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Abstract

The Senegalese sole (Solea senegalensis) is an emerging aguaculture species
in Europe. However, in captivity Senegalese sole present a reproductive failure,
which results in the lack of fertile spawning from cultured breeders that were
hatched and reared in captivity. Although the cultured breeders produce viable
gametes, the dysfunction causes the loss of reproductive behaviour or courtship
in cultured males and, therefore, the eggs released by females are not fertilized.
However, viable egg production is obtained from wild breeders held in captivity,
but the exclusive production of eggs from wild breeders is not sustainable in the
long term. In addition, parental analysis of hatched larvae from wild breeders
has determined that few wild breeders participate in spawning, which resulted in
a loss of genetic variability in subsequent generations. Two approaches exist to
solve this bottleneck: achieving natural spontaneous spawning in cultured
breeders with a solution to the behavioural dysfunction in cultured males or the
use of artificial fertilization to bypass the behavioural dysfunction. Therefore, the
present thesis has been focused on: a) experiments to solve the dysfunction in
the reproductive behaviour of cultured breeders, b) the influence of dominance
behaviour on reproductive success, ¢) methods to preserve the sperm quality
needed to achieve successful in vitro fertilisation procedures in Senegalese sole
and Spotted wolffish (Anarhichas minor) and d) determine the sperm to egg
ratio require for in vitro fertilisation in Senegalese sole. The reproductive
behaviour and spawning success of Senegalese sole breeders from different
origins (wild and cultured fish) was evaluated in the first section of this thesis
(Chapter 2), which presents the last year of a four year experiment. Behaviour
and spawning were recorded for three experimental groups, two groups of
mixed wild and cultured fish (Groups M1 and M2) and one control (only cultured
fish). The behaviour denominated as “Follow” that has been shown to be part of
the courtship and identified as an indicator of spawning was evaluated and
participating fish identified. No fertile spawns were registered from the control
group. An increase in the participation of cultured breeders in the reproductive
behaviour and spawns was observed in the mixed groups. A cultured male
breeder had parental contribution, with two wild females and one cultured

female. The effect of the cohabitation of cultured and wild Senegalese sole
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breeders promoted the reproductive behaviour and spawning in cultured
breeders. The participation of cultured males appeared to be associated with
social activity and a learning process by observation of conspecifics.
Understanding the mechanism of development of reproductive behaviour and
acquisition of skills for mating would help to solve the reproductive problem.
Therefore, the effect of different social conditions that offered different social
learning opportunities was examined (Chapter 3). Four groups of cultured
breeders were set up, which prior to the experiment had different social
conditions from the juvenile stage until puberty. Two replicate groups (W1 and
W2) were reared prior to the experiment with spawning wild breeders. A positive
control group (CP) was reared prior to the experiment with cultured breeders
that liberated unfertilised eggs. A negative control (CN) was reared prior to the
experiment in isolation as a single year class and had no contact with adult
breeders during rearing. In Group W1, eight fertile spawns were obtained from a
single couple of breeders, from a total 38 spawns during the first year of study.
The fertile spawns had a mean fertilisation rate of 28.0 + 13.8 % and mean rate
of hatching larvae of 15.0 + 10.4 %. Fertile spawns were not registered in other
groups and in the subsequent two years no group including group W1 produced
fertile spawns. It appears that although the learning process has taken place in
cultured breeders, the retention and recognition of what had been learned, may
be limited to a short period of time. However, the low involvement of breeders in
the reproduction process and fertile spawning that was observed in both mixed
origin (cultured and wild) groups (M1 and M2) and in cultured breeders (Group
W1) appeared to have a possible relationship to reproductive and social
dominance. Therefore, the relationship of dominance behaviour was explored
under two aspects: the reproductive success in breeders (males and females)
and reproductive potential in sole males. Breeders from different origin (wild and
cultured) were classified as dominant and subordinate through a dyadic test and
were related to the reproductive success of each fish (Chapter 4). A higher
proportion of socially dominant breeders (P = 0.025) participated in the fertile
spawns in comparison to subordinate fish. The social status appeared to be a
limitation to achieve reproductive success. Also, the hierarchies that develop in
a broodstock may lead to control of resources such as territory by dominant
individuals. In sole, mainly males appear to be subjected to competition and
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difficulty to achieve reproductive success, due to both social structure and the
complex reproductive behaviour. The social context of males within a group
may influence in physiological changes and reduce reproductive potential.
Therefore, cultured males were classified as dominant and subordinate by a
dyadic test and dominance was related to sperm quality, hormone
concentrations and testicular cell morphology (Chapter 5). The dominance
status was related to behavioural and physiological differentiation between
categories of male breeders. Dominant males had significantly higher sperm
motility (P=0.034) and Gonadosomatic Index (P=0.040) compared to
subordinate fish. However, in spite of the social constraint on the subordinate
fish, there appeared to be no suppression in reproductive potential. Sperm and
germ cell production at all stages of development were found in the testes
irrelevant of social position. Despite of the advances obtained to understand
reproductive behaviour, to achieve the control of reproduction and solve the
reproductive failure in cultured sole breeders, the increase in spawning
participation was insufficient to provide reliable supplies of viable eggs. Hence,
an alternative to solving the reproductive dysfunction in cultured breeders and
obtain fertilized eggs through in vitro fertilisation appeared to be necessary.
However, the low volumes of poor quality contaminated sperm in S.
senegalensis have complicated the development of this procedure. The first
step was to examine, short-term cold storage methods and diluent solutions to
preserve sperm quality to fertilize the eggs (Chapter 6). Diluent solutions such
as modified Leibovitz and Marine Freeze® helped to maintain sperm motility
after 24 hours of storage and counteracted the effect of urine contamination
compared to undiluted samples. The difficulty of collecting a high sperm volume
in sole requires optimizing the effectiveness of sperm for a successful
fertilisation. Therefore, appropriate sperm to egg ratios for the use of limited
sperm volume for the successful experimental and massive in vitro fertilisation
in Senegalese sole (S. senegalensis) was examined (Chapter 7). Sperm was
collected from cultured males, diluted in modified Leibovitz and used fresh to
fertilise the eggs. Cultured females were induced to ovulate with a 5 pg kg™
single injection of gonadotropin releasing hormone and eggs were stripped
41:57 + 1:46 h after the injection and fertilisations were performed. A non-linear
regression, an exponential rise to a maximum (R = 0.93, P < 0.0001) described
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the number of motile sperm required to fertilise a viable egg and 1617 motile
sperm were sufficient to fertilise 99 + 12% (+ 95% confidence interval) of viable
eggs. Similar, spz egg™ ratios of 592 + 611 motile spz egg™ were used in
massive in vitro fertilisations to fertilise 190,512 + 38,471 egg and obtain 70 £
14 % hatch. The low spz egg™ ratio required for maximum fertilisation was
consistent with the reproductive behaviour and strategies of the species. In
addition to the reproductive challenge in Senegalese sole, spotted wolffish (A.
minor) is another species that presents a reproductive dysfunction (Chapter 8).
The reproduction in captivity is dependent on in vitro fertilisation. Wolffish sperm
is motile on stripping and currently it is not possible to immobilize and
reactivate. Thus, the possibility to store spotted wolffish sperm by refrigeration
was assessed between diluted (Smith and Ryan solution) and undiluted sperm.
Sperm samples were collected by stripping into a pipette and extracted directly
from testes. Factors such as sperm contamination by urine and energy stores
(ATP) that may limit the duration of the motility period were assessed. Diluted
sperm maintained a higher percentage of motile cells during the storage time.
The urea concentration was similar in sperm samples collected by stripping
(17.10 + 1.98 mg/dL) and from the testes (12.59 + 2.37 mg/dL). The ATP
concentration (initial value 5.65 + 0.86 nmol/10°) remained stable (p= 0.099)
during 30 h after sperm collection. Sperm refrigeration protocols may extend the
period of mobility that usually lasts between 1 and 2 days.

This thesis has advanced understanding of the reproductive dysfunction in
Senegalese sole cultured breeders. Participation in reproductive behaviour and
spontaneous fertile spawning by cultured breeders appeared to be increased
with opportunities for social learning of reproductive behaviour, but suppressed
by social status amongst breeders. Further studies are required to obtain
sufficient spontaneous fertile spawning from cultured broodstock for
aquaculture. The alternative solution, in vitro fertilisation was developed and
demonstrated to be a method that would ensure mass production of larvae for

the aquaculture industry.
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General Introduction



Chapter 1. General Introduction

1.1 Overview of aquaculture in the world

Aquaculture is a fast growing sector due to the global demand for aquatic
products. The overexploitation of valuable species by fisheries has contributed
to the increase in aquaculture activity to supply these products. According to
FAO (2018) data, aquaculture provides about 50% of the world's aquatic food
supply and during the last three decades the production has increased
continuously at a rate of 2.56% per year. More than 600 species are cultivated
worldwide in both coastal and inland areas and are produced from farms with
basic infrastructure to large multinational companies. The aquaculture
production, including fish, molluscs, crustaceans, echinoderms, amphibians,
reptiles and aquatic plants, reached 110.2 million tons in 2018. However, of the
total diversity of species, finfish farming is the most diverse group, representing
84.2% of the total species compared to other groups such as molluscs or
crustaceans. The increase in finfish production and diversification has been
based on advances in the technological development of cultured species. The
domestication of species from diverse aquatic environments and the control in
the production have contributed to accelerate growth. In addition, the
optimization of the different production systems (intensive, extensive, others),
food innovation and maintaining the health of reared species have been
improved to achieve efficient production levels. Therefore, these advances have

led to aquaculture being considered a profitable activity.

Furthermore, aquaculture activity represents a source of employment (19.3
million directly and about 6.5 million indirectly) and economic development in
many regions in the world. In 2016, aquaculture production in 37 countries was
higher than that of wild-caught fish. These countries represent about half of the
world's population. Thus, aquaculture contributes significantly to improving the
food security and nutrition of the population. In regions of the world, Asia was
the larger producer of aquatic products by aquaculture (91.9 %), followed by
production in America (3.2 %), Europe (2.7 %), Africa (2.0 %) and finally
Oceania with 0.2 % (APROMAR 2019) (Figure 1). In Europe, aquaculture
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production in 2017 was 1,353,201 tons and among the main species cultured
are mussels (Mytilus spp) with a production of 493,844 tons. Other species
being cultured are Atlantic salmon (Salmo salar) with 209,180 tons and rainbow
trout (Oncorhynchus mykiss) with 185,316 tons (APROMAR 2019). While in
Spain, the aquaculture production reached 348.395 tons and the most important
species produced are rainbow trout, with 18.856 tons, European mussels, with
273.600 tons, gilthead sea bream (Sparus aurata), with 14.930 tons, European
seabass (Dicentrarchus labrax), with 22.460 tons and turbot (Scophthalmus
maximus) 7.450 tons (APROMAR 2019).

m Asia

m Africa
America
Europe
Oceania

Figure 1. Distribution of aquaculture production in the five continents. (Graphic
modified from APROMAR 2019).

However, the production of other emergent species has been increasing and
strengthened by the development and implementation of innovative aquaculture
techniques. In the diversification of species, the cultivation of flatfish has been
favoured. Among the species of commercial importance and special interest is
the Senegalese sole (Solea senegalensis) (Anguis and Cafavate, 2005), which
has been studied in this thesis. The good growth rate, relatively easy larval
rearing (Dinis et al., 1999; Fernandez-Diaz et al., 2001), tolerance to handling,
the consumer acceptance and economic return from the market, has
demonstrated the species potential for aquaculture and promoted an interest to
achieve a commercial viability (Howell and Dinis, 2019). Demand for

Senegalese sole in the market has increased in the last decade and the global



aguaculture production reached 1,616 tons in 2018, of which 774 tons was
produced in Spain (APROMAR 2019).

1.2 Characteristics and biology of Senegalese sole (Solea senegalensis)

The Senegalese sole (S. senegalensis) (Kaup 1858) (Figure 2), is a marine
flatfish with benthonic habits that may also be found in estuarine environments.
This species belongs to the order Pleuronectiformes and the family Soleidae.
The natural distribution of this species includes from northeast Atlantic coast,
northwest Africa and western Mediterranean Sea (Howell and Dinis, 2019). The
sole has an oval and asymmetric body with eyes on the right side and the
interradial area of the pectoral fin is black to give a stripped appearance, which
is a distinctive feature of this species with respect to common sole (Solea solea)
(Ben-Tuvia 1990). Their usual diet in the natural environment is based in
polychaetes, small crustaceans and molluscs.

Figure 2. Senegalese sole breeder. (Photo credit: W. A. Gonzalez-Lépez, 2019)

The Senegalese sole is a gonochoric species; individuals reach sexual maturity
at 3 years with a size of about 32 cm and no apparent differential sexual
characteristics between females and males. The main reproductive season is
during spring (March to June) with temperatures between 8 and 22°C and
natural photoperiod, and an additional period in autumn (October to November).
The type of fertilisation between breeders is external and from fertilised eggs,
pelagic larvae hatch after 42 h of incubation with a mean size of 2.4 + 0.1 mm
total length (Dinis et al., 1999; Imsland et al., 2003; Anguis and Cafiavate,

2005). Larval rearing was reported to be relatively easy to perform and larvae
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were fed on a diet of freshly hatched Artemia nauplii and rotifers. However,
growth heterogeneity has been observed in juveniles, affecting the mean growth
rates (Imsland et al., 2003; Salas-Leiton et al. 2011). Some diseases caused by
bacteria and viruses have affected Senegalese sole culture. Photobacterium
damsela ssp. Piscicida is the causative agent of pasteurellosis and darkening of
the skin, swelling in the abdominal cavity, paleness of kidney and spleen and
massive mortalities are the typical features of the disease. While vibriosis
caused by Vibrio harveyi and V. parahaemolyticus, produce surface ulcers and
moderate mortalities. Change in colouration, erratic swimming and irregular

behaviour were attributed to the birnavirus (Imsland et al., 2003).

1.3 Reproduction in captivity

The Reproduction of Senegalese sole in captivity has been controlled in
southern European including Spain and Portugal since the 1980°s (Dinis et al.,
1999). The culture has been based on the natural spawning of broodstocks
caught from the wild environment and acclimated in tanks with a thin layer of
sand on the bottom (Anguis and Cafiavate, 2005; Martin et al., 2014). Natural
spawning are obtained with temperatures between 16.5 + 0.5 to 22 + 1.0 C and
constant salinities between 30 to 35 ppt; changes in the temperature appear to
stimulate the spawns in captive wild breeders. The fecundity of this species has
been calculated to be over 100,000 eggs kg™ day™ and variations registered
may be due to fluctuations in the temperature. A high percentage of larvae have
been hatched (72.1 + 26.5%), achieving successful management of captive wild
broodstocks (Dinis et al., 1999; Imsland et al., 2003; Anguis and Cafavate,
2005). Currently, the increase in the industrial culture of sole has led to the
improvement of culture systems with a bio-economic model. Recirculation
systems with controlled environmental conditions have been installed to
optimize water quality and productivity. However, in spite of the advances in
farming techniques, commercial growth for Senegalese sole has been limited
due to the reproductive failure of the cultured breeders (fish hatched and raised
in captivity) (Carazo 2013), as well as large fluctuations in fecundities from wild
broodstocks (Martin et al.,, 2014). In addition to the proper management of

breeders, the success of aquaculture production of a species requires full
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reproductive control in captivity. Only by achieving this critical point of
reproductive control, is it possible to provide good quality of gametes and
offspring used in the hatcheries, that will ensure the feasibility of commercial
production of the specie (Zohar and Mylonas, 2001; Duncan et al., 2013).

1.4 Reproductive failure in Senegalese sole.

Reproductive dysfunctions have been observed in captive wild fish and fish
hatched and reared in captivity (Zohar and Mylonas, 2001), as is the case of
Senegalese sole. The captive environment provides different conditions
compared to the natural environment and may cause negative consequences
on development, maturation and spawning in breeders (Zohar and Mylonas,
2001; Duncan et al., 2013). Zohar and Mylonas (2001) described three different
types of reproductive dysfunction that may be found in broodstock: 1) the
process in vitellogenesis and spermatogenesis fails completely, as have been
observed in Mugil cephalus; 2) absence of the final oocyte maturation process
(FOM), in the females the oocytes are arrested, become atretic and are
reabsorbed, for example in meagre (Argyrosomus regius) and 3) the absence of
spawning after ovulation or maturation of gametes and absence of successful
reproductive behaviour such as in Senegalese sole. However, the manual
extraction of Senegalese sole gametes has been performed and through in vitro
fertilisation fertilised eggs were obtained (Rasines et al., 2012). However, this
approach has been frustrated as the sperm production from males is low and
poor quality (Cabrita, et al, 2006) and the period after ovulation for the
extraction of viable gametes was short (Rasines et al., 2012; 2013). Ovulated
eggs need to be fertilised in the correct moment before factors such as water
temperature influence in the overripening of the eggs, limiting their viability to

weeks, hours or even minutes after ovulation (Zohar and Mylonas, 2001).

The reproductive dysfunction that causes this failure was identified in
Senegalese sole males of cultured origin, which do not fertilize the eggs
released by females of either wild or cultured origin (Mafanoés et al., 2007;
Carazo 2013; Martin 2016; Martin et al.,, 2019). Therefore, absence of
successful spawns, often of low fecundity, have been obtained from groups

composed of only cultured breeders (Guzman et al. 2008; Carazo 2013; Martin
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et al.,, 2019). Several aspects such as reproductive physiology, nutrition and
genetics have been considered to explain the reproductive failure from cultured
breeders in comparison to wild breeders that reproduce in captivity. Guzman et
al. (2008), studied through three consecutive years, spawning performance of
cultured broodstocks and analysed the Vitellogenin (VTG) protein and sex
steroid profiles in cultured breeders. The profiles of VTG were correlated with
sexual steroids and spawning performance of cultured broodstock and
appeared normal, however, despite of these profiles all spawns were infertile.
Moreover, the influence of nutrition was considered as a possible influence in
the reproductive dysfunction exhibited by cultured Senegalese sole. The levels
of essential fatty acids, other lipids, prostaglandins (PG) and steroids were
assessed (Norambuena et al., 2012a; 2012b). Differences were observed in
lipids and fatty acids in cultured breeders compared to wild broodstock; in
addition, wild fish showed higher levels of PGs. Hence it was concluded that a
nutritional imbalance may contribute to significant differences in reproductive
physiology and the reproductive dysfunction (Norambuena et al., 2012a;
2012b).

Another physiological aspect that has been examined is that an endocrine
dysfunction during reproductive development of cultured breeders could result
in the loss of capacity to participate in viable spawns. A reproductive endocrine
dysfunction could explain lower sperm volume and quality in cultured males
compared to wild males (Cabrita et al., 2006). Riesco et al. (2019) evaluated the
sperm quality, expression of molecular markers related to reproductive success
(sperm mRNAs and miRs) and the dopaminergic pathway through brain
dopamine mRNA markers and tyrosine hydroxylase (Th) protein levels, in both
wild and cultured males. The dopaminergic pathway is involved in the inhibition
of gonadotrophin production and contributes to the sexual motivation and
regulation of male reproduction. The differences in Th protein expression
exhibited a downregulation in cultured males, which may be related to the
dysfunction in the reward pathway in the sole and consequently to reproductive
aspects. While, differences in the miRNAs expression could be one of the

vehicles for the transmission of determined features to the offspring, such as
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the reproductive dysfunction. However, further studies would be needed to

clarify the relationship between these results and the reproductive dysfunction.

Attempts made to solve the reproductive dysfunction in cultured breeders and
achieve control of reproduction were focused on hormonal therapies using
treatments based on the application of gonadotropin-releasing hormone
agonistic  (GnRHa), human chorionic gonadotropin (hCG) and 11
ketoandrostenedione (OA). Gonadotropin-releasing hormone agonistic
(GnRHa), were applied to cultured breeders to induce spermiation and
spawning. Although ovulation and egg release were obtained in the females
(Agulleiro et al., 2006; Guzméan et al., 2009), the treatment was ineffective with
the males, the sperm production was not increased and eggs were not fertilised
(Agulleiro et al., 2006). Other treatments in cultured breeders based on GnRHa
and OA (Agulleiro et al., 2007) or GnRHa and hCG (Guzméan et al., 2011), had
a positive effect on spermatogenesis and plasma concentration of sex steroids.
In the treatment with GnRHa and hCG, plasma testosterone (T), 11-
ketotestosterone (11-KT) levels and the gonadosomatic index (GSI) and sperm
motility were stimulated in the males, whilst fecundity in females was increased.
However only one fertile spawn was obtained using the hormone induction, with

hCG applied to males and GnRHa to females.

The lack of fertile spawning has been related to the behavioural function of first-
generation cultured males. The study of mechanisms that control reproductive
behaviour in sole males may provide solutions to the dysfunction in reproductive
behaviour identified in culture males. The complex process of the courtship in
Senegalese sole was described in reproductively successful wild breeders by
Carazo et al. (2016). The behavioural differences between wild and cultured
breeders were examined (Mafanos et al 2007; Martin et al. 2019). Breeders
from different origins were formed in the following different groups to analyse
the reproductive behaviour: a) only wild males and females; b) only cultured
males and females and c¢) mixed groups: cultured males and wild female and on
the other hand, cultured females and wild males. The increase of locomotor
activity preceded a set of behaviours performed by males to encourage females
to mate to provide the opportunity for males to fertilise the released eggs. The

behaviours in the courtship were characterized following various steps, starting
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by “Follow” behaviour, which is a type of procession, where a swimming fish
(leader) was chased by other fish (followers). In the next step, Rest the Head
behaviour, was determined as a behaviour performed by males to females;
where the male place its head on the body of another fish, usually the ovulating
female. Another similar behaviour described was Guardian, which was
performed by a male to “protect” a female from another male. These behaviours
were performed by the males to achieve that the females swam from the bottom
to the surface so that mating could take place. Finally, the Couple behaviour
was performed in the water column, the male and the female swam together
and the male placed himself under the female to fertilise the eggs that were
released. However, in all groups formed by cultured males, all these steps in
the courtship behaviour were not observed and consequently eggs were not
fertilised. The locomotor activity was low and Couple behaviour was not
performed. Breeder groups consisting of cultured males and cultured or wild
females did not provide fertilised eggs. However, viable egg production from the
group of wild males and cultured females was similar to the egg production
obtained from wild broodstocks (Martin et al., 2014; 2019). This demonstrated
that cultured females had the capacity to produce large quantities of fertilised
viable eggs. While cultured males did not appear to have this capacity to
execute the courtship behaviour and fertilise the eggs. Therefore, the poor
quality inviable egg production obtained from cultured broodstocks was
attributed to reproductive dysfunction in the cultured males. Additionally,
treatments to stimulate the reproductive behaviour based on hormonal induction
with GnRHa, hCG and PGF2a were applied in cultured sole breeders (Carazo
2013). Treatments resulted in an enhancement in the sperm quality in males
and egg production in the females; however, these did not solve the
reproductive failure in cultured breeders. Differences between reared fish and
wild fish have been observed in other species such as Atlantic salmon (Fleming
et al. 1996) or rainbow trout in terms of reproductive success (Chilcote, 2003).
Huntingford (2004) noted remarkable behavioural differences between reared
fish and wild fish related to aspects such as feeding and reproductive
behaviour. It would appear that the opportunities and conditions to achieve the

entire reproductive process successfully have been reduced, due to the breeder
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origin, reproductive behaviour and mate selection (Carazo 2013; Carazo et al.,
2016; Fatsini 2017).

Therefore, the solution to the reproductive dysfunction in Senegalese sole is still
unclear. To solve this bottleneck, two approaches were proposed: achieving
natural spontaneous spawning in cultured breeders with a solution to the
behavioural dysfunction in cultured males or the use of artificial fertilization to

bypass the behavioural dysfunction.

2. Thesis objectives and overview

The main objective of this thesis was to provide a solution to the reproductive
bottleneck in cultured broodstocks that make aquaculture practices with the
species unsustainable and without the possibility to implement programs for
genetic improvement. The two approaches addressed, were to either solve or
bypass the reproductive dysfunction. In the first approach, the present thesis
aimed at providing solutions to the reproductive dysfunction and continued a
behavioural approach (Carazo 2013; Fatsini 2017). Therefore, the controlling
mechanisms of reproductive behaviour were examined to solve the reproductive
dysfunction based on behavioural strategies and alternative methods to control
the reproduction in Senegalese sole cultured breeders. Reproductive behaviour
and spawning were analysed, considering the effect of cohabitation with wild
breeders and different holding conditions presented from the juvenile stage until
puberty in cultured breeders. In addition, the influence of dominance
relationships between the breeders on the reproductive success was assessed.
The effect of social context on development of fish and reproductive ability and
alternatives to solve the reproductive dysfunction were explored, focusing on
two behavioural aspects: a) mechanisms to increase the reproductive
behaviour of cultured breeders and solve the reproductive dysfunction, b) the

effect of dominance behaviour on reproductive success.

In the alternative approach, the objective was to develop artificial fertilisation
procedures to obtain fertiised eggs. In this approach, sperm quality
preservation was tested for two species: Senegalese sole and spotted wolffish
(Anarhichas minor) and the appropriate proportion of sperm and eggs was

examined in experimental and mass in vitro fertilization in Senegalese sole to,
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altogether, provide methods to preserve sperm quality and achieve in vitro

fertilisation.

Chapter 2, presented the last year (2016) of an experiment conducted
over four years and initiated by Fatsini (2017). The aims of the chapter
were: a) Assess the effect that the presence of successfully spawning
wild breeders has on cultured breeders held in the same experimental
groups, b) To study sperm production in wild breeders that successfully
spawned and cultured breeders that did not successfully spawn.
Therefore, the effect of cohabitation of wild and cultured Senegalese sole
breeders on the reproductive behaviour and spawning of cultured
breeders was assessed. Behaviour, sperm quality and spawning were
recorded for three experimental groups, two groups of mixed wild and

cultured fish (Groups M1 and M2) and one control (only cultured fish).

Chapter 3, examined the effect of different social conditions that offered
different social learning opportunities on reproductive behaviour and
successful spawning in cultured breeders during three reproductive
seasons. The aim of the chapter was to examine the reproductive
behaviour and successful spawning in relation to different social holding
conditions from the juvenile stage until puberty. Behaviour and spawning
were evaluated in four experimental groups of cultured breeders with
different social conditions from the juvenile stage until puberty. Prior to
the experiment, two groups (W1 and W2) had been reared with wild
breeders that spawned successfully, a positive control group (CP), had
been reared with cultured breeders that spawned unfertile eggs, and a

negative control group (CN), had been reared in isolation.

Chapter 4, examined the effect of dominance behaviour on the
reproductive success in wild and cultured breeders. Dominance
categories were characterized in sole juveniles by Fatsini et al. (2017),

based on feeding response and place preference and associated to a set
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of behaviours. The aim of chapter 4, was to examine behaviour,
preferred space (territory), and feeding response to determine
hierarchical status amongst the breeders. Once determined, the aim was
to examine the relationships between hierarchical status and the
reproductive success determined by the breeders participation in
spawning and the “Follow” behaviour. Dominance relationship was
determined through a dyadic test between pairs of breeders. Behaviours,
preferred space (territory), and feeding response were examined to
determine social status (dominant and subordinate fish). The hierarchical
categories were explored in relation to reproductive success defined by

participation in fertile spawns and the “Follow” behaviour.

Chapter 5, analysed the effect of social hierarchy on the reproductive
potential (sperm quality, hormone concentrations and germ cells
production) of Senegalese sole males. The aim of the chapter was to
examine the relation between social hierarchy and the reproductive
potential of cultured males. The sole males are subjected to sexual and
social competition to mate with females. Differences in social position in
fish (dominant and subordinate) could influence in processes such as
spermatogenesis, spermiation and mechanisms that control male sexual
behaviour. Social dominance relationship was determined through a
dyadic test between pairs of males through behaviours and preferred
space (territory) parameters. Social status was explored in relation to
sperm quality, hormone concentrations, testes size and testicular cell

development.

Chapter 6, described the anatomy of the urinary and male reproductive
systems, the relationship between urine contamination and sperm
collection and examined short-term cold storage methods to preserve
guality of sperm diluted in different solutions. The aim of the chapter was
to: (a) describe the anatomy of the urinary and male reproductive system

to understand why Senegalese sole sperm is usually contaminated; (b)
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describe the characteristics of Senegalese sole sperm in relation to urine
contamination; (c) examine the use of a range of extender solutions for
chilled short-term storage to maintain the sperm quality parameters,
motility and velocity. Sperm samples were collected from cultured male
breeders and stored diluted and undiluted (control) for twenty-four hours.
Urine contamination was analysed for all samples and contrasted with

sperm quality parameters.

Chapter 7, evaluated the sperm to egg ratios for in vitro fertilisation in
Senegalese sole. The chapter, aimed to determine the spermatozoa to
egg ratio required for in vitro fertilisation on an experimental scale and
then apply the ratio on a commercial scale in massive in vitro
fertilisations. An additional aim was, to determine the viability of ovulated
eggs stored at room temperature. Low sperm volume produced by sole
males, has thwarted the application of in vitro fertilisation methods.
Sperm to egg ratios need to be known in order to optimize the use of
collected sperm and ensure high levels of fertilisation in Senegalese
sole.

Chapter 8, evaluated methods for the short-term refrigerated storage for
spotted wolffish sperm and factors limiting the period of sperm motility.
The chaptered aimed, to test methods for the short-term refrigerated
storage of the spotted wolffish sperm, examining the potential negative
effect of urine contamination and the importance of the energy reserves
on sperm quality and short-term refrigerated storage. The reproduction of
spotted wolffish in captive depends on in vitro fertilization and
development of short-term refrigerated storage would represent an easy
and inexpensive tool to assist in artificial fertilization programs in fish

farms.
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spawning in cultured breeders.
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Chapter 2 The cohabitation of cultured Solea senegalensis breeders with wild
breeders promotes the reproductive behaviour and spawning in cultured
breeders.

1. Introduction

The culture of Senegalese sole has made a substantial advance in the last
decade, through the optimization of intensive culture systems (Howell and Dinis
2019). In spite of this advance, the production of Senegalese sole is currently
based on the spawning of wild broodstock through natural spontaneous
spawning (Morais et al., 2016). However, wild breeders exhibit fidelity patterns
and reproductive dominance that appeared to be responsible for the low
participation of wild breeders in the spawning (Martin et al., 2014; Fatsini et al.,
2020). Studies of parental contribution from a broodstock determined that
between 11 % and 38.9 % of breeders were responsible for all the offspring
during a reproductive season and that as high as 61.7 % of spawns were the
result of a single couple (Martin et al., 2014; Fatsini et al., 2020). The low
percentage of involvement of wild breeders in successful spawning has been
shown to cause a loss in the genetic variability in the offspring, which could lead
to inbreeding and have negative consequences in the sole production (Porta et
al., 2006).

Nevertheless, the main problem facing the Senegalese sole industry is the
reproductive dysfunction in breeders hatched and reared in captivity (cultured
breeders) (Carazo 2013; Martin et al., 2019). This dysfunction, causes the lack
of reproductive control, characterized by obtaining non-fertile spawning from
cultured breeders, which make Senegalese sole production unsustainable
(Carazo 2013; Martin et al., 2019). Several kinds of reproductive dysfunctions
can be attributed to stress caused by captive conditions and the loss of the
natural environment that stimulates spawning (Zohar and Mylonas, 2001).
Species of flatfish such as turbot and the Atlantic halibut, have been inhibited to
spontaneously spawn in captivity, due to stress caused by housing conditions
(Gibson, 2005). In the case of Senegalese sole, under similar culture conditions

wild and cultured broodstock do not spawn similarly, as wild fish produce fertile
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spawns compared to infertile spawns from cultured fish. Therefore, the
environmental conditions in captivity during the spawning season appear not to
be the cause of the reproductive dysfunction and studies should focus on other
aspects to determine the origin of this problem (Duncan et al., 2019). The
cultured sole breeders have been shown to become sexually mature and have
functional gametes (Rasines et al., 2012). Despite of the cultured males that
produce a reduced volume of sperm and variable sperm quality (Cabrita et al.,
2006) successful artificial fertilization has been achieved (Rasines et al., 2012;
2013). Cultured females were hormonally induced with GnRHa and the eggs
were manually extracted and fertilised with cryopreserved sperm from cultured
males (Rasines et al., 2012; 2013). However, this method has not been

described for use on an industrial scale.

To overcome the reproductive dysfunction and to achieve natural spawning,
several treatments based on hormonal therapies have been carried out with
cultured breeders (Agulleiro et al., 2006; Guzman et al., 2009; Guzman et al.,
2011; Carazo, 2013). Gonadotropin-Releasing Hormone analogue (GnRHa)
induced an increase in the release of non-fertile eggs (Agulleiro et al., 2006;
Guzman et al., 2009). While in cultured breeders induced with human Chorionic
Gonadotropin (hCG) and GnRHa a single fertile spawn was collected (Guzman
et al., 2011). Carazo (2013), performed treatments to sole breeders, based on
GnRHa and PGF2a, but no fertile spawns were obtained. Moreover, Martin et
al. (2019) housed mixed groups (cultured and wild Sole) without carrying out
hormonal therapy, collecting fertile spawns only from groups with wild males.
These attempts did not find solutions for the reproductive failure in cultured
breeders.

A series of studies have defined that the dysfunction in Solea senegalensis is a
behavioural reproductive dysfunction attributed specifically to the cultured males
(Carazo 2013; Carazo et al., 2016; Martin 2016; Fatsini 2017; Martin et al.,
2019). Carazo et al. (2016) described the courtship process and mating choice
carried out by wild breeders to achieve the successful spawning of fertilised
eggs. This process started with an increase of locomotor activity and specific
behaviours such as the Follow behaviour, where two or more fish are involved

swimming in a procession and which has been linked to successful spawning.
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During the courtship, coordinated pre-spawning behaviours were performed
between males and females (always by a single pair) and the male encouraged
a female to swim from bottom towards the surface to achieve spawning
success. Although, a failed spawning rate of 5.6 fold higher than successful
spawning has been recorded, suggesting that the courtship process could be
complex to perform, involving only a few breeders. However, it was observed
that cultured males did not perform all of the behaviours related to the courtship
and hence no fertile spawns were obtained (Carazo 2013; Matrtin et al., 2019).
Therefore, the reproductive failure in cultured breeders appears to be a
behavioural issue and in particular a behavioural reproductive dysfunction in

cultured male sole (Carazo 2013; Martin et al., 2019).

Studies initiated by Fatsini (2017), set out to determine whether exposing
cultured breeders to the reproductive behaviour of wild breeders would increase
the participation of cultured breeders in courtship and successful spawning. A
study initiated in October 2012 recorded the reproductive behaviour and
spawning of mixed wild and cultured stocks (wild males and females mixed with
cultured males and females) during four reproductive seasons (from March to
June in each year from 2013 to 2016). The first three years (2013 to 2015) were
reported by Fatsini (2017) and the final year (2016) in the present chapter (also
see the complete study in Fatsini et al., 2020). Fatsini (2017), found an increase
in participation in reproductive behaviour and a small increase in successful
spawning of cultured breeders during three reproductive seasons (2013-2015).
In consequence, the presence of wild breeders that perform the full courtship to
give fertile spawns, appeared to have an effect on the reproductive success and
reproductive behaviour in cultured breeders, which may provide a solution for

the reproductive dysfunction found in cultured males.

This chapter, presents the last year (2016) of the experiment, the reproductive
behaviour and spawning success of Senegalese sole breeders from different
origins (wild and cultured fish). The analysis includes parental contribution of
hatched larvae and the identification of wild and cultured breeders that
participated in the “Follow” behaviour, related with the fertile spawning. In
addition, the sperm quality in the male breeders was also evaluated. Therefore,

the aims of the present study were: a) Assess the effect that the presence of
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successfully spawning wild breeders has on cultured breeders held in the same
experimental groups, b) To study sperm production in wild breeders that
successfully spawned and cultured breeders that did not successfully spawn.

2. Methods

Three experimental groups were tested: two groups of wild and cultured
Senegalese sole breeders and a control group with just cultured breeders. The
behaviour and reproductive parameters were studied during the reproductive
season from March to June, 2016. The cultured Senegalese sole used in the
mix groups and control, were the offspring obtained from wild broodstocks
captured in the Atlantic zone; while the wild breeders used in the groups were

captured from the zone of the Ebro Delta.
2.1 Broodstock management

Senegalese sole (Solea senegalensis), wild and culture origin (G1)
broodstocks, were Pit-tagged (ID-100 Unique, Trovan-Zeus, Madrid, Spain) for
their later identification. The broodstocks were kept in the facilities in IRTA Sant
Carles de la Rapita, (Catalonia, and Spain), in tanks (14 m3) with sand covering
half of the bottom of each tank that was connected to a recirculation system
(IRTAmar®). A natural temperature cycle in a range from 9 to 20 °C was used,
however, the temperature was controlled weekly during the spawning period
upon reaching 18 °C in order to stimulate the spawning. From Monday to
Thursday tanks were maintained at 16 + 1 °C and from Thursday to Monday at
18 £ 1 °C (Martin et al., 2014 and Fatsini, 2017). Photoperiod was natural (9 -
14 hours light) and during the spawning season red light night illumination was
used, adjusted to 5 lux at surface to enable the recording and observation of
behaviours during the night (Carazo et al., 2013). The fish were fed with 0.75%
of wet feed based on polychaetes (Topsy-Baits, Holland) and mussels (Sariego
Intermares, Spain) and 0.55% dry feed (pellets Repro-Vitalis, LE-7 mm ELITE,
Skretting Co.) of the total biomass, four days a week.
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2.2 Experimental design

The breeders were set up in three tanks (Table 1), grouped according to

different treatments:

1.- Two experimental groups (M1 and M2), which were formed with breeders
from different origins, wild and cultured (G1).

2.- One Control group (C) constituted of only cultured breeders. The breeders
placed in this group belonged to the same stock as cultured breeders in groups

M1 and M2 that had never successfully spawned.

Table 1. Summary of Senegalese sole (Solea senegalensis) breeders distribution in different
Groups: Groups M1 and M2, formed with wild and cultured breeders and Group Control formed
with cultured breeders. The number of individuals per tank (N), weight (mean £ SEM) of the fish,

stocking density, origin of breeders and sex (male, female).

Treatments N Weight (g) Stocking Origin Sex
density
(Kg/m3)
Group Control 10 1143,50 = 0,81 Culture 5 Males
(cultured 185,51 5 Females
breeders G1)
Group M1 (Mix 17 1365,18 + 1,65 Culture 5 Males
of wild and 514,67 5 Females
cultured (G1) Wild 2 Males
breeders) 5 Females
Group M2 (Mix 18 1180,06 + 1,45 Culture 5 Males
of wild and 488,01 5 Females
cultured (Gl) wild 3 Males
breeders) 5 Females

All the tanks were left undisturbed during the spawning seasons, from March to
June of each year. All spawns were collected and spawning data registered.
The paternity of larvae hatched from viable spawns was determined through
microsatellites. Lastly, each group of fish (treatments) was video recorded
during the night for later behavioural analysis, as described by Carazo et al.
(2016).
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In group M2, a wild male identified in previous years as the dominant father of
offspring (Fatsini 2017), died in the first week that spawns were recorded. There
were no mortalities during 2016 in Groups M1 and Control.

2.3 Egg collection and Quality

Egg collectors were placed in the surface water outlet of each tank and were
checked every day during the spawning season at 9:00 am. The eggs were
collected and assessed for the following parameters: total volume of eggs (mL),
floating (viable) and non-floating (dead) volume of eggs (mL), weight of floating
eggs (g), total number of floating eggs, fertilisation rate (%), hatching rate (%)

and Total number of larvae.

Fertilisation and developmental stage was determined by visually examining
50+ eggs using a binocular microscope at the time of collection and at 24 h

after egg collection.

Developmental stage was classified using a guide supplied by Rasines and
Martin (personal communication). The number of floating eggs was calculated
using the weight of eggs and counting the number of eggs in a known weighed
subsample of eggs by triplicate. The relative fecundity was calculated according
to the total number of eggs divided by the total weight of females in each tank
(kg). The floating portion of eggs was placed in an incubator (~30 L) at natural
temperature and photoperiod that was supplied with an open water flow. The
larvae hatched after 36-48 h incubation. The hatching rate was determined by
counting the number of eggs and larvae from three subsamples (100 mL) taken
from the homogeneously mixed incubator. Larvae samples from each viable
spawn was individually preserved in Eppendorf’'s with 96% ethanol for later

analysis.
2.4 Sperm quality
2.4.1 Samples collection

At end of reproductive season (May 2016), individual males from all
experimental groups were anesthetized with 60 mg L™ tricaine

methanesulfonate (MS-222; Sigma-Aldrich, Spain) and weighed. Semen
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samples were obtained by stripping, gentle abdominal pressure was applied
from the testis towards the urogenital pore and sperm were collected with a 1
mL syringe. The volume collected was recorded and the sperm were placed in

Eppendorf tubes over crushed ice.
2.4.2 Cell concentration

To determine cell concentration (spermatozoa mL-1), fresh sperm was diluted
1:500 in 10% formalin and 10 pL of this dilution was placed into a Thoma cell
counting chamber. After 10 minutes to allow the spermatozoa to sediment in the
counting chamber, the samples were observed with a x100 magnification using
a Olympus BH microscope that was connected to GigE digital camera (model:
DMK 22BUCO03 Monochrome, The Imagin source, Bremen, Germany). Images
of three different fields from each sample were taken with IC Capture Software
(www.theimagingsource.com). The number of cells in each field captured was
counted with the image processor ImageJ software (http://imagej.nih.gov/ij/).
The mean was calculated from the three counts to determine the cell
concentration of spermatozoa per mL™ of collected semen and spermatozoa

(spz) per kg of male bodyweight.
2.4.3 Motility parameters

Motility percentage and Average Path Velocity (VAP, um/s), were measured
from sperm previously diluted with modified Leibovitz (Fauvel et al., 2012) that
was activated and sperm paths video recorded. The sperm was activated by
gently mixing 1 pL of diluted sperm with 19 uL of natural seawater containing
bovine serum albumin (BSA), prepared at 30%. One microliter of activated
sperm was placed in a counting chamber ISAS R2C10 (Proiser R+D, S.L.
Paterna, Spain). The sperm paths were recorded until the motility ceased, using
the IC Capture software and GIgE digital camera (described above) connected
to the microscope Olympus BH with a x200 magnification. The videos obtained
(AVI format) were processed with Virtual Dub 1.10.4 software
(http://www.virtualdub.org/) to convert the video into image sequences in format
* jpeg. The files of image sequences were imported to ImageJ software and the
sperm kinetics parameters were assessed at 20 seconds post-activation, during

two seconds, using a computer-assisted sperm analysis (CASA) ImageJ plugin
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(http://rsb.info.nih.goVv/ij/plugins/). The settings to analyse the videos were set
as follows: brightness and contrast, -87 to -93/156 to 171, threshold, 0/138 to
142; minimum sperm size (pixels), 10; maximum sperm size (pixels), 500;
minimum track length (frames), 15; maximum sperm velocity between frames
(pixels), 20; frame rate, 30; microns/1000 pixels, 305; Print motion, 1; the
additional settings were not modified. All samples were recorded and analysed
by triplicate.

