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Abstract

The flathead grey mullet (Mugil cephalus) is a good candidate for the
diversification of aquaculture species due to its adaptability to different culture
conditions, ecological profile, and the market potential of its high added-value products.
The future development of this species relies on the control of reproduction in captivity,
especially in intensive conditions, to provide hatchery-reared fry and not depend on the
capture of wild fry or the induction of wild mature individuals. The control of
reproduction has been complicated by the severe reproductive dysfunction found in
intensive captive conditions; females remain arrested at previtellogenesis or early-
vitellogenesis, and males do not produce sperm or barely produce a drop of highly
viscous milt. Therefore, with the main goal to control the reproduction of this species in
captivity, the present thesis focused on the application of different hormonal approaches
to solve the reproductive dysfunction including examining the endocrinology and
transcriptome in control and treated fish. In addition, other aspects related to broodstock
management were examined; the timing of gonadal development and spawning in a
natural population, lipid and fatty acid changes during gonadal development and how
to provide adequate broodstock nutrition, considering the species feeding habits, when

diets do not exist.

To identify the onset of vitellogenesis and the spawning season of wild flathead
grey mullet in the Western Mediterranean, which would serve as an indicator of the
timing of the reproductive dysfunction in captivity, forty-four wild females were sampled
in October and November 2018 and from February to October 2019. Macroscopic,
histological, and biometric analysis (gonadosomatic index, GSI%) were performed.
According to the results, vitellogenesis had started in early August, and the spawning

season occurred between September and October.

To identify the nutritional requirements of the flathead grey mullet broodstock,
the seasonal changes in lipid and fatty acid composition of muscle, liver and ovary of
wild flathead grey mullet females were characterized. Samples were obtained at: (i)

previtellogenesis (n = 7), (ii) early-vitellogenesis (n = 6), (iii) late-vitellogenesis (n =7), and



(iii) post-spawning period (n =7). Throughout ovarian development, total lipid content
was low and constant in the muscle (3.85 - 4.92 %), high and constant in the liver (18.46
- 22.62 %), and increased during gonadal development (4.90 - 34.59 %) to decrease after
spawning. During vitellogenesis, percentage of total saturated fatty acids deposits,
mainly of the palmitic acid (16:0), decreased in the ovary suggesting their catabolization
for oocyte formation. Contrarily, percentage of total mono-unsaturated fatty acids,
principally of the palmitoleic acid (16:1) and the heptadecenoic acid (17:1) which is of
bacterial origin and acquired through the diet, significantly increased in ovaries and
might contribute to embryo reserves. There was a mobilization of n-3 polyunsaturated
fatty acids (PUFA), especially of eicosapentaenoic acid (20:5n-3, EPA) and
docosahexaenoic acid (22:6n-3, DHA), from the liver. Percentage of PUFA, mainly of EPA,
DHA, and arachidonic acid (20:4n-6, ARA) which was accumulated at high levels in the

ovary, significantly decreased in the ovaries with advancing vitellogenesis.

To describe the optimal feed characteristics and feeding habits of wild-caught
flathead grey mullets maintained in an intensive culture system, the behavioural
responses to pellets and the preferred feeding area were studied. In a first experiment,
the optimal pellet size was defined according to the attractiveness and acceptability of
the different diameters (2, 4, 6, 8 mm) that were dropped in a random sequence (143 +
19 pellets / diameter) into the tank. In a second experiment, two pellet types, floating or
sinking, were offered simultaneously in the water column: at the surface, mid-water
column and bottom of the tank. Larger pellets (6 and 8 mm) were more attractive (lower
reaction time, high percentage of capture), but the small to medium-sized pellets (2 and
4 mm) were the highest consumed. Optimal pellet diameters for juveniles (~ 360 g) were
2 and 4 mm, while for adults (~ 930 g) was 4 mm. Flathead grey mullet preferred to feed
in the water column and the bottom rather than in the surface; therefore, the

recommendation would be sinking or slow-sinking pellets.

Several experiments were conducted with different hormonal schemes to induce
or enhance gametogenesis, spermiation, and final oocyte maturation and ovulation.
Broodstock included wild-caught flathead grey mullets and from a semi-extensive culture
brought to intensive conditions. Hormonal treatments consisted, on one hand, of an

acute treatment with two intramuscular injections: recombinant follicle-stimulating



hormone (Fsh) (5 ug kg™") produced in Pichia pastoris expression system, and a dopamine
antagonist (15 mg kg™), as it is reported to exist a dopaminergic inhibition of sexual
maturation, together with 17a-methyltestosterone (MT) implants (6.7 to 11.6 mg kg™") in
males. This treatment did not induce vitellogenesis, and females (n = 9) at the end of the
experiment were in previtellogenesis as the control group (n = 5) that was treated with
saline solution. Four out of six treated males produced milt (10 — 200 L), while the two

control males did not spermiate.

On the other hand, different long-term treatments were tested consisting of
weekly injections of rFsh (doses from 4 to 15 ug kg™") and /or recombinant luteinizing-
hormone (rLh) (doses from 2.5 to 24 ug kg™") produced in CHO (Chinese Hamster Ovary)
cells. To induce oocyte maturation and ovulation when vitellogenic growth was
completed, injections of rLh (15 or 30 pg kg™") with Progesterone (P4) (40 mg kg™) (rLh +
P4), priming and resolving rLh (30 pg kg™") (rLh + rLh), or priming and resolving P4 (40 mg
kg") (P4 + Ps) were given to females. The weekly application of recombinant
gonadotropins (rGths) showed different results in females: (1) the rFsh application during
eleven weeks induced vitellogenesis (n = 9 females) to a maximum oocyte diameter of
425 + 19 um, (2) initial rFsh application, followed by a combination of rFsh and rLh, and
mainly rLh at advanced vitellogenesis, induced the completion of vitellogenic growth to
~600 um in the 100 % of females that received the complete treatment (total 29 females
from two experiments). Regarding male development: (1) rFsh application during eleven
weeks induced two out of three males to produce viscous milt, while (2) 100 % (4 males
in one experiment and 9 in other) spermiated with higher fluent milt when treated with
a combination of rFsh and rLh. Regarding oocyte maturation (OM) and ovulation, only
those females that received the highest rLh dose (30 ug kg™') presented OM. In one
experiment (n = 5 females), rLh + Psinduced ovulation in 80 % females with the 60 %
having a low percentage of fertilized eggs (0.4 % eggs with embryo) after artificial
fertilization. In other experiment, rLh + P4 (n = 9 females) and rLh + rLh (n = 6) induced
100 % ovulation with 89 % and 100 % spawning success, respectively. The eggs collected
from the tanks presented 63 + 21% fertilization with embryo development and 58 + 23
% hatching. The treatment P, + P4+ (n = 6) had a lower ovulation success (50 %) and

spawning success (17 %) with no fertilized eggs. Controls did not show further gonadal



development from initial stages. Altogether, the present results confirmed the possibility
of controlling reproduction of flathead grey mullet from early gametogenesis to the

completion of maturation and fertilized tank spawning using exclusively rFsh and rLh.

