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Abstract

Atlantic salmon (Salmon salar) has become the dominating fish species in Norwegian
aquaculture industry. Having an anadromous life cycle, salmon spend the first part of their
lifecycle in freshwater, then migrates to the sea before returning to freshwater to spawn. Before
migration to seawater, the freshwater parr undergo series of morphological, physiological, and
behavioural changes known as smoltification, which pre-adapts the fish (now called smolts)
for life in the sea. Typically, Gh, cortisol, and thyroxine together with tshbb peak during
smoltification before returning to baseline levels around sea transfer. In nature, the hormone
profile observed during salmon smoltification determines the preferred or optimal window for

sea transfer.

Stunting where smolts stop growing after sea transfer has been a major economic and welfare
issue for the industry. The aim of this thesis was to conduct molecular and physiological
characterization of stunts to provide insight about mechanism behind stunting. In total 30 fish
were sampled eight weeks after transfer to sea cages. The fish were categorized into stunts (20)
and normal growing fish (10) based on weight and condition factor. Plasma Gh levels were
measured using ELISA. Gene expression of all pituitary hormone, and gill Na*K*-ATPase were
investigated using gPCR. Plasma levels of Gh was significant elevated in stunts. The gPCR
results from pituitaries showed significant upregulation of gh, pomca2, tshbb in stunts. In
contrast, smlta, prl and tshba were down regulated in stunts. The expression levels of gill nka3
and nkabl were significantly downregulated in stunts. Based on the gene expression pattern
and elevated levels of plasma Gh, the stunts might have been transferred prematurely to sea.
Furthermore, as the plasma osmolality in stunts were the same as in normal growing fish it
strongly suggests that stunts can maintain their ability to hypoosmoregulate for a period after

sea transfer.



1. Introduction

Norway has a long history in aquaculture production dating back to the 1850s’. Norway started
the commercial aquaculture of Atlantic salmon (Salmo salar) already in the early 1960s and is
today the world’s leading producer of farmed Atlantic salmon with 1.45 million tons of salmon
produced in 2019 for NOK 72.5 billion (StatisticsNorway, 2020). The introduction of sea cage
production of salmon in the early 1970s was a major break-through, leading to a rapid increase
in the production of farmed salmon (Venvik, 2005). Today, Norway’s aquaculture industry is
dominated by Atlantic salmon, which accounts for 93.9% of total Norway’s aquaculture
production, while Rainbow trout (Oncorhynchus mykiss) accounts for 5.7% of production. In
addition to being Norway’s third most valuable export, the salmon industry employs 8.370
people directly, while many more are employed indirectly in a range of business, from feed
production to fish health. Norwegian production of farmed salmon in 2019 increased by 6.4%
compared to 2018, and by 58.18% over the last decade. Norwegian production accounted for
over 50% of the global production of farmed salmon, exported to 111 countries globally. About
75% of salmon is exported to European countries, with Poland, Denmark, France, Spain, and

the Netherlands being the main importers (StatisticsNorway, 2020).
1.1. Life Cycle of Atlantic Salmon

The Atlantic salmon is a teleost fish belonging to the subfamily Salmoninae under family
Salmonidae (Mills, 1989). It is native to the temperate and subarctic regions of the North
Atlantic Ocean (Aas et al., 2010). Atlantic salmon is an anadromous fish, that begin its life in
freshwater and migrates to the ocean to feed and grow before returning to freshwater to spawn
(Figure 1) (Hoar, 1988). Young Atlantic salmon (parr) spend first two to three years of their
life in their home river and migrate towards North Atlantic ocean (Aas et al., 2010). Before
migrating downstream to the sea, freshwater juvenile (parr) undergoes a pronounced
metamorphosis, termed parr-smolt transformation (smoltification), which pre-adapts the
juvenile salmon for life in the marine environment. Somltification is a complex process
involving a series of morphological, physiological, and behavioral changes (Hoar, 1988).
Physiologically, smolts develop progressive changes in the major osmoregulatory organs, the
gill, gut, and kidney, enabling them to keep internal osmotic concentration constant in ocean
through the absorption of more water and secretion of excess salts from body. Hence, through
physiological changes, smolts develop hypoosmoregulation and associated ion regulation

abilities that in turn make them adaptable for seawater (McCormick, 2012). Silvering and



disappearance of vertical parr marks (Hoar, 1988; McCormick et al., 1998), darkening of fin
margins and reduction in condition factor (weight to length ratio) making parr slimmer and
streamlined are distinct morphological changes occurring during smoltification. In term of
behavioral changes, smolts develop affinity towards salinity, becomes less territorial and start
to swim downstream along with water current forming a school (McCormick et al., 1998;
McCormick, 2012). Smolts migratory journey towards ocean usually begins in the spring. In
food supply rich marine environment (Good & Davidson, 2016), where they spend 1-5 years
and grow into an adult. Then, they return to their native river to spawn. Salmon spawn during
late autumn-early winter and hatch the following spring (Aas et al., 2010). A special case
regarding maturation age of male can be observed in Atlantic salmon. Some males achieve
maturation soon after spending one year in sea while some male mature even at fresh water
parr stage (Whalen & Parrish, 1999). It can be observed in both natural and farm condition
(Berrill et al., 2003) and could be the reproductive strategy evolved to maintain biodiversity
and genetic contribution of cohort over a several years (Saunders & Schom, 1985). Although
precocious maturation occurs predominantly in male Atlantic salmon, it exists also in females
(Berrill et al., 2003; McClure et al., 2007).
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Figure 1. Summary of life cycle of Atlantic salmon in natural habitat. Constructed based
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1.2. Salmon aquaculture-production cycle

Commercial salmon farming involves a 2-stage production cycle. The first stage is the
freshwater production of smolts, and the second stage is the grown-on stage following sea water
transfer of smolts to the sea cages. In comparison to natural growth condition, the time taken
to complete a lifecycle is compressed in commercial aquaculture. Thus, fish size of 4-5 kg can
be produced in less than 2 years from hatching. Salmon rearing beings with hatcheries receiving
fertilized eggs from a commercial breeding company. When water temperature is kept 8 ° C,
fertilized eggs turn into eyed egg stage after 230 day degrees (after fertilization) and hatch into
yolk sac larvae after 510 day degrees. The newly hatched larvae are called alevins, and
following yolk sac absorption the alevins, now termed fry, start to swim freely and actively
feed. During the whole process the temperature, pH and oxygen level must be regulated to
provide optimal growth condition. As soon as fry start to accept starter dry feed, they are reared
in smaller indoor tanks until they reach of size of 5 g. Once they reach this size, the juveniles,
now termed parr are transferred to larger tanks and kept supplied with through flowing
freshwater until smoltification. Smoltification usually occurs after 2 years for wild fish (Asche
& Bjorndal, 2011; Trygve, 1993). In contrast, due to light and temperature manipulation it has
been possible to produce larger smolts during short duration under aquacultural conditions
(Lysfjord et al., 2004). At the time of sea cage transfer, smolt attains the weight of 100-250 g
which mainly takes place during autumn and spring (Bergheim et al., 2009). Following sea
water transfer, the post-smolts grow rapidly, and attain marketable size (4-5 kg) after 12 to 18
months (Sandvold & Tveteras, 2014).

1.3. Stunting

It has been long observed that following sea cage transfer, some of the smolts fail to grow
normally (Figure 2), display poor hypoosmoregulatory ability and eventually die. These
affected fish are termed as “stunts”. Knowledge gaps still exist in our understanding of the
underlying causes of stunt development, which occurs in post-smolts following sea water
transfer. The condition of stunting is associated with reduced growth, loss of appetite, repressed
immune system and osmoregulatory failure of fish to acclimatize in saltwater causing eventual
death (Folmar et al., 1982; Martin et al., 1999; Van Rijn et al., 2021). Paradoxically, earlier
physiological studies found that Atlantic salmon stunts display elevated plasma level of growth
hormone (Gh), the main hormone responsible for growth and development, even though these

stunts showed poor growth. It was hypothesized that elevated Gh levels was due to defects in



the hormone receptor mechanism of intermediating system instead of a direct effect of Gh per
se (Bjornsson et al., 1988). Although plasma ion profile was found to be normal (Clarke &
Nagahama, 1977), stunting is usually linked to premature sea transfer of smolts, during which
the fish still has underdeveloped hypoosmoregulatory capacity (Martin et al., 1999). Stunting
has been a common phenomenon in salmon aquaculture and found to be affect up to one fourth
of the stock, in some cases up to 40%, causing heavy economic loss as well as being a major
welfare concern of salmon industry (Clarke & Nagahama, 1977; Vindas et al., 2016). In this
scenario, molecular and physiological characterization of stunts is necessary to provide some

clues about the cause of stunting phenomenon.

Figure 2. Stunts and normal fish. Difference in body length and weight can be visually
observed between normal and stunts. Stunts fail to grow which makes them shorter in fork
length and having low body weight as compared to normal fish of same age raised under same
rearing environment. After the two months of sea cage transfer, average weight of stunts was
172.5 + 13.63 g while normal fish has reached average weight of 12,132 + 83.36 g. Average
fork length of stunts was 29.30 + 0.60 cm while normal fish has 45.10 + 1.06 cm fork length.

1.4. Smolt production in recirculation aquaculture system (RAS)

While recirculation aquaculture systems (RAS) have been extensively used in aquaculture
globally for number of decades, their use for salmon smolt production has only just started
(Summerfelt et al., 2016). Compared to traditional flow-through smolt production, RAS offers
great control over the rearing environment and significantly reduces environmental impacts by
reducing the amount of freshwater consumption. As such, an increase in RAS production would
lead to more sustainable salmon production. The number of RAS farms in Norway is now

increasing rapidly. Until 2011, less than 10% Norwegian smolt farmers had adopted RAS



technology (Dalsgaard et al., 2013) which doubled in less than a decade period reaching around
20% at the end of 2018 (Meriac, 2019). More than 60 RAS companies (AKVA group, Kruger
Kaldnes) are involved in production and installation of RAS technologies in Norway (Badiola
et al., 2018; Hagspiel et al., 2018). The Norwegian government recently lifted the ban on
producing smolts larger than 250 g, so Norway’s major salmon producers are now planning to
use RAS facilities to produce larger smolts (up to 1 kg) for stocking in sea cage (Hagspiel et
al., 2018). In recent years, there are undergoing several ambitious projects to promote land
based production of salmon using RAS expecting to produce 10% of Norway’s salmon to

produce on land (Meriac, 2019).