2.5 Paternity analysis

Hatched larvae (n=10), were collected from every spawn obtained and preserve
individually in 96% ethanol within an Eppendorf (1 mL) and were sent to
GENEAQUA (Faculty of Veterinary, Lugo, Spain) to identify the paternity of
each larvae. Previously, the identification of parents was carried out by
genotyping each broodstock through specific microsatellites for sole. The
analysis started using four microsatellites and when the paternity of larvae was
not determined by possible kinship with more than two parents, two

microsatellites more were added making an analysis with six microsatellites.
2.6 Behavioural analysis

A square black and white CCD digital camera (model F60B/N80-50G, KT&C
Co. Ltd., Korea Technology and Communications, Korea, supplied in waterproof
housing by Praesentis S.L. Barcelona, Spain) connected to a digital video
recorder (model DVR-0804HB, supplied by Praesentis S.L.) was placed just
below the water’s surface in the corner of each tank to video record the activity
and the behaviours of each study group. Daily, during the spawning season, the
fish activity was recorded for six hours (17:00 to 23:00 h) for all tanks (Carazo,
2013; Fatsini, 2017).

2.6.1 Locomotor activity

During the spawning season, the activity (locomotor activity) of the fish during
the period of video recording was determined. Five days with spawning and five
days without spawning were randomly chosen and the activity was analysed.
The activity was determined by dividing the field of vision in each video in half

into two parts with a line in the middle and the movements were recorded when
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a fish crossed the line. The mean number of movements counted in each
experimental group was divided by the number of fish in the tank to account for
the slight differences in fish numbers between tanks (Fatsini, 2017). From this
work, the profile of activity was described and the period of the day when the

fish had higher activity (locomotor activity) was determined.
2.6.2 Behaviours

During the peak of locomotor activity (19:00-20:00 h), different behaviours
related to the courtship were counted. These behaviours have been previously

described by Carazo et al., 2016 and were the following:

a) Rest the Head: an individual rests it's head on some part of the body of
the other fish.

b) Guardian: Frequently a male rests the head on the head of another fish

(female) to isolate the fish from another male.

C) Follow: two or more individuals swim in a procession following each
other: the following fish perform the same movements and path as the leading
fish.

d) Couple: a male and female swim to the surface, the male keeping under
the female with their bodies and genital pores pressed closely together for the
release and fertilisation of gametes.

The hour of peak activity was divided into 5 minute sections and the behaviours
were counted at the end of each 5 minute section. The behaviours were
counted in the peak hour of the same five nights with spawning that were

analysed for locomotor activity.
2.6.3 Identification of individuals in “Follow” behaviours

From the videos recorded, the participation of breeders (wild or cultured) in the
“Follow” behaviour related to the courtship was determined in groups M1 and
M2. In order to identify the origin of the breeders that participated, “Follow”
behaviours (n = 30) were chosen at random from videos recorded in days with
spawning during the reproductive season. The fish involved in the “Follow”
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behaviour, were identified by three different observers from a guide of photos
and videos, previously taken of each breeder. The guide of photos and videos,
highlighted specific features such as caudal fin pattern, fish shape or swimming
style, it was possible to identify the fish with a 80% reliability. The observations
by the three observers were compared and the identity of each breeder was

determined.

2.7 Statistical analysis

All data were presented as mean * standard error of the mean (SEM). The
locomotor activity was assessed following the method used by Carazo et al.
(2016). The mean of sperm quality parameters (cell concentration, motility
percentage, VCL and VAP) and behavioural counts (mean number of
movements for activity and mean counts of different behaviours exhibited) were
compared amongst experimental groups using a one-way ANOVA. Multiple
comparisons amongst groups were completed with a Games-Howell post-hoc
test. The spawning quality was evaluated calculating the percentage of
fertilisation and hatching of spawning among the treatments. A value of P<0.05
was considered to be statistically different. Statistical analysis was carried out
using SPSS Statistic 23 for Windows (SPSS Inc. Chicago, IL, USA).

3. Results

3.1. Spawns Quality

During the reproductive season 2016, spawns were obtained from all
experimental groups. However, in the Group Control fewer spawns were
obtained and none were fertilized, in comparison with the Groups M1 and M2
(Figure 1). The Group M1 had the highest number of spawns and 61.3 % of the
spawns were fertile. Whilst in the Group M2, only 21.4 % of spawns were fertile.
Significant differences (P<0.05) were found in the mean volume of floating eggs
and mean weight of floating eggs, amongst the Groups. The highest total
volume of floating eggs was found in Group M1 compared to the lowest in the
Control Group, which was different from Group M1 (P=0.001) and M2
(P=0.005), while the volume was similar between Groups M1 and M2 (P=0.993)
(Figure 2). Likewise the mean weight of floating eggs, was significantly higher in
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the Groups M1 (P=0.004) and M2 (P=0.003) compared to the Control Group,
whilst there was no difference between Groups M1 and M2 (P=0.894) (Table 2).
There were no significant differences amongst the groups for the parameters,
mean total volume of eggs (Figure 3) and mean egg production per kg of female
(Figure 4). Similar fertilization (P=0.170) and hatching rate (P=0.378) were
obtained between Groups M1 and M2, whilst no fertile spawns were obtained
from the Control Group (Table 2). In addition, over the entire spawning season
compared to groups M1 and M2, the Control Group had the lowest values of
mean weight of floating eggs, total volume of eggs (mL), total volume of floating
eggs (mL), total volume of non-floating eggs (mL) and total eggs production per
kg female in (Table 2).
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Figure 1. The 2016 spawning season for the treatments: Group M1 and Group M2, formed with
Solea senegalensis breeders from different origins, wild and cultured breeders and Group
Control formed with culture breeders. The grey bars represent fertile spawning and the black

bars are non-fertile spawning.
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Figure 2. Mean volume of floating eggs from Solea senegalensis, during the 2016 season from
three groups: Group Control (only cultured fish), Group M1 (mixed cultured and wild breeders)
and Group M2 (mixed cultured and wild breeders). The different letters above the bars indicates

significant differences amongst the different experimental groups.
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Figure 3. Mean total volume of eggs from sole (Solea senegalensis) during the 2016 season
from three groups: Group Control (only cultured fish), Group M1 (mixed cultured and wild

breeders) and Group M2 (mixed cultured and wild breeders).

39



25,000

(]
T a
£ 20,000 T
o 1 Group Control
X
> 15,000
o)) a  Group M1
(@)
GC) 10,000 1 a % Group M2
Ny
S N
=
N

0

Figure 4. Mean eggs/kg of sole (Solea senegalensis) females during the 2016 season from
three groups: Group Control (only cultured fish), Group M1 (mixed cultured and wild breeders)

and Group M2 (mixed cultured and wild breeders).

3.2 Sperm quality

Overall, there were significant differences in sperm quality amongst the three
groups that were assessed at the end of the breeding season (2016) (Table 3).
The total time of motility, was significantly higher (P=0.02) in the Control Group
compared to Group M1. The percentage motility, was significantly different
amongst the three experimental groups (P<0.001), the lowest percentage was
recorded in the Group M1 and highest in the Control Group. In the velocity
values, Group M1 exhibited significantly higher (P<0.05) velocities compared to
lower velocities found in Control Group and Group M1. There were no
differences in the cell concentration, spz per kg™ fish and spz per mL™,

amongst the groups.

There were no significant differences between cultured and wild males
(belonging to the groups M1 and M2) for the sperm quality parameters, motility
percentage (P=0.40), VCL (P=0.08) and VAP (P=0.10), cell concentration: spz
per kg™ fish (P=0.817) and spz per mL™! (P=0.545) and sperm volume collected
(P=0.101) (Table 4).
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Table 2. Summary of Solea senegalensis spawn quality for 2016 for the treatment groups: Group Control (formed with cultured breeders), Groups M1 and M2
(formed with cultured and wild breeders). The parameters, number of spawns (N= total number of spawns and H= number of fertile spawns), mean weight of
floating eggs (g), total volume of eggs (mL), total volume of floating eggs and non-floating eggs (mL), relative fecundity for the season — total of number of
eggs per kg of female, mean fertilisation rate (mean = SEM) of fertile spawns, mean hatching rate (mean = SEM) of fertile spawns and total number of

hatched larvae (the letters next to value indicate significant differences).

Treatments Number Mean Weight Total volume Total Total Eggs Mean Mean Total
of of Floating of eggs Volume of  production  Fertilization Hatching Number
Spawns / eggs (g9) (mL) floating/non (eggs/kg rate (%) rate (%) of
N-H floating female) hatched
eggs (mL) larvae

Group 8-0 13.71 £ 5.99a 663 108 - 555 122.400 0.00 a 0.00 a 0.00
Control

(Cultured

breeders

G1)

Group M1 31-19 47.98 £ 7.88b 2748 1453 -1295 189.638 55.00 +8.81b 23.20+9.44b 105232
(Mix of

wild and

cultured

(G1)

breeders)

Group M2 28-5 53.58 + 9.56b 2963 1278 - 1685 228.118 21.50£5.10b 6.27 £9.47b 9634
(Mix of

wild and

cultured

(G1)

breeders)
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Table 3. Sperm quality parameters of Solea senegalensis, in the three experimental groups
(Control, formed with cultured breeders and M1 and M2 formed with a mix of cultured and wild

breeders). Total time of sperm maoatility (s), percentage sperm motility, curvy linear velocity VCL

(um/s), average path velocity VAP (um/s), cell concentration - spermatozoa per mL (spz mL™)
and spermatozoa per kg of body weight (spz kg™). All values are mean + SEM. Different letters
represent significant differences (P<0.05) between groups.

Treatments Total % VCL VAP Cell Cell
time Motilit concentration concentration
motility y spz perkg™ spzpermL™
(s) fish
Group 103,33+ 22,66+ 66,37+ 51,79+ 3,31E+08 + 1,83E+09 +
Control 15,45 a 2,27 a 2,45 a 2,52 a 8,79E+07 2 3,82E+08 a
Group M1 74,80 + 888+ 8151+ 77,79+ 6,76E+08 + 1,99E+09 +
2,150b 0,790 5720 5,56 b 2,22E+08 3,13E+08 a
Group M2 80,87+ 1549+ 69,13+ 58,39+ 9,75E+08 + 2,79E+09 +
3,33 a 146¢c 249a 2,37 a 1,93E+08 2 5,33E+08 a

Table 4. Comparison of sperm quality parameters between cultured (n=8) and wild (n=3) Solea

senegalensis male breeders (from both Groups M1 and M2 formed by mixed of cultured and

wild breeders). Sperm volume (uL), percentage sperm motility, curvy linear velocity VCL (um/s),

average path velocity VAP (um/s), cell concentration - spermatozoa per mL (spz mL™) and

spermatozoa per kg of body weight (spz kg™). All values are mean + SEM.

Breeders Sperm VCL VAP Cell Cell
origin Volume Motility concentration concentration
(pL) spz perkg™  spzpermL ™
fish

Cultured 339,45+ 19,35+ 91,15+ 84,07+ 8,71E+08 2,37E+09 +

males 68,51 a 3,47 a 8,82a 9,752 1,83E+08 2 3,48E+08

Wild males 148,67+ 13,89+ 57,92+ 5191+ 563E+08+ 2,19E+09 +

447452 3272 14112 1154a 219E+08a 6,83E+08 2
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3.3 Paternity analysis

A total of 190 larvae were collected for paternity analysis from Group M1 from
the 19 fertile spawns obtained, of which, 86.84 % were identified as coming
from a single wild pair of breeders and 13.16 % were not identified (Figure 5). In
the Group M2 a total 36 larvae were collected and analysed from five fertile
spawns, 86.11 % were identified as offspring from four breeder couples, while
13.89 % was not identified. One pair was formed by a wild female and a wild
male (figure 6). The male (MW2) died at the beginning of reproductive season
and just participated in one fertile spawn. This male (MW2) had dominated
spawning during previous years (Fatsini 2017). The other three families were
from spawns between one cultured male and three different females, one
cultured female and two wild females. The pair composed of two cultured
breeders, participated in one fertile spawning; while, the pairs formed with two
wild females and the culture male participated in three fertile spawns. The
unidentified larvae were due to poor quality of the DNA from the sample or

genetic similarity between different breeders.
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Figure 5. Participation of Solea senegalensis breeders in the fertile spawns obtained from
Group M1 (Group Mixed of cultured and wild breeders), in accordance with paternity analysis
during the 2016 reproductive season. Each bar represents a single breeder, F = female, M =

male and W = wild breeder.
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Figure 6. Participation of Solea senegalensis breeders in the fertile spawns obtained from
Group M2 (Group Mixed of cultured and wild breeders), in accordance with paternity analysis
during the reproductive season. Each bar represents a single, F = female, M = male, W = wild

breeder and Cult = cultured breeder.

3.4 Behavioural analysis

3.4.1 Locomotor activity

The breeders were observed to increase the number of movements or activity
to a peak between 19:00 and 20:00 after which the activity gradually decreased
(Figure 7). The activity in the fish was more pronounced on spawning days,

compared to days without spawning.
3.4.2 Behaviours related to the courtship, during the peak of locomotor activity.

Behaviours of Rest the head (RTH) and “Follow”, were recorded in all
experimental groups (Figure 8). The Couple behaviour was only observed in the
Group M1 and the Guardian behaviour was only observed in the Groups M1
and M2. The RTH behaviour, showed significantly higher (P=0,021) number of
counts in the Group M1 compared with the control Group. The Guardian
behaviour was significantly lower (P=0.001) in Group M2 than Group M1. There
were no significant differences in the counts of the Follow behaviour amongst
the groups. Only Group M1 exhibited all behaviours related to the courtship and
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Group M1 behavioural counts for each behaviour were highest of the three

groups.
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Figure 7. Mean Locomotor activity per hour (n=5) (humber of times that a fish crossed the line in
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middle of the field observed) of Solea senegalensis breeders during five days with spawning

and five days without spawning in the Groups Control (Group formed just by cultured breeders),

M1 and M2 (Groups formed by mixed of cultured and wild breeders). Data was shown as mean

+ SEM.
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Figure 8. Mean counts of behaviours (Rest the head, Follow, Guardian and Coupled) observed

during the peak hour of activity (19:00 to 20:00) in Solea senegalensis experimental groups

(Control formed just by cultured breeders, M1 and M2 formed by mixed cultured and wild

breeders). The groups were evaluated during days with spawning (n = 5). Different letters above

the bars represent significant differences between groups.
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3.4.3 ldentification of individuals in “Follow” behaviours

The Follow Behaviour was analysed in the Groups M1 (Figure 9) and M2
(Figure 10), which had breeders of both origins (wild and cultured). Overall in
both Groups (M1 and M2), 85.71 % of males participated in the Follow
behaviour and 30 % of females participated. The mean participation of all
breeders was 10.66 + 4.47 % and ranged from 64.10 % (Mcul2 in Group M1) to
fish with O % participation. The position of individuals in the “Follow” behaviour
(Leader or Follower), was different between males and females. The females
(cultured and wild) were observed predominantly in the position of leader (95.80
%) during the “Follow” behaviour. In contrast, the “Follower” position was mainly
observed in 83.33 % of males, where wild males performed 76.25 % of
“Follower” behaviours and cultured males 47.00 % as “Follower”. In spite that
the wild males showed a high participation in “Follow” behaviour, the
involvement of cultured males in this behaviour was evident in both Groups (M1
and M2). The five cultured males belonging to Group M1, had a participation in
“Follow” behaviour from 7.69 % to 64.10 %, whilst in the Group M2, three
cultured males participated in the Follow behaviour between 2.86 % and 60.00
%.

In addition, the participation of male breeders in “Follow” behaviour was
associated with participation in fertile spawning during the reproductive season.
The males from Groups M1 and M2 that contributed as parents according to
paternity analysis were observed to also have a high percentage of participation
in “Follow” behaviour and mainly in the “follower” position. In the Group M1, the
wild male, MW1 that dominated 100% of the spawning had a 41.0 %
participation in the “Follow” behaviours (Figure 9). In the Group M2, a cultured
male, Mcul2 that dominated 80% of the spawning had a 48.6 % participation in
the “Follow” behaviours (Figure 10).

In the case of the Group Control, the “Follow” behaviour was not analysed as all
individuals were cultured breeders, participation in the “Follow” behaviour was

less frequent than in the others groups and no fertile spawns were obtained.
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Figure 9. Individual Solea senegalensis breeders in Group M1 that were identified to be
involved in the “Follow” behaviour in spawning period. The different section in the bars,
represents the percentage an individual was the leader (grey), followed by the other individuals
and the percentage an individual was a follower (black) and followed the lead fish. M = male, F
= female, W = wild breeders, Cul = cultured breeders. The value above the bars indicates the
percentage of parental contribution in the spawning of each breeder in accordance to the

paternity analysis.
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Figure 10. Individual Solea senegalensis breeders in Group M2 that were identified to be
involved in the “Follow” behaviour in period with spawning. The different section in the bars,
represents the percentage an individual was the leader (grey), followed by the other individuals
and follower (black) as an individual following to others fish. M = male, F = female, W = wild
breeders, Cul = cultured breeders. The value above the bars indicates the percentage of

parental contribution in the spawning of each breeder in accordance to the paternity analysis.
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4. Discussion

During the entire period of the study (2013 to 2016, see Fatsini et al., 2020), the
participation in the courtship behaviour and the spawning of cultured sole
breeders increased in the presence of wild breeders that successfully spawned.
In this last experimental year (2016), fertile spawns were recorded from the
Groups M1 and M2, where cultured breeders and wild breeders cohabited
together. In comparison, the Group Control produced fewer spawns that were
not fertile. In Group M2, a couple of cultured breeders was identified as the
parents of a fertile spawn. The cultured male, also participated in spawns with
two wild females to father three more fertile spawns. In the Group M1 all
spawns recorded were from a single couple of wild breeders. The fertile spawn
obtained from cultured breeders, was the second season that the couple
participated in spawning. The previous reproductive season was in 2014 when
the same couple had parental contribution in one fertile spawn (Fatsini 2017). In
addition, the high participation in behaviours defined as precursors of success
spawning (Carazo et al., 2016), such as Follow behaviour, was also observed in
the cultured breeders to both groups (M1 and M2). The results obtained in the
last year and from 2013 to 2015 reproductive seasons (Fatsini 2017), exhibited
an increase in the reproductive behaviour of cultured breeders during the period
held with wild breeders. Unlike the Group Control (only cultured breeders),
where the spawning were not successful during the same period. Some
previous treatments with hormone therapies (Agulleiro et al., 2006; Guzman et
al., 2008; Carazo 2013), have failed to promote reproductive success in
cultured males. Therefore, the stimuli from wild breeders that successfully
spawn, to encourage the reproductive behaviour in cultured males, could be an

alternative to solve the reproductive dysfunction problem in cultured breeders.

The reproductive success in Solea senegalensis, is based on a complex
process of courtship and spawning, which involves an increase of locomotor
activity and a set of behaviours. The males protect the females from other
males and encourage the females to swim from the bottom to release eggs for
fertilization (Carazo et al., 2016). The presence or absence of courtship

behaviours, would indicate the possibility of successful spawning. In the present
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study, the behaviours described in the courtship (Carazo et al., 2016), such as
Rest the Head, Guardian, Follow and Couple behaviours were recorded. Similar
reproductive behaviours have been described in other species of flatfish, such
as Engyprosopon grandisquama, where approach, protection and following
females by the males are part of the courtship process (Gibson 2005). The
courtship behaviours were higher and at times significantly higher in the Groups
M1 and M2 with mixed origin breeders (wild and cultured). In the Group Control,
the frequency of behaviours was lower and Guardian and Coupled behaviours
were not observed. These behaviours (Guardian and Couple) have relevance
as the male protects the female from other males and the coupled swim is to
fertilize the eggs release by females. Therefore, the reproductive failure in the
cultured breeders held in the Group Control was clear, both by obtaining a few
unviable eggs released and the absence of certain critical courtship behaviours
during the reproductive period. Similar results were registered in other studies
(Carazo 2013; Fatsini, 2017; Martin et al., 2019), where stocks consisting
entirely of cultured breeders (males and females), produced only non-fertile
spawns. The same patterns in the behaviours from each group, were recorded

in the previous reproductive seasons (2013-2015) in the study by Fatsini (2017).

Furthermore the “Follow” behaviour, involved in the first courtship phase and
identified as predictors of fertile spawning, has been attributed principally to
males (Carazo et al., 2016; Martin et al., 2019). Initially, the males participated
in chases around the tank, both in leader as well as “follower” position, which
increased the locomotor activity. The locomotor activity and the behaviours
performed by Senegalese sole have been related to the biological rhythms and
changes in photoperiod (hours of light—dark) (Bayarri et al., 2004; Carazo et al.,
2013). The peak hour of locomotor activity was recorded from 19:00 to 20:00,
coincident with twilight activity of this species (Bayarri et al., 2004; Carazo
2013). The females are involved in a lesser extent, however, usually participate
as leader fish and were followed by males (Carazo 2013; Carazo et al., 2016).
During the “Follow” behaviour, the following of leader females may be related to
the release of fluids, such as urine or intestinal fluid to stimulate the olfactory
system of males (Fatsini et al., 2017). The interchange of chemical cues

contained in the fluids, would increase the olfactory sensitivity of males, sending
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a pheromone message to perform courtship and spawning. However, the
reception of these cues might be different depending the origin of male
breeders (Fatsini et al., 2017). A higher participation in the “Follow” behaviour
was shown from cultured breeders in Groups M1 and M2. In the Group M1, all
cultured males had patrticipation in the “Follow” behaviour, although the highest
participation was by a wild male (MW1), which had parental contribution in all
spawns. Whilst in the Group M2, the higher participation in the “Follow”
behaviour and mainly in the Follower position was observed in the cultured male
(MCult2), which had the parental contribution with a culture female and two wild
females. This participation, was gradually increased in the cultured males, in
previous years of the study (from 2013 to 2015), reported by Fatsini (2017) until
this last year (2016). The participation in courtship behaviours of cultured
breeders in the Groups M1 and M2, indicated an effect after a cohabitation
period with wild breeders that successfully spawn. Therefore, even though early
stage experiences may influence the cognitive ability and social development of
fish, the individuals retain neural plasticity to adapt their physiology and
behaviour according to recent interactions (Ebbesson and Braithwaite, 2012).
The performance of reproductive behaviours in cultured breeders, is linked to a
learning process carried out by observation, where cultured breeders observed

and learned from wild breeders, the behaviours necessary to spawn.

The ability to learn through the process of observation of conspecifics has been
described in fish in relation to several types of behaviour (Brown and Laland,
2003). Takahashi et al. (2014), observed that jack (Pseudocaranx dentex)
juveniles, increased the feed efficiency after observation of the behaviours
performed from trained experienced conspecifics. De Gasperin and Macias
(2014), found that courtship behaviour in Girardinichthys multiradiatus, had
been affected during development and early social experience, however, this
behaviour appeared to be flexible throughout life and could be adjusted by
learning from new experiences. Guppie females (Poecilia reticulata) replicated
the mate choice behaviour that was learnt from a model female courting with a
male (Dungatkin et al., 1992). Guevara-Fiore (2012), demonstrated that young
male guppies, learned to perform the courtship during their early experience, by

observing other males courting, to difference of males that grew up in isolation.
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The results obtained by Guevara- Fiore (2012), indicate a similar behavioural
pattern to that found in the present study. In the present study, observational
learning process, supports the change in the reproductive behaviour observed
in cultured Solea senegalensis breeders during a period of cohabitation with the
experienced wild males. Therefore, the experience with males that performed
the courtship, would be transmitted, influencing in the development of sexual
behaviour of inexperienced young males (Freeberg 2000). Thus, the courtship
may be a socially learned behaviour, as a mechanism to ensure the

reproductive success (Galef and Laland, 2005).

Furthermore, the mate selection system may also be a learning process on
previous experiences or by observation of conspecifics (Dungatkin et al., 1992).
Mainly, the females have preference functions to accept or reject the males that
perform the courtship (Ramsey et al., 2014). Some cues chemical, physical or
behavioural may be used to choose potential partners (Auld et al., 2019).
Dungatkin and Godin (1993) found that in female guppies, the decision to
choose a mate was based on copying another female's choice for a specific
male. In whitebelly damselfish (Amblyglyphidodon leucogaster), the mate choice
copying, increases the fithess of chosen partner and provides to the males
higher likelihood to find other females (Verzijden et al., 2012). The role of
females in the mate choice would be related to a social system that avoids
assessing males and chooses males that have already succeeded in mating
(Dungatkin and Godin 1993). Therefore, males that have not had previous
experience in the mate process would have variable reproductive success
(Dungatkin 1992). These statements could elucidate why no others pairs are
formed within the groups and why the females choose specific males to mate.
Consequently, the participation of total male breeders might also be limited by

the mate choice system from females.

In addition, despite of the involvement of cultured breeders in courtship
behaviour, few breeders exhibited parental contribution regarding to the
hatched larvae. In Group M1, all offspring were assigned to a wild couple. In the
Group M2, a spawning was obtained from a wild female (FW2) coupled with a
wild male (MW2) and afterwards a cultured male (MCult2) was paired with two

wild females and one cultured female. A reduced parental contribution in S.
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senegalensis, was also observed by Porta et al. (2006), where a few breeders
were responsible for hatched larvae, causing the loss of genetic variability.
Moreover, Martin et al. (2014), observed reproductive dominance within S.
senegalensis broodstock and fidelity between the couples formed during the
reproductive seasons. The formation of dominant monogamous couples, would
explain the lack of participation of others breeders in the spawning and the
scarce parental contribution. In contrast to others flatfish, such as winter
flounder, a single female spawning with various males without the exhibition of
agonistic behaviours amongst breeders (Stoner et al. 1999). However, even
though the reproductive dominance was observed amongst breeders, the social
opportunity to ascend in the reproductive status was observed in the Group M2.
The cultured male (MCult2) mated with three females (two wild females and one
cultured female), due to the absence by mortality of the dominant wild male
(MW2) in previous seasons (Fatsini 2017). This behaviour has been observed
in other species as African cichlid fish, where the reproductively supressed
males that perceive an opportunity to mate, adopt the dominant role to gain
reproductive success (Maruska and Fernald 2010). However, the few spawning
obtained from the cultured male, appears not to be sufficient to determine total
reproductive success in cultured males. Nevertheless, these spontaneous fertile
spawns have shown that cultured males have the reproductive capacity to
participate in the entire process of mating and reproduction to produce viable
larvae and that as previously demonstrated through artificial fertilization
(Rasines et al., 2012; 2013) the cultured males produce viable sperm. The
sperm quality assessed between cultured and wild males in the present study,
exhibited no significant differences in the cell concentration, motility percentage
and velocity parameters. It should be mentioned that although the “n” was low
and that there was no difference should be concluded with caution, all mean
sperm quality parameters were actually higher in cultured males. This is in
contrast to that obtained by Cabrita et al. (2006), who found a lower cell
concentration and motility percentage in the cultured males spermatozoa
compared to wild males. However Riesco et al. (2019), did not find differences
in viability and total motility in sperm samples analyzed from wild and cultured
males except in the velocity (VCL). While the differences found amongst Group

M1 and Groups M2 and Control in motility percentage as velocity (VCL and
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VAP), perhaps could have been influenced by the mix of breeders. Some
differences in sperm quality recorded amongst studies might be due to the
method to collect the sample (Gwo, 2009) or broodstock management practices
(Bobbe and Labbé, 2010).

5. Conclusions

The increased participation of the cultured breeders, in courtship behaviour and
fertile spawning, indicated the positive effect on cultured Sole males of a period
of cohabitation with spawning wild Sole breeders. The participation from
cultured breeders in the Follow behaviour, was related to fertile spawning
obtained from a cultured male (Group M2), with parental contribution in larvae
hatched from four spawns. While in comparison, the Group Control did not
provide fertile spawns and the courtship process was not complete, as has
been described as the reproductive dysfunction in cultured males (Carazo 2013;
Martin et al., 2019). The outcomes in the Mixed Groups, M1 and M2, indicate
that there was a learning process, where cultured breeders observed wild
breeders with reproductive success. However, the reproductive success of
cultured males may have also been influenced by mate choice behaviour and
reproductive dominance. The behavioural study in the reproduction of S.
senegalensis, has open a relevant behavioural mechanism that offers potential
to solve the reproductive dysfunction in the cultured males. However,
reproductive success remains unpredictable and deficient to obtain sufficient
spontaneous fertile spawning from cultured breeders for the aquaculture
industry. Therefore, further research is required to focus on other physiological

and behavioural aspects of this species that are not yet known.

6. References

Agulleiro, M. J., Anguis, V., Canavate, J. P., Martinez-Rodriguez, G., Mylonas,
C. C., Cerda, J., 2006. Induction of spawning of captive-reared Senegal sole

(Solea senegalensis) using different administration methods for gonadotropin-

releasing hormone agonist. Aquaculture 257(1-4): 511-524.

53



APROMAR, 2019. La acuicultura en Espafa 2019. Asociacion Empresarial de
Productores de Cultivos Marino Chiclana (Cadiz).

http://www.apromar.es/content/informes-anuales

Auld, H., L., Noakes, D., L., G., Banks, M., A., 2019. Advancing mate choice
studies in salmonids. Rev Fish Biol Fisheries, 29:249-276.
https://doi.org/10.1007/s11160-019-09551-5

Bayarri, M.J., Munoz-Cueto, J.A., Lopez-Olmeda, J.F., Vera, L.M., Rol de
Lama, M.A., Madrid, J.A., Sanchez-Vazquez, F.J., 2004. Daily locomotor
activity and melatonin rhythms in Senegal sole (Solea senegalensis). Physiol.
Behav. 81, 577-583.

Bobe, J., Labbé C., 2010. Egg and sperm quality in fish. General and
Comparative Endocrinology 165: 535-548.

Brown, C., Laland, K. N., 2003. Social learning in fishes: A review. Fish and
Fisheries 4: 280- 288.

Cabrita, E., Soares, F., Dinis M. T., 2006. Characterization of Senegalese sole,
Solea senegalensis, male broodstock in terms of sperm production and quality.
Aquaculture 261(3): 967-975.

Carazo, |. 2013. Comportamiento reproductivo y fisiologia del lenguado
senegalés (Solea senegalensis) en cautividad. Ph. D. Thesis, Universidad de

Barcelona (Spain).

Carazo, |., Norambuena, F., Oliveira, C., Sanchez-Vazquez, F. J., Duncan, N.
J., 2013. The effect of night illumination, red and infrared light, on locomotor
activity, behaviour and melatonin of Senegalese sole (Solea senegalensis)
broodstock. Physiology & Behavior 118: 201-207.

Carazo, 1., Chereguini, O., Martin, I., Huntingford, F., Duncan, N. 2016.
Reproductive ethogram and mate selection in captive wild Senegalese sole
(Solea senegalensis). Spanish Journal of Agricultural Research 14, 13pp.
https://dx.doi.org/10.5424/sjar/2016144-9108

54


http://www.apromar.es/content/informes-anuales
https://dx.doi.org/10.5424/sjar/2016144-9108

De Gasperin, O., Macias, G. C., 2014. Congenital predispositions and early
social experience determine the courtship patterns of males of the Amarillo fish.
Behav Ecol Sociobiol. 68:639-648 DOI 10.1007/s00265-013-1678-3

Dinis, M. T., Ribeiro, L., Soares, F., Sarasquete, C., 1999. A review on the
cultivation potential of Solea senegalensis in Spain and in Portugal. Aquaculture
176: 27-38.

Dugatkin, L.A., 1992. Sexual selection and imitation: females copy the mate
choice of others. Am. Nat. 139, 1384-1489.

Dugatkin, L.A., Godin, L., A., 1993. Female mate copying in the guppy (Poecilia
reticulata): age-dependent effects. Behavioral Ecology Vol. 4 No. 4: 289- 292.

Duncan, N., Carazo, |., Chereguini, O., Mafands, E. 2019. Mating Behaviour.
In: Mufioz-Cueto, J.A., Mafanos-Sanchez, E.L., Sdnchez- Vazquez, F.J. (Eds).
The Biology of Sole. Boca Raton, FL: CRC Press Taylor and Francis Group. Pp.
169-184.

Ebbesson, L. O. E., Braithwaite, V. A., 2012. Environmental effects on fish
neural plasticity and cognition. Journal of Fish Biology 81, 2151-2174
doi:10.1111/j.1095-8649.2012.03486.x

Fatsini, E., 2017. Reproduction, olfaction and Dominance behaviour in
Senegalese sole (Solea senegalensis). PhD Thesis. Polytechnic University of

Valencia. 203 pp.

Fatsini, E., Carazo, |., Chauvigne, F., Manchado, M., Cerda, J., Hubbard, P. C.,
Duncan, N. J., 2017. Olfactory sensitivity of the marine flatfish Solea

senegalensis to conspecific body fluids. J. Exp. Biol. 220, 2057-2065.

Fatsini, E., Gonzalez, W., Ibarra-Zatarain, Z., Napuchi, J., Duncan, N.J. 2020.
The presence of wild Senegalese sole breeders improves courtship and
reproductive success in cultured conspecifics. Aquaculture 519 (734922): In
press. https://doi.org/10.1016/j.aquaculture.2020.734922

Fernandez-Diaz, C., Ydufera, M., Cafnavate, J., P., Moyano, F., J., Alarcon, F.,

J., Diaz, J., 2001. Growth and physiological changes during metamorphosis of

55



Senegal sole reared in the laboratory. Journal of Fish Biology 58: 1086—1097.
doi:10.1006/jfbi.2000.1514.

Freeberg, T., M., 2000. Culture and courtship in vertebrates: a review of social
learning and transmission of courtship systems and mating patterns.

Behavioural Processes 51, 177-192.

Galef, B., G., Laland, K., N., 2005. Social Learning in Animals: Empirical
Studies and Theoretical Models. BioScience, Vol. 55 No. 6, 489-500.

Gibson, R., 2005. Flatfishes: Biology and Exploitation: Blackwell Science Ltd. a
Blackwell Publishing Company. 391 pp.

Guevara-Fiore, P., 2012. Early social experience significantly affects sexual
behaviour in male guppies. Animal Behaviour 84: 191-195.
doi:10.1016/j.anbehav.2012.04.031

Guzman, J. M., Ramos, J., Mylonas, C. C., Mafanés, E. L., 2009. Spawning
performance and plasma levels of GnRHa and sex steroids in cultured female
Senegalese sole (Solea senegalensis) treated with different GnRHa-delivery
systems. Aquaculture 291(3-4): 200-209.

Guzman, J. M., Ramos, J., Mylonas, C. C., Mafianés, E. L., 2011. Comparative
effects of human chorionic gonadotropin (hCG) and gonadotropin-releasing
hormone agonist (GnRHa) treatments on the stimulation of male Senegalese
sole (Solea senegalensis) reproduction. Aquaculture 316: 121-128.
doi:10.1016/j.aquaculture.2011.03.014

Gwo, J. C., 2009. Methods for sperm collection. In Cabrita, E., Robles, V.,
Herraez, P (Eds.), Methods in Reproductive Aquaculture. Boca Raton, FL: CRC
Press Taylor and Francis Group, pp.81-89.

Howell, B.R., Dinis, M.T. 2019. An overview of Soleid (Pleuronectiformes)
Fisheries and Aquaculture. In: The Biology of Sole. Editors, José A. Mufioz
Cueto, Evaristo L. Mafianos Sanchez, F. Javier Sanchez Vazquez. CRC Press.
Boca Raton Florida. Pp 3-23.

Martin, I., Rasines, I., Gdbmez, M., Rodriguez, C., Martinez, P., Chereguini, O.

2014. Evolution of egg production and parental contribution in Senegalese sole,

56



Solea senegalensis, during four consecutive spawning seasons. Aquaculture
424-425, 45-52. https://doi.org/10.1016/j.aquaculture.2013.12.042 537

Martin, I.E., 2016. Advances in the Reproductive Biology and Zootechnics of
the

Senegalese Sole (Solea senegalensis Kaup, 1858). Universidad de Cantabria,
Cantabria, Departamento de Ciencias y Técnicas del Agua y del Medio
Ambiente, pp. 197.

Martin, 1., Carazo, |., Rasines, |., Rodriguez, C., Fernandez, R., Martinez, P.,
Norambuena, F., Chereguini, O., Duncan, N., 2019. Reproductive performance
of captive Senegalese sole, Solea senegalensis, according to the origin (wild or
cultured) and gender. Spanish Journal of Agricultural Research, [S.l.], v. 17, n.
4, p. e0608. ISSN 2171-9292 doi:http://dx.doi.org/10.5424/sjar/2019174-14953.

Maruska, K.P., Fernald, R. D. 2010. Behavioral and physiological plasticity:
Rapid changes during social ascent in an African Cichlid fish. Hormones and
Behaviour 58: 230-240.

Morais, S., Aragao, C., Cabrita, E., Conceigéo, L. E.C., Constenla, M., Costas,
B., Dias, J., Duncan, N., Engrola, S., Estevez, A., Gisbert, E., Mafianés, E.,
Valente, L. M. P., Yufera, M. and Dinis, M. T. 2016, New developments and
biological insights into the farming of Solea senegalensis reinforcing its
aguaculture potential. Reviews in Aquaculture 8, 227-263.
https://doi.org/10.1111/raq.12091

Porta, J., Porta, J.M., Martinez-Rodriguez, G., Alvareza, M.C., 2006. Genetic
structure and genetic relatedness of a hatchery stock of Senegal sole (Solea
senegalensis) inferred by microsatellites. Aquaculture 251: 46— 55.

Rasines, I., Gbmez, M., Matrtin, |., Rodriguez, C., Mafiands, E., Chereguini, O.,
2012. Artificial fertilization of Senegalese sole (Solea senegalensis): hormone
therapy administration methods, timing of ovulation and viability of eggs
retained in the ovarian cavity. Aquaculture 326-329: 129-135.

Rasines, I., Gbmez, M., Matrtin, I., Rodriguez, C., Mafands, E., Chereguini, O.,

2013. Artificial fertilisation of cultured Senegalese sole (Solea senegalensis):

57


https://doi.org/10.1111/raq.12091

effects of the time of day of hormonal treatment on inducing ovulation.
Aquaculture 392—-395: 94-97.

Ramsey, M., E., Vu, W., Cummings, M., E., 2014. Testing synaptic plasticity in
dynamic mate choice decisions: N-methyl D-aspartate receptor blockade
disrupts female preference. Proceedings Real Society B 281: 20140047.
http://dx.doi.org/10.1098/rspb.2014.0047

Riesco, M. F., Valcarce, D. G., Martinez-Vazquez, J. M., Martin, I., Calderon-
Garcia, A. A., Gonzalez-Nunez, V., Robles V., 2019. Male reproductive
dysfunction in Solea senegalensis: new insights into an unsolved question.
Reproduction, Fertility and Development. https://doi.org/10.1071/RD18453

Stoner, A.W., Bejda, A.J., Manderson, J. P., Phelan, B. A., Stehlik, L. L.,
Pessutti, J.P., 1999. Behaviour of winter flounder, Pseudopleuronectes
americanus, during the reproductive season: laboratory and field observations

on spawning, feeding, and locomotion. Fish. Bull. 97: 999-1016.

Takahashi, K., Masuda, R., Yamashita, Y., 2014. What to copy: the key factor of
observational learning in striped jack (Pseudocaranx dentex) juveniles. Anim
Cogn. 17:495-501 DOI 10.1007/s10071-013-0686-z

Verzijden, M., N., Cate, C., Servedio, M., R., Kozak, G., M., Boughman, J., W.,
Svensson, E., |, 2012. The impact of learning on sexual selection and
speciation. Trends in Ecology and Evolution, Vol. 27, No. 9, 511- 519.
http://dx.doi.org/10.1016/j.tree.2012.05.007

Zohar, Y., Mylonas, C.C., 2001. Endocrine manipulations of spawning in
cultured fish: from hormones to genes. Aquaculture 197: 99-136.

58


https://doi.org/10.1071/RD18453

59



60



Chapter 3

Reproductive behaviour and fertile spawning in
cultured Solea senegalensis broodstocks that
prior to puberty had different social learning

opportunities.
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Chapter 3 Reproductive behaviour and fertile spawning in cultured Solea
senegalensis broodstocks that prior to puberty had different social learning

opportunities.

1. Introduction

The reproductive failure presented in Solea senegalensis cultured breeders
represents a problem for the species reproductive control in captivity. This
problem has been attributed to the lack of reproductive behaviour in cultured
males to court with females to mate (Carazo 2013; Martin et al., 2019). Unlike
wild male breeders, which perform the courtship properly, achieving
synchronisation with the females to obtain fertile spawns (Carazo et al., 2016).
However, the lack of reproductive behaviour in cultured males, could involve
processes associated to social learning. The breeders would be influenced by
social learning to participate in courtship and spawning (Bennett and Laland,
2005; Fatsini et al., 2020; Chapter 2). Therefore, the study of the mechanisms
that control reproductive behaviour in Sole males may provide solutions to the

dysfunction in reproductive behaviour identified in culture males.

