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Abstract 18 

Although there is ample evidence for the effects of sperm head shape on sperm function, its 19 

impact on fertility has not been explored in detail at the intraspecific level in mammals. Here, we 20 

assess the relationship between sperm head shape and male fertility in a large scale study in 21 

Manchega sheep (Ovis aries), which have not undergone any selection for fertility. Semen was 22 

collected from 83 mature rams and before insemination head shape were measured for five 23 

parameters: area, perimeter, length, width and p2a (Perimeter2/2*π*Area) using a computer 24 

assisted sperm morphometry analysis.  In addition, a cluster analysis using sperm head length 25 

and p2a factor was performed in order to determine sperm subpopulations structure. Our results 26 

show the existence of 4 sperm subpopulations which present different sperm head phenotype: 27 

SP1 (large and round), SP2 (short and elongated), SP3 (shortest and round) and SP4 (large and 28 

the most elongated). No relationships were found between males’ fertility rates and average 29 

values of sperm head dimensions. However, differences in fertility rates between rams were 30 

strongly associated to the proportion of spermatozoa in an ejaculate subpopulation with short and 31 

elongated heads (P < 0.001). These findings show how the heterogeneity in sperm head shape of 32 

the ejaculate has an effect on reproductive success, and highlight the important role of 33 

modulation of the ejaculate at the intraspecific level. 34 

Keywords: fertility, ejaculate heterogeneity, sperm head shape, sperm morphometry, sheep. 35 
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1. Introduction 43 

In an attempt to improve the prediction of the fertilizing capacity of a male, mainly due to the 44 

widespread use of Assisted Reproductive Techniques (ART), many advances have been made on 45 

the development of in vitro sperm evaluation test together with the development of new 46 

statistical methods. Thus, it has achieved a significant improvement in the knowledge of sperm 47 

biology [1-3]. However, male fertility is still determined with a variable precision [4,5]. This fact 48 

makes necessary to continue looking for sperm features that allow us to predict the fertility 49 

potential of a sperm sample before using it by means of ART such as artificial insemination. 50 

Whereas semen samples with low sperm quality indicate low fertility rates, those samples with 51 

good quality not always ensure high fertility [6]. The emergence of Computer Assisted Semen 52 

Analysis (CASA) and flow cytometry techniques have allowed the identification of very 53 

different sperm attributes such as biochemical [7,8], motility [9,10] or morphometric parameters 54 

[11,12] in a fast and objective manner. However, the interrelation between those sperm features 55 

assessed in the laboratory with reproductive performance is still controversial [13,14].  56 

Focusing on sperm morphology, mainly determined by the size and shape of sperm head, 57 

many studies have addressed how sperm design could affect the reproductive success of males 58 

showing conflicting results [15-22]. The majority of these studies have evaluated the relations 59 

between morphometric parameters and male fertility based on average values [15-19]. The use of 60 

average value of morphometric parameters oversimplifies analyses, considering the whole 61 

ejaculate as a homogeneous one. Consequently, the internal variability is not taken in to account, 62 

thus ignoring that fertilizing ability may vary depending on the sperm subpopulation under 63 

consideration [23]. Numerous studies have revealed the existence of morphometric sperm 64 

heterogeneity in several species [24-27]. In ram, our research group conducted a large scale 65 

study to identify in fresh ejaculates, for the first time in this species, the existence of different 66 

sperm subpopulation based on morphometric sperm head parameters [28], but the relationship 67 
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between different head phenotype identified at the intraspecific level and their role on 68 

determining reproductive performance was not studied.  69 

The aim of this work was to explore in a large sample of Manchega sheep (Ovis aries) the 70 

relationship between sperm head design and male fertility. The average fertility of Manchega 71 

rams following artificial insemination after an induced oestrus is about 42%, ranging from 8% to 72 

90% [11]. Therefore, these males exhibit considerable diversity in sperm morphometric 73 

characteristics [28], being an excellent model to study possible associations between sperm traits 74 

and fertility. We employed computer-assisted sperm morphometry analyses together with 75 

clustering methods in order to (a) identify subpopulations based on sperm head morphometry, 76 

and (b) assess whether ram variability in fertility could be explained by differences in the 77 

proportions of such subpopulations. 78 

 79 

2. Materials and Methods 80 

2.1. Animals  81 

Animal handling was performed in accordance with Spanish Animal Protection Regulation, RD 82 

53/2013, which conforms to European Union Regulation 2010/63. A total of 83 adult males (age 83 

of males ranged from 1.5 to 3 years old) of the Manchega dairy sheep breed were used in this 84 

study. Males were kept at the Regional Centre of Animal Selection and Reproduction 85 

