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SUMMARY
In this study a Bayesian network (BN) has been built for the study of the objective motility of Tinca tinca spermatozoa (spz). Semen

from eight 2-year-old sexually mature male tenchs was obtained and motility analyses were performed at 6–17, 23–34 and 40–51 s

after activation, using computer-assisted sperm analysis (CASA) software. Motility parameters rendered by CASA were treated with a

two-step cluster analysis. Three well-defined sperm subpopulations were identified, varying the proportion of spermatozoa con-

tained in each cluster with time and male. Cluster, cinematic and time variables were used to build the BN to study the probabilistic

relationships among variables and how each variable influenced the final sperm classification into one of three predefined clusters.

Both network structure and conditional probabilities were calculated based on the collected data set. Results shown that almost all

the variables were directly or indirectly related to each other. By doing probabilistic inference we observed that the cluster distribu-

tion corresponded to the definition provided by the cluster analysis. Also, velocity and time variables determined the cluster to which

each spermatozoon belonged with a high degree of accuracy. Thus, BNs can be applied in the study of sperm motility. The construc-

tion of a BN that include fertility data opens a new way to try to clarify the roles of motility and other sperm quality indicators in

fertilization.

INTRODUCTION
In aquaculture, as in other production systems, one of the

limiting factors of reproductive success is the sperm quality,

which is influenced by several factors (Bobe & Labb�e, 2010;

Fauvel et al., 2010). Evaluations of sperm quality are needed

to increase the efficiency of artificial insemination, particu-

larly in commercial aquaculture (Rurangwa et al., 2004). One

of the most commonly used indicators for the assessment of

sperm quality in all species is motility because this parame-

ter reflects several attributes of sperm functionality, including

the integrity of the plasma membrane and the availability of

ATP (and thus mitochondrial functionality), and the func-

tionality of the flagella (Beir~ao, 2011). It is accepted that

highly motile spermatozoa have greater likelihoods of

fertilizing eggs. For example Cosson et al. (2008b) observed

that decreases in the motilities of sea bass and turbot

spermatozoa are accompanied by declines in fertilization

abilities.

In fish, evaluations of the percentages of motile spermatozoa

and/or the durations of their motility have been performed using

various methods, such as phase contrast and dark-field micros-

copy and computer-assisted sperm analysis (CASA) systems

(reviewed by Rurangwa et al., 2004). The use of CASA systems is

preferable to the use of subjective visual estimations of motility

because these systems provide more reliable, repeatable and

objective measurements of sperm movement. These systems are

well adapted to the sperm cells of fish, which are characterized

by a short period of motility after activation in the majority of

the species used for aquaculture (approximately 1 min). Wilson-

Leedy & Ingermann (2007) developed a CASA system based on

open source software for the characterization of zebrafish sperm

motility parameters. CASA systems have proven to be valuable

tools in aquaculture for studies of the effects of pollutants on

motility (Kime et al., 1996; Rurangwa et al., 1998; Dietrich et al.,

2010), the improvement of cryopreservation protocols

(Rurangwa et al., 2001; Beir~ao et al., 2011) and the choices of
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extenders (Rurangwa et al., 2001; Mart�ınez-P�aramo et al., 2012)

and activators of motility (Kime & Tveiten, 2002; Mart�ınez-Pastor

et al., 2008; Kanuga et al., 2012). Because CASAs record the

movement of each sperm cell, large amounts of data are col-

lected from each semen sample. The application of cluster

analysis to such data provides more information that can be

acquired solely based on the average values provided by CASA

systems. Cluster analyse group spermatozoa with similar motil-

ity characteristics, which allows analyses of different sperm

subpopulations within a single sample. Variations in the distri-

butions of these subpopulations across several animal species

have been associated with sperm freezability (Mart�ınez-Pastor

et al., 2005; Flores et al., 2009; Muino et al., 2009; Beir~ao et al.,

2011), individual variations between ejaculates and males

(Nunez-Martinez et al., 2006), sperm fertility (Quintero-Moreno

et al., 2003; Beir~ao et al., 2011) and the effects of ejaculation

(Contri et al., 2012) or the activation solution (Kanuga et al.,

2012).The presence of a rapid and linear subpopulation has been

proposed to be an indicator of seminal quality (Mart�ınez-Pastor

et al., 2005, 2011; Ferraz et al., 2014); thus, analyses of motility

based on sperm subpopulations may enable the identification of

males with good sperm quality. However, despite the advantages

provided by the information obtained trough cluster analysis,

this method is still rarely applied to the analysis of the motility

of fish spermatozoa.

Analysis and data modelling techniques have been improved

with great interest because they allow the extraction of informa-

tion regarding associations between variables, patterns, correla-

tions, etc. One of these techniques, specifically within the

probabilistic expert systems that are integrated in artificial intel-

ligence, is probabilistic modelling with Bayesian networks (BNs).

In recent years, BNs have shown their potential as models of

knowledge representation that include uncertainty (Daly et al.,

2011). A BN defines the structure of the relations of dependency

and joint probability distribution for a set of random variables.

The use of BNs is particularly interesting for both the relational

structures that might be discovered among variables and the

probability distributions that this information provides, which

may be used to calculate and update the marginal probabilities

based on the information provided to the network (i.e. evi-

dence); that is these networks allow the investigator to perform

processes of inference (Jensen & Nielsen, 2007). This data mod-

elling technique uses a graphical representation to explain the

model, which makes it a very attractive knowledge representa-

tion tool in addition to being an intuitive, compact and robust

representation.

Because BN models describe independence/dependence rela-

tionships between variables, these networks can be applied to

almost any type of problem. BNs are currently being used in

areas such as economics (Ngai et al., 2011), biology (Wong & Li,

2006) and medicine (Yet et al., 2014). In the area of human med-

icine, BNs are effective and reliable tools that are used in deci-

sion-making processes related to certain pathologies and aid the

diagnoses and choices of medical treatments (Lucas et al., 2004).

In contrast, the application of BNs in the field of veterinary med-

icine remains relatively limited, but BNs have been found to be

powerful and intuitive tools for investigations of animal health

data (Lewis et al., 2011; Ward & Lewis, 2013). Analyses of animal

health data may involve rather complicated tasks because of the

nature of such data; that is many variables are interrelated.