The reproductive differences between wild and cultured breeders, could be a
consequence to several processes occurring during domestication. Hence, the
early rearing and breeding conditions may be a cause for the development of
reproductive dysfunction (Huntingford, 2004). The cultured rearing environment
provides different experiences to the cultured males compared to those
experienced by wild broodstock. Experiences during the early development
stage could lead to different cues and specific learning that alter behaviours at
later developmental stages (Wells, 2007; Huntingford, 2004). Thereby, the
changes that occurred in these early development stages, may bring
modifications at later stages. These alterations may be inherited to modifying
behaviour in just a few generations (Huntingford, 2004; Batenson, 2017). Fish
reared in the hatchery have been observed to develop novel strategies,
mechanisms or solutions, to the demand or situations to which they are
exposed. For example, fish reared in captivity, increased the efficiency to
access to new food (prey) after exposure to a learning experience as ‘observer’
of conspecifics (Huntingford, 2004). Moreover, the intensive interaction with
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conspecifics, owing to high density or tank confinement, could serve as an
element of learning, helping to reduce the error in the response to new
situations (Huntingford, 2004; Guevara-Fiore, 2012). Cogliati et al. (2019),
tested the spatial learning ability to exit a maze, in juveniles of chinook
Oncorhynchus tshawytscha salmon reared in different environments. The
experience demonstrated that the hatchery fish were motivated to learn, due to
the rearing density. The stimulation of fish of the same species that had
completed the test, resulted in a positive reinforcement for test fish. This last
point, demonstrates how the fish bred in captivity can acquire new knowledge or
information by observing. This learning may be carried out by interaction with
conspecifics, their environment or particular incidence occurred, which is called
social learning (Brown and Laland, 2003). The social learning, in addition to
involving the acquisition of knowledge or information, facilitate the adaptability
to achieve a certain task or behaviour that was previously unknown to the
individuals (Brown and Laland, 2003).

Social learning has been studied in various taxa included fish species, such as
guppies (Guevara-Fiore, 2012) and fish of the Acanthuridae family. A variety of
aspects of learning have been included, such as food choice, response to
predators or matchmaking. This learning has been performed by having contact
or seeing the behaviour from experienced or wild conspecifics (Brown and
Laland, 2003). Usually, these learning experiences are obtained from early life
stages, allowing for the adequate development of individuals. A relevant aspect,
where the social learning plays an important role is the mate choice. The
opportunity to mate is an evolutionary goal, driven by a strong competition
between conspecifics and hence a wide variety of strategies are used to
achieve successful mating. An essential aspect of male development may be
the learning of courtship behaviour in order to stimulate females to mate with
the correct sexual behaviour. These mating strategies and courtship behaviour
may need to be learnt by immature males through interactions with mature
males that perform the courtship with females. This interaction can be by
observing the behaviour of conspecifics or also previous recognition of females

by interactions (Guevara-Fiore, 2012; Brown and Laland, 2003).
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Therefore, the lack of reproductive behaviour of cultured males could be related
to social learning and the loss of opportunities to learning reproductive
behaviour. In the study carried out by Fatsini et al. (2020), which include the
results obtained in the last year of study and reported in the Chapter 2 of this
thesis, was observed the effect of the presence of spawning wild breeders on
the reproductive success and behaviour of cultured breeders. Wild broodstocks
(males and females) that have had successful spawns in captivity were
established with cultured breeders (males and females), which had no previous
experience in the reproduction, in two different groups (M1 and M2). These
groups with different reproductive capacities were compared during four
consecutive reproductive seasons (from 2013 to 2016). Also, a Control group
formed only with cultured breeders (males and females), which have never
spawned fertilised eggs was recorded and compared. The spawns collected
and behaviour performed by the fish, were analysed in the three groups and
paternity analysis of the larvae obtained was determined using the specific
microsatellites for sole. The analysis of parental contribution indicated the
participation of cultured breeders in the Group M2, during two reproductive
seasons (2014 and 2016). Where a cultured male participated to fertilize
spawns with both wild and cultured females. In addition during the last year of
the study, 2016, the wild dominant male died (Group M2, Chapter 2) and it
appeared this enabled a cultured male to participate in all fertile spawns. The
participation in the courtship process and in fertile spawns was increased
significantly when the cultured breeders were housed together with wild
breeders. While in the Control group, no fertile spawning were obtained and the
complete sequence of reproductive behaviour was not observed. The findings
observed, suggests a clear participation of cultured males, associated with
social activity and a learning process; the mechanism of development of social
behaviour by contact with experienced wild conspecifics, would help to the
acquisition of skills to mating and solve the reproductive problem (Duncan et al.,
2019).

Therefore in the present study, after a period of cohabitation with wild breeders,
stocks of cultured sole breeders, were organized as different experimental

groups without the presence of wild breeders (See description below W1 and
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W2) as well as Control groups (See below CP and CN) and were tested during
three reproductive seasons, in order to examine the reproductive behaviour and
successful spawning considering the different holding conditions presented from

the juvenile stage until puberty in each stock.

2. Methods

The experiment was carried out during three years (from December 2015 to
December 2018), testing four groups of cultured Senegalese sole breeders,

during each annual reproductive season.
2.1 Broodstock management

The experimental conditions, handling, temperature regime, photoperiod and
feeding of the breeders in the experimental groups in the present study, were

similar to those described in chapter 2, section 2.1.
2.2 Experimental design

The breeders (Table 1) were set up in four tanks from November - December

2015, grouped according to different treatments:

1.- Groups W1 and W2, were two replicate tanks of cultured male and female
breeders that were reared prior to the experiment, from December 2012 to
December 2015, with spawning wild breeders. The fish were juveniles that had
approximately 100 g when stocked with the wild breeders. Over the three years
prior to the experiment the fish grow to 619.53 + 60.85 g (Group W1) and
644.34 £ 62.63 g (Group W2) and attained puberty. The juveniles were from the
same stock as the fish in groups CP and CN.

2.- Group CP, was a positive control of cultured male and female breeders that
were reared prior to the experiment, from December 2012 to December 2015
with a cultured breeders that liberate unfertilised eggs. The fish were juveniles
that had approximately 100 g when stocked with the cultured breeders. Over
the three years prior to the experiment the fish grow to 619.69 + 69.08 g and
attained puberty. The juveniles were from the same stock as the fish in groups
W1, W2 and CN.
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3. - Group CN, was a negative control of cultured male and female breeders
that were reared prior to the experiment in isolation as a single year class and
had no contact with adult breeders during rearing. The fish were from the same
stock as the fish in groups W1, W2 and CP. In the three years prior to the
initiation of the experiment, the fish grow from juveniles of approximately 100 g
to 424.04 £ 45.89 g and attained puberty.

All the tanks were left undisturbed during the spawning seasons, from March to
June of each year. The same parameters referred to in Chapter 2 were
determined: spawning data, paternity of larvae and reproductive behaviour.
During the study, there was a reduction in the fish stock in each tank caused by
mortality of fish from disease (Table 1). During 2018, disease killed all but four
fish in the Group W2. The four surviving fish were transferred to the Group W1,

a replicate of the same treatment.
2.3 Collection and Spawns Quality

The evaluation of egg quality and preservation of larvae were carried out as
described in chapter 2, section 2.3 during three reproductive seasons (2016-
2018). The parameters measured were the following: number of total spawns,
mean weight of floating eggs (g), total volume of eggs (mL), total volume of
floating eggs (mL), total volume of sinking eggs (mL), relative fecundity - eggs
production per kg female (g), mean fertilisation rate (%), mean hatching rate (%)

and total number of hatched larvae.
2.4 Sperm quality
2.4.1 Samples collection

Sperm samples (n=45), were collected under the same method described in the
Chapter 2, section 2.4.1, from all males included in the four experimental
groups. The sampling was carried out once at the end of the first reproductive
season (May 2016).
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Table 1. Summary of the distribution of Senegalese sole (Solea senegalensis) breeders in
different Groups: Groups W1 and W2 that were reared prior to puberty with wild breeders,
Group CP that were reared prior to puberty with cultured breeders and Group CN that were
reared with no contact with breeders indicating, the number of individuals per tank (N), stock
density, sex (M = male, F = female) and weight (mean + SEM) of the fish.

Treatments Year N Stock Sex Weight (g9)
density
(kg/m3)
Cultured Fish 2016 27 1,30 M=13 674,99 + 65,87
reared with wild F=14
breeders (W1) 517 27 1,84 M=13 954,44 + 84,56
F=14
2018 24 1,57 M=12 920,58 + 90,11
F=12
Cultured Fish 2016 26 1,36 M=11 734,74 £ 67,75
reared with wild F=15
breeders (W2) 2017 26 1,91 M=11 1031,35 + 79,37
F=15
2018 - - - -
Cultured Fish 2016 27 1,55 M=9 804,87 + 68,98
reared with F1 F=18
breeders (CP) 2017 26 2,09 M=9 1129,11 £ 74,25
F=17
2018 25 2,03 M=9 1136,96 + 76,85
F=16
Cultured Fish 2016 27 0,90 M=14 486,09 + 35,31
reared isolated F=13
(CN) 2017 20 1,12 M=12 788,32 + 60,94
F=8
2018 19 1,08 M=12 798,13 + 60,94
F=7

2.4.2 Sperm quality parameters

Cell concentration of sperm samples was determined as described in Chapter
2, section 2.4.2. The sperm samples collected from males in the four
experimental groups were assessed to determine total time of motility (s) and
motility percentage. Sperm samples were analysed immediately within 10

minutes after collection. A 1 pL subsample from each sperm sample was placed

67



on the slide and activated by mixing with 19 pL of natural seawater. After
activation, the movement of sperm was observed under the microscope Leica
with the objective 10 X, the initial, within the first 15 seconds after activation,
percentage motility was estimated in units of ten and motility was timed until it
ceased (no forward movement) and the total time of sperm motility was
recorded. The activations were performed in triplicate for each sperm sample.
The motility analysis was carried out by the same person to avoid subjective

errors.
2.5 Paternity analysis

The genetic analysis to identify paternity of the larvae hatched, was as

described in Chapter 2, section 2.5.
2.6 Behavioural analysis

The behavioural analysis in the four experimental groups was performed as
described in the Chapter 2 section 2.6. The Locomotor Activity analysis in Sole
breeders was determined as in section 2.6.1 and the frequency of behaviours
(RTH, Guardian, Follow and Couple) during the peak of Locomotor activity was
determined in the same way as in section 2.6.2., by randomly choosing three

days where were obtained fertile spawning previously analysed.
2.7 Statistical analysis

All data were presented as mean * one standard error of the mean (SEM). The
locomotor activity was assessed following the method used by Carazo et al.
(2016). The mean of sperm volume, cell concentration and motility percentage
and counts of different behaviours were compared through a one way ANOVA
(p< 0.05) and a Games-Howell post-hoc test was applied to determine
significant differences among treatments. The spawning quality was presented
as the mean percentage of fertilisation and hatching of spawning among the
treatments. Statistical analysis was carried out using SPSS Statistic 23 for
Windows (SPSS Inc. Chicago, IL, USA).
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3. Results

3.1 Spawning quality

During the three years, spawning was obtained from all tanks (Table 2).
However, the only year in which fertilised eggs were obtained was the 2016
season. The fertilised eggs were collected from Group W1, a replica treatment
where the cultured fish had been reared prior to puberty with spawning wild
breeders (Figure 1). The eight fertilized spawns collected, accounted for 21.1 %
of the total number of spawns (38) obtained throughout the season (Table 2).

Successful spawns were obtained mainly in the third week of April and one in
mid-May. The mean floating eggs portion from the eight spawns collected was
98,550 * 15,468 with a fertilization rate of 28.02 + 13.80 %, a hatching rate of
15.04 £ 10.40 % and the mean number of larvae obtained per spawn was 7,683

* 5,947 and the total number of larvae from all eight spawns was 61,468.

The assignation of parents to the hatched larvae was completed using 6
microsatellites. A total of 70 larvae from 8 different spawning were collected
from Group W1 and analysed. 64.3% of larvae were assigned to one family or a
single couple of breeders, while 34.3 % of larvae were not assigned to a single
family, but inconclusively to more than three parents. This was due to the
similarity in genetic identity as the potential parents had high levels of kinship
among the breeders. Lastly, 1.4 % of larvae were discarded owing to the poor

quality of the genetic material.
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Table 2. Summary of spawn quality for each year and each treatment, Group W1, cultured fish reared before puberty with wild breeders 1; Group W2, cultured

fish reared before puberty with wild breeders 2; Group CP, cultured fish reared before puberty with cultured breeders; and Group CN, cultured fish reared

isolated. The treatment in each tank, year, number of spawns (N= total number of spawns and H= number of hatched spawns), total weight of floating eggs

(9), total volume of eggs (mL), total volume of floating eggs (mL), total number of eggs produced per kg of female. The fertilisation rate (mean £+ SEM) and

hatching rate (mean = SEM) were calculated for the eight fertile spawns.

Treatments Year  Spawning Weight Total Floating Eggs Mean Mean
(tanks) number/ Floating  Volume volume Production Fertilisation Hatching rate
eggas (9) eggs eggs /female (kg) rate % %
N-H (mL) (mL)
F1 Fish reared 2016 38-8 1164,90 3458 1558 107.618 28.02+13.80 15.04 £10.40
with wild 2017 34-0 565,88 2150 785 50.651 0,00 0,00
broodstock (W1) 2018 35-0 760,49 3190 1015 72.010 0,00 0,00
F1 Fish reared 2016 22-0 395,68 1146 576 36.275 0,00 0,00
with wild 2017 34-0 747,64 2315 935 51.716 0,00 0,00
broodstock (W2) 2018 - - - - - - -
F1 Fish reared 2016 13-0 274,31 715 405 17.702 0,00 0,00
with F1 2017 5-0 202,20 435 275 12.394 0,00 0,00
broodstock (CP) 2018 15-0 349,15 1220 410 22.363 0,00 0,00
F1 Fish reared 2016 21-0 474,63 1093 683 68.461 0,00 0,00
isolated (CN) 2017 15-0 239,56 570 330 49.471 0,00 0,00
2018 23-0 389,32 1570 500 80.002 0,00 0,00

70



The breeders identified as parents of hatched larvae, were a male with a weight
of 818 g and longitude of 33.5 cm. The male had the following sperm quality
parameters: a similar sperm volume (245 uL) to the mean obtained to the Group
W1 (Table 3). The motility percentage (90 %) and total time of motility were
higher than the average and the cells concentration both per kg (4.09E+08
spz/kg) as per mL (1.37E+09 spz/mL), were lower than the mean recorded in
the Group W1. The female had a weight of 929 g, a longitude of 33.5 cm and
was classified in stage 4, according to the abdominal swelling and visual ovary
size, which goes along the entire length of the visceral cavity (Garcia-Lopez et
al., 2006). The other three groups (W2, CP and CN) compared to Group W1,

had less spawns, lower volume and number of eggs and no fertilisation.

71



Total Volume Eggs (mL)

500

400

300

200

100

Total Volume Eggs (mL)

500

400

300

200

100

Total Volume Eggs (mL)

500

400

300

200

100

Total Volume eggs (mL)

Group W1

Group W2

Group CP

Group CN

T

24/03/16

Uil 1l
o
—

31/03/

07/04/16

14/04/16

21/04/16

28/04/16

05/05/16

12/05/16

19/05/16 |

26/05/16

25

20

15

10

25

20

15

10

25

20

15

10

25

20

15

10

Figure 1. Total sole (Solea senegalensis) egg volume collected each day and temperature

during the 2016 spawning season for all treatments: Group W1, cultured fish reared before

puberty with wild breeders; Group W2, cultured fish reared before puberty with wild

breeders; Group CP, cultured fish reared before puberty with cultured breeders; and

Group CN, cultured fish reared in isolation. The grey bars represent fertile spawning and

the black bars are non-fertile spawning.
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In addition, a considerable variation in egg production was found amongst years
and treatments. In the 2016 season, the highest total volume of eggs (mL) was
obtained from Group W1 with a significant difference (P<0.001) compared to
the Groups W2, CP, and CN (Fig. 4). With regard to floating eggs (mL) in the
2016 season, significant differences were found amongst Groups W1 and W2,
CP and CN (P<0.001). The highest volume was recorded in Group W1 and the
lowest in the Group CP, while Groups W2 and CN had similar volume (Fig. 5).
Also, significant difference was found in the weight of floating eggs (g) amongst
the experimental groups (P=0.001). A highest weight was in the Group W1 and
lowest in the Group CP, while the Groups W2 and CN were similar to both
Groups W1 and CP (Fig. 6).

Although no more fertilised spawns were obtained during 2017 a total of 88
spawns were obtained from all tanks (Figure 2). In this season, the total eggs
volume (mL) was significantly different (P<0.001) amongst Groups. The total
eggs volume in the Groups W1 and W2 was similar, but higher than in the
Groups CP and CN. The lowest total volume of eggs was recorded in the Group
CP (Fig. 4). The floating eggs volume (mL) in the Groups W1 and W2 were
similar, but were found different with regard to the groups CP (P= 0.008 and
P=0.002) and CN (P= 0.004 and P=0.001 respectively). The highest volume of
floating eggs (mL) was observed in the Group W2 and the lowest volume in the
Group CP (Fig. 5). In addition, the weight of floating eggs (g) amongst the
experimental groups did not exhibit significant differences (P=0.335) (Fig. 6).
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Figure 2. Total sole (Solea senegalensis) egg volume collected each day and temperature
during the 2017 spawning season for all treatments: Group W1, cultured fish reared before
puberty with wild breeders 1; Group W2, cultured fish reared before puberty with wild breeders
2; Group CP, cultured fish reared before puberty with cultured breeders; and Group CN,

cultured fish reared in isolation. No fertilised spawns were collected.
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In the season 2018, a total of 73 spawns were collected (Figure 3). The total
volume of eggs (mL) and volume of floating eggs, were significantly higher in
Group W1 compared to Group CP (P<0.05), while Group CN was intermediate
and similar to Groups W1 and CP (Fig. 4 and 5). The weight of floating eggs (g)
collected was similar amongst groups (P=0.253) (Fig. 6).

Generally, 2016 had the most spawning and 2018 the lowest, while spawning in
Group W1 decreased slightly, in Group W2 increased slightly and in groups CP
and CN varied with little change (Table 2). Similarly, total volume of eggs (mL),
the weight of floating eggs (g) and the floating eggs volume (mL), had some
variations during the reproductive seasons (2016-2018). The Groups W1 and
W2, did not show significant differences over time, in the total volume of eggs
(mL) (Fig. 4) or in the weight of floating eggs (g) (Fig. 6). However, in Group W1,
the floating volume of eggs (mL) (Fig. 5), exhibited significant differences
between the 2016 and 2017 seasons (P=0.025). The higher volume of floating
eggs was recorded in 2016. In Group W2, the volumes of floating eggs (mL)
were similar over all reproductive seasons (Fig. 5). Also, in the Group CP no
significant differences were found in the total volume of eggs (mL) (Fig. 4) or in
the floating eggs volume (mL) (Fig 5) and weight floating eggs (g) (Fig. 6) over
the years. In the Group CN, the total volume of eggs was significantly higher in
the 2018 than in 2017 season where the lowest volume was observed
(P=0.005) and 2016 was intermediate and similar to 2018 and 2017 seasons
(Fig. 4). In group CN, the volume of floating eggs (mL) (Fig. 5) and the weight of
floating eggs (g) (Fig. 6), did not show significant differences amongst the

years.
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Figure 3. Total sole (Solea senegalensis) egg volume collected each day and temperature
during the 2018 spawning season for all treatments: Group W1, cultured fish reared before
puberty with wild breeders 1; Group W2, cultured fish reared before puberty with wild
breeders 2; Group CP, cultured fish reared before puberty with cultured breeders; and

Group CN, F1 fish reared in isolation. No fertilised spawns were collected.
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Figure 4. Mean total volume of eggs for sole (Solea senegalensis) of spawns collected during three
seasons from four groups: Group W1, cultured fish reared before puberty with wild breeders 1;
Group W2, cultured fish reared before puberty with wild breeders 2; Group CP, cultured fish reared
before puberty with cultured breeders; and Group CN, cultured fish reared in isolation were
performed. The different uppercase letters above the bars indicates significant differences amongst
the different experimental groups within each year. The different lowercase letter above the bars

indicates significant differences of eggs volume of each group over time.
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Figure 5. Mean of Volume of floating eggs of Solea senegalensis, obtained in the spawning during
three seasons from four groups: Group W1, cultured fish reared before puberty with wild breeders
1; Group W2, cultured fish reared before puberty with wild breeders 2; Group CP, cultured fish
reared before puberty with cultured breeders; and Group CN, cultured fish reared in isolation were
performed. The different uppercase letters above the bars indicates significant differences amongst
the different experimental groups within each year. The different lowercase letter above the bars

indicates significant differences of eggs volume of each group over time.
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Figure 6. Mean of weight of floating eggs of Solea senegalensis, obtained in the spawning during
three seasons from four groups: Group W1, cultured fish reared before puberty with wild breeders
1; Group W2, cultured fish reared before puberty with wild breeders 2; Group CP, cultured fish
reared before puberty with cultured breeders; and Group CN, cultured fish reared in isolation were
performed. The different uppercase letters above the bars indicates significant differences amongst
the different experimental groups within each year. The different lowercase letter above the bars

indicates significant differences of eggs weight of each group over time.

3.3 Sperm quality

Sperm quality was measured in 2016 (Table 3). The sperm volume collected in the
males from the four experimental groups (W1, W2, CP and CN) was similar in all
groups (P=0,499).The percentage motility (P=0,582), total time of sperm motility
(P=0,264) and cell concentration per kilo of male (spz per kg fish) (P=0,342) did
not show significant differences among the groups. However, the cell concentration
per mL of semen collected (spz per mL™), was significantly lower in Group W1
compared to Group CN (P = 0,041), but Groups W2 (P=0,496) and CP (P=0,420)

were similar with all groups.
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3.4 Behavioural Analysis

Both the locomotor activity and the behaviours related to the courtship were only
analysed for the 2016 season, because this was the only season in which fertile

spawns were obtained.

Table 3. Sperm quality parameters of Solea senegalensis, in the four experimental groups (W1, W2,
CP and CN) during the reproductive season 2016: Total time of sperm motility (s), sperm motility
percentage, cell concentration spermatozoa, (per kg of body weight (spz kg™) and (spz mL™). All

values were referred as mean + SEM. Different letters represent significant differences between

groups.
Treatments Sperm Total % Cell Cell
Volume time Motility concentration concentration
(mL) motility spz per kg™ Spz per mL™
(s) fish
Group W1 0,21 88,31+ 65,38 6,90E+08 * 1,52E+09 +
0,062 10,122 6,282 2,11E+08 a 2,63E+08 a
Group W2 0,22 + 97,2+ 71,00+ 7,98E+08 + 1,97E+09 +
0,052 11,532 7,162 1,09E+08 2 1,74E+08 ab
Group CP 0,16 + 105,33 73,33 % 5,93E+08 + 2,13E+09
0,012 +12,16a 7,552 1,04E+08 2 2,87E+08 ab
Group CN 0,14 + 116,46 77,69 9,80E+08 * 3,24E+09 +

0,01a + 10,122 6,282 1,26E+08 a 5,25E+08 b

3.4.1 Locomotor activity.

The peak of locomotor activity was observed from the 19:00 to 20:00 h on days
with spawns. Activity on days with spawning was highest in Group W1 (reared with
wild broodstock 1), intermediate in groups W2 and CP and lowest in group CN,
although significant differences were not found amongst groups. The locomotor

activity in days without spawning was low and close to zero (Figure 7).
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3.4.2 Behaviours related to the courtship, during the peak of locomotor activity.

The behaviours related to courtship were recorded and analysed during the peak
of locomotor activity. The behaviours most observed were Rest the head (RTH)
and “Follow”, mainly in the Group W1 fish that were reared before puberty with wild
fish. In addition, the couple swimming behaviour was only observed in Group W1.
The RTH behaviour was significantly less frequent in the group W2 compared to
Group CP, while other groups were intermediate. There were no differences in,
Guardian and Follow behaviours amongst treatments; despite not showing
differences amongst groups, Group W1 showed the highest numbers of behaviours
in comparison with others groups (figure 8).

Locomotor activity (2016)
® Group W1 with spawning
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Group CN with spawning
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Time (h)

17:00 = Group CN without spawning

Figure 7. Locomotor activity. The mean number of movements per fish (Solea senegalensis) per
each hour analysed (from 17:00 to 23:00 hours), on five days with spawning and five days without
spawning in each treatment: Group W1, cultured fish reared before puberty with wild breeders 1;
Group W2, cultured fish reared before puberty with wild breeders 2; Group CP, cultured fish reared
before puberty with cultured breeders; and Group CN, cultured fish reared in isolation. The peak of

highest activity was observed from the 19:00 to 20:00 h.
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Figure 8. Mean number of behaviours related to the courtship (Rest the head, Guardian, Follow and
Coupled Behaviours) observed during the peak of locomotor activity of Solea senegalensis. The
behaviours were accounted during three days with spawns for each treatment: Group W1, cultured
fish reared before puberty with wild breeders 1; Group W2, cultured fish reared before puberty with
wild breeders 2; Group CP, cultured fish reared before puberty with cultured breeders; and Group
CN, cultured fish reared isolated. The different letter above the bars indicates significant differences
amongst groups for each behaviour.

4. Discussion

The reproductive dysfunction that affects spawning behaviour in Senegalese sole
cultured breeders reared in captivity is a challenge to the aquaculture industry.
Successfully fertilized eggs are currently obtained from wild broodstock (Martin et
al., 2014), while in the case of cultured broodstock egg production is still incipient
or null through natural spontaneous spawning (Mafiandés et al., 2019). This
situation of poor reproductive control remains despite of approaches to solve this
problem that have examined various aspects such as, hormone control to promote
spawning (Agulleiro et al.,, 2006; Guzman et al., 2008; Guzman et al., 2011);
analysis of molecular markers in endocrine patterns resulting in sperm disorders
(Riesco et al., 2019), or the determination of factors affecting reproductive

behaviour and mate selection (Carazo et al., 2016; Martin et al., 2019).
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In the present study, four groups of cultured breeders were evaluated to describe
the reproductive success over three spawning seasons. The spawning was
variable amongst the different groups of culture breeders during the three years
sampled. Similar results with a high variation in the spawns were found with stocks
of just cultured breeders (Guzman et al. 2008), stocks mixed by genders from
either wild or cultured origin (Mafiandés et al., 2007; Martin et al., 2019) and stocks
of both genders of wild and cultured origin (Fatsini et al. 2020; Chapter 2).
However, in spite of the spawning obtained from the four groups in the present
study during the three reproductive seasons, only a very low percentage (28.02 +
13.80 % in group W1 in 2016) was fertilized and hatched (15.04 £+ 10.40 %). A total
of eight fertilised spawns that produced larvae were obtained from Group W1 in the
first year of experimentation. These eight spawns were from a total of 38 from
Group W1 and all other spawns from the other groups and the following years were

not fertile.

In addition to the fertile spawns obtained in the present work, two other studies
have obtained fertile spawns from cultured breeders (Guzman et al., 2011; Fatsini
et al., 2020; Chapter 2). A single fertile spawn was obtained during the
reproductive season from cultured breeders of Solea senegalensis, induced by
hormonal therapy (Guzméan et al.,, 2011). However, although a spontaneous
spawning was obtained under natural conditions of temperature and photoperiod,
the breeders were hormonally induced, using human chorionic gonadotropin (hCG)
in cultured males and GnRHa-implants for cultured females and after 33 days of
treatment one fertile spawn was collected. In the study by Fatsini et al. (2020),
which include the results of chapter 2 of this thesis, fertile spawns were recorded in
two reproductive seasons, from a breeder pair consisting only of cultured fish,
which were stimulated by the presence of wild breeders that successfully spawned.
Therefore, the results achieved in the present study, would be the first to obtain
fertile spawns without hormonal induction under natural conditions and in groups
formed only by cultured breeders after a period of cohabitation with wild breeders.
However, although these two studies (Fatsini et al., 2020; Chapter 2; present

Chapter 3) represent an increase in spawning compared to hormonally treated
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cultured breeders (Guzman et al.,, 2011) and other studies on cultured stocks
(Guzméan et al. 2008, Carazo, 2013; Martin et al., 2019), the level of fertile
spawning was still low (seven spawns involving a cultured male in Fatsini et al.,

2020 and eight spawns in the present Chapter 3).

In wild breeders, a low participation of individuals has been observed in the
reproductive process. A few breeders participate in the courtship and hence in the
spawning, causing a significant loss of genetic variability in the offspring (Porta et
al., 2006; Martin et al., 2014; Fatsini et al., 2020). Unlike other flatfish species,
such as Pseudopleuronectes americanus, with a high genetic diversity in the
offspring, where multiple males fertilize the eggs released by one female (Stoner et
al., 1999). Porta et al. (2006) found that 75 % of individuals in a progeny of
Senegalese sole, were related genetically as full-sibs or half-sibs. Therefore, a
negative effect in the reduction of genetic variability could to contribute to the poor
or lack of reproductive participation of hatchery cultured breeders. Thus, the low
genetic variability (Porta et al., 2006) and genetic changes in the development,
could affect the reproductive process in cultured breeders (Riesco et al., 2019;
Duncan et al., 2019).

Furthermore, the spawns in the group W1 and the result of parental contribution,
showed little involvement in spawning of the breeders with only one pair as parents
of all the offspring, representing 7.40 % of the total potential breeders for
reproduction in the group. In addition, although the sperm volume was low in the
cultured male breeders, with a similar volume collected in other studies (Cabrita et
al., 2006; Beirdo et al., 2009) the sperm was activated in all samples, which means
that the sperm was viable. The analysis of sperm quality, in males from each group
of broodstock, found no significant differences between groups in sperm quality,
except in the cell concentration (spermatozoa per mL-t) parameter, which was
actually higher in groups with less spawning and no fertilised eggs. This suggests
that the mate selection system, the participation in the reproduction and overall the
reproductive behaviour in cultured breeders, have still unknown implications.

Carazo et al. (2016) described the reproductive behaviour in Senegalese sole, as a
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complex process, where the males must be able to encourage the females to swim
from the bottom towards the surface of water, in order to fertilize the eggs that the
females release. The reproductive dysfunction in cultured males has been
described as an inability to complete the courtship behaviour to fertilise the eggs
released by females (Carazo 2013; Martin et al., 2019). However, the loss of
behaviours to fertilise eggs is not specific of Solea senegalensis, since this
problem has been observed in others flatfishes, such as Paralichthyidae species
(Smith et al., 1999; Watanabe and Carroll, 2001; Bambill et al., 2006), as well as
Scophthalmus méaximus, L. (Devauchelle et al., 1988), which has also been related

to failure in the courtship and spawning behaviour.

In some animals, the lack of behaviour considered innate, has been attributed to
the changes in the conditions and environment that organisms were exposed to
during early stages of development (Bennett and Laland, 2005; Cogliati et al.,
2019). It has been suggested that this could be the case for sole reared in captivity,
without the previous experience and learning of complex courtship and spawning,
which may be available to the wild breeders (Duncan et al., 2019). In this way, the
particular development of the organisms would be associated with cues
experienced by each individual and the learning opportunities (Wells, 2007;
Cogliati et al., 2019). Therefore, the interaction from early developmental stages of
cultured sole with conspecifics that perform the courtship process and successful
spawning would be necessary to stimulate the learning of the reproductive
behaviour under a social context and behavioural observation from these
conspecifics (Duncan et al., 2019). The study by Fatsini et al. (2020) and Chapter
2, carried out during four years, found that S. senegalensis cultured male breeders
were involved in behaviours related to the courtship from the first year of study,
that involvement increased significantly during the four years of the study and in
the second and fourth year a cultured male spawned with a cultured female. A
slightly higher participation was observed in the last year of study (Fatsini et al.,
2020; Chapter 2), when the dominant reproductive male died and the cultured male
ascended to reproductive dominance within the broodstock and participated again

in the fertile spawns with both wild and cultured females. The cultured breeders
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had been held during all the experiment with wild males that performed the
courtship process and consequently produced fertile spawns. Therefore, the
presence of spawning wild fish may exhibit two effects on the cultured males,
behavioural learning by cultured males from the presence of experienced wild
males and dominance by wild males to suppress the participation of cultured males

in spawning.

The fertile spawns obtained from experimental group W1, during the first year of
study (2016), were related with higher locomotor activity and an increase in the
behaviours, RTH and “Follow”. These behaviours, have been identified as
behaviours performed in the courtship, resulting in the successful fertilisation of
eggs. In the present study, the behaviours, RTH and “Follow”, were in comparison
to Group W1 that had fertilised spawns, less frequent in the others groups where
no fertilised spawns were obtained. These behaviours, may be influenced by the
observational learning obtained from the successful spawning behaviour of wild
fish, during the juvenile stage of the cultured breeders (Fatsini et al., 2020; Chapter
2), compared with experimental groups (CP and CN). However, the lack of fertile
spawning in the following years, in the groups (W1 and W2) that were exposed to
wild breeders prior to puberty, suggests the cultured breeders did not have the
capacity to maintain the behavioural learning over longer time periods to achieve
successful courtship behaviour and fertile spawns. It appeared that although two
breeders retained the information for one year (from one spawning season to the
next) after a further year no breeders retained the information necesary to spawn
successfully. Although a substantial volume of eggs were collected during the
reproductive seasons 2017 and 2018, mainly from Groups W1 and W2, these eggs
were not fertilized. This response could be related to the fact that, although the
learning process has taken place in reared fish, there were factors that can
condition the information and skills acquired by individuals. In many animals, a
physiological response on behavioural learning may be motivated by the activation
of cellular and molecular mechanisms, as well as, linked to stimulus as a chemical
cue or repetition of processes or activities learned (Warburton, 2003; Bekinschtein
et al., 2018). Furthermore, the retention and recognition of what has been learned,
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based on behavioural observation, has been associated with the process of
memory (memory window) that allow to recognize process, decision-making and
executing functions (Warburton, 2003; Brown et al., 2013; Bloch et al., 2019).
Gonzalo et al. (2009), examined the retention of conditioned response to a
predator through chemical cues, in Iberian green frog tadpoles, after a period of
learning, finding that up to 12 days the response was significant, but after this
period the response declined over time, indicating an apparent forgetting of

chemical cues learned.

In teleost fish, the ability to learn and the capacity to retain what has been learned
has also been shown (Brown and Laland 2003). However, in the case of hatchery
fish, the retention of learned information may be limited to a short period of time
(Brown et al., 2013). Bloch et al. (2019), found that adult zebrafish, were able to
learn and perform tasks related to matching-to-sample through of visual stimulus
by the colour discrimination, however, although the fish made the tasks after
repeated learning sessions, the fish were capable of retaining approximately 70 %
of the information, but they were not able to perform the task after long periods
more than forty-eight days. Brown et al. (2013), tested the response learned
between salmon juveniles reared in hatchery and wild fish, to recognize predators
post conditioning, where the hatchery reared fish showed a lack of or weak
response and did not retain the learned response after 9 days post conditioning. In
flatfish, Arai et al. (2007), evaluated the response to predation of flounder juveniles
(Paralichthys olivaceus) with and without experience of the predation stimuli. A
higher response to avoiding a predator was obtained in the fish subjected to a
learning experience and observational learning of exposed/observational predator,
compared to the fish without learning stimuli. However after 48 hours, the response
was not significant, indicating that there is a limitation in their memory capacity of

the conditioning.

In fish, the lack of retention of what was learned over a long time, after an
observational process of learning, could be due to the probable limitation in

memory capacity (Hazlett, 2007). Despite that there may be a degradation of
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memories, the original learning would be associated to conditioned stimulus,
through mechanisms that involve the reinforcement, in order to retain and/or
reactivate the experience learned (Hazlett, 2007). Therefore, the learning would be
highly associated to the frequency and intensity of reinforcement and on stimulus
as responses such as chemical cues (Warburton, 2003). However, to generate
long-term memories, could interfere with the learning of new information as well as
the expiration of information previously retained (Ingraham et al., 2016). In
mammal species, the competition by recognition and retrieval of particular
memories or to demand for specific behaviour can trigger the forgetting, to contain
distracting memories that interfere with them (Bekinschtein et al., 2018). In animals
it is important to establish memories on aspects relevant to survival, but also,
require the capability to adjust them depending on their circumstances. Hence,
individuals would be able to activate the forgetting as a strategy to ensure flexible,
adaptive behaviour according to a new learning process (Ingraham et al., 2016;
Bekinschtein et al., 2018).

5. Conclusions

The results obtained in the present work, revealed the plasticity and potential of
Solea senegalensis to learn, through observational learning with conspecific wild
fish that successfully perform courtship and spawning behaviour. However, the
lack of consistency in the reproductive behaviour and spawning has shown a weak
response overtime, of what was learned, which could be associated to a failure in
the memory process or maladaptive behaviour. To achieve memories that are
maintained over a long time period may need a reinforcement system, through cue
or stimuli that condition the response and allow reactivating or reacquiring of the
behaviour. In addition, the loss of this visual stimuli or cue from wild breeders,
could have acted as a mechanism of inhibition or forgetting with respect to the
information learned to achieve a successful courtship. Although, the results here
exhibited, drive towards insight to a possible solution to the reproductive
dysfunction problem in Solea senegalensis cultured breeders, through behavioural

learning, there are still required further studies to completely solve the lack of
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reproductive behaviour and provide the quantities of eggs required by the

aguaculture industry.
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Chapter 4

Dominance behaviour related to reproductive
success in Solea senegalensis cultured and wild

broodstocks.
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Chapter 4. Dominance behaviour related to reproductive success in Solea
senegalensis cultured and wild broodstocks.

1. Introduction

Dominant relationships are established in many animal species within the context
of social groups (Fernald, 2014). These relationships influence the formation of
hierarchies amongst individuals through interactions communicated by a variety of
signals. The responses to the interactions are integrated to determine the
hierarchical position of each individual in the social system (Fernald, 2014; Dey et
al., 2015; Maytin and Ligocki, 2019). However, the social interactions in a
population can have deep effects on the health, growth, physiology, behaviour and

reproductive capacities of individuals (Maruska and Fernald, 2010).

The competition for resources such as food, territory and reproductive opportunity
may lead to dominance relationships amongst individuals of a population (Dey et
al., 2015; Maytin and Ligocki, 2019). In the case of fish stocks held in captivity,
dominance relationships are usually established through dyadic encounters
amongst members of the stock (Chase et al., 2003). The outcomes from
encounters may influence in future interactions with other individuals or within a
group (Maytin and Ligocki, 2019). Physical encounters and behavioural traits would
determine the position of the fish within the hierarchy (Colléter and Brown 2011). In
aggressive species, such as some cichlids, Astatotilapia burtoni (O'Connell et al.,
2013) or Amatitlania siquia (Laubu et al., 2017), patterns of social behaviour were
clearly defined and related to the hierarchical status (Renn et al., 2016). Therefore,
individuals have been differentiated by not only behaviour, but also hierarchical
status and the roles individuals play within the group (Fernald 2014). However, the
interactions and hierarchical status may create disadvantages and lags amongst
individuals in their social environment (Maytin et al., 2019). In species considered
non-aggressive, such as flatfish Solea senegalensis that have benthic habits
(Gibson 2005; Fatsini et al., 2017), the dominant patterns may be less obvious

(Salas- Leiton et al., 2008). However, the social hierarchy in Solea senegalensis,
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has shown effects on the growth factors in the individuals (Salas-Leiton et al.,
2011). Growth dispersion amongst individuals in the fish stocks has usually been
attributed to the formation of hierarchies (Salas-Leiton et al., 2010). Even though
the study by Salas-Leiton et al. (2010), exhibited that the difference in size
amongst sole individuals was the result of hierarchies. However, the social
structure established amongst individuals, may contribute to other adverse effects
on fish development and their survival (Bolasina et al., 2006). The increase in the
production of Senegalese sole in recent years (Morais et al., 2016) leads to
consider the effects that social interactions may have on their commercial rearing
(Salas-Leiton et al., 2011). The advances in Senegalese sole culture, have allowed
the industry to optimize intensive production systems to hold high stocking
densities of fish in captivity (Howell and Dinis 2019). Therefore, the social
relationships maintained by sole should be taken into consideration for the

arrangement of the fish stocks (Salas-Leitdn et al., 2010; 2011).

Furthermore, the definition of dominance patterns presented by Sole could provide
insight how the social hierarchy may be related to other developmental processes.
In Senegalese sole juvenile individuals, the dominance pattern was characterized
by Fatsini et al. (2017) defining social status (dominant and subordinate fish)
through dyadic and group testing. The feeding response and place preference
(territory) parameters were used to determine dominance status. In addition,
specific behaviours, such as Approaches, Rest the head, Swimming above
another, Displacement and Burying were compared between fish classified as
dominant and subordinate. A relation between the hierarchical system established
by feeding and spatial dominance was associated to the behaviours evaluated.
These observations show that the dominance status play a role in the control to
access to space and feeding. Therefore, these limitations could affect the rearing
and interfere in the development of fish in respect to the social status of each fish
(dominant and subordinate). These hierarchical systems may also be a factor that
has implications on the potential of fish culture in intensive systems (Fatsini et al.,
2017; Maytin and Ligocki, 2019). Therefore, the identification of dominance
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patterns through association with behavioural factors may improve the

management of sole during rearing (Fatsini et al., 2017).

