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Abstract

Sperm morphology and morphometry are important parameters in predicting fertility. Sperm
are considered to be normal if the shape and size of the head, midpiece and tail fall within
the classification for a given species. It is important to select the appropriate technique for
staining the semen of a given species, because, as many authors have pointed out, some
methods work well for one species but are not suitable for analysing another. The aim of the
study was to assess the morphometric parameters of boar sperm following the use of differ-
ent staining techniques and to verify the hypothesis that the staining technique affects the
morphometric parameters of sperm. The staining method was found to significantly affect
the dimensions of the boar sperm head. The semen stained by the SpermBlue technique
had the closest morphometric sperm head parameters to those of the unstained sperm, so
this technique, rather than the routinely used eosin and gentian complex, should be the lead-
ing technique in the evaluation of boar sperm morphometry. Silver nitrate staining reveals
the structure of the sperm in the most detail; this method can be considered universal, and
can be used independently or to supplement routine diagnostics. As the staining technique
should interfere as little as possible with the structure of the sperm, while revealing its mor-
phology in as much detail as possible, it is crucial to establish the natural dimensions of the
unstained sperm head before determining the optimal technique and its reference values.
The recommended or most commonly-used techniques are not always the best options for
the staining and analysis of sperm of a given species.

Introduction

A precise diagnosis of ejaculates is necessary to predict male fertility, in both humans and ani-
mals, and is important in optimizing and maximizing their reproductive ability for natural
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conception as well as in assisted reproduction techniques (ART).[1] While other basic semen
parameters i.e. motility and total sperm count, are important in predicting fertility, the mor-
phological structure of spermatozoa seems to be the most significant factor, especially for natu-
ral conception and artificial insemination.[2-6] It has been shown that spermatozoa with
abnormal morphology are not able to reach the oocyte.[7] Also spermatozoa with normal
motility but with head defects are incapable of fertilization.[8]

Microscopic analysis of ejaculates shows that sperm morphology is not uniform, even
within the same ejaculate, and this creates difficulties during fertility diagnostics.[9,10] There-
fore, it is necessary to develop methods of sperm morphology assessment suitable for different
species and to standardize them.[11] Ideally, a complete morphological analysis of the male
gamete should clearly indicate its fertilization capacity.[12]

In all species, spermatozoa are considered normal if they fall within the classification for a
given species, including the shape and size of the head, midpiece and tail.[13] Such a standard
exists for human sperm (WHO 2010) [14], but none has been developed for any animal spe-
cies. The evaluation of sperm morphology is closely related to sperm morphometry, which has
been directly linked to the fertility and rabotential of males.[15-18] Clinical studies have
shown that the spermatozoa of infertile men have larger heads and a higher ratio of sperm
head length to width.[19] Similarly, differences in the dimensions of spermatozoa heads
among fertile and infertile males or those with reduced fertility have been found in bulls, stal-
lions, pigs and dogs.[20-23]. There are two theories regarding the shape of the sperm head.
Thurston et al. [24] maintain that it is genetically determined, primarily during spermatogene-
sis; however, this view is increasingly being questioned. The shape of the head may depend pri-
marily on epigenetic factors and is determined during spermatogenesis. Morphologically
varied gametes have been shown to appear at this stage, when the genetic factor significantly
affects the structure and size of the cell. In addition, the genetic factor is modified by environ-
mental factors and by the process of histone replacement with protamines; the authors argue
that an abnormal head shape is associated with impaired chromatin condensation [25]. Sperm
with an abnormal head shape may consequently have functional disorders such as a dysfunc-
tional chromatin structure or DNA fragmentation.[26-31]

Therefore, the utilization of morphometric reference values of spermatozoa may increase
knowledge of its capacity for natural and in vitro fertilization, as well as its quality and function
after cryopreservation.[22,32] Moreover, morphological and morphometric evaluation of
spermatozoa acrosome structure enables more accurate prediction of fertilization capacity in
humans.[33-35] In this context, determination of the morphological structure of the sperma-
tozoa head is of particular importance, because its size and shape are important criteria in the
classification of spermatozoa as normal or abnormal ones. However, not only the size of the
head affects fertilization capacity, but also the dimensions and function of the tail and mid-
piece; for example, drone sperm cells with a longer tail have greater fertilization potential due
to their increased motility.[36]

The search for the best method for evaluating sperm morphology has led to the use of
numerous staining techniques. None of these techniques, however, are error-free. Differences
in the results of the sperm morphology assessment using different staining methods can reach
even 30-60%.[37-39] It is well documented that the accuracy of sperm morphology evaluation
depends on the care taken in slide preparation, fixation and the choice of staining method.
[40-45] Although some studies suggest that alternative staining techniques produce compara-
ble results, others have shown significant differences in the intensity of staining and contrast,
and most importantly, in the size and shape of the spermatozoa [42-47], and each parameter
evaluated can have a significant effect on the morphological assessment.[48] These minor dif-
ferences in staining techniques are particularly problematic in the evaluation of fertility

PLOS ONE | https://doi.org/10.1371/journal.pone.0214243 March 25, 2019 2/17


https://doi.org/10.1371/journal.pone.0214243

©'PLOS|ONE

The effect of the staining technique on morphological and morphometric parameters of boar sperm

disorders in cases where the morphological parameters fluctuate within reference values.[48]
This increases the importance of the choice of staining technique. Ideally, the method used
should interfere as little as possible with the structure and size of the spermatozoon, while also
clearly showing the boundaries of its head, midpiece and tail.[12]

In routine evaluation of the morphology of cattle and pig spermatozoa, eosin + gentian
complex and eosin + nigrosin complex are the most commonly used stains. According to Kon-
dracki et al. [49,50] and Banaszewska et al. [10], this type of staining is a standard technique
for assessing the semen morphology of males used for insemination. In addition, the technique
with eosin+ nigrosin can also be used to identify live and dead spermatozoa.[51-53] Staining
with eosin + gentian complex accurately reveals the outline of the sperm head, but causes diffi-
culties in observing the extent of the acrosome and the midpiece in stallions and bulls.[42-45]
For human semen samples, the modified Papanicolaou staining method is believed to give the
best staining pattern and no background staining, and is recommended by the WHO for
sperm morphology assessment; however, this technique is very time consuming, as it requires
the use of many chemicals including five dyes in three dilutions and more than 20 processing
steps. In addition, the method does not produce the desired results in the case of bull or stal-
lion semen.[42,44]

Another staining method used for evaluation of human sperm morphology is Rapidiff, a
fast and simple technique (known also as Diff-Quik). The procedure was introduced by Kruger
et al. [54], and has been found to be comparable with the Papanicolaou staining technique.
Unfortunately, it causes background staining and sperm head swelling.[55]

A simple and fast staining technique for human and animal sperm morphology is Sperm-
Blue. It is reccommended for both fresh and frozen semen, and some researchers suggest that
this technique produces better results than Papanicolaou or other staining techniques.[56] In
animal sperm, this method stains sperm heads very well, but there are problems with analysing
the midpiece and tail, because these areas stain less intensely. Similarly to Papanicolau, this
method does not stain the background, which could mask certain boundaries in the sperm cell
and thereby impede their analysis.[42,44]

In the present study, an experimental technique of staining spermatozoa with silver nitrate
colloid solution was used. As silver nitrate is an alkaline dye, it is mainly used to identify acidic
chromatin proteins and the chromatin of nucleolus organizer regions in mitotic chromosomes
[57-60] and nucleoli during meiosis [61,62] The basic methodology has been modified in our
Department (Department of Animal Genetics and Horse Breeding, University of Natural Sci-
ences and Humanities in Siedlce) and successfully used to identify morphological details of the
spermatozoa either from fresh, frozen or fixed semen sample of mammals [42-44,63,64], birds
[47] and insects.[36]

This staining clearly shows the boundary between the acrosomal region, which stains ligh-
ter, and the post-acrosomal region, which stains darker. The latter contains residues of acidic
proteins and nucleoli that positively react with silver salts.[63] In addition, the procedure is
simple, short and inexpensive.