(CERSYRA, Spain), at the same environmental conditions. All males were trained for semen 86 

collection by artificial vagina and maintained a regime of regular collections (twice per week).  87 

2.2. Semen collection and evaluation 88 

For this study, one ejaculate was used per male, which was collected during the breeding season 89 

by using an artificial vagina. After collection, sperm quality was evaluated as described by Malo 90 

et al. [9]. The parameters analyzed were ejaculate volume (mL), sperm concentration (spz/mL), 91 

total sperm number in the ejaculate, wave motion (scale 1-5), percentage of motile sperm (%), 92 
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quality (vigor) of sperm movement (scale 1-5) and percentage of acrosome-intact spermatozoa 93 

(%). The samples with a minimum of 75% motile sperm and wave motion of 3.5, assessed 94 

subjectively, were used in this study to analyze sperm morphometry and to perform artificial 95 

inseminations (AIs). An aliquot of 5 µL was taken from each ejaculate to assess sperm head 96 

morphometry characteristics. A computer-assissted sperm head morphometry analysis was 97 

performed as described by Maroto-Morales et al. [11]. Briefly, semen smears were air-dried and 98 

stained using a Hemacolor (Merck) procedure. Stained sperm samples were permanently mounted 99 

to the slide with a coverslip and dibutil phatalate xylene (DPX). Stained slides were used to perform 100 

the sperm analysis using the morphometry module of a commercially available system (Sperm-101 

Class Analyser ®, SCA, Microptic, Barcelona, Sapina). The illumination source was centered 102 

and the intensity of the bulb and the gain and offset of the camera were standardized for all 103 

samples.  The morphometric dimensions for head area (A, µm2), head perimeter (P, µm), head 104 

length (L, µm), head width (W, µm) and a shape factor p2a (P2/4πA), also known as roundness, 105 

were acquired from 120-125 images assuring a minimum of 100 properly measured sperm heads. 106 

The shape feature p2a compares the perimeter of an object to its area [29]. This parameter takes 107 

a minimum value of 1 for a circle, and as the value of p2a increases, the shape becomes more 108 

elongated.  109 

2.3. Artificial insemination trials 110 

After semen collection and evaluation, ejaculates from the 83 rams were used to perform a total 111 

of 1024 AIs. Each female was inseminated once with spermatozoa from one ram and each male 112 

was used to inseminate a minimum of 12 ewes. A detailed description of methods used for 113 

semen processing and AI can be found elsewhere [30]. To control for the effects of sperm 114 

number on fertility [31], the total number of spermatozoa inseminated was kept constant at 400 x 115 

106 spermatozoa for all the inseminations performed. No effect of number of ewes inseminated 116 

by each ram was found on the rams' fertility rates (P =  0.89). To minimize the potential effect of 117 
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female fertility on the results obtained, all ewes had their oestrous cycles synchronized to avoid 118 

the confounding effects of females being inseminated at different times in relation to ovulation 119 

(for details see [30]). We considered that a male scored a successful fertilization when the ewe 120 

became pregnant.  121 

2.4. Statistical Analysis 122 

All statistical analyses were carried out using the R version 3.0.2 statistical environment [R 123 

Development Core Team 2013]. Where applicable, P < 0.05 was considered statistically 124 

significant, unless otherwise stated.  125 

Fertilization success for every ram was calculated as number of ewes pregnant/number of 126 

ewes inseminated x 100. Since AI outcome may depend on several factors, the herd, year and 127 

season of insemination, the technician performing the AI and the ewe inseminated were 128 

considered in this study as potential factors of variation and were included in an initial analysis. 129 

The AI outcome was "1" if an ewe become pregnant and "0" if not, and the effects of the factors 130 

mentioned above were estimated using a general linear regression model (GLM). To remove the 131 

variation due to these factors when assessing the relationship between fertility and sperm 132 

morphometry, the subsequent analyses were performed using the residuals from the first analysis 133 

plus the average AI outcome of the population to express adjusted fertility outcomes in the raw 134 

scale.  135 

Regression analyses were carried out to examine relationships between male phenotypic 136 

traits, including sperm head shape, on male fertility. For sperm head morphometry, two different 137 

analyses were performed, one of them using average values for the different sperm head 138 

measures, and another one considering the sperm subpopulations distribution within the 139 

ejaculate. For the latter, a cluster procedure using a total of 9448 spermatozoa was performed 140 

following a multi-step process. A detailed description of the methodology used for the clustering 141 

analysis has been presented previously [28,32]. Briefly, sperm head subpopulations were 142 
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identified in two sequential steps: (i) a nonhierarchical clustering analysis using sperm head 143 

length and the p2a shape factor as initial classificatory variables; and (ii) a hierarchical clustering 144 

analysis using the groups resulting from the previous step to obtain the final number of clusters 145 