The determination of dominance patterns indicates aspects that may explain the
why fish are involved with their conspecifics within the social structure over time
(Maytin and Ligocki, 2019). However, the dominant behaviour could be conducted
through complex social relationships, particularly, when the fish pass through
different biological stages and the interactions amongst fish may be uncertain
(Oliveira and Almada, 1996). In species with an established social system, a
challenging stage for individuals is the reproductive stage (Dey et al., 2015). Social
status may determine reproductive success where dominant individuals participate
successfully to reproduce and subordinate individuals may be excluded (Dey et al.,
2015). Although S. senegalensis wild breeders, held in captivity successfully
reproduced, few individuals were involved in the spawning (Martin et al., 2014;
Martin et al., 2019; Fatsini et al., 2020). The scarce participation in spawning,
exhibited a reproductive dominance amongst the breeders (Martin et al., 2014;
Fatsini et al., 2020). In addition, fidelity patterns were determined between the
couples identified as parents of the hatched larvae (Martin et al., 2014; Martin et
al., 2019; Fatsini et al., 2020). In addition, breeders hatched and reared in captivity
(cultured breeders), exhibit a reproductive behavioural dysfunction, which
represents a bottleneck for the control of reproduction of this species (Carazo
2013; Matrtin et al., 2019). The lack of reproductive success has been identified as
the failure to perform the complex courtship in cultured males (Carazo 2013; Martin
et al., 2019). It would appear that successful courtship requires the execution of
specific courtship behaviours to obtain fertile spawns (Carazo et al., 2016). One of
the behaviours that have been identified prior to fertile spawning was the “Follow”
behaviour, in which the fish displayed by swimming in a procession (Carazo et al.,
2016; Fatsini et al., 2020). Thus, participation in the “Follow” behaviour by the Sole
breeders may be related to spawning success (Fatsini et al., 2020). However, both
factors, reproductive dominance and the lack of courtship behaviour could be the
factors that inhibit the reproductive success of the cultured breeders (Martin et al.,
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2014; Carazo et al., 2016; Fatsini et al., 2020). Therefore, exploration of
dominance patterns and behaviours related to courtship in Sole breeders could

predict the reproductive success.

Although in Senegalese sole juveniles dominance patterns have been described
(Fatsini et al., 2017), these social interactions in breeders have not been analysed.
Therefore, the hierarchical status (dominant and subordinate) may be determined
between the breeders and the influence of this social context examined (Dey et al.,
2015). The social hierarchies based in behavioural patterns that dominate
resources such as territory and feed, could be examined to determine possible
dominance profiles in the breeders related with reproductive dominance. This
knowledge of dominance relationships in Sole adults may facilitate the adjustment
of breeding groups, helping to minimize the effects that dominance hierarchies may
have on reproductive success of individuals and a broodstock. Optimisation of
breeders would improve their reproductive success and offer a possibility to
reducing the reproductive dysfunction in cultured males.

In the present study, the behaviour, preferred space (territory), and feeding
response was examined in S. senegalensis breeders to determine hierarchical
status amongst the breeders. In addition, the relationships between hierarchical
status and the reproductive success determined by the breeders participation in

spawning and the “Follow” behaviour were explored.

2. Methods
2.1 Animal rearing conditions and experimental tanks

Two Senegalese sole broodstocks, Group 1 and Group 2, were used in the present
study (Table 1). In the Group 1 (n= 24), breeders were from different origins
(cultured and wild) that had been held together during the previous reproductive
seasons (2013-2016) during which spawns were collected. These individuals were
part of experimental Groups reported in the chapter 2 determined as Group M1
(n=16) and M2 (n=8). In the Group 2 (n= 24), the fish were of cultured origin, which
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have never had reproductive success. The fish of Group 2, were part of the
experiment performed in the Chapter 3, in the Group Control Negative (CN). A total
of 48 adult individuals (females and males) with a mean weight of 954,89 + 72,35 g
and mean size of 38,16 + 1,12 cm, were kept in captivity in the facilities in IRTA
Sant Carles de la Rapita, (Catalonia, Spain), held in tanks (14 m3) connected to a
recirculation system (IRTAmar®). The broodstocks were held under natural
environmental conditions with a simulated natural temperature cycle (9-20 °C) and
a natural photoperiod (9-14 hours light). The fish were fed with 0.75% of wet feed
(polychaetes and mussels) and 0.55% dry feed of total biomass, four days a week.
The breeders were previously tagged with a passive integrated transponder (PIT)
tags (ID-100A, Unique Tovan®-Zeus; Euro Inversiones S.L., Madrid, Spain); in
addition, photos were taken of each individual, in order to be identified later.

The trial was performed in experimental tanks with a capacity of 400 L, connected
to a recirculation system (IRTAmar®). Inside each tank, a sandy area (15 X 20 x 2
cm) was made with white tiles and filled with sand, which could only be occupied
by one fish. In addition, two dark grey plastic divides were used to create two areas
of physical separation (wall) within the tank. The temperature during all trial was
controlled (16 °C) and red lights were used to record and observe the behaviours
during the night (Carazo et al., 2013).

Table 1. Breeders distribution in different experimental groups used in dyadic test. Total number of

fish (N) and number of fish distributed by sex and origin in each group.

Group N Sex and origin

Cultured females= 7

Cultured males=7

1 24
Wild females= 6
Wild males= 4
Cultured females= 11
2 24

Cultured males= 13
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2.2 Video recording

The activity of the fish were video recorded during 24 hours through a digital
camera (Square black and white CCD camera, model F60B/N80-50G, KT&C Co.
Ltd., Korea Technology and Communications, Korea, supplied in waterproof
housing by Praesentis S.L. Barcelona, Spain), which was placed above each tank
so that the field of view covered the whole tank. The camera was connected to a
digital video recorder (model DVR-0804HB, supplied by Praesentis S.L.).

2.2.1 Video Analysis

The videos were analysed to determine the time each fish was in the sandy area.
In addition, behavioural interactions between the pair of fish were classified and
counted. The behaviours were classified as indicated in the Behavioural Trial
section and described in the ethogram of behaviours (Table 2). The behaviours
were analysed during two periods, which were two hours at the beginning of the
trial and for the last two hours at the end of the trail. The Feeding response of each

fish was also registered.

2.3 Behavioural Trial

According to the study realized by Fatsini et al. (2017), a dominance test was
carried out in both experimental groups, during October — November (year 2016)
after the last reproductive season reported in the Chapter 2. Couples were formed
within each experimental Group (1 and 2), without mixing individuals between
groups. The breeders were tested through a single dyadic test during 24 hours.
The status dominance between pair of fish was explored using the behavioural
parameters, place preference and feeding order. In the present study, the
individuals tested by couple, had a similar size to avoid possible interference of fish

size in the outcomes (~ 10 % weight difference between fish).
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2.3.1 Dyadic test

Each pair of fish was placed within the experimental tank at 18:00 hours. The fish
remained isolated by the separating wall (dark grey plastic divides), during a night
of acclimation (18:00-08:00 h) (Figure 1). The following morning (8:00 h), the wall
was removed and each fish had the opportunity to access the sandy area and be in

contact with each other during 24 hours when the test was finished.

Figure 1. Experimental tank set up used during dyadic test. In first image (left), dark grey plastic
create a dividing wall for the isolation of the fish. In second image, the wall was removed for fish

interaction.

The following parameters were assessed:
a) Behavioural parameters

The behaviours assessed were: “Approaches”, “Swimming above another” (SAA),
“‘Rest the head” (RTH), “Displacement” and “Burying” (Table 2). The dominance
status, based on the behavioural parameters was determined as indicated by
Fatsini et al. (2017), where within each test the frequency of behaviours performed
by each fish towards the other fish were registered. The fish with a higher number
of behaviours were classified as dominant and the fish with the lower number as

subordinated.
b) Preferred space

The parameters related to preferred space were recorded: “Total time” in the
preferred space (TT), “Initial time” the time during the first two hour of the test that
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each fish first occupied the sand area (Tl), “Final time” the time during the last two
hour of the test that each fish occupied the sand area (TF). In addition, the order to
occupy the sand area was recorded to indicate which fish was “first” or “last” to

occupy the sand area (Table 2).
c) Feeding Response

Two hours after removing the wall and allowing interaction between each pair of
fish, feed at approximately 1% of the total biomass of the pair of fish was delivered
manually in the same place in each tank. The order of feeding of each fish was
recorded as first, second or did not feed (Table 2).

2.4 Reproductive success

In the Group 1 (n=24), the individuals participation in the “Follow” behaviour and in
spawning during four reproductive seasons (from 2013 to 2016) was previously
registered. The results of reproductive seasons have been published by Fatsini et
al. (2020). The reproductive success was determined by the parental contribution
of fish to the larvae obtained from fertilised spawns. The parents of the larvae were
identified with microsatellite analysis (description in Chapter 2, section 2.5). The
participation of fish in the Follow behaviour was also registered by studying and
identifying fish in videos. The description of Follow behaviour and how it was
evaluated is indicated in the Chapter 2, section 2.6.3 of this thesis.

2.5 Steroid analysis

The blood samples were taken at end of the experiment from each fish (n=48), by
puncture of the caudal vein with heparin coated syringes. The blood samples were
centrifuged at 4°C for 15 minutes at 3000 rpm and plasma was removed for later
analysis. From supernatant plasma, 3.5 pl (in males) and 100 pul (in females) was
taken and diluted in 100 pl of IEA buffer (0.1M K2HPO4/KH2PO4, 1.54mM sodium
azide, 0.4M NaCl, 1mM EDTA, and 0.1%BSA, pH 7.4), then the samples were
processed twice in methanol to obtain free steroids and the pellet generated, was
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reconstituted again with 250 pl of IEA buffer. The levels of the steroids 11-
Ketotestosterona (KT) in males and Estradiol (E2) in females were determined
using enzyme-linked immunosorbent assay (ELISA) kits (Cayman Chemical, Cat.
501890 and 582751 respectively) (Chauvigné et al., 2017).

Table 2. Ethogram of parameters and behaviours recorded in Solea senegalensis broodstocks,
based on the study by Fatsini et al. (2017).

Parameters and Definition

behaviours evaluated

Approaches A fish swims near to another fish with no contact.

Swimming above A fish swims over another individual.
another (SAA)

Rest the head (RTH) An individual supports its head on some part of the

body of another fish.

Displacement A fish moves another fish from its place or position
by a physical action.

Burying Movement performed by a fish characterized by a

vigorous beats of the head and a wave of muscular
contraction in the substrate, with which the fish

buries itself.

Feeding response Fish consume or ingest the food dispensed and
what individual ate in first position.

Initial time (TI) The time spent in the sand space by each Sole in

the first 2 hours at the start of the test. The
parameter was measured in minutes.

Total time (TT) The total time each Sole spent in the sand space
during all the test. The parameter was measured in
minutes.

Final time (TF) The time spent in the sand space by each Sole in

the last 2 hours at end of the test. The parameter
was measured in minutes.

Order position in the Order in which each sole occupied the space in the

sand sand at the start and end of the test. “First” position
was the Sole that was located in the sand first at
beginning the test and “Last” was determined by the
Sole that was in the sand space at end of the test.
The two fish could not be in the sand at the same
time. If a fish was on top of the other fish in the
sand, the lower fish in the sand was counted as
being in the sand.
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2.6 Statistics analysis

The results are presented as mean = 1 standard error of the mean (SEM). The
results in behavioural parameters (Approaches, SAA, RTH, Displacement and
Burying) and preferred space parameters (Tl, TF and TT) were compared by a
Student’s t-test between the groups (1 and 2) (data no showed). The comparison
was made to corroborate that there were no significant differences in results of
parameters assessed between the two groups and before combining the two data
sets for the Principal Component Analysis (PCA). A PCA was used to group
parameters that exhibited similar variation and represented the variation across the
data set. The coefficient of variation (CV % = SD/ mean 100) were calculated for
the behaviours evaluated for both categories of fish (dominant and subordinate).
The preferred space parameters were compared by a paired Student’s t-test in a
single analysis between dominant or subordinate status individuals. Also a
Pearson’s correlation was made amongst parameters: behavioural, preferred
space, Feeding response and Steroid values. A Chi-squared analysis was used to
compare proportions of dominant and subordinate fish that participated in
spawning and “Follow” behaviours. Three parameters, behavioural counts
(dominate fish had higher counts), last position (dominant fish occupied the
preferred space at the end of the test) and Feeding response (dominate fish fed
first) were used to define dominance status (dominant and subordinate) of
breeders. The observed values were compared with calculated expected values
that considered that dominance status determined by the parameters, behavioural,
last position or feeding response had no effect on participation in spawning or the
“Follow” behaviour. The data used to represent participation was nominal data (yes
/ no) that indicated: Yes = participation in spawning / reproductive success, No =
no participation in spawning / no reproductive success or Yes = participation in the
“Follow” behaviour, No = no participation in the “Follow” behaviour. Statistical
analysis was carried out using SPSS Statistic 20 for Windows (SPSS Inc. Chicago,
IL, USA).
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3. Results

3.1 Dominance Classification

No differences were found in the data sets from Groups 1 and 2 for the parameters
assessed, behaviours, feeding and preferred space. Therefore, the data sets were
combined to explore similarities in variation between the different parameters. The
PCA (KMO 0.694, Bartlett’'s test (P< 0.000) and X? 176.163), grouped three
principal components that described 61.17 % of total variance (Table 3). Principal
component one (PC1) grouped the parameters related to preferred space: Tl (time
spent in the sand area during the first two hours at start of the test), TT (Total time
that each fish spent in the sand area during the test), “first” position (first fish that
entered the sand area at the start of the test) and the Burying behaviour. The
second principal component (PC2) grouped: Approaches, SAA, RTH and
Displacement behaviours. The third component grouped “Last” position (the fish
was the last in the sand area at end the test) and TF (time in the sand area during
the last 2 hours of the test). The Feeding response (order of feeding, first, second /
did not feed) was poorly associated to each component. Therefore, the two
parameters, behavioural counts and place preference were considered as

parameters to classify the dominance status between paired fish.
3.2 Behavioural parameters

In the behavioural counts, Approach, SAA, RTH and Displacement behaviours
were assessed. Counts for the Burying behaviour were not included as burying
was not grouped in PC2. The fish were classified as dominant and subordinate fish
according to the total number of behaviours counted for each fish in the pairs. The
fish with the higher count was classified as the dominant fish and the fish with the
lower count as subordinate. In the dyadic tests, the mean values in the behaviours
showed highest variability amongst the fish classified as subordinate: Approaches
(2.71+ 0.57), CV (104.14 %) SAA (1.79+ 0.35), CV (97.34 %) and RTH (2.00 *
0.39), CV (97.80 %), compared to variation in dominant fish: Approaches (4.92
+0.430), CV (42.80 %), SAA (4.00 £ 0.64), CV (79.06 %) and RTH (3.96 + 0.69),
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CV (86.07 %). However, variation was similar in the behaviour Displacement
between subordinate (0.67+ 0.25), CV (185.92 %) and dominant fish (0.79 £ 0.19),
CV (117.67 %). Moreover, correlations were observed between the behaviours,
SAA behaviour was highly correlated (R=0.702; P=0.000) with RTH behaviour and
weak correlations were observed between, Approaches behaviour and SAA
(R=0.488; P=0.016) and Approaches behaviour with Displacement behaviour
(R=0.484; P=0.017).

Table 3. Proportion of variables descriptors to define Dominance behaviour in males Solea

senegalensis and used in the Principal Component Analysis.

Component
1 2 3
Initial time .870 -131 .140
Total time .844 -.156 .325
Burying 742 -.311 .208
First position (sand) 724 .198 -.435
Feeding response -.224 -.223 -.159
Swimmming Above Another -.037 .820 -.004
Rest the head .041 .785 -.105
Approaches -.236 .749 .027
Displacement -.096 407 -.176
Last position (sand) .034 -174 .816
Final time 294 .031 .784

3.3 Preferred space

The dominant fish classified by behavioural counts appeared to also dominant the
preferred sand space. Dominant fish (69.56 %), compared to subordinate fish
(30.43 %), were more often in the sand at the end of the test (last) and the
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proportions were significantly different (P=0.009) compared to the expected value
(even distribution or no effect of dominance) (Fig. 2D). However, there was no
significant difference in the proportion of dominate and subordinate fish that
occupied the sand “first” position at the beginning of the test. Also, no significant
differences were observed between the proportions of both classified fish
(dominant and subordinate) during the total time (minutes) spent in the sand area:
TI (31.94 = 7.24), CV (105.82 %), TT (323.50 = 57.97), CV (85.01 %) and TF
(26.08 = 7.80), CV (151.15 %) than the subordinate fish: Tl (27.42 = 6.55), CV
(123.35 %), TT (301.13 +64.02), CV (107.28 %) and TF (21.71 + 4.16), CV (87.44
%) (Fig. 2A, 2B, 2C).

3.4 Feeding Response

The proportion of dominant fish classified by the behavioural parameters, that ate
in first position was lower (37.50 %) than in the subordinate fish (62.50 %).
However the difference was not significant (P=0.083). The Feeding variable was
poorly associated to the three PC that represented the dominance classifying
behaviours (Approaches, SAA, RTH, Displacement and Burying), the preferred

space parameters (TI, TF and TT) and the position in the sand (First or Last).
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Figure 2. Parameters related to the preferred sand space for dominant and subordinate Solea
senegalensis breeders. The position of dominance, dominant and subordinate, was determined by
behavioural counts. (A) Mean time (minutes) that dominant or subordinate fish remained in the sand
during the first two hours at the start of test (TI). (B) Total time dominant or subordinate fish
remained in the sand during the 24 hours test (minutes). (C) Mean time (minutes) that dominant or
subordinate fish remained in the sand during the last two hours of the test (TF). (D) Proportion of
Dominant and Subordinate fish occupied the “Last” position. Different letters indicated significant
differences (P<0.05).

3.5 Reproductive success

The proportions of dominant and subordinate fish (classified by the behaviours)
that did or did not participate in spawning was significantly different (P = 0.025)

from the expected values that considered that dominance determined by
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behavioural counts had no effect on spawning (Table 3). Six (85%) of the seven
fish that participated in spawning were dominant in the behaviours, whilst 11 (65%)
of the 17 fish that did not spawn were subordinate in the behaviours. However, no
significant differences were found between the proportion of dominant and
subordinate fish that participated in the “Follow” behaviour and observed and

expected proportions were exactly the same (Table 5).

The proportions of dominant and subordinate fish (defined by last in the sand) that
spawned and did not spawn were not significantly different (P = 0.476) from
expected values considering that dominance determined by last position had no
effect on spawning (Table 4). Likewise, the proportions of subordinate and
dominant fish (defined by last in the sand being classified as dominant) that
participated in the “Follow” behaviour was not significantly different (P = 0.219)
from expected values (Table 5). Similarly, the proportions of dominant and
subordinate fish defined by “Feeding response” (first fish to feed classified as
dominant) that participated in spawning or “Follow” behaviours were not

significantly different (P > 0.05) from expected proportions (Table 4 and 5).

In addition, fish that participated in spawning and courtship exhibited significantly
(P<0.05) more “approaches” and “displacement” behaviours compared to fish that
did not spawn or participate in "Follow" behaviour. However, there were no
differences in the proportions of dominate fish for the behavioural counts for “RTH”
or “swimming”. The Follow behaviour was correlated with RTH behaviour
(R=0.652; P=0.000).

3.5 Steroid analysis

Overall, the steroid levels measured, showed a mean of 3.68 £ 0.46 ng mL™* of 11
KT in plasma and E2 plasma levels of 0.55 + 0.16 ng mL™. The fish classified by
dominance using the behavioural parameters, showed that the males had higher
11 KT concentration in fish determined as dominant (4.09 £ 0.725 ng mL™1), which

was not significantly different compared to the subordinate males (3.19 + 0.752 ng
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mL™) (Fig. 3). Similar results were found for females, the E2 concentration, was
higher in dominant females (0.76 £ 0.426 ng mL™), but was not significantly
different compared to subordinate females (0.29 + 0.069 ng mL™) (Fig. 3). In
addition, there was a significant correlation between 11 KT concentration and Rest
the Head (RTH) behaviour (R=0.516; P=0.010), indicating that males that more
often RTH had higher levels of 11 KT. However, no other correlations were found

between steroid levels and behavioural parameters.

Table 4. Number of dominant and subordinate S. senegalensis breeders that participated in fertile
spawning or did not participate in spawning. Three parameters, behavioural counts (dominate fish
had higher counts), last position (dominant fish occupied the preferred space at the end of the test)
and feeding response (dominate fish fed first) were used to define dominance status. The results of
Chi-square analysis compared the observed values in the table with expected values considering
that dominance determined by the parameters, behavioural, last position or feeding response had
no effect on spawning participation. An asterisk * indicates a significate difference between

observed and expected proportions P < 0.05.

Parameters Dominance Fish that Fish that Total Chi ?
used to Status participated did not count of Results
classify in participate individuals
dominance Spawning in
YES Spawning
NO
Behavioural Dominant 6 6 12 X2=5.042,
gl.=1,
P =0.025*
Subordinate 1 11 12
Last Dominant 4 7 11 X2 =0.509,
Position gl.=1,
Subordinate 3 10 13 P=0.476
Feeding Dominant 1 8 9 X2=12272,
response gl.=1,
Subordinate 6 9 15 P=0.132
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Table 5. Number of dominant and subordinate S. senegalensis breeders that participated or did not
participate in the “Follow” behaviour. Three parameters, behavioural counts (dominate fish had
higher counts), last position (dominant fish occupied the preferred space at the end of the test) and
feeding response (dominate fish fed first) were used to define dominance status. The results of Chi-
square analysis compared the observed values in the table with expected values considering that
dominance determined by the parameters, behavioural, last position or feeding response had no

effect on participation in the “Follow” behaviour.

Parameters Dominance Participation No Total Chi * Results
used to Status in the Follow participation count of
classify behaviour in the Follow individuals
dominance YES behaviour
NO
Behavioural Dominant 6 6 12 X2 =10.000,
gl.=1,
Subordinate 6 6 12 P =1.000
Last Dominant 7 4 11 X2=1.510,
Position gl=1, P
Subordinate 5 8 13 =0.219
Feeding Dominant 4 5 9 X2=10.178,
response gl.=1,
_ P=0.673
Subordinate 8 7 15
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Figure 3. Mean plasma concentrations (ng mL-1) of 11 KT and E2 in Solea senegalensis according
to the dominance hierarchy (Dominant and Subordinate fish) determined by behavioural counts
(fish with higher counts classified as dominant). Steroid levels of 11 KT were measured in males

and E2 in females.
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4. Discussion

In the present study, dominance status in S. senegalensis breeders was evaluated
by a dyadic test applied to individuals from two broodstock Groups (1 and 2). The
dominance status was explored, evaluated and classified through three
parameters: a) Behavioural, b) Preferred space and c) Feeding response. The
behavioural parameters and preferred space exhibited similar tendencies to
determine a similar dominance status to individuals, whilst Feeding response
appeared not to be related. Therefore, within each fish pair in the dyadic tests,
dominant and subordinate individuals were classified with regard to behavioural
parameters. The behaviours grouped to represent dominance status were
Approaches, SAA, RTH and Displacement, with a correlation amongst them. Fish
classified as dominant using these behaviours (fish with highest counts classified
as dominant), spent more time in the “Last” position. This parameter exhibited
significant differences with a higher percentage of dominant fish, compared to
subordinate fish occupying the preferred space. The dominance status by
behaviours was associated with reproductive success, which was defined by
obtaining fertile spawns from breeders. The fish classified as dominant by
behavioural parameters, was significantly related with the fish that had more fertile
spawns during four previous reproductive seasons. From the behaviours
evaluated, Rest the Head behaviour was correlated with the participation of
breeders in the “Follow” Behaviour and with 11 KT concentrations. However, the
steroids concentration did not show significant differences between dominant and
subordinate fish. Therefore, there appeared to be some connection amongst social
dominance (evaluated from behaviours), place preference and reproductive
parameters, which could be indicative of reproductive success or dominance within

a group.

Although in aggressive species, agonistic behaviours may be observed between
individuals, in Sole this interaction between individuals may not be evident (Fatsini
et al., 2017). However the relationship between the social behaviours and

preferred space parameters, gives a guideline to define social status in sole
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breeders. Since the preferred space (sand area) is a reliable parameter linked to
the benthic habits where the sole develops most of the daily activities (Gibson
2005). Using the behavioural parameters, the fish were classified according to the
frequency of behaviours and in the dyadic test the fish with a higher count of
behaviours was classified to be dominate over the subordinate fish that had a
lower count of behaviours. This method to determine hierarchical status, through
several types of social behaviours performed amongst individuals, has been used
in others studies. Lilledal and Folstad (2003) constituted hierarchical structure
between Salvelinus alpinus males classifying dominant and subordinate individuals
through behaviours. While Kagawa et al. (2013), determined social rank in Oryzias
latipes. In the present study, strong correlations amongst behaviours realized by
Sole broodstocks were found, in specific between SAA and RTH behaviours.
These behaviours grouped to represent social status, were also observed and
associated to dominance in S. senegalensis juveniles (Fatsini et al., 2017). Where
the dominant fish performed a higher number of behaviours compared to the
subordinate fish. Although the dominance hierarchy characterized by Fatsini et al.
(2017) was evaluated by the feeding response. However, Fatsini et al. (2017), also
classified social status using place preference (sandy area), which gave similar
results in the “Last” position. Thus, the behavioural parameters and the dominance
found in relation to preferred space were consistent result in both juveniles and
adults. Therefore, the dynamic interactions between behaviours and space
preference amongst individuals appear to be related to dominance relationships in
two life stages of Senegalese sole, as has been described in other species (Dey et
al., 2015).

The preference of dominant fish to remain in the sand area, would avoid the
access to resources such as territory to another individuals. The sandy space
represents a natural environment to Senegalese sole and flat fish in general, which
provides both feeding and protected areas (Gibson 2005). The control of a space
with predictable resources has been observed in species such as cichlids (Grand
and Grant 1994). The dominant fish became more aggressive and competitive
towards conspecifics to defend the territory and access to shelter. In the present
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study, dominant fish spent more time in the sand area in each period assessed (TI,
TT and TF). In addition, the Last position in the sand, occupied by the dominant
fish was significantly higher compared with the subordinate sole. Similar to sole
breeders, this pattern of spatial dominance was also observed in juvenile Sole
(Fatsini et al. 2017). This pattern has been related to the activities that sole perform
during the day. Overall, the sole remains sedentary at the bottom, however, the
period of locomotor activity increases during the afternoon from 15:00 to 23:00
(Carazo et al., 2016; Fatsini et al., 2020, chapters 2 and 3), whilst during the
morning the activity decrease. During this resting period, individuals bury
themselves in sand, avoiding predators or exposure to adverse environmental
conditions (Gibson 2005). Therefore, the dominance in the sand area at the end of
the test (08:00 a.m.) revealed the monopoly of a desirable living space. In addition,
the defence of territories could be associated to other purposes, such as feeding
(Grand and Grant 1994).

The social dominance identified in sole, based on behaviours and appropriation of
preferential space could identify other kind of dominance. In the present study, the
dominance status classified by behaviours was related with the reproductive
success. The reproductive success was determined in the breeders with parental
contribution identified from larvae hatched. The dominant fish by behaviours were
coincident with the breeders that made a parental contribution to offspring during
four reproductive seasons (Fatsini et al., 2020; chapter 2). In comparison, the
subordinate breeders exhibited a scarce participation in fertile spawning and
hatched larvae. The reproductive dominance has also been observed in zebrafish
held in captivity (Paull et al., 2010). Where the breeders had implications in the
reproductive success according to their dominance status. The fish determined to
have a higher range of dominance occupied a privileged position, monopolizing the
access to females. The dominant fish also exhibited more aggressive behaviour as
a strategy to maintain the social hierarchy. In comparison, the subordinate
individuals were stragglers without access to resources in the aquarium or
participation in mating with females (Paull et al., 2010). Similar, in Japanese

minnows (Pseudorasbora parva), the breeders with higher dominance rank had
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reproductive success (Maekawa et al., 1996). However, the relationship between
reproductive seasons associated to parental contribution was not related with
parameters in the preferred space. Unlike other species such as Oreochromis
mossambicus, dominant males compete for large territories, in order to attract
females and achieve reproductive success (Oliveira and Almada, 1998). Similarly,
dominant male Colisa lalia and Astatotilapia burtoni, retain the territory to have the
opportunity to mate with the females, protecting them from other males and
building nests (Hayakawa and Kobayashi, 2012; Alcazar et al. 2016). In S.
senegalensis, the beginning of courtship was performed on the bottom, where the
male approached and rested its head on the female (Carazo et al., 2016). Later the
male encouraged the female to swim from the bottom to mate and release
gametes into the water column. While, the preferred space determined by the
sandy area is mainly used to rest, foraging and shelter as mentioned above
(Gibson 2005).

However, the social dominance observed in sole, could be driven by the capacity
to perform complex courting behaviours, mainly in males. Where the males must
be able to encourage the females to start the reproductive behaviour. The correct
execution of behaviours from males, will secure the reproductive success and
fertile spawning (Carazo et al., 2016). Therefore, the interactions amongst
breeders may increase during the reproductive season, with a competition
amongst the male breeders (Carazo et al.,, 2016; Martin et al., 2019). The
displaying of dominance behaviour previous to reproductive season could highlight
breeders that are socially dominant and hence potentially successful in
reproduction (Dey et al., 2015). The social dominance exhibited in individuals, may
be a way to access to the choice of partner between dominant breeders (Magellan
et al., 2009). This pattern was observed in medaka fish (Oryzias latipes) where the
females have mate preference to dominant males in relation to other males (Yokoi
et al.,, 2016). These social interactions would be part of mate choice process
(Laubu et al., 2017). The acceptance or rejection by the females could be based on
the pattern of males behavioural, where the females choose males of higher

dominance rank, ensuring reproductive advantages and to their offspring
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(Maekawa et al., 1996; Laubu et al., 2017). Therefore, reproductive dominance
would have social behavioural component (Maekawa et al., 1996) and the position
of individuals in the social dominance hierarchy may influence in the reproductive
success (Colléter and Brown 2011). In the case of dominant males, territoriality,
courtship and reproductive experiences would be involved in the reproductive
success (Pfenning et al., 2012) and dominance relationship may also affect the
pair formation. In specific Senegalese sole has demonstrated a strong trend to
form monogamous couples influenced by a reproductive dominance (Matrtin et al.,
2014; Fatsini et al., 2020) and related to social dominance. However, these factors
may be a limitation to achieving the formation of multiple pairs with successful
spawns within a captive stock. Therefore, identification of dominance behaviour in
breeders might contribute to the management and improvement of stock
conformation to minimize the effect of dominance on reproductive success of

individuals.

However, the participation in Follow behaviour was not linked to social hierarchy.
This fact may be due to the number and type of individuals involved in “Follow”
behaviour, unlike the fish that participate in fertile spawning. The trend between
fish classified as dominant and subordinate was not clear regarding to “Follow”
behaviour. Although this behaviour has been associated to the courtship and
observed in periods with spawning, as indicative to deduct reproductive success
(Carazo et al., 2016; Fatsini et al., 2020; chapter 2). However, Follow behaviour
was correlated with Rest the Head, which is behaviour observed with the courtship.
The RTH behaviour performed by a dominant male, imply the protecting or
dominating the female from other males in addition to acceptance or mate
selection by the female (Carazo et al., 2016). Nevertheless, the execution of
behaviours such the Rest the Head has been observed to be a common behaviour
made by sole outside of reproductive season (Duncan et al., 2019).

In the present study, the feeding response in breeders was not related to
hierarchical status. While in sole juveniles, dominance behaviour was determined

by feeding response, classifying as dominant to fish that ate first and subordinate

117



that ate in second or did not eat (Fatsini et al., 2017). The discrepancy in the
parameters used to classify dominance status in the Sole breeders and juveniles
could be due to various factors. The possibility of stress in breeders caused by
experimental set up conditions and interactions with conspecifics could modify the
feeding response. Experimental tanks (400 L) were used for larger fish, different
from the tanks in which fish are usually kept (10,000 L). On the contrary the
juveniles fish, due to smaller size were better acclimated to experimental tanks. In
swordtail fish (Xiphophorus helleri), alterations in tank design with a smaller
surface area caused a decrease in the feeding time in dominant individuals. The
reduction in energy expenditure or improved foraging efficiency could have caused
this effect in fish (Magellan et al., 2012). A decrease in food intake was observed in
Arctic charr due to intensified agonistic interactions that suppress foraging (Brown
et al., 1992). The exploration between reproductive success and feeding in
breeders, showed a low response regarding the dominant fish participating in the
spawning. Therefore, it did not represent an influence parameter for reproduction.
However, dominance patterns have been reported to cause disadvantage to obtain
feed amongst individuals and size disparity in S. senegalensis (Salas-Leiton et al.,
2010). In other species, such as Atlantic salmon (Salmo salar) juveniles, injures to
the fins were observed and were attributed to food competition, where dominant
fish competed aggressively biting the fins of subordinate fish (MacLean et al.,
2000). Likewise Magnuson (1962) observed that in juvenile stages of medaka
(Oryzias latipes), competition and aggressive behaviour from dominant individuals

was exhibited for food supply.

Overall the 11 KT and E2 total concentrations measured in males and females
respectively, was similar to what was reported by Chauvigné et al. (2016). The 11
KT and E2 concentrations, did not exhibit significant differences between dominant
and subordinate individuals. Similar results were reported by Scaia et al. (2018),
who did not find significant difference in sex steroids concentrations in cichlid fish
as response to dyadic encounters. The importance of steroids lies in the fact that
these hormones have an important role in the maturation of gonads, development

of secondary sex characters and the control of reproductive behaviour (Oliveira et
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al., 2001). The concentrations of sex steroids can be influenced during
reproductive episodes and according to mating tactics (Oliveira et al., 2001; 2002).
However, in the present study, the steroid concentration corresponds to a value
outside the main reproductive season. Although the response to the interactions
between the broodstocks, showed a correlation of the steroids concentration with
Rest the Head behaviour. Therefore, the higher expression of social behaviour has
an impact on the circulation and increase of sex steroids (Oliveira et al., 2002).
During the breeding season, agonistic interactions between peacock blenny
(Salaria pavo) males were linked to endocrine response. This response was an
adaptation in the fish to adjust the social behaviour according to hierarchical level.
The competence between fish increases androgen levels during the establishment
of the social hierarchy (Oliveira et al., 2001). The relationship between sex steroids
and behaviour in Senegalese sole would result from the acquisition of dominance

status between breeders.

5. Conclusions

Dominance behaviour was similarly classified by behavioural and preferred space
parameters in Solea senegalensis breeders. Behaviours such as Rest the head,
Swimming above another, Approaches and Displacement were used to classify
dominant and subordinate status by the interactions amongst individuals. This
behavioural social status appeared to influence competition and acquisition of
resources such as space and reproductive success. Dominant fish by behavioural
parameters had higher participation in fertile spawning compared to subordinate
breeders. This relationship between social dominance and reproductive dominance
could establish guidelines for the proper management of sole breeders.
Considering hierarchical factors could be a useful tool to increase the reproductive
success and attempt to predict potential successful breeders through behavioural

parameters.
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Effect of dominance status on sperm quality,
hormone levels and testicular cell composition in
Solea senegalensis
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Chapter 5. Effect of dominance status on sperm quality, hormone levels and

testicular cell composition in Solea senegalensis.

1. Introduction

Social interactions amongst individuals are generated due to the competition for
several resources such as food, space or opportunities to reproduce (Martin and
Bateson, 1993). These asymmetric interactions between individuals exhibit
complex behaviours that shape social structures and ranking within the group,
determining dominant and subordinate individuals (Maruska and Fernald, 2013).
However, the position of individuals in the ranking may drive to changes in the
behaviour and physiological aspects in the animals (Scaia et al., 2020). Overall,
agonistic behaviours have been observed in males of several species, such as
Cichlasoma dimerus, Danio rerio, Oreochromis niloticus (Ramallo et al., 2015;
Teles and Oliveira 2016; Pfenning et al., 2012). Dominant males typically express
aggressive behaviour towards their opponents, defending a territory, accessing
food or to mate with females. This implies that the counterpart (subordinate) has to
adjust its behaviour with respect to their social status (Kawaga et al., 2013; Teles
and Oliveira 2016). The establishment of hierarchies seems relevant when
broodstocks are kept in captivity, as happens in the aquaculture industry. The
possibilities of fleeing from an opponent and/or assuming a role in a social status
are limited, which could be highly oppressive in a portion of stock. These
conditions would cause some individuals to be left behind because of their
condition and thus affect the health, welfare and reproductive potential of breeders
(Qverli et al.,, 1999; 2004). However, the effects of the social position in the

individuals within a hierarchy may be varied.

In fish, such as Solea senegalensis, hierarchical relationships have been described
in different aspects based on social behaviour. Salas-Leiton et al. (2010)
determined that the establishment of social hierarchies caused disparity in growth
as result of the high interaction amongst the sole juveniles. Dominance behaviour

was determined in sole juveniles, by Fatsini et al. (2017), through the feeding
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response and territory parameters. Social categories and dominant and
subordinate individuals were identified and associated to behaviours such as Rest
the head (RTH), Approaches and Swimming Above Another (SAA). The dominant
fish controlled more time the area determined as territory and exhibited higher
frequency in the associated behaviours than subordinate fish. While in sole
breeders, reproductive dominance has been recorded in several studies (Martin et
al. 2014; 2019, Fatsini et al., 2020; chapter 2). A few breeders participated in
mating and fertile spawns, according to the results of parental genetic analysis
(Porta et al., 2006; Martin et al., 2014; Fatsini et al., 2020), where couples
maintained fidelity over reproductive seasons (Martin et al., 2014; 2019; Fatsini et
al., 2020). In specific, the reproductive success of sole breeders held in captivity
has been limited. Although wild breeders normally reproduce, cultured breeders
have a reproductive dysfunction attributed to the lack of reproductive behaviour in
males (Carazo et al., 2016; Martin et al., 2019). In addition to the reproductive
dysfunction, the social domination observed by dominant individuals appeared to
limit opportunities and decreased the possibility that other fish participated in the
reproduction (Fatsini et al., 2020). Thus, within the social context, dominance
behaviour in sole breeders may have control over reproductive success (Chapter
4). The relationship between social behaviour and reproductive success has been
described in species of cichlids such as Astatotilapia burtoni and Oreochromis
mossambicus (Scaia et al., 2020). Where dominant territorial males courted with
the females, while subordinate males developed a submissive behaviour. In sole,
males mainly are more subject to competition and difficulty to achieve reproductive
success, due to either social structure and / or the complex reproductive behaviour.
While the females (wild and cultured), seem to have no problems to reproduce
(Martin et al., 2019). Nevertheless, the participation of the females is conditioned to
the execution of a complex courtship performed by the males to encourage them to
mate (Carazo et al., 2016; Martin et al., 2019). Some behaviours such as “Follow”
or “Guardian” have been described as part of courtship and exhibit a way of
competition and access to females (Carazo et al., 2016; Fatsini et al., 2020).

Besides, the hierarchical dominance system could be involved in the mate choice
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process (Jennions and Petrie 1997). Competition between males may identify
behavioural patterns and features through which females may have mating
preferences, detect differences between males and choose by preference
dominant males (Maruska and Fernald 2011; Bierbach et al., 2014). Therefore, the
social hierarchy in the males (dominance and subordinate) could mean that some
individuals have higher reproduction opportunities than others (Maruska and
Fernald 2013). Since socially dominant fish have higher reproductive success than
subordinate fish (Chapter 4; Maruska and Fernald 2013). However, these
subordinate fish may have a certain role in reproduction. In some fish as
Neolamprologus pulcher, subordinates and subdominants fish are involved in the
care of the offspring, although sometimes subdominant may agree to participate in
the reproduction (Bender et al., 2006).

Nevertheless, the hierarchical structures are not immovable or permanent. The
dynamics interactions amongst the fish, may lead to the subordinate fish to
opportunities for advancement in the social rank (Maruska and Fernald 2010). This
adjustment in social status may improve the condition in the physiological ability to
reproduce (Maruska 2014). In cichlid fishes, hierarchies may be linear amongst
individuals and an anticipated reproductive response would be adapted according
to the possibility of a change in social rank (Alonso et al., 2012). Subordinate
African cichlids fish, maintain the reproductive potential despite social suppression
and within few hours after a social change may be able to produce viable sperm
(Kustan et al., 2012). While in Arctic charr (Salvelinus alpinus) investment in the
sperm quality was identified to adjust to mating opportunities (Rudolfsen et al.,
2006). In addition, subordinate fish could adopt other strategies to compensate for

reproductive disadvantages (Kustan et al., 2012).

In S. senegalensis, the complex reproductive behaviour mentioned above and the
social hierarchical system has influence in the reproductive success (Carazo et al.,
2016; Fatsini et al., 2020; chapter 4). The dominance condition of males appears to
contribute in the participation in the courtship and fertile spawning of this species.

The participation in the parental contribution showed a dominance of wild males
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regarding to cultured breeders (Fatsini et al., 2020). However, over several
reproductive seasons the participation of cultured breeders in the courtship
increased and a cultured male became reproductively dominant after the dominant
wild male died. Despite the participation of a cultured male no other cultured male
took part in fertile spawning. Perhaps the cultured breeder could have maintained
reproductive dominance towards other cultured males. Dominance relationships
between male sole breeders and possible effects on reproductive ability or
physiological changes that may occur between dominant and subordinate
individuals have not been explored. In other species, such as Cichlasoma dimerus
and African cichlid Astatotilapia burtoni, the subordinate fish might undergo
physiological changes and be suppressed reproductively due to social domination
by dominant fish (Maruska 2014; Scaia et al., 2020). The differences between both
categories (dominant and subordinate) concerned not only phenotypical features,
but also regulate cellular, molecular mechanisms and androgen response related
to reproduction (Maruska 2014). Therefore, process such as spermatogenesis,
spermiation and activation of male sexual behaviour could be influenced by the
social context and position of each individual within the dominance hierarchy
(Gongalves and Oliveira, 2010). However, in S. senegalensis, sperm quality has
been described, highlighting the scarce and variable sperm volume produced in
reference to wild and cultured breeders (Cabrita et al., 2006). The male
reproductive system is characterized by the small size of the testes containing two
regions, cortex and medulla, in which are found the sperm ducts that storage the
sperm (Garcia-Lopez et al., 2006). Although an effect due to dominance status as
has been reported in cichlids fish would be the increase of testes size (Maruska
2014). In addition, the possible differences in sperm produced at molecular level
between wild and cultured breeders, has been evaluated as cause of reproductive
dysfunction in cultured breeders (Riesco et al., 2019). However, the social
dominance could be a factor affecting sperm quality, fluctuations of androgens or
spermatogenesis development between male breeders. Examine social factors
involved in the reproduction, could improve the understanding of the lack of

reproductive success in some male breeders.
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The present study analysed the social behaviour in males of Solea senegalensis in
relation to the effect on the reproductive potential of the fish. Social status was
determined through a dyadic test and categories were identified as dominant and
subordinate between male breeders. Social behaviour was evaluated and related
to sperm quality, hormone concentrations and testicular cell production, in

breeders according to the social hierarchy between fish.