To describe the differential expression of genes and molecular pathways in the
transcriptome amongst different stages of ovarian development induced with the
treatment of rFsh and rLh, repeated ovarian samples were collected by cannulation from
the same five females at four sampling points/stages of development; from initial
arrested gonad before rGths application (previtellogenesis) (Stage 1), from early-to-mid-
vitellogenic oocytes after rFsh administration (Stage ll), from late secondary-growth
oocytes after combined treatment with rFsh and rLh (Stage Ill), and from full-grown
oocytes after rLh administration (Stage V). The RNASeq libraries were constructed for all
the stages, sequenced on an Illlumina HiSeg4000, and a de novo transcriptome assembly
was constructed, which was constituted of 287,089 transcripts after filtering. Differentially
expressed genes (DEGs) were identified during development and characterized the
functional properties of DEGs by comparison with the gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes databases. Upregulated DEGs from Stage | to |I
were enriched in pathways related to steroidogenesis and reproductive development,
such as steroid biosynthetic process (GO:0006694) and response to estradiol (GO:0032355).
From Stage Il to Ill, pathways related to the production of energy, such as lysosome
(GO:0005764), or with the incorporation of lipoproteins into oocytes, such as regulation
of low-density lipoprotein receptor binding (GO:1905599), were enriched of upregulated
DEGs. In the transition from Stage Il to IV there was an enrichment in the C-27 steroid
hormone biosynthetic process pathway, indicating a preparation of the oocyte towards
maturation. Overall, the enriched molecular pathways and DEGs described during the
induced vitellogenesis of flathead grey mullet with rFsh and rLh were typical of natural

oogenesis reported for other fish species.

To sum up, this thesis has increased knowledge about different aspects for the
proper management of flathead grey mullet broodstock, has successfully applied a
treatment with rFsh and rLh that, together with the evaluation of the transcriptomic
changes at ovarian level, have permitted to have full control of the flathead grey mullet

reproduction in intensive conditions with the production of viable eggs and larvae. In



addition, these findings raise the possibility of using the treatment of rFsh and rLh in
species that present similar reproductive disorders in aquaculture, the aquarium industry

and for the conservation of endangered species.
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CHAPTER I

General Introduction

1. A global overview of aquaculture production

Aquaculture refers to the farming of aquatic organisms including fish, molluscs,
crustaceans, and aquatic plants. During the last 20 years aquaculture has been one of the
food production sectors with the fastest growth in the world. The sector contribution to
global finfish and shellfish production has increased from 25.7 % in 2000 to account for
about 47.8 % of the total production in 2019 *, and 52 % of production destined for
human consumption ®. The average world growth rate was 5.8 % per year from 2001 to
2010, however, it has slowed gradually to 4.5 % in the last years (2011 to 2019). In 2019,
the world aquaculture finfish and shellfish production (excluding algae and ornamental
shells and pearls) achieved a maximum of 84.3 million tons; 56.3 million tons of fish —
47.3 million tons from freshwater aquaculture and 9 million tons from marine and
brackishwater aquaculture—, 17.5 million tons of molluscs and 10.5 million tons of
crustaceans ®%. At the regional level, aquaculture represented the 60.3 % of finfish and
shellfish total production in Asia, 19.2 % in North and South America, 19.1 % in Europe,
184 % in Africa, and 113 % in Oceania ®. The aquaculture production is mainly
concentrated in Asia (88.3 %) with China as the largest producer holding more than the
half (56.1 %) of world production ®. Nowadays, despite of the great diversity in the total
species raised (> 600 species), finfish aquaculture is dominated by a small number of
species with the 20 most important species representing the 83.6 % of total production.
These 20 most important finfish species are principally inland species, i.e., cyprinids,

tilapia, salmon, catfish, and trout %

Seventy-five percent of finfish aquaculture in Europe is concentrated in Norway
(56.1 %), the United Kingdom (7.8 %), Greece (4.1 %), Spain (3 %), Italy (1.9 %), and France
(1.8 %) ®. In 2019, European finfish aquaculture production was dominated by the
Atlantic salmon (Salmo salar) (1,721,809 tons), rainbow trout (Oncorhynchus mykiss)

(329,751 tons), common carp (Cyprinus carpio) (168,351 tons), gilthead seabream (Sparus



aurata) (91,091 tons) and sea bass (Dicentrarchus labrax) (82,758 tons) . This actual
European finfish aquaculture production is mainly sustained by carnivorous species.
Nowadays, approximately 12 % of world fish production (including fisheries) is reduced
to fishmeal and fish oil to produce aquafeeds or used as raw material for direct feeding
in aquaculture . The availability of fishmeal and fish oil is a limiting factor in which the
production of carnivore species mostly depends on. The supply of fishmeal and oil,
however, has been projected to diminish in the long-term because of, for example, the
higher pressure by society to improve aquaculture sustainability, and the increasing
fishing costs and production *** which could be linked to the reduction of natural fish
stocks —34.2 % of species have already been declared as overfished ®—. Although the
aquaculture production of species that require little or no dietary fish meal is increasing
in freshwater aquaculture, for example, with carps and tilapia ®, it is important to direct
the focus of research on new feed sources and / or diversify the species that are cultured
with, in particular, herbivorous or omnivorous marine species, such as the flathead grey

mullet (Mugil cephalus), to make aquaculture sustainable for the future.

2. The flathead grey mullet (Mugil cephalus)

Out of the 26 genera and 80 species belonging to the family Mugilidae 8, only
three species are of aquaculture importance *°. The most commonly cultured mullet
species, the flathead grey mullet, is considered to be a potential candidate for the
diversification of European marine aquaculture since it has good characteristics; can be
reared in seawater, brackish water and freshwater, also in various aquaculture systems
195, and has fast growth (~ 1 kg per year) ® converting food efficiently to body mass .
Flathead grey mullet is a highly marketable fish, a high-quality source of protein and has
good flesh properties "2 Moreover, the salted and dried roe bottarga from gravid
females is considered a pricey delicacy (>100€ kg™) in the southern Mediterranean and
Asia *°, adding value to the culture of this species which is contemplated to be
inexpensive and resource-efficient . Besides, it is an excellent candidate for sustainable
and environmentally friendly aquaculture that have been reared with fishmeal-free feed

77132 35 the species natural diet is omnivorous detritivore 3. In relation to these attributes



for aquaculture, Nash and Shehadeh postulated in 1980, “the Mugilidae have the
brightest future of all marine and brackishwater finfish in the developing technology of

aquaculture”.

