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Abstract

Sperm morphology has been identified as one characteristic which can be useful in the prediction of
sperm fertility, therefore, we hope that this study aimed at establishing standardized morphological
criteria might serve in future studies dealing with the search for sperm parameters which facilitate an
estimation of sperm quality. For this purpose, ejaculates from fertile alpacas were used to evaluate
sperm head morphometry by means of the Sperm-Class Analyzer®™ (SCA) computer-aided image
analysis system. We defined three morphological categories according to sperm head size (normal
50%, small 26%, large 24%) and five categories according to sperm head shape (normal 47%,
pyriform 3%, short 20%, round 1%, long 29%). Sperm classification according to shape was
performed by first morphometrically characterizing sperm heads clearly falling into each of the shape
categories. Thereafter, discriminant analysis was performed on the data from these typical sperm
heads and the resulting classification functions were used to categorize 2200 spermatozoa from 11
alpacas. Classification of sperm heads by this method agreed in 88% of the cases with most of the
misclassifications being due to pyriform heads classified as long heads. Morphometric values
obtained from samples of 50, 100, 150, 175 and 200 sperm heads were compared. At least 150
sperm heads should be evaluated to overcome sample size influence on sperm measurements.
Significant differences in sperm morphometry were found between individuals (CV for morpho-
metric parameters ranging from 1.3 to 13.0) and there were marked differences in the sperm
morphological composition of the ejaculates. Within-animal CV ranged from 4.7 to 17.8 thus
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showing the high degree of sperm polymorphism present in the alpaca ejaculate. © 2002 Elsevier
Science Inc. All rights reserved.
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1. Introduction

South American domestic camelids are farmed primarily for their high quality fiber and
as a source of meat. The alpaca (Lama pacos, Linnaeus, 1758) is of particular economic
importance for inhabitants of the high Andes, with more than 2 million alpacas as a source
of animal protein, clothing and fuel [1]. Additionally, this species has been imported into a
number of countries outside South America where they are used for fiber production and as
pets [2].

Despite the commercial interest of these camelids, their extensive production has been
limited by their low (50-60%) fertility rate [3,4]. For this reason, attempts have been made
to improve the success rate of alpaca reproduction [5,6]. However, artificial insemination
provides no better results than natural breeding [7]. The fertility of the male has not been
fully explored, although previous studies have focused on physical characteristics of the
semen [1]. Little attention has been paid to the motility and morphology of alpaca
spermatozoa even though differences between repeated collections of individual males
have been reported for these two important parameters [8].

Some attempts have been made to standardize the evaluation of sperm head morphology
in human semen [9,10] but in most animal species the problem of quantifying a normal
morphology remains unresolved [11,12]. This question is particularly important in species,
such as the alpaca in which several morphological forms are clearly distinguishable at light
microscope level. The aims of the present work were to morphometrically characterize
alpaca spermatozoa and to determine different morphological classes using multivariate
analysis techniques.

2. Materials and methods
2.1. Collection of semen

This study utilized semen from single complete ejaculates of 11 adult male Huacaya
alpacas of proven fertility. After being trained for semen collection, workers collected
semen samples from each male twice a week for 3 weeks prior to obtention of the samples
used in this study. Samples were collected during a 20 min mating with a receptive female
and obtained through an artificial vagina designed for this species, maintaining a
temperature of 38 °C and using polyethylene sheaths [13].

2.2. Morphometric analysis

Semen smears were prepared, air dried and stained with Hemacolor (standard kit from
Merck, Darmstadt, Germany) and permanently mounted.