(i.e., sperm head subpopulations). After cluster analysis, the relationships between the proportion 146 

of each of the subpopulations present in the ejaculates and male fertility were examined. 147 

 148 

3. Results 149 

The routine parameters of semen samples recovered by artificial vagina had, on average, a 150 

volume of 1.01±0.38 mL, a concentration of 4715±789.04 x 106 spz/mL, and a total sperm 151 

number of 4726±1895.93 x 106 spermatozoa, the latter two variables showing a considerable 152 

variation between males. In addition, the percentages of motile spermatozoa and percentage of 153 

sperm with intact acrosomes were high on average (83.79±7.15% and 93.89±3.35%, 154 

respectively). No significant correlations were found between males’ fertility rates and average 155 

values of routine parameters presented  156 

Regarding sperm head morphometry, we searched for possible correlations between mean 157 

morphometry values and fertility. So, the mean values for sperm head morphometry parameters 158 

of the 83 rams included in this study were 8.87±0.24 µm for length, 4.79±0.20 µm for width, 159 

34.90±2.09 µm2 for area, 26.95±1.41 µm for perimeter, 1.67±0.17 for p2a. None of the average 160 

morphometric parameters were significantly correlated with males’ fertility.  161 

Finally, we examined how the males’ sperm subpopulation distribution was related to their 162 

fertility. Four sperm subpopulations (SP) were identified, clearly differentiated by their sperm 163 

head length and the p2a values (Figure 1). Average percentage of spermatozoa in each 164 

subpopulation (i.e., group size) varied from 1.7% (SP4) to 47.9% (SP2) with a wide range of 165 

spermatozoa in each subpopulation when all rams were considered (Table 1). The characteristics 166 

of each of the sperm subpopulations were as follows: Subpopulation 1 (SP1) included 167 
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spermatozoa whose sperm head was long (average length of 9.5 ± 0.3 µm) and wide (average 168 

p2a of 1.6 ± 0.2). Subpopulation 2 (SP2) included spermatozoa whose head was short (average 169 

length = 8.9 ± 0.2 µm), and elongated (average p2a 1.8 ± 0.2). Subpopulation 3 (SP3) was 170 

characterized by spermatozoa with the shortest head dimensions (average length 8.3 ± 0.3 µm) 171 

and wide (average p2a 1.60 ± 0.21). Finally, Subpopulation 4 (SP4) included spermatozoa whose 172 

sperm head length (9.26±0.42 µm) and p2a (2.49±0.27) were the highest. Our results revealed a 173 

significant positive correlation (r = +0.49; P < 0.001) between the percentage of spermatozoa in 174 

subpopulation SP2 and male fertility (Figure 2b), and there were no significant relationships 175 

between the percentages of spermatozoa in the other subpopulations with fertility (Figure 2a, c 176 

and d).  177 

 178 

4. Discussion  179 

This work examined at the intraspecific level, in a large scale experiment, the relationship 180 

between sperm shape and male fertility. Whereas no correlations were found between average 181 

values of sperm head morphometric parameters and male fertility, the subpopulation structure of 182 

the ejaculate, based on sperm shape, was associated to reproductive success.  183 

Our experimental design was aimed at eliminating several factors known to influence field 184 

fertility [33,34] as a way to assure that differences in the fertility were due to sperm 185 

morphometric factors studied. Thus, (i) different environmental effects (herd management 186 

factors, year and season of artificial insemination and technician performing the inseminations) 187 

were quantified and removed from male fertility values; (ii) all ewes had their estrous cycles 188 

synchronized avoiding the confounding effects of insemination time and (iii) a large number of 189 

males and inseminations were used, thus minimizing the potential effect of female fertility on the 190 

results obtained. In addition, in order to control the well-known effects of sperm numbers on 191 
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fertility [31], the total number of spermatozoa was kept constant in all the artificial inseminations 192 

(AIs) performed.  193 

Some researchers have reported the correlation between sperm design and sperm function 194 

[15,20,35,36]. However, the role of sperm design as a determinant of fertilization success has 195 

yielded variable results. Thus, while some studies have shown significant correlations between 196 

the phenotype of the sperm head and fertility [16,17,20,22,37], others found no evidence for 197 

these associations [18,19]. It is possible that in many studies the lack of a clear relationship could 198 

be due to the fact that sperm linear dimensions or average values of sperm parameters were used. 199 

