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Comparison of bull sperm morphology evaluation methods under field conditions
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Abstract

Sperm morphological assessment is a critical component in bull breeding soundness evaluations. Although sperm morphology is an important parameter to identify subfertile from fertile bulls, the evaluation can be biased because sperm staining methods used under field conditions may not be exact due to various factors, including artifacts. Objective was to compare 2 sperm morphological evaluation methods. Prebreeding season ejaculates of 1,216 Angus cross bulls collected via electroejaculation were evaluated. For each bull, an unstained (UNS) and an eosin-nigrosin stained (ENS) semen smear were viewed under a phase contrast microscope and a brightfield microscope with an oil immersion lens, both at 1,000 × magnification. Normal and percentage of abnormal sperm were identified by counting 200 sperm. Inter-rater agreements between 2 clinicians for the percentage of abnormal sperm determination and its categories were very good (ENS method, r = 0.84 – 0.96; UNS method, r = 0.76 – 0.96; p < 0.01). No differences (p > 0.1) were observed for abnormal sperm percentage determination and its categories between 2 methods. Correlation was very good between 2 methods for total abnormal sperm percentage determination (r = 0.91; p < 0.01) and its categories (r = 0.84 – 0.96; p < 0.05). Additionally, 60 ejaculates were evaluated by triple stain (TS), ENS, and UNS methods. Agreements between TS (percentage of sperm with damaged membrane) and ENS (percentage of abnormal sperm) and between TS and UNS methods were moderate (r = 0.58; p < 0.05) and fair (r = 0.43; p < 0.05), respectively. Based on our findings, either technique can be used for bull sperm morphological evaluation under field conditions. Considering the ease of semen smear preparation, the UNS method can be a viable alternative to the ENS method.
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Introduction

Spermiogenesis includes reorganization of sperm nucleus, development and positioning of acrosome from the Golgi apparatus, organization of tail structures, and restructuring of cytoplasm.1 Transformation of spermatids during spermiogenesis is a key postmeiotic event contributing to major sperm morphological reorganizations.2

An exact evaluation of sperm parameters is necessary to predict bull fertility for natural breeding and for assisted reproductive technology (ART).3,4 Evaluation of bull’s breeding potential includes analysis of basic sperm characteristics (motility and morphology).5,6 Sperm use in ART procedures is expanding, especially for semen cryopreservation, semen sexing, and in vivo and in vitro embryo production, validating the need for diagnosing subfertile and infertile bulls.7–10 Sperm morphological characteristics are the most distinguishing sperm parameter of subfertile and fertile bulls.11–13 Additionally, sperm morphology has a high prognostic potential for evaluating bull fertility, and thus morphological assessment is critical for selecting bulls for breeding purposes.6,11–13

Sperm morphological evaluation determines the percentage of normal and abnormal sperm.5,6 Microscopic examination of ejaculates indicated that sperm morphological assessment has discrepancies, even within the same ejaculate, and these discrepancies create difficulties in determining bull fertility potential.6,14 Various stains and methods were used for sperm morphological analysis, resulting in ambiguous outcomes.2,15 In this regard, eosin-nigrosin (ENS) staining has remained the most commonly used technique for detecting sperm morphological abnormalities.5,6 However, it should be noted that sperm morphological evaluation methods can critically affect sperm morphology outcomes.16–18 Veterinary practitioners also perform sperm morphological evaluation using unstained (UNS) semen smears under a phase contrast microscope under an oil immersion lens. Easy-to-use inexpensive standard sperm morphological evaluation technique is important for exact, unambiguous analysis of sperm.19 Therefore, we compared 2 methods (ENS versus UNS) for evaluating sperm morphological characteristics of bulls. Additionally, we also evaluated ejaculates from 60 bulls by the triple stain (TS), ENS, and UNS methods to determine the agreement among these 3 methods to determine their field application. We hypothesized that bull sperm morphological evaluation using these methods is similar.

Materials and methods

Animals

Our prospective study used ejaculates (n = 1,216; Angus cross; yearling to 5 years) collected from bulls (2017 to 2020) presented for routine bull breeding soundness evaluation.5 Bulls were reared by private commercial beef cattle producers and were chosen without considering their fertility potential. Ejaculates were collected from bulls via electroejaculation (Pulsator IV, Lane Manufacturing, Inc., Denver, CO, USA) applying minimal electrostimulation to obtain ejaculates.