Classical statistical methods cannot discriminate between direct

and indirect associations, and BNs are thus used for this purpose

(Korb & Nicholson, 2010). In this study, we applied BNs in the

area of animal reproduction; specifically, this study provides the

first application of BNs to the study of the objective motility of

spermatozoa. The fish Tinca tinca was chosen as an animal

model for two main reasons: few studies about sperm motile

subpopulations have been conducted in fish, and because post-

activation time (variable included in this study for the construc-

tion of the BN) is an important factor for motility parameters in

the case of fish spermatozoa.

The aim has been to assess the direct and indirect relation-

ships between the variables of motility and other variables of

interest (cluster and time) to classify semen samples into differ-

ent groups. We previously conducted a cluster analysis to iden-

tify sperm subpopulations in an attempt to broaden the

understanding of the physiology of fish spermatozoa and to

serve as a basis for other studies. This study concludes with the

proposal of future applications of BNs in the field of sperm

quality analysis.

MATERIALS ANDMETHODS

Animals

Eight 2-year-old sexually mature male tenchs were used. The

broodstock was assessed for maturity via abdominal compres-

sion, and spermiation was detected by sperm production (Lin-

hart et al., 2003; Rodina et al., 2004). The fish had an average

weight of 335.04 � 194.07 g (mean � SD) and an average length

of 23.93 � 5.04 cm (mean � SD) and were bred and housed in

an outdoor tank (3 9 3 9 1 m) at the Aquaculture Center ‘Vegas

del Guadiana’ (38°53022.1″N 6°52037.3″W; Gobierno de Extrema-

dura, Badajoz, Spain). The flow of water in the tank was main-

tained at 40 L/h to ensure that 10% of the water was refreshed

each day. The daily food (1% of the mean body weight) consisted

of a commercial pellet diet for cyprinids (4.5 mm; Dibaq Cypri-

nids, Segovia, Spain) with the following analytical constituents

and additives: crude protein (42%), total ashes (13.50%), crude

fibre (5%), crude fat (6%), phosphorous (1.5%), vitamin A

(10 000 UI/kg), vitamin D3 (1700 UI/kg), vitamin E (200 UI/kg)

and copper (11 mg/kg).

Sperm collection

The experimental design was approved by the Ethical Com-

mittee of the University of Extremadura and all of the work was

performed in accordance with the ethical requirements of the

current legislation (European Parliament and Council Directive

2010/63/UE). Semen samples were collected during the repro-

ductive season. Spermiation was not hormonally stimulated.

Prior to the semen collection, the fish were anaesthetized in a

water bath containing 100 mg/L tricaine methane sulphonate

(MS222; Sigma-Aldrich Qu�ımica, S. L., Madrid, Spain). To obtain

the semen, the urogenital pore was cleaned of mucus, faeces

and water (Beir~ao et al., 2009). The urogenital pore was dried

with a paper towel before pressure was applied to the abdomen

to collect semen using a 5-cm3 syringe without a needle. The

spermatozoa were diluted 1 : 2 (semen/extender) in a Kurokura

180 immobilizing solution (180 mM NaCl, 2.68 mM KCl, 1.36 mM

CaCl2•2H2O and 2.38 mM NaHCO3, Panreac Qu�ımica S.L.U.,

Barcelona, Spain; Rodina et al., 2004) to prevent spontaneous
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sperm activation because of possible contamination by urine

(Linhart et al., 2003). However, care was taken to avoid such

contamination. The spermatozoa in the immobilizing solution

were stored and transported on ice to the laboratory of the Fac-

ulty of Veterinary Medicine in C�aceres, Spain (transport took

approximately 1 h).

Semen analyses

The eight semen samples were processed immediately after

arrival to the laboratory and independently for each male.

Seminal parameters evaluated were sperm concentration,

motility by CASA system and viability by flow cytometry.

Sperm concentration was evaluated by light microscopy

(2009) in a B€urker chamber after 1/200 dilution in 10% form-

aldehyde solution. For the CASA motility analyses, the sper-

matozoa were activated with distilled water in an amount

that the final semen concentration was about 30 9 106 spz/

mL, in a final volume of 1 mL. For each male, two separate

sperm activations were conducted for fresh samples. Immedi-

ately after dilution and rapid mixing, 2 lL of semen sample

was placed in a counting chamber (Leja, Luzernestraat, The

Netherlands) at room temperature (20–25 °C). Sperm motility

was assessed with a microscope (Nikon eclipse E200, Tokio,

Japan) equipped with a 109 negative-phase contrast objective

and an attached Basler A3121 digital camera (Basler Vision

Technologies, Ahrensburg, Germany). Images were captured

and analysed using the Integrated System for Semen Analysis

Software (Proiser R+D; Paterna, Valencia, Spain). A fully stabi-

lized image was obtained at 6 s after motility activation.

Sperm motility parameters were measured at three time inter-

vals, 6–17, 23–34 and 40–51 s after activation. By each time

interval three fields were analysed, including each of them at

least 200 spermatozoa. Straight line velocity (VSL), curvilinear

velocity (VCL), average path velocity (VAP), linearity

(LIN = VSL/VCL), straightness (STR = VAP/VCL), beat-cross

frequency (BCF), wobble (WOB), amplitude of lateral head

displacement (ALH) and percentage of motile spermatozoa

were the motility parameters assessed. The CASA settings

were: 25 frames/s for acquisition, VCL > 10 lm/s to classify a

spermatozoon as motile and 5–80 lm2 for head area.