2. Methods

2.1 Animal rearing conditions and experimental tanks

The Senegalese sole cultured broodstock (n=24) with a mean weight of 450.35 +
17.41 g, were used in the present study. The breeders were kept in the facilities in
IRTA Sant Carles de la Répita, (Catalonia, and Spain), under the same conditions
described in the chapter 4, section 2.1. The experimental tanks used to carried out
the trial, had similar characteristics used in the study performed by Fatsini et al.
(2017) and in the Chapter 4, section 2.1 of this thesis (Figure 1). All the individuals
were placed inside tanks similar to the experimental tanks, but without
incorporating sand area, to be acclimated for two weeks until the test. The
experimental area was isolated to avoid any disturbance to the fish. Once the
acclimation period was over, each pair of fish was moved to the experimental tank.
Each couple tested had a similar size to avoid possible interference of fish size in
the outcomes. The breeders were previously identified for later identification similar

to the method used in Chapter 4 section 2.1.
2.2 Video recording

The activity of the fish was video recorded during 24 hours for five days. The
recording was made similar that in the test in Section 2.2 of Chapter 4, using the

same equipment.
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Figure 1. Design of the experimental tank (400 L) used in the dyadic test. Two dark grey plastic
divisions to keep the fish separate at the beginning of the test. A sand area (15 X 20 x 2 cm)

created inside the tank to evaluate the preferred space test.

2.2.1 Video Analysis

The videos were analysed during the 24 hours each day. The behavioural
interactions of each fish to the other fish were classified and counted each day,
during the five days. These behaviours were classified as Approaches, Swimming
above another (SAA), Rest the head (RTH), Displacement and Burying, according
to section 2.2.1 in the Chapter 4 of this thesis. During each day, the behaviours
were registered to each fish in three periods: a) initial time (09:00-11:00 h), b) peak
of activity, PA (18:00- 20:00 h) and final time in the next day, TF (06:00- 08:00 h).
In addition, the time each fish spent in the sand area was recorded in the same
periods. The Feeding response was observed in the initial time to each day

between each pair of fish.
2.3 Behavioural Trial

The test was carried out in early spring season and the breeders were tested
through a dyadic test during five days. The dominance status was evaluated for
each couple using the parameters, Behaviours: Approaches, Swimming above
another (SAA), Rest the head (RTH), Displacement, Burying; Feeding and Place
preference: Initial time (T1) Time in peak of locomotor activity, Total time (TT), Final
time (TF) (Table 1) and described fully in the section 2.3, Chapter 4. At the end of

the test, fish were anaesthetized with 60 mg L™ tricaine methanesulfonate (MS-
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222; Sigma-Aldrich, Spain). The fish were weighed, blood samples were taken to
later analysis and sperm samples were collected to assess the sperm quality
parameters for each fish. In addition, six fish classified as dominant, and the six
fish classified as subordinate were euthanized with an overdose of MS-222, in
order to be dissected the testes, which were fixed in formalin solution for

histological analysis.

2.3.1 Dyadic test

Each pair of fish was placed within the experimental tank at 18:00 hours. The fish
remained isolated by a separating wall (dark grey plastic divides) (Figure 1), during
a night of acclimation (18:00-09:00 h). The following morning (9:00 h), the wall was
removed and each fish had the opportunity to access the sandy area and be in
contact with each other. During five days, the interactions between fish, time in the
sand area and Feeding response were registered. The following parameters were

assessed as possible indicator of dominance:
a) Behavioural parameters

The evaluation of behavioural parameters (Table 1) was performed with the same

method used in the Chapter 4, section 2.3.1, subsection (a).
b) Preferred space

The parameters (Table 1) assessed and related to preferred space were: a) “Total
time” in the preferred space (TT), b) “Initial time” the time during the first two hour
of the test that each fish first occupied the sand area (Tl), c) “Time in peak of
locomotor activity” during one hour and d) “Final time” the time during the last two
hour of the test that each fish occupied the sand area (TF). In addition, the order to
occupy the sand area was recorded to indicate which fish was “first” or “last” to
occupy the sand area.

134



c) Feeding Response

The Feeding response (Table 1) was evaluated as in the Chapter 4, section 2.3.1,
subsection (c), at the same time during five days in the test.

Table 1. Ethogram of parameters and behaviours recorded in Solea senegalensis broodstocks,
based on the study by Fatsini et al. (2017).

Parameters and Definition
behaviours
evaluated
Approaches A fish swims near to another fish with no contact.

Swimming above A fish swims over another individual.
another (SAA)

Rest the head An individual supports its head on some part of the body of

(RTH) another fish.

Displacement A fish moves another fish from its place or position by a
physical action.

Burying Movement performed by a fish characterized by a vigorous

beats of the head and a wave of muscular contraction in
the substrate, with which the fish buries itself.

Feeding Fish consume or ingest the food dispensed and what
individual ate in first position.
Initial time (TI) The time spent in the sand space by each Sole in the first

2 hours at the start of the test. The parameter was
measured in minutes.

Time in peak of The time spentin the sand space by each Sole in the hour

locomotor of higher locomotor activity (19:00 to 20:00 hours) during

activity the day.

Total time (TT) The total time each Sole spent in the sand space during all
the test. The parameter was measured in minutes.

Final time (TF) The time spent in the sand space by each Sole in the last
2 hours at end of the test. The parameter was measured in
minutes.

Order position in  Order in which each sole occupied the space in the sand

the sand at the starting and end of the test. “First” position was the

Sole that was located in the sand first at beginning of the
test and “Last” was determined by the Sole that was in the
sand space at end of the test. The two fish could not be in
the sand at the same time. If a fish was on top of the other
fish in the sand, the lower fish in the sand was counted as
being in the sand.
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2.4 Steroid analysis

The steroid analysis (11-Ketotestosterone) performed in the blood samples taken
from each fish, was made following the manufactures procedure and as carried out

in the Chapter 4, section 2.5.
2.5 Sperm quality

The sperm samples from each fish were analysed to determine their quality
according to the following parameters: cell concentration, percentage of motile cells
(% sperm motility), Velocity Curvilinear (VCL, um s™) and Velocity Average Path
(VAP, um s™). The collection and the analysis of samples were realized as
described in the methods of Chapter 2, sections 2.4.1, 2.4.2 and 2.4.3.

2.6 Histological analysis

The testes were removed at the end of the five days test, weighed, and the
gonadosomatic index (IG) was calculated. The upper testis was fixed by immersion
in 10% formalin solution for 24 hours at room temperature and later dehydrated in
ascending concentrations of ethanol, clarified with xylene and embedded in

paraplast, sectioned at 3 um and stained with eosin / hematoxilin.

From the sections of testes, photomicrographs were taken with a camera Olympus
DP70 connected to the microscope (Leica Mod. DMLB) and observed with a 400x
magnification. From sections of the testis of each dominant and subordinate
individual, ten randomly selected seminiferous tubules were examined and the
tubule area was measured using the Soft Imaging System analySIS 5.1
programme. The testicular cells were classified according to the types of germ cells
found and as described by Garcia-Lopez et al. (2006). The number of
spermatogonia, spermatocytes, spermatids and spermatozoa in the medular and
cortical section of the testis, was counted and normalized to the total area of the

seminiferous tubules analysed.

136



2.7 Statistics analysis

The data were calculated and expressed as the mean + one standard error of the
mean (SEM) in the behavioural parameter and preferred space (TI, TF and TT),
recorded during five days for each fish. The First and Last position, as well as
Feeding response was determined for each day (5 days) for each fish and out
come with the highest frequency was used to represent the response of each fish.
A Principal Component Analysis (PCA) was conducted to group parameters that
both exhibited similar variation and represented the variation across the data set.
The components resulting were depicted from an eigenvalue >1 based on the
Kaiser Selection criterion and Bartlett’s test of sphericity with Varimax rotation was
applied. The coefficient of variation (CV % =SD/mean *100) was calculated to
compare the variability between dominant and subordinate individuals in the
behavioural parameters and preferred space (TI, TF and TT). A Pearson’s
correlation was applied to determine the relationships between the parameters
related to preferred space, Feeding response, sperm quality parameters, hormonal
analysis (11KT), testes weight and gonadosomatic index. A paired Student’s t-test
was realized to compare the means of preferred space parameters (Tl, TF and
TT), sperm quality parameters, steroid hormones (11 KT), gonadosomatic index
(GSI) and composition of testicular cells type between dominant and subordinate
individuals. A Chi-squared analysis was used to compare proportions assessed
between dominant and subordinate individuals in the parameters: Feeding
response, First and Last position in the sand. The data used to analyse the
proportions were nominal data (yes / no): Yes = in social dominance / feeding
response, No = no in social dominance / feeding response; Yes = in social
dominance / first position, No = no in social dominance / first position; Yes = in
social dominance/ last position, No = no in social dominance/ last position.
Statistical analysis was carried out using SPSS Statistic 20 for Windows (SPSS
Inc. Chicago, IL, USA) and Sigma Plot 12.0. Systat Software Inc.
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3. Results

3.1 Dominance Classification in Breeders.

In the present study, a dyadic test was carried out during five days in order to
determine dominance status amongst male Senegalese sole breeders. A Principal
Component Analysis (PCA) was carried out to group the variables based on the
variables assessed (behaviours, place preference and feeding order) and explain
the variability of data. The PCA (KMO =0.657, P= 0.000 and X2= 362.947),
described 60.28 % of the variability in the data (Table 1). Three Components were
grouped as follows: the first component (PC1) was related to the behaviours
Approaches, RTH, SSA and Displacement. The second component (PC2) grouped
variables related to preferred space, Initial time, Final time, Time in peak of
locomotor activity and Total time on the sandy area and burying behaviour. The
third component (PC3) was related to the first and last position in relation to the
preferred sand area. However, the parameter of feeding response had a poor and
negative relation to the three components indicating that feeding was not
representative of the variation in the data set. Therefore, the behavioural
parameters and preferred space were used to determine dominance status
between each pair of fish. The dominance ranking was done at the end of the five
days evaluated on each fish pair.

3.2 Behavioural parameters

The behavioural parameters (approaches, SAA, RTH and displacement) grouped
in the Principal component one, were used to classify the dominance status
between the breeders. The burying behaviour was not grouped in the component
relating to behaviours, therefore was not considered. On each day, the number of
behaviours carried out from one individual to another between each pair of fish was
counted. A previous dominance classification was carried out daily according to the
higher or lower frequency of the behaviours performed by each fish during five
days. The fish with a higher number of behaviours were classified as dominant and
the fish with the lower number as subordinated. At the end of the five days
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evaluated, the final dominance designation in each fish was determined. Each
dominance category in fish was assigned according to the higher number of times

what was found during the five days.

Table 1. Proportion of variables descriptors to define Dominance behaviour in males Solea

senegalensis and used in the Principal Component Analysis.

Component
1 2 3
RTH .906 .030 -.084
SAA .905 -.058 -.051
Approach .852 -.150 -.029
Displacement 757 .058 215
Total Time (sand) -.071 912 -.031
Peak of activity (sand) -.104 776 157
Final time (sand) -.045 .685 -.326
Initial time (sand) -.091 .598 .084
Burying .169 .534 -.204
First position .000 -.100 762
Last position -.181 -.409 .530
Feeding -.195 -.296 -.480

The dominant individuals showed less variability (approach= 9.67 + 1.11 counts;
CV= 84.17 %; SAA= 6.66 £ 1.57 counts; CV= 142.05 %; RTH= 13.07 £ 2.66
counts; CV=105.18 %; however the displacement behaviour, exhibited a higher
frequency (1.11+ 0.35 counts) but with a highest variability (CV= 232.82 %), in
contrast with the subordinate males had lower counts and variation (approaches=
6.62 = 0.86 counts; CV= 94.63 %; SAA= 1.98 + 0.42 counts; CV= 157.60%; RTH=
5.64 £ 0.83 counts; CV= 107.32 %; and displacement= 0.71+ 0.15 counts; CV=
158.02 %). The behavioural parameters were strongly correlated with each other
(Table 2). Likewise, a strong correlation was found in SSA, RTH and Displacement
regarding to testis weigh (Table 2). In addition these three behaviours were also
correlated with Cell concentration (Table 2) and RTH and Displacement were
weakly correlated to motility percentage (Table 2). The spermatocyte cells found in
the medulla area in the testis were also correlated with SAA and RTH. While,
negative correlations were found between the behaviours (Approaches, SSA, RTH

and displacement) and spermatozoa cells contained in the sperm ducts.
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Table 2. Correlations between behavioural parameters, sperm quality parameters (percentage of

sperm motility and cell concentration), testis weight, GSI and testicular cell types. Asterisks (*)

indicate the level of significance in each correlation: * Correlation is significant at the 0.05 level (2-

tailed); ** Correlation is significant at the 0.01 level (2-tailed).

Parameters Approaches SAA RTH Displacement
Approaches  Pearson 1 0.782" 0.797" 0.727"
Correlation
Sig. 0.000 0.000 0.000
SSA Pearson 0.782" 1 0.969" 0.892"
Correlation
Sig. 0.000 0.000 0.000
RTH Pearson 0.797" 0.969" 1 0.921"
Correlation
Sig. 0.000 0.000 0.000
Displacement Pearson 0.727" 0.892" 0.921" 1
Correlation
Sig. 0.000 0.000 0.000
Testis weight Pearson 0.722" 0.752" 0.691°
Correlation
Sig. 0.008 0.005 0.013
GSI Pearson 0.565 0.316 0.385 0.331
Correlation
Sig. 0.044 0.293 0.194 0.269
Cell Pearson 0.298 0.495 0.515 0.541"
concentration Correlation
Sig. 0.157 0.014 0.010 0.006
Motility Pearson 0.371 0.398 0.481 0.447
percentage  Correlation
Sig. 0.074 0.054 0.017 0.029
Spermatocyte Pearson 0.254 0.635 0.636 0.588
cells (medulla Correlation
area)
Sig. 0.452 0.036 0.036 0.057
Spermatozoa Pearson -0.604" -0.755~  -0.756 -0.663"
cells (sperm Correlation
ducts)
Sig. 0.049 0.007 0.006 0.026

140



3.3 Preferred space

For the test of place preference, the time fish stayed in the sand area displayed
less variability in dominant fish than in subordinate (dominance determined by
behavioural counts). The values of parameters related to place preference of
dominant fish as determined by behavioural counts were the following: Initial time
(Th= 25.91 + 3.59 min; CV= 48.04 %; peak of activity (PA)= 52.48 + 8.98 min; CV=
59.29 %; Final time (TF)= 47.32 £ 7.55 min; CV= 55.29 %; Total time (TT)= 104.68
*+ 15.10 min; CV= 49.98 %. Whilst the subordinate fish had higher variability: Initial
time (TI)= 30.03 = 5.93 min; CV= 68.40 %; peak of activity (PA)= 39.92 + 9.55 min;
CV= 68.40 %; Final time (TF)= 42.69 + 7.04 min; CV= 57.16 %; Total time (TT)=
95.30 £ 18.18 min; CV= 68.62 %. However, in all periods that the fish were in the
sand, no significant differences were exhibited between the dominant and

subordinate fish.

In the Last position, the dominant fish (64.70 %) had a higher percentage than
subordinates (35.30 %) (Figure 2). The proportion of dominant and subordinate
(dominance by behaviours) fish that were in the last position at the end of the test
showed significant differences (P= 0.014) with respect to the expected values,
estimating that the dominance determined by behavioural counts had no effect on
which fish occupied the last position (Table 3). Nine (75%) of the twelve fish that
were in the last position were dominant in the behaviours and similar percentage
(75 %) of the twelve fish that were not in the last position were subordinate (n=9).
While the proportion of dominant and subordinate fish (dominance by behaviours)
that were in the first position did not exhibit significant differences (P= 0.201)
between the expected and observed proportions (Table 3). The means of initial
time (26.12 = 4.07), time during the peak of activity (52.48 £ 8.98 min), final time
(47.32 = 7.55 min) and total time (104.68 = 15.10 min) spent on the sand area, by
dominants fish were not significantly different to what was observed for
subordinates (30.18 £ 4.98 min; 39.92 £+ 9.55 min; 42.69 £ 7.04 min; 95.30 + 18.18

min respectively).
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Last Position

== Dominant
=== Subordinate

(64.30 %)

a

b

(35.70 %)

Figure 2. Proportion of dominant and subordinate fish in the last position. Different letters next to

each proportion indicate significant differences.

Table 3. Number of dominant and subordinate males of S. senegalensis that were in First and Last

position or were not in First and Last position. Behavioural counts (dominate fish had higher

counts), was used to define dominance status. The results of Chi-square analysis compared the

observed values in the table with expected values considering that dominance determined by

behavioural counts, had no effect to stay in last or first position. An asterisk * indicates a significate

difference between observed and expected proportions P < 0.05.

Parameters Dominance status by Total count  Chi ? Results
evaluated behaviours of

Dominant  Subordinate  individuals
Fish that were 9 3 12 X2 =6.000,
in Last gl.=1,
position: YES P =0.014*
Fish that were 3 9 12
not in Last
position: NO
Fish that were 7 4 11 X2=1.636,
in First gl.=1,
position: YES P =0.201
Fish that were 4 7 11
not in First
position: NO
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3.4 Feeding Response

Regarding to the feeding order, 50.00 % of fish that were classified as dominant
with the behavioural counts ate first and equally 50.00 % of the subordinate fish ate
first (Figure 3). No significant differences were found between the proportion of
dominant and subordinate fish according to dominance defined by behavioural
parameters that fed in first position (P = 1), determining that the expected and

observed values were similar (Table 4).

Feeding order

== Dominant
== Subordinate

(50.00 %)

(50.00 %)

Figure 3. Proportion of dominant and subordinate fish that ate first in feeding order.

Table 4. Number of dominant and subordinate males of S. senegalensis that ate first and did not
eat first in feeding order. Behavioural counts (dominate fish had higher counts), was used to define
dominance status. The results of Chi-square analysis compared the observed values in the table
with expected values considering that dominance determined by behavioural counts, had no effect

on feeding order.

Parameters Dominance status by Total count  Chi ? Results
evaluated behaviours of

Dominant  Subordinate  individuals
Fish feeding in 6 6 12 X2 =0.000,
first position: gl.=1,
YES P =1.000
Fish that did 6 6 12
not feed in first
position: NO
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3.5 Sperm quality and dominance status

The sperm collected had a mean volume of 376.25 + 35.00 pL, where subordinate
males released a volume of 371.67 + 41.32 pL and dominant males 380.83 £+ 41.32
pL, resulting no significant differences. The motility percentage of spermatozoa
was low overall (8.25 £ 1.36 %). However, motility in dominant males (10.73 + 2.22
%) was almost twice the percentage from subordinate males (5.77 + 1.30 %),
exhibiting significant difference between the groups (P=0.034) (Figure 4A). In
addition, motility percentage parameter was strongly correlated to testes weight
(R=0.822; P=0.001) and GSI (R=0.653; P=0.021).

The cell concentration of spermatozoa had a mean 1.57 x 10° + 3.41 x 108 spz
mL™? overall. In dominant males, the cell concentration was 1.41 + 1.71 x 10 ° spz
mL~ than in subordinates 1.73 + 1.69 x 10° spz mL™1. Spermatozoa per kg of body
weight (mean 1.18 x 10° + 2.25 x 10® spz kg™) was also compared between
dominant and subordinate males (1.19 x 10° + 3.31 x 10% spz kg™ and 1.16 x 10° +
3.19 x 108 spz kg™). However did not exhibit any significant difference between
both categories (P=0.651 and P=0.950 respectively) (Figure 4B).

Furthermore, sperm velocity parameters between dominant and subordinate fish
were not found to be significantly different in VCL (P=0.562) (Figure 4C) and VAP
(P=0.229) (Figure 4D). In subordinate fish the mean was recorded in VLC was
95.32 £ 5.55 pm s™* and VAP was 80.55 = 5.80 ym s, while in dominants VLC
was 89.99 £ 7.14 ym st and VAP, 69.17 £ 7.14 um s™L.

3.6 Hormonal Analysis

The 11 KT concentration in plasma in dominant males was 15.06 £ 3.37 ng m|™
and subordinate males (10.29 + 2.50 ng mL™) (Figure 5A), no significant
differences were found between the fish groups (P= 0.098). A correlation was
found between the 11 KT concentration and the testes weight (R= 0.727; P= 0.007)
and GSI (R=0.604; P=0.037).
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Figure 4. Mean percentage motility in dominant and subordinate fish. B. Mean cell concentration in
dominant and subordinate males. Mean spermatozoa number per kg and spermatozoa number per
mL. C. Mean Curvilinear Velocity (VCL) and D. Average Path Velocity (VAP) between Dominant
and Subordinate males. Different letters above the bars show significant differences between the
groups.

3.7 Composition of testicular cells type

The dominant males had heavier testes than subordinate males (0.47 £ 0.06 g and
0.38 + 0.03 g respectively) (Figure 5B), but there was no significant difference (P=
0.212). The mean overall of GSI value was 0.09 + 0.01 %. The comparison of

mean values between dominant and subordinate males, was significant (P=0.040);

145



the GSI in dominant males was higher (0.11 + 0.01 %) than in the subordinate
males (0.08 + 0.01 %) (Figure 5C).
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Figure 5. Comparative values between dominant and subordinate males of mean 11- KT levels (A),
mean Testes weight (B) and mean Gonadosomatic Index (C). The data are expressed in mean *

SEM and the bars with different superscript above are significantly different (P<0.05).

Testes development in all samples was determined in the stage Ill according to the
classification realized by Garcia-Lopez et al. (2006). The cortical area contained
cells in all developmental stages: spermatogonia, spermatocytes, spermatids and
spermatozoa (Figure 6A). However, the most abundant cells were spermatids
(48.49%), while of the least abundant was spermatocytes (9.79%). In the medulla
of the testis, the tubules contained spermatocytes, spermatids and mainly
spermatozoa that were the most abundant (67.63%) of all the three cell types

(Figure 6B). The spermatids and spermatozoa cells were observed in the sperm
ducts (Figure 6C).

The comparison in cell composition in the cortex between dominant and
subordinate males did not exhibit significant differences in the cells number of
spermatogonia (P=0.645), spermatocytes (P=0.416) and spermatids (P=0.499).
However significant difference in the number of spermatozoa (P=0.027) between
the dominant and subordinate males was found (Figure 7A). Regarding to the type
of cells observed in the medulla area, there was no significant difference between
dominant and subordinate males for any type of germ cell (spermatocytes,

spermatids and spermatozoa) (Figure 7B). In the sperm ducts similar numbers of
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spermatids and spermatozoa were found in dominant compared to subordinate
males (Figure 8). While that number of spermatid cells found in sperm duct were

correlated to 11 KT concentration (R=0.766; P=0.006).

Figure 6. Representative histological sections of testes development in males of Senegalese sole
(S. senegalensis). Different types of germ cells found in testes areas: Spg, spermatogonia; Spc,
spermatocyte; Spd, spermatid; Spz, spermatozoa. A) Germ cells in cortical area, B) germ cells in

Medulla area and C) germ cells in sperm ducts. Scale bars, 50um.
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Figure 7. Mean number of germ cells, spermatogonia (SPG), spermatocytes (SPC), spermatids
(SPD) and spermatozoa (SPZ), in the cortex and medulla region per unit area of tubules (n=10) in
the testis according to social status subordinate and dominant as determined by behavioural
counts. A) Mean number of germ cells by area of tubule in the cortex of the testis in males dominant
and subordinate; B) Mean number of germ cells by area of the tubule in the medulla region of the
testis in dominant and subordinate males. The data are expressed in mean + SEM and the bars of

the same cell type with different superscript were significantly different (P<0.05).
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Figure 8. Mean number of spermatids and spermatozoa cells in the sperm ducts contained in the
area of duct lumen in testis from dominant and subordinate males. No differences significant were

found between groups. The data are expressed in mean + SEM.
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4. Discussion

In the present study, dominance status in S. senegalensis males was determined
by a dyadic test, classifying dominant and subordinate individuals. The relationship
between social hierarchy and sperm quality, hormonal concentration and germ cell
composition was evaluated according to category determined between each pair of
males. The exploration of the hierarchy in social dominance was performed
through three parameters: a) Behavioural, b) Preferred space and c) Feeding
response. However, only behavioural parameters and preferred space showed
comparable patterns that appeared to be related to the hierarchical status between
males. While feeding response did not show variation in relation to the other
parameters and did not appear to exhibit association to hierarchical classification.
The behaviours: Approaches, SAA, RTH and Displacement were grouped together
and showed a strong correlation with each other, whilst burying was not grouped in
this parameter set. The behavioural parameters correlated were taken to define
hierarchical category between each pair of fish. The fish with highest number of
behavioural counts over the five day test were classified as dominant. The
hierarchical classification by behavioural counts had some agreement with place
preference as dominant fish by behaviours remained in the last position at end of

the test with a higher proportion of individuals in comparison to subordinate fish.

The behaviours were correlated with testes weight, GSI and cell concentration.
While a weak correlation was obtained between behavioural parameters and
sperm motility percentage. The dominant males exhibited higher sperm motility
percentage, GSI and higher number of spermatozoa cells contained in the cortex
area of testes. In addition, the number of spermatocyte cells found in medulla was
correlated with behaviours, RTH and SAA, which were related to social status.
However in contrast negative correlations were obtained between the four
behaviours and spermatozoa cells contained in the sperm ducts. Lastly, the
subordinate males exhibited similar values to dominant males in some parameters
in the preferred space, feeding response, cell concentration, sperm velocity, 11 KT

concentration and weight testis. The cell composition in the cortex region (SPG,
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SPC and SPD), in the medulla region (SPC, SPD and SPZ) and the cells in sperm
ducts were also similar between both categories of males. Therefore, it seems that
the hierarchical status does not imply a total suppression in the reproductive
potential in subordinate fish. However the social hierarchy could influence in the
control of resources such as territory and elements in the sperm quality and

gonadal development.

In sole males the social status was classified by a pattern of behaviours, which
were strongly associated with each other. The behaviours used in the present
study, were also associated to dominance behaviour in Senegalese sole juveniles
(Fatsini et al., 2017). Dominance behaviour in sole juveniles was characterized
based on feeding response and monopolization of territory (sand area); dominant
and subordinate categories were identified and associated to behaviours (Fatsini et
al.,, 2017). The hierarchical classification between each fish pair was made
according to the frequency of the behaviours during the dyadic test. The fish with a
higher count of behaviours was classified to be dominant over the subordinate fish
that had a lower count of behaviours. In species, such as Arctic charr (Liljedal and
Folstad, 2003), or neotropical cichlid fish (Ramallo et al.,, 2015), the social
dominant fish had a higher number of interactions towards the subordinate fish.
While, only a low percentage of subordinate fish were reciprocal to cope to
behaviours received. This social competition was also reflected in the control of
resources, such as territory. A higher proportion of dominant male soles (by
behaviours) in comparison to subordinate males, remained in the sand area
occupying the last position. A relevant feature that has been marked in S.
senegalensis as a positioning for a space associated to its benthic habits and to
rest during the early morning hours (Gibson 2005; Fatsini et al., 2017; Chapter 4).
The sandy bottom is the environment that provides protection and shelter place.
Therefore, competition for a limited resource as territory may emphasize
dominance behaviour between individuals. In others species, such as African
cichlids (Kustan et al., 2012; Pfenning, et al., 2012; Maruska, 2014) or rainbow
trout (Liley and Kroon 1995), the dominant individuals maintain the control to the

access to the territories respect to subordinate fish. These spaces usually were
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used for feeding, nest, parental care or protection and shelter against predators
(Ramallo et al., 2015).

However, the social context of individuals within a group also influence in the
reproduction (Dey et al., 2015; Fatsini et al., 2020; Chapter 4). Due to that socially
dominant individuals not only have control over territory or food, but also over the
access to mate with the females (Maruska and Fernald 2013; Fatsini et al., 2017,
Chapter 4). In sole breeders reproductive dominance was identified (Martin et al.,
2014; Fatsini et al., 2020). Mainly, during the reproduction season males are
exposed to competition for mating with females (Carazo et al., 2016; Fatsini et al.,
2020). While females often seem to choose the socially dominant males, which
would leave subordinate fish at a disadvantage (Fatsini et al., 2020; Bierbach et al.,
2014). Therefore, inside the social environment of soles, dominant and subordinate
individuals may reach a different reproductive success (Chapter 4). The lack of
participation of some individuals in reproduction, would be related to social
disadvantage associated with physiological changes and reduction in reproductive
potential (Maruska and Fernald, 2013; Scaia et al., 2020). Therefore, social
competence can influence adjustments and changes in reproductive structures in

males.

In present study, behaviours that define social status showed correlations with
parameters linked to testes features (weight and GSI) as well as sperm maotility,
concentration and cell testicular development. The reproduction process is closely
linked to the social environment and gonadal development (Pfenning et al., 2012).
Thus, implications in the sperm quality and reproductive success could be driven
for changes in gonadal structure and social dynamics (Kustan et al., 2012;
Pfenning et al., 2012). Dominant sole males, exhibited differences in respect to
subordinate fish in sperm motility percentage, GSI and spermatozoa number
contained in cortex area in the testes. The investment in the gonadal development
and sperm quality (motility percentage and sperm velocity), work as a mechanism
to adjust the reproduction potential between categories of breeders (Maruska

2014). Sperm motility percentage has often been a measure used to determine the
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sperm quality (Kime et al., 2001). While sperm velocity (VCL) is a relevant
parameter indicator to determine reproductive success, linked to the high rate of
fertilization of the eggs (Rudolfsen et al., 2006; Gallego et al., 2013). The sperm
quality may reduce the reproductive success in the males (Beirdo et al., 2009),
hence the male efficiency in the sperm production represents advantage in the
reproduction (Cabrita et al., 2006; Maruska 2014). The sperm produced in sole
have been determined with low and variable sperm volume and poor quality and
particularly to males reared in captivity (Cabrita et al., 2006). Therefore, the
identification of males with higher sperm quality could be a factor to improve the
reproduction in this species. The higher sperm motility percentage obtained in
dominant males, suggest a response to the hierarchical position between the
males (Lilledal and Folstad, 2003; Rudolfsen et al., 2006). However, similar
velocity values (VCL) and sperm volume was measured between both categories
of sole males. In African cichlids fish this sperm quality pattern was also observed.
The dominant territorial males showed a higher sperm quality pattern (motility
percentage) compared to subordinate males, but similar velocity values (Kustan et
al., 2012). However, the sperm motility may be affected by several factors such as
the composition of seminal plasma, contamination with external substances (water,
urine or faeces) or alteration in osmolality and pH (Cabrita et al., 2008; Fauvel et
al., 2010; Cabrita et al., 2019). Moreover, GSI has been described as a tool for
measuring the sexual maturity according to gonadal development and it may be
used as evidence of changes in endocrine function (Pait and Neilson 2002).
Overall GSI determined in sole males was similar result obtained by Chauvigné et
al. (2014) and Garcia Lopez et al. (2006). The adverse effect of social status on
the gonadal development would be related to individuals that remain in lower
dominance level, while in dominant males the GSI was higher (Alonso et al., 2012).
In some species cichlids such as A. burtoni or C. dimerus social cues through of
aggressive interactions performed from dominant fish to subordinate fish, may
influence the brain, sex steroids response and reproductive system (Maruska and
Fernald, 2013; Ramallo et al., 2015). The information received through social

interactions between the individuals send a signal to the social regions in the brain.
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This signal is transmitted to the reproductive axis and ends up influencing the
testes. The activation of brain regions regulates the neuro-molecular response and
influence in the reproductive axis, where the gonadotropin-releasing hormone 1
(GnRH1) neurons are located. These GnRH1 integrate the information extracted
from external and internal stimuli by impacting on the pituitary gland to modulate
the reproduction (Maruska and Fernald, 2011). However, the physiological
characteristics may be reversed, depending on the changes in social context and

adjustments to the hierarchical level amongst individuals (Scaia et al., 2020).

Nevertheless, behind of physiological adjustments and changes between dominant
and subordinate males, a dynamic system regulates behaviour-endocrine
response, through the circulation and hormonal release (Ramallo et al., 2015;
Teles and Oliveira 2016). Although the increase in androgens levels such as 11 KT
is expected as a response to an acute social challenge (Rudolfsen et al., 2006;
Teles and Oliveira 2016), 11 KT concentrations were similar between dominant
and subordinate sole. Overall the 11 KT values were similar to what was noted by
Garcia-Lépez et al. (2006) and slightly lower to what was found by Chauvigné et al.
(2016) for sole in the same season. Also, no correlations were determined with
behaviours used to define dominance status. However, the relationships between
11 KT concentrations and testes weight as well as GSI reveal the influence on the
size and development of the tests. Different phases of spermatogenesis and sperm
production would be stimulated by androgenic sex hormone which modulates the
effect on germ cell proliferation and development (Rudolfsen et al., 2006; Schulz et
al., 2010). This could be consistent with the cell germ proliferation found in the
testes between both categories of males and suggests that spermatogenic activity
is not suppressed in subordinate males. Germ cells (SPG, SPC and SPD) found
within the cortical region were similar between dominant and subordinate fish,
however, SPZ were higher in dominant than subordinate males but germ cells
number was similar between both categories of fish. The SPZ contained in the
cortex region show the capacity in dominant males to generate a higher amount of
germ cells (Garcia-Lopez et al., 2005), although germ cells stored in the medulla
region did not exhibit differences. In Astatotilapia burtoni males, differences in the
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percentage of mature sperm in testes were not observed in regard to the social
status (Maruska and Fernald 2011). The authors suggested that the subordinate
males that were able to retain viable sperm had probably previously been

dominant.

Despite the social constraint on the subordinate fish, there appears to be no
suppression in reproductive potential. In a hierarchical system, dominant males are
expected to perform breeding behaviour and subordinate males are expected to
adopt a reserved position. However, although the subordinate males have a
disfavoured role in respect to the breeding opportunities, this condition may be
compensated by others strategies (Kawaga et al., 2013; Maruska and Fernald,
2013). The results indicated an investment in sperm production even though the
mating opportunities are limited and the gonadal development is lower (Pfennig et
al., 2012). Socially subordinate males, may maintain sperm production in the
testes, although life span can be short, compared to sperm production in dominant
fish (Kustan et al., 2012). While dominant males often have the ability to mate and
they may be able to reduce the amount of sperm stored, preserving energy and
gametes. This strategy allows them to maintain long-term mating opportunities
(Liljedal and Folstad, 2003). The subordinate males also exhibited germ cells at all
stage of development, indicating that the spermatogenesis process is continued,
even in a state of social submission. The similarity found in germ cells between
dominant and subordinate males, has been related to the concentration of
androgens, that promote the proliferation of cells from early stages (Maruska and
Fernald, 2011; Kustan et al., 2012). This has also been found in cichlid species,
where the subordinate males had cells proliferation in all stages, in order to
maintain their reproductive potential in case the fish ascended in the social ranking
(Maruska and Fernald, 2011; Kustan et al., 2012; Ramallo et al., 2015). The ascent
in the hierarchy of reproductive dominance was observed in S. senegalensis, after
removal of the reproductively dominant wild male, a cultured male occupied the
highest hierarchical position and participated in fertile spawning (Fatsini et al.,
2020; Chapter 2).
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5. Conclusions

In S. senegalensis broodstock, the dominance behaviour was determined through
social behaviours. The dominant males by behaviours controlled the last position in
the preference place, considered a feature related to sole that dominate a
preferred space. The influence of dominance behaviour may have a relative effect
on sperm quality and cell testicular composition. However, the dominance
behaviours and hierarchical position did not appear to influence physiological
response in the production of 11-KT reproductive steroid. The spermatogenesis
process appeared to on the whole be continued in fish determined as subordinate,

carrying out an adaptive mechanism according to its social context.
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sole (Solea senegalensis) and the use of
extender solutions for short-term chilled

storage.
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Chapter 6 Sperm contamination by urine in Senegalese sole (Solea senegalensis)

and the use of extender solutions for short-term chilled storage.

1. Introduction

Senegalese sole (Solea senegalensis) is a marine flatfish of important commercial
value that is emerging as an aquaculture species. In five years, aquaculture
production of Senegalese sole has increased from 95t in 2012 to 1818t in 2017
(FAO 2019). Nevertheless, the control of Senegalese sole reproduction in captivity
has not been fully successful as hatchery reared males have a reproductive
behavioural dysfunction and do not fertilize the eggs released by females (Guzman
et al., 2009; Carazo 2013; Martin 2016; Martin et al., 2019). Currently, sole
production is based on wild broodstocks that spawn spontaneously in captivity and,
therefore, the industry relies on the capture of wild breeders, which is
unsustainable (Morais et al., 2016). A possible solution to this problem has been
the development of artificial fertilisation methods using gametes stripped from
mature cultured Senegalese sole (Liu et al., 2008; Rasines et al., 2012; 2013).
However, the development and application of artificial fertilisation protocols at
industrial scale has been frustrated by the low volumes of sperm, poor sperm
quality and high variability in sperm quality among individuals (Cabrita et al., 2006;
2011; Beirao et al., 2009; 2011; Chauvigné et al., 2016; 2017). Therefore, solutions

are required to address these problems.

Low sperm volumes are probably related to the small testes size, the semi-cystic
spermatozoa development and the spawning behaviour. Males have two small
testes and low gonadal somatic index (Gracia-Lépez et al., 2005), which produce
low volumes of sperm. Spermatogenesis in sole is semi-cystic, which is different to
the cystic development observed in most aquaculture species and which may be
another factor implicated in low sperm production (Garcia-Lépez et al., 2005,
Mylonas et al., 2017). This low sperm production may be related to low sperm
requirements considering the mating behaviour of Senegalese sole (Carazo et al.,

2016). During spawning, males hold the urogenital pore in close proximity to the
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oviduct and sperm are introduced to the eggs at the point of release from the
oviduct, which probably reduces the requirement for large numbers of sperm to
achieve a successful fertilisation. Initial attempts to increase sperm volume with
hormones doubled sperm production (Agulleiro et al., 2006; 2007; Guzman et al.,
2011), however, recent studies with species-specific recombinant gonadotropins

have increased sperm production by four times (Chauvigné et al., 2017; 2018).

A second aspect that affects both sperm volume and quality is the contamination
with urine. In Senegalese sole, the spermatic ducts and the urinary system share
the same urogenital pore (Gracia-Lopez et al., 2005), thus it is difficult to avoid
contamination with urine when sperm is collected. In other species, urine
contamination has been determined by measuring urea in the seminal plasma
(Dreanno et al., 1998) and contamination by urine or the presence of urea has
been shown to negatively affect the quality of sperm in various species (Krdl et al.,
2018; Cabrita et al., 2001; Rurangwa et al., 2004). The urine contamination
changes the environment of the spermatozoa by altering aspects of the seminal
plasma such as osmolality and pH (Cosson et al., 2008). Urine induced changes in
osmolality and ion content, may cause the activation of spermatozoa during the
collection of sperm. In freshwater fish the hypo-osmotic urine may reduce the
seminal plasma osmolality to activate the spermatozoa (Alavi et al., 2007), whilst in
marine fish the variable, but similar iso-osmotic urine (Fauvel et al.,, 2012) may
change ion balance or even vary the osmolality of the seminal plasma to also
activate the spermatozoa (Cosson et al., 2008; Valdebenito et al., 2009). This early
activation reduces the percentage of motile spermatozoa, spermatozoa swimming
speed and, therefore, the ability of the sperm to fertilize eggs (Poupard et al., 1998;
Rurangwa et al., 2004; Linhart et al., 2003; Alavi et al., 2006; Cejko et al. 2010). In
addition, urine contamination has caused a decrease in pH (acidification)
(Ciereszko et al., 2010; Fauvel et al.,, 2012), which has been observed to also
reduce motility (Nynca et al., 2012). Therefore, sperm samples contaminated with
urine are usually discarded (Dreanno et al., 1998; Poupard et al., 1998; Krél et al.,
2018) and most studies with Senegalese sole only use what was considered by

appearance to be only sperm and samples that appeared to be contaminated were
165



not used (Agulleiro et al., 2006; Cabrita et al., 2006; 2011; Beirdo et al., 2008;
2009; 2015; Martinez-Pastor et al., 2008; Valcarce et al., 2016; Riesco et al., 2017;
2019; Fernandez et al., 2019). To date, no studies have examined the effect of

urine contamination on the quality of Senegalese sole sperm.

Extender solutions have been used to preserve contaminated sperm and maintain
sperm quality. These extender treatments have been developed to prevent the
activation and damage of the spermatozoa by urine contamination (Rodina et al.,
2004; Sarosiek et al., 2012; Gallego et al., 2013; Beirdo et al., 2019). Generally,
the sperm is diluted with the extender solution that lengthens the storage period
and maintains sperm quality parameters. Extender solutions have been made from
a combination of ions, antioxidants, amino acids, sugars and antibiotics and are
species-specific. Extenders solutions have become an essential aspect for sperm
conservation (short or long term storage), which ensures the availability of sperm
for artificial fertilisation (Rodina et al., 2004; Bobe and Labbé 2009; Cabrita et al.,
2010; Gallego et al., 2013; Beirdo et al., 2019). Cryopreservation protocols have
been studied for Senegalese sole (Rasines et al.,, 2012; Valcarce and Robles
2016; Riesco et al., 2017) and used also to have availability of sperm for artificial
fertilisation (Rasines et al., 2012; 2013). These cryopreservation protocols used
only what was considered uncontaminated sperm. Short term chilled storage of
sperm using extenders have the possibility to work with contaminated sperm and
are also useful for artificial fertilisation protocols (Bobe and Labbé 2009; Beirdo et
al., 2019; Ramos-Judez et al., 2019). In addition, short term chilled storage of
sperm is easier, cheaper and a more practical method to preserve sperm in the
hatcheries. However, no studies have been published on the use of extender

solutions for the short-term storage of Senegalese sole sperm.

