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Abstract

Cobia aquaculture began in Australia in 2007; however, expansion of commercial
production has been limited, due in part to low and inconsistent supply of seed stock for on-
growing. This study aimed to address the constraints of reproductive performance of cobia
in captive conditions and investigate strategies to improve the efficiencies of broodstock
management in commercial and research facilities.

In a study evaluating the growth of three cohorts of captive reared cobia, to determine the
existence and extent of sexually dimorphic growth, intersex development in cobia was
identified and recorded for the first time. There was no sexually dimorphic growth in the
firsttwo cohorts of fish. In contrast, females from third cohort were significantly larger than
males once mean body weight exceeded 2 kg. It is proposed that the observed variations in
growth and gonad malformations observed in cohorts 1 and 2 were the result of exposure
to endocrine disruptors, the type and source of which remains unknown.

In order to quantify the ovarian development of cobia, there was a need to develop an
accurate method of assessing and quantifying ovarian maturation in the presence of
asynchronous development. A simple, commercially applicable methodology was devised
that used the proportional distribution of different oocyte stages to describe the
developmental state of the ovary.

Two trials were conducted to examine the effect of repeated injections of luteinising
hormone releasing hormone analogue (LHRHa) and human chorionic gonadotropin (hCG)
on stimulating vitellogenesis, supporting ovarian maturation and levels of circulating 173 -
estradiol (E2). Ovarian development was highly variable within treatments and those fish
that initiated vitellogenesis continued to develop regardless of treatment with exogenous
hormones. There was no change in E2 concentrations as a result of LHRHa injections and

limited evidence to suggest a change in plasma E2 in response to hCG injection. While
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hormonal therapy is effective in inducing spawning in cobia, the results suggest that
hormone therapy is not an effective approach to initiating or supporting early stage ovarian
development in cobia.

Two cohorts of cobia broodstock were assessed to examine ovarian development and
circulating E2 in response to photothermal manipulation. In each study, broodstock were
subjected to either a temporally compressed regime or an ambient regime. In the first study
ovarian development was generally limited, irrespective of the phototherm regime and
there was no significant difference in development between treatments. At the completion
of the second trial there was no significant difference in ovarian development between the
compressed and ambient phototherm; however, fish in the compressed phototherm were
found to develop earlier in the season than those in ambient conditions. Fish in the first trial
showed sporadic development in which ovarian samples contained low numbers of late
stage oocytes amongst a large percentage of previtellogenic oocytes, possibly due to
exposure to endocrine disruption in the early life history of the cohort.

Two cohorts of captive reared cobia were progressively examined as pre- and post-
pubescent fish to examine the suitability of identifying gender by analysing the androgen
11-ketotestosterone (11KT) in blood and fin clip samples. The gender of individual cobia
could be identified by analysing plasma 11KT between the months of October and March,
provided the mean population weight was 2 kg or above. The measurement of 11KT
concentrationsin fin clip samples did not provide an accurate indication of plasma 11KT and
as such, was not suitable for predicting gender in cobia. Overall the relative cost,
infrastructure and equipment required to conduct steroid analysis limits the application of
this methodology in commercial cobia production in comparison to the traditional method

of gonadal biopsy.
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Chapter 1: General Introduction

1.1 Cobia background

Cobia, Rachycentron canadum, is alarge benthopelagic fish species, endemic to all tropical
and subtropical waters across the globe with the exception of the eastern Pacific (Shaffer
and Nakamura 1989). It belongs to the order Perciformes and is the only species within
the family Rachycentridae. Cobia can attain a length of up to 2 metres and exceed 60
kilograms (Franks et al. 1999). They have an elongated fusiform body and broad,
flattened heads. The body is smooth with small embedded scales. Body coloration varies
from a dark brown dorsal surface grading to a prominently white ventral surface. During
juvenile and adolescentstages,a prominentwhite stripe runs the entire length of the mid -
section, which becomes less obvious as the fish ages (FAO 2016). Cobia are opportunistic
carnivores, feeding on cephalopods, fish and crustaceans (Salini et al. 1994).

Cobia is a highly prized sport fish in Australia and the USA. They rarely occur in large
numbers and as such are not heavily exploited by commercial fisheries. The commercial
catch of cobia from Australian waters is relatively small atless than 30 metric tonnes per

annum (van der Velde et al. 2010).

1.1.1 Cobia aquaculture

Several biological attributes make cobia an exceptional candidate for aquaculture
including: growth rates that exceed 5 kg per year, adaptability to commercially available
aquafeeds, excellent palatability and temperature and salinity tolerance (Holt et al
2007b, Shiau 2007, Weirich et al. 2007). Commercial cobia aquaculture began in Taiwan
in the late 1990s and has since been adopted by several nations through the Asia-Pacific,

USA and South America (Liao etal. 2007, Benetti etal. 2008a, Nhu etal. 2011, Sampaio et
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al. 2011). Global production is dominated by China, which produces approximately
39,600 of the global annual production of 43,400 metric tonnes (FAO 2013). Although
China produces the majority of cobia globally, the most detailed information on large
scale commercial production of cobia comes from Taiwan.

Cobia production in Taiwan involves several different phases (Figure 1.1). The
production cycle begins with the selection and transfer of mature broodstock from ocean
cages to spawning ponds (400-600 m?; 1.5 m deep). Approximately 100 brood fish are
maintained in ponds and are allowed to spawn spontaneously. Fertilised eggs are
collected and then transferred to extensive pond systems where they hatch and ar e raised
forapproximately 20 days. Two nursery stages are then incorporated into the production
cycle before the fish are moved to nursery sea cages. Fish are moved to grow out cages
when they are 600-1000 g and reach 6-10 kg in 6-8 months in this final production stage
before being sent to market (Liao et al. 2004).

Cobia production in Vietnam has increased rapidly in recent years to exceed 1000 T in
2012 (FAO 2013). The production model used is a similar production model to that of
Taiwan, however more intensive hatchery and juvenile production methods are used
(Nhu et al. 2011). Pilot scale production in the Caribbean using submersible seacages
stocked with fingerlings produced in a land-based hatchery has also shown promising

results (Benetti et al. 2010), with 980 T produced in 2013 (FAO 2013).
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Figure 1.1 Flowchartof cobiaaquaculture in Taiwan (Liao et al. 2004).

1.1.2 Cobia aquaculture in Australia

Cobia research and development began in Australia in 2007, focusing largely on
introducing cobia as an alternative and off season crop for prawn farms in Queensland
(Dutney and Palmer 2008). Trials conducted at the Bribie Island Research Centre (BIRC)
demonstrated the feasibility of juvenile production of cobia using hatchery infrastructure
and techniques similar to those used to produce other marine and estuarine species at
the site. The broodstock management and juvenile production strategy used at BIRC is
described in Figure 1.2. As part of a collaborative research partnership, juvenile cobia
were supplied to commercial prawn farms to test the commercial viability of cobia
production in prawn grow-out ponds. These trials where the first to demonstrate the
technical feasibility of cobia grow-out production in prawn ponds and provided evidence
of higher productivity yields in tropical localities (Dutney et al. 2010).

Despite the excellent potential and demonstrated feasibility of cobia production, the
development of commercial cobia aquaculture in Australia has been relatively limited,

due in part to low or inconsistent supply of seed stock for grow out.
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Figure 1.2 The broodstock management and juvenile production strategy used at the Bribie
Island Research Centre (BIRC).

1.2 Teleost reproduction

1.2.1 The ovary

The ovary of teleost fish is most commonly a hollow paired cylindrical organ, attach ed to
the body cavity on either side of the dorsal mesentery. The ovarian cavity is continuous
with the oviduct which opens into the ovipore at the urogenital papilla (Zohar 1989). The
ovary consists of two particular cell types; somatic cells and germinal line cells, along
with vascular and nervous tissue. Somatic cells form the ovarian structures, such as
ovarian capsule, supportive tissue and ovarian follicles (Kagawa 2013). Germinal line
cells consist of oogoniaand oocytes, which are surrounded by the follicular layer referred
to as granulosa cell layer, which is responsible for the synthesis of steroid converting
enzymes (Nagahama et al. 1994). The thecal cell layer, that forms the outer layer of the
follicular envelope of developing oocytes, contains fibroblasts, collagen fibres, blood

vessels and steroidogenic “special thecal cells” (Figure 1.3) (Nagahama 1983).
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Figure 1.3 Diagrammatic representation of the folliclelayer of an early vitellogenic ovary in a
salmonid (Nagahama 1983).

Three main types of ovarian development are generally observed in fish and have been

described in detail by Wallace and Selman (1981):

e Synchronous: all oocytes develop and ovulate in unison and all the eggs are
spawned in a single event.

e Group synchronous: two or more distinct groups of oocytes at different
developmental stages are present concurrently and fish are capable of multiple
distinct spawning events associated with seasonal or lunar cycles.

e Asynchronous: oocytes at all stages of development and ovulation can occur

continually or over a protracted period.

1.2.2 The hypothalamus-pituitary-gonadal-axis

The hypothalamus-pituitary-gonadal-axis (HPG) plays a central role in the reproductive
function of fish including oogenesis and reproductive behaviour (Figure 1.4). The HPG
axis activates in response to environmental, social and endogenous stimuli. The

hypothalamic neurons synthesise and release gonadotropin releasing hormone (GnRH),
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which in turn regulates the gonadotropic pituitary cells to synthesise and release the
gonadotropins; luteinising hormone (LH) and follicle stimulating hormone (FSH). The
release of gonadotropins is inhibited by the release of dopamine and gonadotropin
inhibiting hormones (GnIH). The synthesis of sex steroid hormones by the gonads is then
stimulated by FSH and LH to elicit and regulate gonadal development (Mylonas et al.
2010).

In female fish, 173-estradiol (E2), plays a major role in oocyte growth with increasing
concentration of plasma E2 associated with early development, before a shift to increased
levels of 17a,20B-dihydroxy-4-pregnen-3-one (17,20BP) associated with oocyte
maturation (Nagahama 1994). The androgen 11-ketotestosterone (11KT) plays a major
role in spermatogenesis (Nagahama 1994, Devlin and Nagahama 2002). Both
testosterone (T) and 11KT tend to increase steadily during the quiescent period, with a
rapid increase associated with the peak of the reproductive cycle (Mylonas et al. 2013).
However; 11KT often occurs at significantly higher levels than T during the peak of the
cycle, most likely asa function ofthe role of T in the synthesis of 11KT (Scottetal. 1980Db).
Maturation of male fish is also controlled by 17,203P, evidenced by a steroidogenic shift
from 11KT to increased levels of 17,20B3P with the onset of spermiation (Nagahama

1999).
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Figure 1.4 Schematic diagram of the hypothalamus-pituitary-gonad axis and effecting
gonadotropins releasing hormones .
The hypothalamus-pituitary-gonad axis (in grey) and the level at which
gonadotropins releasing hormones (GnRH), dopamine, luteinising hormone (LH),
follicle stimulating hormone (FSH) and sex steroids act. The exogenous hormone
treatments (discussed in the followingsection) are shaded in blue: gonadotropin
releasing hormone analogue (GnRHa), luteinising hormone (LH) and human
chorionic gonadotropin (hCG), and their points of influence are shaded grey
(Mylonas and Zohar 2007).

1.2.3 Oogenesis

Oogenesis refers to the process by which primordial germ cells develop to form a mature
ovum, capable of being fertilised to form a viable embryo (Figure 1.5). The early stages of
oogenesis involve the proliferation of oogonia via successive mitotic divisions. Oogonia
then enter meiosis, which is halted at the diplotene stage of the first meiotic prophase. At
this point they are referred to as primary oocytes (Zohar 1989). Oocytes then undergo a
period of rapid growth, primarily due to the process of yolk accumulation, referred to as
vitellogenesis. Thecal cells are stimulated by FSH or LH to produce testosterone which is
then converted to 17f3-estradiol (E2), in the presence of aromatase enzymes, in the
granulosa (Nagahama etal. 1994). In response to increased circulating concentrations of

E2, the liver synthesises and releases the glycolipophosphoprotein, vitellogenin, into the
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plasma. Vitellogenins are sequestered by the developing oocytes through receptor
mediated endocytosis to form the yolk protein of the oocyte, which becomes the
nutritional reserve for the developing embryo (Lubzens et al. 2010). The relationship
between E2 and vitellogenic development facilitates the measurement of circulating E2
as an effective indicator of ovarian development in a number of fish species (Scott et al.
19804, King and Pankhurst 2003, Scott et al. 2013).

Following vitellogenesis, thereis a shift in steroid productionin the gonad, fromE2 to the
maturation inducing hormone (MIH) 17 «,203-dihydroxy-4-pregnen-3-one (17,203P), at
which point the oocyte enters the oocyte maturation phase (Nagahama 1999). Oocyte
maturation involves several processes to facilitate ovulation and subsequent fertilisation
and is characterised by the reduction or stoppage of endocytosis, germinal vesicle
migration and breakdown, and the resumption of meiosis. Within the cytoplasm the yolk
globules fuse and the lipid droplets coalesce. The oocyte increases in size and becomes
transparentas it undergoes hydration. During ovulation the oocyte is expelled from the
surrounding follicular cell layers and into the ovarian lumen. Following the second stage
of meiotic division, the eggs are ready to be fertilised (Zohar 1989, Lubzens et al. 2010).

In oviparous fish the eggs are then spawned and fertilised externally.

Germinal Vesicle First Polar
Entry into  DNA Vitellogenesis Breakdown Body
Meiosis Replication (GvBD) Expulsion

Fully Grown Mature
-} Meiosis (Prophase l-arrested) (Metaphase II-arrested)
Mitosis | G1 | s G2 S Prophase 1 [Metaphase I Ana/Telophase I[Metaphase II_|
; M-phase |

Oocyte Maturation

Figure 1.5 Oocyte development from primary oocytes to vitellogenesis and mature oocytes
(Suwa and Yamashita 2007).
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1.3 Control of reproduction in captive broodstock

Gaining control of the reproductive process of a species is a prerequisite for the
development of a sustainable aquaculture industry. The reliance upon wild caught seed
through the collection of juveniles or capture of gravid broodstock can be unpredictable
and unreliable and ultimately is not sustainable. In order for genuine commercialisation
and sustainable industrialisation of a species to occur, the life cycle must be closed in
captivity to provide a regular supply of high quality seed stock for the on-growing of
marketable product. This also enables selective breeding to improve production
efficiency through genetic improvements in traits such as growth, survival, appearance

and product quality.

1.3.1 Reproductive dysfunction in captive fish

As with many wild animals, a majority of fish species held in captivity experience
reproductive dysfunction to some extent (Mylonas and Zohar 2007). Reproductive
dysfunction in some fish species may be as simple as reduced spermiation in male fish,
butin female fish, it is generally more problematic (Mylonas and Zohar 2007). Zohar and

Mylonas (2001) described three categories of reproductive dysfunction in female fish:

e An absence of, or only partial, vitellogenic development; insufficient to induce
ovulation and spawning using exogenous hormones.
e Failure of post-vitellogenic oocytes to undergo oocyte maturation and ovulation.

e Absence of spawning at the end of the reproductive cycle.

Whilst captivity and the associated human presence itself can be a stressor that may
inhibit gonadal maturation, captive reared fish also often miss critical environmental

and/or social cues responsible forinitiating gonad maturation and spawning (Mylonas et
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al. 2010). The environmental parameters required for some species to spawn often
cannot be replicated in captivity. Many salmonid species, for example, partake in mass
spawning migrations in which they are exposed to vast changes in hydrology, salinity,
temperature, water depth and substrate. Certain tropical species are reliant on rainfall
and floods to stimulate and synchronise spawning (Lam 1983). However, in many cases
the reproductive dysfunctions of captive finfish broodstock have been overcome through

manipulation of the environment, or the use of exogenous hormones.

1.3.2 External influences on reproductive development

Genetics, diet, environmental parameters and pollutants can all result in impaired
reproduction and gonad malformation in both farmed and wild fish. Inbreeding
depression has been linked to impaired reproductive performance in some salmonid
species, demonstrated by a reduction in gonadosomatic index, fecundity and survival of
eggs (Su et al. 1996, Gallardo et al. 2004). The occurrence of intersex gonads in wild fish
populations has been associated with a wide range of environmental pollutants (Jobling
et al. 2002), broadly grouped as endocrine disrupting chemicals (EDC). These
compounds are capable of interfering with the action and/or synthesis of endogenous
steroid hormones. The result is an imbalance of male and female hormones which may
manifest as reproductive abnormalities such as increased levels of circulating
vitellogenin in male fish, reduced reproductive performance and intersex fish (Purdom
etal. 1994, Bergman et al. 2013, Kroon etal. 2015). The impacts of EDCs are heightened
at critical developmental stages driven by circulating steroidal hormones, such as sexual
differentiation and puberty, and the impacts are often irreversible (Bergman etal. 2013).
Endocrine disrupting chemicals that have an estrogenic effect have been found in the

effluent from waste water treatment facilities and other anthropogenic influences. Such
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compounds include synthetic estrogens, such as ethynyl estradiol, used in birth control
pills and compounds associated with pesticides such as organochlorine and
organophosphate (Sumpter 1999, Senthilkumaran 2015). Exposure to potential EDCs
may also occur via other paths. Soy bean meal has been demonstrated as a suitable
alternative to fish meal for a number of marine species, including cobia (Suarez et al.
2013). A potential drawback of the use of such plant-based proteins is the presence of
estrogen-mimicking compounds, also known as phytoestrogens. In particular, the
isoflavone genistein has been demonstrated to have a feminising effect and an associated
impact onreproductive performance ofa number onrainbow trout, Oncorhynchus mykiss
(Bennetau-Pelissero etal. 2001). The presence of genistein has also been associated with
increased incidence of intersex in channel catfish, Ictalurus punctatus (Green and Kelly
2009) and reduction of secondary sex characteristics in Japanese medaka, Oryzias latipes
(Kiparissis et al. 2003).

The sex determining mechanism in some fish species are influenced by environmental
parameters, which can result in skewed sex ratios within a population. Variations in
larval rearing temperature have been shown to affect sex ratios in sea bass, Dicentrachus
labrax, channel catfish, Paralichthys olivaceus, and Nile tilapia, Oreochromis niloticus

(Baroiller et al. 1995, Patifio et al. 1996, Pavlidis et al. 2000).

1.3.3 Environmental control and manipulation

Most fishes, in their natural environment, display some degree of seasonality in
reproductive activity. Fish endemic to temperate and cold water environments are
exposed to pronounced temperature and photoperiod fluctuations through the seasons;
whereas those in the tropics experience lower variability in the annual phototherm.

Coordinating the reproductive cycle with seasonal changes in environmental parameters
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ensures that spawning coincides with the conditions most suited for the growth and
survival of juveniles (Bromage et al. 2001). The higher amplitude of variation in
temperate environs necessitates an acute response to environmental stimuli and greater
synchronyin a spawning population to ensure that the shortperiod of suitable conditions
for larval survival are exploited (Pankhurst and Porter 2003). Photoperiod is capable of
providing an unambiguous date signal and is considered to be the principle
environmental determinant to stimulate reproductive development in temperate
species; while temperature has a role in cueing the precise timing of maturation and
spawning (Bromage, Porter et al. 2001). The importance of photoperiod as a determinant
of reproductive development is most clearly illustrated in salmonids where the entire
reproductive cycle can be entrained by manipulation of photoperiod alone (Pankhurst
and Porter 2003).

Due to the limited variation in the annual photoperiod and temperature in the tropics,
the environmental cues associated with reproductive development are more subtle.
Whilst both photoperiod and temperature remain as likely proximate cues for gonad
development, it is likely that temperature has a greater influence than photoperiod
(Zohar 1989, Pankhurst and Porter 2003, Stieglitz et al. 2012). Spawning activity in the
tropics may also coincide with periods of increased ecosystem productivity following
high rainfall or shifts in oceanic currents (Bromage etal. 2001, van der Velde etal. 2010).
Such cues may be less predictable than photoperiod changes, but signal an acute
environmental change indicating appropriate conditions for reproduction (Pankhurst
and Porter 2003). Other environmental factors that may influence reproductive
development in both temperate and tropical regions include; broodstock nutrition, the

lunar cycle, suitable substrate, social interaction and pheromonal influence (Figure 1.6)

(Pankhurst and Porter 2003).
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Figure 1.6 The relationship between latitude and proximate factors that influence reproductive
activity (Pankhurstand Porter 2003).