Unfortunately, unlike human semen evaluation, where WHO recommendations are stan-
dard worldwide, there are no such clear recommendations for the assessment of semen sam-
ples of different animal species. Thus the evaluation of animal sperm morphology and
morphometry is faced by a lack of standardization. According to the Society for Theriogenol-
ogy (SFT), analysis of stallion sperm morphology should be performed on fresh, unstained
specimens using a light microscope with phase contrast.[65] Unfortunately, most laboratories
do not have a high-grade phase contrast microscope, and the stallion semen is evaluated
mainly after staining with eosin and gentian complex, as recommended by the SFT for the
evaluation of bull sperm.[66] The accuracy of the sperm morphology evaluation depends on
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the care taken in slide preparation, fixation and staining, because this affects the morphometry
of the head and the entire sperm.[32-35,40-42] This increases the importance of the choice of
staining technique; the method used should interfere as little as possible with the structure of
the cells, while at the same time clearly showing the boundaries of the head and other elements
of the sperm structure so that each of these parts can be accurately identified.[4]

Researchers increasingly stress the sensitivity and suitability of sperm morphological assess-
ment as a prognostic factor in diagnosing fertility, especially when using the strict Tygerberg
criteria for characterizing the sperm head.[43-45,56,67,68] The Tygerberg criteria specify four
shape indices of the spermatozoa head: ellipticity, elongation, roughness and regularity. The
ellipticity index differentiates thin and conical sperm heads, with higher index values indicat-
ing a thinner sperm head. Elongation defines the degree of rounding of the head. If the value is
zero, the heads are round. The roughness index identifies heads with an uneven cell membrane
surface, sometimes referred to as amorphous, with a lower value indicating a rougher surface
to the head. Regularity defines the correctness of the sperm head shape and identifies pear-
shaped heads.[4,48]. It has been demonstrated that an abnormal sperm head shape, associated,
for example, with disturbed chromatin condensation, may result in the presence in the semen
of spermatozoa with elongated and narrowed heads. In this context, assessment of sperm
structure is of particular importance, because the size and shape of the head are important cri-
teria in the classification of morphologically-correct sperm or for identifying irregularities in
their morphology in order to determine their fertilizing capacity.[4]

Sperm morphology can be evaluated using a number of chemical, biochemical and micro-
scopic techniques. The main problem is that the use of different methods for a given material
or type of analysis causes discrepancies in the number of morphologically normal or abnormal
sperm identified and in their dimensions and morphometric indices. As a consequence, a
male examined in one laboratory can be classified as having normal sperm morphology, while
in another it may be identified as an individual with fertility disorders.[10] This is a major
obstacle for doctors of human and animal medicine comparing the results of semen analysis
from laboratories using different techniques.

Hence, as mentioned above, the key problem faced when evaluating of sperm morphology
and morphometry is the lack of standardization with respect to the choice of staining tech-
niques. The use of dyes with different pH, osmolarity and procedure length may affect the
shape and size of spermatozoa, and thus the result of the sperm morphology evaluation. The
lack of established standards for the use of different staining techniques remains greater atten-
tion in the literature on sperm morphological evaluation. There is a need to establish or
develop a staining technique that will enable unambiguous and precise analysis of the mor-
phology and morphometry of spermatozoa from different animal species. In addition, a stan-
dard should be developed for preparing specimens for morphological evaluation. This would
allow for comparison of results between laboratories, which would increase the value of sperm
morphology analysis in predicting and evaluating fertility. The aim of the study was to assess
the morphometric parameters of boar sperm after using various staining techniques and to
verify the hypothesis that the staining technique affects the morphometric parameters of
sperm head.

Material and methods

Collection of semen samples

Freshly ejaculated semen from 40 insemination boars were used in the study. All boars were in
good health and showed normal libido. The ejaculates were collected by the gloved-hand tech-
nique.[69] Immediately after collection, the semen was filtered through four layers of sterile
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gauze into a pre-warmed beaker to remove gel particles. The filtered semen was kept at room
temperature until needed for slide preparation. Slides were prepared within 15 minutes of col-
lection. Three ejaculates from each boar were collected at 10-week intervals. From the undi-
luted semen samples, immediately after collection, smears were prepared on microscopic
slides at 37°C. The smears were stained using various staining techniques.

Staining techniques

Four techniques were used to assess the effect of staining on morphometric parameters of the
spermatozoa head: Papanicolaou staining (PAP) and SpermBlue staining (SB), which are rec-
ommended for the assessment of human sperm morphology, staining with eosin + gentian
complex (EG), which is the most popular staining method for boar sperm morphology and,
experimentally, staining with silver nitrate in a colloidal gelatine solution (AgNO3). The sper-
matozoa from fresh, unstained semen were used as a control sample. PAP was performed
according to the procedure recommended by the WHO.[14] SB was performed using a com-
mercially-available kit according to the manufacturer’s protocol (Microptic SL, Barcelona,
Spain). We used the original SpermBlue Stain, for which the entire procedure takes about 22
minutes. EG was performed according to the procedure described by Kondracki et al. [49].
AgNO; was performed using a modified protocol developed by Andraszek and Smalec [63],
based on the basic technique proposed by Howell and Black [58]. From each boar, 300 mor-
phologically normal spermatozoa were evaluated: 60 stained with each technique and 60
unstained (U). In total, 12,000 sperm cells were evaluated.

Morphometric measurements of sperm head and calculation of sperm head
shape indices

The morphometric measurements of sperm head was performed using the MultiScan image
analysis system (Computer Scanning Systems, PL) connected with an Olympus BX50 light
microscope at 1000 x magnification (100 x oil immersion objective) and Jenoptik ProgRes
camera. The system was coupled with a digital camera and the images were stored in computer
memory. The analysis was not automatic, as in the case of CASA. Each evaluated sperm was
measured manually using measurement software coupled with the MultiScan system.

The area, perimeter, length and width of the sperm head were measured. From these basic
morphometric parameters according to Tygerberg criteria, four additional shape indices char-
acterizing the sperm head i.e. ellipticity, elongation, roughness and regularity, were calculated
(see Table 1 for formulas). These parameters more precisely characterize the shape of sperm
head.

Table 1. Morphometric parameters of the sperm head, shape indices and conversion formulas by Maree et al. [4].

Morphometric parameter Designation Formula
Length (um) L -
Width (um) w R

Perimeter (um) P -
Area (pmz) A -
Shape index Designation Formula
Ellipticity E <
Elongation En r
Roughness Rs a7+ (3x)
Regularity R 7 (L)

https://doi.org/10.1371/journal.pone.0214243.t001
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Statistical analysis

The results were characterized statistically and presented in the form of tables. The effect of the
staining techniques on the morphometric parameters and shape indices of the sperm heads
was evaluated by one-way analysis of variance using the following mathematical model:

Y, =pu+a;+e;

Where:
Y;;—value of feature
p —mean for population
a;—effect of i™ level of factor (staining technique)
e;—sampling error

The significance of differences between groups was verified by Tukey’s test at P<0.05.
Data were analysed by ANOVA using STATISTICA PL 10.0 software (STATISTICA ver-
sion 10.0, StatSoft Inc., PL)

Results
Staining patterns for different staining techniques in boar spermatozoa

Fig 1A presents spermatozoa from unstained slides in phase-contrast optics (control sample).
In PAP (Fig 1B) the heads of the boar spermatozoa were stained light purple. The acrosome
was lighter, gradually becoming darker towards the tail, and the extent of the acrosome was
difficult to determine precisely. The contour of the head was sufficiently clear, smooth, and
easy to identify. The sperm midpiece and tail were pale pink; the end of the tail was difficult to
identify and the boundary between the midpiece and tail was imperceptible. The background
was light and unstained and did not impede the evaluation.

The SB (Fig 1C)) stains the head of boar spermatozoa blue. The acrosomal part of the head
is lighter, but it is not distinct enough for precise measurement of the area and extent of the
acrosome. The outline of the head is sufficiently clear to identify and measure. However, the
tail becomes a pale greyish blue and it is difficult to distinguish the midpiece from the principle
piece of the tail. The background is light and does not impede analysis of the sperm head.