For the sperm viability analysis by flow cytometry, fluores-

cent staining using the LIVE/DEAD Sperm Viability Kit was

used (Aparicio et al., 2007). Briefly, 5 lL of SYBR-14 (2 lM)
and 10 lL of propidium iodide (PI 5 lM) were added to

500 lL of diluted semen sample (30 9 106 cells/mL) in iso-

tonic-buffered diluent Coulter Isoton II and incubated for

20 min at room temperature in the dark. After incubation, the

cells were analysed and the percentage of viable spermatozoa

was expressed as the percentage of SYBR14-positive and pro-

pidium iodide-negative spermatozoa. Flow cytometry analyses

were performed using a Coulter EPICS XL-MCL flow cytome-

ter (Beckman Coulter, Fullerton, CA, USA.) The fluorophores

were excited by a 200 mV argon ion laser operating at

488 nm. A total of 10 000 gated events based on the forward

scatter and side scatter of the sperm population recorded in

the linear mode were collected per sample with a running rate

of approximately 500 events/s. The fluorescence data were

collected in the logarithmic mode and analysed using a FAC-

StationTM and EXPOTM 32 ADC software (Beckman Coulter

Inc.).

Statistical analysis

In this study, classical statistical techniques have been used,

specifically, a descriptive analysis and a cluster analysis. More-

over, a Bayesian technique was used to study the relationships

between the variables of interest and the conditional probabili-

ties of the variables (BNs).

To evaluate whether there were any statistically significant dif-

ferences or relationship between the variables, different hypoth-

esis tests were conducted. The Chi-square and Fisher’s exact

tests were used to identify possible associations between the

qualitative variables. To observe differences in the means

between the different levels of a variable, ANOVAs were used

when the assumptions of homoscedasticity, normality and inde-

pendence were met. When these conditions were not satisfied,

the Kruskal–Wallis test was applied. For pair-wise comparisons,

Bonferroni tests were used except when the variables were not

normally distributed; in these cases, a penalized version of the

Mann–Whitney U test was used. The variability among males in

terms of the percentages of motile spermatozoa was assessed

using a t-test, and Bonferroni corrections were used to adjust all

pair-wise comparisons. Analyses of the correlations between the

kinematic variables were also conducted with the Spearman

rank correlation coefficient. To perform the cluster analysis, the

data were first processed through a principal component (PC)

analysis. The number of PCs was decided using the Kaiser crite-

rion, and only those with eigen values equal to or >1 were

selected. Finally, a two-step cluster analysis was performed to

calculate the number of clusters using the previously identified

PCs (the first step utilized the BIRCH algorithm, and the second

step utilized a hierarchical algorithm; Mart�ınez-Pastor et al.,

2011). Both the descriptive and cluster analyses were performed

with SPSS release 19 (IBM Corporation, Armonk, NY, USA).

Subsequently, using the BNs, the results were compared in

terms of the relationships between variables. Only the most

important aspects of BNs are included in this section because a

detailed description of the basics of these techniques would

exceed the scope of this study. The interested reader is referred

to specialized literature (Jensen & Nielsen, 2007; Pourret et al.,

2008; Kjaerulff & Madsen, 2013).

Using the data obtained, a BN that included the variables VCL,

VSL, VAP, LIN, STR, WOB, ALH, BCF, time and cluster was con-

structed. Only motile spermatozoa were considered. The vari-

ables used with BNs are normally discrete variables. In this case,

the continuous variables from the CASA were grouped together

to facilitate the implementation of the algorithms that were used

to study the network. A BN defines the structure of the depen-

dency relationships and the joint probability distribution for a

set of random variables. The two fundamental tasks required to

construct a network are obtaining the network structure (i.e.

qualitative part of the network) and acquiring/updating the

parameters that define the probability function of the network

(i.e. the quantitative part of the network). The structure is repre-

sented by an acyclic-directed graph that consists of the follow-

ing: (i) nodes (representing the variables of the model); and (ii)

arches (arrows that connect two nodes, which indicate that these

nodes have a relationship with a defined direction). Thus, one

node being the parent of another one indicates that the former is

directly related to the results of the latter. BNs not only qualita-

tively model knowledge but also numerically express the
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strengths of the relationships between variables. The quantita-

tive part of the model is usually specified by a table of the mar-

ginal and conditional probabilities associated with each node

that indicate the likelihood of that node’s state for each combi-

nation of its parents’ states. If a node has no parents, its prior

probability (i.e. the probability of the state of the variable in the

absence of evidence) is indicated.

Various optimization methods have been proposed to deter-

mine the most appropriate BN for a given data set. For parame-

ter estimation (the joint probability distribution of random

variables), the prior distribution for each parameter is used to

obtain a posterior distribution (Berger & Bernardo, 1992). In this

study, the greedy thick-thinning search algorithm (Dash & Coo-

per, 2004) was used for network structure discovery and infer-

ence. The Bayesian method considers a weakly informative prior

distribution specified by a Dirichlet distribution with parameters

equal to one, known as BDeu criteria (Cooper & Herskovits,

1992; Silander et al., 2008). The maximum number of parent

nodes was set to nine (one less than the number of variables) to

allow for all possible relationships among the variables. This

method has a low computational cost and has been applied with

the GeNie/SMILE Software (Decision Systems Laboratory, Pitts-

burgh, PA, USA; Druzdzel, 1993).

RESULTS

General results

The average seminal volume of the evaluated fish was

0.50 � 0.35 mL (mean � SD), and the average sperm concentra-

tion was 4.04 � 1.12 9 109 spz/mL (mean � SD). The high

percentage of spermatozoa with intact plasma membranes was

particularly notable (99.3 � 0.02%, mean � SD).

After dilution of the samples with Kurokura 180 immobilizing

solution, an activation of sperm motility that was followed by

declines in vigour and the percentage of motile sperm over time

was predictably observed. The motile sperm percentages were

93.2% in the 6- to 17-s time period, 85.6% in the 23- to 34-s and

54.4% in the 40- to 51-s period of observation. After 51 s of evalu-

ation, the vigour of movement was markedly declined. Regard-

ing the VCL, the median value changed from 81.60 lm/s (69.0

and 94.10, first and third quartiles respectively) in the first time

period to 22.10 lm/s (16.80 and 28.90, first and third quartile

respectively) in the third time period. Table 1 shows the descrip-

tive statistics for the CASA variables for each time period.

Because all of the distributions were very asymmetrical, the

medians and quartiles were selected for the analyses. There were

statistically significant differences in the values of the eight CASA

motility variables across the three sampling times (p < 0.001).

A significant variability in the percentages of motile spermato-

zoa was also observed between the males and increased with

time. These values ranged from 89.7 to 99.7% in the first time

period, from 77.3 to 94.4% in the second time period and from

35.3 to 73.3% in the third time period.