Photothermal manipulation has been used to improve broodstock management by
extending the production seasons and facilitating the out-of-season spawning of a large
range of fish species. This allows for regular seed supply for on growing and enables
producers to meet the market requirement for annual supply of product. The spawning
season of Atlantic salmon (Salmo salar) is extended by implementing an accelerated
photoperiod (Taranger et al. 1998), while exposure to low water temperature prior to
ovulation will further advance and synchronise spawning (Taranger et al. 1999). Other
examples photothermal manipulation to improve reproductive outputs include; out of
season larval supply of striped trumpeter (Latris lineata) and gilthead sea bream (Sparus
aurata) being facilitated by exposing broodstock to a compressed phototherm regime
(Zohar et al. 1995, Morehead et al. 2000). Precise control of gonadal recrudescence and
year-round spawning in southern flounder (Paralichthys lethostigma) is also achieved by

manipulation of photoperiod and temperature (Watanabe et al. 2006).
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1.3.4 Hormonal manipulation

The most common reproductive dysfunction in captive reared fish occurs when the
animals undergo vitellogenesis as normal, but fail to undergo final oocyte maturation
(FOM) and ovulation, and therefore spawning (Mylonas etal. 2010). As such, the majority
of research on hormonal manipulation has focused on this aspect of reproductive
development (Zohar and Mylonas 2001). A variety of hormones that act on different sites
in the hypolthalamus-pituitary-gonadal-axis have been used to induce ovulation and
spawning (Figure 1.4). Even in those species that spawn spontaneously in captivity,
hormone induction affords a level of control to provide regular seed production, as well
as facilitating more controlled and regulated spawning time that is essential for selective
breeding.

The failure of female fish to undergo FOM and ovulation in captivity has been attributed
primarily to the dysfunctional release of LH. There is evidence to suggest that in these
fish, LHis synthesised and stored in the pituitary butis notreleased (Mylonasetal. 2010).
Reproductive development is arrested at the end of vitellogenesis due to the failure to
release LH, suggesting that the problem is not due to pituitary response butrelated to the
control of the pituitary by the hypothalamus (Mylonas et al. 1998, Steven et al. 1999,
Mylonas and Zohar 2001). The early application of hormonal therapies to address this
issue involved the injection of ground pituitaries or pituitary extracts from
reproductively mature fish. This method provides an increase in gonadotropins,
primarily LH, to the donor fish, sufficient to stimulate FOM (Mylonas et al. 2010).
Although demonstrating success in some studies, the use of fresh or extracted pituitary
tissue has a number of drawbacks including variability in LH content and potential

disease transmission. Another gonadotropin successfully used in spawning induction of
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a multitude of fish species is human chorionic gonadotropin (hCG). As with other
gonadotropins, hCG acts at the level of the gonads to stimulate the release of sex steroids,
without the drawbacks associated with pituitary extracts. However, repeated use of hCG
can cause an immune response in the fish limiting its efficacy in long term applications
(Mylonas and Zohar 2001, Mylonas and Zohar 2007).

A variety of synthetic gonadotropin releasing hormone analogues (GnRHa) that were
developed commercially for application in human medicine, are also implemented in the
hormonal therapy of a range of captive finfish broodstock (Mylonas etal. 2010). The use
of synthetic GnRHa offers anumber of advantages over gonadotropins by eliminating any
biosecurity risk, as well as providing a therapeutic agent that acts ata higher level of the
HPG to stimulate the release of the endogenous gonadotropins FSH and LH (Figure 1.4).
Gonadotropin releasing hormone analogue therapies are generally the most utilised
method for stimulating final oocyte maturation and spawning in captive fishes (Mylonas
and Zohar 2001).Inorder to increase the duration of GnRHa bioavailability in circulation,
a variety of GnRHa delivery systems have been developed which provide for sustained
release of the active agent. These include cholesterol-, ethyl vinyl acetate- (EVAc) based
pellets, biodegradable polyanhydride microspheres and osmotic pumps ( Kanemaru et al.
2012, Lee et al. 1986, Mylonas et al. 1995, Mylonas and Zohar 2000).

Commercial products that incorporate GnRHa with a dopamine antagonist have been
shown in some studies to improve efficacy over GnRHa alone. This is proposed to be due
to inhibition of down regulation of the pituitary by circulating dopamines (Peter et al.
1988). The benefits of dopamine antagonists are more evident in freshwater species than
marine species (Zohar et al. 1995).

Given that most fish undergo vitellogenesis in captivity there is limited literature

pertaining to the use of hormonal therapies to stimulate vitellogenesis. In most cases the
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use of GnRHa has not been effective in stimulating vitellogenesis and therefore oocyte
maturation and spawning (Mylonas and Zohar 2000). In general, for GnRHa to be
effective in stimulating the early stages of oogenesis, vitellogenesis must have already
commenced. Chronic administration of GnRHa was shown to enhance, rather than
initiate, vitellogenesis in milk fish (Chanos chanos) (Lee et al. 1986) and studies
conducted on the Pacific herring (Clupeaharengus pallasi) demonstrated a response in
vitellogenic oocytes to GnRHa; however, there was no evidence of an effect on
previtellogenic oocytes (Carolsfeld et al. 1988).0One of the few studies to reportsuccessful
induction of vitellogenesis with GnRHa was conducted on red sea bream ( Pagrus major)
(Matsuyama et al. 1995). There remains limited explanation for the relative inability of
GnRHa to initiate vitellogenesis, largely due to the limited knowledge of the functions of
the brain and pituitary during this stage of gonadal development (Mylonas and Zohar
2007). In contrast to GnRHa, the use of gonadotropins has been generally more effective
for the induction of vitellogenesis. Repeated weekly doses of salmon and carp pituitary
extract over several months has been shown to effectively induce vitellogenesis in the
Japanese and European eel (Suetake etal. 2002, Palstra et al. 2010). Successful induction
of vitellogenesis in Mekong catfish has been realised by administering multiple daily
injections of hCG at low doses. Maturation and ovulation is then induced using two stage

injections with higher doses of hCG (Cacot et al. 2002).

1.4 Overview of cobia aquaculture research

1.4.1 Reproductive biology of cobia

Wild cobia are multiple spawners with a protracted spawning season that extends from

mid-spring through to mid-autumn with peaks in late spring and early autumn. Batch
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fecundity of wild cobia is estimated at 249 eggs/g of spawner body weight, with a
spawning estimated to occur every 5-12 days through the season (Brown-Peterson etal.
2001, van der Velde et al. 2010). Studies on wild caught cobia in tropical regions have
noted that peaks in spawning activity of cobia coincide with the influx of freshwater
resulting from monsoonal periods (Brown-Peterson et al. 2001, van der Velde et al.
2010).

Asynchronous and group synchronous gonadal development have been reported in wild
cobia, consistent with cobia being a multiple spawner (Biesiot et al. 1994, Brown-
Peterson et al. 2001). These studies found that although cobia have a protracted
spawning season, a portion of fish were spent and regressed early in the summer, while

others remained in spawning condition through to early autumn.

1.4.2 Larval rearing

The first decade of this century saw a large research effort focused on intensifying larval
and grow out production of cobia in order to obtain more predictable and consistent
production (Benettietal. 2007, Holtetal. 2007b, Schwarzetal. 2007, Weirich etal. 2007).
Intensification of cobia larviculture has seen a shift in production technique from the
reliance on natural phytoplankton blooms provided by extensive pond systems, to semi-
intensive tank based culture systems. Stocking densities, environmental requirements,
live food enrichment, feeding regimes and weaning strategies for larval cobia production
have been refined and optimised (Faulk and Holt 2005, Faulk and Holt 2006, Hitzfelder
etal. 2006, Faulk et al. 2007a, Faulk et al. 2007b, Webb Jr et al. 2007). The University of
Miami demonstrated further improvements in larval rearing methodologies, with

reported survival rates from hatch to weaned juveniles of above 25% (Benetti et al.

2008a, Benetti et al. 2008b).
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1.4.3 Nutrition

Limited research has been conducted on the specific nutritional requirements of cobia.
This is due in part to the moderate success of producing cobia using existing
manufactured diets designed for other carnivorous marine fish such as sea bass and
grouper (Fraser and Davies 2009). Cobia have been successfully produced on diets with
a wide range of protein and lipid levels and protein to energyratios (Chen and Liao 2007).
A review conducted by Fraser and Davies (2009) suggests that whilst protein and lipid
levels have been optimised, there is limited information available on cobia’s specific
amino acid, essential fatty acid, vitamin or mineral requirements. Optimal dietary protein
and energy specifications for cobia can be derived through the bio-energetic factorial
approach developed by Van Tien et al. (2016). Cobia nutrition is an area that needs
further research and refinement to ensure the sustainable and most optimal

development of the species.

1.4.4 Health Management

As with many cultured species, cobia are susceptible to viral, bacterial and parasitic
disease at each of the culture stages (Liao et al. 2004, McLean et al. 2008). Cobia are a
warm water species and as such become stressed and are generally more disease

susceptible when water temperatures fall below 20 °C (Liao et al. 2007, Nhu et al. 2011).

1.4.5 Maturation and spawning manipulation of captive cobia

Cobia broodstock have been successfully brought to maturity using a wide variety of
aquaculture systems and management techniques. Methods used for maturation of
broodstock include the capture of wild fish in spawning condition, the selection of

suitable fish from ocean growout cages, holding fish in spawning ponds and maintaining
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fish in environmentally controlled tank systems (Holt et al. 2007b, Liao et al.
2007).Traditional methods of broodstock managementin Taiwan involve the transfer of
mature fish from farm cages to spawning ponds, where they are held in ambient
conditions. Broodstock cobia spawn spontaneously through the warmer months with
peak production occurring in spring and autumn (Liao et al. 2004). As interest in cobia
production increased in other parts of the world, efforts have focused on more controlled
and regular production from broodstock.

Early attempts at inducing spawning in cobia with hCG met with limited success; however
they demonstrated that it was possible (Caylor et al. 1994). Cobia were successfully
induced to spawn using GnRHa implants in the USA in 2001 (Arnold et al. 2002) and
reports of volitional spawning of cobia held in tanks under ambient conditions soon
followed (Weirich et al. 2007). More consistent volitional spawning was achieved by
using environmentally controlled recirculating aquaculture systems to condition
broodstock (Holt et al. 2007b). A combination of volitional spawning and hormone
induction is used by producers in Vietnam, with increasing preference for the latter due
to the advantage of better forward planning (Nhu et al. 2011). As with other cultured
finfish species, captive bred broodstock cobia have been shown to be more likely to
spawn spontaneously and to do so more frequently than wild caught fish (Holt et al.
2007a, Benetti et al. 2008a).

Assessment of the reproductive development of cobia broodstock over several spawning
seasons at BIRC has found highly variable gonadal development across a number of
mature sized fish. There have also been irregular and generally poor results from
hormone induction trials. The reproductive dysfunctions observed in cobia at BIRC are
similar to those described for other species by Zohar and Mylonas (2001) and fall

predominantly into two categories. In some cases there is an absence of or only partial
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vitellogenic development which is insufficient to induce ovulation and spawning using
exogenous hormones. Alternatively, post vitellogenic oocytes may fail to undergo final
oocyte maturation and ovulation, with a subsequent failure to spawn. Whilst successful
hormone inductions resulted in spawnings producing large numbers of high quality eggs
and larvae, they involved a low number/proportion of the broodstock. The majority of
captive broodstock at BIRC did not reach a developmental stage suitable for induction or
did not to respond to hormone induction and failed to undergo final maturation and
Spawning.

Although studies conducted on wild populations of cobia by Biesiot et al. (1994) and
Brown-Peterson et al. (2001) were unable to follow the development of individual
broodstockover aspawning season, these studies demonstrate inherent variability in the
reproductive state of individuals within cobia populations. A similar level of variability is
evident in captive fish at BIRC and the extent of this may be exacerbated as a function of
a captive environment. In addition, for the commercial hatchery production of cobia, the
impact of variation in broodstock reproductive state is pertinent due to impacts on
predictability, efficiency and regularity of production from captive reared fish.

Cobia have been successfully spawned across the globe using a variety of systems and
techniques, however there remains a scarcity of information available that recognises the
development of individuals in a broodstock population or their relative contribution to a
spawning event. Studies published on cobia broodstock tend to be production-focused
and lack both replication and a structured approach to identifying physiological
responses by broodstock. Benetti et al. (2008a) report successful repeated volitional
spawning from cobia held in environmental controlled recirculating systems. Whilst
demonstrating an effective system, the study did not analyse development of individuals

or offer suggestion on the acute stimuli to initiate spawning.

37



On the basis of a single comparative trial, Stieglitz et al. (2012), proposed that exposure
to sustained high temperatures was sufficient to provide out of season volitional
spawning in cobia. This was demonstrated by comparing the spawning frequency of two
population groups of cobia, each maintained on different temperature cycles. Due to the
nature of mass spawning events, there was no measure of the number of individuals
contributing to the spawn, or their relative contributions to the spawning event. Whilst
this study was able to supportthe premise that temperature may be an important factor
in the spawning of cobia, it did notaddress the inconsistency of development, nor provide
for a structured and traceable breeding program.

Australian aquaculture is confronted with several developmental impediments: limited
suitable site availability, high land costs, high labour cost and strict environmental
regulation. As such, commercial operationsare required to produce a top quality product,
farmed with the utmost efficiency, in order for the business to remain economically
viable. Cobia broodstock present particular management issues for a hatchery, as their
rapid growth rate and large size may only allow broodstock to be held for spawning for
2-3 years. Beyond this point, production efficiencies are compromised as a function of
fish size. Hatcheries therefore, need to have effective broodstock management practices
and well developed breeding strategies in order to manage a high turnover ofbroodstock
Well established Australian aquaculture industries such as Atlantic salmon have
flourished due, in part, to a solid understanding of the reproductive biology of the fish.
This has allowed the incorporation of breeding programs, genetic selection and other
novel techniques such as inducing triploidy, sex inversion and single sex culture to
improve production efficiency of the species (Benfey 2001, Lee 2004 ). Existing methods
for managing cobiabroodstockdo not provide the necessary high level control, regularity

and predictability required to maintain commercial viability in the long term.
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1.5 The present study

In order to develop the framework for a viable Australian cobia aquaculture industry,
there is a need to develop more robustand reliable techniques for cobia seed production.
The overarching aim of this study was to address some of the constraints of reproductive
performance of cobia in captive conditions, to provide commercially applicable strategies
to improve the production efficiencies and economics of cobia production.

There is a need to develop a better understanding of the reproductive physiology of cobia
to identify the triggers and cues that stimulate gonadal development in cobia. The
current research project investigated how environmental control and manipulation as
well as exogenous hormone therapy influences both early and late stage ovarian
developmentin cobia. To accurately assess the influence of environmental and hormonal
manipulation on ovarian development of cobia there was a need to develop an accurate
method of measuring ovarian development in the presence of asynchronous
development.

Other aspects of broodstock management, which help maximise productivity and
efficiency, were also considered. This study aimed to progressively track and compare
the growth of male and female cobia from an early age, under controlled conditions, to
determine the existence and extent of sexually dimorphic growth and evaluate its
potential commercial significance. The final aspect of the study was to investigate the
feasibility ofusing steroid analysis as ameans ofidentifying gender in cobia, to assist with

improved broodstock management efficiency.
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Chapter 2: Analysis of sexually dimorphic growth in
captive reared cobia (Rachycentron canadum) and the

occurrence of intersex individuals.
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2.1 Abstract

The growth of three cohorts of captive reared cobia was progressively measured to
determine the existence and extent of sexually dimorphic growth in cobia. Approximately
100 fish from each cohort were individually identified and regularly weighed until the
average weight of the fish was approximately five kilograms. The sex of individuals was
determined through gonadal observations at the conclusion of each trial and the gender
fitted retrospectively to the growth data set. Intersex gonads were observed in the first
two cohorts of cobia, with 16.9% incidence in cohort 1 and 6.8% in cohort 2. Cobia is
considered a gonochoristic species. This was the first reported observation of intersex
gonadsin cobia and the firstreported occurrence of intersex gonads froma gonochoristic
fish species from Australian waters. Only one fish out of the 182 examined in the third
cohortwas identified as intersex. There was no sexually dimorphic growth in cobia when
there was a high incidence of the intersex anomaly, relative to endemic levels, as seen in
the first two cohorts of fish. In the relative absence of the intersex condition, as observed
in the third cohort, female cobia were significantly larger than males from 2 kg onwards.
The weight of female cobia was almost 30% more than that of males at 17 months of age
when average weight of the cohort was 4.6 kg. It is likely that the first two cobia cohorts
were exposed to endocrine disruption in some form, and the possible sources are
discussed.

Key words

Cobia, Rachycentron canadum, sexual dimorphism, growth, intersex.

Highlights

e The first reported incidence of intersex fish occurring in cobia and in

gonochoristic fish in Australian waters.
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The occurrence of the intersex condition impacted on the growth dynamics of

phenotypic male and female fish.

In the relative absence of the intersex condition, female cobia grew significantly

faster than males.
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2.2 Introduction

Sexually dimorphic growth has been observed in a number of commercially significant
fish species. Males grow faster than females in some catfish, tilapia and salmonid species
(Neevdal etal. 1983, Goudie etal. 1994, Toguyeni etal. 1997, Bonnetetal. 1999), whereas
females have been shown to grow faster in Mugil cephalus, European sea bass,
Dicentrarchus labrax, some anguilliforms and flat fish (Panfili et al. 1994, Imsland et al.
1997, Ibafiez Aguirre et al. 1999, Saillant et al. 2001), to name a few. The evolutionary
basis for sexually dimorphic growth in fish is based on a trade-off between mortality,
growth rate and reproductive success (Roff 1983). Males tend to be larger than females
in populations where there is competition between males for reproductive success, in
which case physical size is an advantage. Conversely males tend to be smaller in mass
spawning populations as male size has less influence on reproductive success (Parker
1992). Size differences between sexes can also arise due to varying age at maturity and
differing energy investment in the physiological process of gonad development and
maturation (Thorpe 1994).

Sexually dimorphic growth can be exploited to offer rapid and significant economic gains
through single sex culture (Piferrer 2001). Productivity gains have been demonstrated in
tilapia and catfish aquaculture by the culture of monosex populations (Goudie etal. 1994,
Beardmore et al. 2001). The occurrence of sexually dimorphic growth can also impact
broodstock management. If broodstock are allocated prior to sexual maturity, and
selection is based on growth, the resultant population will be heavily biased towards a
single sex. Therefore, in order to ensure a gender balance, a large group of randomly

selected fish must be held until their sex can be positively identified.
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Cobia, Rachycentron canadum, is a large benthopelagic species that is endemic to all
tropical and subtropical waters across the globe with the exception of the eastern Pacific
(Shaffer and Nakamura 1989). Some of the biological attributes that make cobia an
exceptional candidate for aquaculture include; growth rates that exceed 5 kg per year,
adaptability to commercially available aquafeeds, excellent palatability, and wide
temperature and salinity tolerance (Holt et al. 2007b, Shiau 2007, Weirich et al. 2007).
Commercial cobia aquaculture began in Taiwan in the late 1990’s and has since been
adopted by several nations through the Asian-Pacific, the USA and South America (Liao
etal. 2007, Benetti etal. 2008, Nhu et al. 2011, Sampaio et al. 2011). Global production is
dominated by China, which produces approximately 39,600 of the global annual
production of 43,000 metric tonnes (FAO 2013).

There are conflicting reports in the literature regarding sexually dimorphic growth in
wild cobia stocks. Franks et al. (1999) examined the growth increments of sectioned
otoliths to develop age-length relationships of Gulf of Texas stocks. The analysis of von
Bertalanffy growth models showed that females grew significantly faster than males.
Furthermore, analysis of length-frequency distribution indicated that females achieved a
greater theoretical asymptotic length than males. Conversely, Fry and Griffiths (2010)
examined the age-length of cobia from the east coast of Australia, and using similar
analyses, found no statistical difference in growth between genders. Anecdotal evidence
from aquaculture facilities both in Australia and internationally suggests that female
cobia grow faster than males in a captive environment (Daniel Benetti pers. comm, Bribie
Island Research Centre unpublished data); however this has never been quantified or
documented.

Cobia are considered a gonochoristic species, (Shaffer and Nakamura 1989), however

during the course of this study a substantial number of intersex individuals were
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identified. Genetics, diet, environmental parameters and pollutants canresultin impaired
reproduction and gonad malformation in aquaculture and wild fish stocks. The
occurrence of intersex fish in wild fish populations has been associated with
environmental pollutants (Jobling et al. 2002). Endocrine disrupting chemicals (EDC)
originating from waste water treatment facilities and other anthropogenic influences are
known to interfere with the synthesis and action of endogenous hormones resulting in
reproductive abnormalities (Purdom et al. 1994, Bergman et al. 2013). The possibility of
EDCs and other potential mechanisms that may interfere with the reproductive
development of cobia in the current study are discussed.