Using RAS makes it possible to provide optimal growth conditions for fish by regulating water
quality parameters such as dissolved gas level, pH, and suspended solids (Dalsgaard et al.,
2013). The light and temperature regime are maintained precisely to manipulate timing of
smoltification and thus to attain year-round production of smolts. Photoperiod manipulation is
done by changing duration of light and darkness period within fish tank. During the
photoperiod manipulation phase, the parr are kept at continuous photoperiod (LD 24:0-24 hours
light,0 hours dark) until they reach the mean size of around 40 g, then the artificial winter signal
is provided by manipulating photoperiod of (LD 12:12-12 hours light, 12 hours dark) for six
weeks. Subsequently, they are grown under the continuous photoperiod regime (LD: 24: 0)
(Holan et al., 2020) and the parr smoltify within the period of 3 to 4 weeks as a result of received
spring signal as in natural environment (Figure 3) (Good & Davidson, 2016). The temperature
is usually kept stable between 12-14 °C in the RAS facility (Dalsgaard et al., 2013) and 3000-
4500 day degree is sufficient for smoltification (Bergheim et al., 2009). In early 1970s until
1980s production of 2-year-old smolt (S2) had dominated salmon industry which shifted
towards more profitable alternative, production of 1-year old (S1) which took approximately
15 months from hatching to delivery. With the introduction of artificial light and temperature
manipulation (Lysfjord et al., 2004) under-yearling (SO) can be delivered 9-10 months after
hatching. Time for sea cage transfer for the 1-year-old smolt is mostly from April to May, while
the under-yearlings are transferred to sea from September to October. The RAS facility
provides the opportunities to maintain higher temperature (Dalsgaard et al., 2013) throughout
winter and made possible the production of larger smolts at the time of sea cage transfer; 100-
200 g under-yearling and 150-250 g 1-year old smolt (Bergheim et al., 2009).



Start feeding stage ~40 g parr On growing parr Smolt Harvest size adult

) < 1i i . 2 s lig
24 1.1011rs light peiind 12 hours light and 12 hours i 1.101 o ll.‘ht
until parr reach about . x period until
dark period for 6 weeks 2 g
40 g. smoltification

(3-4 weeks)

Temperature is maintained 12-14°C during freshwater phase.

Fresh water phase Sea water phase

- ‘ =
DESTES  m— DTN m— ) e | B
=11} D»é} Ty — _-__Qf.-c’)_ Z} T /;(*_ o/[;

Start feeding stage ~40 g parr On growing parr Smolt Harvest

size adult

Figure 3. Typical Production technique used by commercial farms for the smolt
production in a RAS facility. Constructed based on the information provided by Good &
Davidson (2016).

1.5. Hormonal changes during smoltification process

Both developmental and external factors are driving forces for the smoltification process.
Laboratory studies show that the juveniles have a bimodal size distribution (lower and upper
growth modes) at the end of growth period. The parr belonging to upper size mode class, having
attained critical length at the end of winter or early spring typically undergo smoltification next
spring and lower mode fish wait one more year for smoltification. Elson (1957) proposed the
concept of critical length for initiation of smoltification and concluded minimum length of 10
cm for Atlantic salmon (Bjérnsson & Bradley, 2007; Elson, 1957; Hoar, 1988; Skilbrei, 1991).
Photoperiod and temperature are known to be the major environmental cues for the timing of
smoltification (Bjérnsson et al., 2011). Temperature works in concert with photoperiod and it

affects the rate of development (McCormick et al., 2002). It has been observed that warmer
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temperature tends to increase development rate and advancing the timing of smoltification
process (McCormick & Shrimpton, 1997). The circadian system responsible for transmission
of environmental signal to brain, is less linearly organized in teleost as compared to mammals
(Falcon et al., 2007). The transfer of the environmental photoperiod signal into the light-brain-
pituitary axis involves neural pathways between brain and pituitary, with the hormone
melatonin acting as the hormonal signal of photoperiodic information (Ebbesson et al., 2003).
Melatonin is produced primarily in the pineal organ, which in fish, unlike in mammals, is
directly light sensitive (Maitra et al., 2015; Simonneaux & Ribelayga, 2003). Increased
daylength leads to the activation of the major neuroendocrine axis’ known to be involved in
the control of parr-smolt transformation. The activation ultimately results in a fine-tuned
release of including but not limited to thyroid hormones, (Ths), including (growth hormone,
(Gh), and cortisol) (Ebbesson et al., 2003; McCormick et al., 2013) (Figure 4)

The key hormones regulating smoltification includes, thyroid hormones (Ths), thyroxine (T3)
and triiodothyronine (T4), prolactin (Prl), growth hormone (Gh), the insulin-like growth factor-
I (Igf-i), and cortisol (McCormick, S. et al., 2009; Prunet et al., 1989). The thyroid hormones
(T3/T4) are believed to be involved in metabolism, morphological changes, and imprinting
(McCormick, 2012). The increase in plasma levels of Gh, Igf-i, and cortisol leads to increased
hypo-osmoregulatory capacity through the cellular and biochemical changes in the
osmoregulatory organs, the gill, gut, and Kidney, resulting increased salinity tolerance, besides
influence in growth and metabolism. Prior to the sea water entry, there comes a phase during
smoltification, when the hormones levels reach at their peak (McCormick, S. et al., 2009;
Prunet et al., 1989) (Figure 4) and plasma levels of Gh and T start to decline following sea

water entry (McCormick et al., 2019).

As stunting has been often linked with osmoregulatory and physiological abnormality resulting
premature transfer, the study of these hormones is necessary to provide insight as to why
stunting occurs. In addition, MacCormick (2009), suggested that ideal balance between
favorable environmental conditions or, “ecological” smolt window and limited period of

readiness or, “physiological” window for the survival of smolts in seawater (Figure 4).
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Figure 4. Plasma hormone level changes during the smoltification process. At the
beginning of spring, an elevation in plasma T4 levels can be observed with a simultaneous
increase in Igf-i and decrease in prolactin levels. Plasma levels of cortisol and Gh increases
shortly after the rise in T4 levels. With exception of prolactin, peak hormone levels can be
observed during April and May with concurring peak phase in smoltification (McCormick, S.
et al., 2009; Prunet et al., 1989). The overlapping of physiological and environmental smolt

windows results the successful transfer to the sea (Fleming, 2018).
1.6. Precocious maturation and hormonal changes during maturation

It has recently been reported that the incidence of early sexual (precocious) maturation in male
Atlantic salmon has increased with the intensification of rearing conditions in RAS systems
(Good & Davidson, 2016). The early stages of sexual maturation are characterized by an
increase in appetite and accumulation of energy reserves. In contrast, during the final stages of
maturation, the stored energy is utilized for physical activities, body maintenance and gonadal
maturation process due to which reduction of weight, fat and protein content occurs (Aksnes
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et al., 1986). While this diversion of energy resources from somatic growth to gonadal growth
is common to all fish, it is particularly pronounced in Atlantic salmon. For example, the mature
gonads represent 20-25% and 3-9% of total body weight in females and males respectively
(Fleming, 1996). Early sexual maturation is associated with both a reduction in feed intake
(appetite) and the mobilization of energy reserves for testicular development, resulting in a
poor feed conversion ratio and reduced growth (McClure et al., 2007). Besides, they cannot be
easily identified for culling out, hence, end up being transferred to sea water (Good &
Davidson, 2016). In sea water, they can suffer high mortality and reduced welfare most
probably due to their poor osmoregulatory ability (Taranger et al., 2010). Hence, apart from
premature sea cage transfer of smolt, precocious maturation aspect will be explored considering

as a probable reason behind stunting.

Like during smoltification, hormonal changes occur during maturation phase of Atlantic
salmon. In common with all vertebrates, salmonids have two types of gonadotropins, follicle
stimulating hormone (Fsh) and luteinizing hormone (Lh). In both sexes, Fsh is mostly involved
in the regulation of the early stages of gonadal development while Lh is primarily involved in
regulating the final gonad maturation (ovulation and spermiation), final gamate maturation and
release. At the start of gametogenesis (oogenesis and spermatogenesis), Fsh levels elevates
gradually over several months, before declining at the time of final maturation. In contrast,
plasma Lh levels increase sharply at the time of final maturation (ovulation and spermiation)

and gamete release during spawning (Baker et al., 2000; Oppen-Berntsen et al., 1994).
1.7. The pituitary

The pituitary gland acts as a functional bridge connecting nervous system and endocrine
system. It receives the signals from the hypothalamus and secrets the hormones which in turn
regulates vital physiological processes such as growth, reproduction, metabolism and maintain
homeostasis (Pogoda & Hammerschmidt, 2009). Based on ontogeny and anatomy, the pituitary
can be divided into two main compartments: the anterior pituitary or adenohypophysis (AH),
having oral ectodermal origin, and the posterior pituitary or neurohypophysis (NH), having
neuroectodermal origin. The adenohypophysis originates as an ectodermal upgrowth from the
roof of the embryonic oral cavity or stomodeum, whereas the neurohypophysis, is ventral
extension of the diencephalon floor (Daniel, 1966). In most of the mammals, the
adenohypophysis is located anterior to the neurohypophysis, while in mice, rat and teleost it is

often ventrally located to the adenohypophysis (Fontaine et al., 2020a).
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In teleost, preoptic-hypothalamic neurons directly project into the adenohypophysis, follow the
blood vasculature and release their neurohormones into blood vessels or directly at target cells
in an economic way, while in mammals, the hypothalamo-hypophysial portal system of the
median eminence stalk receives neurohormones and convey them to pituitary (Fontaine et al.,
2020a; Levavi-Sivan et al., 2010; Pogoda & Hammerschmidt, 2007). Different from adult
tetrapods, where different types of hormone-producing cells are organized in mosaic pattern,
in teleosts, group of cells responsible for production of each specific hormone are localized in
distinct domain, reflecting embryonic compartmental organization (Fig. 5) (Pogoda &
Hammerschmidt, 2007; Weltzien et al., 2004).

According to the nomenclature of Green (1951), the teleostean adenohypophysis can be divided
into the anteriorly located pars distalis (PD) and the posteriorly located pars intermedia (Pl).
The PD can be further sub-divided into the rostral pars distalis (RPD) and the proximal pars
distalis (RPD) (Weltzien et al., 2004). The neurohypophysis alternatively known as pars
nervosa (PN) comprises mainly nerve endings of neuroendocrine cells projected from preoptic-
hypothalamic region of brain (Fontaine et al., 2020b; Pogoda & Hammerschmidt, 2009), as
well as collagen fiber, and glial pituicytes cells having tropic and supportive function
(Ferrandino & Grimaldi, 2008). Arginine vasotocin and isotocin are produced by
neurohypophysis which are homologous to mammalian vasopressin and oxytocin respectively
(Murphy et al., 1998).

