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Abstract

In this study, several myogenic and structural complementary DNAs (cDNAs) have been

characterised in a strategy using both Polymerase Chain Reaction (PCR) and cDNA library

screening methods. Several cDNA copies of paired box transcription factor 7 (Pax7),

myoblast determination (MyoD) and myosin light chain 2 (MLC2) were isolated and

characterised. Salmonids are thought to include a 'salmon-specific' duplication event

dated to 25 - 100 million years ago, consistent with the presence of multiple gene copies.

The myogenic and structural genes characterised in this project are involved at different

stages of myogenesis, from initial specification of myogenic progenitor cells (MPCs)

(.Pax7), to determination of myogenic lineage {MyoD) and as a marker of myosin synthesis

during growth {MLC2). Tissue-specific expression revealed that these genes are all

expressed in skeletal muscle. In addition, Pax7 was exclusively expressed in brain tissue

and MLC2 in the gills. In vivo expression patterns of skeletal muscle revealed Pax7 and

MyoD were expressed in putative mononuclear MPCs, while MLC2 was expressed in

nuclei of differentiating muscle cells or nascent myotubes and in the cytoplasm.

Interesting features revealed in this project were the presence of a CK2 phosphorylation

site in a Pax7 paralog, 'intron loss' in MyoD and multiple polyadenylation signals in both

MyoD and MLC2 3'untranslated regions (UTRs).

The main experimental aim was to study the effects of continuous light in relation to

muscle morphometry, somatic growth and mRNA abundance. Atlantic salmon (~90 g)

were reared under natural light (NL) and continuous light (CL) in sea cages from the

middle of January until June (summer solstice). Differences between the light treatments

were observed in the somatic growth pattern and muscle morphometry, in that continuous
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light treatment resulted in significantly larger fish with a higher growth rate and a higher

number of small diameter fibres in the period between April and June. Quantitative real¬

time PCR assays were developed for Pax7 and MLC2 and employed in order to detect

changes in mRNA abundance due to increased day length. The mRNA abundance of Pax7

and MLC2 showed a tendency to decrease during the time-course of the experiment, but no

differences in expression were observed between the treatments. This study demonstrated

that continuous light has an effect on body mass and muscle morphometry, though this was

not reflected in the mRNA abundance.
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Chapter 1.0 Introduction

1.1 Aquaculture

Aquaculture is an ancient phenomenon, as demonstrated in Egyptian (-2500 BC) tomb

engravings of tilapia interpreted as being caught from man-made ponds (FAO, 1987). The

ancient practice of aquaculture has evolved into a multi-billion dollar (—$60.9 billion)

industry worldwide, reflecting the most rapid growth within animal production areas

(FAO, 1987; FAO, 2003). Aquaculture involves rearing fish from hatching until market

size, ultimately controlling the environmental and nutritional requirements of the fish. The

overall objective of aquaculture lies in the production of protein rich food (FAO, 1987),

which in concert with capture fisheries provides sustenance for over a billion individuals

world-wide (FAO, 2003). In addition, secondary products such as fish oil, leather,

adhesives and insulin are gained from the aquaculture industry (FAO, 1987). At present,

25% of consumed fish derive from aquaculture. This number, however, is expected to

increase due to the decline of capture fisheries and increase in human population (Naylor et

al., 2004). The number of finfish and shellfish species exploited for aquaculture is more

than 220, and includes mussels, carp, salmon and giant clams (Naylor et al., 2004).

Salmon is a prime example of a species that is produced mainly by aquaculture (60%) in

countries such as Norway, Scotland and Canada (Eagle et al., 2004).