In EG (Fig 1D) the head of the boar spermatozoa are very clearly stained for a pinkish pur-
ple colour. The acrosomal part is identifiable. The contour of the head is very distinct and easy
to identify. The spermatozoa tail is distinctly stained and identifiable along its entire length,
but the boundary of the midpiece is difficult to detect. The background of the slide is light and
does not impede analysis.

In AgNO; (Fig 1E), the individual parts of the sperm structure are stained in varying
degrees of yellow and brown colours, enabling their precise identification. The sperm head is
clearly differentiated into the light (yellow) acrosome part and the dark (brown) distal part.
The contour of the head is clearly visible against the background of the slide. Within the tail,
the lighter (yellow-brownish) midpiece and the rest of the tail (brownish) are clearly visible.
On some slides, where the specimen was too dense, the background was dark with visible
grains of silver, but this did not impede accurate measurements.

Influence of staining techniques on sperm head morphometry

The morphometric values of analysed head parameters for each staining techniques, as well as
for unstained sperm heads, are presented in Table 2. Additionally, the differences between
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Fig 1. Boar sperm. A-unstained (phase contrast); B-stained with Papanicolau; C-stained with SpermBlue; D-stained
with eosin+gentian; E-stained with silver nitrate.

https://doi.org/10.1371/journal.pone.0214243.9001

mean morphometric values of each staining techniques and unstained spermatozoa were cal-
culated (Table 3). All staining methods have a significant impact on dimensions of the boar
sperm head. The morphometric parameters of the sperm heads stained by each technique dif-
fer significantly from those of the unstained heads (P<0.05). The heads stained by PAP had
the lowest values of morphometric parameters followed by SB in comparison with unstained
heads while sperm heads stained with AgNO; had the highest values followed by EG. The
mean values of area, perimeter, length and width of the sperm heads stained by SB were the
closest to those of the control group. Contrary, the mean value of area of sperm heads stained
by PAP as well as the the sperm head perimeter, length and width stained by AgNO; differed
the most. The lowest coefficients of variations (< 4%) were observed for sperm head length in
all staining techniques except PAP, as well as in unstained spermatozoa. The highest coeffi-
cients of variations (>6%) were noted for head area in unstained spermatozoa and those
stained by PAP, SB and EG, and for head perimeter in spermatozoa stained by PAP and
AgNO:s, as well as for head width in all analysed groups.

In the case of the head area, the lowest coefficient of variation was found for the spermato-
zoa stained by AgNOj; and the highest for PAP stained spermatozoa. The sperm head perime-
ter, length and width were the least varied in the case of EG. The highest coefficient of
variation for sperm head perimeter and length was observed after PAP staining. The most
diverse results for head width were found after AgNOj staining.

Influence of staining techniques on indices of sperm head shape

The head shape indices of unstained boar spermatozoa and spermatozoa stained by different
techniques are presented in Table 4. Additionally, the differences between mean values of the
indices of each staining techniques and unstained sperm were calculated (Table 5).

In comparison with unstained spermatozoa there was no significant difference in head
elongation and ellipticity in spermatozoa stained by EG. In other staining techniques, these
head shape indices were significantly lower. The lowest ellipticity values were in sperm head

Table 2. Values of morphometric parameters depending on the staining technique.

Morphometric parameters of the sperm head Statistic Staining technique
PAP SB EG AgNO; U

Area x+SD 18.66° 20.25" 27.15° 27.47¢ 23.65°
(um?) +1.67 +1.54 +1.80 +1.24 +1.65
CV% 8.96 7.60 6.64 4.52 9.96
P (um) x+SD 20.26° 21.84° 29.02¢ 30.264 24.76°
+1.29 +1.04 +1.30 +1.83 +1.13

CV% 6.35 4.78 4.47 6.03 4.55

L (um) %+SD 6.59° 7.06° 8.31° 8.82¢ 7.55°
+0.37 +0.27 +0.30 +0.33 +0.28

CV% 5.59 3.91 3.61 3.82 3.70

W (um) %+SD 3.55° 3.74° 4.26° 4.74% 3.84°
+0.23 +0.24 +0.27 +0.32 +0.24

CV% 6.64 6.63 6.36 6.92 6.39

Values with different lowercase letters differ significantly at P<0.05.

https://doi.org/10.1371/journal.pone.0214243.t1002
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Table 3. Differences in means for morphometric parameters between each of the staining techniques and unstained sperm.

Morphometric parameters of the sperm head Staining technique
PAP SB EG AgNO; U
A (um?) 0211 -0.144 0.148 0.162 1
P (um) -0.182 -0.118 0.172 0.222 1
L (um) -0.127 -0.065 0.101 0.168 1
W (um) -0.076 -0.026 0.109 0.234 1

https://doi.org/10.1371/journal.pone.0214243.t003

stained by PAP and AgNO;. In the case of elongation, PAP, SB and AgNO; had the same,
lower value. Head roughness was significantly higher in spermatozoa stained by PAP and SB
compared to unstained spermatozoa while after EG and AgNO; this head shape index was sig-
nificantly lower. The lowest value of roughness was observed in spermatozoa stained by
AgNOj, and the highest in those stained by PAP. Head regularity was significantly higher in
all staining techniques when compared with unstained spermatozoa. The sperm heads stained
with AgNOj; had the highest value for regularity while unstained spermatozoa had the lowest
value.

The ellipticity index value closest to that of unstained spermatozoa was found in the sperm
stained by EG, while it was the most different in sperm stained by AgNOj3. The elongation of
the sperm head stained by EG was equal to that of the unstained spermatozoa, while the other
three staining techniques equally lowered the value by 0.02. The values for head roughness and
regularity were closest to that from unstained sample in spermatozoa stained by SB and PAP,
respectively, and most different in spermatozoa stained by AgNOj3. Generally, it can be said
that the most shape indices values of sperm head stained by EG were the closest to those of
unstained sperm heads, while shape indices values of sperm head stained by AgNO; were the
most different.

The low coefficients of variations were observed for head regularity (from 3.00 to 6.24%),
and the high for head elongation (from 9.20 to 10.96%) in all four staining techniques and
unstained, control sample. The highest coefficient of variation was found for head roughness
in spermatozoa stained by AgNOj; (11.24%). In the case of head ellipticity, the lowest coeffi-
cient of variation was found for the spermatozoa stained by AgNO; and the highest for those

Table 4. Values of shape indices depending on the staining technique.

Sperm head shape index Statistic Staining technique
PAP SB EG AgNO, U
E x+SD 1.86* 1.89° 1.95¢ 1.86* 1.97°
+0.13 +0.13 +0.13 +0.12 +0.13
CV% 7.30 6.88 6.78 6.48 6.86
En x+SD 0.30° 0.30° 0.32° 0.30° 0.32°
+0.03 +0.03 +0.03 +0.02 +0.03
CV% 10.96 9.88 9.65 9.80 9.20
Rs x+SD 0.57° 0.53° 0.40° 0.38¢ 0.48°
+0.04 +0.04 +0.02 +0.04 +0.03
CV% 7.09 6.90 6.94 11.24 6.90
R x+SD 0.98° 1.02° 1.02° 1.19° 0.964
+0.02 +0.03 +0.03 +0.07 +0.05
CV% 3.00 4.63 3.34 6.24 5.59

Values with different lowercase letters differ significantly at P<0.05.

https://doi.org/10.1371/journal.pone.0214243.t1004
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Table 5. Differences in average values of shape indices depending on the staining technique in comparison with
unstained sperm.

Sperm head shape index Staining technique
PAP SB EG AgNO; U
E -0.056 -0.041 -0.010 -0.056 1
En -0.063 -0.063 0.000 -0.063 1
Rs 0.188 0.104 -0.167 -0.208 1
R 0.021 0.063 0.063 0.240 1

https://doi.org/10.1371/journal.pone.0214243.t005

stained by PAP. Elongation varied the least in unstained spermatozoa, and the most in sperma-
tozoa stained by PAP. Roughness and regularity were the most varied after use of AgNOj;. The
lowest variation in sperm head roughness value was found after staining by SB and in the
unstained, control sample. The lowest variation in regularity was found for the heads of sper-
matozoa stained by PAP (Table 3).