2.1. Biology and characteristics

Flathead grey mullets are members of the Order Mugiliformes, Family Mugilidae,
which are Actinopterygian teleost. Mugil cephalus consists of a globally distributed
complex of 14 parallel mitochondrial lineages (cryptic species) ** found in coastal
temperate and tropical waters between latitude 42 °N and 42 °S following a
discontinuous distribution ® (Fig 1). In general, each lineage has a regional distribution
but different lineages can coexist at a single locality, and, therefore, the delimitation is
still challenging **. Even though considered a marine species, flathead grey mullets are
euryhaline and can be found throughout the full range of estuarine salinities '°. Flathead
grey mullets are demersal fish "' that commonly inhabit water depths of 20 m but can

be found offshore or in deeper waters %2,

Figure 1. Global distribution records of flathead grey mullet (Mugil cephalus). Modified from
Whitfield et al. (2012).

Flathead grey mullets are ray-finned fish with a subcylindrical body shape, oval in

cross-section with a smoothly curving profile, and uniform in appearance (Fig 2A).



Flathead grey mullets are usually greyish-green or blue dorsally with silvery flanks and
horizontal dark stripes, and absent lateral line. The ventral side is pale or yellowish. The
species can reach a length of up to 120 cm making it the largest mullet species ®. It is a
gonochoric species, with separated sexes, but there is no external sexual dimorphism &,
Flathead grey mullets are characterized by their broad head which is dorsally flattened
and their thick, soft, transparent adipose eyelid which seems to be the most developed
within mullet species (Fig 2B, 2C). The adipose eyelid covers most of the eye and has a
vertical elliptical opening. This species has two separated dorsal fins, the first has four
spines and the second has one spine and eight branched rays. Pelvic fins are sub-
abdominal with one spine and five branched rays. The anal fin has three spines and eight
branched rays. However, spine and ray counts cannot be used to differentiate M. cephalus
from other mugilids. The scales are typical percomorph type and are cycloid in the early
juveniles becoming later ctenoid . The species possess an oral and branchial filter-
feeding mechanism with gill rakers and denticulate pharyncobranchial organ used for

filtration of ingested material **.

The species is mainly diurnal. Larvae are zooplanktivorous, and juveniles and
adults are primarily detritivores and benthic microalgal feeders, ingesting and filtering
organic matter, although they can feed on invertebrates and plankton. Algae also forms

part of their diets while living in freshwater .

The size at sexual maturity recorded for this species is 25 - 30 cm standard body
length (SL) for males and 27 - 35 cm SL for females which would correspond to
approximately 3 years old. Spawning season differs according to the geographical
locations but avoids extreme water temperatures —under 17 °C and over 28 °C —; for
instance, in the eastern Mediterranean it is between June and October coinciding with
the warmest months (20 °C — 28 °C) while in the Atlantic coast of South Carolina (USA),
within October and April coinciding with the coldest months (20 °C - 25 °C) %2, Adult
flathead grey mullets migrate in large schools from inshore waters and estuaries to the
sea for spawning in a single spawn per season. Fecundity is high and a review by
Gonzalez-Castro and Minos (2016) estimates a normal range of 500,000 to 3,000,000
eggs female™ depending on the adult size which would correspond to 1,473,488 eggs in

individuals of 1 kg according to the formula of Ln Fecundity = 6.95 + 1.05 (Ln BW without



the ovaries) established by Mcdonough et al. (2003). Flathead grey mullet is oviparous;

pelagic eggs are released into the water and fertilized. When the larvae reach 16 - 20

mm, migrate back to rivers and estuaries *'2

Figure 2. Pictures of (A) a flathead grey mullet (Mugil cephalus) from Ebro Delta canals, Spain, (B)
and (C) detail of the transparent adipose eyelid which covers part of the eye and has a vertical
elliptical opening. Scale Bars = (A) 5 cm, (B, C) 0.5 cm.

2.2. State of flathead grey mullet culture

The flathead grey mullet has a long production history and has been of major
importance in several countries. For instance, Ancient Egyptian hieroglyphics show locals
farming mullets around 4,300 years ago “°. First flathead grey mullet production data
records were published in 1950 with 1040 tons; the 10 % of which was produced in
Europe and the 90 % in Asia, with more than half of the total production from China .
Despite the great enthusiasm for mullet culture in the 70s and 80s, it never underwent

the development expected in those years. Most probably because of the difficulties



closing the life cycle in captivity and that the performed experiments were not applied at
a commercial scale *. The highest production levels were reached in the late 90s with the
intensification of cultures “° with a peak of 9585 tons in 1997 . Since then, flathead grey
mullet production has never reached that level. In 2019, world flathead grey mullet
production was 6124 tons, with an average annual growth of 0.05% in the last decade
(2009 - 2019). In 2019, Asia held more than the 90% of world-wide flathead grey mullet
aquaculture production. The seven countries with the highest production were: Taiwan
(2182 tons), Israel (2147 tons), China (984 tons), Singapore (500 tons), Greece (251 tons),
Tunisia (247 tons), and Saudi Arabia (60 tons) .

The actual production of flathead grey mullet is still largely dependent on wild
captures ***?® The experience with wild seed collection, and the high seed production
costs have hindered the development of commercial mullet hatcheries. Besides that, egg
supplies for hatcheries are mostly obtained from captured wild breeders at post-
vitellogenesis that are induced to spawn 9>>116260 However, the capture of wild seed
and the fishing activity are unreliable and unpredictable practices, as wild juveniles /
broodstock are available seasonally for a limited time. These activities are also
unsustainable and together with land reclamation of lagoons, brackish water lakes, and
agricultural and industrial pollution, have led to the collapse of stocks in several areas
but mainly in the Western Central Atlantic, the Mediterranean and the Black Sea 7412228,
However, in captive conditions and notably under intensive culture conditions which
would represent a sustainable solution for a consistent supply of eggs, larvae, and
juveniles, flathead grey mullet breeders do not spawn spontaneously. For instance, in the
Mediterranean intensive conditions, although some females manage to go through
vitellogenesis, the vast majority remain arrested at previtellogenesis or at the early stages
of vitellogenesis ® and males produce no sperm or low volumes of highly viscous milt
which causes a reduction in the dispersal of the spermatozoa in the water and hence
reduces the sperm fertilization capacity ®'"*?°, Therefore, a high priority for flathead grey
mullet culture is the development and application of protocols for the control of

reproduction in captivity, especially in intensive culture.



3. Reproduction in Teleosts

The reproductive cycle is a chain of successive processes that start from immature
germ cells to the formation of mature gametes, egg and spermatozoa, with the aim of
obtaining a fertilized egg and the development of an embryo. Gametes develop from
primordial germ cells (PGC) that migrate to the germinal epithelium, where the gonad is
formed, during embryonic development. The PGC then proliferate by mitosis until their
differentiation into oogonia or spermatogonia, in females and males, respectively. In the
last mitotic division, cells enter into meiosis initiating gametogenesis '%. The
reproductive cycle can be separated in two relevant phases; gametogenesis with gonadal

growth, and maturation that culminates in ovulation or spermiation and spawning

152,155,231

There is a high variety of reproductive strategies among fish, including viviparity
—the guppy (Poecilia reticulata)—, sequential hermaphroditism —the protandrous
gilthead seabream or the protogynous orange spotted grouper (Epinephelus coioides)—
, simultaneous hermaphroditism —the black hamlet (Hypoplectrus nigricans) —'°.
However, the great majority of fish are gonochoristic and oviparous, present separate

sexes, external fertilization and embryonic development 9104132,

3.1. Gonadal development
3.1.1. Ovarian development: oogenesis, maturation and ovulation

The ovary of female fish is a bilateral organ in the abdominal cavity. The ovaries
are projected through a pair of oviducts that connect to the genital papilla opening to
the exterior '*>. There are two types of ovaries: cystovarian and gymnovarian. The
cystovarian ovary, which is present in many teleosts, is surrounded by an ovarian capsule
formed of somatic tissue. The gymnovarian, characteristic of salmonids and eels, does
not have part of the ovarian capsule and ovulated eggs are released into the abdominal

cavity "°.