Since it is a routine theriogenology procedure (with no extra manipulation of bulls involved), institutional animal care and use committee approval is not required, and the study is exempt.

Sperm morphological examination

Once sperm motility was assessed, sperm morphology slides were prepared using both methods for each bull. For the UNS method, 10 μl of semen was placed on one end of a preheated (36°C) microscopic slide, and a thin smear was prepared by feathering technique. For the ENS method, a drop of semen (5 μl) was placed on a preheated (36°C) microscopic slide, mixed with an equal volume of eosin-nigrosin dye, and a thin smear was prepared using feathering technique. Slides were air-dried, and 1 clinician prepared slides for sperm morphology. For the ENS method, sperm morphology slides were viewed under a brightfield microscope at 1,000 × magnification under an oil immersion lens. For the UNS method, sperm morphology slides were evaluated at 1,000 × under a phase contrast microscope under an oil immersion lens. Sperm morphology slides were evaluated by 2 clinicians, on the same or on the following day, at the laboratory. For both techniques, slides were scored after counting a minimum of 200 sperm per sample and categorized based on morphological abnormalities.

Sperm abnormality classification

Morphological abnormalities5,6 were calculated as a percentage of the total number of counted sperm. Morphological categories used were abnormal heads (pear-shaped, narrow at the base, abnormal contour, acrosome defects, vacuoles and craters, diadem, and undeveloped, detached, narrow, big, little-normal, and short-broad heads), abnormal midpieces (bent, short, and rough edge), proximal cytoplasmic droplets, Dag defect, bent tail, and coiled tail. Comparison of sperm plasma, acrosomal, and mitochondrial membrane assessment was by the triple stain (TS) method with sperm abnormality assessment by ENS and UNS methods.

Semen samples from 60 bulls were used. Immediately after semen collection, semen smears were prepared for ENS and UNS methods. Additionally, an aliquot of the ejaculate was extended with a semen extender and was transported to the laboratory. Semen samples were washed in PBS, diluted in TALP sperm medium to reach the final concentration of 25 × 106 sperm per ml, and then stained using the TS staining method.

Triple staining procedure was performed according to the method described.20–22 For each bull, 12 μl of propidium iodide (PI) (0.5 mg/ml), 2 μl of mitochondrial (JC-1) (153 μM), and 50 μl of Pisum sativum agglutinin (FITC-PSA) (100 μg/mL) fluorescent probes were added to 150 μl of the diluted semen sample. The mixture was incubated at 37°C for 8 minutes, then placed on a warmed slide, covered by a coverslip, and evaluated using fluorescence microscopy (Leitz, Laborlux S) at 1,000 × magnification. Two hundred sperm were examined per slide and were classified into 6 classes (Table 1) according to the fluorescence emission from each dye. Plasma (PI), acrosomal (FITC/PSA), and mitochondrial (JC-1) membranes were simultaneously assessed.20–22 Percentage of sperm with low membrane integrity (sperm exhibiting damaged plasma membrane), damaged acrosome, and low mitochondrial potential on triple stain was considered for comparison with the percentage of sperm abnormalities by ENS and UNS methods. Furthermore, comparisons were made for sperm organelles among staining methods, and parameters compared are provided (Table 2).




Table 1.Sperm classification for simultaneous assessment of plasma (propidium iodide – PI), acrosomal (Pisum sativum agglutinin – FITC/PSA), and mitochondrial (JC-1) membranes by triple stain fluorescent probes


	Sperm classification
	PI
	FITC-PSA
	JC-1





	A. Intact plasma membrane, damaged acrosome, and high mitochondrial potential (Class III)
	-
	+
	Red



	B. Intact plasma membrane, intact acrosome, and high mitochondrial potential (IPIAH – Class I)
	-
	-
	Red



	C. Damaged plasma membrane, damaged acrosome, and high mitochondrial potential (Class VII)
	+
	+
	Red



	D. Damaged plasma membrane, damaged acrosome, and low mitochondrial potential (Class VIII)
	+
	+
	Green



	E. Damaged plasma membrane, intact acrosome, and low mitochondrial potential (Class VI)
	+
	-
	Green



	F. Damaged plasma membrane, intact acrosome, and high mitochondrial potential (Class V)
	+
	-
	Red



	PI positive (+) = red stained nucleus; FITC-PSA positive (+) = green acrosome region; PI negative (-) = unstained nucleus; FITC-PSA negative (-) = unstained acrosome.