PC analysis and cluster analysis

A preliminary correlation analysis (Spearman rank correlation

coefficient) of the eight CASA kinematic variables revealed

strong correlations both globally and within each time period

(data not shown); thus, a PC analysis was performed to reduce

the dimensionality such that a smaller number of orthogonal

variables could be used to explain a higher percentage of the

total variance in the data. Table 2 shows the two PCs that were

selected. PC1 was positively related to the velocity parameters

VCL, VSL and VAP and related to a lesser degree to BCF. PC2 was

positively related to LIN, STR and WOB and negatively related to

ALH.

Using the two PCs, the cluster analysis identified three clus-

ters (CLs) or subpopulations based on the values of the eight

descriptors of motility provided by the CASA system. Table 3

presents the values of the motility variables for each cluster.

CL1 included spermatozoa characterized by high speed (VCL,

VSL and VAP) and linear trajectories (LIN and STR; i.e. the

fast and linear spermatozoa, n = 6339, 45.8% of the sample).

CL2 included spermatozoa characterized by high VCL and

ALH values and non-linear trajectories (i.e. rapid, non-linear

and high-ALH spermatozoa, n = 1385, 10.0% of the sample),

CL3 included spermatozoa characterized by low speeds (VCL,

VSL and VAP) and highly linear trajectories (LIN and STR; i.e.

slow and linear spermatozoa, n = 6119, 44.2% of the sample).

Non-parametric multiple comparisons revealed the existence

of statistically significant differences (p < 0.001) between the

clusters for all of the variables with the exceptions of VCL (no

significant difference between CL1 and CL2, p = 0.33) and

Table 1 Descriptive statistics of CASA variables for each time period

Time VCL

(lm/s)

VSL

(lm/s)

VAP

(lm/s)

LIN STR WOB ALH

(lm)

BCF

(Hz)

6–17 s

Median 81.60 68.80 77.70 0.91 0.95 0.97 1.50 7.00

Q1 69.00 52.30 65.30 0.77 0.83 0.93 1.20 5.00

Q3 94.10 80.90 89.40 0.96 0.98 0.99 1.80 9.00

23–34 s

Median 44.50 39.70 42.70 0.92 0.96 0.97 1.10 6.00

Q1 32.30 27.30 30.60 0.85 0.90 0.94 1.00 5.00

Q3 56.70 51.30 54.40 0.95 0.97 0.99 1.30 8.00

40–51 s

Median 22.10 18.10 20.90 0.85 0.89 0.96 1.00 5.00

Q1 16.80 12.30 15.20 0.75 0.82 0.90 0.90 3.00

Q3 28.90 25.20 27.70 0.91 0.93 0.99 1.10 7.00

n (spermatozoa) = 13 843. CASA, computer-assisted sperm analysis; VCL,

curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN,

linearity; STR, straightness; WOB, wobble; ALH, amplitude of lateral head dis-

placement; BCF, beat-cross frequency; Q1, first quartile; Q3, third quartile.

Table 2 Results of the two PC obtained in the study

PC 1 PC 2

VCL (lm/s) 0.880 �0.432

VSL (lm/s) 0.974 0.002

VAP (lm/s) 0.912 �0.326

LIN 0.433 0.875

STR 0.370 0.805

WOB 0.371 0.653

ALH (lm) 0.353 �0.761

BCF (Hz) 0.535 0.047

Eigen value 3.427 2.715

Proportion of variance (%) 42.843 33.933

Cumulative proportion (%) 42.843 76.776

For each PC, the table shows the values of the covariance matrix, their eigen

value, the variance proportion explained by the PC and its cumulative propor-

tion. PC, principal components; VCL, curvilinear velocity; VSL, straight line veloc-

ity; VAP, average path velocity; LIN, linearity; STR, straightness; WOB, wobble;

ALH, amplitude of lateral head displacement; BCF, beat-cross frequency.
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BCF (no significant difference between CL2 and CL3,

p = 0.295). Moreover, there was a significant association

(p < 0.001) between cluster and time. Table 4 shows the

results for each cluster by time. The proportions of spermato-

zoa contained in each cluster varied widely with time; the

proportions of CL1 and CL2 spermatozoa decreased with

time, and the opposite pattern was observed for CL3. In addi-

tion, the proportions of spermatozoa in the different clusters

changed according to the time period. In the first time per-

iod, the majority of the spermatozoa (77.2%) were included in

the first cluster. In the second time period, 55.1% of the sper-

matozoa were included in the third cluster, and the propor-

tion in the first cluster substantially reduced. Finally, in the

third time period, the proportion in the first cluster was resid-

ual (1.5%), and the majority of the spermatozoa were

included in the third cluster (92.2%).

For each time period, there were significant differences in the

proportions of spermatozoa from the different males in each

cluster (Table 5).

Bayesian network

Figure 1 illustrates the constructed BN. The joint conditional

probability distribution, which associates all of the variables and

specifies the probability of each possible combination of states

for each variable, can be defined formally as follows:

P(ALH, VSL, VCL, VAP, LIN, STR, WOB, BCF, Time, ClusterPC)

¼ P(ALH) � P(VSL) � P(VCLjVSL, ALH) � P(LINjVSL, ALH, VCL)

� P(STRjLIN, VCL, VAP) � P(BCFjSTR, VAP) � P(WOBjBCF)
� P(VAPjLIN, VCL) � P(TimejVCL) � P(ClusterPCjVCL, LIN)

Figure 1 shows that the parameters VSL, VCL and VAP were

conditionally dependent on each other. VAP depended directly

on VCL, which in turn depended on VSL. In addition, the vari-

ables LIN, STR and WOB, which were derived from the velocity

variables, were related to the variables that were used for their

calculation; in some cases, these relations were via direct arches

(e.g. LIN), whereas in others cases, the relations were indirect

(e.g. WOB, which was indirectly influenced by VAP and VCL

through BCF). LIN and STR were directly related and indirectly

related to WOB through BCF.

