, 11).
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CMA3 is a fluorochrome that can be used to
detect cells with poor chromatin condensation due to
abnormal protamination (15). Some authors suggest
that sperm stained with CMA3 can be used to
differentiate morphologically distinct populations from
an entire group of morphologically normal sperm (25).
Other studies have shown that an increased percentage
of sperm cells in the semen reacting positively to
CMA3 is linked to reduced fertility and increased
frequency of recurrent pregnancy loss in humans (23).
The role of proteins is not limited to protamines, which
are the most abundant chromatin proteins in the sperm
cell (22). Histones play an equally important role. The
use of AB staining makes it possible to detect the
presence of histones in the sperm nucleus, which is
commensurate with a smaller quantity of protamines in
these sperm cells (27). AB selectively stains histones
due to their high lysine content (22). No threshold
value has yet been established beyond which cells take
on the stain and which would indicate functional
disturbances in the sperm cell, because the nucleus of
each gamete contains a certain small quantity of
histones, which is the physiological norm. Thus the
determination of such values in particular species
continues to be the subject of experiments by numerous
researchers, as histones are presumed to be involved in
the sperm maturation process and perhaps also in
fertilisation and early embryonic development (22).
However, the proper proportions must be maintained,
as abnormal histone retention leaves chromatin with
substantially lower condensation and thus greater
susceptibility to DNA damage (22). Studies show that
histones associated with DNA are associated with
genes that have an important role in cell differentiation
in the early stages of embryonic development (17). In
the spermatids, histones are replaced by protamines
leading to an intense chromatin condensation (18). This
process is also aimed at protecting sperm DNA from
enzymatic attack by nucleases and polymerases (23).
Sperm DNA is so well protected that, in contrast to
chromatin contained in somatic cells, it is resistant to
sonication (34) and nucleases (33). The reorganisation
of chromatin during spermatogenesis and its
concentrated structure in mature sperm cells is believed
to protect against DNA damage (31), to silence
transcription, and to facilitate movement of the germ
cell so that it can safely reach the oocyte (7). Critical
chromatin structures are thought to occur in sperm cells
before they undergo meiotic division (1). The absence
of protamines or abnormal protamine structure leads to
abnormalities in the chromatin condensation process in
the sperm nucleus, which affects the quality and
morphology of the semen, and thus its fertilisation
capacity (32, 37). Kazerooni et al. (23) showed that the
percentage of sperm cells exhibiting progressive
movement and the morphology of sperm are
significantly positively correlated with the percentage
of sperm cells with damaged chromatin detected by
CMA3 staining, and negatively correlated in the case of

AB staining. Moreover, a correlation was found
between abnormal semen parameters (motility
disorders and morphology) and a deficiency of
protamines detected by CMA3 and AB (23). The
present study showed a high positive correlation (0.98)
between CMA3 and AB staining, as increased
frequency of sperm stained with CMA3 was often
accompanied by an increased percentage of sperm
stained with AB. These 2 staining methods complement
one another. There was also a positive but considerably
lower correlation (0.44 - 0.45) found between staining
with AO and staining with AB and CMA3. This may
be explained by the fact that sperm cells that do not
take on the AO stain may have normal DNA structure
while epigenetically having abnormal protamination,
which is only detected by the CMA3 and AB staining.
Furthermore, normal chromatin condensation has been
shown to enable the formation of a smaller sperm head
with a more hydrodynamic shape, which indirectly
contributes to the final shape of the sperm head (3).
This is confirmed by the observations of other authors,
which showed that sperm cells with abnormalities in
chromatin packaging often had enlarged or atypically
shaped heads (6).

The AO staining additionally used in this study
determines the percentage of sperm cells with DNA
fragmentation. Despite the use of AO in research on the
sperm of various species, the level of pathological
DNA fragmentation has been determined only for
humans. A percentage of sperm cells with damaged
DNA of up to 15% is considered normal, 15%-25% is
thought to reduce fertility, and a level above 25% is
considered to constitute a high risk of infertility (12,
13). In the present study, a small percentage of sperm
cells with fragmented DNA exceeding 1% was
observed in only 2 individuals. These were young boars
less than 1.5 years of age.

Staining techniques are often labour-intensive, but
may be a source of important and precise diagnostic
information on the sperm population in the ejaculate
(22). This is of particular importance in the case of
young animals used for reproduction and expected to
ensure a high selection response within the species. An
earlier diagnosis based on additional tests would enable
stricter selection and elimination of males with fertility
disorders, which could be replaced with high-quality
breeders. Boars intended for reproduction have already
undergone preliminary selection, in terms of both
breeding value and an assessment of their libido and
semen. These, however, are routine tests that do not
include an evaluation of chromatin structure, which has
a key role in male fertility. Tests evaluating chromatin
structure are worth implementing during the breeder’s
exploitation, as abnormal protamination may be an
individual trait, but may also result from other factors,
such as age or environmental factors. Even when
morphological evaluation of spermatazoa shows no
abnormalities, the cells may be deficient in protamines.
In the present study, on the basis of staining with
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CMA3 and AB, this phenomenon was clearly visible in
3 boars, whose semen had a high percentage of sperm
with chromatin abnormalities. These were young
animals aged less than 1.5 years. In one of them
asthenozoospermia was observed. The highest
percentage of sperm cells with abnormal protamination
was also noted in this individual: over 41% in the case
of CMA3 staining and over 35% with AB staining. In
this case there were also isolated sperm cells with DNA
fragmentation. Another individual whose semen
contained sperm with low motility was boar 17, whose
ejaculates had a volume of about 250 mL and a sperm
concentration of over 470 000/mm3. The percentage of
sperm cells exhibiting progressive movement in the
ejaculate did not exceed 40, which is below the
reference values for the species. Sperm cells with
abnormal protamination were also observed in the
semen of this individual - 11.25% with CMA3 staining
and 8.90% with AB, as well as DNA fragmentation at
a level of 1.25% detected by AO staining.

Asthenozoospermia may have been the effect of
severe disruptions in sperm morphogenesis leading to
the lack of formation of a mitochondrial sheath or to
the simultaneous appearance of defects in the midpiece
and non-specific anomalies in the sperm tail. It should
be mentioned that impairment or absence of sperm
motility (asthenozoospermia) is a typical example of
male infertility. Such a boar should always be
eliminated from the population used at the insemination
station. Nevertheless, it is an interesting subject for
clinical research.

Research conducted on young (1.5-year-old) bulls,
from which sperm was isolated post mortem from the
tail of the epididymis, also showed a slight deviation in
the number of sperm cells with abnormally packaged
genetic material (2). The present study shows that the
quality of boar semen improves as sexual development
progresses. This is evidenced by the decreasing
percentage of sperm cells with abnormal protamination
and DNA fragmentation in older animals. Results
obtained by Banaszewska and Kondracki (5) clearly
demonstrate that sexual development in boars continues
to progress during their exploitation for reproduction
beyond the age of 2 years, which may also influence
the improvement in sperm quality in older individuals.

To sum up, semen staining with the methods used
in this study may be an effective diagnostic tool for
evaluating sperm quality with respect to chromatin
abnormalities in the sperm nucleus. Staining with AO
identifies abnormal, single-strand DNA structure in the
sperm cell. The use of AB enables identification of
abnormal histone retention, while CMA3 identifies
sperm cells with protamination disorders. Examination
of nuclear proteins with regard to infertility shows the
importance of normal chromatin structure on the
functioning of sperm cells. An advantage of the
techniques presented is that they do not require costly
computer-assisted sperm analysis systems, which are
not at the disposal of most insemination stations.
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