Discussion

The significance of the role of sperm morphometry is evidenced by the increasing number of
publications describing research carried out all over the world and on various species. For
example the relationship between sperm morphometry and fertility in humans has been
described by McAlister [34], and Maree et al. [4]. There are studies indicating a relationship
between sperm dimensions and fertility in horses [15,43,44,70,71] in which fertility disorders
are positively correlated with enlarged sperm heads. The relationship between sperm morphol-
ogy and fertility has also been studied in boars [10,25,72], bulls [42,73], dogs [17] and foxes
[68]. Differences in the size of the sperm heads in fertile and infertile males have been detected
in various species, and males whose semen contained sperm with smaller heads have been
found to be more fertile.[74] The main sources of variation in sperm morphometry are the
sample preparation, fixation method, staining method, microscopic system (optics and cam-
era), and the activity of the technician. All these may affect the repeatability of the analysis, its
reproducibility and the comparison of results among laboratories.[74]

It is of great importance that the ideal staining method for sperm morphology assessment
should be the one that interferes the least with the structure and size of the spermatozoon,
while also clearly showing the boundaries of its head, midpiece and tail.

Our present findings indicate that the choice of staining methods has an impact on the
head dimensions of boar sperm. The changes were not uniform for staining techniques used,
when the results were compared with unstained spermatozoa from control sample. The sper-
matoza stained by SB had the closest morphometric parameters of the head to that from the
unstained sample, despite the fact that the EG staining is recommended for evaluation of boar
sperm morphology in Poland.[49,73,75] The EG staining caused the sperm head to swell,
resulting in an increase of all morphometric parameters. However, the stainings which differed
the most from the values obtained in unstained spermatozoa were AgNO3, which caused the
head to swell, and PAP, which caused it to shrink. Similar results were observed in our previ-
ous studies on bull and stallion spermatozoa when these methods were used.[42,44] It is
important to note that also in these species, the heads of the sperm stained by SB had the clos-
est values of morphometric parameters to those of unstained spermatozoa. These results are in
agreement with the pioneering studies of Maree et al. [4] and Van der Horst and Maree [56],
which showed the applicability of SB staining in human and different animal species. Each
staining technique use a number of different chemical reagents. Each reagent used in staining
methods or fixative types can cause either the sperm cell to swell or shrink by penetrating its
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membrane and influencing the osmotic balance.[4,76-80] Procedures involving higher num-
bers of stages and chemicals are more likely to damage the sperm cell, resulting in changes in
its dimensions.

PAP staining involves the use of over 12 different chemicals, some of which can cause
extreme hypoosmotic conditions, and thus shrinking the spermatozoa of different species
including humans.[4,42,44,77]

The boar sperm heads stained in our study with AgNOj; had the greatest length, width, area
and perimeter. The staining procedure is carried out in a gelatine colloidal solution at 60°C, in
saturated humidity. It is possible that such conditions may increase the size of spermatozoa
due to the hydrophilic properties of the proteins.[63]. As mentioned above, the dimensions of
sperm head from different animal species as well as humans stained with SB were the closest to
those from fresh, unstained semen. It is probably due to fact that the osmotic potential of the
reagents used in this technique is closer to that of the semen and, therefore, the techniques had
less effect on the sperm head dimensions than others.[4] So, it seems reasonable to recommend
SB staining for the evaluation of sperm morphology and morphometry in pigs, bulls and stal-
lions, because it has the least effect on the basic morphometric parameters of the sperm cell.
[42,44,56]

In addition to the basic morphometric parameters of the sperm head, the present study also
evaluated four shape indices according to the Tygerberg classification, currently the most pre-
cise classification of sperm head parameters.[4,48] It was shown that the sperm stained by EG
had the closest shape indices to those of the unstained spermatozoa, while the sperm stained
by AgNOj; were the furthest. Substantial variation was also observed in the value of individual
indices depending on the staining technique. Comparison of the indices characterizing the
sperm head for individual staining methods and the control group reveals that unstained
sperm heads are more oval and rounded, as indicated by higher ellipticity and elongation val-
ues. The sperm heads from the control sample are also more symmetrical, which suggests less
interference and less damage to the plasmalemma of the head resulting from the influence of
chemical reagents. Considerable differences in head shape indices were also found after using
different staining techniques in bulls and stallions spermatozoa.[42,43,45]

There is no doubt that the staining technique should interfere with the cell structure as little
as possible while revealing as much detail as possible regarding its morphology. Unfortunately,
no such method exists for staining livestock spermatozoa. As mentioned above, SB has the
least effect on sperm head dimensions in different species. Unfortunately, it has been shown in
a previous study that this technique does not enable a precise determination of the extent of
the acrosome in the case of boars. The same was true for stallion and bull spermatozoa. Also
PAP staining, the method recommended by WHO for assessment of human sperm morphol-
ogy, does not work with boars, bulls or stallion spermatozoa. The commonly used EG staining
enables assessment of the acrosome only in the sperm of horses [44], while in the case of bulls
[43] and boars, as it was presented in this study, the acrosome boundary cannot be unambigu-
ously identified. The use of aniline blue staining to identify sperm structures seems interesting
and promising. Although this staining method is used to identify abnormal chromatin con-
densation, it has been used successfully for detailed morphometric measurements of fox
sperm.[68] Unfortunately, in the case of boars and bulls, this staining method does not identify
the details of the sperm head.

Among all the staining methods used in the present study, AgNO; seems to be the most
promising as for precise identification of the details of the boar spermatozoa structure (the
head and its components, midpiece, and tail). This staining has also been successfully used to
visualize the sperm structure in spermatozoa of selected farm animals (bull, goat), birds
(rooster), insects (drone) and other free-living animals (wild boar, roe deer).[36,42—
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45,47,63,64,81] Thus, we have shown that AgNO; reveals details specific for a given species
and variety, especially with regard to the sperm head. AgNO3 staining highlights the differ-
ences in composition of the chromatin of the sperm nucleus: the part containing the acrosome,
containing alkaline proteins, stains lighter than the distal part of the head, which contains the
remains of acidic proteins and nucleoli [63] Furthermore, this method also clearly shows dif-
ferences in acrosome integrity (because many details of its structure can be observed), which
may occur as a result of spermatozoa damage or ageing.[81] Therefore, in our opinion,
although silver staining affects the morphometric parameters of the sperm head more than the
other staining techniques used in the study, it can be used for morphological assessment and
identification of individual sperm structures.

While certain staining methods are recommended for assessment of human sperm mor-
phology, the search continues for optimal techniques enabling the reliable assessment of ani-
mal spermatozoa. Discrepancies in the reaction of spermatozoa to dyes used may result from
differences between species or differences between individuals in the resistance of sperm to
external factors.[14,74] The structure and arrangement of microfibres of the sperm head may
also result in different sperm head dimensions. The cytoskeleton of the sperm head consists of
nuclear proteins and the nuclear envelope, which are partially responsible for the formation of
the nucleus. Depending on the method of fixation and staining, changes may take place in the
arrangement of actin fibres in the sperm head.[82]

Although there are some morphological classifications of sperm defects for some mamma-
lian species.[14] There are no conclusive guidelines recommending specific staining tech-
niques for animal species. One of the systems for sperm morphology classification was
developed for cattle.[83-85] This system is also often used to evaluate boar sperm.[50] A
slightly different classification of spermaozoa structure has been developed for stallions [86]
and the most important sperm defects in poultry have also been defined.[87] Therefore, an
important factor to consider when choosing a staining technique is how the staining procedure
influences the morphology and dimensions of spermatozoa in comparison to spermatozoa in
fresh semen in a given species.[4] Attempts have been made to stain rooster semen [87,88]
using the eosin method, which is still recommended for bull semen. However, this method has
been found to have a tendency to swell the sperm heads, which disqualifies it for assessment of
poultry semen.[41] A very simple technique that has been used for years to evaluate mamma-
lian semen is EG.[49,73] This method stains the sperm head very clearly, but makes it difficult
to observe the extent of the acrosome or the midpiece, as demonstrated by the present study
and previous studies conducted by our research team.[42,44] Each method has its advantages
and disadvantages, and the problem is to select the optimal one for a given species.