Regarding the time and cluster variables, VCL was directly

related to time, and this variable and LIN were directly related to

the cluster variable. However, the cluster variable was influenced

indirectly by all of the variables tested in the study. In general, it

can be concluded that all of the variables were directly or indi-

rectly related to each other with the exceptions of ALH and VSL,

which did not share a conditional relationship. The most impor-

tant relationships observed were those between the velocity, LIN

and time variables.

To delve deeper into the relationships between the variables,

we used one of the most important applications of BNs, that is

the potential for inference or the spread of evidence. With this

application, once the value (s) of some variable (s) is (are)

known, the probabilities of the remaining variables can be

updated (recalculated). Table 6 illustrates the evidence related

to some possible (hypothetical) scenarios. Thus, if Cluster 1 is

chosen as evidence (state 1 within the cluster variable), after

recalculating the probability distributions of the remaining

nodes under the condition that Cluster 1 has an initial probabil-

ity of 100%, the spermatozoa belonging to the first cluster are

more likely to exhibit medium-high speeds. The LIN and STR

values are very high, and the majority of the spermatozoa belong

to the first time period (6–17 s; Table 6, Scenario 1). Choosing

Cluster 3 as evidence, the velocities are primarily distributed

among the low values, LIN and STR tend to be more moderate

and the ALH and BCF values also decrease. The majority of sper-

matozoa from this cluster belong to the second (23–34 s) and

third (40–51 s) sampling times (Table 6, Scenario 2).

For the choice of time variable and the 6- to 17-s sampling

time as evidence, the probabilities of VSL, VCL and VAP assum-

ing values >50 lm/s are 71, 92 and 90% respectively. The proba-

bility that the LIN of the trajectory will assume a value >70% is

also very high (LIN = 70%, STR = 88%; Table 6, Scenario 3). In

contrast, when choosing the third sampling time period as evi-

dence, the LIN and speed decrease (the probabilities of the VCL

and VAP assuming a value below 30 lm/s are 75 and 77%

respectively). The values from the first time period primarily

belong to the first cluster (a probability of 73%; Table 6, Scenario

3), the values from the third time period primarily belong to the

third cluster (87% probability; Table 6, Scenario 5), and the

Table 3 Descriptive statistics of CASA variables for each cluster

Cluster VCL

(lm/s)

VSL

(lm/s)

VAP

(lm/s)

LIN STR WOB ALH

(lm)

BCF

(Hz)

1

Median 73.70 66.60 71.00 0.94 0.97 0.97 1.40 7.00

Q1 60.50 55.20 58.30 0.89 0.93 0.95 1.20 6.00

Q3 87.60 79.20 85.00 0.96 0.98 0.99 1.60 9.00

2

Median 77.80 26.70 65.40 0.44 0.55 0.87 1.90 5.00

Q1 37.60 10.80 28.25 0.30 0.36 0.76 1.40 3.00

Q3 95.60 44.40 84.05 0.55 0.68 0.91 2.40 7.00

3

Median 27.60 24.00 26.50 0.88 0.92 0.97 1.00 5.00

Q1 19.60 15.90 18.60 0.80 0.86 0.92 0.90 4.00

Q3 37.00 33.40 35.60 0.93 0.95 0.99 1.10 7.00

n (spermatozoa) = 13 843. CASA, computer-assisted sperm analysis; VCL,

curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN,

linearity; STR, straightness; WOB, wobble; ALH, amplitude of lateral head dis-

placement; BCF, beat-cross frequency; Q1, first quartile; Q3, third quartile.

Table 4 Number of spermatozoa for clusters and time intervals

Time Cluster Total

1 2 3

6–17 s

No. spz 4291 917 350 5558

% of time 77.20 16.50 6.30 100.00

% of cluster 67.70 66.20 5.70 40.20

23–34 s

No. spz 1999 264 2781 5044

% of time 39.60 5.20 55.10 100.00

% of cluster 31.50 19.10 45.40 36.40

40–51 s

No. spz 49 204 2988 3241

% of time 1.50 6.30 92.20 100.00

% of cluster 0.80 14.70 48.80 23.40

Total

No. spz 6339 1385 6119 13 843

% of time 45.80 10.00 44.20 100.00

% of cluster 100.00 100.00 100.00 100.00

No. spz: number of spermatozoa.
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values from the second time period (23–34 s) are distributed

between the three clusters with Cluster 2 as the most under-rep-

resented subpopulation (Table 6, Scenario 4).

The velocity parameters VCL, VSL and VAP are interrelated

and increase or decrease in unison. Evidence of these parame-

ters simultaneously indicating high velocities (70–90 lm/s)

implies that the data primarily belong to the first time period

and exhibit the highest LIN (Table 6, Scenario 6). In addition,

the majority of the spermatozoa (nearly 100%) are in cluster

1. In contrast, if low speeds (below 30 lm/s) are selected as

evidence, the LIN decreases, the sampling time period in

which the spermatozoa are evaluated is primarily the third,

and the cluster of membership is three (90%; Table 6, Sce-

nario 7). However, although the individual evidence of high

Table 5 Evolution of each sperm subpopulation in each male through time

Time Cluster Male

1 2 3 4 5 6 7 8

6–17 s 1 80.5a 78.4a 80.5a 77.6a,b 74.3a,b 70.5b 79.0a 77.7a,b

2 7.9a 11.4a,c,e 17.8b,d 15.4b,c 21.5d 21.2b,d 17.3b,d,e 18.8b,d

3 11.6a 10.2a 1.7b 7.0a,c,d 4.2b,c 8.3a 3.8b,d 3.5b

23–33 s 1 22.5a 28.1a,c 55.6b,f 30.7c,e 42.6d,g 36.7d,e 56.2b 46.6f,g

2 3.8a,c,d 6.8a,b 2.6c 5.1a,c,d 4.7a,c,d 5.0a,c,d 4.1a,c,d 7.8b,d

3 73.7a 65.0b 41.9c 64.2b 52.6d,e 58.3b,d 39.7c 45.6c,e

40–51 s 1 0.9a 0.6a 1.6a 0.5a 3.1a 1.3a 1.5a 1.6a

2 8.3a,f,g 11.6a,b 2.4c,e 10.3a,d 1.9c 6.4a,e,f,g 3.8c,f 8.4b,d,g

3 90.8a,c,d,g 87.8a,b 96.0c 89.2b,d,f 95.0c,e,g 92.3a,c,d,g 94.7c,f,g 89.9b,g

Values are percentages. For each time and cluster (row), significant differences between males for the different subpopulations (clusters) are indicated by different

superscripts (p < 0.05).