The germinal unit of the ovary (follicle) consists of an oocyte englobed by two

layers of somatic follicular cells; an inner layer of granulosa cells and an outer layer of
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theca cells separated by a thin basal membrane '%. These follicular cells offer structural
and functional support, mediate the entrance of molecules, synthesize hormones and
factors necessary for the differentiation, growth and survival of the oocyte. A thick
acellular envelop, the zona radiata, surrounds the oocyte, to which the granulosa cells

are directly attached, and will constitute the egg chorion ™.

Before the start of the reproductive cycle, the oogonia populations in the ovary
proliferate through mitotic divisions. At a certain time, some oogonia enter into meiosis
and become primary oocytes, which are arrested at prophase I. Oogenesis (Fig 3) is
commonly classified into primary (PG) and secondary growth (SG). The primary oocytes
go through a PG phase or previtellogenesis, which is characterized by a size increase, the
presence of pale material in the cytoplasm and the formation of the follicle. At PG, two
oocyte types are observed: the nucleolus stage and the perinucleolar nucleolus stage.
The first one is characterized by centrally-located germinal vesicle with a single nucleolus,
and the second, by the growth of the oocyte and the presence of multiple peripheral
nucleoli situated around the internal membrane of the germinal vesicle. Oocytes can
remain at this stage all the entire juvenile period. After it, the SG follows, and can be
divided in three developmental stages: cortical alveolus stage, vitellogenesis, and oocyte
maturation (OM). The cortical alveolus stage is characterized by the occurrence of cortical
alveoli, that have a role in the prevention of polyspermy during fertilization of the
oocytes, and lipids droplets in the ooplasm leading to a significant increase in oocyte
diameter. However, not all species present cortical alveoli. In the vitellogenesis stage, the
oocyte increases in size as the cytoplasm is filled with yolk granules, formed principally
with vitellogenin (VTG), the storage protein in fish oocytes 1402637265 together with other
molecules, such as carbohydrates and lipids 0 yolk oocytes reach their maximum size,
becoming full-grown oocytes before OM, when the resumption of meiosis occurs. The
oocyte advances to metaphase Il, the first polar body is released and the oocyte becomes
a secondary oocyte 8. During the maturation process, the germinal vesicle migrates
towards the periphery of the oocytes with the formation, in some species, of large oil
droplets and the coalescence of yolk. Final OM is characterized by the germinal vesicle
completely migrated and the dissolution of the nuclear membrane, a process called

germinal vesicle break down (GVBD). At this point, the mature oocyte remains arrested
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until hydration, that happens just prior to ovulation and spawning. In this process, the
oocyte incorporates water due to a modification of the ionic composition of the
cytoplasm. The hydration is principally relevant in fishes producing pelagic (buoyant)
eggs with a 2 or 3-fold increase in oocyte volume. At ovulation, the follicle layers
surrounding the oocyte break and release the ova into the lumen of the ovary. In
oviparous species, spawning occurs right after ovulation since there is a window of
viability of ovulated eggs, that varies amongst species. Once spawned, the empty
follicular envelops remain in the ovary and form the postovulatory follicles (POFs) that
are reabsorbed a few days after ovulation 21°215>178 Before and after ovulation, atretic
oocytes can also be found. These are oocytes that interrupted the process of
vitellogenesis or OM because of different factors in the reproductive environment such
as starvation, temperature changes and stress "> that induce changes in the hormonal

regulation ™,

The underlying oocyte recruitment pattern into SG varies in relation to the
spawning characteristics of a species. Ovarian development has been classified in
synchronous, group-synchronous and asynchronous. In fish with synchronous ovaries, all
oocytes start vitellogenesis and advance synchronously through further stages of
development. Total spawners semelparous species such as the coho salmon
(Oncorhynchus kisutch) that participate in one reproductive cycle and then die, do not
maintain a reserve of PG oocytes and synchronously recruit all oocytes into SG. In fish
with group-synchronous ovaries, at minimum two populations of oocytes are present in
the ovary throughout the reproductive season (i.e., one population of PG and one or
more populations of developing oocytes). These fish can be separated into single-batch
and multiple-batch spawners. Single-batch spawners with group-synchronous ovaries

undergo OM and ovulate once per spawning season 9155178253

such as the striped bass
(Morone saxatilis), the rainbow trout %> and the flathead grey mullet *®. On the contrary,
multiple-batch spawners ovulate and spawn several times within the course of a few
weeks such as the European sea bass '>> and the greater amberjack (Seriola dumerili) "®.
In fish with asynchronous ovaries, oocytes of all stages of development are present

without a dominant population. Several batches are recruited into OM, and ovulation
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and spawning are almost daily during the annual spawning season such as the gilthead

seabream % and the Japanese yellowtail (Seriola quinqueradiata) **°.

Figure 3. Ovarian development of flathead grey mullet (Mugil cephalus) females.

Photomicrographs of histological oocytes sections stained with hematoxylin and eosin.
Previtellogenic oocytes at nucleolus stage (1) and at perinucleolar nucleolus stage (2), oocytes at
secondary growth at cortical alveolus stage (3), early vitellogenesis (4) and advancing in
vitellogenesis (5), at maturation stage (6), hydration (7), and atresia (8). Scale bars = 100 pm.
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3.1.2.Testicular development: spermatogenesis, maturation and spermiation

The testes are generally comprised by a pair of elongated lobes separated by a
septum between them or independent. A vas deferens leaves the mesodorsal surface of
each testicle to reach the urogenital pore located between the anus and the urinary tract.
The testes are formed by germinal and somatic tissue '®. The somatic tissue of the testes
forms the seminiferous tubules and the supporting connective tissue. There are
specialized somatic cells, the Sertoli and Leydig cells, that offer structural support to the
germinal cells and have an endocrine role in the production of the necessary hormones
for germ cell differentiation, development and survival 2*'. The Sertoli cells envelop a
clone of germ cells at the same stage of development to form units called cysts or
spermatocysts '®. The total of all the spermatocysts forms the germinal epithelium of the
testes. The Sertoli cells are attached to a basement membrane, which separates the
germinal epithelium from the interstitial compartment. The interstitial compartment is
formed by somatic tissue, in which the Leydig cells are situated, between the

seminiferous tubules.