P. Buendia et al./Theriogenology 57 (2002) 1207-1218 1209

Morphometric analysis was performed using the morphometric module of the Sperm-
Class Analyzer™ (SCA) computer-aided sperm analysis system (Microptic, Barcelona,
Spain). The equipment consisted of an Olympus BH-2 microscope with a x 100 bright-field
oil immersion objective (plan apochromatic; numerical aperture 1.25). The illumination
source was centered, and a green filter (IF 550, Olympus, Tokyo, Japan) was placed over
the light source to enhance the contrast of the images to be acquired by the computer. The
intensity of the bulb and the gain and offset of the camera were standardized for all
samples. A Sony CCD AVC-D7CE video camera (Sony Corporation, Tokyo, Japan) with
a x3.3 photo-ocular was mounted on the microscope. The configuration of the computer
system included a PIP-1024 B video digitizer board (Matrox Electronic Systems Ltd.,
Que., Canada) the sperm image analysis software and a high-resolution assistant monitor
Sony Trinitron PVM-1443MD (Sony Corporation, Tokyo, Japan). The array size of the
video frame recorder was 512 x 512 x 8 bits, digitized images were made up of 262,144
pixels (picture elements) and 256 grey levels. Resolution of images was 0.15 and 0.11 um
per pixel in the horizontal and vertical axes, respectively.

Analysis of sperm midpiece and tail was not performed. The system detected the
boundary of sperm heads and their outlines were displayed as white overlays superimposed
on the video image. The quality of the image analysis performance was tested visually by
superimposing the digitized, binary sperm-head silhouetes over the original grey image
and exact fitting was required for approval between the two images. Partially successful
head boundary detections were traced manually by the operator using an editing facility
provided by the system.

Computer software allowed four basic measurements of sperm heads to be obtained
(area in pm?, perimeter in pm, length in pm, width in pm) and the system was interfaced
with a database program to calculate four nondimensional derived parameters (ellipticity,
shape factor 1, shape factor 2 and shape factor 3) (Table 1). Data were stored in computer
for further analysis.

2.3. Statistical analysis
Kolmogorov—Smirnov and Levene tests were used to check the normality and homo-

geneity, respectively, of the data variance. Data did not adjust to a normal distribution, so
nonparametric tests were used for all the calculations.

Table 1
Parameters assessed for the morphometric characterization of sperm heads
Basic parameters Derived parameters

Parameter Formula
Area (A) Ellipticity IL—WI/(L+W)
Perimeter (P) Shape factor 1 (Sfl) (4TA/P?)
Length (L)* Shape factor 2 (Sf2) Sf1 x (L/IW)
Width (W)? Shape factor 3 (Sf3) [n(L x W)/4]/A

# L and W are the largest and the smallest values, respectively, of the Feret diameter measured at angles of 0,
30, 60, 90, 120, 150°. W is not necessarily orthogonal to L.
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Fig. 1. Representation of one sperm head type of each class and their morphometrical characterization by star
glyphs. From the ray at 0° and proceeding counter-clockwise, the rays correspond to the variables: area,
ellipticity, length, width, shape factor 1, shape factor 2 and shape factor 3.

To determine the minimum sample size needed to characterize the whole population and
the effect-size measure, 200 spermatozoa from each of five animals were analyzed. Subsets
of 50, 100, 150, 175 and 200 randomly selected spermatozoa were compared using the
Mann—Whitney U-test.

Differences between-animals for each morphometrical parameter were evaluated
by the Kruskal-Wallis nonparametric test, followed by the a posterior Mann—Whitney
U-test.

The classification of spermatozoa heads was performed in two steps. The first step
consisted of the definition of head size, using the criteria of Bravo et al. [8] to define small,
normal and large. The threshold for each class was established on the basis of the area
values, considering the 25th percentile small and the 75th percentile large.

The second step concerned the determination of sperm head shape: normal, pyriform,
short, round or long (Fig. 1). After defining these classes a number of sperm heads clearly
belonging to each one of them were selected and analyzed. Using the data from these
spermatozoa, a discriminant analysis was performed using the linear stepwise procedure to
identify those parameters that were most useful for the classification of sperm heads into
one of the predetermined sperm shape categories. Variables were added to the discriminant
functions one by one until we found that adding extra variables did not give significantly
better discrimination. The Wilk’s lambda [14] was used to compare the fraction of the total
dispersion of the data not accounted. The classification matrix obtained after this
discriminant analysis was applied to the whole population to establish the proportion
of each class present per animal.