Figure 1 Bayesian network structure and conditional probabilities.
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VCL or VAP (70–90 lm/s; Table 6, Scenarios 8 and 9 respec-

tively) characterize the spermatozoa as belonging to both the

first and second clusters, evidence of VSLs between these val-

ues characterize the spermatozoa as members of Cluster 1

with a 98.36% probability and additionally indicate that they

belong to the first time period with 90% probability (Table 6,

Scenario 10). Evidence of a VSL between 50 and 70 lm/s

implies a 91.87% probability of belonging to Cluster 1 and the

inclusion of spermatozoa from both the first and second time

periods (scenarios not shown).

Regarding the LIN of the trajectory, it is particularly notewor-

thy that when the LIN and STR values are high (0.70–0.90) and

the spermatozoa are evaluated in the third time period, there is a

99.36% probability that the spermatozoa belong to Cluster 3, and

the majority will have low velocities (below 30 lm/s; Table 6,

Scenario 11).

The ALH and BCF parameters were not decisive in characteriz-

ing the spermatozoa.

DISCUSSION
Motility analyses with CASA systems have provided one of the

parameters that are used to classify spermatozoa quality (Kime

et al., 2001). These systems are characterized by providing infor-

mation about a large number of kinematic variables and because

Table 6 Evidence propagation for some possible scenarios

Variables Scenarios

1 2 3 4 5 6 7 8 9 10 11

VCL (lm/s)

<30 0.00 52.49 2.39 17.61 74.64 0.00 100.00 0.00 0.00 0.00 92.84

30–50 5.03 45.12 5.15 40.06 24.11 0.00 0.00 0.00 0.00 0.00 6.88

50–70 40.01 2.37 19.30 35.79 1.10 0.00 0.00 0.00 0.00 0.00 0.24

70–90 35.35 0.02 41.40 6.19 0.15 100.00 0.00 100.00 81.40 73.03 0.04

>90 19.62 0.00 31.76 0.36 0.00 0.00 0.00 0.00 18.80 26.97 0.00

VSL (lm/s)

<30 0.66 62.78 14.01 32.02 81.49 0.00 100.00 9.50 10.27 0.00 95.55

30–50 14.14 35.83 14.67 37.80 17.62 0.00 0.00 8.04 7.61 0.00 4.31

50–70 42.71 1.39 27.35 26.45 0.80 0.00 0.00 25.94 23.59 0.00 0.13

70–90 32.53 0.00 33.10 3.61 0.08 100.00 0.00 56.52 55.25 100.00 0.01

>90 9.96 0.00 10.86 0.12 0.00 0.00 0.00 0.00 3.27 0.00 0.00

VAP (lm/s)

<30 0.24 56.44 3.28 22.30 77.35 0.00 100.00 0.53 0.00 0.00 94.18

30–50 8.58 41.50 7.12 39.74 21.53 0.00 0.00 0.41 0.00 0.00 5.57

50–70 41.41 2.05 25.23 32.66 1.00 0.00 0.00 18.96 0.00 8.53 0.21

70–90 33.69 0.01 41.68 5.05 0.12 100.00 0.00 80.11 100.00 70.25 0.04

>90 16.08 0.00 22.70 0.25 0.00 0.00 0.00 0.00 0.00 21.22 0.00

LIN

<0.3 0.00 0.00 8.80 3.10 1.97 0.00 1.66 7.28 9.15 0.00 0.00

0.3–0.5 0.00 0.10 5.90 4.27 5.13 0.00 5.58 4.98 5.44 0.00 0.00

0.5–0.7 2.96 11.35 8.72 7.92 14.17 0.00 16.71 8.00 7.96 1.84 0.00

0.7–0.9 21.52 46.53 19.98 27.28 47.87 7.67 55.65 17.89 17.46 20.45 100.00

>0.9 75.52 42.02 56.61 57.43 30.86 92.33 20.40 61.86 59.99 77.70 0.00

STR

<0.3 0.00 0.00 6.89 2.21 1.10 0.00 0.76 5.35 7.22 0.00 0.00

0.3–0.5 0.00 0.04 5.52 2.80 2.16 0.00 1.99 5.08 5.87 0.00 0.00

0.5–0.7 1.69 3.32 6.79 4.85 6.30 0.00 6.98 5.89 6.19 1.14 0.00

0.7–0.9 12.22 36.51 15.02 18.95 43.94 4.21 54.46 12.93 12.66 13.47 100.00

>0.9 86.08 60.14 65.77 71.20 46.50 95.79 35.80 70.75 68.06 85.39 0.00

ALH (lm)

<1 15.63 21.45 12.47 17.26 21.08 18.11 22.14 12.30 11.97 16.03 19.74

1–1 57.91 69.96 46.40 62.06 69.66 62.79 71.34 46.61 45.38 57.03 75.62

1–2 18.80 7.86 23.83 16.53 8.11 15.17 6.04 24.79 24.10 17.86 4.42

2–2 5.53 0.65 10.87 3.22 0.91 3.37 0.43 11.33 11.86 5.97 0.22

>2 2.13 0.09 6.43 0.93 0.24 0.55 0.05 4.97 6.68 3.11 0.00

BCF (Hz)

<3 2.28 10.77 6.33 6.08 13.77 1.14 16.70 3.23 4.64 2.39 15.30

3–5 11.13 25.17 13.06 19.68 27.66 7.19 29.94 10.67 10.22 8.37 31.16

5–7 27.85 30.77 25.95 32.26 28.96 21.86 27.22 25.16 23.44 22.69 26.97

7–9 29.29 19.35 27.32 24.51 17.48 30.80 15.55 29.97 29.50 29.71 15.86

>9 29.45 13.94 27.34 17.47 12.12 39.01 10.59 30.97 32.20 36.85 10.71

TIME (s)