Some authors have reported a relationship between sperm morphometry and motility. The
shape of the sperm head is an important factor affecting its hydrodynamics, and presumably
sperm with more slender and oval heads have greater efficiency of movement. Therefore, we
can look for a relationship between the shape of the heads and motility, by observing whether
sperm with more oval heads have longer midpieces, whose organelles unquestionably exert an
influence on sperm motility.[89] Other studies have demonstrated that males with smaller
spermatozoa are more fertile. Ostermeier et al. [90,91] have shown that highly fertile bulls have
more elongated but smaller spermatozoa than individuals with lower fertilization capacity.

In conclusion, differences in sperm head dimensions after the application of different stain-
ing techniques are due to the fixatives and chemical reagents used in the procedure. These
observations lead to the conclusion that it is very important to establish the natural dimensions
of the unstained sperm head, and only then to determine the optimal technique and the refer-
ence values for this technique. Moreover, it is important to select the right technique for stain-
ing the semen of a given animal species, as research by many authors, as well as our own
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results, indicates that some methods that are useful for one species are not suitable for analys-
ing another. Thus a male may be classified in one laboratory as an individual with normal
sperm morphology and in another as having fertility disorders. In the case of boar sperm, the
staining technique that least affected sperm head morphometry was SB staining. Nevertheless,
although AgNO3 staining affects the morphometric parameters of the sperm head more than
the other staining techniques used in the study, it can be used for morphological assessment
and identification of individual sperm structures. Although some studies suggest that alterna-
tive staining techniques are effective and provide reliable results, others have shown significant
differences between staining methods in terms of colour intensity and contrast, but also, most
importantly, with regard to the size and shape of sperm. Each of these parameters can have a
significant impact on the results of the morphology assessment. These subtle differences in the
evaluated specimens are particularly problematic in the assessment of fertility disorders in
cases where sperm morphology parameters fluctuate within the limits of reference values.

Author Contributions

Conceptualization: Katarzyna Andraszek, Dorota Banaszewska, Renata Walczak-
Jedrzejowska.

Data curation: Magdalena Czubaszek, Dorota Banaszewska.

Formal analysis: Katarzyna Andraszek, Dorota Banaszewska, Renata Walczak-Jedrzejowska.
Funding acquisition: Katarzyna Andraszek.

Investigation: Magdalena Czubaszek.

Methodology: Magdalena Czubaszek.

Software: Dorota Banaszewska.

Supervision: Katarzyna Andraszek.

Validation: Renata Walczak-Jedrzejowska.

Visualization: Katarzyna Andraszek, Renata Walczak-Jedrzejowska.

Writing - original draft: Magdalena Czubaszek, Katarzyna Andraszek, Dorota Banaszewska,
Renata Walczak-Jedrzejowska.

Writing - review & editing: Katarzyna Andraszek, Renata Walczak-Jedrzejowska.

References

1. Rodriguez |, Sanz J, Perez C, Felipe M, Dorado J, Hidalgo M. Fertilidad in vivo del espermacongelado-
descongelado. | Jornadas de Investigation, Cordoba, Spain; 2001. pp. 317-321.

2. Keel BA, Stembridge TW, Pineda G, Serafy NT. Lack of standardization in performance of the semen
analysis among laboratories in the United States. Fertil Steril. 2002; 78; 603-608. PMID: 12215340

3. OralE, Yetis O, Elibol F, Senol H, Irez T, Aksu FM. Assessment of human sperm morphology by strict
criteria: comparison of wet preparation versus stained with the modified Diff-Quik method. Arch Androl.
2002; 48: 307—-314. https://doi.org/10.1080/01485010290031628 PMID: 12137592

4. Maree L, du Plessis SS, Menkveld R, Van der Horst G. Morphometric dimensions of the human sperm
head depend on the staining method used. Hum Reprod. 2010; 25: 1369—1382. https://doi.org/10.1093/
humrep/deq075 PMID: 20400771

5. Lasiene K, Gedrimas V, Vitkus A, Glinskyte S, Lasys V, Valanciute A, et al. Evaluation of morphological
criteria of sperm quality before in vitro fertilization and intracytoplasmic sperm injection. Pol J Vet Sci.
2013; 16: 773-785. PMID: 24597318

PLOS ONE | https://doi.org/10.1371/journal.pone.0214243 March 25, 2019 13/17


http://www.ncbi.nlm.nih.gov/pubmed/12215340
https://doi.org/10.1080/01485010290031628
http://www.ncbi.nlm.nih.gov/pubmed/12137592
https://doi.org/10.1093/humrep/deq075
https://doi.org/10.1093/humrep/deq075
http://www.ncbi.nlm.nih.gov/pubmed/20400771
http://www.ncbi.nlm.nih.gov/pubmed/24597318
https://doi.org/10.1371/journal.pone.0214243

'PLOS|ONE

The effect of the staining technique on morphological and morphometric parameters of boar sperm

10.

11.

12

13.
14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Singh S, Sharma S, Jain M, Chauhan R. Importance of Papanicolaou staining for sperm morphologic
analysis. Am J Clin Pathol. 2011; 136: 247-251. https://doi.org/10.1309/AJCPCLCSPP24QPHR PMID:
21757597

Tasdemir I, Tasdemir M, Tavukcuoglu S, Kahraman S, Biberoglu K. Effect of abnormal sperm head
morphology on the outcome of intracytoplasmic sperm injection in humans. Hum Reprod. 2002; 12:
1214-1217.

Morales P, Overstreet JW, Katz DF. Changes in human sperm motion during capacitation in vitro. J
Reprod Fertil. 1988; 83: 119-128. PMID: 3397931

Gago C, Perez-Sanchez F, Yeung CH, Tablado L, Cooper TG, Soler C. Standarization of sampling and
staining methods for the morphometric evaluation of sperm heads in the Cynomolgus monkey (Macaca
fascicularis) using computer-assisted image analysis. Int J Androl. 1998; 21: 169—-176. PMID: 9669201

Banaszewska D, Kondracki S, Wysokinska A. Effect of age on the dimensions and shape of spermato-
zoa of Large White Polish boars. Archiv fur Tierzucht. 2011; 54: 504-514.

Walczak-Jedrzejowska R, Marchlewska K, Oszukowska E, Filipiak E, Bergier L, Slowikowska-Hilczer J.
Semen analysis standardization: is there any problem in Polish laboratories? Asian J Androl. 2013;
15:616-621. https://doi.org/10.1038/aja.2013.48 PMID: 23817502

Menkveld R, Holleboom CAG, Rhemre JPT. Measurement and significance of sperm morphology.
Asian J Androl. 2011; 13: 59-68. https://doi.org/10.1038/aja.2010.67 PMID: 21076438

Haidl G, Schill WB. Sperm morphology in fertile men. Arch Androl. 1993; 31: 153—157. PMID: 8274041

World Health Organization. Laboratory manual for the examination and processing of human semen.
WHO Press, 5th Edition, Switzerland; 2010.

Hirai M, Boersma A, Hoeflich A, Wolf E, Foll J, Aumdller TR, et al. Objectively measured sperm motility
and sperm head morphometry in boars (Sus Scrofa): Relation to fertility and seminal plasma growth fac-
tors. J Androl, 2001; 22: 104—110. PMID: 11191073

Esteso MC, Soler AJ, Fernandez-Santos MR, Quintero-Moreno AA, Garde JJ. Functional significance

of the sperm head morphometric size and shape for determining freezability in Iberian red deer (Cervu-
selaphushispanicus) epididymal sperm samples. J Androl. 2006; 27: 662—670. https://doi.org/10.2164/
jandrol.106.000489 PMID: 16728722

Nufez-Martinez |, Moran JM, Pefia FJ. Sperm indexes obtained using computer-assisted morphometry
provide a forecast of the freezability of canine sperm. Int J Androl. 2007; 30, 182—189. https://doi.org/
10.1111/1.1365-2605.2007.00743.x PMID: 17376220

Gosz E, Mirny Z, Horbowy J, Zietara MS. Morphometry of turbot spermatozoa in relation to the location
and time of capture during the spawning season. J Appl Ichthyol. 2010; 26: 784—-788.