The aim of the present study was to: (a) describe the anatomy of the urinary and
male reproductive system to understand why Senegalese sole sperm is usually
contaminated; (b) describe the characteristics of Senegalese sole sperm in relation

to urine contamination; (c) examine the use of a range of extender solutions for
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chilled short-term storage to maintain the sperm quality parameters, motility and

velocity.

2. Methods

2.1 Animals and sample collection

The Senegalese sole broodstock used in the present study was kept in the facilities
in IRTA Sant Carles de la Rapita (Catalonia, Spain). The broodstock was kept in
two tanks (14 ms3) connected to a recirculation system (IRTAmar®) with a
controlled natural temperature cycle (9-20 °C) and under natural photoperiod (9-14
hours light). The fish were fed with 0.75% of wet feed (polychaetes and mussels)

and 0.55% dry feed (balance diet) of total biomass, four days a week.

Trials were carried out during the two natural periods of reproduction of the sole, in
autumn and in spring. Individual males (mean weight = 559 + 193 g) were chosen
randomly and anesthetized with 60 mg L™ tricaine methanesulfonate (MS-222;
Sigma-Aldrich, Spain) and weighed. Semen samples were obtained by applying
gentle abdominal pressure towards the urogenital pore and collected with a 1 mL
syringe. First, the testes were located by touch and gently massaged and then, the
sperm duct was gently stripped from the testes towards the urogenital pore. This
testes massage followed by sperm duct stripping was repeated to obtain the sperm
sample. The volume collected was recorded and the sperm was placed in

Eppendorf tubes above crushed ice.

The structure of the sole male reproductive and urinary system was examined in
nine specimens. Males were sacrificed with an overdose of MS-222 (120 mg L-1).
The reproductive and urinary system was dissected and the morphology and
organization of both systems was examined and described. The length of seminal
ducts and testis size were measured with a Vernier calliper and the testes
weighed. The sperm ducts were fixed in Bouin’s solution, dehydrated in a series of
alcohol baths, embedded in paraffin, cut into 5 um sections and stained with H&E

(Hematoxylin and eosin) for histological examination.
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The broodstock was handled (routine management and experimentation) in
agreement with European regulations on animal welfare (Federation of Laboratory

Animal Science Associations, FELASA, http://www.felasa.eu/).

2.2 Assessment of sperm parameters

When collected, each sperm sample obtained was described according to the
features such as tonality (sample colour: yellow, whitish yellow or whitish),
transparency (translucent or opaque feature of the sample) and consistency
(viscosity or fluidity of the sample) (Fauvel et al., 1999; 2012). All samples were
divided into three sub-samples, the first subsample (100 pL) was used to assess
the sperm quality in the short-time storage and diluents, the second subsample (20
pL) was used to measure the pH and cell concentration and the third sub-sample
(80 uL) was centrifuged to perform different analysis. All samples were stored at 4
°C until assessment. During storage, the Eppendorf tubes were kept open for gas
exchange. The following parameters: pH, cell concentration, osmolality and protein

concentration were measured for each sample.

The pH was measured with a Hach electrode and CyberScan Instruments (Eutech
Ins. pH510). To determine cell concentration (spermatozoa mL™), fresh sperm was
diluted 1:500 in 10% formalin and 10 uL of this dilution was placed into a Thoma
cell counting chamber that was left 10 minutes for spermatozoa to sediment. The
sedimented sample was observed under the microscope Olympus BH with a 10x
objective and a picture taken with a GigE digital camera (model: DMK 22BUCO03
Monochrome, The Imaginsource, Bremen, Germany). Images of three different
fields from each sample were taken with IC Capture Software

(www.theimagingsource.com). The number of cells were counted with the image

processor; ImageJ software (http://imagej.nih.gov/ij/); and processed by analysing
the particles in each captured field. The mean from the triplicate measures was
used to calculate the mean cell concentration. Seminal plasma was obtained by
taking the supernatant after a sperm sub-sample was centrifuged (15 min, 4 ° C
and 3000 rpm). To determinate the osmolality (mOsmol kg™), 10 pyL of seminal

plasma was put into Vapor Pressure Osmometer 5520 (Wescor, USA) and each
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sample was measured in triplicate. The protein concentration was measured in
seminal plasma through Invitrogen Qubit 4 (Qubit Fluorometric Quantification.
Thermo Fisher Scientific); 2 uL of seminal plasma were diluted in buffer solution
mixed with the protein reagent (protein Assay kit. Thermo Fisher Scientific) and
incubated for 15 min at room temperature before quantification of proteins in a
Qubit fluorometer. The principle of the method is the fluorescence from the binding
of fluorescent dyes to proteins is quantified with a Qubit Fluorometer, previously
calibrated with standard solutions.

2.3 Evaluation of sperm quality

In all trials, the spermatozoa were activated and their paths recorded, until the
motion ceased, using the IC Capture software and GigE digital camera (described
above) connected to the microscope Olympus BH with a 20x objective. For sperm
activation, either 1 pL of diluted sperm (extender trails, see below) was added to 20
pL of natural seawater with bovine serum albumin (BSA) prepared at 30% or 1 pL
of undiluted sperm (control) added to 60 pL of seawater with BSA and gently
mixed. One microliter of activated sperm was placed in a counting chamber ISAS
R2C10 (Proiser R+D, S.L. Paterna, Spain) and the sperm motility was recorded.

The videos obtained (AVI format) were processed with Virtual Dub 1.10.4 software

(http://www.virtualdub.org/) to convert the video into image sequences in format
*jpeg. The files of image sequences were imported to ImageJ software and the
sperm kinetics parameters were assessed at 15 seconds post-activation, using a
computer-assisted sperm analysis (CASA) ImageJ plugin
(http://rsb.info.nih.goVv/ij/plugins/). The settings to analyse the videos were set as
follows: brightness and contrast, -10 to 15/224 to 238; threshold, 0/198 to 202;

minimum sperm size (pixels), 10; maximum sperm size (pixels), 400; minimum

track length (frames), 10; maximum sperm velocity between frames (pixels), 30;
frame rate, 30; microns/1000 pixels, 303; Print motion, 1; the additional settings
were not modified. The parameters assessed during 2 seconds were the
percentage of motile cells (% sperm motility), Curvilinear Velocity (VCL, um/s) and

Average Path Velocity (VAP, um/s). Each sample was analysed in triplicate.
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2.4 Urine Contamination

To determine the urine contamination, the urea concentration was measured, in
the seminal plasma, using a urea kit (Urea-LQ urease —GLDH. Kinetic. Liquid,
Spinreact, Sant Esteve de Bas, Spain). The principle of the method is two
simultaneous enzymatic reactions, which are dependent on urea content, that is
read through absorbance at 340 nm and the urea concentration is calculated and

expressed in units of mmol L™

In addition, urine samples from females (n=3) were collected to compare the urea
concentration, pH and osmolality between urine and seminal plasma. Samples
were obtained from female fish in order to avoid contamination with sperm. After
collection, the urine was kept on ice until the analysis. The urea concentration was

measured with the same method as seminal plasma.

2.5 Extender trials

Samples that had motility lower than 10% were not used in this analysis. The
samples were evaluated at 0, 3, 6 and 24 hours after being collected. Portions of
each sample were diluted in the different extenders (see composition table 1) at a
1:3 dilution, ratio semen (20 pL): extender (40 pL) and one portion was conserved
without adding extender solution as a control sample. At each time interval (0, 3, 6
and 24 hours) spermatozoa from each sample were activated and evaluated as

described above.

In the first trial during the autumn, 12 samples were used and four extenders
tested: modified Leibovitz (Fauvel et al., 2012), Ringer (Chereguini et al., 1997;
Rasines et al., 2012), NAM (Fauvel et al., 1999) and Sucrose (Cabrita et al., 2006).
The second trial was performed during the spring when ten samples were used
and two extenders solutions tested: modified Leibovitz (Fauvel et al., 2012), and
Stor Fish® (Haffray and Labbé, 2008). In the third trial, the extenders solutions of
modified Leibovitz (Fauvel et al., 2012) and Marine Freeze® (IMV Technologies)
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were tested during the autumn on six sperm samples. The procedures were the

same in all trials.

All extenders osmolality and pH values where adjusted to fish semen parameters.

Initially, the extenders medium had an osmolality range between 200 and 310

mOsmol kg™ which was adjusted to 300 mOsmol kg™ in order to avoid early
activation of spermatozoa (Nynca et al., 2012; Krdl et al., 2018). A NaCl (5 M)

solution was added to increase the osmolality and distilled water to decrease. With

respect to pH, the range was between 7.7 and 8.06 among the different extenders

and pH was adjusted to 8.0. An HCI (1 M) solution was added to lower the pH and

NaOH (0.5 M) to increase the pH.

Table 1. Composition of different extender solutions per litre.

Composition Ringer Leibovitz NAM Sucrose Stor Marine

Fish Freeze
® ®

Leibovitz L-15** 14.8¢

NaCl 2.165¢g 1.875¢g

KCI 1.000 g 0.05¢g

MgCl 0.615¢g

CaCl, 0.099¢ 0.195¢

NaH,CO3 0.067 g 0.84¢

Glucose 0.04¢g

Sucrose 51.35¢g

BSA*** 20 mg mL™" 10 mg Yes*

Glutamine 300 pg mL™" Yes*

Sodium pyruvate 6 mg mL™

Gentamycin 1 mgmL™ 059 Yes*

Ultra-pure water 1L 1L 1L 1L Yes*  Yes*

Biological buffer Yes*  Yes*

Salts Yes*  Yes*

*Manufacture only indicated what was present and quantities were not specified.
**L_eibovitz L-15 medium, Sigma-Aldrich, Spain (product code: L-4386)

***Bovine Serum Albumine
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2.7 Statistical analysis

The data was expressed as mean + standard deviation (SD). All analyses were
performed at a significance level at P < 0.05. Pearson’s correlation test was used
to determine the existence of a correlation between urine contamination and the
parameters analysed, as predictors of semen quality. The samples classified
according to appearance (colour, transparency and consistency) were compared
through a multivariate General linear model to determine if there were differences
in quality parameters. In addition, a Principal Component Analysis (PCA) was used
in order to examine linear correlation amongst parameters and to obtain principal
components using the Kaiser criterion, where the components PC1 and PC2, were
chosen. A Clusters analysis was performed on the variables of sperm quality and
seminal plasma characteristics, in order to classify the samples into groups with
homogeneous features. The samples were clustered into three groups using
Ward's method established on Euclidean distances. The means of different
parameters of the three clusters were compared with a one-way analysis of
variance (ANOVA) and a Games-Howell post-hoc test was applied to determine
significant differences between clusters. The effect of short-time storage and
extenders on sperm motility parameters were assessed by a Repeated Measures
Designs and a Bonferroni test with multiple comparisons between the means.
Statistical analysis was carried out using SPSS Statistic 20 for Windows (SPSS
Inc. Chicago, IL, USA).

3. Results

During three sampling periods, a total of 49 cultured male sole were examined to
obtain sperm samples for the study. From these 49 males, a total of 32 (65.3%)
samples were obtained with the characteristics required for the study. The rejected
males either had no sperm (n=3) or low volumes with low initial motilities that were
not sufficient for all the proposed analysis (n=14). Although these 17 males were
rejected, 13 did have motile sperm and, therefore, 45 (91.8%) from 49 randomly

selected males had motile sperm. The initial values of sperm quality parameters
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exhibited high variation amongst the 32 males used in the study and in particular

spermatozoa concentration followed by motility, urea and protein concentration

were highly variable (table 2).

Table 2. The initial values of sperm quality parameters. The values were measured from sperm

samples: sperm volume (uL), sperm motility percentage, VCL (um/s), VAP (um/s), duration sperm

activity (s), cell concentration (spz mL™) and spermatozoa per kg of body weight (spz kg™) and

from seminal plasma: pH, osmolality (mOsmol kg™), Urea concentration (mmol L™) and Protein

concentration (ug mL). All values were referred as mean + SD.

Parameter Mean + SD.  Minimum Maximum  Coefficient of
variation

Sperm volume (pL) 361.40 130 700 48%
+173.40

Initial sperm motility 29.02 4.54 77 70%

(%) +20.42

VCL (um/s) 144.84 57.35 277.81 45%
+64.51

VAP (um/s) 117.49 42.07 255.30 55%
+ 64.89

Duration sperm 143.95 85 240 4%

activity (s) +5.33

Cell conc. 1.48 1.25x10®8  1.38 x10" 197%

(spz mL™) +2.92 x 10°

Spermatozoa per kg 2.81 1.82x10% 2.45x 10" 185%

(spz kg™?) +5.21 x 10°

pH 6.91 6.21 7.59 5%
+0.38

Osmolality 360.67 185 713 38%

(mOsmol kg™) +138.46

Urea conc. 2.58 0.41 7.99 62%

(mmol L™) *+1.60

Protein conc. 13.21 3.45 24.30 62%

(ug mL) +8.14

3.1 Morphology of male reproductive and urinary systems

As previously described by Garcia-Lopez et al. (2005), the male reproductive

system of Senegalese sole is located in the abdominal cavity and is formed by two
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asymmetric testicular lobes. The abdominal cavity is divided, in the posterior
region, into upper (ocular side) and lower (blind side) cavities by a central skeletal
dividing wall. The testes are located close to the anterior edge of the skeletal
division on either side of the division (Figure 1). The largest testis is located on the
upper ocular side of the division and the smallest testis, on the lower blind side.
The upper testis is adhered to the upper side of the skeletal division and the lower
testis is adhered to the lower (blind side) wall of the abdominal cavity. The urinary
bladder is located anteriorly to the skeletal division and extends along the anterior
edge of the division from the position of the testes to where the skeletal division
connects with the abdominal cavity wall. The urinary bladder continues along the
abdominal wall and ends where the urinary duct emerges and enters the
abdominal wall. The urinary bladder appeared to be full of urine in all the males
examined. From each testis, the spermatic duct emerges and travels along the
length of the urinary bladder to the point where the urinary duct emerges from the
urinary bladder and enters the wall of the abdominal cavity. The spermatic duct
from the upper testis is adhered to the upper ocular side of the urinary bladder and
the spermatic duct from the lower testis is adhered to the lower blind side of the
urinary bladder. All three ducts, two spermatic ducts and the urinary duct enter the
abdominal wall at the same point as separate ducts. Within the abdominal wall, the
ducts combine and emerge on the outside of the fish as a single urogenital pore
(Figure 1). The mean length of the spermatic ducts, from testicles to the urogenital
pore, was 3.60 £ 0.91 cm in individuals with a weight of 791.3 + 376.5 g and a
length of 37.3 £ 6.3 cm. The spermatic ducts were entirely full of spermatozoa (Fig.
2A, 2B, 2C) as shown in a longitudinal section from a middle section between the
testis and abdominal wall (Fig. 2A) and a cross section made close to the testis
(Fig. 2B).

3.2 Contamination with urine and sperm quality
The sperm samples showed signs of contamination by urine, owing to the tonality
or colour (yellow, whitish yellow or whitish), yellow samples had the appearance of

sperm mixed with a lot of urine, samples described as whitish yellow had the
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appearance of sperm mixed with smaller amounts of urine and samples described
as whitish had the appearance of sperm with little or no urine contamination.
Transparency (transparent or opaque) and consistency (viscous or fluid) also
exhibited variation, but did not seem related to sperm concentration.

Upper (ocular side) abdominal wall

L

pe———  — ] igestive system
Upper (ocular side) testis R

Urinary Bladder and duct

=————e——]  Upper sperm duct
S pper sp

Skeletal abdominal cavity division Y~ Urogenital pore

Lower (blind side) testis \ Lower sperm duct

Lower (blind side) abdominal wall

Figure 1. Male reproductive system in Senegalese sole (Solea senegalensis); 1A. Photograph of
dissected sole showing testes and urinary system. 1B. Diagram from photograph showing, a, upper
ocular testicular lobe; b, lower, blind side, testicular lobe; ¢, urinary bladder; d, spermatic ducts; e,
urogenital pore. 1C Diagram of cross section to show the position of testes, sperm ducts and

urinary system.

A total of 51.1 % of samples had a yellow tonality, 22.2% had whitish yellow and
26.7% had whitish tonality; whilst 65.7% of samples showed opacity and 34.3%
were transparent; regarding consistency, 45.2% were fluent and 54.8% were
viscous. The samples described based on the tonality (yellow, whitish yellow or
whitish) showed significant differences amongst mean sperm motility (P=0.001),
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urea concentration (P=0.04) and osmolality (P=0.011) (table 3). The whitish
samples had significantly higher sperm motility and urea concentration and
osmolality were similar compared to yellow samples. Cell concentration was similar
irrespective of sample colour (P=0.772) (table 3). The samples classified by
different features of transparency and consistency did not have any differences
indicating that these features did not differentiate between sperm quality or seminal

fluid characteristics.

Figure 2. Longitudinal mid-section of spermatic duct (A), transverse section of spermatic duct close
to testis (B) and longitudinal mid-section of spermatic duct (C) of Senegalese sole (Solea

senegalensis) showing the ducts were full of spermatozoa.

The level of urea concentration contained in seminal plasma samples ranged
between 0.41 and 7.99 mmol L™ The urea concentration and osmolality of the
seminal plasma had a significant positive correlation (R= 0.513; P< 0.004) (Fig. 3).
However, no correlation was found between urea concentration and others
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parameters. In addition, the following parameters were analysed in female urine

samples: pH, osmolality and urea concentration in order to compare with seminal

plasma; where the urea concentration and pH showed a significant difference

between the samples (table 4).

Table 3. Comparative values of sperm motility percentage, osmolality (mOsmol kg™), Urea

concentration (mmol L) and cell concentration (spz mL™) amongst the samples described based

on the tonality (yellow, whitish yellow or whitish). All values were referred as mean + SD. Different

Parameter Whitish samples Whitish yellow Yellow samples
samples

Sperm motility 45.75 £ 20.182 30.83 + 31.162ab 17.76 £ 9.81b

(%)

Urea conc. 1.95+ 1.162 3.83+£1.25b 2.94 £+ 0.94ap

(mmol L™)

Osmolality 311.59 + 59.642 464.66 + 104.75b 380.30 * 46.842b

(mOsmol kg™)

Cell conc. 1.85 + 3.98 x10° a 0.36 + 0.32 x 10% 1.51+249x10°2

(spz mL™)

Spz per kg 1.41+0.83x10°2 0.12+0.58 x 10°a 119+ 058 x10° 2

(spz kg™)

letters indicate significant differences (P<0.05).

200

Osmolality [mOsmolkg™)

Urea concentration (mmol/L)

Figure 3. Positive correlation (R=0.513; P<0.004) between osmolality (mOsmol kg™) and urea
concentration (mmol/L) in seminal plasma from Senegalese sole (Solea senegalensis).
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Table 4. Mean and standard deviation of urea concentration, pH and osmolality in urine from
females (n=3) and seminal plasma from males (n=32). Different letters indicate significant
differences (P<0.05).

Samples Urea (mmol L™) pH Osmolality (mOsmol
kg™)
Urine 7.60 +3.17° 6.23 + 0.27° 289.44 + 31.18%
Seminal fluid 2.58 + 1.60" 6.91 + 0.38" 360.77 + 138.46°

3.3 PCA and Cluster analysis

The PCA defined two components, describing 54.36 % of the variability in the data.
Velocity parameters were related in the first component (PC1), together with
protein concentration, pH and cell concentration that were negative values; the
second component (PC2) was loaded positively to urea concentration and
osmolality, whilst motility was included as a negative value (Table 5) (Fig. 4A).

The samples were grouped through cluster analysis and three groups were
obtained. Each clustered group was characterized according to the variables of
seminal plasma, cell concentration and kinetic parameters that described the
sperm quality (Fig. 4B). The cluster formation had a significant interaction amongst
groups (P=0.005). Significant differences were found amongst the means of the
groups for the following parameters: urea concentration (P=0.002), osmolality
(P=0.000), VAP (P=0.000), VCL (P=0.000) and pH (P=0.036), whilst no differences
were found for cell concentration, protein concentration, and percentage motility
(Fig. 5).

In general terms, group 1 had lower levels of sperm quality and higher levels of
urine contamination, group 2 had intermediate values (between groups 1 and 3)
and group 3 represented the samples with higher sperm quality and lower levels of
urine contamination. Therefore, group 1 had significantly higher levels of urea and
osmolality compared to groups 2 and 3 and a lower pH (acidification) compared to
group 3 (Fig. 5). While group 3 had significantly higher levels of sperm velocity
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(VAP and VCL) and higher (not significant) percentage motility than groups 1 and 2
(Fig. 5).

Table 5. Proportion of variables descriptors to sperm quality used in the Principal Component

Analysis.
Component

Parameters 1 2
VCL (um/seg) 0.846 -0.0675
VAP (um/seq) 0.840 -0.153
Protein concintratlon (Mg -0.693 0134

ml-T)
pH -0.567 -0.329
H 9
Cell concentration g<10 -0.495 .0.067
spermatozoa ml™)

Urea conceEt_:)atlon (mmol -0.229 0.830
Osmolality (mOsmol kg™) 0.361 0.825
Motility % 0.283 -0.289

PCA

Urea_concentration Osmolality
(=] (=]

0,5

o Protein_concentration
£ o
5 .0 Cell concentration \CL
o o] o
E o e}
o pH MOtIlItv VAP
@ o
-0,54
1,0
T T T T
10 05 0o 05 10

Component 1

Figure 4A. Distribution of variables, descriptors of sperm quality and seminal plasma from

Senegalese sole (Solea senegalensis) for the two principal components
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Figure 4B. Clusters obtained from Principal Component Analysis that formed three groups 1 (red), 2
(green) and 3 (blue) based on the parameters of sperm quality and seminal plasma from
Senegalese sole (Solea senegalensis).

3.4 Short-term storage

In all three short-term sperm storage trials, there were no differences in sperm
quality parameters, percentage motility and velocity (VCL and VAP) when the
samples were collected and diluted in the different extenders (T = 0) and mean
percentage motility ranged between 24.73 + 14.14 % (Leibovitz, trail 3) and 38.89
+ 25.32 % (NAM, trail 1). Significant (P<0.05) differences were found, for motility
and velocity parameters (VCL and VAP), for groups over time and amongst groups
within some time points (Figs. 6, 7 and 8). There were also significant interactions
between the different extender solutions and storage time for motility (P<0.05),
VCL (P<0.05) and VAP (P<0.05) with the exception of VAP (P=0.102) in trail 2 and
VCL (P=0.525) in trail 3.
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Figure 5. Mean value of clusters obtained from parameters of sperm quality and seminal plasma

from Senegalese sole (Solea senegalensis). Different letters above each bar indicate significant

differences (P<0.05) amongst groups.
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In trial 1 (n=12), the rate of decrease in kinetic parameters in relation to storage
time was different amongst the groups. The control (P=0.026) and Sucrose
(P=0.005) groups had declined significantly three hours after collection. The Ringer
group had declined significantly (P=0.038) six hours after collection. The NAM
(P=0.012) and Leibovitz (P=0.038) groups did not decline significantly until 24
hours after collection. A similar trend was observed in relation to sperm velocities
parameters. Velocities (VCL and VAP) declined significantly (P<0.05) in groups
control and Sucrose six hours after collection, in Ringers and NAM 24 hours after
collection and values were similar at all time points for the Leibovitz group. The
comparison of the motility among all extenders revealed differences after six hours
of storage when motility was significantly higher for sperm stored in modified
Leibovitz compared to Sucrose (P<0.005) (Fig. 6). After 24 hours of storage,
samples diluted with Leibovitz extender maintained a significantly (P<0.005) higher
percentage motility, VAP, and VCL (Fig. 6) compared to controls and Sucrose. The
motility of sperm stored in NAM and Ringer was intermediate with no significant
differences compared to controls and other extenders. In the second trial (n=10),
after three hours of storage, a significant (P=0.016) decrease in motility was
observed in control samples that were significantly lower than samples in Leibovitz
and Stor Fish® (Fig. 7).

After six hours of storage, a significant (P= 0.049) decrease in motility was
observed in samples diluted with Stor Fish®. After 24 hours of storage, a
significant (P=0.01) decrease in motility was observed in samples diluted with
Leibovitz. At 24 hours, the sperm samples stored with Leibovitz showed
significantly (P<0.05) higher motility rate, VCL and VAP (Fig. 7), compared to the
control samples and the samples stored in Stor Fish®. In relation to the velocity
parameters, the VCL exhibited a significant decrease at 24 hours of storage in
control samples, (P=0.004) and samples diluted in Stor Fish® (P=0.006). However,
in samples diluted in Leibovitz, the only significant (P=0.022) difference was
between three hours and 24 hours of storage. Likewise, the VAP values decreased
after 24 hours of storage for all samples, control (P=0.005), Stor Fish® (P= 0.001)
and Leibovitz (P=0.003).
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Figure 7. Effect on percentage motility, VCL and VAP of storage time on Senegalese sole (Solea

senegalensis) control sperm samples and sperm samples diluted in the extender, Leibovitz and Stor

Fish®. Different letters above each bar indicate significant differences (P<0.05) among treatments

within a sample time.

In the third trial (n = 6), the control samples (P=0.014) and samples stored in
Leibovitz (P=0.012) did not decline significantly until 24 hours after collection.

Samples stored in Marine Freeze®, did not exhibit a significant decline in motility
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and maintained similar values during the 24 hours of storage. After 3 hours of
storage, the samples diluted in Leibovitz solution had significantly (P=0.006) lower
motility compared to samples stored in Marine Freeze®. However, after 24 hours
of storage, the motility of samples stored in Marine Freeze® were significantly
(P=0.008) higher than control samples (Fig. 8) and samples in Leibovitz were not
different from control or Marine Freeze®. The velocity parameters (VCL and VAP)

did not exhibit significant differences over time or amongst groups within time

points (Fig. 8).
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Figure 8. Effect on percentage motility, VCL and VAP of storage time on Senegalese sole (Solea
senegalensis) control sperm samples and sperm samples diluted in the extenders, Leibovitz and

Marine Freeze®. Different letters above each bar indicate significant differences (P<0.05) among

treatments within the sample time.

4. Discussion

All sperm samples used in the present study contained concentrations of urea that
indicated the samples were contaminated by urine. Although urea is a natural
metabolite found in most body fluids and tissues, the concentration is normally low
as the toxic urea is removed, concentrated in urine and expelled. Urea
concentration in uncontaminated sperm samples was 0.01 umol L™ in testicular

sperm from rainbow trout (Oncorhynchus mykiss) (Billard and Menezo, 1984) and
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48 pmol L™ in sperm collected from the sperm ducts of Walleye (Stizostedion
vitreum) (Gregory 1970), which are > 50 times lower than the mean of the samples
(2.58 = 1.60 mmol L™, table 3) obtained in the present study. Therefore, urea has
been used and demonstrated to be an indicator of urine contamination in the
present study as in other studies in marine fish (Dreanno et al., 1998) and other
taxa (Althouse et al., 1989).

The description of the anatomy of the urinary and male reproductive systems
clearly indicates why samples contained urine contamination. The spermatozoa
are located in the testes lumen and the sperm ducts and sperm must be collected
from the common urogenital pore (Garcia-Lopez et al., 2005). The present study
demonstrated that sperm was obtained by applying gentle pressure, through the
abdominal wall (lower blind side) or the abdominal wall and digestive system
(upper ocular side), to the testes and along the sperm ducts towards the urogenital
pore. However, the sperm ducts pass along the upper and lower side of the urinary
bladder and, therefore, pressure applied to the sperm ducts was also applied to the

urinary bladder to extract spermatozoa mixed with urine.

The mean urea concentration obtained in seminal plasma of Senegalese sole in
the present study was similar to that obtained in turbot (Psetta maxima), where the
samples were collected by a similar method (Dreanno et al., 1998). Dreanno et al.
(1998) described two methods to extract sperm and found that emptying the
urinary bladder before collection of sperm, which was impossible in Senegalese
sole (see above), did not avoid concentrations of urea that indicated urine
contamination. Various studies in other species have shown that urine
contamination negatively influenced sperm quality, duration of motility, efficiency of
movement after being activated and fertilisation ability in fresh water fish
(Rurangwa et al., 2004; Rodina et al; 2004; Alavi et al., 2006; 2007; Sarosiek et al.
2016; Sadegui et al., 2017; Krdl et al. 2018) and marine fish (Dreanno et al., 1998;
Linhart et al., 1999; Fauvel et al. 2012). Although the reduced sperm quality and
even mechanisms affected were similar in fresh water and marine fish, the causes

appear to be different, as for fresh water fish a decrease in osmolality and ions
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activates sperm and urine is hypo-osmotic (Krol et al., 2018; Cejko et al. 2010;
Linhart et al., 2003; Nynca et al., 2012; Poupard et al., 1998; Rurangwa et al.,
2004) compared to marine fish where an increase in osmolality and ions activates
sperm and urine is isosmotic (Cosson et al., 2008; Valdebenito et al., 2009).
Therefore, in fresh water fish the premature activation of spz and reduced motility
has been attributed to an osmotic shock when urine contamination lowers the
osmolality (Perchec et al., 1995), whilst in marine fish although changes in
osmolality have not been completely discounted, changes in ion balance, pH and
ATP stores have been implicated in the premature activation of spz and reduced
motility (Dreanno et al., 1998; Fauvel et al. 2012). In marine fish, urine
contamination appeared to vary the composition of seminal plasma, decreasing
significantly Na+, CI7, pH and intracellular ATP, which in turn modified the spz
integrity to reduce motility percentage and spz velocity (Dreanno et al., 1998,
Fauvel et al., 2012). In the present study, a significant positive correlation was
obtained, between the urea concentration and the osmolality in seminal plasma
and although not correlated, associations (PCA and cluster analysis) were found.
Samples with significantly lower urine concentration, lower osmolality, higher pH
and higher sperm quality (motility and velocities VAP and VCL) were clustered
together. Therefore, as observed in other marine fish, in the present study, urine
contamination appeared to reduce sperm quality probably due to an increase in

osmolality and an associated decrease in pH (acidification).

The detrimental effect of urine on sperm quality reduces the possibility to use the
sperm after a period of storage (Ciereszko et al., 2010; Sarosiek et al., 2012). An
essential part of artificial fertilisation procedures is the storage of sperm for a short
to long period to have sperm available when females ovulate and this has been
achieved using extenders for short or long term storage (Chereguini et al., 1997,
Dreanno et al., 1998; Rurangwa et al., 2004; Bobe and Labbe 2009; Cejko et al.,
2010; Wang et al., 2016; Beirdo et al., 2019; Ramos-Judez et al., 2019). Methods
for the short term storage of sperm control the temperature and may also dilute the
sperm in extenders to provide suitable conditions that maintain sperm quality

during storage (Ciereszko et al., 2010; Fauvel et al., 2012; Gallego et al., 2013;
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Sadegui et al., 2017; Santos et al., 2018). Usually, cold storage of sperm (around 4
°C), has been successfully used in order to lower metabolism and avoid damage to
the sperm (Chereguini et al., 1997; Favuel et al., 2012; Santos et al., 2018). A
temperature of 4°C was used in the present work, however, chilled storage alone
was not successful for sperm storage and the motility of the spz decayed within
three-six hours after collection as has been observed in other species where
extenders were required (Chereguini et al., 1997; Rodina et al., 2004; Berrios et
al., 2010; Fauvel et al., 2012; Gallego et al., 2013; Santos et al., 2018). On the
contrary, sperm samples that were diluted in immobilising solutions showed an
increase in the storage time, reducing the loss of sperm quality and in addition,
counteracted the negative effects of others factors such as urine contamination
(Dreanno et al., 1998; Rodina et al., 2004; Bobe and Labbé, 2008; Fauvel et al.,
2012, Gallego et al., 2013; Krol et al., 2018).

In the trials in the present study, all sperm samples diluted in extenders with the
exception of Sucrose solution prolonged sperm quality parameters during storage.
Sucrose solution was ineffective and the decline in sperm quality parameters was
similar to control samples. Samples in Ringer and Stor Fish® had decreased
significantly six hours after collection and in NAM 24 hours after collection. On the
contrary to sole, Cherenguini et al. (1997) found that the Ringer extender was
suitable for short term storage of turbot (Scophthalmus maximus) sperm. Stor
Fish®, has been successfully used for sperm storage in various species (Haffray
and Labbé, 2008), including the Patagonia blenny (Eleginops maclovinus)
(Contreras et al., 2017) and a range of salmonids, Atlantic salmon (Salmo salar),
coho salmon (Oncorhynchus kisutch) and rainbow trout (Oncorhynchus mykiss)
(Merino et al., 2016; Risopatron et al., 2017). However, the present study found
that for sole sperm, Stor Fish® was not suitable for short term sperm storage. In
the marine species, meagre (Argyrosomus regius), NAM was also found to be a

poor extender for sperm storage (Santos et al., 2018).

Leibovitz and Marine Freeze® had significantly higher sperm quality parameters

than control samples 24 hours after collection and while samples in Leibovitz
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declined significantly 24 hours after collection, samples in Marine Freeze® did not
decline during 24 hours. Similarly, Fauvel et al. (2012) described that sperm
samples from sea bass (Dicentrarchus labrax) that were diluted with cell culture
medium Leibovitz L15 as an extender solution had improved motility when
activated 24 hours after collection. The modified Leibovitz solution contained
elements that had positive effects on the spz by providing a stable osmolality
(different salts), stable pH, energy (pyruvate), aminoacids (glutamine), a shield for
the plasma membrane (BSA) and an antibiotic was added to prevent bacterial
growth (Bobe and Labbé, 2008; Niksirat et al., 2011; Gallego et al., 2013). Marine
Freeze®, according to the manufacturers (IMV Technologies) description, contains
similar elements and had a similar effect as Leibovitz for sperm storage. Leibovitz
and Marine Freeze® were the most successful in inhibiting the loss of motility and

mitigating the detrimental effects of urine contamination.

Another factor that plays a role in short term storage in an extender is the dilution
ratio that determines the reduction in sperm concentration, dilutes the urine
contamination and influences the osmolality and pH control (Bobe and Labbé,
2008). In the present study, a dilution ratio of 1:3 was used after preliminary tests
on different dilutions ratios. The same ratio has been successfully used with
Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus) and rainbow
smelt (Osmerus mordax) (Bobe and Labbé, 2008), while dilution ratios 1:4 and 1:9
were used for meagre (Argyrosomus regius) (Santos et al., 2018; Ramos-Judez et
al.,, 2019) and 1:5 for European seabass (Fauvel et al., 2012). However, some
species may be sensitive to the dilution ratio and components of an extender and
for this reason many studies on sperm storage have developed specific extenders
for each species, trying to approximate extender composition to the species
seminal fluid and secure osmotic balance between the extender solution and
sperm (Bobe and Labbé, 2008; Gallego et al., 2013; Beirdo et al., 2019). In the
case of Senegalese sole sperm, the use of diluents is a tool that can help to
maintain sperm quality during storage and improved tailor-made extenders may

further improve storage.
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Currently, Senegalese sole aquaculture production is based on wild broodstocks
and the development of artificial fertilisation methods has been frustrated by the
low volumes of poor quality sperm (Cabrita, et al., 2006; 2011; Beirdo et al., 2009;
Rasines et al., 2012; 2013; Chauvigné et al., 2016; 2017). However, a contributing
factor to these low sperm volumes may be that aquaculture technicians working
with sperm and most published studies to date only use sperm samples that were
considered subjectively by appearance to be uncontaminated sperm (Agulleiro et
al., 2006; Cabrita et al., 2006; 2011; Beirdo et al., 2008; 2009; 2015; Martinez-
Pastor et al., 2008; Valcarce et al., 2016; Riesco et al., 2017; 2019; Fernandez et
al., 2019) and contaminated samples were discarded. In the present study a
subjective assessment was made to determine differences between samples that
by appearance were considered uncontaminated (whitish) or contaminated
(yellow). All samples grouped by colour (whitish, whitish yellow and yellow)
contained high spz densities and exhibited motility. Whitish (uncontaminated)
samples had significantly higher motility, but similar spz densities, urea
concentration and osmolality as yellow (contaminated) samples. The mean motility
of the whitish samples (45.75 + 20.18 %) was similar to the mean motility reported
in other studies working with uncontaminated samples from Senegalese sole that
ranged from 20-30 % (seasonal baseline values in Cabrita et al., 2011) to ~80 %
(Cabrita et al., 2006; Riesco et al., 2019). The yellow samples had a motility of
17.76 £ 9.81%, which was similar to the lowest motilities reported in other studies
(Cabrita et al., 2008; 2011). The mean spz densities from yellow and whitish
samples were similar to lower densities reported for uncontaminated sperm, which
ranged from 1.0 x 10° spz mL™ (0.7 to 1.2x10° spz mL™t in cultured males in
Cabrita et al., 2006) to 6.84 x 10° spz mL™ (Fernandez et al., 2019). By weight
densities in the present study, were four to 100-fold higher than densities per kg
that have been reported, which ranged from 0.01 to 0.3 x 10° spz kgt (Cabrita et
al., 2006; Agulleiro et al., 2006; 2007; Beirdo et al., 2011). The sperm densities per
kg in the present study were similar to densities reported by Chauvigné et al.
(2017; 2018), who used similar methods to obtain all the sperm and assess the

sperm production capacity of males. Therefore, the subjective analysis in the
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present study and comparisons of motility and spz densities within the present
study and with other studies indicate that uncontaminated samples may actually be
contaminated, that only collecting whitish sperm samples (or uncontaminated
samples) will exclude or discard samples with high densities of sperm that had a

degree of motility and underestimate spz densities per kg of male.

Cryopreservation protocols have been studied for Senegalese sole (Rasines et al.,
2012; Valcarce and Robles, 2016; Riesco et al., 2017) and used to have availability
of sperm for artificial fertilisation (Rasines et al.,, 2012; 2013).These
cryopreservation protocols used only what was considered uncontaminated sperm.
The present study found that only 26.7% of males had sperm that appeared to be
uncontaminated (whitish samples) and therefore, few males appear to have the
sperm quality required for methods that need uncontaminated sperm. The use of
only uncontaminated sperm may make methods difficult or impossible to
implement in the industry as it will be difficult to obtain enough sperm for large
scale fertilised egg production or to have enough males to form sufficient families
for a breeding program. The present study has demonstrated that contaminated
sperm samples and short term chilled storage in extenders to mitigate the negative
effects of urine contamination may represent a viable sperm management system
that can be used by the sole aquaculture industry. In the present study, 91.8% of
males had motile sperm and 65.3% had adequate samples for the present study.
However, further work is need to improve sperm management using short term

chilled storage for the sole culture industry.

5. Conclusions

The morphology of the urogenital system of Senegalese sole contributes greatly to
the contamination by urine observed in the sperm samples collected by the
stripping method. The proximity of the seminal ducts and the urinary bladder,
makes it difficult or impossible to obtain sperm without urine contamination.

Although, the colouration of the sperm sample may help identify samples with
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improved motility, all samples (yellow, whitish yellow and whitish) contained large
numbers of motile spz and discarding samples that have a yellow colouration will
discard large quantities of sperm. The effect of urine contamination, measured as
urea, induced a reduction in sperm quality which may have been caused by a
decrease in pH (acidification) and an increase in osmolality, which are known to
activate sole sperm and reduce quality in marine fish. Urea contamination was
positively correlated with the osmolality values in the seminal plasma. The tests
carried out with extender solutions revealed that samples diluted with modified
Leibovitz and Marine Freeze® extenders had significantly higher motility after 24
hours compared to control samples. In particular, the use of extender solutions is
relevant to help to cushion the effect of urine contamination when the sperm is
required for artificial fertilisation. However, although the present work is promising
giving important insights for sperm management in sole, further work is required to
determine the most suitable compounds to elaborate extenders that can further
offset the negative effects of urine contamination as well as work to improve the

methods to collect the sperm.
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Chapter 7. Low sperm to egg ratio required for the successful experimental and

massive in vitro fertilisation in Senegalese sole (Solea senegalensis).

1. Introduction

Senegalese sole (Solea senegalensis) appears to be one of the most promising
emerging aquaculture species in Europe. Sole production from land based farms in
Spain, Portugal, France and Iceland has increased rapidly to 1,700 t in 2019
(APROMAR, 2019). This increase is driven by good market prices, high market
demand and successful culture practices (Morais et al., 2016) that permit cost
effective production despite of the need for high levels of investment in culture

infrastructure.

However, the production cycle is not fully controlled and at present relies on the
capture of wild broodstock that spawn sufficient eggs to achieve targeted
aguaculture productions (Anguis and Cafavate, 2005; Martin et al., 2014). The
progeny of these wild broodstock and in particular the males exhibit a reproductive
behavioural dysfunction and do not participate in the courtship to fertilise eggs
(Duncan et al., 2019; Fatsini et al., 2020; Guzman et al., 2008; Martin et al., 2020).
Consequentially, cultured broodstocks that were reared entirely in captivity produce
unfertilised, inviable eggs (Duncan et al., 2019; Guzman et al., 2008). Differences
between wild and cultured breeders have suggested that the reproductive
dysfunction has a base in a combination of endocrine reproductive control
(Guzman et al., 2011; Riesco et al., 2019), social conditions during rearing (Fatsini
et al., 2020; Martin et al., 2020), broodstock nutrition (Norambuena et al., 2013a,
2013b, 2012b, 2012c, 2012a) and olfactory capacity (Fatsini et al., 2017).
However, these insights into the dysfunction have yielded few and insufficient
increases in the spawning of viable eggs from cultured broodstocks (Fatsini et al.,

2020; Guzman et al., 2011) that do not meet industry needs for good quality eggs.
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In flatfish culture, in vitro fertilisation methods are commonly used to obtain
fertilised eggs in the quantities required (Mafianos et al., 2008). In vitro fertilisation
enables aquaculturists to bypass behavioural reproductive dysfunctions of the type
observed in cultured male Senegalese sole. However, Senegalese sole males
produce small quantities of poor quality sperm that has frustrated the application of
in vitro fertilisation methods (Beirdo et al., 2011, 2009; Cabrita et al., 2011, 2006;
Gonzalez-Lopez et al., 2020). Rasines et al. (2013, 2012), has described in vitro
fertilisation procedures for Senegalese sole on an experimental scale. Female sole
were induced to ovulate with gonadotropin releasing hormone agonist (GnRHa)
and batches of 1 mL of stripped eggs were fertilised with 30 pL of cryopreserved
sperm from cultured males. Similarly, Liu et al. (2008) described in vitro fertilisation
of Senegalese sole eggs on an industrial scale. Again, eggs were obtained from
GnRHa induced cultured females and all the eggs from each female were fertilised
in vitro with the sperm from three to four cultured males. However, few details were
given on the amount of sperm or eggs used and the sperm to egg ratio was not
detailed.