Two types of testes exist according to the structure of the germinal epithelium:
the tubular and the lobular testes that differentiates between unrestricted and restricted.
The tubular type presents a branched structure with the tubules forming loops at the
testes periphery and connect with the efferent ducts, as in the rainbow trout. The lobular
type present lobules that have a blind end in the periphery of the testes. In the
unrestricted type, spermatocysts in different stages are found along the lobules and the
spermatozoa are released into the lobular lumen that is in continuity with that of the
efferent ducts, as in the perch (Perca flavescens) #°® and the flathead grey mullet '*. In
the restricted type, spermiation takes place in the testicular lobules close to the efferent

ducts, as in the guppy 2*°.

Spermatogenesis (Fig 4) is the process in which single diploid spermatogonial
stem cell (spermatogonia) transforms into a spermatozoa with fertilization capability. It
starts with the mitotic proliferation of the spermatogonia, through a self-renewal process.
This number of mitotic divisions differs within species. During this phase, the population
of spermatogonia in the testes increases in number and the result divisions remain
together in the spermatocyst. At a point, some spermatogonia proceeds towards meiosis,

13



in which the spermatogonia differentiate into spermatocytes that go through two meiotic
divisions followed by spermiogenesis, in which haploid spermatids are obtained and
differentiate into flagellated spermatozoa '**'%. Maturation occurs when spermatozoa
migrate along the efferent duct and obtains the ability to fertilize —capacity of motility—
%8 Simultaneously, the efferent duct produces a high amount of fluid —sperm
hydration—, leading to the formation of the milt, the fluid that contains spermatozoa in
suspension >#3'. There are two types of spermatogenesis, cystic or semi-cystic. In the
cystic type, which is the most common in fishes, spermatogenesis is completed within
the spermatocyst, that releases the flagellated spermatozoa into the testicular lumen. In
the semi-cystic type, the spermatocyst releases the spermatids into the lumen where they

161

complete spermatogenesis and are transformed into spermatozoa such as in the

Senegalese sole (Solea senegalensis) '

Figure 4. Photomicrograph of a histological section of flathead grey mullet (Mugil cephalus) testes
during spermatogenesis stained with hematoxylin and eosin. SPG, spermatogonia; SPC,
spermatocyte; SPD, spermatid; SPZ, spermatozoa. Scale bar = 50 ym.
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3.2. Hormonal control of reproduction

Maturation in teleost is marked by vitellogenesis in females and spermatogenesis
in males. It depends on internal stimuli (genetic factors, maturation age, metabolism,
energy stores, etc.) and external variables such as temperature, photoperiod, water
salinity, presence of a potential mate, etc. The neuro-endocrine regulation of
reproduction is mediated by the hypothalamus-pituitary-gonad (HPG) axis (Fig 5) and
the liver %178 The detection of the adequate cues stimulate the synthesis and secretion
of neuropeptides by the hypothalamus, mainly gonadotropin releasing hormone (GnRH)
2% and monoamines, principally dopamine (DA) *, that regulate the activity of endocrine
cells in the pituitary gland. GnRH stimulates gonadotropic cells in the pituitary gland to
produce and release two gonadotropins (Gths) into the bloodstream, the follicle-
stimulating hormone (Fsh) and the luteinizing hormone (Lh), that control reproduction in
fish 915578 The Fsh and Lh belong to the glycoprotein hormone family and are
heterodimeric glycoproteins formed by a common o subunit and a specific p subunit .
Both gonadotropins target the gonads, stimulating the secretion of specific sex steroids
and growth factors with an important role in the regulation of reproduction. In addition
to the direct role of sex steroids in gonadal development, the steroids also provide
feedback on the brain-pituitary level, mainly through the dopaminergic system, and thus,

regulate GnRH secretion %',

The function of Fsh and Lh is mediated by specific membrane gonadotropin
receptors in the somatic cells that surround the oocyte or male germ cells #, the follicle-
stimulating hormone receptor (fshr) and the luteinizing hormone receptor (lhcgr) which
can be two, lhcgr1 and lhcgr2, in some fish species '°2. The differential regulation of each
oocyte generation may be attributed to differences in the hormone binding that results
in receptor activation #*°. The fshr and lhcgr appearance increase or decrease parallelly to
the appearance of the gonadotropin hormones in the bloodstream. Although several fish
species present ligand-receptor promiscuity °, there are two principal described roles for
gonadotropins; Fsh regulates gametogenesis whereas Lh regulates gamete maturation

and spawning "%,
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Figure 5. Schematic representation of the hypothalamus—pituitary-gonad (HPG) axis in teleost,
its major components and stages, and its endocrine and environmental control. Modified from
Weltzien et al. (2004). DA, dopamine; E;, 17B-estradiol; Fsh, follicle-stimulating hormone; GnRH,
gonadotropin-releasing hormone; Lh, luteinizing hormone; MIS; maturation inducing steroid; T,

testosterone; 11-KT, 11-ketotestosterone.
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3.2.1. Oogenesis and maturation regulation

Previtellogenesis is a hormone-independent phase; is independent of pituitary
control, do not rely on Gths effect. After it, the SG is characterized by the control of Gths.
In fishes with synchronous ovarian development, two separate roles have been
suggested for Fsh and Lh as fish undergo well-defined metabolic changes during
vitellogenesis that are different from those occurring during final oocyte maturation and
spawning. On the contrary, in fish with asynchronous ovarian development, the role of
Fsh in vitellogenesis is not that clear and it is possible that Lh also plays a role. Indeed, it
has been shown that both Fsh and Lh are able to stimulate follicle cells to produce 17p-
estradiol (E2) in vitro, the principal sex steroid involved in vitellogenesis. In fishes with
synchronous ovarian development, theca cells of the follicle respond to Fsh by the
transcription and enzyme activity of cytochrome P450c171 (cyp17al) to produce
testosterone (T), which is then aromatized into estrogens, primarily E; by the
transcription and enzyme activity of P450 ovarian aromatase (cyp79aT) in granulosa cells
"% Gonadal E; induces the synthesis and release of VTG by the liver and regulates its
accumulation in the oocyte "2 When vitellogenesis is completed, Lh secretion and an
increased expression of the lhcgr in ovarian follicles induce a shift in the steroid
production from T and E; towards the synthesis of the maturation inducing steroid (MIS)
in granulosa cells 82 This is correlated with the down-regulation of cyp77a7 and
cyp19al expression, the up-regulation of the P450c17-1l isoform (cyp17a2) that lacks the
lyase activity and has 17ahydroxylase activity and, after it, the activity of the 20b-
hydroxysteroid dehydrogenase enzyme ''°%*'. There are two major MIS identified in fish,
170,20B,dihydroxy-4-pregnen-3-one (17,20B3-P or DHP) and 170,208,21-trihydroxy-4-
pregnen-3-one (20B-S), but probably one of them is the predominant MIS for a
determinate species. The action of MIS on OM is also mediated by the complex
interaction of different factors, including prostaglandins, insulin-like growth factors,
activin B and other signal transduction pathways. During OM, the oocyte first gets the
competence to mature, that includes the production of the necessary factors for MIS
synthesis under Lh stimulation and the capacity to respond to MIS. After, Lh-induced MIS
secretion from granulosa cells acts over membrane receptors in the oocyte to undergo

final coalescence of yolk granules, GVBD and the resumption of meiosis '>>'%,
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3.2.2. Spermatogenesis and maturation regulation