Katz DF, Overstreet JW, Samuels SJ, Niswander PW, Bloom TD, Lewis EL. Morphometric analysis of
spermatozoa in the assessment of human male fertility. J Androl. 1986; 7: 203—210. PMID: 2427496

Partyka A, Nizanski W, Lukaszewicz E. Evaluation of fresh and frozen-thawed fowl semen by flow
cytometry. Theriogenology. 2010; 74: 1019—1027. https://doi.org/10.1016/j.theriogenology.2010.04.
032 PMID: 20580066

Verstegen J, Iguer-Ouada M, Onclin K. Computer assisted semen analyzers in andrology research and
veterinary practice. Theriogenology. 2002; 57: 149-179. PMID: 11775967

Partyka A, Nizanski W, Ochota M. Methods of assessment of cryopreserved semen. In: Katkov |, editor.
Current Frontiers in Cryobiology, IntechOpen, 2012. pp. 548-574.

Casey PJ, Gravance CG, Davis RO, Chabot DD, Liu IK. Morphometric differences in sperm head
dimensions of fertile and subfertile stallions. Theriogenology. 1997; 47: 575-582. PMID: 16728009

Thurston LM, Watson PF, Mileham AJ, Holt WV. Morphologically distinct sperm subpopulations defined
by Fourier shape descriptors in fresh ejaculates correlate with variation in boar semen quality following
cryopreservation. J Androl. 2001; 22: 382—-394. PMID: 11330638

Pefa FJ, Saravia F, Garcia-Herreros M, Nufnez-Martinez |, Tapia JA, Johannisson A, et al. Identification
of sperm morphometric subpopulations in two different portions of the boar ejaculate and its relation to
post thaw quality. J Androl. 2005; 26: 716—723. https://doi.org/10.2164/jandrol.05030 PMID: 16291966

Dadoune JP, Mayaux MJ, Guihard-Moscato ML. Correlation between defects in chromatin condensa-
tion of human spermatozoa stained by aniline blue and semen characteristics. Andrologia. 1988; 20:
211-217. PMID: 3177899

Gandini L, Lombardo F, Paoli D, Caponecchia L, Familiari G, Verlengia C, Dondero F, Lenzi A. Study of
apoptotic DNA fragmentation in human spermatozoa. Hum Reprod. 200; 15: 830—-839. PMID:
10739828

PLOS ONE | https://doi.org/10.1371/journal.pone.0214243 March 25, 2019 14/17


https://doi.org/10.1309/AJCPCLCSPP24QPHR
http://www.ncbi.nlm.nih.gov/pubmed/21757597
http://www.ncbi.nlm.nih.gov/pubmed/3397931
http://www.ncbi.nlm.nih.gov/pubmed/9669201
https://doi.org/10.1038/aja.2013.48
http://www.ncbi.nlm.nih.gov/pubmed/23817502
https://doi.org/10.1038/aja.2010.67
http://www.ncbi.nlm.nih.gov/pubmed/21076438
http://www.ncbi.nlm.nih.gov/pubmed/8274041
http://www.ncbi.nlm.nih.gov/pubmed/11191073
https://doi.org/10.2164/jandrol.106.000489
https://doi.org/10.2164/jandrol.106.000489
http://www.ncbi.nlm.nih.gov/pubmed/16728722
https://doi.org/10.1111/j.1365-2605.2007.00743.x
https://doi.org/10.1111/j.1365-2605.2007.00743.x
http://www.ncbi.nlm.nih.gov/pubmed/17376220
http://www.ncbi.nlm.nih.gov/pubmed/2427496
https://doi.org/10.1016/j.theriogenology.2010.04.032
https://doi.org/10.1016/j.theriogenology.2010.04.032
http://www.ncbi.nlm.nih.gov/pubmed/20580066
http://www.ncbi.nlm.nih.gov/pubmed/11775967
http://www.ncbi.nlm.nih.gov/pubmed/16728009
http://www.ncbi.nlm.nih.gov/pubmed/11330638
https://doi.org/10.2164/jandrol.05030
http://www.ncbi.nlm.nih.gov/pubmed/16291966
http://www.ncbi.nlm.nih.gov/pubmed/3177899
http://www.ncbi.nlm.nih.gov/pubmed/10739828
https://doi.org/10.1371/journal.pone.0214243

'PLOS|ONE

The effect of the staining technique on morphological and morphometric parameters of boar sperm

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Prisant N, Escalier D, Soufir JC, Morillon M, Schoevaert D, Misrahi M, Tachdjian G. Ultrastructural
nuclear defects and increased chromosome aneuploidies in spermatozoa with elongated heads. Hum
Reprod. 2007; 22: 1052—1059. https://doi.org/10.1093/humrep/del481 PMID: 17208942

Auger J. Assessing human sperm morphology: top models, underdogs or biometrics? Asian J Androl.
2010; 12: 36—46. https://doi.org/10.1038/aja.2009.8 PMID: 20111080

Andraszek K, Banaszewska D, Czubaszek M, Wojcik E, Szostek M. Comparison of different chromatin
staining techniques for bull sperm. Archiv fur Tierzucht. 2014; 57: 1-15.

Banaszewska D, Andraszek K, Biesiada-Drzazga B. Evaluation of sperm chromatin structure in the
semen of insemination boars. Bull Vet Inst Pulawy. 2015; 59: 271-277.

Hirano Y, Shibahara H, Obara H, Suzuki T, Takamizawa S, Yamaguchi C, et al. Relationship between
Sperm Moitility Characteristics Assessed by the Computer-Aided Sperm Analysis (CASA) and Fertiliza-
tion Rate In Vitro. J Assist Reprod Genet. 2001; 18: 213-218 PMID: 11432113

Nikolettos N, Kupker W, Demirel C, Schopper B, Blasig C, Sturm R, et al. Fertilization potential of sper-
matozoa with abnormal morphology. Hum Reprod. 1999; 14: 47—-70 PMID: 10573024

McAlister DA. A comparison of motility and head morphology of sperm using different semen process-
ing methods and three different staining techniques. Dissertation presented in partial fulfiment of the
requirements for the degree Master of Science in Medical Sciences (MScMedSci-Medical Physiology)
at Stellenbosch University; 2010.

Menkveld R, Rhemrev JP, Franken DR, Vermeiden JP, Kruger TF. Acrosomal morphology as a novel
criterion for male fertility diagnosis: relation with acrosin activity, morphology (strict criteria) and fertiliza-
tion in vitro. Fertil Steril. 1996; 65: 637—644. PMID: 8774300

Gontarz A, Banaszewska D, Gryzifiska M, Andraszek K. Differences in drone sperm morphometry and
activity at the beginning and end of the season. Turk J Veter Anim Sci. 2016; 40: 1511-1516.

Iguer-Ouada M, Verstegen JP. Validation of the Sperm Quality Analyzer (SQA) for dog sperm analysis.
Theriogenology. 2001; 55: 1143—-1158. PMID: 11322241

Rijsselaere T, Van Soom A, Hoflack G, Meas D, de Kruif A. Automated sperm morphometry and mor-
phology analysis of canine semen by the Hamilton-Thorne analyzer. Theriogenology. 2004; 62: 1292—
13086. https://doi.org/10.1016/j.theriogenology.2004.01.005 PMID: 15325556

Rijsselaere T, Van Soom A, Hoflack G, Meas D, de Kruif A. Effect of body weight, age and breeding his-
tory on canine sperm quality parameters measured by the Hamilton-Thorne analyser. Reprod Domest
Anim. 2007; 42: 143-148. https://doi.org/10.1111/j.1439-0531.2006.00743.x PMID: 17348970

Menkveld R. The basic semen analysis. Chapter 9. In: Oehninger S, Kruger TF, editors. Male Infertility.
Diagnosis and treatment. Informa Healthcare, Oxon, UK; 2007. pp. 141-170.

tukaszewicz E, Jerysz A, Partyka A, Siudzifiska A. Efficacy of evaluation of rooster sperm morphology
using different staining methods. Res Veter Sci. 2008; 85: 583-588.