In the present work when we tested the effect of average values of sperm head shape on fertility 200 

no relation was found, neither relationship between semen quality parameters routinely evaluated 201 

(volume, sperm concentration, total sperm number, the proportion of spermatozoa with intact 202 

acrosomes and the proportion of motile cells) with fertility was observed. The use of mean 203 

values to assess the reproductive performance of a sperm sample or a male is considered 204 

incomplete since most of the data’s variability is not taken into account, losing a large amount of 205 

information that can lead to misleading analysis. Thus, our results confirm that ejaculates should 206 

not be regarded as a homogenous population [23,38,39].   207 

The heterogeneity of the ejaculate is characterized by the presence of different sperm 208 

subpopulations [11,40-42], existing different statistical methods for obtaining groups of 209 

spermatozoa that share similar features [32,42-45]. Other researchers who assessed the role of 210 

sperm head morphometry and sperm function have used a Fourier analysis [36,46]. This latter is 211 

quite complex and reported results difficult to explain [46] compared with that used in the 212 

present study. However, both analysis show similar sperm head shape in those males with higher 213 

fertility [47]. Thus, for characterization of sperm subpopulations, we have used computer-214 

assisted sperm analysis together with multivariate cluster analyses which have allowed us to 215 

group the observations into subsets (called subpopulations). Cluster analysis is perfectly suited to 216 
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resolve the heterogeneity of sperm form data in discrete subpopulations, helping to take 217 

advantage of the information contained in computer-assisted sperm analysis datasets [48]. Our 218 

results showed four subpopulations with different morphometric characteristics. This number of 219 

subpopulations agrees with those reported in other mammalian species [22,27,49]. However, in 220 

ram, the few studies found so far [22,37,50] have reported different number of sperm 221 

subpopulations describing the existence of 3 subpopulation, whereas Marti et al. [51] in 222 

cryopreserved ram sperm samples reported 3 and 4 sperm subpopulations for younger and older 223 

rams, respectively. Their results have differed from those obtained in our work, mainly due to 224 

that theses authors have performed a PCA previously to the clustering analysis and the 225 

subpopulations have been identified by using other sperm morphometric parameters as 226 

classifiers, and also different sheep breeds and sperm samples (cryopreserved) were used. 227 

Another fact to highlight about these studies [22,37,50] is the low number of animals used to 228 

carry them out, only 8 rams in those conducted by Vicente-Fiel et al. [50] and Yániz et al. [22] 229 

whereas 24 males were used by de Paz et al. [37], which leading to draw slightly robust 230 

conclusions. In our work, 83 rams were used which we consider to be an adequate representation 231 

of the species that allow us to obtain conclusive results.  232 

It is known that spermatozoa from different sperm subpopulations respond differently to 233 

procedures such as cryopreservation or capacitation conditions [10,12,52,53]. And, therefore, it 234 

is also reasonable to consider that sperm subpopulation structure may be related to fertility. 235 

Thus, recent studies in red deer [20] and sheep [22,37] have demonstrated the relations between 236 

sperm morphometric parameters and reproductive performance after taking into account 237 

variations among spermatozoa in the ejaculate. These results are similar to those found in this 238 

work where an association was found between a particular type of sperm subpopulation with 239 

reproductive performance. In addition, to our knowledge, this is the first study where a possible 240 
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relation between morphometric sperm subpopulations and fertility has been investigated in a 241 

large scale at intraspecific level. 242 

In the present work the proportion of spermatozoa with elongated heads (SP 2) was 243 

associated with males’ fertility rates, revealing that indeed the relationship between sperm head 244 

shape and fertilization was clear when the heterogeneity of semen based on sperm head 245 

morphometry was considered. In agreement with our results, Ramon et al [20] observed that red 246 

deer males with high fertility rates had ejaculates with high percentages of fast and linear 247 

spermatozoa with small and elongated head. Sperm head elongation may play an aimportant role 248 

by making sperm more hydrodynamically-efficient which, in turn, may influence sperm 249 

fertilization ability. Sperm with elongated heads may be faster [9,20] because they could have 250 

less resistance to forward progression (i.e., less drag) and may expend less energy. The latter 251 

could result in more sperm if there is a constraint to increases in sperm length or sperm may have 252 

longer lifespan if energy reserves last longer or are used more efficiently [54]. In addition, and 253 

due to most of the sperm head is occupied by the nucleus so its compactness can influence sperm 254 