The teleost adenohypophysis comprises secretory cells. The RPD possess of lactotrophes
producing prolactin (Prl), somatotrophes producing growth hormone (Gh), gonadotrophes
producing luteinizing hormone (Lh) or follicle stimulating hormones (Fsh), thyroptropes
producing thyroid stimulating horomone (Tsh) and corticotropes producing
adrenocorticotropin (Acth). The melanotropes produces melanocyte-stimulating hormone (a-
Msh) and somatolactotropes produces somatolactin (SI) (Kasper et al., 2006; Weltzien et al.,
2003). Growth hormone, somatolactin, adrenocorticotropic hormone, thyroid stimulating
hormone and prolactin are produced by the pituitary. The adrenocorticotropic hormone acts on
inter-renal tissue and stimulates the production and release of cortisol. Similarly, thyroid
stimulating hormone (Tsh) activates thyroid to produce thyroxine (T4) which can be converted
into the more biological active form T3 by the iodothyronine deiodinase enzyme present in all
target tissues. Fsh and Lh are the two main hormones controlling sexual maturation. These
hormones are also secreted from pituitary gland, are transported to gonads for the production

of sex steroids and gametes, thus regulating reproduction (Cowan et al., 2017). The
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hypophysiotropic system, the central regulator of pituitary functions, receives information
about change in photoperiod, which could stimulate or alter the rhythms of hormones
production and trigger the initiation of smoltification process (Ebbesson et al., 2003). As a
result, there can be observed clear change in production pattern of Gh, T4, T3, cortisol and
prolactin during the smoltification process (McCormick, 2012). These changes are not only
limited at physiological level but also can be observed in molecular level. There are evidence
of change in mMRNA expression level of pituitary genes governing hormone production during
parr-smolt transformation (Agustsson et al., 2001; Agustsson et al., 2003; O’Keeffe et al.,
2008). For example, gradual increase in pituitary tshbb mRNA expression during
smoltification period and peaking at the time initiation of downstream migration by smolts
(Fleming et al., 2019). Hence, hormone production functionality connects pituitary directly

with smoltification and reproduction process.

Single-cell gene expression analysis shows the expression of several genes: pomc, prl, smlta,
gh, tshb, fshb, Ihb, a common tsh, fsh, and Ih a-subunit genes (Siddique et al., 2020). Occurance
of higher number of genes and their paralogs is the result of whole-genome duplication event
occurred between 50 and 100 million years ago in common ancestor of salmonids. In addition,
they have high paralog retention rate (Warren et al., 2014). For instance, the pituitary
glycoprotein hormones: Tsh, Lh and Fsh in Atlantic salmon, are composed of a common
alpha(a)-subunit and a hormone specific beta (b) subunit. These glycoprotein hormone b-
subunits were generated by successive duplications starting from an ancestral glycoprotein
hormone b-subunit gene (ancgph) through two rounds of genomic duplications (first round and
second round). The first round (1R) duplication resulted in the formation of two paralogous
genes, one evolutionary precursor of gonadotropin b subunit genes (pregthb) and the other,
precursor of the tshb subunit gene (pretshb). The subsequent second round (2R) duplication
resulted the production of Ihb and fshb from pregthb (Maugars et al., 2014) and two paralogs
of tshb (tshba and tshbb) from pretshb (Fleming et al., 2019). There are several pituitary genes
found in salmonids. There have been discovered three paralogs of proopiomelanocortin genes
(pomc-al, -a2, b) and one splice variant (-a2s) (Murashita et al., 2011) , two growth hormone
genes (gh-1 and gh-2) (Von Schalburg et al., 2008) , two prolactin genes ( prll and prl2)
(Yasuda et al., 1986) , two somatolactin gene ( smlt-a and smlt-b ) (Benedet et al., 2008) and
two thyroid stimulating hormone beta gene ( tshba and tshbb ) in salmonids (Fleming et al.,
2019). In gene expression studies, it is common to target the specific beta (b) subunit when

measuring the levels of tsh, Ih and fsh. In my study, I will, therefore, use the term tshba, tshbb,
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fshb and lhb when describing the expression of pituitary glycoproteins. Apart from this, I
follow nomenclature recommendations from Zebrafish Nomenclature Conventions for fish
genes and hormones. Fish genes are written with all lowercase letters and italicized (gh); and

fish proteins are non-italicized and first letter uppercase (Gh).
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Figure 5. Schematic representation of pituitary hormone producing cells localization in teleost
(male Atlantic halibut). PN, pars intermedia, RPD, rostral pars distalis, PPD, proximal pars
distalis, PI, pars intermedia, P, lactotropes, C, corticotropes, T, thryotropes, S, somatotropes,
GF, Fsh producing gonadotropes, GL, luteinizing hormone producing cells, SL,

somatolactotropes and M, mealnotropes (Weltzien et al., 2003).
1.8. Gills

For all animals, it is vital to maintain a stable plasma osmolality and salt composition. Even
small changes in the extra- or intra- cellular salt balance can disrupt normal cellular functions.
Fish lives in direct contact with water, and the salinity of water determines whether the fish
needs to active remove or to retain excess salt from the body. Thus, migration from fresh water
to sea water and vice versa require extraordinary osmoregulatory abilities and is unique to
anadromous fish species. The main organs controlling salt balance in fish are the gills, kidney,
and intestine (McCormick, 2012).
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Gills are multifunctional but gaseous exchange and ion regulation are the two main functions.
In addition, the gills play a significant role in acid-base regulation and excretion of nitrogenous
waste (Evans et al., 2005). The functional unit of the gills are the highly folded filaments on
dorsal and ventral surfaces giving rows of plate-like structure known as lamellae. The lamellae
has large surface area and highly vascularized with blood vessels covered with thin epithelium
designed for gaseous exchange. The position of lamellae offers the counter-current flow of
water over the gills with respect to blood flow inside the gill. With the help of specific ion
transporters residing in highly specialized cells known as the chloride cells (ionocytes) in the
filament epithelium ions can be actively transported across the gill epithelium and thereby
facilitate water movement (Hwang et al., 2011; Wilson & Laurent, 2002). Among several ion
specific transporters responsible for moving the ions across the gills, Sodium pump, Na*/K*-
ATPase (Nka) is facilitating both reabsorption and secretion of ions in hypotonic and
hypertonic water environments respectively as well as helping in acid-base regulation and
ammonia excretion (Foskett & Scheffey, 1982; Hwang et al., 2011). In seawater, sodium and
chloride secretion is aided by two additional ion transport proteins Na*/K*/2ClI" cotransporter
(Nkcc) and cystic fibrosis transmembrane conductance regulator (Cftr). Nka creates an
electrochemical gradient inside the chloride cell by pumping out three sodium ions while
pumping in two potassium ions. The low sodium gradient allows the transport of chloride ions
into Nkcc which is subsequently pumped out of chloride cells on favorable electrical gradient
through an apical membrane Cftr anion channel (Marshall, 2002). Due to the very reason,
N*/K*-ATPase activity is used to measure the osmoregulatory preparedness in salmonids smolt
(Zydlewski & Zydlewski, 2012) and increased in N*/K*-ATPase activity has been taken as the
indication of readiness of smolts for sea water transfer (McCormick, 1993). In teleost, Nka is
composed of two essential subunits. The main catalytic alpha (a) subunit, and beta (b) subunit,
for folding and placement of the complete unit at the cell membrane (McCormick, S. D. et al.,
2009). Several isoforms of a-subunits have been found to expressed in the salmonids (Richards
et al., 2003). In Atlantic salmon, four isoforms of nkaa genes (-1a, -1b, -1c, -3) and one nkabl
gene has been found to express in gill tissues (Nilsen et al., 2007). nkaa-1a is found to be highly
expressed in freshwater whereas nkaa-1b in saltwater (McCormick, S. D. et al., 2009; Nilsen
et al., 2007). The expression of nka isomers are found to be regulated by Gh and cortisol

eventually regulating N*/K*-ATPase activity (McCormick, 2012).
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1.9. Aims of the study

While the occurrence of stunting has long been observed in the salmon industry, recent years
has witnessed an increasing number of stunts reported in some production facilities. As such,
stunting is increasingly being recognized as one of the major production limitations in the
salmon industry, resulting in significant economic losses as well as impacting fish welfare,
however, our understanding of the causes of stunting remains largely unknown. Few studies
have investigated the underlying molecular and physiological mechanisms controlling stunting
in salmon. The results of this study hope to provide new insights into the mechanism behind

stunting and help to promote economic and welfare status of salmon fish industry.
The aims of this study were to:

- Investigate potential changes in gene expression of all pituitary hormones and compare

plasma level of growth hormone.

- Investigate gene expression analysis of gill sodium potassium ATPase.
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2. Methodology

In my master thesis | used mainly two methods. One for measuring gene expression levels and
one plasma protein levels. These two methods were real time quantitative polymerase chain

reaction (QPCR) and the enzyme linked immunosorbent assay (ELISA).
2.1.gPCR

gPCR was first introduced in 1992 by Huguchi and his co-workers. The first use of qPCR was
in the detection of human Y-chromosome specific sequences. In this work Huguchi and co-
workers monitored the amplification using ethidium bromide (EtBr) as a fluorescence dye. The
EtBr intercalates between the stacked bases of the DNA double-helix and increase in
fluorescence occurs with each proceeding PCR cycle. The increase in fluorescence was
measured with the help of a fiber optic device (Higuchi et al., 1992). Since then, it has been
broadly used in the quantification of genetic material including genotyping (Cheng et al., 2004;
Gibson, 2006; Wilson et al., 2005), quantification and detection of pathogen (Ward et al.,
2004), single nucleotide polymorphism analysis, chromosome aberrations analysis, protein
detection (Kubista et al., 2006), and oncogene quantification in cancer cells (Kindich et al.,
2005; Konigshoff et al., 2003). However, this technique has been most extensively used to
study gene expression (Fraga et al., 2008; Liss, 2002; Livak & Schmittgen, 2001).