The CV was calculated within-animal (estimated as the mean of each individual CV)
and between-animals (estimated as the CV of within-animal CV) to establish the best
parameters to differentiate among animals on the basis of their sperm morphological
parameters.

All statistical analyses were performed with the statistical package for the social
sciences version 8.0 for Windows.
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3. Results
3.1. Influence of the number of spermatozoa on sperm head values

The results obtained for area, perimeter, length and shape factor 1 showed that 50
spermatozoa were sufficiently representative of the total population since there were no
differences when compared with the group of 200 spermatozoa. For other parameters
(ellipticity, width and shape factor 3) 100 spermatozoa were necessary to characterize the
whole population, given that in two of five animals there were significant (P < 0.05)
differences between 50 and 200 cells. Finally, 150 spermatozoa were necessary for shape
factor 2 because in one individual the group of 100 cells was statistically different
(P < 0.05) from the 200 cell group. When 100 or more spermatozoa were analyzed,
the value of the effect-size measure was not significant (P > 0.05).

3.2. Morphometric characterization of alpaca sperm heads

Descriptive statistics of the whole population (n = 2200 cells) were calculated to
characterize alpaca spermatozoa (Table 2). Values of skewness and kurtosis were not
close to zero, indicating that sperm values did not adjust to a normal distribution. Higher
CV were observed for ellipticity, area, length and width than for the remaining parameters
(perimeter, and shape factors 1, 2 and 3) for which CV were below 9%.

Statistical analysis of morphometric parameters showed differences (P < 0.05)
between-animals for all the parameters under consideration (Fig. 2).

Within-animal CV ranged from 4.7 (shape factor 1) to 17.8 (ellipticity). Between-animal
CV were lower, ranging from 1.3 (shape factor 3) to 13.0 (ellipticity) (Table 3).

3.3. Classification of sperm heads

The classification method used for the establishment of sperm morphological classes did
not give significantly better discrimination when perimeter was included, so this parameter
was removed from the analysis. The order in which the variables were introduced for the
analysis by the program was: ellipticity, shape factors 2 and 1, width, length, shape factor 3

Table 2
Morphometric characterization of alpaca sperm heads

Area Perimeter  Ellipticity ~ Length Width Sf1 Sf2 Sf3
Mean 15.95 15.11 0.25 6.10 3.62 0.88 1.48 1.09
S.D. 2.25 1.22 0.06 0.63 0.34 0.05 0.12 0.07
CV(%) 14.11 8.08 24.00 10.33 9.39 5.68 8.11 6.42
Skewness 0.08 —0.05 0.54 0.38 —0.30 —1.22 0.33 0.12
Kurtosis 2.94 2.09 0.80 1.55 1.38 2.98 0.20 1.04
Percentile 25 14.65 14.36 0.22 5.68 3.41 0.85 1.39 1.04
Percentile 75 17.38 15.89 0.29 6.49 3.83 0.91 1.55 1.14

Values of mean and S.D. (n = 2200) are given in microns (perimeter, length and width) and squared microns
(area) while shape factors and ellipticity are nondimensional.
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Fig. 2. Box-and-whisker plots showing variations in sperm head morphometric values from animals 1-11
(abscissa). Two hundred spermatozoa were analyzed per animal. Each box encloses the 25th and 75th
percentiles, the line in the middle is the median values and the vertical bars extend to 5th and 95th percentiles of
the mean values. Boxes labeled with different superscripts are statistically different from each other (P < 0.05).
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Table 3

Within-animal CV (expressed as the mean of individual values) and between-animal CV

CvV Area Perimeter  Ellipticity  Length Width Sf1 Sf2 Sf3
Within-animal 12.7 6.8 17.8 8.1 8.8 4.7 7.4 6.2
Between-animals 6.5 4.5 13.0 6.7 32 34 3.8 1.3

and area. Each class was, therefore, defined on the basis of these parameters (Fig. 1). The
matrix of classification obtained gave the Fisher’s discriminant linear functions for each
class (Table 4). This matrix was applied to the reference sperm population with a globally
correct assignment of 87.6% of cells. Round, normal and short sperm heads were more
accurately classified (more than 90%) than long and pyriform. Most of the misclassifica-
tions were observed for these two latter classes (Table 5).