6–17 66.13 7.64 100.00 0.00 0.00 88.22 4.38 88.22 90.23 91.13 0.00

23–34 32.26 46.85 0.00 100.00 0.00 11.62 28.44 11.62 9.64 8.75 0.00

40–51 1.61 45.51 0.00 0.00 100.00 0.15 67.18 0.15 0.13 0.11 100.00

Cluster

1 100.00 0.00 72.63 40.18 3.61 99.94 0.00 82.73 80.12 98.36 0.64

2 0.00 0.00 20.19 9.93 9.42 0.06 9.72 17.23 19.86 1.64 0.00

3 0.00 100.00 7.18 49.89 86.96 0.00 90.28 0.04 0.02 0.00 99.36

Values are percentages and indicate the probability of each state for each variable, once some evidences have been set (bold values). VCL, curvilinear velocity; VSL,

straight line velocity; VAP, average path velocity; LIN, linearity; STR, straightness; ALH, amplitude of lateral head displacement; BCF, beat-cross frequency.
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they assess the motility of individual spermatozoa, they generate

huge data sets. To take full advantage of the obtained data, sta-

tistical techniques such as cluster analysis (or conglomerate

analysis) that allow for the classification of spermatozoa into

subsets (called clusters) with certain motility characteristics

have been applied to provide further information about the sam-

ple. Although few such studies have been conducted in fish

(Mart�ınez-Pastor et al., 2008; Beir~ao et al., 2011; Kanuga et al.,

2012), many studies in other species have used cluster analysis

to identify subpopulation patterns in sperm samples and have

confirmed that sperm samples are heterogeneous; that is sper-

matozoa with different motility patterns coexist in the same

ejaculates (Abaigar et al., 1999; Quintero-Moreno et al., 2003;

Chantler et al., 2004; Mir�o et al., 2005; Nunez-Martinez et al.,

2006; Muino et al., 2008; Dorado et al., 2010; Contri et al., 2012).

Contri et al. (2012) used artificial neural networks to cluster

sperm subpopulations in feline semen. In this study we have

identified three different sperm subpopulations in Tinca tinca

semen samples after <1 min of activation, varying the propor-

tions of the different subpopulations with the post-activation

time. These findings (i.e. the subpopulation patterns) are consis-

tent with the finding of the presence of subpopulations of motile

spermatozoa in other fish species (Mart�ınez-Pastor et al., 2008;

Beir~ao et al., 2009, 2011; Kanuga et al., 2012) and other animal

species (Mart�ınez-Pastor et al., 2011; Contri et al., 2012; Ferraz

et al., 2014). Once sperm subpopulations are identified, the pro-

portions of spermatozoa in each cluster are the values more

often used to evaluate differences between ejaculates, males

and/or treatments rather than the kinematic variables them-

selves (Mart�ınez-Pastor et al., 2008; Beir~ao et al., 2011; Kanuga

et al., 2012). Several researchers have suggested that these sub-

populations are biologically important (Quintero-Moreno et al.,

2003; Mart�ınez-Pastor et al., 2005, 2008), but further data are

needed to confirm this claim. The presence of a ‘fast and linear’

subpopulation has been proposed as an indicator of high sample

quality (Mart�ınez-Pastor et al., 2005, 2011) because velocity and

STR are considered important parameters correlated with fertil-

ization success (Gage et al., 2004; Casselman et al., 2006; Tuset

et al., 2008; Kanuga et al., 2012); thus, reductions in these

parameters may decrease fecundity (Kime et al., 2001; Rurangwa

et al., 2004), and high proportions of spermatozoa in the fast

and linear subpopulation (SPB 1 in our study) may be particu-

larly advantageous for the selection of high-quality breeders

(Beir~ao et al., 2009; Ferraz et al., 2014). In this study, the sperm

subpopulation structure varied not only with time but also with

the individual male, which is in accordance with the results of

other studies (Mart�ınez-Pastor et al., 2008; Beir~ao et al., 2009)

and demonstrate a connection between sperm quality and male

genetic quality (Fitzpatrick et al., 2007). The analysis of motility

based on sperm subpopulations may improve the assessment of

male differences and enable the identification of males with high

sperm quality. In this regard, further studies are needed.

In this study, we utilized a new approach to the analysis of

sperm motility via the first application of BNs. The aim was to

study the relationships between variables (including the cluster

variable) and how each variable influenced the final sperm clas-

sification into one of three predefined clusters. The advantage of

the use of BNs is that relationships between variables can be dis-

covered based on the joint conditional probability distribution.

These relationships would not otherwise be identified. For

example in a regression analysis, the model explains the varia-

tion in the dependent variable according the variation of the

independent variables, but this does not indicate that the former

is directly related to one of the independent variables or whether

an indirect relationship exists. The joint probability distribution

for some variables is a probability distribution that gives the

probability that each of the variables falls in any particular range

or discrete set of values specified for that variable. That is, it does

not only consider the individual probabilities of one variable,

but it also considers the probability for all the variables jointly.

Here the concept of dependence is involved. Two variables are

dependent if the knowledge of one of them provides predictive

value for the knowledge of the other. For example knowledge of

the state of VSL provides predictive value for the probability of

VCL (and also in the opposite direction).

The results from this study indicate that velocity parameters

are related to each other and confirm that the variables that are

direct transformations of the velocities (LIN, STR and WOB) are

related to the variables used in their calculations. Moreover, the

results of a previous study revealed strong correlations between

the movement-related variables of LIN, STR and WOB. In the BN

analysis, these correlations were reflected in the direct relation-

ship between LIN and STR and the indirect relationship of WOB

through BCF. These results are consistent with classical correla-

tions that have been studied in a previous descriptive analysis in

which the variables exhibited high Spearman correlation coeffi-

cients. However, we must not forget that the BN analysis does

not examine correlations; rather, the relationships or influences

between variables are examined through the joint conditional

probability distribution, which is based on the information pro-

vided by the data.