gPCR offers several advantages over traditional or end point detection methods used for
quantification of genetic material. In traditional methods, PCR products were used to be
collected at the end of PCR assay, and later detected by EtBr gel staining, radioactivity
labelling, fluorescence labelling, high performance liquid chromatography, southern blotting,
densitometric analysis or other post-amplification methods (Pfaffl, 2004). These post-PCR
handling of samples are time consuming, increases the experimental variation, carryover
contamination and leads to potential error (Foy & Parkes, 2001). In contrast, gPCR offers
advantages of highly accurate and reproducible data, less time consuming, high sensitivity, and
can be used for both absolute and relative quantification over other traditional methods (Fraga
et al., 2008). Because of high sensitivity, it is highly applicable in the detection and
quantification of gene expression level in context of low abundance of RNA concentrations in
samples and for elucidation of small changes in mMRNA expression level (Pfaffl, 2004). In
present situation where oligonucleotides synthesis has been available at affordable prices,

enzymes are more reliable and cheaper, and thermal cyclers are being more affordable and user
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friendly (Bustin & Huggett, 2017), gPCR has become relatively less costly even compared to
ELISA test (Perestam et al., 2017).

gPCR involves the reverse transcription of RNA to cDNA followed by PCR, and detection and
quantification of amplified genetic materials in the same assay (Higuchi et al., 1992; Higuchi
et al., 1993; Pfaffl, 2004). Reverse transcription results in the synthesis of a complementary (c)
DNA molecule from RNA template in the presence of a reverse transcriptase enzyme. In
addition to the RNA template, the reverse transcription reaction consists of oligonucleotide
primers (the most used are oligo(dT), random hexamers and sequence-specific primers),
nucleotides, RNase inhibitor and reaction buffer. With a constant temperature between 50 and
60 °C, the reverse transcription is finalized after about 1 hour. During incubation, the primers
anneal to the RNA and cDNA synthesis process begins from the end of the primer, using the
RNA sequence as a template. The reverse transcriptase facilitates the synthesis process and is
a determinant of the incubation temperature. Nucleotides (mixture of dATP, dTTP, dCTP, and
dGTP) provides bases for cDNA synthesis, RNase inhibitor protect RNA template from RNA-
degrading ribonucleases present in the laboratory surrounding and reaction buffer provides
optimal working condition for enzyme. The samples are heated after completion of reverse
transcription reaction to inactivate reverse transcriptase which prevents further reaction (Best
& Roberts, 2014).

Technically, each real time PCR cycle consists of three primary steps that is repeated for 36-
42 times: melting, annealing and extension (Figure 6 A). In melting step, the double-stranded
DNA molecules samples are subjected to a high temperature (94-96 °C) allowing the double
stranded DNA to dissociate into single strands. During annealing, the primer pairs defining the
amplification area anneals to the complementary sequence of the single dissociated DNA
stands. The annealing temperature is primer dependent but usually between 58 and 61 °C. The
amplification is performed by a heat stable polymerase enzyme at 72 °C and starts from the

complementary primer pairs (Best & Roberts, 2014; Mehra & Hu, 2005).

During the whole process of gqPCR amplification, there are four kinetic phases early ground
phase, exponential growth phase, linear growth phase and plateau phase (Tichopad et al.,
2003). The amount of product formed during course of each amplification cycle can be
monitored with the help of fluorescence intensity emitted by fluorescent reporter dyes
introduced into the reaction (Kubista et al., 2006). The intensity of fluorescence continuously

increases with increase in PCR product after each PCR cycle and reaching a peak at the plateau
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phase (Higuchi et al., 1993; Pfaffl, 2004). When amplification curve is plotted using
fluorescence emitted verses number of PCR cycles, we can obtain a sigmoidal amplification
curve. The curve can be divided into three phases. Phase I, Phase Il and Phase 111 (Figure 6 B).
Phase 1 is early ground phase, phase Il consists exponential phase and linear growth phase,
and plateau phase fall under Phase Ill. During the early phase I, amplification cannot be
detected because of insufficient level of fluorescence generated from low amount of PCR
product in reaction. During phase 111, there is no formation of product in exponential rate and
hence product formed is no longer proportional to the initial concentration of RNA (Karlen et
al., 2007). More than one factors are believed to attribute decrease in reaction rate at phase I11.
Most common attributes are depletion of reagents (mostly primers), annealing of PCR products
with each other, denaturation of DNA polymerase enzyme (Jansson & Hedman, 2019; Karlen
et al., 2007), blocking of DNA polymerase activity due accumulation of high amount of PCR
product (Karlen et al., 2007). During exponential phase, the amount of amplified target is
directly proportional to the input amount of target. Therefore, gPCR measurement of PCR
product is taken within exponential phase (Pfaffl, 2004).

The most preferred fluorescent reporter for real-time PCR is SYBR Green | (Kindich et al.,
2005), an intercalating dye which binds to all double stranded DNA. Dye gets intercalated
between the adjacent base pairs of DNA strands and enhance fluorescent signal upon binding
(Figure 7) (Kubista et al., 2006; Smith & Osborn, 2009). It is comparatively cost effective and
easy to carry out than other fluorescent dyes (Giglio et al., 2003; Tajadini et al., 2014). Being
is highly sensitive, it can detect small amount of DNA (Singer et al., 1999). SYBR has
minimum intrinsic fluorescence but upon binding with DNA, it exhibits 800 to 1000-fold
fluorescence enhancement. It has high affinity towards ds DNA than that of traditional EtBr
dye. Apart from having comparatively low DNA affinity, EtBr is highly toxic to organism. It
can be easily absorbed through skin and cause irritation in eyes, mouth and upper respiratory
tract and extra expenses needed for managing EtBr waste is needed (Saeidnia & Abdollahi,
2013). The probable problem associated with SYBR is it binds with any unspecific DNA
strand. The unspecific binding can occur if there is presence of non-target DNA in reaction,
which can be easily detected by melting curve analysis without further analysis and such
defective reaction process can be discarded (Ririe et al., 1997).

The calculation of amount of DNA/cDNA present initially is done based on crossing point (Cp)
determination between the PCR fluorescence and a chosen benchmark (Figure 6 B). It can be

set manually by experimenter or automatically by software present in real-time PCR
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instrument. The commonly used form of benchmark is threshold fluorescence. The number of
cycles need to reach the threshold fluorescence is denoted as C:. At crossing point the amount
of PCR product in each sample and the fluorescence emitted from them is the same. To
simplify, the lower the RT-PCR template amount, the more amplification cycles are needed to
reach the threshold fluorescence and lower expression of target gene (Ciko$ et al., 2007;
Peirson et al., 2003; Ramakers et al., 2003). Both C: and Cp are now known as “cycle of
quantification” Cq (Bustin et al., 2009), are proportional to the log base 2 (logz) of the number

of target molecules present (Forootan et al., 2017).

Housekeeping or reference is used to normalize the expression levels of mMRNA and expression
level of target gene is presented relative to expression level of housekeeping gene. Commonly
used reference genes are S-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), f-
tubulin, 18S ribosomal RNA (18S rRNA). The reference gene acts as internal control and
normalizes the errors that might occur during experimental process such as pipetting error,
difference in the efficiency of enzymes used during reverse transcription and amplification
steps. No or only minimal changes in expression levels between the individual samples and
experimental conditions makes any reference gene ideal for gPCR assay (Rebougas et al.,
2013).

As assay performance depends on experimental conditions, variation can occur depending on
extraction methods used to purify the templates, reagents used for the PCR reaction and thermal
cycler used, validation and optimization of assay condition before performing own assays is
crucial to obtain precise and reliable results (Bustin & Huggett, 2017). To confirm there has
been annealing of only primer to specific gene of target, melt curve analysis should be
performed at the end of the PCR cycles. The sharp single peak proves amplification of only
specific product during PCR reaction. All reagents used during PCR should be free of foreign
DNA. A duplicate non-template control (NTC) should be included in every run for each primer
pair to examine the purity of used reagents and melting curve analysis should be performed.
The curve without any melting peak validates the purity of reagents. Next important step in
validation of PCR reaction is to evaluate PCR efficiency. Under ideal experimental condition,
with each cycle there will be 2-fold increase in PCR product. In such case the efficiency of
primer becomes 2 and reaction is considered 100 % efficient. In contrast, certain experimental
errors such as poor pipetting, presence of inhibitors in reagents, poorly designed primers and
suboptimal annealing temperature can lead to deviation of efficiency of reaction from 2. To

determine efficiency of each primer pair used in reaction, a standard curve is used. A cDNA
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sample with known concentration is taken and PCR is performed over a series of dilution
starting from most concentrated cDNA solution to dilute one. Cq value for each dilution is
calculated and plotted against the log of the respective concentration (Taylor et al., 2010).
Based on plotted data, regression line is obtained. The 10%°P¢ of regression line gives the
efficiency of reaction (Kontanis & Reed, 2006). Selection of ideal reference gene is crucial for
successful gPCR. There is no ideal housekeeping gene and evaluation studies should be
conducted to identify ideal housekeeping gene for any gPCR study. Depending on tissue it has
also been suggested to use three to five different control genes and use their geometric mean
(Rebougas et al., 2013). The measurement of gPCR only gives idea measurement of
transcription level (McCormick et al., 2019) therefore, for the detection and quantification of
proteins and hormones ELISA test should be performed (Fukada et al., 1997; Schuurs & Van
Weemen, 1977).
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I there is no detection of fluorescence. In phase 11, there occurs exponential increase in PCR
product. Threshold fluorescence is set in this phase to obtain Cq value. In phase 111, occurs the
amplification of product in a linear manner and at the end of reaction plateau stage is reached.

FT I i T YT 1T 111
N

[C]

Figure 7. SYBR Green Assay. [A] Denaturation: separates the DNA strands providing space
for primer binding. [B] Annealing: the primer binds to their specific ends (3* or 5°) and starts
extension of strand. The SYBR green molecule also starts to bind with extending DNA
segment. [C] Extension and detection: At the end of cycle, extension completes duplicating the
number of initial DNA present in sample. The SYBR present in the sample gets attached to the

minor grooves of newly formed DNA segments and emit fluorescence signal.
2.2. ELISA

ELISA was first developed by Engvall and Perlmann in 1971 for the quantitative
determination of immunoglobulin G (IgG), an antigen from rabbit serum (Engvall & Perlmann,
1971). There occurs a special chemical interaction between antibodies and antigen to protect
body from pathogen and toxins. ELISA is based on the principle of radioimmunoassay of
specific antigen-antibody reaction using enzymes as reporter label (Lequin, 2005; Sakamoto et
al., 2018). It has been a widely used bioanalytical tool in the detection of antigens such as
serum protein, hormones, tumor antigens and diagnosis of infectious diseases. It uses the

antigen and antibody reaction mechanism (Schuurs & Van Weemen, 1977).
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In this study, the indirect competitive ELISA was used for the detection and quantification of
Gh plasma levels. In competitive ELISA, there occurs a competition reaction between targets
(antigen or antibody) in the sample and enzyme-labeled targets (antigen or antibody) against
corresponding immobilized antibody or antigen coated in the ELISA plate. The higher the
amount of antigen in the sample, the lower the amount of enzyme-labeled antigen that binds to
the antibody (Sakamoto et al., 2018). Upon addition of the fluorogenic substrate, these enzymes
degrade the substrate and turns them into a stable and soluble colored compound. The
fluorescence emitted by colored compound is easily quantified using a spectrophotometer
(O'Beirne & Cooper, 1979). Hence, sample with higher amount of target antigen will give
lower level of fluorescence signal and vice versa (Figure 8) (Sakamoto et al., 2018). The
commonly used enzyme labels are alkaline phosphatase, horse-radish peroxidase, glucose
oxidase and B-D- galactosidase (O'Beirne & Cooper, 1979). Optical densities can be measured
directly from the well plate using a colorimeter (Caulfield & Shaffer, 1984). To increase the
sensitivity of ELISA biotin/avidin system was incorporated into competitive ELISA (Kendall
et al., 1983). In this method, target antigen labeled with biotin was supplied to compete with
target antigen in sample (Gould et al., 1985). Avidin acts as a bridge connecting biotin and
enzyme as it can directly conjugated with enzyme and as well as strongly bind with biotin
molecules (Kendall et al., 1983). Avidin-biotin interaction is more specific and stable
interaction as compared to antigen-antibody interaction used in normal ELISA technique. In
addition, it does not affect the other bio molecules present in reaction (Jain & Cheng, 2017).