This study aimed to progressively trackand compare the gro wth of male and female cobia
from an early age, under controlled conditions, to determine if there was significant
sexually dimorphic growth. Sexually dimorphic growth was indeed observed; the point

of divergence in growth and its potential commercial significance are evaluated.

2.3 Methods

2.3.1 Juvenile fish

Juvenile cobia used in the study were produced from broodstock held and maintained at
the Bribie Island Research Centre (BIRC). Larvae were grown in semi-intensive green-
water tank systems for two weeks post hatch and then transferred to extensive pond
production for weaning and on-growing to approximately 10 g. A population of
approximately 200 juvenile fish was randomly selected to be allocated as future
broodstock and maintained in a flow through nursery system.

The study followed three cohorts of fish. The fish used in cohort 1 originated from a mass

spawning on 19/01/2012 involving up to three wild caught females, one captive reared
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female and four wild caught males. Cohort?2 originated froma mass spawnin g of two wild
caught females and three wild caught males on21/10/2012; of which one male and one
female potentially also contributed to cohort 1. Wild caught fish were obtained from a
similar area off the coast of southern Queensland. Cohort 3 originated from a single
captive-reared female and three captive-reared males on 27/11/2013. The female fish
contributing to cohort 3 was of the same origin as those fish used in cohort 1. The relative
contribution of each of the brood fish was not determined. All spawning events occurred
following hormone induction of both male and female brood fish.

The fish used in each of the trials were randomly selected from retained population of
each of the three cohorts and individually identified using T bar tags. Once the fish
reached sexual maturity, the gender of each individual was identified via gonadal biopsy
and later confirmed by post mortem examination. This information was then fitted to the

weight data collected at each time point to complete the data set (Figure 2.1).

2.3.2 Cohort 1

One hundred fish were tagged at the beginning of the trial for cohort1 and weighed every
two months over the 11-month trial period. The average weight of fish was
approximately 350 g when the trial commenced on 06/09/2012. The fish were initially
grown in a single 30,000 L tank fitted with an independent recirculating aquaculture
system (RAS). On 20/03/13 the population was split evenly between two 30,000 L tanks
fitted with identical RAS, where they were maintained until the completion of the trial.
Due to low level mortality and lost or broken tags, only 71 of the fish in cohort 1 were

used in the final assessment of growth and for most mortem analysis of gonads.
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2.3.3 Cohort 2

One hundred fish with an average weight of 202 g were tagged when the trial commenced
on 27/02/13. Weight samples were taken monthly for the first four months and every
second month for the remainder of the 14-month trial. The fish were maintained in a
single 10,000 L circular tank fitted with flow-through seawater. In order to maintain
suitable water temperature through the winter period, the fish were transferred to a
single 10,000 L tank that was part ofa 50,000 L RAS on 27/5/13 atan average weight of
627 g. The population was split and returned to two 10,000 L flow through systems on
18/09/2012, where they remained until the completion of the trial. Due to low level
mortality and lost or broken tags, only 88 of the fish in cohort 2 were used in the final

assessment of growth and for most mortem analysis of gonads.

2.3.4 Cohort 3

Cohort 3 was weighed monthly over an eight-month period. The average weight of fish
from cohort 3 was 820 g on 21/8/2013, at the commencement of the trial. From a
population of 123 fish, 75 fish were tagged to provide growth data and observations of
gonad morphology for cohort 3. An additional 107 fish from the same origin as the cohort
3 fish were euthanased and the gonads examined macroscopically to determine the level
of intersex at the commencement of the trial. This provided 75 fish for growth data
analysis and 182 fish to determine the incidence of intersex in the cohort.

The trial fish were maintained in two 10,000 L tanks that were part of a 50,000 L RAS,
until 28/10/15. They were then transferred and split evenly between four 10,000 L

circular tanks fitted with flow-through seawater.
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2.3.5 Fish Husbandry

The growing conditions remained similar for each tank of fish within each cohort after
each population split. The maximum stocking densities were 2.6 kg/m?, 17.2 kg/m? and
15 kg/m? in cohorts 1, 2 and 3 respectively. Temperature, salinity, dissolved oxygen and
pH were measured and recorded daily using YSI professional plus multiparameter meter.
Total ammonia nitrogen (TAN) was measured weekly when stocking densities exceeded
5 kg/m? in recirculating systems. Fish were fed to satiation twice daily for five days per
week, and once daily for two days per week on commercially available marine fish diets

(approx. 50% protein, 14% lipid).

2.3.6 Data analysis

The growth data were analysed by ANOVA at each sample point, using Genstat 16t
Edition. A chi-squared test was used to determine if the sex ratio differed significantly

from the expected 1:1 ratio.

8-18 Months

! T 1 l

Samples sexed retrospectively

Figure 2.1 The sampling model used to examine sexually dimorphic growth in cobia.
Fish were individually identified, weighed periodically and the sex of individuals
identified at the conclusion of the trial.
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2.4 Results

2.4.1 Water quality

All water quality parameters were maintained within normal operating levels for cobia

production at BIRC (Table 2.1).

Table 2.1 Range of water quality parameters forcohorts 1, 2 and 3

Cohort  Temp (°C) DO (ppm) Salinity pH TAN (ppm)
(ppt)

1 18.8-28.8 >4.5 26.0-36.1 7.4-8.1 <0.6

2 19.4-27.5 >4.5 26.5-35.3 7.5-8.2 <0.5

3 20.9-29.4 >4.8 29.2-36.5 8.0-8.4 <0.6

2.4.2 Reproductive abnormalities

Several individuals in cohorts 1 and 2 were identified as potential intersex fish, with both
sperm and oocytes observed within individual gonadal biopsy samples. Post mortem
examination of the fish confirmed the presence of both ovarian and testis tissue in these
individuals (Figure 2.2). Intersex gonads were also identified in fish that originated from
the same spawns as cohorts 1 and 2 but were not part of the current study. Intersex and
normal gonads were first distinguished macroscopically; when the fish were
approximately 400 g (Figure 2.3). Intersex gonads comprised discrete ovarian tissue
located anteriorly, abutting testis tissue located posteriorly (Figures 2.2, 2.3 and 2.4). The
proportions of each tissue varied between intersex individuals, independent of the size
of the gonad (Figure 2.4). Histological examination of the intersex gonads confirmed
there was a distinct junction between ovary and testis sections containing connective
tissue and a mixing of gonad tissues (Figure 2.5). There was no evidence of mixing of

tissues beyond the junction area. Individuals showed varying stages of gonadal
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development, in most cases both tissues appeared capable of producing gametes. Active
sperm and developing oocytes were observed in some intersex gonads; however gamete
quality was not examined. Both ovarian and testis sections of the intersex gonad were
generally misshapen, being asymmetrical within and between each side of the gonad and
lobulated rather than a smooth cylindrical shape (Figures 2.3 and 2.4). The gonads of
several single sex fish, both male and female, were also misshapen to some extent (Figure
2.6).

Post mortem examination confirmed the incidence of intersex fish was 17% in cohort 1
and 7% in cohort2 (Table 2.2). Excluding these fish froman analysis of sex ratios (female:
male) showed them to be significantly skewed towards female at 1.8:1 (X2=4.90, 1d.f,
p=0.03) and 2.4: 1 (X2 =14.10,1d.f,, p<0.001) in cohort1 and 2 respectively. Only one of
the 182 fish examined in cohort 3 was identified as intersex (0.5%) and the sex ratio did

not differ significantly from 1:1, at 1.1: 1 (X2 =0.45, 1d.f, p=0.50).

Table 2.2 Sex ratios of cobiain each cohort

Cohort Total Female (%) Male (%) Intersex (%)
1 71 38 (53.5) 21(29.6) 12 (16.9%)
2 88 58 (65.9) 24 (27.3) 6 (6.8%)

3 182 95 (52.2) 86 (47.3) 1(0.5%)
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Figure 2.2 Cobia peritoneal cavity showing the orientation of the intersex gonad in situ.
In all intersex fish the anterior section was ovary (0) and posterior section is testis

(T).

Figure 2.3 Intersex gonad from 400 g cobia.
Intersex gonads were identifiable when ovarian (0) and testis (T) could be
determined macroscopically.
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Figure 2.4 Intersex gonads of cobia showing varying proportions of ovarian (0O) and testicular
tissue (T).
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Figure 2.5 Histological sections of an intersex cobia gonad.
A - The junction of the testis and ovary, showing connectivetissue (CT) and a mixture
of ovarian (0) and testis (T) material, with minimal mixing distal to the junction. B -
Anterior section of the gonad showing ovarian tissue. C - A section of the posterior
gonad showing only testis material. Scale bar = 200pum.
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Figure 2.6 Gonads from male cobia showingregular shaped testes onthe leftand three misshapen
testes to the right.

2.4.3 Growth

The average weight of fish in each cohort was approximately 5 kg at the conclusion of the
sampling period. There was no significant difference between the weight of male and
female cobia at any sample point in cohort1 or 2 (Figure 2.7). There was no significant
difference between intersex fish and single sex fish in cohort 1. Intersex fish were
significantly smaller than male and female fish in cohort 2 (p<0.05).

Female fish in cohort 3 were significantly larger than males at the December sample
point, approximately one year post hatch, with average weight of 2.20 kg (x0.90 SE)

compared with male fish at 1.95kg (+0.76 SE) (p=0.04). The difference in weight between
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the sexesincreased as the trial continued (Figure 2.7). The average weight of females was
29.7% higher than males at an average weight of 5.28 kg (+0.23 SE) compared to 4.07 kg

(x0.17 SE) in males at the conclusion of the trial (p<0.01).
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Figure 2.7 The growth trajectories of cobia in cohort 1 (A), cohort 2 (B) and cohort 3 (C).
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2.5 Discussion

This is the first documented study examining the progressive growth of individual cobia
to identify and determine the extent of sexually dimorphic growth in this species. The
occurrence of intersex individuals in cobia, which is a gonochoristic species, has not
previously been reported, despite numerous studies involved in cobia reproduction. The
occurrence of the intersex condition has impacted the growth dynamics of cobia,
evidenced by a lack of sexually dimorphic growth in cohort1and 2, which had a relatively
high incidence of intersex fish. The currentstudy demonstrated that captive -reared cobia
exhibit sexually dimorphic growth in the relative absence of the intersex anomaly, with
females growing faster than males. This supports the findings of Franks etal. (1999) that
female cobia grew faster than males in Gulf of Texas wild stock, and is in contrast to the
findings of the Fry and Griffiths (2010) study conducted on wild cobia on the east coast
of Australia. The analysis of sexually dimorphic growth in wild populations of cobia based
is on single data points for individual fish to provide length frequency distributions.
Although there may be differences in growth dynamics between wild and captive
populations, more accurate results of growth dynamics can be obtained from captive
populations as the fish are of known age and individuals can be sampled multiple times
over a trial period.

The existence of sexual growth dimorphism in cobia has implications for both broodstock
management and optimal production strategies. Growth rate is a strongly heritable trait
in mostaquaculture species and many aquaculture hatcheries base broodstock selection,
wholly or partly, on larger size, and therefore greater growth rate. Based on the evidence
of the current study, cobia broodstock selection can be based on size until approximately

2 kg, with a low risk of skewing sex ratios in the selected broodstock. After this point
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selecting broodstock based solely on weight could result in a sex ratio biased toward
female fish. This can be particularly problematic in a fast-growing species such as cobia,
where broodstock numbers may be limited by the availability of infrastructure. The
allocation of cobia broodstock over 2 kg should be based on positive identification of
gender through gonad biopsy or by the development of methods to assess gender specific
sex steroids such as 17f3-estradiol, 11-ketotestosterone, or DNA markers.

The current study demonstrated a difference of 29.7% in growth between female and
male cobia at harvestable size, suggesting that pursuing monosex culture of cobia could
make significant productivity and economic gains. Due to the number of fish involved and
the absence of external sexual dimorphism in cobia, visual selection of female fish for
commercial aquaculture is not practical. As for other fish species, the production of
single-sex populations is most efficiently achieved through broodstock manipulation. The
production of monosex populations hasbeen successful in a number of species; however,
it is often a complicated task that first requires the identification of the sex determining
mechanism of the species. The review by Piferrer (2001) describes a variety of methods
used on species with various sex determining mechanisms to produce single-sex
populations. The development of such techniques would also be advantageous in the
protection of genetically improved stocks of cobia.

The findings of the current study supportthe suggestion of Parker (1992) that male fish
tend to be smaller than females in mass spawning populations as there is limited
reproductive advantage associated with size. This is further supported by evidence that
wild cobia stocks form offshore spawning aggregations (Brown-Peterson et al. 2001).
Roff (1983) suggests that the growth of some male fish is reduced as a function ofreduced
feeding effort. By foraging less the individuals are less exposed to predation risk. Female

fecundity, however,is directly related to size, providing areproductive advantage in mass
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spawning populations associated with size, which outweighs the risk associated with
predation (Roff 1983). The increased growth rate of female sea bass, Dicentrarchus
labrax, and dab, Limanda limanda, compared with males, has been attributed to a larger
digestive capacity facilitating increased food intake and therefore growth (Lozan 1992,
Saillant et al. 2001). Although not examined in the current study, female cobia may have
similar attributes that contribute to their increased growth. Aggressive behaviour within
or between sexes in competing for resources is unlikely to have contributed to growth
differences in the current study as fish were fed to satiety.

Significantly skewed sex ratios were associated with those cohorts with a high incidence
of intersex fish in this study. In the absence of the intersex anomaly, sex ratios were not
skewed significantly from the expected 1:1. There are contrasting reports of significantly
skewed sex ratios occurring in wild cobia populations. Thompson et al. (1992) found a
male-biased population 2.1:1 whereas a concurrent study conducted by Franks et al.
(1999) reported a female biased sex ratio of 2.7:1. Each study was conducted using
substantial sample size of 682 and 1005 fish by Thompson et al. (1992) and Franks et al.
(1999) respectively. van der Velde etal. (2010) also reported a female-biased ratio 2.2:1.
The difference in sex ratios found in these studies is difficult to explain, although it has
beensuggested to be due to segregation of sexes or differential rates of mortality between
the sexes (Franks et al. 1999). Sex ratios can be skewed in some cultured species due to
the influence of environmental parameters on the processes of sex determination.
Variations in larval rearing temperature have been shown to affect sex ratios in sea bass,
Dicentrachus labrax, channel catfish, Paralichthys olivaceus, and Nile tilapia, Oreochromis
niloticus (Baroiller et al. 1995, Patifio et al. 1996, Pavlidis et al. 2000). Cobia have been
produced in captivity under a variety of temperature regimes throughout the

developmental cycle without any reports of skewed sex ratios or reproductive
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abnormalities (Faulk and Holt 2005, Faulk et al. 2007, Holt et al. 2007b, Weirich et al.
2007, Benetti et al. 2008). The fish in the currenttrial were produced in what would be
considered normal environmental parameters for cobia, reducing the likelihood that the
physical environment has created any imbalance or abnormality (Holt et al. 2007a).
The relatively low number of phenotypic males compared to females in the current study
suggests that the intersex fish are possibly male fish symptomatic of a demasculinising
and/or feminising influence. It would be beneficial to confirm this through genetic sex
markers; however, the sex-determining mechanism and suitable markers for cobia would
first need to be established. Given the association of the incidence of intersex and skewed
sex ratios, in the current study, it is likely that the source of disruption inducing intersex
gonads is also responsible for the female-biased sex ratios. Skewed sex ratios in wild
roach, Rutilus rutilis and white suckers, Catostomus commersoni, have been associated
with pollutants derived from wastewater treatment (Alan et al. 2008, Lange et al. 2011).
Inbreeding depression has been linked to impaired reproductive performance in
salmonid species (Su et al. 1996, Gallardo etal. 2004). It can be excluded as a mechanism
producing abnormalities in the current study, as individuals in each cohort were the
offspring of wild parents, or wild fish crossed with first generation captive-reared fish.
The occurrence of a particular genetic combination that results in the malformation or
creates a predisposition to the condition in the presence of potential disrupting
mechanisms cannot be ruled out.

Low-level incidence of intersex may occur as a simple malformation in some fish
populations. The review by Kinnison et al. (2000) suggests that the intersex condition in
farmed salmonids occurs as a natural aberration; due to the dispersed occurrence across
a number of genera and geographic regions and the very low incidence of one in several

thousand. However, the relatively high incidence of intersex in this study suggests that

71



some form of external influence has impacted heavily on the gonad development of the
cobia in the current trial. Environmental pollutants classified as endocrine disrupting
chemicals (EDC) are capable of interfering with the action and/or synthesis of steroid
hormones resulting in an imbalance of male and female hormones which may manifest
as reproductive abnormalities. The impact of EDCs is heightened at critical
developmental stages such as during puberty, and the impacts are often irreversible
(Bergman etal. 2013). Purdom et al. (1994) demonstrated that environmental pollutants
originating from sewerage treatmentresulted in increased circulating vitellogenin levels
and the incidence of intersex fish in rainbow trout. The occurrence of intersex fish in wild
roach, Rutilus rutilis, populations has been linked to feminising agents originating from
effluent treatment facilities (Jobling et al. 2002). Further research has shown that the
increasein intersex condition hasimpacted on maturation and fertility of the fish (Jobling
etal. 2002).The only reported impact on fish from environmental pollutants in Australian
waters was by Kroon et al. (2015) who described increased transcription levels of liver
vitellogenin in barramundi, Lates calcarifer, and coral trout, Plectropomus leopardus,
associated with agricultural pesticides. Whilst providing evidence of a feminising effect
from EDCs, there was no evidence of a phenotypic change in the fish, or resultant changes
to the population dynamics in either species.

Whilst there is compelling evidence in the literature linking EDCs with reproductive
abnormalities, originating from anthropogenic pressure in freshwater systems, there is
limited evidence of such acute impacts on marine fish populations. The review by
Bahamonde etal. (2013) lists 37 species in which the intersex condition was reported in
wild fish, of which only one is a marine fish species (Diaz De Cerio et al. 2012). This may
be due to the diluting effect of the marine environment. Based on the limited evidence of

anthropogenic impact on marine fish and given the relatively low-level urban and
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industrial development near the oceanic intake of the Bribie Island Research Centre
(BIRC), it seems unlikely that the incidence of intersex observed in this study is the result
of locally sourced EDCs (Supplementary file 1). If the EDCs were sourced from the local
environment, it would be expected that local wild stocks would be impacted and that
several cohorts of cobia produced at BIRC would demonstrate similar incidence of
intersex rather than the two isolated incidents reported in this study. Furthermore
intersex gonads have not been previously reported from any fish in Australian waters.
The source of the EDCs that impacted cobia in this trial could be related to a significant
weather event that occurred prior to the spawning of cohort1 and 2. Flood events have
long been associated with increased levels of industrial and agricultural pollutants in
local waterways, and may be associated with the intersex anomaly observed in cohorts 1
and 2. The summer of 2012 saw a significant rainfall event in southeast Queensland.
Rainfall totals of close to 300 mm occurred within a 24 -hr period in the local catchment
areas (Bureau of Meteorology 2013). Cohort 1 was spawned and larval rearing began
shortly before this weather event occurred, potentially exposing the cobia larvae to flood -
transported pollutants. The connection between the flood event and cohort 2, however,
is somewhat tenuous, being spawned nine months after the event. The lower incidence
of intersex observed in cohort 2 may reflect a similar source of disruption with a lower
level impact. There were no significant rainfall events recorded within 12 months prior
to or during the production of cohort 3 fish. It remains difficult to explain why a similar
impact has notbeen observed in wild fish. If the macroscopic disruption to the gonad, as
seen in the current study, were to occur in wild fish in local or any Australian waters, it
would be reasonable to assume that it would be reported at some level. The gonads of sea
mullet, Mugil cephalus, are a high-value commercial product, sourced from fish harvested

from local waters but at this stage no incidence of intersex has been reported, despite
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high volume of gonads from the species being processed and examined macroscopically.
Intersex fish have been reported from fish from the same family (Bizarro etal. 2014) and
M. cephalus could serve as a possible indicator of EDCs disrupting gonadal development
in local estuarine and marine environment.