When sperm is limiting it is of critical importance to know the sperm to egg ratio to
plan in vitro fertilisation procedures. Sperm to egg ratios for in vitro fertilisation of
fish eggs show considerable variation ranging from x 10° to x 10° (Beirdo et al.,
2019). Most fish species require in excess of 1 x 10* spermatozoa (spz) egg™, for
example African catfish (Clarias gariepinus) required 1.5 x 10% spz egg™
(Rurangwa et al., 1998), European seabass (Dicentrarchus labrax) 6.6 x 10* spz
egg™ (Fauvel et al., 1999), meagre (Argyrosomus regius) 1.5 x 10° spz egg™
(Ramos-Judez et al., 2019) and wolffish (Anarhichas minor) 5 x 10> spz egg™
(Beirdo and Ottesen, 2018). It would appear that flatfish have lower spz
requirements as winter flounder (Pseudopleuronectes americanus) required 3.4 x
10* spz egg™ (Buitts et al., 2012) and turbot (Scophthalmus maximus) required just
3000 to 6000 spz egg™ (Chereguini et al., 1999; Suquet et al., 1995). This variation
in spz requirements per egg has been discussed in relation to gamete
characteristics of both sperm and eggs (Ramos-Judez et al., 2019; Sanches et al.,

2016; Suquet et al., 1995), chemical and physical guidance of sperm to the
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micropyle (Yanagimachi et al., 2017) and sperm competition and reproductive
behaviour (Baker et al., 2019; Stockley et al., 1997; Suquet et al., 2012).

The present study, aimed to determine the sperm to egg ratio required for in vitro
fertilisation in Senegalese sole. The aim was to determine the sperm to egg ratio
on an experimental scale and then apply the ratio on a commercial scale in
massive in vitro fertilisations. An additional aim was to determine the viability of

ovulated eggs stored at room temperature.

2. Methods

All Senegalese sole broodstock used were cultured fish that had been hatched and
reared entirely in captivity. Fish were maintained in 10,000 L tanks in IRTA Sant
Carles de la Rapita (Catalonia, Spain). Prior to experiments fish were held in
surface sea water (~35 ppt, >5 mg.L™" 02) and a controlled natural temperature
cycle (9-20 °C) using recirculation systems (IRTAmar®). Tanks were covered with
shade netting and photoperiod was natural with natural light. The fish were fed four
days a week with either unfrozen polychaetes and mussels (0.75 % of biomass) or
5 mm pelleted Broodfeedlean broodstock diet (0.55% of biomass) (Sparos, Olhao,
Portugal). During experiments conducted from April to June, fish were held in the
same conditions with the exceptions that water temperature was maintained at a

constant 16 = 1 °C and fish were not feed 24 hours before any manipulation.

Females used had an average weight of 1.53 + 0.28 kg and males had a weight of
1.05 £ 0.25 kg. The fish were handled (routine husbandry and experimentation) in
accordance with European regulations on animal welfare (Federation of Laboratory
Animal Science Associations, FELASA, http://www.felasa.eu/). For all handling and
sampling, fish were anesthetised with 60 mg L™ tricaine methanesulfonate (MS-
222; Sigma-Aldrich, Spain).

Viable eggs were obtained by inducing ovulation. Ovarian biopsies were taken
from females with swollen ovaries and the diameters of 20 oocytes were measured

(x40 Leica compound microscope). Females were selected that had mean oocyte
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diameter larger than 600 pm. The females were administered 5 pg kg™ of GnRHa
(Sigma code L4513, Sigma, Spain) at approximately 18:00 — 19:00. The females
were held with constant temperature (16 + 1 °C) and total darkness until ovulation.
Females were checked for ovulation every 2-3 hours starting from 40 h after the

administration of GnRHa and all eggs were stripped from the ovulated females.

Sperm was obtained from males by repeatedly, gently massaging the testes and
applying pressure along the full length of the sperm ducts to the urogenital pore. All
sperm with urine contamination was collected in a 1 mL syringe (Gonzalez et al.,
2019). The volume collected was measured with the syringe to an accuracy of 10
pL and the sperm was transferred to a 1.5 mL Eppendorf and immediately diluted
with modified Leibovitz (Gonzalez et al., 2019) using the dilution required for the
experiment (see below). The sperm motility was initially observed (x 100 Leica) by
activating 1 pL of diluted sperm with 19 puL of clean seawater. Sperm samples with
low or no motility were rejected. All sperm samples were stored over ice or at 4°C

(refrigerated) until analysis or used to fertilise eggs.

Sperm quality parameters were also determined using ImageJ software and the
CASA plugin (Gonzalez et al., 2019). The spermatozoa (Spz) concentration (spz
mL™) was measured using a Thoma cell counting chamber. A 10 uL sample of
sperm was diluted 1:500 in 10% formalin and 10 pL of the dilution was pipetted into
the counting chamber. After 10 minutes for spz to sediment, the camber was
observed using a microscope (X100 magnification with Olympus BH microscope),
photographed (IC Capture software and GIgE digital camera model: DMK
22BUCO03 Monochrome, The Imaginsource, Bremen, Germany) and the number of

spz counted (ImageJ software, http://imagej.nih.gov/ij/).

To measure motility and related parameters spz were activated and tracks were
video recorded until the motion ceased. Spermatozoa were activated by mixing 1
puL of diluted sperm (1:4 with leibovitz) with 20 puL of seawater with 30% bovine
serum albumin (BSA). One pL of activated sperm was pipetted into an ISAS
R2C10 counting chamber (Proiser R+D, S.L. Paterna, Spain) previously mounted

and focused on the microscope (200x magnification Olympus BH). Spermatozoa
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tracks were recorded (IC Capture software and GigE digital camera) and the
videos (AVI format) were converted into image sequences (jpeg format using

Virtual Dub 1.10.4 software http://www.virtualdub.org/). The image sequences were

analysed using ImageJ software with the computer-assisted sperm analysis
(CASA) plugin (Imaged http://rsb.info.nih.gov/ij/plugins/). CASA analyse was with
the settings: brightness and contrast, -10 to 15/224 to 238; threshold, 0/198 to 202;

minimum sperm size (pixels), 10; maximum sperm size (pixels), 400; minimum

track length (frames), 10; maximum sperm velocity between frames (pixels), 30;
frame rate, 30; microns/1000 pixels, 303; Print motion, 1; the additional settings
were not modified. The parameters, percentage of motile cells (% sperm motility),
Curvilinear Velocity (VCL, um/s) and Average Path Velocity (VAP, um/s), were
assessed during 2 seconds, 15 seconds (unless otherwise stated) after the sperm

was activated. All sperm samples were analysed in triplicate.
Sperm to egg ratio experiment

Five different females and five different males were used during this experiment.
Immediately after an ovulated female was encountered, sperm was collected and
checked to find a male with 300+ pL of motile sperm. The sperm was serially
diluted with modified Leibovitz (Gonzalez et al., 2019) to achieve eight dilutions:
1:4; 1:19; 1:79; 1:319; 1:959; 1:2879; 1:5759; 1:11519. A sample of the first dilution
(1:4) was used to determine the spz concentration (see above) and percentage
motility of spz (ImageJ CASA, see above). The spz concentration in the dilution 1:4
was used to calculate the spz concentration in each dilution and sperm motility to
calculate the concentration of motile spz. The eggs and diluted sperm were used to
make three triplicate fertilisations for each serial dilution. Fertilisations were made
in a 100 mL beaker by pipetting in close sequence, 0.5 mL of eggs, 20 pL of diluted
sperm and 5 mL clean seawater. A 1 mL pipette with a cut tip was used to pipette
eggs, a 100 pL pipette with a cut tip was used to pipette diluted sperm and a 5 mL
pipette was used to pipette seawater. The eggs, sperm and seawater were gently
mixed by rocking and swirling the beaker and after 3-5 minutes, the volume of

seawater was topped up to 100 mL. The beakers of fertilised eggs were transferred
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to a 16 °C incubator. After 24 hours the eggs from each beaker were concentrated
in a sieve and placed in a 10 mL Bogorov camber and 50+ eggs were randomly
examined using a binocular microscope (Olympus) to determine the number of
eggs developing with an embryo or dead not developing. In addition, the number of

eggs in an entire 0.5 mL sample was counted in triplicate for each female.
Commercial scale in vitro fertilisation experiment

Seven different females and seven different males were used during this
experiment. Immediately after an ovulated female was encountered, sperm was
collected and checked to find a male with 150+ pL of motile sperm. The sperm was
immediately diluted 1:4 in Leibovitz and a sample of 50 pL of diluted sperm was
taken to determine spz concentration (as above) and percentage motility (ImageJ
CASA, see above). All the eggs were stripped from the female into a clean, dry 1 L
jug and the volume of eggs was measured with an accuracy of 10 mL. Three
samples of 0.5 mL of eggs were taken and counted. All remaining sperm obtained
from the male was added to the eggs followed by a volume of seawater that was
eqgual to the volume of eggs. The eggs, sperm and seawater were gently swirled in
the jug to mix the contents. After 2-3 minutes the jug was topped up to 1 L with
seawater. The eggs were then divided in two or three and each part was placed in
a 30 L incubator with the same conditions as the broodstock holding tanks. The
number of eggs in each incubator was estimated by mixing the incubator
homogenously and taking three 100 mL samples and counting the eggs in each
sample. The eggs were left two days to hatch and the number of hatched larvae in
each incubator was estimated as above for the eggs. The hatch rate was
calculated from the number of eggs stocked and number of larvae hatched and the

mean was calculated for the replica incubators used for each female - male pair.
Viability of eggs at room temperature experiment

Three different females and three different males were used during this
experiment. Immediately after an ovulated female was encountered, sperm was

collected and checked to find a male with 100+ pL of motile sperm. The sperm was
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immediately diluted 1:4 in Leibovitz. All the eggs were stripped from the female into
a clean, dry 1 L jug. The eggs were covered and stored at room temperature inside
a building (out of sun light). As soon as possible after the gametes were stripped
the first fertilisation was completed as described above (in egg-sperm ratios
section) by mixing 0.5 mL of eggs with 0.2 pL of diluted sperm and 5 mL clean
seawater in a 100 mL beaker. The time the first fertilisation was made after the
eggs were stripped was recorded. Further fertilisations were completed at 30 to 60
minute intervals and the time after the eggs were stripped was noted. Fertilisations
were completed in duplicate or triplicate. As described above, the beakers of
fertilised eggs were transferred to a 16 °C incubator and after 24 hours the

percentage of developing eggs was determined for each fertilisation.
Statistics

All means are with one standard deviation unless otherwise stated. For the spz
egg™” ratio experiment, the percentage of viable eggs fertilised was calculated by
dividing the actual fertilisation rate by the mean maximum fertilisation rate for each
female. The number of motile sperm per egg was calculated by multiplying the
volume of diluted sperm added by the spermatozoa concentration and the
percentage motility and dividing the total by the number of eggs in 0.5 mL. A non-
linear regression based on an equation for an exponential rise to a maximum with
double, five parameters described the variation of percentage of viable eggs
fertilised in relation to number of motile sperm per egg. For the viability of eggs at
room temperature experiment the percentage of viable eggs fertilised was
calculated as above. A non-linear regression based on an equation for a four
parameter logistic curve described the variation of percentage of viable eggs
fertilised in relation to time the eggs were stored at room temperature after the
eggs were stripped. All statistical comparisons and regressions were made using
Sigma Plot 12 (Systat Software, Inc., San Jose, CA 95110. USA).
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3. Results

A total of 46 males were checked to obtain 28 (60.9 %) males with the required
sperm quantity and quality for the experiments. All males were only used once. A
total of 20 females were selected by ovarian swelling and oocyte diameter
determined. Five females were rejected as the ovaries contained ovulated ova and
two as the ovaries had solid cysts. A total of 13 females had oocytes >600 um and
were induced with GnRHa from which eight (62%) females ovulated good quality
eggs that were used in the different experiments. The eggs from some females
were used for more than one experiment. The mean latency time from injection
with GnRHa to the ovulation was 41:57 = 1:46 h and mean maximum fertilisation
was 82.6 + 9.2%. The mean fecundity was 130,789 + 36,723 eggs fish™ or 87,174
+ 24,378 egg kg™ of female body weight.

Sperm to egg ratio experiment

The percentage of viable eggs fertilised in relation to number of motile sperm per
egg showed a rapid increase from zero that was represented by a non-linear
regression based on an equation for an exponential rise to a maximum with
double, five parameters (R = 0.93, P < 0.0001) (Fig. 1). The non-linear regression
described that as low as 326 motile spz per egg fertilised 79 + 15% (+ 95% CI -
confidence interval) of viable eggs, that 649 motile sperm fertilise 90 £ 13% (+ 95%

Cl) of viable eggs and 1617 motile spz fertilise 99 + 12% (+ 95% CI) of viable eggs.
Commercial scale in vitro fertilisation experiment

The seven commercial scale in vitro fertilisations gave a mean percentage hatch of
70 £ 14 % to produce a mean of 131,540 + 34,448 larvae per fertilisation. The
sperm from a single selected cultured male with a volume of 145 + 50 uL and total
spz count of 8 + 6.8 x 10® was sufficient to fertilise large numbers of eggs (>
100,000) and produce large numbers of larvae (> 100,000). The mean number of
spz per egg used for the commercial fertilisations was 2,981 + 2,932 spz egg™ or
592 + 611 motile spz egg™.

209



120%

100% * e o

80% 4 ®

120%

Percentage of viable eggs fertilised

60% g 100% r!-r‘_‘—..
. = 80%
'% 0% %
40% é 40% &
= 20%'
0%
20% 0 20000 40000 60000 80000
Motile spz per egg
0% *
0 500 1000 1500 2000 2500 3000
Motile spz per egg

Figure 1. The percentage of viable eggs fertilised in relation to the number of motile spermatozoa
(spz) per viable egg for Senegalese sole (Solea senegalensis). The insert figure shows the entire
data set up to over 80,000 spz per egg and the large figure shows a close up of the data up to
3,000 motile spz per egg. The continuous line shows a non-linear regression based on an equation
for an exponential rise to a maximum with double, five parameters (R = 0.93, P < 0.0001) that
represents the variation in percentage of viable eggs fertilised in relation to number of motile sperm

per egg. The dotted lines indicate 95% confidence intervals for the non-linear regression.

Viability of eggs at room temperature experiment

The percentage of viable eggs fertilised decreased gradually from after being
stripped (Fig. 2). The non-linear regression based on an equation for a four
parameter logistic curve (R = 0.80, P = 0.008) represented the variation in
percentage of viable eggs fertilised in relation to time the eggs from the three
females were stored at room temperature. The non-linear regression indicated that
after 30 minutes, fertilisation had decreased to 81 + 26% (+ 95% CI), after an hour
to 57 + 20% (= 95% CI) and after two hours 32 + 19% (x 95% CI) fertilisation of
viable eggs.
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The percentage of viable eggs fertilised in relation to time eggs were stored at room temperature for
three Senegalese sole (Solea senegalensis) females. Different dots represent different females.
The line shows a non-linear regression based on an equation for a four parameter logistic curve (R
= 0.08, P = 0.008) that represents the variation in percentage of viable eggs fertilised in relation to

time the eggs from the three females were stored.

4. Discussion

The present study demonstrated that low numbers of spz egg™ were required to
ensure high levels of fertilisation in Senegalese sole. An exponential rise to a
maximum (R = 0.93, P < 0.0001) described the number of motile sperm required to
fertilise a viable egg and 1617 motile sperm were sufficient to fertilise 99 + 12% (x
95% CI) of viable eggs. Logically, the spz egg™ ratio required is related to the
success of individual sperm to fertilise an egg. The success of spz will depend on
factors that hinder or aid the spz to reach the micropyle of the egg. The
environment used for in vitro fertilisation has been shown to affect the spz egg™
ratio. For example, the volume or space provided for fertilisation affected the spz
egg™ ratio, as larger volumes increased the space to be travelled to fertilise the

egg and hence increased the number of spz required (Bombardelli et al., 2013;
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Chereguini et al., 1999; Sanches et al., 2016). Similarly, increasing concentrations
of toxic agents such as mercury reduced the fertilisation capacity of the spz and
hence increased the number of spz required (Rurangwa et al., 1998). Variation in
the fertilisation environment complicates the comparison of different studies within
and amongst species. However, generally the differences were not great, for
example in turbot two ratios have been reported of 3000 — 4000 spz egg™
(Chereguini et al., 1999) and 6000 spz egg™ (Suquet et al., 1995). When ratio
differences were larger the cause may be explained by differences in the protocols,
for example in Atlantic cod (Gadus morhua) fresh sperm gave a ratio of 1 x 10° spz
egg™ (Butts et al., 2009) while cryopreserved sperm gave 3 x 10° spz egg™
(Babiak et al., 2012). Alternately, ratios may appear to be different, as one study
did not test the range of ratios necessary to encounter the lower limit of the spz
egg™ ratio. Therefore, the large variation observed amongst species in spz egg™
ratios from x10° to x10° (Beir&o et al., 2019) are probably related to other factors,

such as differences in species-specific gamete characteristics.

Within species, variations in gamete quality or characteristics have been shown to
affect the spz egg™ ratio. Obviously, percentage motility affects the ratio, but
velocity has also been shown to affect the ratio in walleye (Sander vitreus)
(Casselman et al.,, 2006) and pufferfish (Takifugu niphobles) (Gallego et al.,
2013b). Spermatozoa with higher mean swimming speeds (and also more range
as time of activity is limited) had lower spz egg™ ratios to fertilise high percentages
of eggs. The characteristics of the unfertilised egg have also been implicated in
fertilisation success. Fish eggs have been shown to have chemical and physical
properties that guide the spz to the micropyle and these mechanisms vary amongst
species (Yanagimachi et al., 2017). Flounder (black flounder - Pleuronectes
obscurus and barfin flounder - Verasper moseri) (Yanagimachi et al., 2017) and
salmon (rainbow trout - Oncorhynchus mykiss and coho salmon - Ochorhynchus
kisurch) (Yanagimachi et al., 1992), were shown to have a glycoprotein substance
that guided the spz to the micropyle and when the glycoprotein was removed
fertilisation although still possible was less efficient. These differences in ability of
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eggs to guide the sperm to the micropyle (Yanagimachi et al., 2017) would

presumably influence differences in fertilisation success amongst species.

These species-specific differences in gamete characteristics have evolved to
enable the species to achieve maximum levels of fertilisation in their natural
spawning environment. The natural spawning environment is both related to the
environment inhabited by the species and the species reproductive strategies and
behaviour. Different species have very varied strategies and behaviours that can
range from mass spawning in aggregations in open water (Domeier and Colin,
1995; Ibarra-Zatarain and Duncan, 2015) to spawning between two fish in an
enclosed space or close to the seabed (Carazo et al.,, 2016; Tatarenkov et al.,
2006). A comparison of sperm characteristics between Pacific oysters, turbot and
European seabass suggested that distance between spawning individuals and
swimming speed when spawning, may be related to sperm swimming speed and
distance (Suquet et al., 2012). The spawning behaviour and number of individuals
involved will also influence the degree of sperm competition that gametes must
negotiate to achieve fertilisation. Sperm competition has been shown to influence
fertilisation success and the number of spz that a species produces (Parker and
Pizzari, 2010; Stockley et al., 1997). Monogamy and the absence of sperm
competition was demonstrated to reduce testes size across different taxa and
monogamous fish species had significantly smaller testes compared to

polyandrous species (group spawning of males with a female) (Baker et al., 2019).

Senegalese sole spawn as a monogamous pair with no involvement by other
individuals (Carazo et al., 2016) and spawning pairs show a degree fidelity during
and between spawning seasons (Fatsini et al.,, 2020; Martin et al.,, 2014).
Therefore, Senegalese sole fertilisation does not involve sperm competition. In
addition, the two sexes swim in synchrony with the genital pores held close
together (Carazo et al., 2016). The male urogenital duct is slightly raised and the
female oviduct forms a kind of well when eggs are being stripped (personal
observations), which together with the closeness of the fish during gamete

liberation suggests that the male and female place the spz next to the eggs in very

213



close proximity. The strategies and behaviour of Senegalese sole indicate that the
species requires low production of sperm numbers and a low spz egg™ ratio for
fertilisation. The present study has described that a low spz egg™ ratio was
required and it is widely known that Senegalese sole males have small testes and
produce small amounts of sperm (Garcia-Lépez et al., 2005; Gonzalez-Lépez et
al., 2020).

In the present study, the decline in quality of stripped Senegalese sole eggs stored
at room temperature was gradual and continuous. Egg quality appeared to decline
during the first 30 min of storage with no plateau period of good egg quality, which
indicated the sooner eggs were fertilised after stripping the higher the viability of
the eggs. Other species had similar rapid declines in egg quality, but with a period
of 1 h in curimata (Prochilodus marggravii) (Rizzo et al., 2003) and 50 min in
meagre (Ramos-Judez et al., 2019) before quality declined. There is considerable
variation across species and some species have very different egg storage
capacities, for example eggs from a Cyprinidae species kutum (Rutilus frisii)
(Samarin et al., 2011) maintained good quality during eight hours of storage and

salmonid eggs can be stored successfully for 4-5 days (Bromage, 1992).

The present study used a GnRHa dose of 5 ug kg™ to induce the ovulation of eggs
compared to 25 ug kg™ used by Rasines et al. (2013, 2012). These studies had
similar holding conditions and temperature (16 °C) and obtained very similar timing
of ovulation with means close to 42 h (range of 39 to 44 h). Egg quality appeared
to be higher in the present study, but differences in methods and particular sperm
storage and usage make comparisons inappropriate. Different doses of GnRHa
have been compared to induce spontaneous liberations of eggs in Senegalese
sole. Agulleiro et al. (2006), tested the injection of GnRHa doses of one, five and
30 pg kg™. The dose of 5 pug kg™ produced the most eggs and the dose of 30 ug
kg™ produced no liberations of eggs. Guzman et al. (2009) compared injections of
5 and 25 pg kg of GnRHa, but found no differences in number of eggs released
between GnRHa injected and untreated control fish. However, the number of

oocytes advancing to hydration in the females treated with 5 pg kg™ appeared to be
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higher than in females treated with 25 pg kg™ and controls. The present study
combined with studies on GnRHa induced spontaneous liberations of eggs would
indicate that the lower dose of 5 ug kg™ of GnRHa provided similar ovulation timing
and egg quality as 25 pg kg™ and perhaps suggests that better results may be

obtained with lower doses.

The massive in vitro fertilisations with in excess of 160,000 eggs and the sperm
from a single male gave a mean fertilisation of 70 £ 14 %. The success of massive
in vitro fertilisations, combined with indications of egg viability during storage,
together provide a protocol that can be used on an industrial scale to provide eggs
from cultured breeders for hatchery production. Obtaining viable eggs from
cultured breeders has been a bottleneck in the sole aquaculture industry, which
meant the industry was unsustainable and unable to implement breeding
programs. Breeding programs are an essential part of an aquaculture business
plan that enable companies to improve growth and product quality. However,
ideally, reproduction must be controlled to enable the selection and production of
viable gametes from any animal that has the desired production traits. In the
present study, females were initially selected by ovarian swelling and it is unclear
what percentage of females would be available for selected over a reproductive
season. Of the females that were GnRHa induced 62% ovulated with good quality
eggs. Therefore, studies are needed to identify the number of females available for
GnRHa induction and to improve the success rate of GnRHa inductions. In the
present study 61% of the males checked for sperm had the required quantity and
quality needed for the experiments and in vitro fertilisations. This can already be
improved as therapies with recombinant gonadotropins exist that both increase the
sperm production and quality (Chauvigné et al., 2018, 2017). These recombinant
gonadotropin therapies, significantly increased sperm production by up to seven
times and significantly increased the sperm quality parameters, percentage

motility, progressivity and velocity of spz.
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5. Conclusions

In conclusion, Senegalese sole require a low spz egg™ ratio to achieve high
percentages of fertilisation both on an experimental scale and in massive
commercial scale in vitro fertilisations. The low spz egg™’ ratio required for
maximum fertilisation was consistent with the reproductive behaviour and
strategies of the species. The methods described in the present study will enable
the Senegalese sole aquaculture industry to operate sustainably and establish

breeding programs.
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Chapter 8. Parameters relevant to cold storage of spotted wolffish sperm

(Anarhichas minor)

1. Introduction

The spotted wolfish, has emerged as a potential species for marine cold-water
aguaculture in Canada, Iceland, Sweden and Norway. This aquaculture potential is
based on good growth rates, high fillet yield, few disease problems, relatively high
market price and consumer acceptance (Falk-Petersen et al. 1999; Francois et al.
2002; Foss et al. 2004). In Norway, the species is already reared on a commercial
scale, but production volumes are low and quite unstable. The main reason for this
instability has been attributed to problems to provide sufficient good quality eggs.
In captivity, the spotted wolffish reproductive behaviour is disrupted and fertilization
must be conducted in vitro (Falk-Petersen et al. 1999; Beirdo and Ottesen 2018).
However, males produced relatively low sperm volume with a low concentration
and motility compared with other marine fish (Le Francois and Archer 2007; Beirdo
and Ottesen 2018). In addition, the sperm that is already motile at stripping
remains motile from several hours up to two days, but is inactivated by contact with
seawater (Kime and Tveiten 2002). Thus, sperm storage procedures, through
cryopreservation, have been suggested as methods to ensure the availability of
good quality sperm when required (Le Francois et al. 2008; Gunnarsson et al.
2009; Santana et al. 2020).

Cryopreservation protocols require access to liquid nitrogen, specific material and
chemicals, trained personnel and in small hatcheries, as is the case for spotted
wolffish, are logistically difficult to implement. In addition, cryopreservation
procedures are often used for long-term sperm storage (Shaliutina et al., 2013).
Short-term storage of sperm by refrigeration, on the other hand, is a simple and
inexpensive procedure relatively easy to implement in the hatchery environment
(Bobe and Labbé 2008; Contreras et al. 2019). Sperm refrigeration protocols have

been tested in several species and can be a useful tool to assist in artificial
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fertilization programs, synchronization in availability of gametes and transport of
gametes between different facilities (Contreras et al. 2019; Beirdo et al. 2019).
Short-term storage is especially relevant when the sperm volume obtained is
limited (Bobbe and Labbe 2008). Thus, in this study we test the possibility of sperm
refrigeration as an option to secure spotted wolffish sperm availability for a few

days.

Whilst sperm refrigeration is an attractive option for spotted wolffish, it presents
challenges as the sperm is already motile at stripping and it is currently not
possible to immobilize and reactivate wolffish sperm. Therefore, sperm
refrigeration protocols must provide the conditions to ensure the sperm motility
period extends over the duration of the required storage period. Furthermore,
spotted wolffish sperm is collected by stripping (Le Francois and Archer 2007),
which increases the risk of contamination of semen with urine, as observed in other
fish species (Sarosiek et al. 2016; Krél et al. 2018). As an example, in both
pikeperch (Sander lucioperca) and turbot (Psetta maxima), a higher urine
contamination was exhibited in the sperm collected by stripping compared with
sperm collected with a catheter (Dreanno et al., 1998; Sarosiek et al., 2016). This
contamination with urine is usually linked to a reduction in sperm quality and
storability (Krol et al. 2018; Gonzélez-Loépez et al. 2019). A decrease in the
percentage of sperm motility and sperm velocity parameters (VCL and VSL) in
pikeperch was observed due to urine contamination (Sarosiek et al., 2016). In
turbot higher urine concentration caused a delay in the motility initiation (Dreanno
et al., 1998). Damage to sperm motility rate in sperm samples from Senegalese
sole (S. senegalensis) and Eurasian perch (Perch fluviatilis) stored for twenty-four
hours was related to the urine concentration in sperm (Krdél et al. 2018; Gonzalez-
Lépez et al. 2019).

In the present study, two experiments were conducted in order to test methods for
the short-term refrigerated storage of spotted wolffish sperm. In the first
experiment, the degree of urine contamination in relation to a stripping method to

avoid urine and short-term refrigerated storage of the sperm was evaluated. In the
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second experiment, the importance of the energy reserves on sperm quality and

short-term refrigerated storage was assessed.

2. Methods

Samples collection

This study was carried on with the licence (No A08, 017) from the Norwegian Food
Safety Authority (Mattilsynet) attributed to the Faculty of Bioscience and
Aquaculture, Nord University, to perform experiments on animals. Sperm samples
were obtained from the spotted wolffish producer AMINOR AS (Halsa, Nordland,
Norway) during the reproductive season (January-March 2019). Ten year old adult
breeders were kept all year round in 1,600 L rectangular tanks, water depth 0.4 m,
with an open flow through system under natural temperature and photoperiod
conditions (66°74'N, 13°51'E). Oxygen measurements of the outgoing water were
kept over 80 %. The fish were fed with pellets (Vitalis CAL and Vitalis REPRO,
Skretting).

Individuals were anesthetized with 500 ppm tricaine methanesulfonate (MS-222,
Sigma-Aldrich) for five minutes. The sperm collection procedure follows Beirdo and
Ottesen (2018). After the release of most urine by pressing the abdominal area, a
gentle massage was applied from the lateral region of the abdomen where the
testes and the sperm ducts are located towards the urogenital pore to obtain sperm
samples. The sperm samples (1.0 mL for experiment 1 and 1.5 mL for experiment
2, see below) were collected in a plastic pasteur pipette attached to the urogenital
pore. The samples were kept in a refrigerator (2 °C) until analysis. Urine samples
(2 mL) were obtained by applying pressure to the urinary bladder. The urine
samples were collected into a 15 mL falcon tube and stored at - 20°C until analysis

of the urea concentration.
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Sperm quality assessment
a) Motility parameters

Percentage of motile cells and curvilinear velocity (VCL) (um/s) were evaluated.
Initially, 1puL of the sperm samples was diluted 1:10 in solution previously
developed by Smith and Ryan (2010) for internal fertilizing fish (207 mM NacCl, 1.3
mM CacCl,, 0.41 mM MgSQO,4, 5.4mM KCI, 0.49mM MgCl, and 10 mM Trizma) with
the addition of 1% BSA and the pH was adjusted to 7.5. A preliminary trial
demonstrated that the solution developed by Smith and Ryan (2010) was an
adequate extender for refrigerated wolffish sperm storage compared with the
solution previously developed by Kime and Tveiten (2002). A 2 pL drop of the
diluted sample was placed between a coverslip and a slide and videos were
recorded with the CASA system SCA 6.2 (Microptic, Barcelona, Spain). Images
were recorded using a digital camera (Basler acA1300-200uc, Ahrensburg,
Germany) attached to an optical phase-contrast microscope (Nikon Eclipse Ci,
Tokyo, Japan) with 10 x negative phase contrast objective, with a stage
temperature controller set to 6°C (Linkam T95-PE, Tadworth, United Kingdom).

Samples were analysed in triplicate.
b) Cell concentration

The cell concentration in each sperm sample was calculated from counts of diluted
sperm sample. A sample of 10 pL of fresh sperm was diluted 1:500 with Smith and
Ryan (2010) extender and 10 pL of this dilution was placed into a Neubauer
counting chamber. The sample was observed under the phase-contrast
microscope with a 10 x objective. For each sample the count was made in

triplicate.
c) pH and Osmolality

The pH was determined in the seminal plasma by the colorimetric method using pH
indicator strips (Hydrion, Sigma-Aldrich), with a detection range between 5 to 9 pH.

The osmolality (mOsm/kg) was determined from 10 pL seminal plasma using the
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freezing point depression osmometer (Fiske One-Ten, Fiske® Associates) and

each sample was measured in duplicate.
d) ATP and Glucose concentration

A 100 pL sample of semen was used to determine the ATP concentration. Initially,
100 pL of EDTA solution with TCA (4%) was added to 100 pL semen and mixed
with a vortex mixer before being centrifuged (10,000 g for 10 min at 4°C). From this
centrifuged suspension 100 pL of supernatant were collected and added to 500 pL
Sorensen buffer (adjusted pH 7.8) before being stored in a 1.5 mL centrifuge tube
at -20°C for further analysis. The ATP concentration was determined by using the
Adenosine 5’ -triphosphate (ATP) Bioluminescent Assay kit (FLAA, Sigma-Aldrich)
in accordance to the manufacturer’s instructions. The samples luminescence was
read in a FLUOstart Optima plate reader (BMG LABTECH, Ortenberg, Germany) in
a 96-well white plate. The ATP concentration was calculated and expressed in

nmol per 10° cell.

The glucose concentration (pug/mL), was assessed with the Glucose (GO) Assay kit
(GAGO-20, Sigma-Aldrich) following the manufacturer’s instructions. Seminal
plasma samples diluted 5x were processed with the kit and the absorbance was
read in a 96-well transparent plate at 540 nm in the FLUOstar Optima plate reader
(BMG LABTECH).

e) Protein analysis

The total protein concentration (mg/mL) was evaluated using the Invitrogen Qubit®
Protein Assay Kit and Qubit™ Fluorometer (Thermo Fisher Scientific). One
dimensional gel electrophoresis was used to separate the proteins in the seminal
plasma according to molecular weight. The sample for the gel electrophoresis was
prepared by diluting (1:1) the seminal plasma in 0.7% NaCl solution. The diluted
sample (20 ul) was mixed with equal amount of 1 x Laemmli buffer (Bio-Rad,
USA). The mixture was vortexed for 30 sec and incubated for 5 minutes at 95°C;

after incubation, 30 pl of each sample was loaded in the gel (12.5% polyacrylamide
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gel) together with the protein ladder (Precision Plus Protein™ Kaleidoscope
prestained protein standards, Bio-Rad, USA). The gel was ran at 200 V until the
dye front reached the bottom of the gel (~ 30min). After the electrophoresis, the
bands were stained using Coomassie Brilliant Blue R-250 (Bio-Rad, USA) for 2h.
After 2h, the destaining solution (40% methanol and 10% glacial acetic acid) was
used on the gel until the background was clear (~ 2h). The gel was then rinsed in
miliQ water and image was documented using ChemiDoc™ MP imaging system,
Bio-Rad, USA. The analysis of the bands was performed using Image Lab
Software (Bio-Rad).

f) Urea concentration

Urea concentration was measured in both seminal plasma and urine samples with
the Urea assay kit (KA 1652, Abnova, Denmark) following the manufacturer’s
instructions. The samples, processed with the kits reagents, were placed into a 96-
well plate and incubated for 20 minutes at room temperature. The plate was read in
the FLUOstar Optima plate reader (BMG LABTECH) at 520 nm. The readings were

transformed and expressed in units of mg/dL.

Experiment 1: Stripping method, urine contamination and short-term refrigerated

storage of sperm

To evaluate the degree of urine contamination on sperm quality and the effect on
storability, sperm and urine samples (n = 9) were collected from different males.
The sperm samples were divided in four aliquots. The first aliquot, with 15 pL, was
used to assess cell concentration and percentage of motility and VCL within 10
minutes of sperm collection. The second aliquot, with 100 pL, was diluted (D) 1:2
(final volume 300 pL) in the solution developed by Smith and Ryan (2010). The
third aliquot, with 300 pL, was undiluted (UD). Both the second (D) and third aliquot
(UD) were stored in an incubator at 2 °C to assess the percentage of motile cells
and VCL at different times after collection (5, 10, 20, 30, 40 and 50 h). The fourth

aliquot, with 400 pL, was centrifuged for 10 minutes at 300 g and room
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temperature to collect the seminal plasma. In addition, seminal plasma was
obtained from sperm obtained directly from the testes of two sacrificed males. The
seminal plasma was stored at - 20 °C until its analysis in the laboratory for pH,
osmolality, urea and total protein.

Experiment 2: Effect of energy reserves on short-term refrigerated storage of

sperm

To assess the importance of ATP and glucose reserves on sperm storability,
sperm samples (n = 8) were separated in five aliquots. The first aliquot of 15 pL
was used to assess cell concentration and percentage of motility and VCL within
10 minutes of sperm collection. The second aliquot of 300 pL was diluted (D) 1:1
(final volume 600 pL) in the Smith and Ryan (2010) solution. The third aliquot of
600 pL was undiluted (UD). Both the second and the third aliquots were stored in
an incubator at 2 °C and assess at different times (5, 10, 20 and 30 h) for
percentage of motility, VCL, ATP and glucose. Glucose was only measured in UD
samples. The fourth aliquot of 100 pL of fresh sperm was processed to analyse the
ATP content. The fifth aliquot of 450 pL was centrifuged for 10 min at 500 g and 4
°C and the seminal plasma was collected and placed in 1.5 mL centrifuge tubes
and frozen at -20 °C until analysis of pH, osmolality, glucose, total protein and
proteins based on their molecular weight.

Statistical analysis

The data were analysed with IBM SPSS Statistics 20 and expressed as mean +
one standard error of the mean (SEM). The data were analysed for normality using
the Shapiro-Wilks test. In both trials, correlations between percentage of motility,
VCL and the different parameters measured were analysed with a Pearson’s
correlation. For each experiment (1 and 2) two General Linear Models (repeated

measures) were performed to detect possible differences between D and UD
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treatments, one for the percentage of motility and the other for VCL, during the
storage time. An addition General Linear Model (repeated measures) was
performed to evaluate the ATP parameter between D and UD treatments and over
time. Urea concentration measured in urine and seminal plasma collected from the
testes and by stripping were compared through the One-way ANOVA and a Tukey

post-hoc. Differences were considered significant for p<0.05.

3. Results

Experiment 1: Stripping method, urine contamination and short-term refrigerated

storage of sperm

In the first experiment, the initial sperm motility was 36.4 + 7.89 % and VCL was
20.11 + 1.14 pm/s, with a range between 7.35 to 70.81 % and from 12.63 to 25.22
um/s respectively. For the UD samples, there was a significant decrease (p=0.042)
during the storage time, from 0 to 50 h, in the percentage of motile cells, whilst D
samples did not show any difference (p=0.065) between 0 and 50 h (Fig. 1A).
However, at 50 h after storage, there was no significant difference (p=0.434)
between the percentage of motility in D (6.88 + 1.76 %) and in UD (4.39 £ 1.08 %).
For the VCL, there were no significant differences for D and UD over time or
between the two treatments at 50 h (P=0.063) (Fig. 1B).

The urea concentration was significantly higher in the urine (110.18 £+ 9.83 mg/dL)
compared with the stripped sperm seminal plasma (17.10 £ 1.98 mg/dL). No
differences in urea concentration were observed between the seminal plasma of
stripped sperm and the seminal plasma from testis sperm (Fig. 2). The urea
concentration in the stripped samples was correlated with percentage of motile
cells at 50 h after storage (R=0.752; p=0.031). The urine samples pH was 5.61 +
0.13 and the osmolality 299.89 + 4.94 mOsm/kg. Neither the seminal plasma pH
6.37 £ 0.06 nor osmolality 319.56 + 9.94 mOsm/kg was correlated with the sperm
motility parameters. Whilst, the total protein concentration (0.76 £ 0.16 mg/ml) was

negatively correlated with VCL at 5, 20, 30 and 40 h of storage in the diluted
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samples (R=-0.690, p=0.040; R=-0.774, p=0.024; R=-0.802, p=0.009; R= -0.755,
p=0.030 respectively).

w
o
]

Undiluted

N
(&)}
I

= = Diluted

N
o
1

VCL(umis)
o

-
o
1

0 5 10 20 30 40 50
hours hours
Figure 1 A) Percentage of sperm motility and B) curvilinear velocity (VCL) (um/s) between diluted

(D) and undiluted (UD) spotted wolffish sperm samples during refrigerated storage in the

experiment 1. Values represent the mean + SEM (n = 9)

Experiment 2: Effect of energy reserves on short-term refrigerated storage of

sperm

The initial sperm quality values (44.56 = 3.85 % motile cells, VCL 23.55 = 1.04
pm/s, seminal plasma pH 6.11 + 0.12 and osmolality 314.25 + 4.37 mOsm/ kg)
observed in the Experiment 2 were similar to Experiment 1. However, significant
differences were found for the percentage of motile cells between the D (20.83
15.02%) and UD (15.79+ 4.05%) treatments (p< 0.05) at 30 h of storage (Fig. 3A).
On the other hand, as in Experiment 1, the sperm velocity (VCL) was not
significantly different between the diluted sperm samples (21.21 £ 0.95 um/s) and
the undiluted samples (20.68 £ 1.40 um/s) at 30h (Fig. 3B).
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Figure 3 A) Percentage of sperm motility and B) curvilinear velocity (VCL) (um/s) between diluted
(D) and undiluted (UD) spotted wolffish sperm samples during the refrigerated storage in the
experiment 2. Values represent the mean £+ SEM (n = 8). Different lowercase letters indicate

significant differences between samples (D) and (UD) at the end of short-term sperm storage.

The initial ATP values (5.65 + 0.86 nmol/10%) were not significantly affect (p=
0.099) by the storage period and at 30 h the values were similar (p= 0.329) in both
D (3.88 + 1.35 nmol/10°) and UD (4.76 + 1.08 nmol/10°) samples (Fig. 4). Likewise,

the pH (initial value 6.11 £ 0.12; final value 6.15 + 0.20) and glucose (initial value

237



9.13 + 2.32 pg/mL; final value 9.51 + 4.99 ug/mL) values also remained stable (p=
0.981 and p=0.732 respectively) during the storage time (Fig. 5A and 5B). While
osmolality parameter had a significant increase (p= 0.039) through the storage
period (initial value 314.52 + 4.37 mOsm/kg; final value 330.62 = 2.82 mOsm/kg).
In addition, no correlation was observed between ATP or the glucose and the

sperm motility parameters (percentage of motile cells and VCL).
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Figure 4 Mean ATP values observed (nmol per 10° cells) in diluted (D) and undiluted (UD) spotted
wolffish sperm samples during the refrigerated storage in experiment 2. Values represent the mean
+ SEM (n =8).