The estimation of the concentration of target antigen in the sample is done with the help of an
equation derived from a calibration curve/standard curve. Therefore, along with the sample, a
series of dilutions of known standards are included on the plate (Raghava et al., 1992). The
standard curve is obtained by plotting concentration of standard against measured
corresponding optical density. In most of the cases the logarithmic concentration scale is used
and the calibration curve appears sigmoidal, can be easily fitted in logistic model (DeSilva et
al., 2003; Findlay & Dillard, 2007). The unknown concentration of target antigen is estimated
based on location of the resulting optical density on the standard curve (Herman et al., 2008).
The ELISA has advantages of high sensitivity, speed, specificity, economy, and efficiency in

antigen and reagent use (Crowther, 2001).
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Figure 8. Schematic illustration of competitive ELISA in samples with various amount
of target antigen in sample. [A] Sample with low amount of target antigen, and [B] Sample
with comparatively high amount of target antigen. Target antigen from sample and target
antigen labeled with biotin provided with ELISA kit are added to assay plate coated with
antigen in equal quantity. Competition occurs between them to attach with antigen. Avidin
labeled with enzyme is added to the plate after the washing of unbound antigen. Avidin bounds
with biotin. Upon addition of substate the fluorescence signal is emitted due to the action of

enzyme on substrate. Higher amount of fluorescence will be generated in the sample with low
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2.3. Sample collection

Atlantic salmon were sampled in October 2019, 8 weeks after sea transfer from a commercial
fish farm located at the West-coast of Norway. Before sea transfer the salmon were maintained
at a recirculating aquaculture system (RAS) facility. From first feeding stage, the salmon were
kept at a constant water temperature between 14 and 14.5 °C and with continuous light
(24L:0D). When the fry reach at about 30 g, 8 weeks long “winter signal” (12L:12D) was
provided to initiated smoltification. Following, the continuous light (24L:0D) for 4 weeks to
complete smoltification. Altogether 50 fish were sampled randomly. Out of which 25
individuals were discarded based on their health defects and only healthy individuals were
selected. The remaining 25 fish were classified into two groups as judged by condition factor
(CF) as stunts (0.66 £ 0.23) and normal (1.32 = 0.03). The individuals (n= 15) having CF less
than 1 were categorized under stunts. Similarly, the individuals (n=10) having CF greater than

1 were placed into normal group.
2.4. Tissue collection

Fishes were anesthetized using benzocaine (ChemCenter, Canada) immediately after they were
harvested from the sea cage. Blood samples were taken before decapitation. Heparinized
vacutainer was used to draw blood from the caudal vessels and centrifuged for 5-10 minutes at
1000-2000 g to isolate plasma. The plasma was stored on dry ice during transportation (about
5-8 hours) before transfer to -80 °C until hormonal assay. Single pituitaries were collected after
the brain was removed from the skull and transferred to 2 ml polypropylene tubes (Fisher
scientific, UK) containing 300 ul TRIzol Reagent (Life Technologies, Maryland, USA) and 5-
6 cheremic beads. Immediately after securing the pituitaries, the vials were submerged in liquid
nitrogen and stored on dry ice for about 12 hours. After returning to the laboratory the
pituitaries were store at -80 °C until gene expression analysis. Gill filaments were clipped and
transferred to 2 ml polypropylene tubes containing 300 pl TRIzol Reagent (Life Technologies).

2.5. mRNA extraction

For safety purpose (avoid respiration of toxic chemicals) and to avoid contamination of DNA
and RNA of samples, all the chemical and sample handling procedures were conducted inside

a fuming hood.
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2.5.1. mRNA extraction from pituitary

The pituitary samples were taken out from the -80 °C and thawed for 5 minutes. Then, 200 ul
TRIzol was added to the sample and homogenized using FastPrep®-24 homogenizer (MP
Biomedicals, California, USA) for 20 s at speed of 4 m/s. Homogenization causes tissue and
cellular lysis of the pituitary and release the cellular components including RNA. After
homogenization, 200 pl chloroform (Sigma-Aldrich, Missouri, USA) was added and the
mixture was again vortexed at speed of 4 m/s for 20 s using FastPrep®-24 for complete
homogenization. The mixture was then centrifuged at 17, 900 g for 15 minutes and 4 °C using
Kubota centrifuge Model 3500 (KUBOTA, Tokyo, Japan). Centrifugation separates the
TRIzol-chlorform homogenate into three phases. An upper transparent aqueous layer
containing all the RNA, a middle white solid layer containing denatured proteins and some
genomic DNA, and the lower layer containing organic components. Thus, the upper aqueous
phase rich in RNA carefully pipetted off, without touching the middle or lower layer, and
transferred to RNAse-free 1.5 ml centrifuge tubes (brand and country) containing 2ul Glycogen
Blue Coprecipitant (Thermofisher Scientific, Maryland, USA). The tubes were vortexed for

15s to mix dye and RNA properly using Bio Vortex V1 (Biosan, Riga, Lativa).

Isopropanol (Sigma-Aldrich, Missouri, USA) was added to the aqueous phase in proportion of
1:1 (aqueous phase: isopropanol). Subsequently, the mixture was centrifuged for 30 minutes,
at 4 °C, 17, 900g. Glycogen blue is an inert blue dye covalently linked to glycogen used in
alcohol precipitation. The dye precipitates together with RNA and helps in visualization of the
RNA pellet for further analysis. RNA present in the samples and glycogen blue get
coprecipitated as a visible blue pellet at the bottom of the tube due to centrifugation. The

supernatant was removed leaving only the blue RNA pellet at the bottom of the tube.

The RNA pellet washed with 500 pl of 75 % ethanol (Antibac AS, Asker, Norway) and
centrifuged for 30 minutes, at 4 °C and 17,900 g. All ethanol was removed without touching
the pellet. The tubes were left opened for 15 minutes at room temperature so that traces of
ethanol present inside the tube evaporates ensuring complete dryness of the RNA pellet. 15pul
of deionized water (Gibco™, UK) was added to dissolve the RNA, with gentle and repeated in
and out pipetting of water within the tube. To finalize the process, the dissolved RNA was
heated at 55 °C for 5 minutes allowing complete solubilization of the RNA using dry bath
(Labnet International, New Jersey, USA). The heated tubes were immediately placed on ice
bath to avoid of RNA degradation.
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2.5.2. mRNA extraction from gills tissue

mRNA from gills tissue was extracted by using automatic system with the help of Biomek
4000 robot (Beckman Coulter, California, USA). Gills sample 32 to 60 g) were placed inside
a screw cap 2 ml micro tubes (Sarstedt As, Oslo, Norway) with two stainless steel beads inside.
1-Thioglycerol homogenization solution (Promega Cooperation, Wisconsin, USA) was added
at the rate of 125ml/mg of sample. The homogenization 1-thiol solution was prepared 600 pl
1-Thioglycerol (Promega Cooperation) to 30 ml of homogenization solution. The samples were
homogenized twice using Fastprep (MP Biomedicals) at the speed of 6.5 m/s for 20 s. In
between each homogenization, samples were placed on ice for 60 s to avoid heating and
subsequent degradation of RNA. The homogenized solution was centrifuged for 5 minutes at
4 °C, 2,000 g and 230 pl of homogenized gill tissue solution was transferred into a clean
Therma deep well working plate of Biomek 4000. Other reagents: cell lysis solution, binding
buffer 111, DNase | solution, proteinase K, nuclease free water, binding buffer, wash buffer and
80 % ethanol (Antibac) were added to their respective troughs based on the calculation made
by Biomek Software v4.0 (Beckman Coulter, California, USA) according to the number of
samples loaded for extraction. DNase | solution and ethanol were prepared freshly in
laboratory. 80 ml of absolute alcohol was added to 20 ml nuclease free water to make 80%
ethanol solution. Addition of 1,060 pl of DNase | to 20,140 ul of yellow core buffer gave
DNase | solution. In other hand, other reagents were used as it was supplied by manufacturer.
Except ethanol, all other chemical used in MRNA extraction were manufactured by Promega
Cooperation, Wisconsin, USA. It took 3 hours for Biomek 4000 (Beckman Coulter) to extract
RNA.

2.6. Validation and quantification of mMRNA

The purity and concentration of extracted mMRNA was evaluated by Nanodrop fluorescence
spectrometry using BioTek® spectrophotometer (Bio Tek Instruments, Vermont, USA) and
software Gen5 v3.10. The RNA amount present in solution was quantified as ng RNA per pl
solution. The purity of RNA was measured by using 260/280 ratio (ratio of absorbance/optical
density). Nitrogen bases absorb UV light at 260 nm spectrum, whereas proteins and organic
solvents are detected at 280 and 230 nm respectively. Optical density (OD) 260/280 ratio value
1.8 - 2.1 and OD (260/230) of 1.8 or higher is considered as good quality RNA. The RNA
qualifying quality test were selected and stored at -80 °C for the further cDNA synthesis.
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2.7. cDNA synthesis:
2.7.1. Preparation of dNTP and random primer mixture

The dNTP reaction mixture was prepared by using commercially available 100 mM dNTP
stocks (ACTP, dGTP, dATP and dTTP) (Life Technologies, Maryland, USA). 10ul of each 100
mM dNTP stocks were mixed with 60ul water to give 10 mM dNTP reaction mixture.
Secondly, dNTP and random primers of concentration 50 ng/pl (Life Technologies, Maryland,

USA) were mixed at the ratio of 1:1. The mixture was vortexed for 20 s.
2.7.2. Annealing of random primers

Sterilization of the chamber, pipettes and tube holder with spirit was done before the
performance of experiment. The stored RNA samples were kept at room temperature for 5
minutes and then vortexed for 20 s before transferring it into new PCR tubes (VWR

International, Pennsylvania, USA).