Table 2.Categories for comparison of sperm organelles


	Categories
	Triple stained
	Eosin-nigrosin stain
	Unstained





	Plasma membrane integrity
	Intact plasma membrane (PI, %))
	% Live sperm‡
	% Normal heads†



	Intact acrosome
	% Intact acrosome membrane (FITC)
	% Normal acrosome*
	% Normal acrosome*



	Mitochondrial potential
	% High mitochondrial potential (JC-1)
	% Normal midpiece§
	% Normal midpiece§



	‡Sperm stained in pink/red color (sperm with structurally intact cell membranes, live sperm, are not stained, while dead sperm, with disintegrating cell membranes, are stained) were excluded; †Abnormal heads (including pear-shaped, narrow at the base, abnormal contour, vacuoles and craters, diadem, and undeveloped, detached, narrow, big, little-normal, and short-broad heads) were excluded; *Acrosomal defects (knobbed acrosome and acrosome reacted) were excluded; §Abnormal midpieces (bent, short, rough edge, and Dag defect) were excluded.





Data analyses

Data were analyzed using a statistical program (SAS, Version 9.4; SAS Institute, Cary, NC, USA), and p value was set at ≤ 0.05 for significance. Concordance correlation coefficient of Lin was used to analyze inter-rater agreement for determining the percentage of abnormal sperm.23,24 The Shapiro-Wilk test was used to verify the normality of the data and Levene’s test to verify the homoscedasticity of the variance. When necessary, data were transformed with log10 or arcsine for analysis, and nontransformed values were reported. Mean abnormal sperm percentage by the 2 techniques was compared using the Student’s t-test. Correlation of abnormal sperm percentage by ENS and UNS methods was determined using the Lin correlation coefficient method. Correlation between the percentage of low sperm membrane integrity by the TS method and the percentage of abnormal sperm by the ENS method, and the percentage of abnormal sperm by UNS method were determined using the Lin correlation coefficient method. Furthermore, the percentage of plasma membrane integrity by TS versus the percentage of live sperm by ENS or head defect by UNS; intact acrosome membrane by TS versus normal acrosome by ENS or UNS methods; and high mitochondrial potential by TS versus normal midpiece by ENS or UNS methods were also determined using the Lin correlation coefficient method.

Results

Images of morphologically abnormal sperm by ENS (Figure 1) and UNS (Figure 2) methods are provided. Images of 6 classes (Figure 3) by simultaneous assessment of plasma, acrosomal, and mitochondrial membranes are given. Agreement (concordance correlation of Lin, r) between 2 clinicians for determining various types of abnormal sperm percentage (Table 3) by the ENS method was very strong (r = 0.85 – 0.96; p < 0.01), whereas by the UNS method, the agreement was moderate to very strong (r = 0.76 – 0.96; p < 0.01).

Figure 1.Sperm with abnormal morphology (eosin-nigrosin stain); images were captured by iPhone 12 under brightfield microscopy.
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Figure 2.Sperm with abnormal morphology (unstained); images were captured by iPhone 12 under phase contrast microscopy.
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Figure 3.Images for simultaneous assessment of sperm plasma (propidium iodide – PI), acrosome (Pisum sativum agglutinin – FITC/PSA), and mitochondrial (JC-1) membranes by triple stain fluorescent probes in bulls. (A) Intact plasma membrane, damaged acrosome membrane, and high mitochondrial potential; (B) intact plasma membrane, intact acrosome membrane, and high mitochondrial potential; (C) damaged plasma membrane, damaged acrosome, and high mitochondrial potential; (D) damaged plasma membrane, damaged acrosome membrane, and low mitochondrial potential; (E) damaged plasma membrane, intact acrosome membrane, and low mitochondrial potential; (F) damaged plasma membrane, intact acrosome, and high mitochondrial potential.
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Table 3.Degree of inter-rater agreement among independent observers of sperm abnormalities


	Sperm abnormalities (%)
	Eosin-nigrosin stain
	Unstained



	r
	p value
	r
	p value





	Head abnormalities
	0.85
	0.01
	0.79
	0.01



	Detached head
	0.94
	0.01
	0.94
	0.01



	Mid piece abnormalities
	0.84
	0.01
	0.76
	0.01



	Proximal droplet
	0.91
	0.01
	0.92
	0.01



	Distal droplet*
	0.94
	0.01
	0.93
	0.01



	Bent tail
	0.94
	0.01
	0.96
	0.01



	Coiled tail
	0.96
	0.01
	0.96
	0.01



	Total abnormalities
	0.91
	0.01
	0.92
	0.01



	r: Lin’s concordance correlation coefficient, the degree of agreement among independent observers who assessed sperm abnormalities; significant difference if p ≤ 0.05; *not classified as sperm abnormalities and not included to calculate percentages of morphologically normal sperm.