As the demand for fishmeal usage in aquafeed increases, so too does the need to identify
a suitable economically viable alternative protein sources. Soy bean meal has been
demonstrated as a suitable alternative to fish meal for a number of marine species
including cobia (Suarez et al. 2013). A potential drawback of the use of such plant-based
proteins is the presence of estrogen-mimicking compounds, also known as
phytoestrogens. In particular, the isoflavone genistein has been demonstrated to have a
feminising effect on a number of fish species. Bennetau-Pelissero etal. (2001) described
an increase in vitellogenin levels in both male and female trout, Oncorhynchus mykiss, and
decreased testosterone and 11-ketotesterone during spawning as well as reduced
reproductive performance, when fed diets with genistein at levels similar to those found
in a soy-based diet. The presence of genistein has been associated with increased
incidence of intersex and reduction of secondary sex characteristics in Japanese medaka,
Oryzias latipes (Kiparissis et al. 2003). Suarez et al. (2013) examined the effect of
substituting fish meal for soy meal on the growth performance of 1.8 kg cobia over a 90 -
day period. Although not specifically examined in their trial there was no report of
reproductive abnormality induced by the treatments. The impact on reproductive
development due to phytoestrogens may be more pronounced in fish exposed around the
period of sexual differentiation. Green and Kelly (2009) found that channel catfish,
Ictalurus punctatus, exposed to genistein during sexual differentiation resulted in altered

sexratios and an increase in intersex fish. The level of exposure to genistein in the current
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study was not measured and cannot be ruled out as a possible source of disruption to
reproductive development.

The clear delineation between the ovarian and testis tissue of the intersex cobia would
suggest that the abnormality has occurred before or during differentiation (Kinnison et
al. 2000). Manipulation of the plasticity of sexual phenotype is most effective during or
directly proceeding sexual differentiation (Nakamura etal. 1998). It is therefore possible
that a combination of the aforementioned factors have been involved, with an additive or
synergistic effect, to influence the development of the fish during the highly sensitive
period of differentiation. Johnstone et al. (1978) described distinct regions of specific
germinal material when feminisation was induced with exogenous hormones at the time
of sexual differentiation. Had the disruption in the current study occurred after
differentiation and there was conversion of existing tissue, a mosaic or mixing of ovarian
and testis tissue throughout the gonad would be expected. A similar effect has been
observedin carp (Cyprinus carpio) and fathead minnows (Pimephales promelas) when sex
reversal was induced after differentiation by exogenous hormones or exposure to EDCs
(Gimeno et al. 1998, Niemuth and Klaper 2015).

The occurrence of intersex cobia is likely to have an impact on commercial production of
the species. It has the potential to disrupt broodstock management due to a resultant
mismatch in sex ratios. Identification of intersex cobia by gonad biopsy is subjective.
There is a tendency to misidentify intersex fish as males due to the testis section of the
intersex gonad being proximal to the gonopore. Itis unlikely that the intersex fish would
be sexually productive and in doing so waste the resources allocated to those individuals.
It is also possible that the mechanism that induces the intersex condition could impact on

the reproductive potential of the phenotypically male and female fish.
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This study demonstrated that female cobia grow significantly faster than male fish and
that investigations into monosex culture could lead to significant productivity gains for
cobia aquaculture. It was also demonstrated that those cohorts containing intersex fish
did not exhibit sexually dimorphic growth. It is likely that the reproductive anomaly is
the result of disruption to the endocrine system, which has impacted on, or in this case
prevented, the occurrence of sexually dimorphic growth. The exact source of the
disruptor or potential mechanism for the disruption remains unclear. It does however
warrant further investigation due to the potential impact on both commercial

aquaculture and wild fish stocks.
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2.7.1 Supplementary File 1

The location of the Bribie Island Research Centre (BIRC) showing the relatively low level

urban and industrial development near the research centre.
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Chapter 3: Hormonal manipulation strategies to enhance
reproductive development in cobia (Rachycentron

canadum).

This chapter is presented as a manuscript to be submitted for publication in

Aquaculture Research.
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3.1 Abstract

Cobia broodstock held at the Bribie Island Research Centre have demonstrated
reproductive dysfunction, ranging from the absence of vitellogenic development, to a
failure to undergo final oocyte maturation and spawning. Two trials were conducted to
examine the effect of repeated injection of luteinising hormone releasing hormone
analogue (LHRHa) and human chorionic gonadotropin (hCG) on stimulating
vitellogenesis and supporting ovarian maturation in cobia broodstock. In the first trial,
two injections of 15 pug/kg body weight LHRHa were given two weeks apart. In the second
trial four injections of 500 IU/kg body weight hCG were given on a weekly basis. Each
trial was conducted as temperature and photoperiod approached or was at the peak
summer conditions. Ovarian development was assessed by regular biopsies and a
methodology using the proportional distribution of different oocyte stages presentin the
sample was devised to describe the developmental state of the ovary. Plasma 17f3-
estradiol (E2) levels were also determined at regular intervals during the trials. The
ovarian development of individual fish was highly variable within treatments and across
trials. Although based on relatively low numbers of individuals, there was no evidence to
suggest that either hCG or LHRHa was effective in stimulating and supporting ovarian
development in cobia at the doses used in the current study. Plasma E2 concentrations
were highly variable between individual fish in each treatment, with no change asa result
of LHRHa administration. There was an increase in relative E2Z concentration subsequent
to the third hCG administration, followed by a rapid decease two weeks after the final
injection. Those fish that initiated vitellogenesis continued to develop regardless of

treatment with exogenous hormones. While hormonal therapy is effective for inducing
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spawning in cobia, these results suggest that this hormone therapy is not an effective

approach to initiating or supporting early stage ovarian development in cobia.

Key words

Cobia, Rachycentron canadum, LHRHa, hCG, hormonal manipulation, oocyte assessment.

Highlights
e A method was developed to provide a more comprehensive assessmentof ovarian

development in cobia.

¢ Hormonal manipulation was ineffective in initiating vitellogenesis in cobia.
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3.2 Introduction

Cobia, Rachycentron canadum, is a large benthopelagic fish species that is endemic to all
tropical and subtropical waters across the globe with the exception of the eastern Pacific
(Shaffer and Nakamura 1989). Growth rates that exceed 5kg per year, adaptability to
commercially available aquafeeds, excellent palatability, and temperature and salinity
tolerance are some of the biological attributes that make cobia an exceptional candidate
for aquaculture (Holt et al. 2007, Shiau 2007, Weirich et al. 2007).

Commercial cobia aquaculture began in Taiwan in the late nineties and has since been
adopted by several nations through the Asian-Pacific, the USA and South America (Liao
etal. 2007, Benetti et al. 2008, Nhu et al. 2011, Sampaio et al. 2011). Cobia research and
development began in Australia in 2007, focusing largely on introducing cobia as an
alternative and off season crop for prawn farms in Queensland (Dutney and Palmer
2008). Viable cobia larvae have been produced at Queensland’s Department of
Agriculture and Fisheries, Bribie Island Research Centre (BIRC); however, hormonal
induction of spawning has resulted in irregular and generally poor outputs. Highly
variable gonad development, observed across a number of mature sized female fish, has
been a key underlying factor associated with poor spawning success. The reproductive
dysfunctions observed in cobia at BIRC are similar to those described for other species,
reviewed by Zohar and Mylonas (2001). These include an absence of, or only partial,
vitellogenic development and post vitellogenic oocytes that fail to undergo final oocyte
maturation (FOM) and ovulation.

Whilst captivity and the associated human presence itself can be a stressor that may
inhibit gonadal maturation, captive reared fish often miss critical environmental and/or

social cues responsible for initiating gonad maturation and spawning (Mylonas et al.
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2010). Many salmonid species for example, partake in mass spawning migrations in
which they are exposed to vast changes in hydrology, salinity, temperature, water depth
and substrate. Certain tropical species are reliant on rainfall and floods to stimulate and
synchronise spawning (Lam 1983). The environmental parameters required for some
species to spawn cannot always be replicated in captivity; however, in many cases the
reproductive dysfunctions have been overcome through manipulation of the
environment or the use of exogenous hormones.

The most common reproductive dysfunction in captive reared fish occurs when the
animals undergo vitellogenesis as normal, but fail to undergo FOM and ovulation, and
therefore spawning (Mylonas et al. 2010). As such, a majority of research on hormonal
manipulation has focused on this aspect of reproductive development, as reviewed by
Zohar (1989), Zohar and Mylonas (2001), Mylonas et al. (2010). A variety of hormones
that act on different sites in the hypothalamus-pituitary-gonadal axis (HPG) have been
used to induce ovulation and spawning. Human chorionic gonadotropin (hCG) is a
gonadotropin used in spawning induction of a multitude of fish species (Zohar and
Mylonas 2001), which acts at the level of the gonads to stimulate the synthesis and release
of sex steroids (Mylonas and Zohar 2007). A variety of synthetic gonadotropin releasing
hormone analogues (GnRHa), including luteinising releasing hormone analogue
(LHRHa), that were developed commercially for application in human medicine, are also
implemented in the hormonal manipulation of a range of captive finfish broodstock
(Mylonas et al. 2010). GnRHa acts directly on the pituitary to stimulate the release of
endogenous gonadotropins. GnRHa therapies are therefore generally the most utilised
method for stimulating final oocyte maturation and spawning; see reviews by Mylonas

and Zohar (2000) and Mylonas et al. (2010).
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There are limited examples of the use of hormonal manipulations to stimulate
vitellogenesis, as most fish species successfully initiate vitellogenesis in captivity. In
species where vitellogenesis must be initiated in captivity, such as Mekong catfish,
Pangasius bocourti (Cacot et al. 2002) and European eels, Anguilla anguilla (Palstra et al.
2010), repeated injections of gonadotropins have been shown to induce vitello genesis.
Matsuyama et al. (1995) successfully induced vitellogenesis in red sea bream (Pagrus
major) using repeated administration of LHRHa. An understanding of the effectiveness of
exogenous hormonal treatment is beneficial, even in those species that will spawn
spontaneously in captivity. Hormonal manipulation of broodstock fish affords a level of
control to provide regular seed production, as well as facilitating more controlled and
regulated spawning that is essential for selective breeding. Both LHRHa and hCG are
readily available for hormonal manipulation of fish and have been shown to successfully
induce maturation and spawning in cobia broodstock (Franks et al. 2001, Nguyen et al.
2010). However, there is no information available concerning the use of hormonal
therapies to initiate and support vitellogenesis in cobia.

An accurate assessment of ovarian development is fundamental to successful hormone
induction of spawning. Cobia do not develop obvious external signs of advancing sexual
maturity, such as pronounced external changes in body shape, alterations in jaw shape or
other secondary sex characteristics, that occur in some other fish species (Crim and Glebe
1990). Wallace and Selman (1981) described the three main types of ovarian
development that are generally in observed in fish; synchronous, when all oocytes
develop in unison and are spawned in a single event, group synchronous, when two or
more distinct groups of oocytes at different developmental stages are present
concurrently, fromwhich fish are capable of multiple distinct spawning events associated

with seasonal or lunar cycles and asynchronous, when oocytes at all stages of
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development are observed, allowing ovulation to occur on a daily on continuous basis
over a protracted period. Asynchronous and group synchronous oocyte development
have been observed in cobia at BIRC over several spawning seasons (Dutney, unpubl.
data) and has been reported in wild cobia, consistent with multiple spawning throughout
the reproductive season (Biesiotetal. 1994, Lotz et al. 1996). While several studies have
examined spawning activity in captive cobia (Arnold et al. 2002, Liao et al. 2004, Holt et
al. 2007, Benetti et al. 2008) oocyte development has not been reported in detail. There
is a need to improve existing methods used for assessing oocyte samples in cobia.
Incorporating this inherent asynchrony into the measurement of ovarian development
will provide a more accurate assessment of the impact of exogenous influences, such as
hormones or environmental conditions, on reproductive development.

The most common method of assessing ovarian development of marine fish in
commercial or research aquaculture facilities is via gonadal biopsy, referred to as
canulation. This involves gently inserting hollowing plastic tubing, of approximately 1
mm inner diameter, into the oviduct to a depth of 5-10 cm. Gentle suction is applied to
the tube as it is withdrawn from the ovary and the contents are then expelled onto a
microscope slide for examination (Partridge et al. 2002). Ovarian development is
typically then quantified by calculating the average diameter of the ten largest oocytes or
by examining the most advanced group of oocytes present in the sample (Davis 1982,
Partridge et al. 2002). Studies on wild cobia populations conducted by van der Velde et
al. (2010) used a similar approach, combining histological examination of the gonads and
staging ovarian development according to the most advanced group of oocytes in a
section. However, an evaluation based on only the largest oocytes in the sample may not
provide true indication of ovarian development, as it would also depend on what

proportion of the oocytes reached advanced stages. If there has been only partial
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maturation or asynchronous developmentofthe ovary,assessing only the largest oocytes
in the sample will provide afalse or exaggerated measure of ovarian development. In such
cases, there is a need incorporate all oocyte stages present in a sample in order to
accurately assess the development of the ovary.

The primary aim of this study was to conduct a preliminary investigation to gain an
understanding of the effect of repeated doses of exogenous hormones, LHRHa and hCG
on circulating sex steroids and on stimulating early reproductive developmentin female
cobia. As part of this study, a simple, commercially applicable assessment method was
developed to provide a more accurate measure of overall development of the ovary in
cobia. This approach was based on a measure of the relative abundance of all oocyte
stages within an ovarian biopsy sample. This new measurement tool was then used to

assess the effect of exogenous hormones on ovarian development in cobia.

3.3 Methods

3.3.1 General husbandry

The broodstockmaturation system at BIRC consists of four 30,000 L fibreglass tanks each
with a separate enclosed recirculating system consisting of 500 um pre-filter screens,
dual 1 kw transfer pumps, zeolite media filter, 150 W UV steriliser, 13 kw heat/chill unit,
foam fractionator and moving bed bioreactor. All tanks were fitted with internal bottom
drains, and overflow outlets that facilitate the collection of eggs post-spawn. Each tank
was fitted with a vinyl cover to exclude natural light and prevent escape. Lighting was

provided by two twin 37 W fluorescent lights.
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Fish were fed to satiety five days per week on a mixture of squid, prawns and pilchards
(Sardinops spp.). Pilchards were supplemented with a vitamin mixture as per Appendix
1.

Water quality measurements including temperature, dissolved oxygen, salinity, and pH
were recorded daily, along with general observations of fish condition, behaviour and
feeding response for each broodstock tank. The pH of the system was maintained above
7.5 by adding sodium carbonate as required. Total ammonia nitrogen (TAN) was
measured weekly. All water quality parameters remained stable and within normal

operating levels for broodstock systems at BIRC for both trials (Table 3.1).

Table 3.1 The range of water quality measurements taken daily in the hCG and LHRHa trial
tanks.

Trial Temperature Dissolved Salinity pH Total ammonia
°Q oxygen (ppm)  (ppt) nitrogen (ppm)

HCG 26.9-27.7 >5.0 34.5-35.7 7.5-8.0 <0.6

LHRHa 25.9-27.1 >5.0 35.6-36.8 7.9-8.3 <0.5

Prophylactic disease treatments were conducted immediately before the trial and again
after four weeks. The water level in the recirculating systems was lowered to
approximately 4000 L and 200 ppm of formalin was added. After 60 minutes, clean,
temperature adjusted water, was flushed through the system at a rate of approximately
150 L/min for 20 minutes. The tank was then refilled at the same rate to the operating
level with temperature adjusted water.

Fish were sedated prior to any sampling or examination. Water in the broodstock tanks
was lowered to a working depth of approximately 400 mm, with a volume 0f4000-5000
L. Light sedation of fish was obtained by adding 10 ppm of AQUI-S® (Aqui-S New Zealand

Ltd.) to the entire tank. For heavy sedation, the fish were transferred to a 600 L tank
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containing 25 ppm AQUI-S®, allowing for various examinations including ovarian

sampling (canulation), weight checks and blood sampling.

3.3.2 Broodstock

Cobia broodstock used in the LHRHa trial were wild-caught fish sourced from the outer
reaches of Moreton Bay in October 2011. The fish were held in quarantine at BIRC for
approximately 5 weeks, during which time they were allowed to recover from any
injuries resulting from capture and then given three, one hour, 200 ppm formalin
treatments for at three day intervals. During the quarantine period PIT tags were inserted
subcutaneously into the dorsal musculature close to the base of the first dorsal spine,
allowing fish to be individually identified. At the completion of the quarantine period, in
mid-November, a total of 8 females and 3 males ranging from 3 to 6.5 kg were transferred
from the quarantine system to a single broodstock maturation system and allowed to
settle for one week before baseline sampling was conducted. An additional three wild
caught male fish of similar size captured the previous year were also added to the system
at the commencement of the trial. The prescribed photoperiod was representative of the
maximum ambient daylight for the region at 14 hr light:10 hr dark, at the point of
stocking. Temperature was slowly increased atapproximately 0.5 °C per week from 25.5
°C to a maximum of 27 °C. Fish weight ranged from 4.8 to 9.2 kg at the completion of the
trial.

The cobia broodstock used in the hCG trial were first generation captive reared fish
produced at BIRC. The fish selected for the trial were those that showed minimal or an
absence of ovarian development in response to maximised seasonal photoperiod and
temperature. Fish were two years old at the commencement of the trial and the weight

ranged from 6.5 to 16 kg. Fish were selectively allocated to treatment and control groups
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in an attempt to provide similar weights and ovarian development in each group.
Prescribed photoperiod was 14 hr light:10 hr dark at the point of stocking. Temperature
ranged from 26.9 - 27.7 °C during the trial period. Fish weight ranged from 8 to 19 kg at

the completion of the trial.

3.3.3 Analysis of ovarian development

Ovarian samples were taken by inserting 1mm plastic tubing (canula) through the
gonopore and approximately 5-10 cm into the ovary, and applying gentle suction. The
extracted ovarian tissue was placed into a petri dish and held on ice until analysis. For
analysis, a sample of the extracted tissue was placed on a microscope slide with a small
amount of seawater and a cover slip. Gentle pressure was applied to the cover slip to
flatten the sample to provide close to a single layer of oocytes.

Oocytes were classified into five stages based on using similar criteria to that described
by Morehead et al. (1998). Staging was based on the developmental stage of cobia oocytes
and the coinciding oocyte diameter. Table 3.2 describes the physical parameters of each
oocyte stage. There was some overlap in stage classification between oocyte diameter
and the development stage of the oocyte. To maintain simplicity and to ensure the
methods remained commercially applicable, oocyte diameter was used as the primary
defining parameter.

Oocyte samples were viewed with a Nikon Eclipse Ti inverted compound microscope and
digital images were captured by a Nikon digital camera mounted on the microscope.
Measurements and calculations were conducted using NIS Elements software. Ovarian
development was assessed by first selecting the total sample area of approximately 30
mm? from the field of view of the captured image. Any void area, not containing oocytes,

was measured and subtracted from the total sample area to provide a total oocyte area.
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All oocytes at stage 2 and above were outlined and individual diameters and area were
calculated using the imaging software. The total area of stage 2 to 5 oocytes was
subtracted from the total oocyte area to calculate the area of stage 1 oocytes. The oocyte
stage percentage was then calculated by dividing the area of each stage by the total oocyte
area, as follows:

Oocyte area = Total sample area — Void
Stage 1 area = Oocyte area — Stage (2+3+4+5)
Oocyte stage percentage = Stage area / Oocyte area x 100

The use of percentage area of each oocyte stage, rather than a percent distribution, was
used due to the difficulty in counting individual stage 1 or previtellogenic oocytes.
Previtellogenic oocytes were difficult to separate and to manipulate into a single layer in
order to count individual oocytes. The assessment of proportional area ensured that a
measure of the previtellogenic oocytes could be incorporated into the assessment yet

remained technically feasible for use in commercial hatchery operations.

Table 3.2 Cobia oocyte stages, based on size range and description?

Stage  Oocyte Stage Description Size Range (um)
1 Primordial Clear oocyte <170
2 Cortical Alveoli  Endogenous yolk vesicles 170 -430

form a distinct granular ring

3 Vitellogenic Exogenous yolk accumulation 430 - 685
(oocyte opaque)
4 Maturing Yolk fuses, oil drop 685 - 1025

coalesces and oocyte clears

5 Hydrated Oil drop coalesced, oocyte >1025
clear

a Adapted from Morehead et al. (1998)

96



3.3.4 Experimental design and sampling

The LHRHa study examined a total of eight fish, held in a single tank, over an eight week
period, with four receiving LHRHa treatment and four control fish. The hCG study was
conducted over six weeks, in which a total of seven fish were used in a single tank with
four fish treated with hCG and three fish remained as control animals. Fish were
selectively allocated to either the treatment or control group, ensuring that the
compositions of groups were matched based on similar weight and ovarian
developmental status. Hormonal treatments were applied to fish following sedation as
described above. LHRHa was administered intramuscularly via a cholesterol based pellet
(Leeetal. 1986) atadose of 15 pg/kg. HCG was dissolved according to the manufacturer’s
instructions and administered via intraperitoneal injection at a rate of 500 [U/kg. Fish in
the control group underwent the same procedures without receiving the injection.