Sex steroid hormones control the process from the stem-cell renewal of
spermatogonia to sperm maturation. Before initiation of spermatogenesis,
spermatogonial stem-cell renewal appears to be regulated by E,. The initiation of
spermatogenesis through the proliferation of spermatogonia toward meiosis is mediated
by the production of 11-ketotestosterone (11-KT), the principal androgen in teleost,
under the stimulation of Sertoli cells by Gths, mainly Fsh. The action of 11-KT regulating
testicular growth might be mediated by growth factors such as insulin-like growth factor-
| (IGF-1) and activin B also produced by Sertoli cells. Levels of Fsh are high during early
spermatogenesis and through testicular growth, but decrease after spawning. On the
contrary, while Lh is low at early spermatogenesis, it increases during spermiation and
reaches a maximum during the spawning season. Through Lh stimulation, 17a-
hydroxyprogesterone produced in Leydig cells is converted to MIS in the spermatozoa.
The MIS, suggested to be 17,20B-P or 20B-S, induces an increase in the pH of seminal
plasma, which permits the acquisition of spermatozoa motility. In males, androgen
production remains high through the entire period of sexual maturation, even while MIS

levels are hlgh 18,178,231,232,256

4. Control of reproduction in aquaculture

The control of reproduction in aquaculture, and particularly in intensive systems
(tanks, raceways and cages), is needed to provide good quality gametes for a massive
production of larvae, and to facilitate the implementation of genetic breeding programs
to maintain traits of commercial interest '’. The first step in developing a protocol to
control reproduction in a fish species is the knowledge of its reproductive strategy and
reproductive cycle, i.e., size at first maturity, reproductive endocrinology, spawning
behaviour and egg parameters. In addition, the identification of the optimal
environmental conditions, i.e, photoperiod, temperature, substrate and social
conditions, required for a species to undergo maturation and advance to late stages of
gametogenesis or spawning is crucial in order to create adequate culture conditions that

leads to reproductive development. The ultimate factor to reproduction is an appropriate
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nutrition ™>'81_ Fish maintained in intensive fish culture systems are mostly dependent
on the provision of nutritionally complete pelleted diets ™'. Deficient diets, and primarily,
inadequate lipids and fatty acids in diets, could not fulfill the nutritional requirements in
breeders, and thus, influence broodstock reproductive success, i.e., fertilization success,
hatching, and survival of larvae '""273 Lipids and in particular fatty acids in diet
represent the main energy substrate in fish reproduction '°2*°, Indeed, determinate fatty
acids are precursors of physiologically active molecules that are directly linked with the
reproductive development *°. Besides, it is not only dietary deficiencies that affect
spawning quality, but also food restriction ® due to, for example, poorly accepted food

has serious effects on reproduction.

When an adequate diet has been supplied and eaten by fish held in intensive
conditions, the environment may become a factor that limits the progress of
reproduction. For some species, it is impossible to control all the environmental
parameters for the correct progression of reproduction. Captivity on its own can cause
stress as the adequate environmental conditions that lead to reproduction are missing
in a captive environment >>'78, Stress can affect the HPG axis #*°, and thus, the endocrine
regulation of reproduction provoking reproductive dysfunctions in cultured fish. The
reproductive problems experienced by the species will depend on the species itself and
the culture conditions. Females show three types of reproductive dysfunctions: (i) at early
stages of development, i.e., previtellogenesis or vitellogenesis, such as the freshwater

19

eels " and the flathead grey mullet  (ii) at OM, in which post-vitellogenic oocytes

cannot undergo OM and become atretic, as observed in the meagre (Argyrosomus regius)
7% and (i) at the spawning time, in which there is no spontaneous spawning and
ovulated oocytes remain in the ovarian or abdominal cavity like in salmonids
(Onchorhynchus and Salmo spp.) ''. On the other hand, male dysfunctions are most
commonly linked with a reduction in the production of sperm volume and milt fluidity
155289 byt can also present an arrest in early spermatogenesis as eels '""?%. In some
cultured fishes a proper control of environmental factors or the use of them, mainly of
photoperiod and temperature, may be enough to obtain spawns %, while in other fish,

because it is impractical or does not overcome the dysfunction, it is necessary to apply

hormonal therapies.
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4.1. Endocrine manipulations of fish reproduction

The development and application of hormonal therapies for the treatment of
reproductive disorders in cultured fish not only have permitted to reproduce in captivity
several fish species that show any reproductive problem, but also to improve the
reproductive performance of broodstock. According to the reproductive problems

presented by females and males, the hormonal approach should be different 181289,

4.1.1. Hormonal therapies for females

Hormone therapies have been applied to females in relation to the three types of
reproductive dysfunctions. The use of hormones has been most successful for
overcoming the dysfunction (ii) where females do not undergo OM. In these females that
complete vitellogenesis, but post-vitellogenic oocytes do not proceed to OM, it is
considered that the failure is due to the lack of release of Lh from the pituitary. Therefore,
manipulations of reproduction might be done by the use of exogenous hormonal sources
that act on the gonad, or by the use of commercial synthesis of agonists of GnRH
(GnRHa), with or without a dopamine antagonist (DA), that induces the release of Lh
stores from the pituitary. The application of DA, i.e., pimozide, domperidone and
metoclopramide, is to block the action of dopamine on the brain which inhibits the
GnRH-stimulated production and release of Lh. Dopamine seems to have a strong effect
in freshwater species and to be weak or nonexistent in seawater species '*°. The flathead
grey mullet held in captivity appears to have a strong inhibition of basal and GnRH-
stimulated release of gonadotropins caused by DA presence °’°. Among the hormonal
treatments that act at the gonad level, we find the maturation-inducing steroid (17,20p3-
dihydroxy-4-pregnen-3-one, DHP) that is commonly used in the Japanese eel (Anguilla

" and preparations that stimulate the Lh receptor such as: the carp pituitary

Jjaponica)
extract (CPE) and salmon pituitary extract (SPE), which are purified extracts obtained from
the pituitaries of mature fish during the spawning season and contain mainly Lh; the
chromatographic purification of fish pituitary Gths; the purified human Chorionic
Gonadotropin (hCG) "*>'782%; and recombinant Gths, such as the recombinant hCG '’ or

species-specific recombinant Lh (rLh) that are produced by introducing the protein DNA
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sequence into a plasmid, which transfers the sequence into an expression system —
cultured cells of another organism, such as yeast, mold, insect or mammalian cells— to

produce glycosylated proteins "*'7.