Percentage abnormal sperm did not differ (p > 0.1) between ENS and UNS methods (Table 4). The percentage of various sperm abnormalities by 2 methods was positively correlated (r = 0.84 – 0.96; p < 0.01). Both methods detected acrosome defects and cytoplasmic droplets; however, nuclear vacuoles were detected most readily by the UNS method. The percentage of total sperm defect did not differ between TS and ENS but differed between TS and UNS (Table 5). The percentages of head, mid-piece, and tail sperm defects did not differ among methods (Table 5).




Table 4.Differences in sperm morphological abnormalities (means ± SD) relative to techniques


	Sperm abnormalities (%)
	Eosin-nigrosin stain
	Unstained
	p value
	r
	p value





	Head abnormalities
	4.54 ± 3.19
	5.42 ± 3.52
	0.58
	0.85
	0.01



	Detached head
	3.17 ± 2.35
	4.11 ± 3.19
	0.43
	0.91
	0.01



	Mid piece abnormalities
	5.13 ± 3.31
	6.12 ± 3.07
	0.55
	0.84
	0.01



	Proximal droplet
	6.36 ± 6.10
	7.20 ± 8.54
	0.49
	0.91
	0.01



	Distal droplet*
	4.47 ± 4.81
	4.99 ± 5.12
	0.73
	0.94
	0.01



	Bent tail
	5.41 ± 5.08
	5.03 ± 5.73
	0.67
	0.94
	0.01



	Coiled tail
	2.90 ± 3.10
	3.21 ± 4.12
	0.84
	0.96
	0.01



	Total abnormalities
	25.61 ± 13.31
	28.42 ± 15.52
	0.31
	0.91
	0.01



	SD: standard deviation; r: Lin’s concordance correlation coefficient; significant difference if p ≤ 0.05); *Not classified as sperm abnormalities.








Table 5.Mean ± SD % abnormal sperm by triple staining (TS), eosin-nigrosin stained (ENS) and unstained (UNS) methods, and association among 3 staining methods


	Sperm defect (%)
	TS
	ENS
	UNS
	TS versus ENS
	TS versus UNS



	(%)
	p value TS versus ENS
	(%)
	p value TS versus UNS
	r
	p value
	r
	p value





	Total
	22.61 ± 16.31†
	25.61 ±13.31
	> 0.1
	28.42 ± 15.52
	0.05
	0.58
	0.05
	0.43
	0.05



	Head§
	9.10 ± 8.23
	8.44 ± 6.91
	> 0.1
	9.55 ± 6.67
	>0.1
	0.73
	0.01
	0.80
	0.01



	Midpiece*
	12.16 ± 9.89
	11.08 ± 9.34
	> 0.1
	13.12 ± 11.02
	>0.1
	0.49
	0.05
	0.40
	0.05



	Tail
	9.22 ± 9.01
	7.96 ± 8.11
	> 0.1
	9.01 ± 8.98
	>0.1
	0.64
	>0.01
	0.61
	> 0.01



	†Damaged plasma membrane, damaged acrosome, and low mitochondrial potential (TS) versus total abnormal sperm defect (ENS or UNS); §damaged plasma membrane and damaged acrosome (TS) versus head defect (ENS or UNS); *low mitochondrial potential (TS) versus midpiece defect (ENS or UNS); r: Lin’s concordance correlation coefficient; Significant difference if p ≤ 0.05.





Correlation between the percentage of abnormal sperm with damaged membranes by the TS method and the percentage of abnormal sperm by the ENS method was moderate (r = 0.58; p < 0.05). Similarly, the correlation between the percentage of sperm with damaged membranes by the TS method and the percentage of abnormal sperm by the UNS method was fair (r = 0.43; p < 0.05) (Table 5). Correlations between TS and ENS methods for sperm head, mid-piece, and tail defects were fair to very good, 0.73, 0.49, and 0.64, respectively (p > 0.05); furthermore, correlations between TS and UNS methods were also fair to very good, 0.80, 0.40, and 0.61, respectively (p > 0.05) (Table 5).