At the commencement of both the LHRHa and hCG studies, fish were weighed, oocyte
samples collected as described above, blood samples collected and the first hormone

injection was administered. Subsequent sampling and hormone treatment for each trial

is described in Table 3.3.

Table 3.3 Sample schedule forthe LHRHa and hCG trials, showing the weeks in which each
sample type was taken

Trial Weight Canulation Blood sample Hormone
injection

LHRHa 0,2,4,8 0,2,4,8 04,8 0,2

hCG 0,4,6 0,2,4,6 0,2,4,6 0,123

Blood sampling was conducted by placing the sedated fish ventral side uppermostin a
supportive cradle and collecting 0.5 ml samples from the caudal vein using a heparinised
21 Gx 38 mm needle and 1 ml syringe. Blood was then transferred toa 1.5 ml heparinised

polypropylene tube and embedded in shaved ice. Heparin was prepared at a
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concentration of 9 units/ul. Needles and syringes were prepared by drawing and
expelling heparin solution through them; 5 pl of heparin was pipetted and added to
polypropylene tubes. Blood plasma was separated by centrifugation at 4000 rpm for 20
minutes at 4 °C within two hours of collection. Four 100 pL aliquots of plasma from each
sample were then held at -80 °C until required.

The concentration of plasma 17-estradiol was quantified using an EIA competitive assay
kit (Cayman Chemical ACE ™) according to the manufacturer’s instructions. Plasma

samples were used undiluted and without extraction.

3.3.5 Statistical analysis

The time-series nature of the data was taken into account by an analysis of variance of
repeated measures (Rowell and Walters 1976), via the AREPMEASURES procedure of
GenStat (2013). This forms an approximate split-plot analysis of variance (split for time).
The degree of temporalautocorrelation was estimated using Greenhouse-Geisser epsilon,
and probability levels adjusted for this. The residual plots were examined for each
analysis, and as these showed approximate normality, no transformations were
considered. Statistical analysis of ovarian development was conducted separately on the
sum percentage of stage 2 to 5, stage 3 to 5, and stage 4 to 5. The start weight of the fish

was included as a covariate in the analysis.

3.4 Results

3.4.1 Analysis of ovarian development

The high variability in oocyte size and stage observed ovarian biopsies of cobia (Figure
3.1) cannotbe accounted for using a single figure descriptor. The difference between the

traditional method of assessment and that developed in the current study is
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demonstrated in Figure 3.2. The devised percentage area method measured and
accounted for the consistency of oocyte size within a sample and in doing so provides a

better indication of overall development of the ovary and the readiness of fish to spawn.

Figure 3.1 Cobia oocyte images.
A - Highly variable oocyte stages as a function of asynchronous development and B -
Well developed and consistent oocytes stages. Scale bar = 500pm.
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Figure 3.2 Percent area of oocyte stages of sample A and B shown in Figure 3.1.

99



3.4.2 LHRHa Trial

Ovarian development was highly variable in both the treatment and controlanimals. Two
fish in each group failed to show any change in ovarian development through the course
of the trial, with oocytes remaining at stage 1. The other two fish in each group
demonstrated substantial ovarian development, evidenced by an increased percentage of
oocytes at stage 3 or higher (Figure 3.3). Those fish that did develop showed a steady
increase in development over the eight-week trial period. There was no significant
difference between the hormone treated and untreated fish at any level of sum
percentage ovarian development (p>0.05). There was no statistical interaction between
treatment and time (p>0.05) to suggest differing patterns of development ( Figure 3.4).
In general, those fish that initiated development continued through to maturity; however,
those fish that did not initiate any form of development failed to develop at any level
through the trial period. There was no evidence that LHRHa injection had any effect on
initiating or supporting continued ovarian development in cobia.

E2 concentrations were highly variable within control and treatment animals at each
sample point. There was no relationship between E2 levels and ovarian development
(Figure 3.3) and no evidence of an increase in E2 concentration in response to hormonal
injection (Figure 3.4). There was no significant difference between the E2 concentrations

of treated and untreated fish (p>0.05) (Figure 3.5).
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Figure 3.3 Percent area of oocyte stages and 17f-estradiol concentrations of cobia in the LHRHa
trial.
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Figure 3.5 Plasma 17f-estradiol concentrations of LHRHa treated and untreated cobia (+SE).

3.4.3 HCG trial

Ovarian development was highly variable in both the treatment and controlanimals. Two

fish in each group showed little or no change in ovarian development during the trial. One
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fish in the control group demonstrated moderate ovarian development, while two fish in
the treatment group showed substantial development. One fish in the treatment group
developed rapidly at T2, demonstrated by the presence of a moderate level of stage 5
oocytes, showed moderate regression at T4 and then substantial redevelopment at T5
(Figure 3.6).

There was no significant difference between hormone treated and untreated fish at any
level of sum percentage ovarian development (p>0.05). There was no statistical
interaction between treatment and time (p>0.05) to suggest differing patterns of
development (Figure 3.7). Those fish that initiated development continued to develop
through to maturity regardless of treatment effect. There was no evidence that repeated
hCG injection was effective in initiating or supporting continued ovarian developmentin
cobia.

There was no relationship between plasma E2 concentration and ovarian development.
There was no significant difference between the E2 concentrations of treated and
untreated fish (p>0.05) (Figure 3.8). Plasma E2 was highly variable in the untreated fish,
primarily due to one fish with very high concentration at each sample point.

Examining plasma E2 concentrations as a percentage change showed very little relative
change in untreated fish. Treated fish showed a moderate increase in E2 concentration at
T4, following the second hCG injection, before a substantial drop by T6 (Figure 3.9).
When ovarian development was initiated it developed rapidly, especially in the fish that
were hormone treated. Within a two week period two fish progressed from
approximately 80% previtellogenic oocytes to a sum percentage stage 3-5 of

approximately 80%.
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Figure 3.8 Plasma 17f-estradiol concentrations in hCG treated and untreated cobia (+SE).
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Figure 3.9 The percentage change in plasma 17(-estradiol concentration in hCG treated and
untreated cobia (+SE).

3.5 Discussion

The currentstudy demonstrates that ovarian developmentin cobia can be highly variable
within individual fish and between individuals within the same population. Marine
broodstock, including cobia, are considered suitable for hormonalinduction when the ten
largest oocytes are 500 pm (Partridge etal. 2002, Benettietal. 2007, Weirich et al. 2007).
Based on this assumption, both of the fish sampled in Figure 3.1 would be suitable for
hormone induction. However, previous unpublished hormone induction trials at BIRC
suggest it would be highly unlikely that sample A would spawn, whereas sample B could
be successfully hormone induced. Asynchronous and group synchronous ovarian
development observed in the current trial has also been described in wild cobia
populations (Biesiot et al. 1994, Lotz et al. 1996). A factor contributing to the limited
success for hormone induction of cobia at BIRC in the past may have been due to the
methodologies used to assess ovarian development of broodfish, which assumed a

unimodal distribution. A single-figure descriptor derived from the average of the largest
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oocytesin a sample did notaccount for the asynchronous developmentobserved in cobia.
The use of such a measure to assess ovarian development could falsely indicate the
readiness of an individual for hormone induced spawning, resulting in variable outcomes
from hormonal induction of spawning.

The approach described in the current study effectively incorporates the various oocyte
stages present in ovarian biopsy samples from cobia. The overlap in oocyte size and
developmental state observed when defining oocyte stages is common when attempting
to categorise the continuum of development that occurs in ovarian maturation (West
1990). The decision to use oocyte diameter as the defining parameter provided a
distinction between the stages to aid assessment and analysis yet ensure the method was
commercially appropriate. Measuring ovarian development by assessing proportions is
more complicated than measuring selected oocytes; however, it provides a more accurate
quantification of ovarian maturation and the suitability of individual fish for hormone
induction. The use of parameters such as the proportion of oocytes at stage 3 or higher
provides a straightforward measure of development status and a potential threshold for
decision-making for spawning induction. These parameters can then be readily applied
in both research and commercial settings.

This study set out to examine the effect of LHRHa and hCG treatment on circulating sex
steroids and vitellogenic development in cobia. Limited sample sizes were used in both
trials within the current study. This is often a drawback of experimental work conducted
on large fish, in which the availability of suitable fish and infrastructure are often limiting
(Mushiake etal. 1998, Mylonasetal. 2013a, Yazawa etal. 2015). Furthermore, the current
study required animals that were ata mature size or age, but had shown limited ovarian
development during what is considered the reproductive season of the species (Holt et

al.2007). Due to the limited sample sizes it is difficult to draw definitive conclusions from
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the study; however, it does provide some insights into the reproductive physiology of
cobia.

The application of LHRHa has been previously shown to induce vitellogenesis in red sea
bream, Pagrus major (Matsuyama et al. 1995). However, more commonly, chronic
administration of LHRHa has been shown to enhance, rather than initiate vitellogenesis,
as demonstrated in milk fish, Chanos chanos (Lee et al. 1986). Studies conducted on the
Pacific herring, Clupea harengus pallasi, and Atlantic salmon, Salmo salar demonstrated a
response to GnRHa fromvitellogenic oocytes; however, there was no evidence ofan effect
on previtellogenic oocytes (Crim et al. 1983, Carolsfeld et al. 1988). There was no
evidence from the results of the current study to suggest that LHRHa was capable of
stimulating vitellogenesis in cobia. Furthermore, there was no change in plasma E2
concentrations to suggest that LHRHa had an effect on circulating sex steroids. These
results are broadly consistent with the proposition by Mylonas and Zohar (2000) that
gonadotropin releasing hormone analogue (GnRHa) is generally not effective in
stimulating vitellogenesis. Whilst the currentstudy applied LHRHa only via cholesterol
pellets at a consistent dose rate, Matsuyama et al. (1995) found LHRHa to be equipotent
at a variety of dose rates and irrespective of administration via cholesterol pellet or
osmotic pump. The release of GnRH by the hypothalamus regulates the pituitary to
release the gonadotropins (GtH) luteinising hormone (LH) and follicle stimulating
hormone (FSH). The GtHs then stimulate the synthesis of sex steroids from the gonads,
primarily E2 in females, to elicit and regulate gonadal development. Follicle stimulating
hormone is associated with vitellogenesis and LH with the regulation of final oocyte
maturation in fish with synchronous ovarian development. However, both FSH and LH
may contribute to the control of vitellogenic development in fish with asynchronous

ovarian development (see review by Mylonas et al. 2010). The administration of LHRHa
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would be expected to stimulate endogenous GtH to facilitate ovarian development;
however, the current study shows that cobia, as with the majority of fish species, did not
respond accordingly. There remains limited explanation for the relative inability of
GnRHa to initiate vitellogenesis, largely due to the limited knowledge of the functions of
the brain and pituitary during this stage of development (Mylonas and Zohar 2007).
The use of GtH, such as hCG, has been generally more effective for the induction of
vitellogenesis compared with GnRH. Repeated doses of salmon and carp pituitary extract,
injected on a weekly basis over several months, have been shown to effectively induce
vitellogenesis in the Japanese and European eel (Suetake et al. 2002, Palstra et al. 2010).
Successful induction of vitellogenesis in Mekong catfish has been realised by
administering multiple daily injections of human chorionic gonadotropin (hCG) at low
doses. Maturation and ovulation is then induced using two stage injections with higher
doses of hCG (Cacotet al. 2002). There was however, no evidence in the current study to
suggest that hCG administration is able to initiate or support vitellogenesis in cobia. As
with the LHRHa treated fish those fish that initiated vitellogenesis continued to develop
regardless of their exposure to treatment or control conditions.

Plasma E2 was highly variable between individual cobia. Examining the percent change
across each time point in the hCG trial compensated for the variability in absolute levels
and enabled the assessment of change in E2 concentrations in response to hormone
injection. There was an increase in E2 concentrations in cobia shortly after the third hCG
injection, followed by a rapid decline in the proceeding weeks. It therefore appears that
there might have been a physiological response to the administration of hCG; however, it
was insufficient to facilitate a change in ovarian development. Variations in dose rate,
frequency and application strategies such as sustained release methods, have been

shown to influence the response to exogenous hormones in a number of fish species
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(Mylonas and Zohar 2000). Such variations may yield an improved response in cobia to
hCQG, to facilitate progression through to ovarian development.

The measurement of E2 as an indicator of ovarian developmentin cobia appears to have
limited application. The current study showed no relationship between plasma E2 and
ovarian development of cobia in. Estradiol is produced in the ovaries of fish in response
to increased levels of GtH and stimulates vitellogenin synthesis in the liver to facilitate
ovarian development (Nagahama and Yamashita 2008). As such, it would be expected
that E2 concentration would increase in accordance with ovarian development. This
relationship; however, was not evident in cobia, irrespective of the hormone treatment
applied. Ovarian development in cobia appears to occur independently of plasma E2
concentrations. In contrast, E2 concentration in most marine fish increases linearly or
exponentially, depending on the species, to peak concomitant with ovarian maturation
(Scott et al. 1980, Morehead et al. 2000, Dahle et al. 2003, King and Pankhurst 2003).
Using diethyl ether extraction and RIA analysis, Scott et al. (2013) reported levels of
plasma E2 in roach, Rutilis rutilis, prior to gonadal recrudescence that were similar to
those reported for cobia in the current study. However, once ovarian development
commenced, the levels were up to 15 times higher than seen in the currentstudy (Scott
etal. 2013).

In a study using a method of E2 analysis similar to that in the current study, Palstra et al.
(2010) describes E2 concentrations that were lower than those in cobia. They report
concentrations of approximately 50 pg/ml in eels prior to hormone manipulation;
however they found E2 levels increased almost 10 fold in response to hormonal
manipulation. Such an acute response to hormonal manipulation and association with
ovarian development was not observed in cobia in the current study. Given that the

methods used to analyse E2 were able to detect low levels, similar to those reported in
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some fish species, it is expected that a significant increase would be detected. Mylonas et
al. (2013b) described low levels of plasma E2 in meagre, Argyrosomus regius, similar to
those of the currentstudy, demonstrating that oogenesis canstill proceed in the presence
of relatively low level sex steroids. The relatively low concentration and variability in
plasma E2 observed in this trial suggests that E2 analysis may have limited application
for predicting ovarian development.

One further factor that may have influenced the observed irregularity in plasma E2 and
lack of response in the hCG trial may berelated to prior disruption to gonad development.
Although the fish used in the hCG trial were confirmed as phenotypic females, they
originated from a cohort of fish that had a significant level of gonad malformation
(Chapter 2). A significant number of fish in this cohort demonstrated abnormal gonad
structure and were shown to have altered growth dynamics, possibly due to endocrine
disrupting chemicals (EDC). Environmental pollutants classified as EDCs are capable of
interfering with the action and/or synthesis of steroid hormones resulting in an
imbalance of male and female hormones which may manifest as reproductive
abnormalities (Jobling et al. 2002). The occurrence of gonad malformation, and the
potential for disruption within the cohort, does not explain the variable and irregular
patterns in E2 concentration observed in the LHRHa trial. The impact of exposure to
endocrine disruption on the reproductive function of phenotypic female cobia warrants
further investigation.

The currentstudy was able to demonstrate and incorporate amethodology thatimproves
the accuracy of quantifying ovarian development in cobia that is applicable to both
commercial operations and research facilities. The limited samples used in the study
makes it difficult to draw definitive conclusions; however, the study found that as with

most fish species, GnRHa had no effect on stimulating or supporting oogenesis in cobia.
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While there was limited evidence to suggest a physiological change in response to hCG

administration there was no evidence to suggest an effect on ovarian development.
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3.8 Appendices

Appendix 1

Broodstock Vitamin Supplement

Supplement was offered to compensate for suspected vitamin loss in stored frozen
baitfish food. The formulation was developed by Dr K Williams, (Queensland Department
of Primary Industries Nutritionist) based on known requirements of fish generally.

The supplement is obtained as two separate components: (1) dry premix (Northern
Fisheries Vitamin Premix Code D 062/0 Rhone-Poulenc Animal Nutrition Pty. Ltd) and
choline chloride viscous liquid. These are kept separate until required so as to maximize
the shelflife of the vitamins. Dry premix is freezer stored and has about 3 -6 months shelf
life while the liquid choline chloride is refrigerated and very stable.

Mixing Instructions: To 980 ml of distilled water add 100 grams of dry premix and 20 ails
of choline chloride. Mix vigorously and store in a dark coloured contained under
refrigeration. In use agitate frequently to keep mixture reasonably well suspended. M ake
up about one week’s supply at a time since shelf life of the refrigerated made up mixture
is only about a week.

Administration: A 5 ml graduated (Lyppards brand) plastic disposable or preferably
stainless steel (Model 74 Vaccinator) auto syringe is used to inject vitamin supplement
into the broodstock food. The agitated mixture is injected at the rate of one ml per 50
grams pilchard when broodstock are being fed at 2% body weight per day: If feeding rate

is decreased to 1%, then 2ml per 50 grams of bait fish is injected.
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Formulation

Compound Unit Amount /kg premix | Allowance per kg
brood fish per day

Vitamin A L.U. 2x 108 80

Vitamin D3 L.U. 0.8x 10¢ 32

Vitamin E (DL-a-tocopherol) | g 40 1.6

Vitamin K3 g 2 0.08

Ascorbic acid g 40 1.6

Thiamin g 4 0.16

Riboflavin g 4 0.16

Pyroxidine g 4 0.16

Pantothenic acid g 10 0.4

Biotin mg 100 4

Nicotinic acid g 30 1.2

Folic acid g 1 0.04

Vitamin B12 mg 4 0.16

Choline chloride g 200 8

Inositol g 50 2

PABA g 20 0.8

Ethoxyquin g 30 1.2

Dextrose g to 1.0 kg --
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Chapter 4: The influence of photothermal manipulation
on reproductive development of captive cobia

(Rachycentron canadum).

This chapter is presented as a manuscript to be submitted for publication in Aquaculture

Journal.
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4.1 Abstract

Two cohorts of cobia (Rachycentron canadum) broodstock,sourced from separate annual
spawnings, were assessed on a monthly basis to examine the ovarian development and
plasma 173-estradiol (E2) of individual fish in response to photothermal manipulation.
In 2013, eight female and four male broodstock fish were maintained in each of four
30,000L tanks. Two tanks were placed on a compressed phototherm regime and two
tanks were maintained on an ambient phototherm. In 2014, two tanks each containing
eleven females and six males were placed onacompressed photothermand one tank with
nine females and five males was held in ambient conditions. Ovarian development was
limited, in terms of the number of individuals and the level of development, in the 2013
trial, irrespective of the phototherm regime. There was no significant difference in
development between the compressed and ambient phototherm regime. Ovarian
development was significantly higher in the 2014 trial compared to 2013, with a majority
of fish developing to maturity. There was no significant difference in overall ovarian
development between the compressed and ambient phototherm in 2014 at the
completion of the trial. There was however a significant interaction between time and
treatment demonstrating that ovarian development advanced earlier under a
compressed phototherm compared to the ambient phototherm. Ovarian development
was most rapid when temperature was 24-27 °C and photoperiod was 12.5 - 14 hrs.
Plasma E2 concentrations were relatively low in comparison to other marine species
throughouteach trial period. There was no relationship between E2 concentration and
ovarian development of cobia in either trial. Fish in the 2013 trial showed sporadic
development in which ovarian samples contained low numbers of late stage oocytes

amongst a large percentage of previtellogenic oocytes. Ovarian samples from the 2014
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fish showed more regular progression in development. The possibility of reproductive

dysfunction due to exposure to endocrine disruption in the early life history stages of the

2013 fish is discussed.

Key words

Cobia, Rachycentron canadum, ovarian development, photoperiod, temperature

Highlights
® OQOvarian development can be advanced with the use of photothermal
manipulation.

e Different response to photothermal manipulation was observed between two

cohorts of cobia in relation to levels of gonad malformation.