The concentration of the RNA present in each sample was not uniform in every sample.
Therefore, the concentration of the RNA on each sample was maintained 3000 ng (in pituitary
samples) and 1000 ng (in gills sample) per 11ul solution to maintain uniformity in the initial
amount of RNA quantity. During the quantification procedure, the amount of RNA was
calculated as ng per unit pl solution. Hence, required amount of RNA extract solution was
calculated using simple unitary method (For instance, according to spectrophotometry
quantification, if the RNA extract sample had 3000 ng of RNA amount per 1 pl extract solution,
then 1 ul of RNA extract solution was taken and 10 pl of deionized water was added). Hence,
the total quantity of RNA used for cDNA synthesis becomes 3000 ng and total volume of
sample 11pl. First, the predetermined amount of RNA extract was added to 0.2 ml PCR tubes
(VWR International) and then required amount of water was added. Then, tubes were sealed
completely using lid after the addition 2ul of mixture of ANTP and random primers (Life
Technologies) and vortexed for 10 s with the help of mini centrifuge (VWR International,
Korea). Random primers are oligo deoxyribonucleotides which binds randomly throughout the
entire of RNA during the reverse transcription process ensuring reverse transcriptase of all
RNA sequences. Then, RNA extract solution was subjected to 65 °C for 5 minutes for
annealing on PCR Express Thermal Cycler (Hybaid Limited, UK). After annealing, tubes were
placed on ice bath to check further denaturation. A reaction mixture was prepared using
Dithiothretiol (DTT) (Life Technologies, California, USA), SuperScript Il Reverse
Transcriptase (SS 111 RT) (Life Technologies, California, USA), Ribonuclease inhibitor (Life
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Technologies, California, USA) and reaction buffer (Life Technologies, California, USA) at
the proportion of (1:1:1:4) (DTT: SS Il RT: RNase inhibitor: buffer). 7 ul of reaction mixture
was added to the previously heated RNA extract and subjected to 75 °C for 90 minutes for

reverse transcription process.
2.8. qPCR

The prepared cDNA was diluted before qPCR. For that purpose, 80ul of water was added in
20ul cDNA solution to make 5X dilution of cDNA. The dilution facilitates efficient action of

enzymes used during qPCR. The concentration of each specific primers used was 50 ng/ul.

Real Time qPCR was performed using LightCycler® 96 Instrument (Roche Life Science,
Germany) with LightCycler® 480 SYBR® Green | Master mix (Roche Diagnostics GmbH,
Germany) in final volume of 10ul. The PCR reactions consisted of 3ul of cDNA sample, 1pul
of forward primer, 1pl of reverse primer and 5pul of LightCycler® 480 SYBR® Green | Master
mix in each well. In parallel, non-template control for each gene was performed in the same
plate. Non-template control consisted of the same reaction mixture but substituting cDNA with
nuclease free water. Each sample and non-template control were performed in duplicate. The
gPCR was conducted on 96 well plate (BlOplastics BV, The Netherlands). Transparent Opti-
Seal Optical Sealing Sheet (BlOplastics BV) covered the plate and qPCR was performed.

The thermo parameters adjusted during qPCR for each gene were as follows:

One Cycle of pre-incubation at 95 °C for 300s to activate the polymerase followed by 40 cycles
of amplification; each cycle composes 3 steps: cDNA denaturation: 95 °C for 10 s, primer
annealing: 60 °C for 10 s, extension period was different for specific primer based on their
length (~1s/25bp) at 72 °C. Melting curve analysis was done immediately at the end of PCR
cycle with one melting cycle having 3 steps: 95 °C for 5s, 60 °C for 60s, 97 °C for 1 s followed
by one cooling cycle at 40 °C.

Beta actin (f-actin) was used as the reference gene. There was no drastic deviation in its
expression level along individual sample making it stable reference gene for the calculation of
relative mMRNA expression of target genes (Appendix Figure 3 A & B). Dissociation or melting
curve analysis was done immediately after PCR through LightCycler® 96 Software v1.1.
Single melt peak was observed in all reactions which confirmed the formation of only specific
product during PCR (Appendix Figure 1 & 2). The Cq value for each sample was obtained

using LightCycler® 96 Software v1.1. As there were two replications for each sample, hence
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mean Cq value was calculated. The efficiency of the PCR reaction was determined by using
following formula from standard curve slope: Efficiency (E) = 100s!°Pel |n the study of
pituitary genes, precalculated efficiency of respective primers were taken from previous
experiment conducted on our laboratory. The software has considered E value 2 (theoretical)
while calculating Cq value. For that reason, the mean Cq was multiplied with correction factor
(Log: E) to adjust Cq value corresponding with calculated efficiency of primer. In case of gill
genes, theoretical value 2 was taken as efficiency of primers (Appendix Table 1). Hence,
expression of pituitary and gills genes are relative to S-actin expression in corresponding
sample. The relative amount of expression of target gene was calculated based on following

equation.
ratio(r) = Et~¢T x ErtaR
where, Et= efficiency of target gene
CqT= corrected Cq of target gene
Er= efficiency of reference gene

CqR=corrected Cq of reference gene

Table 1. List of primers used in gPCR

Gene Reference 1D Sequence (5°-3°) Size(bp)
Ihb AF146151 F:GACGTCCGCTATGAAACGAT 74
R:GTCACAGCTCAGAGCCACAG
fshb AF146152 F: TACCTGGAAGGCTGTCCATC 118
R:TATGCGATCACAGTCGGTGT
p-actin - Prepared in own lab for F:AGCCAACAGGGAGAAGATGA 97
Atlantic salmon R:AGAGGCGTACAGGGACAACA
smit NM_001123604.1/ F.:CTTGGATCGCTATGACAACGC 120
DQ412570.1 R:TCATCGTCCAGCATCTTCCTG
tshba F:ATGGGCTTCTGCTACTCAAGG 104
NM_001123528.1 R: ACTGTTCGGTACTCCACCTG
prl NM_001123668.1 F: CTAGTTGTGTCCTGTCATGCC 85
R:TTGGTGGAAAGTGAGAGTCCAG
gh NM_001123676.1 F:AACGCAGACAGCTGAACAAG 115
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R: ATATGGAGCAGCTTCAGGACTG

pomcb  NM_001128604.1 F: GTGATTCCATTCTGCGCTGTG 106
R:GACGCACACACCATATTCAACC
tshob  MG948546 F: TTGCCGTCAACACCACCAT 125
R: GGGATGATAGACCAGGGAGTG
pomca2 ENSSSAT00000124177.1 F: GAGCGCAGTCAGAAACCACT 110
(E201) R: TCCTTTCCCTCAATGCCCTC
pomcal ENSSSAT00000010436.1 F: GGTTAAAGGTCAGTGCTGGGA 141
(E202) R: TTGGGTTGGAGATGCACCTC
smitb  NM_001141618 F: CCATCCAACATGCTGAGCTC 108
R: TCCCTGTTTGAGTCAACGGA
prix-  XM_014192393.1 F: TGTACTTGGGTCTGTGTGCG 101
variant  (LOC100136580) R: GGCATCATCACTCGTCCCAT
nkaala CK878443 F: CCAGGATCACTCAATGTCACTCT 93
R:GCTATCAAAGGCAAATGAGTTTAATATC
nkaalb CK879688 F: GCTACATCTCAACCAACAACATTACAC 91
R: TGCAGCTGAGTGCACCAT
nkaalc CK 885259 F: AGGGAGACGTACTACTAGAAAGCAT 85
R: CAGAACTTAAAATTCCGAGCAGCAA
nkaa3 CK170270 F: GGAGACCAGCAGAGGAACAG 58
R: CCCTACCAGCCCTCTGAGT
nkabl CK886866 F: CGTCAAGCTGAACAGGATCGT 68

R: CCTCAGGGATGCTTTCATTGGA

F, forward; R, reverse.
2.9. Gh ELISA
2.9.1. Preparation of reagents

Plasma Gh levels from Atlantic salmon were assayed using a commercially available ELISA
Kit (MyBioSource, California, USA). At first, all reagents were heated to room temperature

for 2 hours to assure that the products were completely dissolved and free of crystals.

The standard solution was prepared according to the protocol. First, a 40 ng/ml Gh stock was
made by dissolving the Gh in1 ml of sample buffer provided with the ELISA kit. From this
stock, I made a series of 2x dilutions between 20 and 0.625 ng/ml. The dilutions were made by
transferring 500 ul from each dilution to a subsequent 2 ml tube containing 500 ul of sample
buffer provided along with the kit. Plasma samples were diluted into 1:2 times, 1:4 times and
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1:6 times with sample buffer to make sure the optical density values for these dilution falls
within the range of the standard curve. Sample buffer alone was used as a negative control for

checking non-specific binding and false positives.