Plasma membrane integrity by TS versus live sperm percentage by ENS or head defect by UNS had a very good correlation (p < 0.01; Table 6). Correlation between intact acrosome membrane by TS versus normal acrosome by ENS was moderate (p < 0.05; Table 6) and by TS versus UNS was good (p < 0.01; Table 5). Correlation between high mitochondrial potential by TS versus normal midpiece by ENS was moderate (p < 0.05; Table 5) or by TS versus UNS was poor (p > 0.1; Table 6).




Table 6.Correlation among normal sperm morphology parameters identified by triple staining (TS), eosin-nigrosin stained, and unstained methods.


	Triple stain sperm parameter
	ENS
	UNS



	R
	p
	r
	P





	IPIAH (triple stain)
	0.85
	0.01
	0.82
	0.01



	Plasma membrane integrity
	0.88
	0.01
	0.43
	0.05



	Acrosome integrity
	0.52
	0.05
	0.67
	0.01



	High mitochondrial potential
	0.49
	0.05
	0.34
	0.22



	ENS (eosin-nigrosin stain); UNS (unstained); IPIAH (intact sperm plasma membrane, intact acrosome, and high mitochondrial potential).





Discussion

Sperm morphology in bulls was compared using the UNS method and the commonly used ENS method. Both methods evaluated sperm morphology similarly. Although similar studies16,17 have been conducted, the current study investigated sperm samples from a larger population of bulls to determine the repeatability of earlier studies’ outcomes. Additionally, sperm evaluation by the triple staining method used in this study can be considered as an unbiased quantitative assessment. Using fluorescence microscopy to assess organelles functions with simultaneous acquisition of brightfield microscopic images of sperm morphology can identify subtle sperm features to predict negative impacts on fertility.

Sperm morphology is widely regarded as the most accurate and exact assessment of fertility under field conditions. Moreover, sperm morphological characteristics can be used in diagnosing male reproductive disorders and studying the effect of exposure to reproductive toxins and hazards on male fertility.25–27 Hence, standardized techniques for evaluating sperm morphology including morphometry are required. Sperm morphological characteristics have historically been evaluated using a variety of staining methods – Papanicolaou, eosin-nigrosin, trypan blue, Giemsa, and Diff-Quick. Nevertheless, a specific method of sperm staining for various species of livestock animals is lacking. Stains used for sperm morphological analysis might induce morphologic or morphometric alterations to bull sperm.17 Furthermore, dyes used have differing pH and osmolarity, and lengthy procedures may affect sperm shape and size, and thus the outcome of the sperm morphological evaluation.28–30

A study17 compared bull sperm morphology evaluated by brightfield microscopy of eosin-nigrosin stained dry-mount semen smears and differential interference phase contrast microscopy of wet-mounted semen, both at 1,000× magnification. Differential interference phase contrast method was more effective in visualizing major defects. In contrast, brightfield microscopy was considered to cause more minor defects. Differences (p < 0.05) were generally noted for defects in acrosome, midpiece, tail, and cytoplasmic droplets but not for sperm head defects. Though some studies17,18 observed differences in identifying percentage of head, mid-piece, and tail sperm defects, those defects did not differ between the 2 methods in the current study.

In the current study, bulls that failed to meet the normal sperm morphology criteria set forth by the Society for Theriogenology (70% normal sperm) were 12.4% (151/1,216) and 12.9% (157/1,216) by the ENS and UNS methods, respectively. Both methods identified 151 bulls producing abnormal sperm, and the UNS method identified an additional 6 bulls producing abnormal sperm. Correlation between the 2 methods in identifying the total percentage of abnormal sperm was very good. Further correlations for identifying percentage abnormal sperm categories (percentage of head, midpiece, and tail sperm) defects were also very good.

The presence of a sperm defect may not always depict an artifact; main sources of variation in sperm morphometry are not only related to the staining technique but also due to heterogeneity in the sample preparation, the classification systems used, and evaluator competency for the assessment that is necessarily subjective.16,18 Therefore, it is important to homogenize semen smear preparations, reading techniques, and classifications, and stress the importance of conducting quality controls and training programs to maintain operator competency.30–34 Current study observed very good agreement between interpreters. In the current study, the 2 clinicians who evaluated the sperm morphology were experienced, and 1 clinician prepared sperm morphology slides for all bulls evaluated in the study. This substantiates the importance of qualified and experienced evaluators interpreting sperm morphology.