® No relationship between levels of circulating 17f3-estradiol and ovarian

development was evident.
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4.2 Introduction

Most fish, in their natural environment, display some degree of seasonality in
reproductive activity. Coordinating the reproductive cycle with seasonal changes in
climate and photoperiod ensures that spawning coincides with the environmental
conditions most suited for the growth and survival of juveniles (Bromage etal. 2001).
Photothermal manipulation has been used to improve broodstock management by
extending the production seasons and facilitating out of seasoning spawning of a large
range of fish species, see reviews by (Zohar 1989, Bromage et al. 2001, Pankhurst and
Porter 2003, Pankhurst and King 2010). This allows for the regular seed supply for on
growing and allows producers to meet the market requirement for annual supply of
product. For example, the spawning season of Atlantic salmon (Salmo salar) is extended
by implementing an accelerated photoperiod (Taranger et al. 1998), while exposure to
low water temperature prior to ovulation will further advance and synchronise spawning
(Taranger et al. 1999). Out of season larval supply of striped trumpeter, Latris lineata,
and gilthead sea bream, Sparus aurata, is facilitated by exposing broodstock to a
compressed photothermregime (Zohar etal. 1995,Morehead etal. 2000).Precise control
of gonadal recrudescence and year-round spawning in southern flounder (Paralichthys
lethostigma) is achieved by manipulation of photoperiod and temperature (Watanabe et
al. 2006).

Cobia, Rachycentron canadum, is a large benthopelagic species that is endemic to all
tropical and subtropical waters across the globe with the exception of the eastern Pacific
(Shaffer and Nakamura 1989). Commercial cobia aquaculture began in Taiwan in the late
nineties and has since been adopted by several nations through the Asian-Pacific, the USA

and South America (Liao etal. 2007, Benetti et al. 2008, Nhu et al. 2011, Sampaio et al.
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2011). Global production is dominated by China, which produces approximately 40,000
of the global annual production of 43,000 metric tonnes (T) (FAO 2013).

Cobia broodstock are brought to maturity using a wide variety of aquaculture systems
and management techniques. Methods used for maturation of broodstockinclude capture
of wild fish in spawning condition, selecting suitable fish from ocean grow out cages,
holding fish in spawning ponds and maintaining fish in environmentally controlled tank
systems (Liao et al. 2004, Holt et al. 2007). Studies that consider specific aspects of
environmental or hormonal induction of cobia spawning have also been conducted
(Arnold et al. 2002, Holt et al. 2007, Benetti et al. 2008, Stieglitz et al. 2012); however,
they are generally production focussed and examine only the outputs from the entire
population without recognising the relative contribution of individuals. Benetti et al.
(2008) reported successful repeated volitional spawning from cobia held in
environmental controlled recirculating systems. Stieglitz et al. (2012) proposed that
exposure to sustained high temperatures was sufficient to provide out of season
volitional spawning in cobia. Each of these studies examined spawning activity of the
broodstock population, and whilst was able to demonstrate effective system for
spawning cobia, they did not analyse the development or contribution of individuals. The
failure of some individuals to spawn spontaneously during the reproductive season has
been reported, with limited information available on the developmental status of those
individuals (Benetti et al. 2008). There remains a paucity of information available
concerning the reproductive development of individuals and the acute stimuli to initiate
and support ovarian development of cobia.

The current study differs from previous research conducted on cobia broodstock, in that
it assesses the progression of ovarian development of individual fish, rather than the

spawning activity of the broodstock population. The active examination and assessment
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of individuals within a population provides improved production efficiencies, ensuring
that all fish that are maintained in a population are capable of contributing to spawning
events. Furthermore, it facilitates controlled spawning events in order to maintain the
genetic integrity of stock and to implement selective breeding programmes. Through
regular assessment of ovarian development and sex steroids, this study aims to gain a
better understanding of ovarian development of cobia across the reproductive season
and to monitor the response of individuals to photothermal manipulation.

The analysis of plasma sex steroids is widely used to provide information on the
reproductive development of fish. The androgen 11 -Ketotestosterone plays a major role
in spermatogenesis (Devlin and Nagahama 2002), and the estrogen 173-estradiol (E2) in
ovarian development by inducing vitellogenin synthesis in the liver (Nagahama and
Yamashita 2008). Elevated plasma E2 levels are correlated with ovarian maturation in
Atlantic salmon, Salmo salar, (King and Pankhurst 2003) and Atlantic cod, Gadus morhua,
(Karlsen et al. 2014) and have been used to examine the influence of environmental
parameters on gonad development (Norberg et al. 2004). There is currently no
information available on sex steroid profiles in cobia. The current study set out to gain an
improved understanding of the reproductive physiology of cobia through the analysis of
E2 and its relationship with ovarian development in cobia.

The primary aim of this study was to gain a better understanding of the effect of
photothermal manipulation on ovarian development in cobia through regular
assessment of morphological and physiological development of individual fish within

broodstock populations.
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4.3 Methods

4.3.1 General Husbandry

Cobia were maintained at the broodstock maturation system at BIRC, Queensland,
Australia, which consists of four 35,000 L fibreglass tanks each with a separate enclosed
recirculating system consisting of 500 pum prefilter screens, dual 1 kW transfer pumps,
zeolite media filter, 150 W ultraviolet steriliser, 13 kW heat/chill unit, foam fractionator
and moving bed bioreactor. All tanks were fitted with internal bottom drains, and
overflow outlets that facilitate the collection of eggs post-spawn. Each tank was fitted
with a vinyl cover to exclude natural light and prevent escape. Lighting was provided by
two twin 37 W fluorescent lights.

Fish were fed to satiety five days per week on a mixture of squid, prawns and pilchards
(Sardinops spp.). Pilchards were supplemented with a vitamin premix (as per Appendix
1).

Water quality measurements including temperature, dissolved oxygen, salinity, and pH
were recorded daily, along with general observations of fish condition, behaviour and
feeding response for each broodstock tank. The pH of the system was maintained above
7.5 by adding sodium carbonate as required. Total ammonia nitrogen (TAN) was
measured weekly. Prophylactic disease treatments were conducted immed iately before
the trial and again four weeks into the trial. The water level in the recirculating systems
was lowered to approximately 4000 L and 200 ppm of formalin was added. After 60
minutes, clean temperature adjusted water was flushed through the system at a rate of
approximately 150 L/min for 20 minutes. The tank was then refilled at approximately
150 L/min to the operating level. All water quality parameters remained stable and

within normal operating levels for broodstock systems at BIRC for both trials (Table 4.1).
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Table 4.1 Water quality measurement range forthe 2013 and 2014 trial period.

Trial DO (ppm) Salinity (ppt) pH TAN (ppm)
2013 >5.0 34.3-36.3 7.6-8.1  <0.5
2014 >5.0 35.4-36.6 74-83  <0.5

Fish were sedated prior to any sampling or examination. Water in the broodstock tanks
was lowered to a working depth of approximately 400 mm, with a volume of 4000-5000
L. Light sedation of fish was obtained by adding 10 ppm of AQUI-S® (Aqui-S New Zealand
Ltd.) to the entire tank. For heavy sedation, the fish were transferred to a 600 L tank
containing 25 ppm AQUI-S®, allowing for various examinations including ovarian

sampling (canulation), weight checks and blood sampling.

4.3.2 Experimental design and sampling

Trials were carried outin 2013 and 2014. The broodstock cobia used in both trials were
first generation captive reared fish produced and raised at BIRC. Fish were selectively
allocated to treatment and control groups in an attempt to provide similar weights and
levels of ovarian development in each group. Fish were sampled at the commencement
of the trials and every four weeks thereafter.

Four broodstock tanks were used in the 2013 trial. Two were placed on an ambient
phototherm and two were on a compressed phototherm. Eight female and four males
were held in each tank. At each of the four sample points, fish weight, oocyte and blood
samples were taken from all female fish.

In the 2014 trial two tanks were placed on a compressed phototherm regime. Eleven
females and six males were placed in each tank. One tank, containing nine females and
five males was placed on an ambient phototherm regime. Fish in the 2014 trial were
sampled five times in total. At each sample point fish weight was measured and oocyte

samples taken from all females, and blood samples were taken from the six females from
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each tank. Blood samples were taken from the same individual fish across the sample
points.

The phototherm used was similar in each trial. The compressed phototherm provided
maximum photoperiod of 14 hours in September and maximum temperature of 28 °C in
October, approximately three months in advance of ambient conditions. Photoperiod and
temperature had not reached the seasonal maximum under ambient conditions by the
conclusion of the trials. Temperature readings and photoperiod settings for each trial are
presented in Figure 4.1.

Ovarian samples were taken by inserting 1mm plastic tubing (canula) through the
gonopore and approximately 5-10 cm into the ovary. The extracted ovarian tissue was
placed on a microscope slide with a small amount of seawater and a cover slip. Gentle
pressure was applied to the cover slip to flatten the sample to provide close to a single
layer of oocytes.

Oocyte samples were viewed with a Nikon Eclipse Ti inverted compound microscope and
digital images were captured by a Nikon digital camera mounted on the microscope.
Measurements and calculations were conducted using NIS Elements software. Ovarian
development was assessed according to Chapter 2. Fish were considered to have matured
sufficiently for hormonal induction of spawning when more than 75% of the oocyte
samples were measured as stage 3 or above. Stage 3 oocytes were defined by exogenous
yolk accumulation, in which the oocyte becomes opaque and oocyte diameter range from
430 - 685 pm. Stage 4 and 5 were defined as yolk fuses, oil drop coalesces, oocyte clears,
diameter 685 - 1025 um and oil drop coalesced, oocyte clear, diameter > 1025 pum
respectively. The oocyte stage percentage was then calculated by dividing the area ofeach
stage by the total oocyte area, as follows:

Oocyte area = Total sample area — Void
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Stage 1 area = Oocyte area — Stage (2+3+4+5)

Oocyte stage percentage = Stage area / Oocyte area x 100

Individuals were placed ventral side up in a supportive cradle and 0.5 ml blood samples
were collected from the caudal vein using a heparinised 21 G x 38 mm needle and 1 ml
syringe. Blood was then transferred to two 1.5 ml heparinised polypropylene tubes and
embedded in shaved ice. Plasma was separated by centrifugation at 4000 rpm for 20
minutes at 4 °C. Two 200 pL aliquots of plasma from each sample were then held in
separate 1.5 ml polypropylene tubes at -80 °C until required.

The concentration of plasma 173-estradiol was quantified using an EIA competitive assay
kit (Cayman Chemical ACE ™) according to the manufacturer’s instructions. Plasma

samples were used undiluted and without extraction.

4.3.3 Statistical analysis

The time-series nature of the data was taken into account by an analysis of variance of
repeated measures (Rowell and Walters 1976) via the AREPMEASURES procedure of
GenStat (2013). This forms an approximate split-plot analysis of variance (split for time).
The degree of temporalautocorrelation was estimated using Greenhouse -Geisser epsilon,
and probability levels adjusted for this. The residual plots were examined for each
analysis, and as these showed approximate normality, no transformations were
considered. Statistical analysis of ovarian development was conducted on the sum
percentage of stage two and above, stage three and above, and stage four and above, at
each sample point. Fish weight was found to be not significant for treatments and was

therefore removed from further analysis.
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Figure 4.1 Phototherm regime used to assess the impact of photothermal manupulation on cobia
in 2013 (A) and 2014 (B).
Temperature readings forthe compressed (CT) and ambient (AT) phototherm and
photoperiod settings forthe compressed (CP) and ambient (AP) phototherm.

4.4 Results

4.4.1 Growth rates

Growth rates of cobia in each of the trials were considered normal for broodstock
conditioning at BIRC (Figure 4.2). During the 2014 trial one fish from the compressed

phototherm and two fish from the ambient tanks were considered to be of poor health,
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based on a loss of weight. The compromised health of the fish was considered more likely

to impact development than the treatment regime; as such they were removed from the

analysis.
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Figure 4.2 Average weight of cobia used in the 2013 (A) and 2014 (B) phototherm trials.
4.4.2 Ovarian development

2013 Trial

Ovarian development was generally low in fish from both the ambient and compressed
phototherm regimes. Only eight of the sixteen fish in the ambient and five of the sixteen
fish in the compressed phototherm had stage 3 oocytes during the trial period. The
remaining fish demonstrated little or no ovarian development. Only two fish in the
ambient and one fish in the compressed phototherm regime developed sufficiently to be
considered for hormonal induction of spawning by the completion of the trial (Figure 4.3,
Table 4.2). No spontaneous spawning occurred.

There was no significant difference between the sum percentage level ovarian

development of fish from the ambient and compressed phototherm regimes (p>0.05)

(Figure 4.4).
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Blood samples were not analysed from the 2013 trial due to the limited development
exhibited in each treatment and possibility of compromised results as a function of

factors outside the treatment effects.
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Figure 4.3 Oocyte stages of individual cobia in 2013 trial.
Percent area calculated as per section 2.2, held in 2013 ambient (A) and compressed
(B) phototherm regimes (PIT tag numbers displayed below).
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Figure 4.4 Cobia oocytes from compressed and ambient phototherm regimes in 2013 and 2014.
The sum percentage of stages three to five cobia oocytes from compressed and
ambient phototherm regimes in 2013 and 2014 (+SE).

2014 Trial

All fish in 2014, except two in the compressed phototherm, developed a minimum o fstage

3 oocytes. Six of the seven fish in the ambient and thirteen of the twenty-one fish in the

compressed phototherm regime developed sufficiently to be considered for hormonal

induction of spawning at the completion of the trial (Figure 4.5, Table 4.2). No
spontaneous spawning was recorded. Stage 3+ oocytes were maintained in a majority of

individuals for 2 to 3 months with limited atresia present (Figure 4.5).

There was no significant difference, atany sum percentage level of ovarian development,

between fish in the ambient and compressed phototherm when analysed across the

entire trial period (p>0.05). There was however a significant interaction between time
and treatment in the sum percentage of stage 2-5, 3-5 and 4-5 (p=0.008, p=0.014,
p=0.041, respectively) suggesting a change in the pattern of development in response to
the treatment, where ovarian development in the compressed phototherm advanced

earlier than the ambient phototherm (Figure 4.4). The fish in the compressed phototherm
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were more advanced at the October sample point. There was no difference between the
two regimes at subsequent sample points.

There was a noticeable spike in development in the compressed phototherm between
September and October, associated with temperature of 24-27 °C and photoperiod of
12.5-14 hrs. A similar spike in development occurred under ambient conditions between

October and November associated with temperatures of 23-26 °C and a photoperiod of

12.5-13.5 hrs (Figure 4.4).
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Figure 4.5 Oocyte stages of individual cobia in 2014 trial.
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Percent area of oocyte stages of individual cobia, calculated as per section 2.2, held in
the 2014 ambient (A) and compressed (B,C) phototherm regimes (PIT tag numbers
displayed below).

Estradiol concentrations

Estradiol concentrations were highly variable in fish from both the ambient and
compressed phototherm regimes (Figure 4.6). There was no significant difference
between the E2 concentrations in the two regimes and no interaction between treatment
and time to suggesta change in pattern (p>0.05). There was no relationship between E2
levels and ovarian development and no evidence of an increase in circulating E2 in

response to photothermal manipulation (Figure 4.7).
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Figure 4.6 Mean 17f3-estradiol concentrations of cobia females from the 2014 compressed and
ambient phototherm regimes.
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Figure 4.7 Plasma 17f-estradiol concentration and oocyte stages of individual cobia, 2014.



Plasma 17f-estradiol concentrationand coinciding percent area of oocyte stages of
individual cobia, calculated as per section 2.2, held in the 2014 ambient (A) and
compressed (B,C) phototherm regimes(PIT tag numbers displayed below).

4.4.3 Comparison of year classes

Gonadal development progressed differently in the two cohorts, with ovarian
development in 2014 significantly higher than that of 2013 at the respective sample
points in October and November (p<0.001) (Figure 4.4).

A developmental anomaly was observed in fish from both treatments of the 2013 trial.
Ovarian development appeared to be sporadic and highly asynchronous during the
September and October sample points. This was evidenced by low numbers of mid to late
stage oocytes mixed with a large percentage of previtellogenic and early stage oocytes
(Figure 4.8).

The oocyte samples observed in 2014 were considered more regular for cobia
broodstock. Although different stages of oocytes were identified within samples, there

was an obvious progression of development within samples, and more synchrony

compared with 2013 samples (Figure 4.9).

Figure 4.8 Oocyte development typical of cobia in the 2013 photothermal manipulation trial.
Oocyte samples taken froma cobiabroodstock in October (A) and November (B)
2013 demonstrating the highly asynchronous and sporadic development typical of
cobia in the 2013 photothermal manipulation trial. Low numbers of mid to late stage
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oocytes (arrows) are seen mixed with a large percentage of previtellogenic (PV) and
early stage oocytes. Scale bar = 500um.

Figure 4.9 Oocyte development typical of cobia in the 2014 photothermal manipulation trial.
Oocyte samples taken froma cobiabroodstock in September (A) and October (B)
2014; considered typical for cobia broodstock demonstrating regular progression in
the development of oocytes within samples and more synchronous development in
comparison to the 2013 samples (Figure 4.8). Scale bar = 500pum.

Hormone induction of broodstock at the conclusion of the 2013 trial produced very low
numbers of viable larvae. The numbers of fish which spawned, the fecundity and
fertilisation were all considered well below that expected for the production of cobia
(Table 4.3). Hormone induction of spawning in 2014 was highly successful with good
numbers of fish spawning, and fecundity and fertilisation at levels expected from cobia

broodstock (Table 4.3). As a result, fewer spawning inductions were undertaken.

Table 4.2 Numbers of female cobiabroodstock suitable forinduction? in each phototherm
treatment in 2013 and 2014

2013 2014
Sample Point ~ Ambient Compressed Ambient Compressed
(n=16) (n=16) (n=7) (n=21)
August 0 0 0 0
September 0 0 0 1
October 1 0 1 6
November 2 1 2 11
December Not measured Not measured 6 13

a fish were considered suitable for induction when more than 75% of sample area contained
oocytes at Stage 3 or above.
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Table 4.3 Hormone induction results for 2013 and 2014

Trial Number of Successful Total Spawning  Average Average
inductions inductions fish fish fecundity fertilisation
induced (000) rate
2013 11 64% 17 53% 623.1 14.6%
2014 3 100% 6 67% 2016.7 72.2%

Those fish identified as females in the 2013 trial were confirmed as female during post
mortem examination. There was no evidence of testicular tissue in any female fish to infer
any level of intersex. However approximately 50% of the fish had some level of
malformation in the form a misshapen ovaries. Post mortem examination of a subsa mple
of twelve females used in the 2014 trial found no evidence of testicular tissue with 25%

of the ovaries considered misshapen.

4.5 Discussion

The aim of the current study was to gain an improved understanding of the influence
photothermal manipulation on ovarian development of cobia. The results demonstrated
a contrasting response to photothermal manipulation across two cobia cohorts. Ovarian
development was limited to relatively few individuals in the 2013 cohortirrespective of
the phototherm regime. Conversely, a majority of the fish in 2014 developed well with a
measurable response to a compressed phototherm regime, highlighting how variations
among cohorts can have a significant effect on seed production and commercial
operations. The 2014 trial demonstrated that ovarian development could be advanced
with exposure to a compressed phototherm regime. Photothermal manipulation is a well
demonstrated method to advance gonadaldevelopmentin aquaculture in order to extend

the reproductive season of broodstock and also to provide out of season spawning of fish
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to provide a regular supply of juvenile fish for on-growing, (see reviews by Zohar (1989),
Bromage et al. (2001) and Pankhurst and King (2010)). Extending the reproductive
season of cobia by maintaining elevated water temperature has been shown by Stieglitz
et al. (2012). Their study was focussed on the frequency of volitional spawning from the
broodstock population as the measurable outcome. As such, the progress of ovarian
development was not considered. In contrast, the current study was structured to
examine both ovarian development and spawning frequency of individuals, in an attempt
to better understand the physiological response to external stimuli.

The 2014 trial was able to demonstrate that ovarian development is maximised when
temperatures reach 24-26°C with a photoperiod of 12.5-13.5 hours. Although
spontaneous spawning did not occur in the current study, the association with
temperature and development aligns well with the findings of Stieglitz et al. (2012), in
which spawning begins when the water temperature reaches 26 °C. It seems reasonable
to assume that in the study by Stieglitz et al. (2012), spawning was preceded by a period
of maximal ovarian development. Stieglitz et al. (2012) suggest that temperature is more
influential on cobia spawning than photoperiod; demonstrated by continued spawning
when water temperature remained elevated and photoperiod was decreased to that of
the off-season. Whilst temperature is influential in the spawning activity of cobia
(Stieglitz et al. 2012), and is likely to be the most determinant environmental factor; the
influence of photoperiod on initiating ovarian developmentin cobia cannotbe excluded,
especially considering that cobia commonly occur in sub-tropical and warm temperate
waters (Shaffer and Nakamura 1989). It is possible that both temperature and
photoperiod influence gonadal recrudescence in cobia; however examination of
temperature and photoperiod independently was outside the scope of the current

project. Photoperiod is capable of providing an unambiguous date signal and is
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considered to be the principal environmental determinant to stimulate reproductive
development in temperate and cold water species; while temperature has arole in cueing
the precise timing of maturation and spawning (Bromage etal. 2001). Due to the limited
variation in the annual photoperiod and temperature in the tropics, the environmental
cues associated with reproductive development are more subtle. Whilst both
photoperiod and temperature remain as likely proximate cues for gonad development, it
is likely that temperature has a greater influence than photoperiod (Zohar 1989,
Pankhurst and Porter 2003, Stieglitz et al. 2012). Spawning activity in the tropics may
also coincide with the lunar cycle, periods of increased productivity following high
rainfall or shifts in oceanic currents (Bromage et al. 2001, Pankhurst and Porter 2003,
van der Velde etal. 2010). Such cues may notbe as predictable as photoperiod but signal
an acute environmental change indicating appropriate conditions for reproduction
(Pankhurst and Porter 2003).