Other reagents provided with the ELISA kit, namely wash buffer, working solution of detection
reagent A and B were prepared as follows. Wash buffer was prepared by mixing 30 ml of
concentrated wash buffer with 720 ml of Ambion® nuclease-free water (Life Technologies,
Texas, USA). Biotin-labeled target antigen and Avidin conjugated to Horseradish Peroxidase
(HRP) were diluted by using assay diluents A and B, respectively, to obtain working

concentrations of 1:100.
2.9.2. Assay procedure

The ELISA assay comes with a 96 well plate precoated with capture antibody. All samples
were run in duplicates. The whole experiment procedure was protected from direct light after
wards to avoid its probable negative effect on substrate solution. Immediately after the plate
was taken from -20 °C to room temperature 50 ul of the different samples including the
standards and negative control were added to each of the wells followed by immediate addition
of 50 ul working solution of biotin labeled target antigen. The plate was gently tapped on the
side to ensure thorough mixing of all solutions in the wells. The plate was covered with Plate
sealer (MyBioSource, California, USA) and incubated for 1 hour at 37 °C. After incubation,
each well was emptied completely by inverting. Subsequently, 350 pl of wash buffer was
added. The plate was allowed to rest for 2 minutes before decanting. The washing procedure
was repeated for three times. Between each wash the plate was inverted and blotted against
clean paper towel to completely removal any trace of liquid. After washing, 100 ul of the
Avidin conjugated to horseradish peroxidase (HRP) was added to each well and re-sealed with
a new plate sealer. Thereafter, the plate was incubated for 45 minutes at 37 °C. A second wash
step was conducted after the incubation using same procedure as the first washing, but this time
repeated 5 times. Then, 90 ul of Tertramethyl benzidine (TMB) substrate solution was added
to each well and covered with a new plate sealer before incubating for 20 minutes at 37 °C.
Finally, 50 pl of Sulphuric acid (H2SO4) was added to each well as a stop solution to terminate
further enzyme substrate reaction. The plate was gently tapped to ensure thorough mixing of
all solutions. After achieving a uniform colour in each well, the optical density of each well
was measured at of 450 nm using a multi microplate from BioTek spectrophotometer (Bio Tek

Instruments).
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2.10. Plasma osmolality measurement:

Plasma osmolality was determined using a freeze point osmometer (KNAUER Semi-micro
Osmometer K07400, Berlin, Germany) and reported as mOsmol Kg™. Plasma from Atlantic
salmon was diluted 1: 2 with nuclease free water (Life Technologies) before measuring the

osmolality. The instrument is calibrated to handle exactly 150 pl solution.
2.11. Data analysis

All statistical analyses were performed using the software GraphPad Prism V9.0.0 (GraphPad
Software, LLC, San Diego, California, USA). Outliers were identified and removed using
ROUT method (Q=5%). Mann-Whitney test was used to examine the significance of observed
differences between stunts and normal groups. For all tests, significance was set at the p<0.05
level. Data are presented as mean + standard error of mean (SEM).
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3. Results

In present study, fish were categorized into normal and stunts group based on the condition
factor calculated using their respective length and body weight. gPCR was conducted to
analyse expression level of genes and quantified relative to S-actin gene. As reproduction and
smoltification are two distinct events in Atlantic salmon lifecycle, pituitary genes governing
reproduction and smoltification were presented separately. ELISA test was conducted to
measure plasma Gh levels. Sodium potassium ATPase genes expression in gills were assessed
using gPCR. In addition, plasma osmolality was also measured to assess ionic status in body

fluid of fish. Obtained results were compared in between two groups.
3.1. Weight and condition factor

Table 2. Mean + SEM values for total weight (g), fork length (cm) and condition factor

(k). W is weight expressed in gram and L is fork length of fish expressed in centimeters.

Group n Length (cm) Weight (g) K (W/L3) x 100
Stunts 20 29.30 £ 0.60*** 1725+ 13.63***  0.66 £ 0.23***
Normal 10 45.10 £ 1.06 12131 £ 83.36 1.32£0.03

The average fork length of stunts was found to be 29.30 + 0.60cm with average weight of 172.5
+ 13.63 g. Normal fish had 45 + 1.06 cm average fork length with average weight of 12,131 +
83.36 g. The condition factor of stunts was lower than that of normal fish (Table 2). Mann
Whitney test showed, stunts were significantly smaller and thinner as compared to the normal

fish (P < 0.05). *** indicates significance levels with P<0.001.
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3.2. Gh levels
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Figure 9. Plasma Gh levels (ng/ml) of stunts and normal fish.

The ELISA showed plasma Gh levels in stunts were significantly higher than in normal
growing smolts (p<0.05) (Figure 9). *** indicates significance levels with P<0.001.
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Figure 10. Osmolality of plasma (mOsmol Kg?) of stunts and normal fish

Osmolality gives the insight about ionic status inside body fluid. Hence, to compare
hypoosmoregulatory capacity of fish to maintain ionic balance, plasma osmolality was
measured. The result showed that osmolality of the blood plasma of stunts was found to be
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Relative mRNA expression
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lower whereas osmolality of the normal fish, but the difference was not statistically significant
(p>0.05) (Figure 10).

3.4. Gene expression analysis
3.4.1. Expression of pituitary genes
3.4.1.1. Expression of gonadotropins

To assess reproductive status in stunts compared to normal growing fish, a visual inspection of
the gonads was performed. In addition, | analysed the expression levels of the two hormones
regulating gonadal maturation, fshb and Ihb. The two groups (normal vs stunts) had no gonadal
development (gonadosomatic index < 0.1). The expression level of fshb and Thb mRNA in
pituitary of normal and stunts were not significant (p>0.05) (Figure 11 A). However, separation
of the sexes show that normal growing males had significantl higher fshb expression compared
to male stunts (Figure 11 B). Despite separation between males and females there were neither
any significant differences in fshb expression in females (Figure 11 C) nor Ihb expression in
both males and females (Figure 12 B & C). In normal fish, significant upregulation of smlta
was noted as compared to stunts (p<0.05) (Figure 13 A). In other hand, there was not any
significant differences in the expression levels of smltb between both normal and stunts groups
(p>0.05) (Figure 13 B).
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Figure 11. The level of fshb mRNA expression in the pituitary of Atlantic salmon between
various groups [A] normal and stunts when both sexes are mixed; [B] normal male and stunts

male; [C] normal female and stunts female. * indicates significance levels with, P<0.05.
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Figure 12. The level of Inb mRNA expression in the pituitary of Atlantic salmon between
various groups: [A] normal and stunts; [B] normal male and stunts male; [C] normal female

and stunts female.
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Figure 13. The level of mMRNA expression in the pituitary of normal and stunted Atlantic

salmon; [A] smlta and [B] smltb. *** indicates significance levels with P<0.001.
3.4.1.2. Expression of genes regulating smoltification

To assess the status of smoltification in stunts, | analyzed genes governing smoltification:
tshba, tshbb, gh, pomca2, pomcal, pomcb, prl, and prl x-variant. Stunts showed significant
up regulation of tshbb in comparison to normal fish whereas significant (p<0.05) (Figure 14 B)
opposite result was obtained in expression level of tshba (Figure 14 A). In terms of gh,
significantly high gh mRNA expression was observed in stunts as compared to normal fish
(Figure 14 C). Similarly, pomca2 mRNA levels were two-fold greater (p<0.05) compared to

normal fish (Figure 14 D). However, there was not any significant differences in the expression
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level of pomcal (Figure 14 E) and pomcb between both stunts and normal groups (p>0.05)
(Figure 14 F). Lower expression of prl mRNA (p<0.05) was observed compared to normal fish
(Figure 14 G) whereas prl x-variant was non significantly upregulated in stunts (p>0.05)
(Figure 14 H).
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Figure 14. The level of mMRNA expression in pituitary of normal and stunted Atlantic
salmon. [A] tshba, [B] tshbb, [C] gh, [D] pomca2, [E] pomcal, [F] pomcb, [G] prl, [H] prl x-
variant. * indicates significance levels with P<0.05, ** indicates significance levels with

P<0.01, *** indicates significance levels with P<0.001.
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3.4.2. Expression of sodium potassium ATPase genes

To assess the osmoregulatory ability stunts as compared to normal fish, expression level of five
genes governing NKka activity, nkaala, nkaalb, nkalc, nka3, and nkabl were analysed. In
normal fish, nkabl and nkaa3 mRNA levels were significantly higher than in stunts (P<0.05)
(Figure 15 D and E). The mRNA levels of other isomers of nkaa (1a, 1b and 1c) were not
significantly different between stunts and normal groups (P>0.05) (Figure 15 A, B and C).
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Figure 15. The level of mMRNA expression in gills of normal and stunted Atlantic salmon.
[A] nkaala, [B] nkaalb, [C] nkaalc, [D] nkaa3, and [E] nkabl. * indicates significance levels

with P<0.05, ** indicates significance levels with P<0.01.
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4. Discussion

The present study reveals differences between the stunts and normal fish at both molecular and
physiological level. The plasma level of hormones depends on both secretion rate and clearance
rates. The levels of pituitary hormone mRNA expression can give an indication of the potential
hormonal secretion rate in Atlantic salmon (Agustsson et al., 2001). The mRNA expression
level of gh in the pituitary and plasma hormone levels measured in this study are positively

correlated (Appendix Figure 4) and corresponds with the assumption of Agustsson et al. (2001).
4.1. Expression of pituitary genes
4.1.1. Expression of gonadotropins

A comparison between pituitary expression levels of fshb mRNA in pituitary between male
and female salmon showed that normal males had significantly higher expression levels of fshb
compared to normal female (Figure 11 B). In a situation where there was not any observation
of gonadal development in normal male and limitation of samples available for analysis
(normal male (n=5) and normal female (n=11), we cannot conclude the occurrence of gonadal
development in normal male. There was no significant variation in expression levels of fshb
between male and female groups of stunted fish (Figure 11 C). Likewise, the non-significant
difference in expression level of Ihb between male and female within normal and stunts fish
group (Figure 12 B & C).

Although there is lack of clarity regarding the specific function of Sl in fish, it is found to be
involved in several physiological functions including maturation, calcium regulation, stress
response, acid-base regulation, fat metabolism, and body colour regulation (Kaneko, 1996). SI
has been linked to reproduction in salmonids. For example, Rand-Weaver et al. (1995) reported
that plasma Sl were significantly higher in mature compared to immature rainbow trout (Rand-
Weaver et al., 1995). Similarly, it was reported that plasma Sl levels increased in both male
and female coho salmon, Oncorhynchus kisutch, during sexual maturation, with reaching peak
level at spawning (Rand-Weaver et al., 1992; Rand-Weaver & Swanson, 1993) and elevated
plasma Sl levels were reported in chum salmon, Oncorhynchus keta, during spawning
migration (Kakizawa et al., 1995). A study on mature and immature Atlantic salmon parr,
showed higher plasma Sl levels in mature compared to immature males, while gonadectomy
or androgen implants in castrated males resulted in a reduction or increase in plasma Sl levels
respectively (Mayer et al., 1998). From this last study, it was proposed that the testes involve
in the synthesis and release of pituitary SI (Mayer et al., 1998). Hence, significantly lower
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pituitary smlta mRNA expression levels in stunts (Figure 13 A) along with no visual sign of

gonadal development suggests absence of precocious sexual maturation in stunts.
4.1.2. Expression of genes regulating smoltification

Plasma levels of number of key hormones, including growth hormone, Ts, T3, cortisol and
prolactin, show pronounced changes during the period of parr-smolt transformation, strongly
supporting their active role in regulating smoltification occurs. Early studies confirmed that
growth hormone not only played a key role in regulating growth but also in development of
hyposmorgulatory ability in salmon smolts (Bjornsson, 1997). Paradoxically, even though
stunts show poor growth, in the present study we found that stunts had significantly higher
levels of pituitary gh mRNA expression (Figure 14 C) as well as higher plasma Gh levels
compared to normal (Figure 9). It is well established that pituitary hormones can be stored in
cells prior to release. As such, while mRNA level measurement gives a measure of transcription
level and it does not verify the release of the hormone into blood stream. However, high activity
of mMRNA levels can indicate the probability of eventual release (McCormick et al., 2019), and
our results show the release of Gh in accordance with the increased gh mRNA transcription

indicating absence of any defects in Gh releasing mechanism.