head shape, evidence has been presented supporting the involvement of protamines in sperm 255 

head shaping, leading to smaller and more elongated sperm heads [35,55]. On the contrary, 256 

different features of sperm head, compared with those obtained in our study, have been recently 257 

reported in ovine [21] in males with higher fertility rates, although these authors only used the 258 

sperm nuclear size and no information about the dimensions of acrosome or cytoplasm, which 259 

could influence in the sperm head shape and size, were taken into account.  260 

Hence, the correlation found in our study between sperm head features (size and shape) 261 

and field fertility revealed, only when heterogeneity of the sperm sample is considered, how 262 

subtle differences in sperm design seem to have a great impact upon sperm performance. This 263 

heterogeneity of the ejaculates is now widely recognized and it is thought that this diversity is 264 

advantageous for males engaging in sperm competition [56]. The species used in this work 265 
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(Manchega sheep (Ovis aries)) have a polyandrous mating pattern which would result in sperm 266 

competition and evolution of reproductive traits by this selective force. Consistent with sperm 267 

competition theory, rams have very large testes in relation to their body mass [57]. So, it is 268 

possible that the level of competition between sperm of rival males for fertilization has 269 

influenced the evolution of some sperm traits producing changes in sperm head design [58]. 270 

Thus, the heterogeneity of ram ejaculates found in our study may reflect adaptations to 271 

conditions under which sperm perform and to ensure survival of spermatozoa in fertilization 272 

environments, maximizing fertilizing capacity [23]. Future studies should be conducted about 273 

the role of sperm competition on the evolution of sperm design. 274 

4.1. Conclusions 275 

In conclusion, we found that differences in fertility rates between males were related to the 276 

proportion of sperm subpopulations whereas no relationships were detected when average 277 

morphometric values were used. Thus, male fertility seems to associate to the proportion of a 278 

particular type of sperm subpopulation (spermatozoa with short and elongated head (SP2)) that 279 

average values do not reflect. This population structure could be closely related to the overall 280 

functional levels of the entire ejaculate, of which the sperm shape would be a very valuable indicator. 281 

Therefore, a more in-depth analysis of the subtle differences in the distribution of subpopulations, 282 

together with functional tests, could aid in the design of strategies for the prediction of the fertility of 283 

ram ejaculates. 284 
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 Fig. 1. Distribution of sperm subpopulations in ram based on head morphometry. Four head 448 

morphometry sperm subpopulations were identified: SP1 (large and round), SP2 (short and 449 

elongated), SP3 (shortest and round) and SP4 (large and the most elongated). 450 

 451 

Fig. 2. Relationship between the percentage of spermatozoa with long and wide heads (SP1), 452 

short and elongated heads (SP2), shortest head dimensions and wide (SP3) and longest head with 453 

the highest p2a (SP4) of ram ejaculates and fertility after artificial insemination. A total of 83 454 

rams were used with a total of 1024 ewes inseminated (P < 0.001). Adjusted fertility data are 455 

drawn (fertility values could be over 100% after statistical correction; for more information see 456 

materials and methods). 457 
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Table 1. Morphometric characteristics of each sperm subpopulation defined in ejaculates of Manchega rams. Data are expressed as mean ± SD. 472 

Subpopulation Percentage* 

(range) 

Length 

(µm) 

Width 

(µm) 

Area 

(µm2) 

Perimeter 

(µm) 

p2a† 

SP1 20.11 ± 14.45 (0 – 76) 9.53 ± 0.26a 4.99 ± 0.32a 37.86 ± 3.12a 27.63 ± 2.08a 1.58 ± 0.23a 

SP2 47.98 ± 10.22 (22 – 64) 8.95 ± 0.22b 4.79 ± 0.30b 35.18 ± 2.47b 27.18 ± 1.97b 1.78 ± 0.24b 

SP3 30.32 ± 17.16 (2 – 90) 8.34 ± 0.27c 4.66 ± 0.29c 32.68 ± 2.43c 25.59 ± 1.79c 1.60 ± 0.21c 

SP4 1.74 ± 3.48 (0 – 18) 9.26 ± 0.42d 4.71 ± 0.48d 34.94 ± 3.82d 32.98 ± 1.84d 2.49 ± 0.27d 

* Percentage of spermatozoa in each subpopulation. Different superscript indicate significant differences between sperm subpopulations. 
473 

† p2a = perimeter2 / 4·π·Area. 474 
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Fig 1. Maroto Morales et al.   475 
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Fig. 2. Maroto Morales et al.   489 
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