Oocyte integrity was maintained in post vitellogenic oocytes for up to three months in a
large percentage of fish in the compressed phototherm treatments of the 2014 trial. A
number of studies describe the protracted spawning season of cobia for up to six months,
extending through to 15 months when water temperatures remain elevated (Holt et al.
2007, Benetti et al. 2008, Stieglitz et al. 2012). However, limited information is available
on the regularity or frequency of repeat spawns by individuals and the relative
contribution by individuals to spawning events. The currenttrial was able to demonstrate
that individual cobia can be maintained in a state suitable for hormone induction for at
least three months during the reproductive season. Mylonas et al. (2013) describes a
similar scenario in meagre, Agryrosomus regius, highlighting the advantage to hatchery
production of having fish available for hormonal induction for extended periods over the

reproductive season. Maintaining control of spawning events through hormonal
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manipulation allows for the spawning of selected individuals to maintain genetic
integrity and to implement selective breeding strategies.

As described in Chapter 3, the plasma E2 concentration in cobia in the current study was
low in comparison to other fish species. Estradiol is produced in the ovaries of fish in
response to increased levels of GtH and stimulates the production of hepatic vitellogenin
and as such typically increases during vitellogenesis (Nagahama 1983). In most marine
fish E2 concentration increases linearly or exponentially, depending on the species, to
peak concomitant with ovarian maturation (Scottet al. 1980, Morehead etal. 2000, Dahle
et al. 2003, King and Pankhurst 2003). The level of plasma E2 in the current trial was
comparable to that of turbot, Scophthalmus maximus, at approximately 50 pg/ml, however
such low levels in turbot were assumed to be a function of examining fish prior to ovarian
development (Imsland etal. 2013). Scottetal. (2013) described E2 concentrations under
100 pg/ml in roach, Rutilus rutilus, prior to vitellogenesis. However, once ovarian
development commenced, plasma E2 increased to 15 times that of the current study.
Although their study used RIA as opposed to EIA in the current study, a similar
pronounced increase in cobia would be detectable given that the concentration measured
were towards the lower limit of detection for the EIA test.

In a number of fish species E2 concentrations can act as a predictor of maturation and
ovarian development (Crim and Glebe 1990); however, the current study was unable to
demonstrate a relationship between E2 concentration and ovarian development in cobia.
The average E2 concentrations were consistently low throughout both the ambient and
compressed phototherm treatments, despite a significant increase in ovarian
development over time. Likewise, at an individual level, there was no consistent pattern
of plasma E2 concentration and increasing oocyte sizes. Mylonas et al. (2013) showed an

increase in the average oocyte diameter of meagre, Argyrosomus regius, from
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approximately 150 pm to 550 pm across a three-month period when coinciding plasma
E2 was less than 200 pg/ml. There was no significant increase in plasma E2 during this
period when vitellogenesis occurred. The results of the current study show that, similar
to meagre, oogenesis in cobia can still proceed in the presence of relatively low level sex
steroids.

The fish used in the current trials were of the same cohorts described in Chapter 2, in
which the occurrence of intersex cobia was first reported. All of the fish used in the 2013
trial and the subsample taken from the 2014 trial were confirmed post mortem as
phenotypic females. However, it is possible that the mechanism associated with the
intersex condition is also associated with the difference in ovarian development observed
between the 2013 and 2014 trials. The results of Chapter 2 demonstrated that cobia did
not exhibit sexually dimorphic growth when intersex fish were present in a cohort;
whereas in the relative absence of intersex fish (0.5%), female cobia were 30% larger
than males at harvest size. Given that the growth dynamics of the cohorts used in the
present study had been altered, an impact on reproductive development would be
possible. Although both cohorts used in the current contained intersex fish, the reported
occurrence was higher in the 2013 cohort, at 16.9% compared with 6.9% in the 2014
cohort. The relatively low level numbers of individuals to develop to maturity coupled
with the observed sporadic development within the ovary suggests that the female fish
fromthe 2013 cohort were impacted by this anomaly. The impact on phenotypic females
was further evidenced by the relatively poor results of hormone induced spawning and
the misshapen gonads observed in the post mortem examination of the fish. The
difference in reproductive output between the two cohortsin the presentstudy coincides
with the higher incidence of intersex fish within the 2013 cohort. In the absence of a

direct comparison with a cobia cohort without intersex present, it cannot be suggested
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that the 2014 cohorthave not been also compromised in some way; however, the 2014
cohort showed the group synchronous development expected in cobia (Biesiot et al.
1994) as well as spawning outputs that were consistent with previous broodstock
manipulation at BIRC (Dutney unpublished data).

The negative impact of endocrine disrupting compounds (EDC) and the intersex
condition on the reproductive capacity of both male and female fish has been well
demonstrated in other fish species. A majority of studies have found an impact on male
fish as a result of estrogen mimicking compounds (Scholz and Kluver 2009). Exposure of
male fish to EDCs can result in altered secondary sex characteristics, increased
vitellogenin levels, reduced fertility, and partial or complete feminisation (Kiparissis et
al. 2003, Harris et al. 2011, Lange et al. 2011, Kroon et al. 2015, Niemuth and Klaper
2015). The development and reproductive potential of male cobia was not examined in
this study, howeveritis likely that the male reproductive capacity has also beenimpacted
and contributed to the poor results from the hormone induction of spawning trials in
2013. Due to the feminising effect of many EDCs, the impact on female fish are often less
obvious. Lange etal. (2011) found that female roach (Rutilus rutilis) exposed to high level
EDCs, sufficient to feminise 98% of the population, were capable of reproducing
normally, however there was evidence of degeneration of oocytes with either retarded
or enhanced maturation of the ovary. Increased level of oocyte atresia has also been
reported in roach exposed to EDCs (Jobling et al. 2002). Oocyte atresia was also evident
in Japanese medaka (Oryzias latipes) along with delayed maturation as result of EDC
exposure (Kiparissis et al. 2003). Chapter 2 discusses the possible causes of the intersex
in cobia including exposure to phytoestrogens, such as genistein, by-products of effluent
treatment facilities and agricultural and industrial run off, following exposure to

floodwaters.Identifying the source ofthe proposed endocrine disruption was outside the
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scope of this study. It does however warrant further investigation, due to the potential

impact on aquaculture production and wild fisheries stocks.
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Chapter 5: Identification of gender in captive reared cobia
(Rachycentron canadum) using 11-Ketotestosterone

analysis.

This chapter is presented as a manuscript to be submitted for publication in Aquaculture

Research.
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5.1 Abstract

The early identification of gender is a useful tool in broodstock management. It can
provide cost savings by the reducing the number of fish retained as broodstock, whilst
ensuring that the desired sex ratio is maintained. This becomes increasingly important
when a species demonstrates sexually dimorphic growth and broodstock selection is
based on growth. The aim of this study was to test the suitability using the levels of the
androgen 11-ketotestosterone (11KT) as a tool to identify the gender of individual cobia
(Rachycentron canadum). Two cohorts of captive reared cobia were progressively
examined as pre- and post-pubescent fish at different periods of the reproductive season.
Blood samples were taken atregular intervals to determine the influence of sex, size and
season on the concentration of plasma 11KT. The concentration of 11KT was also
measured in tissue samples, in the form of fin clips, to investigate the potential of
developing a less invasive method to identify gender. Although 11KT was significantly
higher in males than females, there was insufficient separation of its concentration in
each sex to identify the gender of individuals when the mean population weight was less
than 2 kg or the fish were sampled during the winter months. The gender of individual
cobia could be identified by analysing plasma 11KT between the months of October and
March, provided the mean population weight was 2 kg or above. The measurement of
11KT concentrations in fin clip samples did not provide an accurate indication of plasma

11KT and as such was not suitable for predicting gender of cultured juvenile cobia.

Key words

Cobia, Rachycentron canadum, 11-ketotestosterone, 11KT, gender identification.

Highlights
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The concentration of plasma 11-Ketotestosterone (11KT) was significantly higher
in male than female fish; irrespective of size or season.

There was sufficient separation of plasma 11KT in male and female fish to identify
gender between the months of October and March, provided the mean population
weight was 2 kg or above.

The gender of mature fish could not be distinguished during the winter months.

Fin clip samples did not provide an accurate indication of plasma 11KT.
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5.2 Introduction

The cost effective and regular supply of high quality seed stock is essential for the
successful commercial production of species. It is a fundamental requirement of a
broodstock facility to ensure that high quality oocytes and larvae are available as
required. This is achieved by maintaining the genetic integrity of stock and optimising
nutrition and environmental conditions (Partridge et al. 2002). The maintenance of
broodstock represents a significant capital outlay and operating cost to commercial
aquaculture ventures. As such, there is a need to maintain cost efficiency whilst
continuing to supply high quality seed stock. It is a requirement of some hatchery
facilities to retain and on-grow juvenile fish for use as future broodstock. This occurs
when there are logistical and biosecurity issues associated with broodstock size and the
transfer of fish between sites. Under these conditions, a large number of fish are retained
and on grown until the gender of fish can be positively identified. Broodstock are then
selected based on fish quality and are allocated in a prescribed sex ratio (Benetti et al.
2007). The early identification of the gender of individuals allows this selection process
to take place sooner, while maintaining the desired sex ratio. Reducing the number offish
retained increases broodstock management efficiency as it offers considerable cost
saving to the operation.

Cobia, Rachycentron canadum, is a large benthopelagic species that is endemic to all
tropical and subtropical waters across the globe with the exception of the eastern Pacific
(Shaffer and Nakamura 1989). Commercial cobia aquaculture began in Taiwan in the late
1990s and has since been adopted by several nations through the Asian-Pacific and the
Americas (Liao etal. 2007, Benetti etal. 2008, Nhu etal. 2011, Sampaio etal. 2011). Cobia

research and development began in Australia in 2007, focusing largely on introducing
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cobia as an alternative and off season crop for prawn farms in Queensland (Dutney and
Palmer 2008).

Cobia broodstock have been brought to maturity using a wide variety of aquaculture
systems and management techniques. Cobia exhibit year-round spawning in tropical
conditions, with peaks in spring and autumn (Liao etal. 2004). In subtropical conditions,
reproductive development in cobia is associated with increasing water temperatures
(Chapter 4) and spawning coincides with the peak of summer (Benetti et al. 2008,
Stieglitz etal. 2012). Methods used for the provision of mature cobia broodstock include
the capture of wild fish in spawning condition, selection of suitable fish fromocean-based
grow-out cages, husbandry of fish in dedicated spawning ponds and maintenance of fish
in environmentally controlled tank systems (Liao et al. 2004, Holt et al. 2007). Cobia
typically begin to mature sexually at approximately 2 kg in males and 3 kg in females
which is approximately 10-12 months of age depending on growing conditions (Benetti
et al. 2008).

Cobia broodstock at the Bribie Island Research Centre (BIRC) in Queensland, Australia
are maintained at the hatchery from juveniles through to maturity, to ensure genetic
integrity of captive reared broodstock and to maintain biosecurity. At BIRC, broodstock
cobiaareselected based onavariety of factorsincluding size, health and vigour. However,
as demonstrated in Chapter 2, female cobia are significantly larger than males when the
mean weight of the population is above 2 kg. Selecting broodstock based on size beyond
this point will result in skewed sex ratios. Cobia do not develop sexually dimorphic
phenotypic features thatare indicative of advancing sexual maturity, such as pronounced
external changes in body shape, alterations in jaw shape or other secondary sex

characteristics, that occur in some other fish species (Crim and Glebe 1990). The early
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identification of the gender of cobia would allow the largest fish of each sex to be selected
sooner in the production cycle while maintaining the desired sex ratio.

The sex of cobia is readily identified by gonad biopsy, referred to as canulation (Partridge
et al. 2002, Benetti et al. 2007), whereby a sample of gonadal tissue is collected and
examined. This technique is commonly used in marine finfish broodstock; however, it is
more accurate and efficient when the fish are close to maturity. It can be particularly
difficult to obtain a definitive sample from male cobia when they are immature or outside
of the reproductive season. Alternative methods that analyse the sex steroids of both
male and female fish have been successfully used to identify gender in a number of
species (Feist et al. 2004, Chu-Koo et al. 2009). Similarly, vitellogenin levels have been
used to identify females, or steroid induced and environmentally-feminised fish (Purdom
et al. 1994, Takemura and Oka 1998, Moncaut et al. 2003). Sex steroids increase in fish
coincides with the onset of pubescence, and fluctuate in both sexes according the
reproductive season of the species (Devlin and Nagahama 2002). The androgen 11-
ketotestosterone (11KT) plays a major role in spermatogenesis in male teleosts and is
considered the most influential steroid in male reproductive development (Nagahama
1994, Devlin and Nagahama 2002). Both testosterone (T) and 11KT tend to increase
steadily during the quiescent period, with a rapid increase associated with the peak of
the reproductive cycle (Mylonas etal. 2013). However; 11KT often occurs at significantly
higher levels than T during the peak of the cycle, most likely as a function of the role of T
in the synthesis of 11KT (Scott et al. 1980).

The standard procedure for measuring steroid concentrations in fish is through the
analysis of blood plasma (Barkowski and Haukenes 2014), typically quantified through
the use of radioimmunoassay (RIA) or enzyme immunoassay (EIA). This processrequires

the collection of blood from fish, an invasive process that requires significant handling
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and heavy sedation of the fish, thereby posing an inherent risk to fish health (Ellis et al.
2013). Sex steroids such as 11KT and lipoprotiens such as vitellogenin, are also known to
be present at quantifiable levels in arange of other body tissues (Moncautet al. 2003, Van
Veld et al. 2005, Barkowski and Haukenes 2014). The analysis of sex steroids in mucous,
muscle and fin samples has been used to identify the gender of fish and provides a less
invasive method for sexing (Schultz et al. 2005). This is particularly useful in those
species that are difficult to anaesthetise, such as some tuna species (Hutchinson et al.
2012). The concentration of 11KT from mucous or muscle samples has been shown to be
an effective tool to identify the gender in species such as koi, Cyprinus carpio, white bass
Morone chrysops and yellowfin tuna, Thunnus albacares (Schultz et al. 2005, Hutchinson
etal. 2012, Barkowski and Haukenes 2014).

Sex steroid synthesis is strongly cyclic in nature occurring in response to pituitary
hormone release, which is, in turn a function of factors such as environmental conditions,
social conditions, and physiological status (Redding and Patifio 1993). Therefore
developing a protocol to accurately to predict cobia gender using 11KT levels will need
to take into accountfactors such as fish age, size, reproductive status and season. The aim
of this study was to assess the feasibility of using 11KT as a means of identifying gender
in cobia, and to describe the seasonal profile of 11KT in captive male cobia. In order to
develop a protocol with strong commercial applicability, the study also focussed on early
identification of gender, together with a comparative assessment of tissue levels of 11KT,

as a less invasive sampling method.
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5.3 Methods

5.3.1 General husbandry

The cobia used in the study were first generation offspring produced primarily from wild
broodstock held and maintained at the Bribie Island Research Centre, Queensland,
Australia. Larvae were grown in semi-intensive green-water tank systems for two weeks
post hatch and then transferred to extensive pond production for weaning and on-
growing to approximately 10 g. The juvenile fish were then maintained in a single 5000
L tank with flow-through seawater before being allocated to the respective trial. Fish
were fed to satiation on commercially available marine fish diets: twice daily for five days
per week, and once daily for two days per week. The fish used in the trial were
subsampled from two populations of 100 fish from two different cohorts. Individual fish
in each cohort were identified using T-bar tags. Cohort 1 originated from a mass
spawning on 19/01/2012 involving up to three wild caught females, one captive reared
female and four wild caught males. Cohort2 originated froma mass spawning of two wild
caught females and three wild caught males on21/10/2012; of which one male and one
female were also used in the spawning population of cohort 1.

The fish in cohort 1 were initially grown in a single 30,000 L tank fitted with an
independent recirculating aquaculture system (RAS). On 20/03/13 the population was
split evenly between two 30,000 L tanks fitted with identical RAS, where they were
maintained until the completion of the trial. The fish in cohort 2 were maintained in a
single 10,000 L circular tank fitted with flow through seawater. In order to maintain
suitable water temperature through the winter period, on 27/5/13 and at an average

weight of 627 g, the fish were transferred a single 10,000 L tank that was part ofa 50,000
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L RAS. In early spring, on 18/09/2013, the population was split and returned to two
10,000 L flow through systems where they remained until the completion of the trial.

The growing conditions remained similar for each tank of fish within each cohort after
the population split. The maximum stocking densities were 2.6 kg/m® and 17.2 kg/m? in
cohorts 1 and 2. Temperature, salinity, dissolved oxygen and pH were measured and
recorded daily using YSI professional plus multiparameter meter. Total ammonia
nitrogen (TAN) was measured weekly when stocking densities exceeded 5 kg/m? in

recirculating systems.

5.3.2 Sampling methods and 11KT analysis

Fish were sedated prior to any sampling or examination. Light sedation of fish was
obtained by adding 10 ppm of AQUI-S® (Aqui-S New Zealand Ltd.) to the entire tank. For
heavy sedation, the fish were transferred to a 600 L tank containing 25 ppm AQUI-S®,
allowing for various examinations including weight checks and blood and tissue
sampling.

Blood samples were collected fromthe caudal vein ofindividuals that were placed ventral
side up in a supportive cradle. Samples of 0.5 ml were collected using a heparinised 21 G
x 38 mm needle and 1 ml syringe. Blood was then transferred to two 1.5 ml heparinised
polypropylene tubes and embedded in shaved ice for a maximum of one hour before
further processing. Plasma was separated by centrifugation at 4000 rpm for 20 minutes
at 42C. Two 200 pL aliquots of plasma from each sample were then held at -80°C until
required. Fin clips were taken from the tip of the ventral lobe of the caudal fin and the tip
of the pectoral fin using single hole punch, to provide a tissue sample disc of
approximately 5 mm diameter. Following the comparison of weights from caudal and

pectoral fin clips described below, further analysis was conducted on the caudal fin clips
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only. Fin clips were placed into 1.5 ml polypropylene tubes, embedded in dry ice and
transferred to -80°C storage within one hour of sampling. The supportive cradle was
hosed down thoroughly with freshwater between samples. The hole punch and the
associated instruments used for tissue samples were rinsed with 100% ethanol between
samples. The age, size of fish and the month when each sample was taken in each cohort
are detailed in Table 5.1.

The concentration of 11-ketotestosterone (11KT) in the plasma and tissue samples was
quantified using an EIA competitive assay kit (Cayman Chemical ACE ™) according to the
manufacturer’s instructions. Plasma samples were used undiluted and without
extraction. Steroids were extracted fromtissue samples by adding 500 pL of diethyl ether
to the polypropylene tube containing the fin clip. Each sample then underwent pulse
vortex three times for 30 seconds each time. The tissue sample was then removed from
the tube and the diethyl ether evaporated off overnight. Steroids were brought into
suspension by the addition of 110 pL of EIA buffer and briefly pulse vortexed 3 times.
The extracted fin clips were placed on paper towel and allowed to dry overnightin afume
cupboard and weighed the following day.

The gender of the individuals was confirmed by post mortem examination at the
completion of each trial. Intersex fish, as described in Chapter 2 were present in both

cohorts and removed from the analysis.

Table 5.1 Sampling strategy used to measure 11KT in cobia.

Cohorta Sample Sample Age Mean weight No. of No. of
point month  (months) (kg) females males
1 1 Jan 11 1.8 7 3
1 2 Mar 13 2.8 10 7
1 3 Aug 18 5.8 10 5
1 4 Nov 21 7.1 8 4
2 1 Aug 9 1.1 10 4
2 2 Oct 11 2.0 8 4
2 3 Feb 14 4.1 8 4
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aTwo cohorts at different weights were examined at various stages of the reproductive season.