In captive females exhibiting inhibition of early gonadal development, hormonal
treatments are required to stimulate vitellogenesis from previtellogenesis or to complete
vitellogenesis, so that the oocytes can then undergo OM and ovulation in response to
another hormonal therapy. Since vitellogenesis is a process that takes a long time, from
weeks to months, therapies are not usually applied and they are still under investigation.
The use of GnRHa is not common, it was shown to enhance vitellogenesis in some species

t 83 or the milkfish (Chanos chanos) '** but does not

such as the flathead grey mulle
initiate or promote it #%, with very few exceptions such as the red sea bream (Pagrus
major) *>. Dopamine antagonists, alone or combined with GnRHa, have also shown to

6

mainly enhance vitellogenesis ® and to initiate it in some exceptions such as in the

mosquitofish (Gambusia affinis) V. In comparison, successive injections of pituitary gland

| 197 ) 205,206
I

extracts as SPE, in the Japanese eel ' or the European eel (Anguilla Anguilla and
hCG, in the basa catfish (Pangasius bocourti) * or the blue-spotted grouper (Epinephelus
fario) ' have proven effective in inducing or enhancing vitellogenesis. With the

sequencing of fish cDNAs that code for gonadotropin subunits '*

, @ new approach has
been developed through the production of recombinant Fsh (rFsh) and rLh in
heterologous systems, which have been demonstrated to be successful to induce initial
stages of vitellogenesis in different teleost such as the sea bass and eels 711979
Nevertheless, to date rFsh and rLh therapy has not been successfully used for the
completion of vitellogenesis and studies are required to obtain viable eggs and larvae to

finally apply them in the aquaculture industry '7°.

In the case of females with inhibition of spawning, hormonal treatments are not
essential to obtain eggs because they can be stripped. However, the application of
hormonal treatments has been used to synchronize ovulation, reduce the spawning
season, and increase success, i.e., production of more eggs, higher fertilization, and

hatching percentages '’

. For example, the administration of GnRHa emulsified in
Freund's incomplete adjuvant to rainbow trout synchronized ovulation and shortened

the reproductive period in comparison with control group °.
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4.1.2. Hormonal therapies for males

Hormonal therapies are applied in males to induce and enhance spermatogenesis
(spermiogenesis and spermiation), and / or to increase the volume of sperm produced
and extend the spermiation period. In those males that are arrested at early
spematogenesis, long-term treatments during some weeks have to be used in order to
induce spermiogenesis and spermiation " since it is a process that takes from weeks to
months #'. Treatments to address this problem by inducing full spermatogenesis and
the production of spermatozoa with spermiation include hCG, as for the Japanese eel '"";

| 207

homologous rFsh and rLh, as for the European ee or the Senegalese sole *; and

GnRHa alone or combined with DA, as in the basa catfish (Pangasius bocourti) *°.

On the other hand, in those males that produce low quantities of sperm and it is
very viscous or it is needed to extend the spermiation period, for example, because
females present a longer spawning season or are batch-spawners, treatments are
focused on stimulating further the process of spermatogenesis to enhance the
production of spermatozoa and to increase the seminal fluid. Implants of 17-
methyltestosterone, which is a synthetic androgen, are commonly used to accelerate
spermatogenesis in species that do not achieve full maturation, such as the flathead grey
mullet © or the common snook (Centropomus undecimalis) **. As the low sperm and
seminal fluid production is mainly related to low levels of Lh in the bloodstream during
the spermiation period 2*°, treatments are focused on: the use of exogenous hormones
that act directly at the level of the gonad to stimulate the Lh receptor; or the use of
GnRHa, with or without a DA, to stimulate the liberation of Gths from the pituitary.
Treatments that stimulate the Lh receptor can be CPE or SPE, specially in cyprinids; hCG,
which is successful in a wide range of species "%, rhCG, which has been used to induce
spermiation in the European eel becoming a cheaper alternative to the routinely hCG
treatment % and species-specific rLh that has been successful in several species °.
Although in some species an acute treatment with a simple injection has proven effective
to enhance spermiation, treatments with multiple injections or controlled-release
delivery systems have shown to be more effective over a prolonged period '8, For

example, a GnRHa implant was more effective in enhancing milt production and
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extending the spermiation period in meagre than two injections of GnRHa given in twelve

days of difference °'.

4.1.3. Pros and cons of each hormonal preparation

A high variety of hormones are available as treatments to control fish
reproduction, and each hormonal approach presents advantages or disadvantages. On
one hand, preparations that act at the gonad level — CPE, SPE, purified Gths, hCG, DHP
and rGths— present rapid action and do not require an active pituitary containing
gonadotropins. Among these preparations, CPE, SPE, and hCG have been extensively
used in hormonal manipulation of reproduction in fish for decades and are commercially
available throughout the world. However, CPE and SPE involve difficulties in calculating
the doses to administer as they are obtained from pituitaries that may have variable
quantity of gonadotropins, might also suppose a disease transmission threat and their
use can be restricted to phylogenetically-related fishes because of the species-specificity
of fish gonadotropins. The use of fish purified Gths has advantages over pituitary extracts,
as permits accurate dosing because of the calibration of the preparations, and reduces
the disease risk. However, its use is not as extensive and has been limited to salmon and
carp species, as only purified Gths preparations for these fish are available in the market.
The routine use of hCG for human assisted reproduction and veterinary purposes has
favored the increased use of this preparation over the purified Gths in fish, although
these last ones would be physiologically more convenient. In addition, hCG has been
reported to induce immune responses in the treated fish not allowing repeated
treatments >>'"8, The use of DHP, for example, is limited to the period in which oocytes
acquire the ability to respond to it, and it requires the combined application of other
hormones as SPE as priming injections to provide the oocyte with this ability '"°.
Regarding rGths, the use of rFsh and rLh is quite recent and they are not easily available.
In fact, most of the rFsh and rLh are produced for scientific purposes and for a limited
number of species as they are species-specific '’°. However, because of their specificity,

assure no contamination with other pituitary glycoproteins '’° and have been reported
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to have high potency and high success in the species in which have been tested **'-

3975119128130190207.223 1n comparison, recombinant hCG has not been used much in fish 7.