The involvement of tshba in smoltification is still unclear as pituitary tshba mRNA expression
in Atlantic salmon smolts was found unaffected by photoperiod (Irachi et al., 2020) and
unchanged throughout the smoltification period (Fleming et al., 2019). In this study, pituitary
tshba mRNA level was significantly higher in normal compared to stunts (Figure 14 A). In this
context suggestion can be made that tshba might have potential role in normal growth and

development in seawater phase.

The observation of high plasma Gh level in stunts in this study (Figure 9) is consistent with an
earlier study on Atlantic salmon stunts following premature sewater transfer (Bjornsson et al.,
1988), and in both hatchery-derived and wild coho salmon stunts (Bolton et al., 1987,
Varnavsky et al., 1992; Young et al., 1989). In contrast, the low plasma Gh levels measured in
fast growing Atlantic salmon smolts following seawater transfer most likely reflects high Gh
clearance rates in these rapidly growing fish (Arnesen et al., 2003). In addition, down
regulation of Gh-receptors in liver, gill, and kidney of stunts had been observed as compared
to smolts (Fryer & Bern, 1979; Gray et al., 1990). In the previous study on salmonids has shown
high level of Gh in smolts which are still not ready for seawater life. In wild coho salmon, the

plasma Gh levels in stunts measured around four weeks after seawater transfer and it was found
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to be as high as “migrating smolts” (Varnavsky et al., 1992). Other studies conducted in
Atlantic salmon under natural environment showed similar results. The peak level of Gh has
been reported in the smolts at the time of seawater entry (McCormick et al., 2013), and high
Gh level was observed in the smolts migrating towards bay as compared to post smolts
(Stefansson et al., 2012).

Higher expression of the tshbb pituitary mRNA was measured in stunts as compared to normal
fish (Figure 14 B). Previous work on Atlantic salmon have reported an increase in tshbb
expression during parr-smolt transformation, peaking at the start of active downstream
migration and start declining with commencement of winter (Fleming et al., 2019). The
initiation of active downstream migration corresponds to the period of peak smoltification, also

indicates that the smolts are optimally adapted for life in the sea (Hoar, 1988).

The cortisol has inhibitory effect on the production of the Prl in both long and short run. There
are clear evidences of role of cortisol in reduction of Prl production (Borski et al., 2001,
Yoshikawa, 1992). In vitro study conducted in tilapia has shown the inhibitory effect of cortisol
on the release of Prl involving both genomic and non-genomic pathway. The immediate
inhibition, within 10-20 minutes of cortisol treatment, on Prl release is done with the
interactions with plasma membrane whereas, after 4-6 hours of cortisol exposure prl mMRNA
expression is reduced and leads to subsequent decrease in Prl synthesis (Borski et al., 2001;
Yoshikawa, 1992). The high level of pituitary pomca2 mRNA (Figure 14 D) and low
expression of prl mRNA (Figure 14 G) in stunts in present study could indicate the higher
production of cortisol in stunts. Plasma profile of cortisol also follows the same pattern as Gh
and tshbb during smoltification. It peaks during parr-smolt transformation, and then return to
basal levels after the smolts have entered seawater (McCormick, 2012). Hence, the elevated of
gh, tshbb and pomca2 pituitary mRNA level indicates the stunts has not reached the hormonal
peak (or smoltification peak) phase at the time of sea cage transfer. Besides, there is probability
of poor seawater growth in case of late seawater transfer after passing physiological ‘smolt
window’. In our study, there is least probability of late transfer as smolts used in this study
were held for 4 weeks under continuous light period for smoltification. Highest number of
Atlantic salmon post smolt with reduced growth was reported when continuous light phase
provided for smoltification was two weeks. The incidence of reduced growth kept on
decreasing with increase in duration provided for smoltification (5.2% with 4 weeks, 1.4% with
6 weeks and 0% with 8 weeks) (Van Rijn et al., 2021).
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4.2. Effect of cortisol on growth and development

Cortisol reduces the growth and development of vertebrates affecting several physiological
processes. Growth inhibition in response to cortisol treatment has been several previous studies
rainbow trout (Madison et al., 2015), channel catfish (Ictalurus punctatus) (Aydin, 2015),
largemouth bass (Micropterus salmoides) (O’Connor et al., 2011), brook trout (Salvelinus
fontinalis) and Atlantic salmon (Vargas-Chacoff et al., 2021). It affects the Gh/Igf-i system by
down regulating Gh receptors mRNA levels (Small et al., 2006) and/or activating intracellular
pathways that affect Gh receptor signal transduction (Philip & Vijayan, 2015). Increased
plasma Gh and reduced plasma Igf-i, in cortisol treatment induced growth reduction in brook
trout and Atlantic salmon (Vargas-Chacoff et al., 2021). In other hand, cortisol increases the
resting metabolic rate in fish including Atlantic salmon (Hvas & Oppedal, 2019), steelhead
trout (Oncorhynchus mykiss) (Motyka et al., 2017), Atlantic cod (Gadus morhua) (Thorarensen
et al., 2010) and Nile tilapia (Oreochromis niloticus) (Li et al., 2018) leading to lower
conversion efficiency and decrease growth (Vargas-Chacoff et al., 2021). Cortisol is related
with deviation of energy from growth related anabolic activities towards more immediate
metabolic demanding process such as homeostasis (Liebert & Schreck, 2006). The plasma level

of cortisol gives the measurement of magnitude of stress response (Peter, 2011).

It was clearly observed that both stunts and non-stunts had an osmolality above the optimal
osmolality range of 290-340 mOsmol Kg* (Figure 10) (McCormick & Saunders, 1987). In
present study, where pomca2 was upregulated in stunts indicates stunts fish are under osmotic
stress, although plasma osmolality of both groups, normal and stunts were not significantly
different (Figure 10) suggesting the stressed stunts used their metabolic energy towards

maintaining body osmolarity optimum at the cost of growth inhibition.
4.3. Expression of sodium potassium ATPase genes

The nkaala and nkaalb are considered as fresh water and sea water isomers respectively, based
on their increased expression levels in their respective environments (Madsen et al., 2009;
Tipsmark & Madsen, 2009). Based on this assumption, distinct function of has been suggested
for these two different isomers: nkaala is responsible for ion uptake in freshwater while
nkaalb is responsible for ion excretion in saltwater (Bystriansky et al., 2006). The similarity
in plasma osmolality levels and assumed seawater isomers (-1b) of gill nkaa between stunts
and normal fish (Figure 15 B), suggests a normal osmoregulatory process in stunts. We

observed a significant down regulation of nkaa3 in stunts (Figure 15 D) which in contradictory
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to previous studies in different teleost species. For example, in rainbow trout, there was no
change in nkaa3 mRNA expression levels after transfer to 80% saltwater, even after 15 days
(Richards et al., 2003). Similarly, in tilapia (Oreochromis mossambicus) there was no change
in of nkaa3 MRNA expression between freshwater and sea water (Lee et al., 1998). The
abundance of nkaa3 isomers is low as compared to other nkaa isomers in the gills of Atlantic
salmon. Despite its low abundance, transfer to seawater resulted in a significant decrease in

nkaa3 compared to the levels found in fresh water (Madsen et al., 2009).

In contrast to the catalytic a-subunit, the b-subunit of nka has a supporting role. It is essential
for stabilization of the a-subunit, membrane targeting, structural and functional maturation of
the pump (Madsen et al., 2009). The level of b-unit is significantly lower (nearly 1/50) than the
total a-subunits. The level nkabl expression was found to be higher in saltwater than in fresh
water suggesting that the production rate of nkabl subunit might be a limiting step in the
generation of new pumps controlling the overall pump abundance (Madsen et al., 2009). The
lower expression of nkaa3 and nkabl (Figure 15 D, E) indicates an effect of nkabl on the

overall abundance by affecting nkaa3.
5. Conclusion

In conclusion, in order to gain a better understanding of the underlying mechanisms controlling
stunting in Atlantic salmon, the molecular and physiological characterization of stunts were
performed. Following conclusions can be derived based on the results of present study:

e Stunting is not the result of precocious maturation.

e Stunts are capable of maintaining hypoosmoregulatory capacity in sea cages.

e The main reason behind stunting is premature sea cage transfer of smolts which causes
osmotic stress in fish considered as sub-optimal smolts. As a result, a deviation of
metabolic energy and modification in physiological processess occurs in order to

maintain osmotic balance, but at a cost of normal growth and development.
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Figure 1. Melting curve analysis of each gene of pituitary along with their respective
negative control. A) g-actin, B) fshb, C) gh, D) lhb, E) pomca2, F) pomcal, G) pomcb, H)
prl, 1) prl x-variant, J) smita, K) smitb, L) tshba, and M) tshbb.
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Figure 2. Melting curve analysis of each sodium potassium ATPase genes of gills along
with their respective negative control. A) nkaala, B) nkaalb, C) nkaalc, D) nkaa3, E)
nkabl, and F) g-actin.
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Figure 4. Correlation between relative expression of gh in pituitary and plasma Gh level.
The line with increasing slope shows the positive correlation between level of gh expression in
pituitary and plasma Gh level. It indicates with the increase in gh expression in pituitary, there

occurs increase in plasma Gh levels.
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Table 1. List of efficiency of primers used in qPCR.

Gene target of primer

Reference ID

Efficiency of primer

Ihb
fshb
p-actin
smlta
tshba
prl
gh
pomch
tshbb
pomca2
pomcal
smltb
prl x-variant
nkaala
nkaalb
nkaalc
nkaa3
nkabl

AF146151

AF146152

Prepared in own lab for Atlantic Salmon
NM_001123604.1/ DQ412570.1
NM_001123528.1
NM_001123668.1
NM_001123676.1
NM_001128604.1

MG948546
ENSSSAT00000124177.1 (E201)
ENSSSAT00000010436.1 (E202)
NM 001141618

XM_014192393.1 (LOC100136580)
CK878443

CK879688

CK 885259

CK170270

CK886866

1.99
1.99
1.99
1.98
2.04
2.02
2.01
2.03
2
2.05
1.99
2.01
2.02
2

N DD NN DN
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