The distribution of spermatozoa in small (area < 14.65 umz), normal (14.65 pm? <
area < 17.38 um?) and large (area > 17.38 um?) categories showed different percentage
values between-animals (Table 6). When the allocation matrix for shape was applied to
the whole population, normal cells were the most frequently represented (47.14%), while
the most infrequently represented was round spermatozoa (1%). Moreover, differences in

Table 4
Discriminant classification matrix showing Fisher’s linear discriminant functions

Coefficient of function of classification

Normal Pyriform Short Round Long
Area —268.94 —255.72 —276.69 —273.93 —265.18
Ellipticity 35529.84 35581.53 35084.29 33728.38 35535.30
Length —138.38 —162.37 —106.34 —80.37 —147.15
Width 2659.42 2578.45 2668.87 2595.46 2639.32
Sfl 13955.28 13964.99 13854.75 13407.72 13912.58
Sf2 —6895.86 —6940.27 —6830.32 —6572.17 —6887.40
Sf3 —3013.29 —2781.35 —3126.29 —3087.17 —2946.71
Constant —6151.54 —6142.01 —6033.71 —5676.79 —6136.28

Values were obtained from a reference population (normal 93, pyriform 16, short 61, round 6, long 91) by
linear stepwise discriminant analysis.

Table 5
Percentage of sperm heads of the reference population assigned to each class
Number allocated to group Total
Normal Pyriform Short Round Long
Normal 90.3 0.0 6.5 0.0 32 100.0
Pyriform 0.0 56.3 0.0 0.0 43.8 100.0
Short 8.2 0.0 90.2 1.6 0.0 100.0
Round 0.0 0.0 0.0 100.0 0.0 100.0
Long 9.9 22 0.0 0.0 87.9 100.0

The 87.6% of the reference sperm population was classificated correctly.
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Table 6
Percentage distribution of size and shape classes
Animal Size Shape

Small Normal Large Normal Pyriform  Short Round Long
1 (188) 314 53.7 14.9 20.7 8.5 3.7 1.1 66.0
2 (197) 61.4 345 4.1 50.8 4.6 25.3 2.0 17.3
3 (171) 433 50.3 6.4 49.7 23 35.1 1.8 11.1
4 (176) 38.6 54.0 7.4 49.4 2.8 40.3 1.7 5.8
5 (194) 11.9 46.9 412 39.2 6.2 5.1 0.0 49.5
6 (199) 6.5 37.2 56.3 38.2 5.5 2.0 0.0 54.3
7 (185) 124 535 34.1 325 54 32 0.5 58.4
8 (191) 31.4 539 14.7 539 0.5 38.2 1.6 5.8
9 (199) 9.0 59.3 31.7 69.4 L5 24.1 0.0 5.0
10 (193) 22.7 57.0 20.3 53.4 1.0 32.1 2.1 114
11 (201) 11.9 51.3 36.8 59.7 0.9 8.0 0.5 30.9
Mean 25.5 50.1 244 47.0 3.6 19.7 1.0 28.7

Number of spermatozoa analyzed from each animal are indicated between brackets. No significant statistical
differences were found among individuals (Pearson’s % P > 0.05).

the distribution of the five shape classes were not found between-animals (Table 6). Sperm
heads meeting the criteria of normality for both shape and size represented 24.12% of the
whole population.

4. Discussion

Spermatozoa from some species show a constant morphology both intra- and inter-
animals (ram [12]; cynomolgus monkey [11]; mouse [15]). By contrast, other species
present variation in sperm morphology distribution (human [16,17]; bull [18]; dog [19]).
Camelid sperm cells also exhibit high morphological differences [20,21].

This fact has pointed to the need to establish quantitative criteria for the definition of
sperm morphology [16,22]. In fact, some effort has been made in this direction, in an
attempt to define mammalian spermatozoa based on sperm dimension analysis [23].
Nevertheless, only in the human has systematic work been done [10,24] and reference
values are of prognostic interest [25] in regard to fertility.