On the other hand, the application of GnRHa-based therapies has important
advantages over preparations that act the gonad level, as GnRHa acts at a higher level of
the HPG axis and stimulates the release of the endogenous Gths as well as other pituitary
hormones that may be important to the reproductive function (i.e., growth hormone,
insulin-like growth factors, prolactin, and thyroid hormones), and thus, providing a better
integration of the reproductive process. The use of GnRHa do not suppose a disease
transmission threat, do not induce immune responses in the treated fish allowing
repeated treatments and are not species-specific. In addition, GnRHa preparations are

also available in a variety of hormone-delivery systems % such as implantable cylindrical
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pellets of cholestero or ethylene-vinyl acetate (EVAc) '*®, injectable biodegradable
microspheres using co-polymers of lactic acid and glycolic acid or a co-polymer of fatty
acid dimer and sebacic acid '8 The advantage of the use of a delivery system is that
permits to reduce the repetitive handling that might be stressful to the breeders when
multiple injections are required, such as in fishes with multiple spawns during a long-
term period (multiple-batch group-synchronous and asynchronous fish), or when the
breeders are difficult to manipulate because they are very large or are kept outdoors in
large facilities '*#2%°. Nevertheless, GnRHa can be less potent at the beginning and the

end of the breeding season when the natural pool of Fsh and Lh hormones are low ™.
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Objectives and Hypotheses

The flathead grey mullets are among the best candidates for culture-based production
with regard to their ecological profile, adaptability to different culture conditions, their
commercial importance in some countries and the potential processing of highly value-
added product. The future development of this species is dependent on controlling
reproduction in captivity, shifting from capture of wild fry to supplying hatchery-reared
fry for stocking, and to address certain nutrition issues to describe the nutritional
requirements of this species, among them, the development of artificial feeds for an
optimal gonadal development. Therefore, the present thesis addressed a wide variety of
different aspects related to reproduction to achieve the following general and specific

objectives:

General objective

To achieve full control of reproduction of the flathead grey mullet (Mugil cephalus) in

intensive culture conditions.

Specific objectives

(i) To identify the onset of vitellogenesis and the spawning season of wild flathead

grey mullet in the western region of the Mediterranean (CHAPTER II).

(i) To characterize and describe the variation in the lipid and fatty acid content of
the gonads, liver and muscle of wild mature females of flathead grey mullet at
different stages of the reproductive cycle in an attempt to provide a better
understanding of the lipid requirements of this species for the production of

high-quality eggs (CHAPTER ).

(i)  To describe the optimal feed characteristics and feeding habits of wild-caught

flathead grey mullets maintained in an intensive culture system (CHAPTER IlI).

25



(iv)

(V)

To address the reproductive dysfunctions of this species in intensive culture —
induce vitellogenesis, oocyte maturation and ovulation in females, induce and
enhance spermatogenesis and spermiation in males, synchronizing both sexes
development to obtain viable fertilized eggs and larvae— with acute and long-
term hormonal treatments that include species-specific rFsh and / or rLh, among

other hormones (CHAPTER IV, CHAPTER V and CHAPTER VI).

To describe the differential expression of genes and molecular pathways in the
transcriptome amongst different stages of ovarian development, induced with a
treatment of rFsh and rLh, to provide a higher resolution on the reproductive and
endocrine processes induced with recombinant gonadotropins in the flathead

grey mullet (CHAPTER VII).

The hypotheses that arise from the previous objectives are the following:

(i)

(ii)

(iii)

(iv)

The spawning season of the flathead grey mullet in the Western Mediterranean
is close to the breeding season in the nearest eastern regions of the
Mediterranean, i.e., Greece and Tunisia. Therefore, it should spawn close to or

during August to October 2,

The flathead grey mullet stores lipids primarily in the liver, such as other demersal
species **. The fatty acid profile of tissues and the seasonal changes associated to
gonadal development are similar to other omnivorous species, such as the white

sea bream (Diplodus sargus) *%.

The flathead grey mullet, as a filter-feeding omnivorous species *, preferentially
selects smaller pellet items than carnivorous species as, for example, the bivalve-
eater gilthead seabream (Sparus aurata) that possess a well-developed chewing

apparatus .

The flathead grey mullet feed predominantly in the bottom of the tank, according

to the foraging feeding behavior of the species .
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(V)

(vi)

Long-term treatments are necessary to address the reproductive dysfunction
flathead grey mullets present in captivity. The long-term application of species-
specific rFsh and rLh induces gonadal development in both males and females
through to the production of viable gametes and larvae and permits full control

of reproduction.

The application of rFsh and / or rLh at different stages of ovarian development
leads to the upregulation and downregulation of different transcripts involving
molecular pathways that are observed to support vitellogenesis in other fish

species.
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CHAPTER II:

Seasonal changes in ovarian development and in lipid and
fatty acid composition of muscle, liver and ovary of wild
flathead grey mullet

1. Introduction

The flathead grey mullet (Mugil cephalus) has a cosmopolitan world distribution
and a high demand for human consumption in the Mediterranean region, Asia, and the
United States of America *°. This mugilid fish presents high growth rates in captivity and
can be cultured in different salinities '%>. The positive market and culture attributes and,
in particular, the omnivorous diet of this species ** indicate the potential of the species
for aquaculture diversification. Consequently, there is an increasing interest to develop
intensive aquaculture production %', Nevertheless, there are limiting factors for scaling
up industrial production caused by different bottlenecks, such as reproduction
disfunctions in captivity % and juvenile availability 48! There is also a lack of knowledge
on the seasonality of reproductive development in different regions, and the nutrient
requirements of breeders across all regions implies that artificial feeds for broodstock
have not been developed. Mullets are usually produced in semi-intensive polyculture
systems with other fish where they constitute less than twenty percent of the reared
stocks. Therefore, feeding of this species is commonly done on chicken manure, pellets

that target other cultured species, food leftovers, or detritus 2%,

Nutrition plays a substantial role in reproductive development. The lipid and fatty
acid composition of the broodstock diet have been identified as the major metabolic
energy resource that determines the successful reproduction and survival of offspring
109250 Some fatty acids, such as highly unsaturated fatty acids and particularly arachidonic
acid (20:4n-6, ARA), eicosapentaenoic acid (20:5n-3, EPA), and docosahexaenoic acid
(22:6n-3, DHA), are not only essential components of the gametes, but also precursors
of physiologically active molecules such as prostaglandins and other eicosanoids that are

directly linked with reproductive development and success #*°. The use of inadequate
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diets for breeders did not fulfil the species' nutritional requirements and, thus, influenced

103157273 and offspring survival ?'2. Differences in broodstock

the reproductive success
nutrition has been shown to affect gamete fertilization, hatching, and survival of larvae

in a wide range of fish species, i.e., freshwater eels (Anguilla spp.) *, Senegalese sole
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(Solea senegalensis) ', common sole (Solea solea) =, gilthead seabream (Sparus aurata)
% Japanese flounder (Paralichthys olivaceus) ®°, red seabream (Pagrus major) *,
yellowtail seriola (Seriola quinqueradiata) greater amberjack (Seriola dumerili) ?*®, Atlantic
halibut (Hippoglossus hippoglossus) ', and mangrove red snapper (Lutjanus

argentimaculatus) >’

Lipids can be acquired (i) directly from food, (ii) de novo synthesized in the
gonads, or (iii) mobilized from storage tissues to the gonads *%. Therefore, the lipids
dynamics through the reproductive cycle are related to their functions in reproduction
1% However, to our knowledge, the importance of different tissues for lipid storage and
the changes in fatty acid composition that follows the seasonal changes in lipid
mobilization and deposition related to reproduction of the flathead grey mullet have not
been established. Besides, the spawning season has not been determined in the Western
Mediterranean as it has been determined for the Eastern Mediterranean regions —
Turkish, Egyptian, Greek, and Tunisian coasts—, 