The finding that all of the variables were related to each other

with the exceptions of ALH and VSL, which were conditionally

independent, confirms the redundancy of the CASA variables

noted by Mart�ınez-Pastor et al. (2011); indeed, some of the vari-

ables, such as VCL, VAP and VSL, convey similar information

(sperm velocity), and some variables arise from other variables

(e.g. LIN is the VSL/VCL ratio). A cluster analysis of CASA data

precisely reduces both the dimensionality and the redundancy

so that a reduced number of orthogonal variables can be used to

explain the greatest percentage of the data variance (Mart�ınez-

Pastor et al., 2011).

An important advantage of the use of BNs is the ability to

make inferences (probability propagation). This is a process

whereby new observations (evidence) are introduced, and the

new probabilities of the remaining variables are subsequently

updated. Using this property and entering a constant value for

the cluster variable as evidence, we observed that the cluster dis-

tribution corresponded to the definition provided by the cluster

analysis.

As expected, the velocity parameters were related and directly

influenced the other variables. Notably, these variables deter-

mined the cluster to which each spermatozoon belonged with a

high degree of accuracy. Ultimately, these variables may charac-

terize the elements of the sample by themselves. Among these

variables, VSL stands out because setting the values of this vari-

able over a wide range (intermediate-high, 50–90 lm/s) allowed

the spermatozoa to be classified into clusters.

Unlike the velocity variables VCL, VSL and VAP, high or low

values of the LIN of the trajectory variables LIN, STR and WOB
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were not completely decisive in terms of a spermatozoon pos-

sessing a particular velocity or being observed during a specific

time period. This set of variables needed to be combined with

other variables, such as velocity or time variables, to determine

to which group a spermatozoon belonged. In this sense, it is

notable that the spermatozoa with high STR and LIN values (70–

90%) that were assessed in the third time period had a 99.3%

probability of belonging to the third cluster.

In addition to a very short duration of motility, fish spermato-

zoa are characterized by rapid variations in the motility parame-

ters (Rurangwa et al., 2004; Cosson et al., 2008a). This latter

characterization can be confirmed by setting the time variable as

evidence; in the 6- to 17-s time period, the highest LIN and

speed values were obtained, whereas in the 40- to 51-s time per-

iod, LIN decreased, and the velocities were kept to a minimum.

By itself, this variable could also categorize the spermatozoa into

clusters.

On the basis of these results, we consider the velocity and time

variables to be decisive measures for the characterization of Tin-

ca tinca semen, and the variables related to the LIN of the trajec-

tory complement the velocity and time variables and provide

additional information about sample motility.

Using a BN, we identified the relationships between the

motility, cluster and post-activation time variables. However,

the applications of BNs can be extended further. Several stud-

ies in fish have shown that sperm motility and fertilizing ability

are positively correlated (Lahnsteiner et al., 1998; Linhart et al.,

2000; Rurangwa et al., 2001; Butts et al., 2011). The very short

duration of sperm motility following activation that is observed

in most farmed fish species exerts a critical influence on

successful fertilization because the spermatozoa must find and

enter the single point of entry, the micropyle, during this

period (Kime et al., 2001; Rurangwa et al., 2004). In this sense,

Rurangwa et al. (2001) found that the fertilization or hatching

rate is positively correlated with the VSL or VCL parameters. A

regression analysis of frozen/thawed semen samples from

Atlantic cod (Gadus morhua L.) demonstrated significant posi-

tive relationships of VCL, VSL and VAP with fertilization suc-

cess (Butts et al., 2011). The applicability of CASAs would be

greatly extended if the sperm motility (including analysis of

the motility subpopulations) can be related to the fertilization

ability, a subject of great debate. The quality of different milt

samples could be compared, and those with the best fertiliza-

tion rates could be predicted. As previously mentioned, several

studies in mammals (Quintero-Moreno et al., 2003, 2004;

Mart�ınez-Pastor et al., 2005) and very few in fish (Beir~ao et al.,

2011) have found correlations between subpopulation sizes

and fertilization ability, that indicate that greater numbers of

spermatozoa in the fast and linear subpopulations are related

to higher quality semen sample. However, definitive conclu-

sions have not yet been drawn. In appropriately planned

research studies, the construction of a BN that includes the

fertility variable with the variables considered in this study

would allow the assessment of the possible relationships

between the variables, as well as which variables, values of

these variables and subpopulations are associated with high

probabilities of fertilization.

Furthermore, it is likely that a number of different tests must

be performed to more accurately predict fertilizing ability. For

example in fish, in addition to assessments of sperm motility,

other parameters of the quality of fish spermatozoa that have

been examined include spermatocrit, morphology, ultrastruc-

ture, and sperm density, viability, energy content and DNA state

(Rurangwa et al., 2004; Fauvel et al., 2010). BNs could be used to

reveal the relationships between these parameters and to evalu-

ate which of them, either independently or in combination, can

probabilistically predict fertility.

Because the velocity of fish spermatozoa decreases rapidly

with time (Chauvaud et al., 1995), the time period over which

the motility of the spermatozoa can be maintained as rapid and

straight could also be investigated; the longer that spermatozoa

can maintain this pattern the higher the probability of a sperma-

tozoa entering the egg (Gage et al., 2004). The pattern of straight

motility is important because the trajectory of fish spermatozoa

is generally more curved than that in mammals, and fish sper-

matoza can move three-dimensionally in aqueous medium

(Kime et al., 2001).

One advantage of the use of BNs is the ability to incorporate

data from many different sources including non-empirical data,

such as bibliographical data and expert opinions. Such data can

be introduced into the network at any step of the model con-

struction (Jensen & Nielsen, 2007), which implies the possibility

of the participation of different research groups in the construc-

tion and use of the network. Moreover, BNs can be applied to

any animal species.

In conclusion, in this study, after identification of three

sperm subpopulations with specific motility characteristics in

Tinca tinca semen samples, a BN was constructed to identify

the direct and indirect relationships between motility, cluster

and time variables, which confirmed some expectations

regarding some of the variables. In addition, the underlying

relationships were also discovered, which provided added

value to the BN analysis. Velocity and time proved to be deter-

minant variables in the characterization of tench semen.

Future applications include the construction of BNs that

include fertility data, which may help elucidate the roles of

motility and other biomarkers of sperm quality in fertilization

and improve the efficiency of artificial insemination and the

choice of broodstock.
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