Banaszewska D, Andraszek K, Czubaszek M, Biesiada-Drzazga B. The effect of selected staining tech-
niques on bulls sperm morphometry. Anim Reprod Sci. 2015b; 159: 17—-24. https://doi.org/10.1016/j.
anireprosci.2015.06.019 PMID: 26149220

Banaszewska D, Andraszek K, Szostek M, Danielewicz A, Wojcik E, Walczak-Jedrzejowska R. Analy-
sis of stallion semiologic semen parameters. Med Weter. 2015c; 71: 563-567.

Banaszewska D, Andraszek K, Zdrowowicz E, Danielewicz A. The effect of selected staining tech-
niques on stallion sperm morphometry. Livest Sci. 2015d; 175: 128-132.

Banaszewska D, Czubaszek M, Walczak-Jedrzejowska R, Andraszek K. Morphometric dimensions of
the stallion sperm head depending. Bull Vet Inst Pulawy. 2015e; 59: 263-270.

Banaszewska D, Andraszek K, Biesiada-Drzazga B, Przyborski M. Identification of chromatin proteins
in the semen of roosters from breeding flocks. Europ Poult Sci. 2015a; 79: https://doi.org/10.1399/eps.
2015.101

Andraszek K, Banaszewska D, Biesiada-Drzazga B. The use of two staining methods for identification
of spermatozoon structure in roosters. Poult Sci. 2018; 97(7): 2575-2581. https://doi.org/10.3382/ps/
pey056 PMID: 29617901

Kruger TF, Van der Merwe F, Van Waart J. The Tygerberg strict criteria: what are the clinical thresholds
for in vitro fertilization, intrauterine insemination, and in vivo fertilization? In: Atlas of Human Sperm Mor-
phology Evaluation. Taylor and Francis, London; 2004. pp. 13—18.

Kondracki S, Banaszewska D, Mielnicka C. The effect of age on the morphometric sperm traits of
domestic pigs (Sus scrofa domestica). Cell Mol Biol Lett. 2005; 10: 3—13. PMID: 15809675

Kondracki S, Banaszewska D, Wysokifiska A, Chomicz J. Sperm morphology of cattle and domestic
pigs. Reprod Biol. 2006; 6: 99—-104. PMID: 17220948

PLOS ONE | https://doi.org/10.1371/journal.pone.0214243 March 25, 2019 15/17


https://doi.org/10.1093/humrep/del481
http://www.ncbi.nlm.nih.gov/pubmed/17208942
https://doi.org/10.1038/aja.2009.8
http://www.ncbi.nlm.nih.gov/pubmed/20111080
http://www.ncbi.nlm.nih.gov/pubmed/11432113
http://www.ncbi.nlm.nih.gov/pubmed/10573024
http://www.ncbi.nlm.nih.gov/pubmed/8774300
http://www.ncbi.nlm.nih.gov/pubmed/11322241
https://doi.org/10.1016/j.theriogenology.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15325556
https://doi.org/10.1111/j.1439-0531.2006.00743.x
http://www.ncbi.nlm.nih.gov/pubmed/17348970
https://doi.org/10.1016/j.anireprosci.2015.06.019
https://doi.org/10.1016/j.anireprosci.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26149220
https://doi.org/10.1399/eps.2015.101
https://doi.org/10.1399/eps.2015.101
https://doi.org/10.3382/ps/pey056
https://doi.org/10.3382/ps/pey056
http://www.ncbi.nlm.nih.gov/pubmed/29617901
http://www.ncbi.nlm.nih.gov/pubmed/15809675
http://www.ncbi.nlm.nih.gov/pubmed/17220948
https://doi.org/10.1371/journal.pone.0214243

'PLOS|ONE

The effect of the staining technique on morphological and morphometric parameters of boar sperm

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sprecher DJ, Coe PH. Differences in bull spermiograms using eosin-nigrosin stain, Feulgen stain, and
phase contrast microscopy methods. Theriogenology. 1996; 45: 757—-764. PMID: 16727838

Zambelli D, Cunto M. Semen collection in cats: techniques and analysis. Theriogenology. 2006; 5:159—
65.

Freneau GE, Chenoweth PJ, Ellis R, Rupp G. Sperm morphology of beef bulls evaluated by two differ-
ent methods. Anim Reprod Sci. 2010; 118: 176—181. https://doi.org/10.1016/j.anireprosci.2009.08.015
PMID: 19786333

Kruger TF, Ackerman SB, Simmons KF, Swanson RJ, Brugo SS, Acosta AA. A quick, reliable staining
technique for human sperm morphology. Archiv Androl. 1987; 18: 275-277.

Henkel R, Schreiber G, Sturmhoefel A, Hipler UC, Zermann DH, Menkveld R. Comparison of three
staining methods for the morphological evaluation of human spermatozoa. Fertil Steril. 2008; 89: 449—
455 https://doi.org/10.1016/j.fertnstert.2007.03.027 PMID: 17601601

Van der Horst G, Maree L. SpermBlue: A new universal stain for human and animal sperm which is also
amenable to automated sperm morphology analysis. Biotech Histochem. 2009; 84: 299-308. https://
doi.org/10.3109/10520290902984274 PMID: 19488904

Goodpasture C, Bloom SE. Visualization of nucleolar organiser regions in mammalian chromosomes
using silver staining. Chromosoma. 1975; 53: 37-50. PMID: 53131

Howell WM, Black DA. Controlled silver-staining of nucleolus organizer regions with a protective colloi-
dal developer: a 1-step method. Experentia. 1980; 36: 1014-1015.

Andraszek K, Smalec E. Number and size of nucleoli in the spermatocytes of European domestic
goose (Anser anser). Archiv fur Geflugelkunde. 2007; 71: 237-240.

Andraszek K, Horoszewicz E, Smalec E. Nucleolar organizer regions, satellite associations and nucleoli
of goat cells (Capra hircus). Archiv fur Tierzucht. 2009; 52: 177—186.

Andraszek K, Gryzinska M, Danielewicz A, Batkowska J, Smalec E. Age-dependent stability of nucleoli
and global DNA methylation level in spermatocytes of the domestic horse (Equus caballus). Can J Anim
Sci. 2016; 96(2): 215-220.

Andraszek K, Gryziriska M, Wojcik E, Knaga S, Smalec E. Age-dependent change in the morphology of
nucleoli and methylation of genes of the nucleolar organizer region in a Japanese quail model Coturnix
japonica (Temminck and Schlegel, 1849) (Galliformes: Aves). Folia Biol (Krakow). 2014; 62(4): 293—
300. PMID: 25916156

Andraszek K, Smalec E. The use of silver nitrate for the identification of spermatozoon structure in
selected mammals. Can J Anim Sci. 2011; 91: 239-246.

Andraszek K, Banaszewska D, Wojcik E, Szostek M, Czubaszek M, Walczak-Jedrzejowska R. (2014):
The use of silver nitrate for the assessment of seminologic semen parameters in selected farm and wild
animal species. Bull Vet Inst Pulawy. 2014; 58: 487—-494.

Kenney R, Hurtgen J, Pierson R, Witherspoon D, Simns J. Society for Therigenology manual for clinical
fertility evaluation of the stallion. Society for Theriogenology; 1983.

Chenoweth P, Spitzer J, Hopkins F. A new bull breeding soundness evaluation form. Society for Therio-
genology. 1992: 63—70.

Kruger TF, Menkveld R, Stander FS, Lombard CJ, Van der Merwe JP, Van Zyl JA, et al. Sperm morpho-
logic features as a prognostic factor in vitro fertilization. Fertil Steril. 1986; 46: 1118—-1123. PMID:
2946611

Andraszek K, Szeleszczuk O, Niedbata P, Kuchta-Gtadysz M. Preliminary research on evaluation of
sperm morphometry and chromatin structure in the semen of silver fox (Vulpes vuipes). Folia Pomer
Univ Technol Stetin Agric Aliment Pisc Zootech. 2016; 326(38)2: 5-16.