The subjective evaluation of sperm morphology lacks replication, and the CV associated
with this analysis are very high [9,26,27]. This fact has led to the development of computer-
assisted semen analysis systems designed for human semen [28-30]. These systems have
also been a powerful tool for animal sperm studies and a number of works have been
published on this topic for several species [19,31-34].

What constitutes a normal spermatozoon needs to be redefined for most farm animals.
For example, in the ram, where more than 95% of the sperm cells are considered normal,
significant differences were observed between-animals for most of the morphometric
parameters studied [12]. It is not reasonable to ignore this fact in characterizing the
reproductive quality of males, considering that some studies have pointed out that
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morphometrical values of sperm cells are related to fertility levels for some species [35—
38]. Nevertheless, this knowledge has not been used to the same advantage for all species.
This is the case of South American camelids, for which information about this approach is
Very sparse.

As more basic information is collected about factors regulating the reproductive
processes in alpacas, it should be possible to improve fertility through better management
practices and through the application of reproductive technology. In South America, where
most species are seasonal breeders, male alpacas are mated intensively for 2—3 months.
During this period, one male may be used to mate many females. This fact discloses how
important it is to have a good definition for the male reproductive quality [39].

While measuring sperm head size could be considered an easy task, shape evaluation is
completely subjective and commonly expressed in descriptive terms. The SCA™ mor-
phometry system was used in this study to calculate and quantify dimensional measure-
ments and express shape irregularities in alpaca spermatozoa. The accuracy and precision
of the computer-assisted system used here have been evaluated for several species. The
results have yielded low intrinsic CV and high repeatability [12,15,30,40-42]. In the
present study, the SCA™ system has also been validated for analyzing alpaca sperm.
Unfortunately, we have not found any previous reference to alpaca sperm dimensions,
and therefore it is not possible to compare our results. Compared to Camelus dromedarius,
the only camelid for which we have information [43], the spermatozoa of Lama pacos seem
to be larger both in length (6.10 um versus 5.62 pm) and in width (3.62 um versus
2.92 pm).

During the first step of sperm morphometric characterization, it is fundamental to
establish which are the most representative parameters for each particular species. In rabbit
ejaculate, the sperm head width/length ratio seems to be sufficient for discrimination
between-animals [32]. The most suitable parameters for use in the identification of
individual rams may be perimeter and shape factor 1 [12]. In the present work, the results
resembled those observed in the cynomolgus monkey, where perimeter and shape factors
may be the most important parameters [11].

In some species it was possible to differentiate between individuals using CV within-
and between-animals, since within-animal CV presented low values, indicating a high
constancy of sperm morphometric parameters of an individual, while between-animal CV
were relatively high [11,12,40]. In these cases, 100 spermatozoa were sufficient for the
morphometric characterization of a semen sample, while in the present study almost
150 sperm cells were necessary. Regarding within-animal CV, similar results were obtained
in human semen where intra-individual variation is very high, but in alpaca samples, the
variation between-animals was considerably lower than in human samples [10].

The use of multivariate statistical methods, including discriminant and cluster analysis,
to define sperm morphological classes has been used in humans [16,30], monkeys [44] and
stallions [37]. This is a very useful and powerful statistical tool for determining which
parameters and sperm classes should be considered in the morphometrical evaluation of
the reproductive quality of species with a high variation in the spermatozoa present in
the semen. Moreover, the classification matrix obtained after the analysis permits the
classification of new sperm populations, making the continuous study of the reproductive
status of animals easy.
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The results presented here show significant differences between single ejaculates from
different males both in morphometric values and in distribution of sperm classes. This fact
was also observed in species, such as the ram, although the general sperm morphology
seems to be highly conservative, indicating that it should be possible to define different
fertility levels among animals based on the morphometrical evaluation of semen. It has
been previously pointed out that in some species there is good correlation between
morphology and fertility. Based on the present results, we hope that continued research
will be useful in defining the reproductive quality of male alpacas.
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