5.3.3 Data analysis

The comparison of 11KT concentration between male and female fish at each sample
point was analysed by ANOVA, using Genstat 16t Edition. The comparison between the
concentration of 11KT extracted from fin clip with plasma concentrations was conducted
on samples from cohort 1 sample points 2 and 3 and from cohort 2 sample point 1. Fin
clip data obtained from the assay were converted to pg/fin clip and then divided by the
fin clip weight to provide pg/g of extracted tissue. Any values below the level of detection
for the assay were excluded fromthe analysis. Plasma 11KT ofindividual fish was entered
into a scatter plotto visualise the separation between the 11KT levels in male and female

fish at each sample point.

5.4 Results

5.4.1 Plasma 11KT

The plasma 11KT concentrations ranged from 3.8 to 170 pg/ml in individual male cobia
and 1.2 to 30 pg/ml in females. At any one sampling point, the mean 11KT concentration
of male cobia was significantly higher than in females in both cohort1 and 2 (p<0.05)
(Figure 5.1 and 5.2). 11KT concentrations were highest when the fish were 2 kg or above
and from spring through until the mid-summer. There was a rapid spike in plasma 11KT

in the spring when the fish were an average of 7.1 kg.
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Figure 5.1 The average concentration of plasma 11-ketotestosterone (11KT) and weight (+SE) of
cobia from cohort 1.
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Figure 5.2 The average concentration of plasma 11-ketotestosterone (11KT) and weight (*SE) of
cobia from cohort 2.
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5.4.2 Identification of gender

Cohort 1

The gender of individual cobia could be readily distinguished using plasma
concentrations of 11KT in late spring (November), when the population mean was 7.1 kg
(Figure 5.3). Male and female fish could not be distinguished in mid-summer (January),
when the mean weight of the population was 1.8 kg. The gender of individuals could be
identified by the end of the summer (March) when the population mean was 2.8 kg and
the fish were 13 months old. However, during the winter (August), when the fish were an
average weight of 5.8 kg, there was insufficient distinction between male and females to

distinguish gender, despite of them being large enough to be considered mature.

Cohort 2

The gender of individual cobia could not be distinguished in August, when the mean
population weight was 1.1 kg. There was sufficient separation between the plasma
concentration of male and female cobia to identify the gender of individuals when the
population mean was 2.0 kg, in October and 4.1 kg in February (Figure 5.4).

The threshold for determining female fish was below 10 pg/ml and above 15 pg/ml for
male fish at each sample point in which gender could be identified. There was no
distinction between males and females when the mean population weight was less than

2 kg or when the fish were sampled during the winter period.
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Figure 5.3 Scatter plot of plasma 11-ketotestosterone concentration of individuals and average
weight (+SE) of cobia from cohort 1.
Samples were taken in January, (11 months post hatch), March (13 months post
hatch), August (18 months post hatch) and November (21 months post hatch).
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Figure 5.4 Scatter plot of plasma 11-ketotestosterone concentration of individuals and average
weight (+SE) of cobia from cohort 2.
Samples were taken in August (9 months post hatch), October (11 months post
hatch) and February (14 months post hatch).
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5.4.3 Comparison of caudal and pectoral fin clips

The weight range of fin clips from the pectoral fin was greater than those taken from the
caudal fin. The variability relative to the mean was similar in each data set with the
coefficient of variation calculated at 19.7% and 21.9% in caudal and pectoral fin clips

respectively (Table 5.2).

Table 5.2 Weights of fin clips taken from the caudal and pectoral fin of cobia?.

Fin Range (mg) Mean (mg) Standard Coefficient of
Deviation Variation (%)

Caudal 18.0 - 34.9 26.3 5.19 19.7

Pectoral 9.1-284 18.0 3.92 219

aSampled cobia population mean weight of 2.8 kg.

5.4.4 Comparison of 11KT in fin clips and plasma

Determination of 11KT concentration in fin clips did not provide an accurate prediction
of the 11KT concentration in the plasma. When the data from the three sample points
analysing fin clip 11KT was pooled, there was a poor correlation between the 11KT
concentration in fin clips and plasma when examined per fin clip (Figure 5.5, R*=0.32).
To account for the variation in fin clip weight described in Table 5.2 a second analysis
was conducted with 11KT levels corrected for fin clip weight. There was again poor
correlation between fin clip and plasma 11KT concentration (Figure 5.6, R*=0.06).

The March sample point had the highest absolute values of plasma 11KT of the three
sample points used for fin clip analysis. It was also the only point analysed that had
sufficient separation of plasma 11KT between males and females to identify gender
(Figure 5.3). Due to the large range of values and level of separation, the degree of
correlationin the March data was analysed separately. There was a significant correlation
between fin clips and plasma (r=0.79,d.f.=12, p<0.01) to suggestthat fin clips can provide

an indication of circulating 11KT (Figure 5.7). However, the separation of values
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observed in the plasma was not apparent in the range of values from fin clips, with
overlap in values between males and females preventing the ability to discriminate the

sexes (Figure 5.7).
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Figure 5.5 Comparison of 11-ketotestosterone concentrations of cobia measured in the plasma
and per fin clip sample.
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Figure 5.6 Comparison of 11-ketotestosterone concentrations of cobia measured in the plasma
and per gram of fin clip.
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Figure 5.7 Comparison of 11-ketotestosterone concentrations of cobia measured in the plasma
and per gram of fin clip from cohort 1 in March.

5.5 Discussion

The current study demonstrated that the concentration of plasma 11KT in cobia was
influenced by season and the size and sex of fish. As such, the capacity of plasma 11KT
concentration to accurately predict the gender of an individual was also influenced by
both fish size and season. Plasma 11KT was consistently low in female fish, whereas the
levels observed in males varied significantly. The highest levels observed were in males
that were approaching mature size of 2 kg or above and during the peak of the summer
reproductive season. The seasonal cycle of sex steroids, and specifically 11KT, has been
observed in a variety of fish species and is consistent with the findings of the present
study (Scott et al. 1980, Mylonas et al. 2013).

The limited sample points in the current study did not enable an extensive seasonal
profile of 11KT in cobia; however it did show 11KT concentration in cobia to be lower
than that observed in other species. The plasma 11KT concentration in rainbow trout,
Oncorhyncus mykiss, peaked at 250 ng/ml (Scott et al. 1980) and male hapuka, Polyprion
oxygeneios, peaked at 6 ng/ml (Kohn etal. 2013). The levels observed in the currentstudy
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were at leastan order of magnitude lower with the highest reading of 170 pg/ml. Similar
low levels were reported in male meagre, Argyrosomus regius, outside the reproductive
season (Mylonas et al. 2013). However, the seasonal peak of 800 pg/ml observed in
meagre was considerably higher than that observed in cobia. Mylonas et al. (2013) used
diethyl ether extraction and EIA to analyse plasma 11KT, whereas the current study used
plasma directly, without extraction. Whilst this may create some variability when
comparing absolute levels, it is unlikely that it would be the reason that no significant
increase in 11KT was observed in cobia, especially considering that the levels recorded
were toward the lower detection limit of the assay. Similar low level sex steroids were
reported in Chapter 3 and 4, when examining 17-estradiol (E2) in female cobia during
the peak of the reproductive cycle suggesting a generally low level of circulating steroid
hormones occurs overall in cobia. The low 11KT levels recorded in the current trial may
be the result of examining fish that were approaching or only recently maturing. A rapid
spike in 11KT was observed when the fish were larger than 7 kg, early in the reproductive
season. Further examination of these larger and possibly more mature fish, through to
the reproductive peak in January, may have shown 11KT levels similar to those recorded
in other fish species. The low concentrations of sex steroids observed in Chapter 3 and 4
may also be a function of examining fish during their first reproductive season. Although
demonstrating gonadal developmentin the presence of low circulating sex steroids, they
may increase in subsequent reproductive season to levels more typical of marine fish.
Further investigation is warranted to profile the sex steroids of cobia across multiple
reproductive seasons.

The current study demonstrated that cobia gender can be identified using the analysis of
plasma 11KT, provided that the fish were 2 kg or greater and sampled during the months

of October through until March, coinciding with increased reproductive development in
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the species (Chapter 4). The distinction between sexes was not clear when the fish were
under 2 kg or when larger fish were sampled during the winter months. A similar size
and season dependentimpact on the ability of sex steroid analysis to predict gender has
been reported for a number of fish species, where the accuracy of the technique is reliant
upon measurements being taken from adult fish during the reproductive season (Feist et
al. 2004, Chu-Koo etal. 2009, Kohn etal. 2013). There is limited evidence in the literature
of successful gender identification of immature fish using steroid analysis. Similarly the
analysis of vitellogenin to identify gender relies on the fish being at a mature age
(Barkowski and Haukenes 2014). Kohnetal. (2013) suggested that steroid analysis could
be used to identify underdeveloped fish; however the ability to predict gender under
these conditions would likely be limited. The concurrent analysis of E2 and 11KT, to
provide an 11KT:E2 ratio, improves the identification of gender in a number of species.
E2 is considered a key steroid in female gonad development and the analysis of both
steroids provides improved differentiation between the sexes in some species (Chu-Koo
etal. 2009, Kohn et al. 2013). Estradiol concentrations in female cobia, are however low
in comparison with other species, even in post pubescent fish in the peak of the
reproductive cycle (Chapter 4). As such, the efficacy of concurrent measurement of E2 to
improve the prediction of cobia gender at an earlier stage is questionable.

Male cobia were able to be identified by plasma 11KT analysis in this study before they
were actively spermiating. At this point positive identification via canulation remains
technically difficult due to the fish being immature. However, as a function of the rapid
growth rate of cobia, there is a relatively short period of time, perhaps only a few months,
from when 11KT is effective until a positive identification could be obtained more readily
by canulation or the fish would be expected to be running ripe. When cobia are

approaching maturity, canulation is relatively cheap and simple compared with steroid
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and vitellogenin analysis. Analysis of plasma steroids carries the inherent risk to fish
health associated with blood sampling and as with vitellogenin analysis requires suitable
laboratory facilities and equipment and suitably trained personnel. This brings the
commercial application and viability of this method into question.

The secondary aim of the project was to examine the use of tissue samples to provide a
less invasive method to predict the level of circulating 11KT. The analysis of 11KT
concentrations in fin clip samples did not provide an accurate indication of plasma levels,
and in doing so failed to provide a less invasive method to identify the gender of cobia. A
similarly poor correlation was described in the study by Schultz et al. (2005) when
comparing 11KT concentrations in muscle tissue to plasma in Koi, Cyprinus carpio. Their
study was however, able to demonstrate a significant correlation between surface mucus
and plasma 11KT concentration. Improved predictability of plasma 11KT levels may be
obtained by analysing surface mucus in cobia. The concentration of 11KT in the fin clip
samples in the current trial were at, or near, the lower limit of detection of the test Kit,
which may have impacted on the accuracy of the measurements provided. The use of
larger tissue samples or perhaps refining the extraction technique may increase the
quantity of 11KT and facilitate a more accurate measure of 11KT in the tissue to better
predict plasma levels. The improved correlation obtained when analysing the March data,
which had the highest concentration ofthe points sampled, suggests that a more accurate
prediction of plasma level might be obtained by examining fin clips, when the fish were 7
kg orlarger and during the spring or summer when plasma 11KT was higher still. As with
plasma steroid analysis, the ability to predict gender using surface mucus is often reliant
upon sampling mature age fish, often during the reproductive season (Schultz etal. 2005,
Schultz et al. 2007, Barkowski and Haukenes 2014). However; the efficacy and

commercial application of such procedures in cobia is questionable. The objective of the
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study was to examine the use of fin clip analysis to predict of gender of cobia at an early
age. At a later stage, the gender of cobia can be readily identified at this stage using
canulation, which remains a more cost effective and commercially applicable strategy.

The current study demonstrated that the gender of individual cobia can be identified by
analysing plasma 11KT during the reproductive season, provided that the population
mean weight is greater than 2 kg. The relatively low levels of steroid hormones observed
in this and previous studies on cobia warrants further investigation, in order to gain a
better understanding of the reproductive physiology of the species. The absence of a
relationship between circulating and tissue 11KT prevents the application of this less
invasive method for cobia. Whilst likely to remain a crucial element in the management
of certain broodstock species that may be excessively large or difficult to anaesthetise, it
is not essential to the management of cobia broodstock. The relative cost, infrastructure
and equipment required to conduct steroid analysis limits the application of this

methodology in commercial cobia production.
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Chapter 6: Summary and Final Conclusions

This PhD study focused on several aspects of broodstock management in order to

improve the efficiencies of cobia production.

6.1 Sexually dimorphic growth

The current study demonstrated that captive-reared cobia exhibit sexually dimorphic
growth in the relative absence of the intersex anomaly. Female cobia were larger than
males when average population weight exceeded 2 kg and were almost 30% heavier than
males when the average weight of the population was approaching market size of 5 kg.
The significant difference in growth between male and female cobia suggests that there
would be significant productivity and economic gains made from the development of
single sex female populations. Furthermore, sexually dimorphic growth should be
considered when allocating broodstock,as selection of fish based solely on size will result

in a female-biased population.

6.2 Occurrence of intersex fish

An unexpected outcome of this research was the discovery of intersex cobia. The
occurrence of the intersex anomaly within a population was also associated with an
impact onthe growth dynamics and reproductive development of phenotypically male or
female fish. Cobia is a gonochoristic species, and the presence of intersex individuals has
not previously been reported, despite numerous studies investigating cobia
reproduction. This was also the first reported occurrence of intersex gonads from a
gonochoristic fish species from Australian waters.

Significantly skewed sex ratios of up to 2.4 female: 1 male were associated with those

cohorts with a high incidence of intersex fish. In the absence of the intersex anomaly, sex
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ratios were notsignificantly different from the expected 1:1. The relatively low number
of phenotypic males compared to females in the current study suggests that the intersex
fish are possibly male fish symptomatic ofa demasculinising and/or feminising influence.
The occurrence of the intersex condition was shown to impact on the growth dynamics
of cobia, evidenced by a lack of sexually dimorphic growth in the two cohorts with a
relatively high incidence of intersex.

Fish in the 2013 photothermal manipulation trial showed sporadicdevelopmentin which
ovarian samples contained low numbers of late stage oocytesamongstalarge percentage
of previtellogenic oocytes. Furthermore, a majority of fish in this cohort showed limited
ovarian development. Ovarian samples from the 2014 fish showed more regular
progression in development and a large percentage of fish developed to reproductive
maturity. The apparentreproductive dysfunction observed in 2013 was associated with
the higher incidence of intersex, with an apparentimpact on the ovarian development of
phenotypic females in that cohort. Gonadal malformations in phenotypic males or
females were also only observed in the affected populations.

The skewed sex ratios and intersex condition were most likely induced by endocrine
disruption during the early life stage of the fish. Environmental pollutants classified as
endocrine disrupting chemicals (EDC) are capable of interfering with the action and/or
synthesis of steroid hormones, resulting in an imbalance of male and female hormones
which may manifest as reproductive abnormalities. The impact of EDC is heightened at
critical developmental stages, such as during sexual differentiation, and the impacts are
often irreversible. The source or mechanism behind the phenomena observed in this

study remains unknown.
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6.3 Development of an oocyte assessment strategy

Ovarian development in marine fish is typically quantified by calculating the average
diameter of the ten largest oocytes or by examining the most advanced group of oocytes
present in a sample. However, an evaluation based on only the largest oocytes in the
sample does not provide true indication of ovarian development, especially when partial
maturation or asynchronous development of the ovary occurs, as observed in cobia. A
simple, commercially applicable, assessment method was developed to provide a more
accurate measure of the overall development of the ovary. This approach was based on a
measure of the relative abundance of all oocyte stages within an ovarian biopsy sample,
to provide accurate quantification of ovarian maturation that incorporates the various

oocyte stages often present in ovarian biopsy samples from cobia.

6.4 Hormonal manipulation

There was no evidence to suggest that either luteinising hormone releasing hormone
analogue (LHRHa) or human chorionic gonadotropin (hCG) were effective in stimulating
or supporting ovarian developmentin cobia. 173-Estradiol (E2) concentrations were low
in cobia, relative to other fish species, and were found to be highly variable between
individual fish within and across treatments. There was no change in E2 concentrations
as aresult of LHRHa administration. There was an increase in relative E2 concentration
subsequent to the third hCG administration, however this was not associated with a
measurable change in oocyte development. Those fish that initiated vitellogenesis
continued to developregardless of treatment with exogenous hormones. While hormonal
therapy is effective for the induction of spawning in cobia, the results suggest that
hormone therapy is not an effective approach to initiating or supporting early stage

ovarian development in cobia.
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6.5 Photothermal manipulation

A different response to photothermal manipulation was observed between two cohorts
of cobia, possibly related to the observed levels of gonad malformation. In the 2013 trial,
which had a higher incidence intersex fish within the cohort, there was no significant
difference in development between the compressed and ambient phototherm regime.
Likewise, there was no significant difference in ovarian development between the
compressed and ambient phototherm in 2014 at the completion of the trial. However, in
2014, the compressed phototherm induced development earlier in the season. The
results of the 2014 trial demonstrated that ovarian development could be advanced with
the use of photothermal manipulation, with the most rapid development occurring when
temperature was 24-27 °C and photoperiod was 12.5-14.0 hrs.

Oocyte integrity was maintained in post vitellogenic oocytes for up to three months in a
large percentage of fish in the 2014 trial, suggesting that cobia could be maintained in a
state suitable for hormone induction for a number of months during the reproductive
season. 17(3-Estradiol concentrations have been shown to be a predictor of maturation
and ovarian development in a number of fish species; however, the current study was
unable to demonstrate a relationship between E2Z concentration and ovarian
development. Oogenesis appears to proceed in cobia in the presence of relatively low

level sex steroids.

6.6 Identification of gender using steroid analysis

The concentration of plasma 11KT in cobia was influenced by season and the size and sex
of fish. As such, the capacity of plasma 11KT concentration to accurately identify the
gender of an individual was also influenced by both fish size and season. The current

study demonstrated that cobia gender could be identified using the analysis of plasma
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11KT, provided that the fish weight was 2 kg or greater and sampling coincided with
increased reproductive developmentin the species. The study investigated the potential
ofusing a less invasive method for identifying gender, by analysis of 11KT concentrations
in fin clips. However,there was no correlation between 11KT concentratio nin the plasma
and that measured from fin clips. As such, fin clip analysis was considered ineffective for
predicting gender. The relative cost, infrastructure and equipment required to conduct
steroid analysis limits the application of this methodology in commercial cobia
production.

Overall cobia were found to have relatively low level sex steroids, evidenced in both
hormonal and photothermal manipulation experiments that examined E2, and when

examining 11KT for gender identification.

6.7 Future research

The source and type of endocrine disrupting chemicals and the potential mechanism for
the disruption observed in this study remain unclear. It does, however, warrant further
investigation due to the potential impact on commercial production, broodstock
management, wild fish stocks and the wider aquatic environment.

The production of monosex populations of cobia offers significant commercial benefits.
Monosex production has been demonstrated in a number of cultured fish species;
however, it is often a complicated task that first requires the identification of the sex
determining mechanism of the species, followed by the development of suitable
methodologies to produce single-sex populations. The development of such techniques

would also be advantageous in the protection of genetically improved stocks of cobia.
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6.8 Commercial implications

Outcomes of this PhD study that can be implemented directly to the management of cobia

in both commercial and research facilities include:

Broodstockselection can be based on size until approximately 2 kg, with a low risk
of skewed sex ratio.

The allocation of cobia broodstock over 2 kg should be based on positive
identification of gender through gonad biopsy or by assess gender specific sex
steroids such 11-ketotestosterone.

The use of 11KT analysis to identify gender requires that the fish are 2 kg orabove
and are sampled during the reproductive season.

An oocyte assessmentstrategy that incorporates the various oocyte stages present
in asynchronous developing ovaries, to provide an accurate measure of
reproductive status.

Demonstration that ovarian development of cobia is most rapid when
temperature was 24-27°C and photoperiod was 12.5-14 hrs.

The production of all female cobia production would lead to significant

productivity and economic gains, warranting further research.

The research conducted in this PhD study formed a significant part of the Australian

Seafood Cooperative Research Centre (CRC) funded project “The development of an

Australian cobia aquaculture industry” (2001/724), which in turn, has led to the

development of successful commercial production of cobia in Australia. The CRC project

that was the recipient of Department of Agriculture and Fisheries (DAF) 2016 Australia

Day Award, in recognition of its innovation and contribution to the development of

commercial aquaculture in Queensland and Australia.
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