King GJ, Macpherson JWA. Comparison of two methods for boar semen collection. J Anim Sci. 1973;
36: 563-565. PMID: 4693863

Hidalgo M, Rodriguez I, Dorado J, Soler C. Morphometric classification of Spanish thoroughbred stal-
lion sperm heads. Anim Reprod Sci. 2008; 103: 374-378. https://doi.org/10.1016/j.anireprosci.2007.06.
001 PMID: 17628363

Phetudomsinsuk K, Sirinarumitr K, Laikul A, Pinyopummin A. Morphology and head morphometric char-
acters of sperm in Thai native crossbred stallions. Acta Vet Scand. 2008; 50: 41, 1-9. https://doi.org/10.
1186/1751-0147-50-41 PMID: 18940014

Saravia F, Nufiez-Martinez |, Moran JM, Soler C, Muriel A, Rodriguez-Martinez H, et al. Differences in
boar sperm head shape and dimensions recorded by computer-assisted sperm morphometry are not
related to chromatin integrity. Theriogenology. 2007; 68: 196—203. https://doi.org/10.1016/j.
theriogenology.2007.04.052 PMID: 17555808

PLOS ONE | https://doi.org/10.1371/journal.pone.0214243 March 25, 2019 16/17


http://www.ncbi.nlm.nih.gov/pubmed/16727838
https://doi.org/10.1016/j.anireprosci.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19786333
https://doi.org/10.1016/j.fertnstert.2007.03.027
http://www.ncbi.nlm.nih.gov/pubmed/17601601
https://doi.org/10.3109/10520290902984274
https://doi.org/10.3109/10520290902984274
http://www.ncbi.nlm.nih.gov/pubmed/19488904
http://www.ncbi.nlm.nih.gov/pubmed/53131
http://www.ncbi.nlm.nih.gov/pubmed/25916156
http://www.ncbi.nlm.nih.gov/pubmed/2946611
http://www.ncbi.nlm.nih.gov/pubmed/4693863
https://doi.org/10.1016/j.anireprosci.2007.06.001
https://doi.org/10.1016/j.anireprosci.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17628363
https://doi.org/10.1186/1751-0147-50-41
https://doi.org/10.1186/1751-0147-50-41
http://www.ncbi.nlm.nih.gov/pubmed/18940014
https://doi.org/10.1016/j.theriogenology.2007.04.052
https://doi.org/10.1016/j.theriogenology.2007.04.052
http://www.ncbi.nlm.nih.gov/pubmed/17555808
https://doi.org/10.1371/journal.pone.0214243

'PLOS|ONE

The effect of the staining technique on morphological and morphometric parameters of boar sperm

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Kondracki S, Banaszewska D, Wysokiniska A, lwanina M. The effect of sperm concentration in the ejac-
ulate on morphological traits of bull spermatozoa. Folia Biol (Krakow). 2012; 60: 85-91. PMID:
22428313

Brito LFC, Greene LM, Kelleman A, Knobbe M, Turner R. Effect of method and clinician on stallion
sperm morphology evaluation. Therigenology. 2011; 76: 745-750.

tacka K, Kondracki S, lwanina M, Wysokinska A. Assessment of stallion semen morphology using two
different staining methods, microscopic techniques, and sample sizes. J Veter Res. 2016; 60: 99—-104.

Jeyendran RS, Van der Ven HH, Perez-Pelaez M, Crabo BG, Zaneveld LJ. Development of an assay to
assess the functional integrity of the human sperm membrane and its relationship to other semen char-
acteristics. J Reprod Fertil. 1984; 70:219-228. PMID: 6694140

Sancho M, Pérez-Sanchez F, Tablado L, de Monserrat JJ, Soler C. Computer assisted morphometric
analysis of ram sperm heads: evaluation of different fixative techniques. Theriogenology. 1998; 50: 27—
37. PMID: 10734471

Aksoy E, Aktan TM, Duman S, Cuce G. Assessment of spermatozoa morphology under light micros-
copy with different histologic stain and comparison of morphometric measurements. Int J Morphol.
2012; 30: 1544—-1550.

Franken DR, Smith M, Menkveld R, Kruger TF, Sekadde-Kigondu C, Mbizvo M, et al. The development
of a continuous quality control programme for strict sperm morphology among sub-Saharan African lab-
oratories. Hum Reprod. 2000; 15: 667—-671. PMID: 10686217

Hidalgo M, Rodriguez I, Dorado J. Influence of staining and sampling procedures on goat sperm mor-
phometry using the Sperm Class Analyzer. Theriogenology. 2006; 66: 996—1003. https://doi.org/10.
1016/j.theriogenology.2006.02.039 PMID: 16620924

Kazerooni T, Asadi N, Jadid L, Kazerooni M, Ghanadi A, Ghaffarpasand F, et al. Evaluation of sperm’s
chromatin quality with acridine orange test, chromomycin A3 and aniline blue staining in couples with
unexplained recurrent abortion. J Assist Reprod Genet. 2009; 26: 591-596. https://doi.org/10.1007/
510815-009-9361-3 PMID: 19894107

Dvorakova K, Moore HD, Sebkova N, Palecek J. Cytoskeleton localization in the sperm head prior to
fertilization. Reproduction. 2005; 130: 61-69. https://doi.org/10.1530/rep.1.00549 PMID: 15985632

Blom E. Studies on seminal vesiculitis in the bull: Il. Proposal for a new classification on the spermio-
gram. Med Weter. 1981; 4: 239-242.

Blom E. The ultrastructure of some characteristic sperm defects and a proposal for a new classification
of bull spermiogram. Nord Vet Med. 1983; 25: 383—-391.

Rostanowski K. Study and assessment of bull reproductive use. PWRIL, Poznan; 1987. pp. 9—16.

Card C. Cellular associations and the differential spermiogram: making sense of stallion spermatozoal
morphology. Theriogenology. 2005; 64(3): 558—567. https://doi.org/10.1016/j.theriogenology.2005.05.
014 PMID: 15953630

Chetmonska B, Dymkowska B. Rozrdd ptakéw. In: Hodowla i uzytkowanie drobiu. SGGW, Warszawa;
1993. pp. 40-66.

tukaszewicz E. Studies on diluents for storage of rooster semen in light of laboratory evaluation and
reproductive indicators. Zeszyty Naukowe AR Wroctaw, Zootechnika. 1988; 68: 43-59.

Gage MJ. Mammalian sperm morphometry. Proc Biol Sci. 1998; 265: 97—-103. https://doi.org/10.1098/
rspb.1998.0269 PMID: 9474794

Ostermeier GC, Sargeant GA, Yandell BS, Evenson DP, Parrish JJ. Relationship of bull fertility to
sperm nuclear shape. J Androl. 2001; 22: 595-603. PMID: 11451356

Ostermeier GC, Sargeant GA, Yandell TBS, Parrish JJ. Measurement of bovine sperm nuclear shape
using Fourier harmonic amplitudes. J Androl. 2001; 22: 584—-594. PMID: 11451355

PLOS ONE | https://doi.org/10.1371/journal.pone.0214243 March 25, 2019 17/17


http://www.ncbi.nlm.nih.gov/pubmed/22428313
http://www.ncbi.nlm.nih.gov/pubmed/6694140
http://www.ncbi.nlm.nih.gov/pubmed/10734471
http://www.ncbi.nlm.nih.gov/pubmed/10686217
https://doi.org/10.1016/j.theriogenology.2006.02.039
https://doi.org/10.1016/j.theriogenology.2006.02.039
http://www.ncbi.nlm.nih.gov/pubmed/16620924
https://doi.org/10.1007/s10815-009-9361-3
https://doi.org/10.1007/s10815-009-9361-3
http://www.ncbi.nlm.nih.gov/pubmed/19894107
https://doi.org/10.1530/rep.1.00549
http://www.ncbi.nlm.nih.gov/pubmed/15985632
https://doi.org/10.1016/j.theriogenology.2005.05.014
https://doi.org/10.1016/j.theriogenology.2005.05.014
http://www.ncbi.nlm.nih.gov/pubmed/15953630
https://doi.org/10.1098/rspb.1998.0269
https://doi.org/10.1098/rspb.1998.0269
http://www.ncbi.nlm.nih.gov/pubmed/9474794
http://www.ncbi.nlm.nih.gov/pubmed/11451356
http://www.ncbi.nlm.nih.gov/pubmed/11451355
https://doi.org/10.1371/journal.pone.0214243