In the present study, the percentage of head, midpiece, and tail defects among the 3 staining methods (TS, ENS, and UNS) was the same; however, the percentage of total abnormal sperm defects was different between TS and UNS methods. The detection of the percentage of acrosome defects and nuclear vacuoles by the UNS and TS methods in the current study was comparable and consistent with earlier studies.17,18 Comparisons between the efficiency of these methods (TS versus ENS and TS versus UNS methods) identified the correlations between these methods were fair to very good. An explanation for the result observed could have been due to fresh semen used for the preparation. Earlier studies demonstrated the effect of cooling/freezing and the duration of storage on membrane permeability as the procedure itself could have altered sperm lipid fraction, increased membrane permeability, reduced enzyme activities, changed membrane proteins, or reduced sperm cell membrane stability.35–37 Therefore, sperm morphology evaluation after cooling and postthaw processes may require a different technique. Both ENS and UNS techniques can be used for different purposes. The stain used in the ENS method is a negative differential dye that recognizes intact live and dead sperm. The UNS method is simple since it includes single-step preparation, it is fast, and it is easy to learn and perform consistently by everyone, which is a primary criterion for robustness and repeatability in the results. Furthermore, the changes in pH and osmolarity during storage may affect sperm’s shape and size.

The triple stain method is effective because it simultaneously detects damage to plasma membrane, acrosome status, and inner mitochondrial membrane potential, but it is not possible to perform under field conditions.12 This method was used in the current study as this offered a different perspective in terms of membrane integrity comparison with the ENS and UNS methods. A positive correlation was observed between the sperm viability test by PI and ENS methods for identifying sperm plasma membrane integrity in dogs (r = 0.88),38 boars (r = 0.71),39 and bulls (r = 0.7840 and r = 0.8339), which is consistent with the current study.

Percentages of sperm with normal and abnormal acrosome membranes that were identified by TS and ENS methods had a positive correlation. However, the correlation between TS and UNS methods was better than the correlation between TS and ENS methods for identifying acrosome-reacted sperm. This supports the findings of studies16,17 in which the sperm acrosome was visualized by phase contrast.

The acrosome reaction is a time-dependent phenomenon that should not take place prematurely or too late.41 Premature acrosome reaction and the inability of the sperm to release the acrosomal contents in response to proper stimuli (acrosome reaction insufficiency) were associated with male infertility.42 Although the cause of premature acrosome reaction is unknown, the stimulus of independent premature initiation of acrosomal exocytosis appears to be related to a perturbation of the plasma membrane integrity. In this situation, the acrosome reaction may not involve a premature activation of the receptor-mediated process but reflect an inherent fragility of the sperm membrane, leading to a receptor-independent acrosomal loss.43 In the current study, the sperm characteristics were evaluated in fresh semen, and all necessary precautions were taken to avoid premature acrosome reaction. A study44 conducted on marmoset sperm observed that ENS had a marked differentiation between sperm with intact and reacted acrosomes, with and without ionophore treatment, and closely correlated to the results obtained with FITC-PSA.

A study45 observed no significant correlations between the ENS and JC-1 methods for the determination of total sperm defects and high mitochondrial membrane potential (MMP) (r = -0.22) and between total sperm defects and low MMP (r = 0.11). Similarly, correlations between head defect and high MMP (r = -0.24), head defect and low MMP (r = 0.17), tail defect and high MMP (r = -0.35), and tail defect and low MMP (r = 0.28) were not significant between the ENS and JC-1 methods. It should be noted that a structurally deficient mitochondrial sheath (swollen; gaps) may structurally damage the axoneme, resulting in a wide variety of midpiece defects.46 Furthermore, sperm with low MMP or midpiece defects with mitochondrial aberrations may exhibit mitochondrial dysfunction, leading to high ROS production since mitochondria are the main source of sperm-produced ROS via the electron transport chain.47,48 In the current study, positive correlations between the TS and ENS methods for the identification of percentage of normal and abnormal sperm mitochondrial membrane defects were identified; however, no correlation was observed between the TS and UNS methods. Though the fluoroprobe staining methods have varying levels of correlation with conventional methods used to evaluate sperm morphology, the benefits of the detailed assessment of sperm structure and functions by fluoroprobes should be taken into consideration when advanced methods are warranted to diagnose male infertility.

Results support the conclusion that either ENS or UNS technique can be used for bull sperm morphological evaluation under field conditions. Considering the ease of semen smear preparation, the UNS method can be a suitable alternative to the staining method.
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