The protein concentration was similar to the first experiment (0.76 £ 0.23 mg/ml).
Fourteen protein bands were detected. The bands with molecular weights of 80,
70, 60, 20 and 15 kDa each represented more than 10% of the protein amount
detected in the seminal plasma (Table 1). The 150 kDa protein band, although
absent in three of the seminal plasma samples, had negative correlation with both
percentage of motility (R=-0.966; p=0.007) and VCL (R=-0.964; p=0.008) at the
time 0 h. The 80 kDa protein band was also negatively correlated with VCL at 30 h
(R=-0.777; p=0.023). The remaining protein bands with higher percentage of

protein were not correlated with either the percentage of motile sperm or VCL.
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Figure 5 Osmolality (mOsm/kg), pH (a) and glucose (mg/mL) values (b) in seminal plasma of

undiluted (UD) spotted wolffish sperm during the refrigerated storage time in experiment 2. Values

represent the mean £+ SEM (n = 8). Different lowercase letters indicate significant differences

between the initial value and the final value at the end of short-term sperm storage.

Table 1. Protein bands according to the molecular weight found in seminal plasma of spotted

wolffish. Values in the right column represent the mean percentage (n = 8).

PEEE?;;]S Mean (%)
80 14.86
70 20.80
60 26.56
20 11.73
15 18.08

4. Discussion

Refrigeration of sperm could be a more practical approach for storage of spotted

wolffish sperm for short periods (days) compared to the logistically complex and
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expensive sperm cryopreservation protocols currently used. In both short-term
storage experiments, after 30 h of refrigerated storage, the samples maintained
percentage of sperm motilities between 10 and 20 % and sperm velocities close to
20 pm/s. These sperm quality parameters exhibited similar values to the
cryopreservation method used in spotted wolffish (Santana et al. 2020). After
cryopreservation, Santana et al. (2020), depending on the spermatozoa: egg ratio
could obtain values above 80% fertilization. This indicates that the refrigeration
method described in the present study can be used to store sperm for 1-2 days,
diluted sperm samples retained higher percentage of motile sperm throughout the

storage period.

After the storage time, the diluted sperm percentage of motility was only
significantly higher in the second experiment. Nonetheless, in the first experiment,
diluted samples retain similar percentage of motile cells through the storage, while
undiluted had a significant decrease. The large range of initial samples quality in
the first experiment could partly explain the difficulty to detect significant
differences in storability in terms of percentage of motile sperm. Most authors
report an improvement in samples storability by the use of an extender solution
(Gallego et al. 2013; Santos et al. 2018; Gonzalez-L6épez et al. 2019). The use of
these extender solutions is beneficial for several reasons such as reduces the
sperm density and thus improves the oxygen supply; controls pH through the use
of buffers such as Tris in our case; prevents the dehydration of the cells and
decreases the harmful effect of urine contamination (reviewed by Contreras et al.
2019; Beirdo et al. 2019). However, in most cases reported the extender resemble
the seminal plasma and is designed to keep the sperm in quiescent immotile state
until activation by contact with fresh (freshwater species) or seawater (marine
species) (Contreras et al., 2019), which is not the case of spotted wolffish. Few
exceptions exist for internal fertilizing species, such as guppy Poecilia reticulata
(Sun et al.,, 2010), where the sperm was continuously motile in the extender
solution. However, in these livebearers aquarium fish, such as the guppy (Sun et

al., 2010) or the green swordtail Xiphophorus helleri (Yang et al. 2006), it was
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possible to recover sperm motility after inhibition with at low or high osmolality. In
spotted wolffish preliminary trials indicate that it is not possible to recover motility
after exposing to higher or low osmolality inhibiting solution (data not shown).

Several authors have correlated the urea levels with contamination by urine and
decrease sperm quality (Dreanno et al. 1998; Fauvel et al. 2012; Krdl et al. 2018;
Gonzalez-Lopez et al. 2019). Nonetheless, in our study, the level of urea
concentration in seminal plasma was similar both in the samples obtained from
testis or by stripping, and significantly lower than in urine. In addition, at the time of
collection (0 h) there was no correlation between urea concentration and sperm
quality parameters indicating that the low concentrations of urea in the present
study did not affect sperm quality. Other studies have found that relatively low urine
contamination does not necessarily affect the sperm quality, as was observed in
Atlantic halibut Hippoglossus hippoglossus (Babiak et al. 2006) and European
seabass Dicentrarchus labrax (Fauvel et al. 2012). In addition, seminal plasma pH
and osmolality values are usually affected by contamination with urea. Which does
not seem to be the case of our study, the urine pH and osmolalilty values were
lower than the seminal plasma values (5.61 * 0.13 vs 6.37 + 0.06 for pH and
299.89 £ 4.94 mOsm/kg vs 319.56 + 9.94 mOsm/kg for urine and seminal plasma
respectively), and neither of them was correlated with the urea concentration in the
seminal plasma. Whereas, the osmolality values were similar to the ones
previously reported by Kime and Tveiten (2002) of 310-330 mOsm/kg, the seminal
plasma pH obtained in our study was higher (pH of 4.8-7.7 in Kime and Tveiten
2002). This could indicate that part of the samples collected by Kime and Tveiten
(2002) had some urine contamination. According to the methods described, these
authors collected the sperm by direct pressure in the belly whereas we applied the
sperm collection method recommended by Beirdo and Ottesen (2018). In this case
the urine is cleared before, and only after the sperm is collected. Thus, the
procedures of sperm collection used in this work should be enough to avoid semen
pollution with urine in spotted wolffish. However, the level of urea was positively
correlated with percentage of motility assessed at 50 h after storage in undiluted

samples, which indicates that the urea measured in the seminal plasma is more
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related with the normal sperm protein metabolism. It would appear that higher
numbers of motile sperm for a long time increased the urea concentration

compared to samples with lower numbers of motile sperm.

Unexpectedly the ATP concentration remained stable along the storage time even
though the percentage of motile sperm dropped from 44.56 + 3.85 % to 20.83
+5.02 % in diluted sperm and 15.79+ 4.05 % in undiluted sperm. To our
knowledge, all studies so far that have looked at ATP during sperm storage by
refrigeration have observed a decrease in its concentration along the time (e.g,
meagre Argyrosomus regius (Santos et al. 2018), rainbow trout Oncorhynchus
mykiss (Bencic et al. 1999)). However, in most studies sperm is kept in a quiescent
immotile state, whereas the sperm of spotted wolffish is motile on stripping. Thus,
different conditions for refrigerated sperm storage need to be considered.
Moreover, the initial ATP concentration of 5.65 + 0.86 nmol/10° is relatively low
compared with other fish species, usually in the range of 4 — 24 nmol/10® (revised
by Dzyuba et al. 2017). In most species with external fertilization, the sperm
activation occurs by an osmotic or ionic change, the motility period is very short (1-
2 min) and at high velocity (> 100 um/s), which leads to rapid decrease in ATP
concentration (Dzyuba et al. 2017; Kowalski and Cejko 2019). Indeed, the
intracellular ATP content is usually related with duration of the sperm maotility
period and sperm velocity, and the completion of the motility period is partly
caused by low intracellular ATP (Dreanno et al. 1999; Dzyuba et al. 2017). In
contrast, spotted wolffish is characterized by low velocity and long period of sperm
motility as observed in the present study and reported by Kime and Tveiten (2002).
In addition, the spermatozoa are characterized by a large midpiece with high
number of mitochondria, as observed in the closely related common wolffish
Anarhichas lupus (Pavlov et al. 1997). Thus, the low velocity, and thus low
intracellular ATP consumption, can probably be compensated rapidly enough by
mitochondrial synthesis of ATP via respiration for the 1 to 2 days period of motility

usually observed.
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Similar to the ATP also the seminal plasma glucose values remained constant
during the storage time (30h). The initial glucose concentration obtained in this
work (9.13 + 2.32 pg/mL) was higher than the values observed in other marine
species, such as gilthead seabream Sparus aurata 6.13 = 4.68 pg/mL, total value
for semen with cells, (Lahnsteiner et al. 2010) or turbot Scophthalmus maximus
0.92+0.20 pg/mL (Dreanno et al. 1998). As discussed, by Yang and Tiersch (2009)
different species use different sources of energy for sperm motility. Whereas in
some species sperm cells are able to use exogenous sources as carbohydrates, in
other species the sperm cells apparently use exclusively endogenous sources of
energy. As an example, both in African catfish Clarias gariepinus (Zietara et al.
2004) and in abant trout Salmo trutta abanticus (Hatipoglu and Akcay 2010) the
addition of energetic substrates, such as glucose, helped maintain the ATP levels
and improved motility during the storage time. On the other hand, in medaka
Oryzias latipes the sperm motility is not affected by the presence or absence of
glucose in the medium (Yang and Tiersch 2009). The fact that spotted wolffish
seminal plasma glucose levels remain constant during the 30 h storage period
does not mean it cannot use exogenous sources for the maintenance of the ATP
levels, since it could be using other sources. Thus, this question should be further
explored to aid in the development of refrigerated storage protocols for the sperm

of this species.

The protein concentration in both experiments, compared with other marine
species, was lower than in Atlantic halibut (6.4 to 19.4 mg/mL) (Mommens et al.
2008), but in similar range to Atlantic cod Gadus morhua (0.78 to 1.05 mg/mL)
(Butts et al. 2011). The proteins contained in the seminal plasma are mostly
involved in sperm protection, but each of them has different roles such as sperm
maturation, cell death, respiration, lipid metabolism, energy production and maotility
(reviewed by Ciereszko et al. 2016). Indeed, most authors link the increase in
specific proteins with improved sperm quality. For example, in European eel
Anguilla anguilla samples with proteins with molecular weight less than 50 kDa

were linked to increase in the sperm motility (Pefiaranda et al. 2010). However, in
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our work most of the correlations we observed between the proteins (total and
protein bands) and sperm quality parameters were negative correlations. Spotted
wolffish do not release sperm naturally in captivity, and thus the sperm obtained by
stripping could be overripe and these proteins be related with cell death. However,
in order to make such conclusion a more detailed proteomic study will be needed
using for example markers for proteolytic activity (e.g. Mommens et al. 2008) or a
2-D gel analysis (e.g. Zilli et al. 2014) for protein identification. Nonetheless, the
analysis of the proteins in the present experiment opens the possibility to use

proteomic indicators for sperm selection.

5. Conclusions

In this work we present important data that will help in the future development of a
refrigerated storage protocol for spotted wolffish sperm. First, wolffish sperm can
be stored for 1-2 days, the dilution of the sperm in a medium improves its
storability, and thus the composition of this medium should be further explored.
Secondly, using the reported sperm collection method (Beirdo and Ottesen 2018)
urine contamination was avoided and hence did not affect the sperm storability.
Finally, the sperm motility period is not limited by the ATP levels, that remain stable
at least for the first 30h, however the energy source used to maintain these ATP

levels is not clear.
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Chapter 9 General discussion

The reproductive dysfunction presented in Senegalese sole cultured breeders has
been a bottleneck to close the reproductive cycle in captivity and achieve
sustainable culture. Although wild breeders produce fertilised eggs, the spawns
from cultured breeders are not viable and do not provide larvae. This failure has
been attributed to a lack of reproductive behaviour in cultured males (Carazo et al.,
2016; Martin et al., 2019). Intrinsic behavioural factors in the reproductive process,
reproductive dominance and social relationships into the broodstock may be linked
to the reproductive failure (Carazo et al., 2016; Martin et al., 2014; Fatsini 2017).
Hence, the understanding of mechanisms for controlling of reproductive behaviour
and social aspects in the rearing conditions, transmission of learning and
behaviour amongst breeders (Huntingford, 2004; Guevara-Fiore, 2012; De
gasperin and Macias, 2014), could provide possible solutions to the reproductive
dysfunction. Alternatively, solutions that avoid the reproductive dysfunction in
Senegalese sole may be explored. Procedures based in gamete management and
in vitro fertilisation may ensure the mass production of viable eggs and sustainable
sole farming by avoiding or bypassing the dysfunction. Therefore, in the present
thesis, different options were examined to both solve and bypass the reproductive
dysfunction in cultured breeders. Chapters 2 and 3, assessed the involvement of
wild and cultured breeders in the reproductive behaviour and spawning and the
effect of different social holding conditions on reproductive ability in cultured
breeders. Chapters 4 and 5, examined the effect of dominance behaviour on
reproductive success in wild and cultured breeders and reproductive potential in
cultured males. Chapters 6 and 7, evaluated methods to preserve the quality and
viability of sperm to perform in vitro fertilisation in Senegalese sole and determining
the proper sperm to egg ratio to achieve high fertilisation rates. Finally, another
specie was examined, the spotted wolffish (Anarhichas minor) that present a
reproductive dysfunction and specific sperm characteristics, leading to the need to
use in vitro fertilisation procedures to obtain fertilised eggs. Chapter 8 analysed

limiting factors in the preservation of sperm quality of spotted wolffish in a
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refrigerated storage method and dilution solutions to maximize the time sperm are

viable.

1.1 Reproductive behaviour and success in cultured breeders

Two experiments were conducted to evaluate the participation in the reproductive
behaviour and the spawning in cultured breeders of Senegalese sole. In the first
experiment (Chapter 2), three groups were formed: two mixed (wild and cultured
breeders) and one control group (only cultured breeders). The chapter presented
the last year (2016) of the experiment that was started in 2012 by Fatsini (2017)
and the complete study was published by Fatsini et al. (2020). The participation in
the courtship behaviour and the spawning of cultured sole breeders increased with
the presence of wild breeders that successfully spawned (Mixed Groups). Fertile
spawns were only recorded from the two mixed groups; while the Control Group
produced fewer spawns that were not fertile. According to genetic analysis, the
parental contribution was assigned to a cultured male that spawned with a cultured
female and two wild females, held in a Mixed Group. The cultured couple spawned
during two years, one year reported by Fatsini (2017) and a second year in
Chapter 2. Significantly, more behaviours related to the courtship process
described by Carazo (2016) were observed in the Mixed Groups. The second
experiment, examined four groups that experienced different social conditions and
learning opportunities during the juvenile stage until puberty (Chapter 3). Two
replicate groups (W1 and W2) were reared prior to the experiment with spawning
wild breeders. A positive control group (CP) was reared prior to the experiment
with cultured breeders that liberated unfertilised eggs. A negative control (CN) was
reared prior to the experiment in isolation as a single year class and had no contact
with adult breeders during rearing. The observations performed during three
reproductive seasons, showed in the first year, higher frequency of behaviours
related to courtship in the Group W1, in comparison with other groups where the
coupled swimming behaviour was not exhibited. Eight fertile spawns were recorded
from Group W1, in the first year, while in other groups and following years no fertile

spawns were obtained including Group W1. Cultured breeders appear to learn
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reproductive behaviours and participate in fertile spawning, influenced by
cohabitation with successful wild breeders either during the spawning season or
prior to the spawning season before puberty. The behavioural development in
cultured sole appeared to be related to the social learning opportunities
experienced during the interaction between cultured and wild breeders in the two
experiments. However, cultured soles do not seem to retain the learning of
courtship behaviour and consequently spawning over time. Although cultured
breeders learned and participated in courtship behaviour, both the mixed group
(Chapter 2) and Group W1 (Chapter 3) exhibited low participation in spawning

according to the analysis of parental contribution.

1.2 Reproductive behaviour and social learning

The reproductive behaviour could be considered innate; however, the early fish
development conditions may influence cognitive ability, causing the loss of
behavioural characteristics (Galef and Laland, 2005). The influence of genetic
background and breeding environment on the general development of sensory
systems may lead to generate differences in behaviour and learning in cultured fish
(Huntingford 2004). In addition, previous experience and learning of complex
courtship and spawning behaviours in cultured breeders may not be available as
for wild fish in the natural environment. Differences in the reproductive behaviour
and fertilisation success were found between cultured and wild Atlantic salmon
(Salmo salar). The decline in reproductive success in cultured fish was related to
artificial breeding and rearing conditions, which prevented the natural development
of reproductive skills with respect to wild breeders (Fleming et al., 1996). Similarly,
in Amarillo fish (Girardinichthys multiradiatus), the courtship pattern in males was
affected by ontogenetic factors and early social experience. However, this
behaviour may be modified through learning from new experiences (De Gasperin
and Macias 2014). In Senegalese sole, the reproductive behaviour has been
described as a complex process, where the males play an important role to
encourage the females to mate (Carazo et al., 2016). The spawning is carried out

by a single pair, after the male has gained acceptance from the female and the
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approach to swim together to the surface to release and fertilise the eggs.
However, differences in behaviour patterns amongst males have been associated
with their reproductive success and as a determining factor in the mate choice by
the females (Meager et al., 2018). Unlike wild breeders that perform the courtship,
the lack of reproductive behaviour and spawning in cultured breeders could be
linked to the loss of stimulation and learning of behaviour during the early
development. Therefore, social learning from successful breeders would enable
the development and acquisition of mating skills (Brown and Laland 2003;
Huntingford 2004; Duncan et al., 2019). Social learning involves information that is
learned socially through observation or imitation of other experienced individuals
(Brown and Laland 2003). The experience gained and knowledge transmitted from
experienced males that successfully performed courtship would assist in the
development of reproductive behaviour (Freeberg 2000) and would solve the
reproductive dysfunction. In species such as Atlantic Cod (Gadus morhua), the
development of behaviour was determined by learning process and conditioned by
experience previously obtained (Meager et al.,, 2018). While in individuals of
Poecilia reticulata and P. picta, the initial recognition and mate choice with
preference for conspecifics, was a learned process by imitation or observation from
adult wild fish (Dungatkin et al., 1992; Magurran and Ramnarine, 2004).
Information transmitted from others may provide a useful guide to solve
challenges, makes it possible to avoid the error and give solutions in inexperienced
individuals (Dungatkin et al., 1992; Dungatkin and Godin 1993; Galef and Laland
2005). In this way, the social learning of courtship and mate choice will provide the
ability to ensure the reproductive success (Galef and Laland, 2005). Therefore, the
increase registered in courtship and spawning participation in cultured sole
breeders could be attributed to the effect of social learning during the period of

cohabitation with successful wild breeders (Chapter 2).

1.3 Social learning and information retention

The social transmission of information between the fish groups could be linked to

learning opportunities during the development in early life stages. The behaviour
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development and acquisition of information in the individuals may be favoured by
certain environments and different experiences obtained (Dungatkin 2007). In
some species, such as Poecilia reticulata, the transmission of social information
and conformation of behaviour was tested with respect to the mate choice
responses (Dungatkin 2007). Different juvenile fish groups were exposed to
different social environments during their early development: a) interacting with
males and females that are sexually receptive, b) kept with adult fish that did not
choose a mate, and c) interacting with other juvenile fish. Only juvenile fish that
were kept with adult fish that were sexually receptive developed the same mate
choice pattern as adults. While in other groups the social transmission for the
development of mate choice behaviour failed (Dungatkin 2007). Experiences in
early development stages can influence the display of reproductive behaviour in
males, which is necessary for successful reproduction (Guevara-Fiore et al., 2012).
In immature male guppies, a similar development of courtship behaviour was
learned during the early juvenile stage by observing other males courting, unlike
males that grew up in isolation (Guevara-Fiore et al., 2012). Therefore, the
differences in the behaviour formation in the fish were related to the social learning
experienced during the developmental period in juvenile fish. In Senegalese sole,
the reproductive behaviour development and participation in spawning of cultured
breeders was observed in the Group W1, which had interaction with wild adult fish
during the juvenile stage (Chapter 3). This behaviour appeared to be related with
the experiences obtained by social transmission during the interaction period with
successful wild fish. However, the experiment had a duration of three reproductive
seasons and although during the first reproductive season reproductive behaviour
was performed and eight fertile spawns were obtained, no fertile spawning was
obtained in the second and third seasons. The loss of the sequence of fertile
spawning in this group, suggested that, although the social learning and
development of reproductive behaviour was acquired from spawning wild breeders,
it does not appear to have been retained by cultured breeders over time.
Recognition of learned information may be conditioned by response to a stimulus

and associated with a memory process (Warburton, 2003; Bloch et al., 2019). A
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probable restriction in memory capacity, could affect the response to what was
learned, limited to a short period of time (Hazlett, 2007; Brown et al., 2013). In
juvenile flatfish (Paralichthys olivaceus) flounder, the response to predation was
learned from experienced conspecifics through observation; however the response
was limited after 48 hours and this was attributed to memory capacity (Arai et al.,
2007). The degradation of memories would cause the lack of recognition of
processes and execution of decisions and functions (Warburton, 2003; Brown et
al., 2013; Bloch et al., 2019). Perhaps, a reinforcement process with stimulus and
cues would have a motivation to reactivate the learning obtained previously
(Warburton, 2003; Hazlett, 2007). However, an apparent forgetting could be a
strategy to ensure the learning of new experiences, updated to the recent social
context (Bekinschtein et al., 2018). The expiration of information previously
retained would help to adjust the memory capability, generating opportunities for
storage of information required (Brown et al., 2013). Advances in the process of
developing reproductive behaviour in cultured breeders by learning from successful
wild breeders highlights a potential solution to the reproductive dysfunction.
However, apparent lack of retention of what was learned and low participation in
spawns determined in breeders, could be mechanisms that limit the reproductive

success in cultured breeders.

1.4 Participation in courtship and spawning.

The participation of breeders (wild or cultured) in the spawning in both experiments
(Chapter 2 and Chapter 3), was low. This situation may be associated with fidelity
between couples and reproductive dominance amongst breeders (Martin et al.,
2014; 2019). Senegalese sole is a species with monogamous spawning (Carazo et
al., 2016; Duncan et al., 2019), unlike other species such as winter flounder where
various males may be implied in the spawn with a single female, without agonistic
behaviour (see in Gibson 2005). The formation of couples could have a criteria
based on the display of dominance behaviour and the ability to execute the
courtship behaviour (Carazo et al., 2016; Duncan et al., 2019). A high participation

was observed in the courtship and behaviours such as “Follow”, which has been
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determined as an indicator of successful spawning (Fatsini et al., 2020). The
“Follow” behaviour is a type of procession and non-aggressive competition, mainly
performed by males in the follower position and females in the leader position
(Carazo et al., 2016; Fatsini et al., 2020). In addition, the “Follow” behaviour could
indicate a type of dominance. The participation and position in the “Follow”
behaviour (leader or follower) of males was correlated with participation in
spawning (Fatsini et al., 2020). However, in spite of this high participation in
reproductive behaviours and a significant increase in the complex reproductive
behaviour by inexperienced cultured breeders, participation in spawning was low.
In mixed groups (Chapter 2), wild breeders were identified as dominant in
spawning and the participation in spawns by cultured breeders was low (Chapter 2
and 3). However, the participation of cultured breeders in spawning after the death
of a reproductively dominant wild male indicated the limitation in the spawning
participation of cultured males may be due to a dominance effect of reproductive
wild males. This mechanism seems to be contrary to cultured breeders developing
reproductive behaviour as reproductive dominance minimises the achievement of
fertile spawns (Fatsini et al., 2020). While all spawns obtained in the Group W1
(cultured breeder in Chapter 3) showed the reproductive dominance by one couple.
This suggests that hierarchies in reproduction are formed within groups, not related
to breeders origin, but probably to the ability to execute courtship behaviour or
other factors not yet described.

1.5 Dominance behaviour and reproductive success.

Control of limited resources such as food, territory and reproductive opportunity
may lead to the development of behavioural patterns related to the establishment
of social hierarchies within a population (Dey et al., 2015; Maytin and Ligocki,
2019). The dominance relationships, may determine the social position between
individuals according to subsequent encounters between pairs within the stock
(Chase et al., 2003). In juvenile sole, social dominance behaviour has been
characterized with regard to feeding response and territory (Fatsini et al., 2017).

However, the influence of dominance hierarchies in sole adults has not yet been
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explored. In Senegalese sole broodstock, dominance hierarchies within groups
may have influence in breeders in several aspects. Two experiments were carried
out to assess the influence of dominance behaviour on: 1) reproductive success
and participation in “Follow” behaviour in male and female breeders from wild and
cultured origin (Chapter 4), and 2) reproductive potential in cultured males and the
relation with sperm quality, hormone concentrations, testes size and testicular cell
development (Chapter 5). In both experiments, dyadic tests were conducted to
determine hierarchical categories between the fish pairs. Dominant and
subordinate fish were determined by behavioural parameters, which had previously
been associated to dominance in juvenile Senegalese sole (Fatsini et al. 2017). In
both experiments, the behaviourally dominant fish coincided with the fish that
dominated the preferred spatial parameter, last position. In the first experiment,
dominance status classified by behaviours was related with the reproductive
success (Chapter 4), defined by the participation in fertile spawns obtained during
four reproductive seasons (Fatsini et al., 2020; chapter 2). A higher proportion of
dominant fish participated in fertile spawns in comparison with the subordinate fish.
While a similar proportion of dominant and subordinate breeders participated in
“Follow” behaviours. In the second experiment, dominant males had higher sperm
motility, Gonadosomatic index and number of spermatozoa cells in the cortex area
of testes compared to subordinate males (Chapter 5). However, the subordinate
males maintained their reproductive potential, developing germ cells at all stages
of maturation and similar sperm velocity parameters to dominant males, despite
submission in social behavioural. In addition, the plasma levels of sex steroids
were similar in subordinate and dominant fish and perhaps stimulated similarly the
proliferation of germ cells and, therefore, ability to modulate sexual behaviour
(Rudolfsen et al., 2006; Schulz et al., 2010).

The effect of dominant behaviour on individuals may impact on physical,
physiological and behavioural aspects (Oliveira and Almada, 1996; Dey et al.,
2015; Scaia et al., 2020). In species such as Astatotilapia burtoni and Oreochromis
mossambicus, the social regulation had effects on behaviour (aggressive or

submissive) and changes in colouration, size and reproductive success (Maruska
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2014; Scaia et al., 2020). While in Senegalese sole juveniles, hierarchies caused
growth heterogeneity amongst the individuals of a stock (Salas-Leitdn et al., 2011).
In sole adults, dominance behaviour was related with the reproductive success
(Chapter 4). Socially ranked dominant individuals have been previously described
to participate successfully in reproduction while subordinate individuals were
excluded (Dey et al., 2015). The social component such as the hierarchical position
amongst breeders would be relevant to deduce the reproductive success (Colléter
and Brown 2011; Pfenning et al., 2012). In species such as medaka fish (Oryzias
latipes) the dominance in the reproduction was linked to social dominance (Yokoi
et al.,, 2016). Socially dominant males have higher access to females as females
tend to choose the dominant males for mating, securing the success in the
offspring (Maekawa et al., 1996; Yokoi et al., 2016; Laubu et al., 2017). Therefore,
the mate choice and successful spawning were related to previous social
interactions between individuals that established social position (Maekawa et al.,
1996; Laubu et al., 2017). Moreover, in Senegalese sole the participation in mate
choice and successful spawning was related to the ability of males to perform the
reproductive behaviour (Fatsini et al., 2020; Chapter 2). Complex reproductive
behaviour can challenge males to encourage females to mate. Therefore, the
dominant males could have more access to females and be able to properly
execute the courtship. However, in spite of the males ability to perform the
courtship, the poor participation of breeders in spawning may be linked to the
reproductive dominance and influenced by the social hierarchies (Martin et al.,
2014; Martin et al., 2019; Fatsini et al., 2020; Chapter 2 and 3). As described
above, few spawning couples were formed and fidelity between the pair often
remained through reproductive seasons (Martin et al., 2014; Martin et al., 2019;
Fatsini et al.,, 2020). The influence of dominance behaviour appears to limit
participation in spawning. Furthermore, although “Follow” behaviour has been
identified as indicative of reproductive success (Fatsini et al., 2020), it was not
related with social dominance or territorial dominance (preferred space) (Chapter
4). However, a correlation between the “Follow” and Rest the Head (RTH)

behaviour was found. The RTH behaviour was associated or used to define social
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dominance (Fatsini et al., 2017; Chapters 4 and 5) and was defined as a
reproductive behaviour performed by males to approach and gain acceptance with

females during the courtship (Carazo et al., 2016).

Moreover, the dominance behaviour could be a factor that influences in the
reproductive dysfunction, causing a failure both to development reproductive
behaviour and controlling physiological changes in cultured breeders. In particular,
the males are subject to higher competition and display of mating behaviours with
the females (Maruska and Fernald 2011; Bierbach et al., 2014). However, under
the dominance factor, the response to display the reproductive behaviour could
implicate changes caused by the social categorical position in each individual
(dominant and subordinate). Adjustment in the reproduction by social hierarchy
could influence in physical and physiological adaptations linked to reproductive
behaviour in fish (Maruska 2014). Social interactions between breeders transmit
signals that regulate the neuro-molecular response and influence physiological
changes such as the testes development. Socially disadvantaged fish could exhibit
higher impacts on reproductive function, limiting the reproductive opportunities
(Maruska and Fernald, 2011). In the species such as Cichlasoma dimerus and
African cichlid Astatotilapia burtoni, subordinate fish might undergo reproductive
suppression due to social domination by dominant fish (Maruska 2014; Scaia et al.,
2020). However, an investment in sperm production may offer mating
opportunities, in a social rank adjustment (Pfennig et al., 2012; Kustan et al., 2012;
Maruska 2014). This adaptive mechanism may be perceived in the breeders and
respond physiologically to the regulation of social position (Alonso et al., 2012). In
Senegalese sole, the opportunity to access mating was provided by the removal of
a reproductively dominant wild male and the ascent of a cultured male in the
ranking, to achieve fertile spawning was observed (Chapter 2). Subordinate males
maintained a similar sperm production capacity as dominate fish (Chapter 5) and
cultured individuals that did not participate in spawning had similar or better sperm
quality compared to wild males that participated in spawning (Chapter 2). Although
some effects on reproductive potential in cultured male breeders may be related to

the social dominance (Chapter 5), physiological characteristics and reproductive
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capacity appear to be maintained to response to the reproductive likelihood.
Therefore, the social and reproductive dominance could be a limiting to the
reproductive success of sole breeders, which would partly explain the scarce
parental contribution in Groups mixed (Chapter 2) and Group W1 (Chapter 3).

The reproductive dysfunction related to the lack of courtship behaviour in cultured
breeders has been a bottleneck to control their reproduction. Behavioural aspects
had influence on spawning success in culture sole breeders. The presence of
spawning wild breeders increased the participation in the courtship and obtaining
fertile spawning in cultured sole breeders (Fatsini et al.,, 2020; Chapter 2).
However, a low participation of breeders in parental contribution was evident in all
groups where fertile spawning were recorded (Chapters 2 and 3). This limited
participation was attributed to the establishment of dominance hierarchies within
broodstock. Social and reproductive dominance (Chapter 4) were shown to
influence reproductive success. Dominance behaviour of spawning breeders
suppressed the participation in fertile spawning in cultured breeders, while the
cohabitation with spawning breeders aids development of reproductive behaviour
in cultured breeders. Both aspects appear to have the opposite influence on
reproductive success of cultured breeders. Further studies are required on these
two aspects in the same broodstocks to determine how these opposing influences

can be controlled to achieve successful spawning of cultured broodstock.

1.6 Methods to preserve sperm quality and in vitro fertilisation.

The behavioural approaches have explored how to solve the reproductive
dysfunction; however, a clear solution to the reproductive dysfunction was not
obtained. Therefore, an alternative approach to this reproductive failure is
developing artificial fertilisation procedures to obtain fertilised eggs, using gametes
stripped from mature cultured Senegalese sole (Liu et al., 2008; Rasines et al.,
2012; 2013).
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In aquaculture, In vitro fertilisation represents an option to obtain fertile eggs and to
establish breeding programs (Beirdo et al., 2019) for several captive species
affected by reproductive dysfunctions. However optimizing the protocols and
critical parameters of gamete preservation are necessary to ensure that viable
gametes are available at the same time to obtain high fertilisation and hatching
success. Senegalese sole and spotted wolffish (A. minor), are two species that
present reproductive dysfunctions in captivity and instability in the control of
reproduction to obtain fertile eggs (Carazo et al., 2016; Beirdo and Ottesen 2018).
Although both species produce viable gametes, spontaneous spawns are not
performed. Gamete synchronization from both sexes is often difficult to achieve,
hence management for the preservation of gametes is crucial for fertilisation (Falk-
Petersen et al. 1999; Beirdo and Ottesen 2018). In Senegalese sole, low volume
and quality of sperm (Cabrita et al., 2006; Beirdo et al., 2009) complicate this
procedure. The scarce sperm production has been related to the small size of
testes with semi-cystic spermatozoa development and reproductive strategy
(Garcia-Lopez et al., 2005; Carazo et al., 2016). While in spotted wolffish, sperm is
motile on stripping and currently it is not possible to immobilize and reactivate
(Kime and Tveiten 2002). Therefore, a longer duration of sperm motility is required
to synchronize availability of sperm with the ovulation of females. Sperm
preservation protocols have been developed to maintain the viability of gametes to
short and long term. Cryopreservation protocols have been described to ensure the
availability of sperm (Le Francois et al. 2008; Gunnarsson et al. 2009; Rasines et
al., 2012; Santana et al. 2020). In flatfish such as turbot (Scophthalmus maximus)
cryopreservation protocols have been developed to maintain maximum gamete
quality and obtain a high rate of fertilised eggs from artificial fertilisation procedures
(Chereguini et al., 1997). While in Atlantic halibut (Hippoglossus hippoglossus),
cryopreservation protocols were applied on a commercial scale ensuring reliable
sperm volume (Ding et al., 2011). However, it could be a complex procedure that
requires special equipment and trained personnel to carry out and samples visibly
contaminated by urine, faeces or blood would be discarded (Cabrita et al., 2006).

Therefore, a simple and inexpensive procedure is needed to be used in hatcheries
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during short-term storage. Cold storage methods are used as a procedure
relatively easy to implement in the hatchery environment (Bobe and Labbé 2008;
Contreras et al. 2019). However, the sperm conditions may limit the duration of the
required storage period. Collecting methods, contamination in sperm samples and
an improper sperm handling may cause negative effect in sperm quality and
decreasing the ability of the sperm to fertilize eggs (Bobe and Labbé 2008;).
Therefore, short-term cold storage procedures and use of diluent solutions to
preserve the sperm quality post-collection and prevent the damage of the
spermatozoa were tested in two experiments. In Senegalese sole, sperm samples
collected by stripping from cultured breeders were diluted in five different solutions
and undiluted samples were stored during 24 hours and sperm quality parameters
were recorded (Chapter 6). In spotted wolffish diluted and undiluted sperm
samples were assessed in the sperm quality parameters until sperm motility
ceased and variation in ATP values were measured during the test (Chapter 8).
Possible urine contamination in sperm was explored in both experiments to
determine its effect on sperm quality. In both experiments the diluted sperm
samples maintained higher sperm maotility in short term cold storage in comparison
with undiluted samples. The elements of diluent solutions provide stability to sperm
components and antimicrobial action inhibiting the loss of motility and prolong the
viability of sperm over time (Bobe and Labbé, 2008). Also, reduce the sperm
density and thus improves the oxygen supply, controls pH through the and
decreases the harmful effect of urine contamination (reviewed by Contreras et al.
2019; Beirdo et al. 2019). In sperm samples of Senegalese sole, urine
contamination showed adverse effects on sperm quality. Changes were registered
in osmolality and pH, which prematurely triggered sperm activation causing a
decrease in sperm motility and velocity parameters needed to fertilise the eggs.
The closeness between the reproductive and urinary systems often causes sperm
contamination by urine when the sperm is collected. Similar effects of urine
contamination on sperm quality were recorded in species such as turbot
(Scophthalmus maxima) (Dreanno et al., 1998), tilapia (Oreochromis
mossambicus) (Linhart et al., 1999), rainbow trout (Oncorhynchus mykkis) (Nynca
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et al., 2012) and Eurasian perch (Perca fluviatilis L.) (Krdl et al.,, 2018). In
freshwater fish, the urine contamination cause a negative effect on osmolality
values by prematurely activating sperm motility (Linhart et al., 2003; Krdl et al.,
2018), while in marine fish, the variation in seminal plasma composition and
intracellular ATP, reduce motility percentage and sperm velocity (Dreanno et al.,
1998, Fauvel et al., 2012). The decrease in sperm quality prohibits proper storage
either short or long term and reduced the possibility to achieve success in vitro
fertilisation (Ciereszko et al., 2010; Beirdo et al., 2019). In spotted wolffish, the
sperm motility values recorded at end of test in diluted samples was similar to
those reported by Santana et al. (2020), during the sperm cryopreservation
process. In short-term refrigerated sperm storage the viability of sperm samples
lasted between 1 and 2 days. Urine contamination and energy reserves were not
limiting factors in extending the period of sperm motility in sperm refrigeration
protocols. The samples did not show negative effects by urine contamination and
ATP values remained stable during 30h after sperm collection and osmolality and
pH values were in the range reported by Kime and Tveiten (2002). Therefore,
short-term sperm refrigerated storage may be a useful method to preserve sperm
quality in both species and provide an easy and inexpensive tool to assist in

artificial fertilisation programs in fish farms.

The difficulty of collecting enough uncontaminated sperm in Senegalese sole may
be a limit to obtain enough sperm to complete large-scale commercial in vitro
fertilisation. Viable sperm management is needed to provide the sole aquaculture
industry a sustainable alternative for obtaining fertilised eggs from cultured
breeders. Although In vitro fertilisation procedures for Senegalese sole has been
performed on an experimental scale (Rasines et al., 2013, 2012) and on an
industrial scale (Liu et al. 2008) the spermatozoa to egg ratio required has not
been established. Consequentially, it has not been possible to develop protocols to
manage the low sperm volumes collected and plan in vitro fertilisation procedures
to achieve efficient large-scale fertilisation of eggs. Therefore, appropriate sperm to
egg ratios for the use of limited sperm volume for the successful experimental and

massive in vitro fertilisation in Senegalese sole (S. senegalensis) was examined
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(Chapter 7). A low spz egg™ ratio was required to achieve high percentage of
fertilisation and larval hatching, which was coherent and related to reproductive
strategies in Senegalese sole. A mean fertilisation of 70 £ 14 % was recorded in
the massive in vitro fertilisations performed with mean motile spermatozoa to egg
ratio of 592 + 611 spz egg™ for in excess of 160,000 eggs and using the sperm
from a single male. The in vitro fertilisation procedure is an alternative option for
solving the reproductive behaviour problem in captive species in the aquaculture
industry to obtain viable eggs from cultured broodstock. The improved gamete
management and optimization of using low volumes of sperm applied to two
species, spotted wolffish and Senegalese sole has facilitated the development of
protocols for the large-scale application of in vitro fertilisation procedures for these
species. These procedures allow the control in reproduction and implementation of

breeding programs that will improve growth and product quality.

The advances registered in this thesis, have increased the understanding of the
reproductive dysfunction in Senegalese sole cultured breeders. The increase in the
participation in reproductive behaviour and spontaneous fertile spawning by
cultured breeders appeared to be linked to the opportunities for development of
reproductive behaviour through social learning with experienced conspecifics.
However, the reproductive behaviour may be suppressed by social status amongst
breeders. Further studies are required to obtain sufficient spontaneous fertile
spawning from cultured Senegalese sole broodstock for aquaculture. An alternative
solution, in vitro fertilisation was developed, as a method that would ensure mass

production from cultured breeders of larvae for the aquaculture industry.
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Final Conclusions

e The participation in the reproductive behaviour and obtaining spontaneous
fertile spawning by cultured breeders was increased in the presence of
spawning wild Senegalese sole breeders. The process of developing
reproductive behaviour in cultured breeders was associated with social

interaction between both types of breeders.

e The development of reproductive behaviour suggests a link to the
opportunities for social learning during the early stages and/or the spawning
season. However, the sequence in the development of behaviour could be

conditioned by the ability to retain the information acquired.

e Low parental contribution in fertile spawning was observed in all breeders
and especially cultured breeders. Differences and changes in spawning
participation suggested the effect of reproductive dominance amongst

breeders reduced the participation in spawning.

e Social dominance appears to be related with behaviours such as
Approaches, Swimming Above Another, Rest the Head and Displacement,
which were strongly associated with each other. The socially dominant
breeders were concordant with the fish that remained more time in the “last”

position in the preferred space (sand).

e Social dominance had a significant effect on reproductive success. The
socially dominant breeders exhibited higher involvement in the fertile

spawning than socially subordinate fish.

e The influence of dominance behaviour had a relative effect on sperm quality
and germ cells composition. Socially dominant fish had higher sperm
motility, gonadosomatic index and the number of spermatozoa in the cortex
section. Socially subordinate fish exhibited a functional spermatogenesis

process and produced viable sperm despite social suppression.
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The morphology of the urogenital system of Senegalese sole increases the
possibility of urine contamination in sperm samples collected by the
stripping method.

The urine contamination reduces the sperm quality in Senegalese sole.
Urine lowered the pH (acidification) and increased the osmolality, which
appeared activate sperm motility prematurely.

All sperm samples irrelevant of different levels of urine contamination had

similar cell concentration.

Short-term cold storage and the use of diluent solutions helped to preserve
the sperm quality. In Senegalese sole, Leibovitz (L-15) and Marine freeze®
solutions maintained sperm viability for 24 hours and mitigated the effect of
possible contamination on collected sperm to be used in fertilisations. In
spotted wolffish, Smith and Ryan diluent solution improved the storability of

sperm for 1-2 days, helping to maintain the sperm motility.

In wolfish, the sperm motility period was not limited by the ATP levels, which
remained stable during the storage time and the method of sperm collection

used was efficient to prevent urine contamination of samples.

In Senegalese sole, a low spermatozoa egg™ ratio gave high percentages of
fertilisation. According to the non-linear regression, 1617 motile spz fertilised
99 + 12% of viable eggs. The in vitro fertilisations on both an experimental
scale and a massive commercial scale, allow the control of reproduction to

obtain high numbers of hatching larvae.
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