1.1.1 Atlantic salmon: life cycle

The Atlantic salmon, Salmo salar, belongs to the Salmonidae family which also includes

Rainbow trout (Oncorhynchus mykiss) and Arctic charr (Salvelinus alpinus). The life

cycle of carnivorous Atlantic salmon are divided into following stages: (i) spawning; in
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late autumn fertilized eggs are buried in stream bottom gravel nests called redds, (ii)

alevin; at this stage feeding relies upon a yolk sac that is gradually absorbed, (iii) fry; three

to four weeks after hatching fry emerge from the gravel to feed, (iv) parr; at the end of

their first year salmon are known as parr, (v) smolt; after one to three years in their native

streams, the process of smoltification is initiated involving seawater tolerance. Smolts

migrate to the sea and develop for two to three years before returning to their native stream

to repeat the spawning cycle. Spawned out fish, with a majority dying, are denoted kelts

(vi) (Mills, 1989) (Fig. 1.1).

1.1.2 Atlantic salmon: production cycle

The production cycle in aquaculture differs from the Atlantic salmon life cycle in the wild,

in that fish can be manipulated to reach different stages earlier, reflecting a shorter

production time. As an example, photoperiod (light hours per day) manipulation has been

introduced at first feeding to produce 'out-of-season' underyearling smolts (Hansen et al.,

1998; Bjornsson et al., 2000), benefiting an earlier seawater transfer (ahead of winter) and

an induction of growth rates (Duston & Saunders, 1995; Bjornsson et al., 2000). In

addition, photoperiod has been linked with fish welfare as it controls fish density, thus

minimising crowding in production cages (Juell & Fosseidengen, 2004) and in

manipulation of sexual maturation (Krakenes et al., 1991; Hansen et al., 1992). The

swimming pattern of post-smolt Atlantic salmon changes due to continuous light, thus

providing fish with illumination for continued directional swimming in circles at the

warmest areas of the water (Oppedal et al., 2001). This is in contrast to fish under natural

light, which caused them to discontinue swimming and come closer to the surface

(Oppedal et al., 2001). Photoperiod manipulation induces food ingestion and might

2



Fry

Figure 1.1 Atlantic salmon life cycle in nature.

The development from egg to a mature salmon is displayed; together with type of

environment (fresh- or sea water) associated with these stages (Irish Sea Fisheries Board,

2003).
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improve food conversion (Mason et al., 1992; Boeuf & Le Bail, 1999), hence is a well

established method of influencing growth, with studies focused on measuring changes in

somatic growth characteristics (length, weight and condition factor) (Saunders & Harmon,

1988; Krakenes et al., 1991; Hansen et al., 1992; Oppedal et al., 1997). Increased muscle

fibre recruitment (hyperplasia), linked with a transient increase of myogenic progenitor

cells (MPCs), were found in fish exposed to continuous light towards the winter solstice

(Johnston et al., 2003b).

1.2 Genome duplication and tetraploidisation events

Genome duplication has been a matter of debate during the past few years, as have the

impacts these duplications have had in the evolution of teleost (bony) fishes (subgroup:

Actinopterygii) (Christoffels et al., 2004). Ray-finned fishes (Actinopterygii) diverged

from the lobe-finned fish lineage (Sarcopterygii) around 450 million years ago (MYA)

(McLysaght et al., 2002; Gu et al., 2002; Panopoulou et al., 2003; Christoffels et al.,

2004). Holland et al., (1994) suggested that two 'whole genome duplications' took place

prior to the ray-finned/lobe-finned divergence (2R hypothesis) (Fig. 1.2), though this

hypothesis has been heavily debated (Wolfe, 2001). The identification of seven Hox

clusters in teleost fishes, in contrast to four in mammals, gave rise to the controversial

hypothesis of a 'fish-specific' 'whole genome duplication' (Amores et al., 1998; Aparicio

et al., 2002; Naruse et al., 2000; Christoffels, et al., 2004). The opposing view, although it

acknowledged the presence of more genes in fish than mammals, considered this to be the

result of independent duplications (Robinson-Rechavi et al., 2001a; Robinson-Rechavi et

al., 2001b). Christoffels, et al., (2004) supports the 'fish-specific' 'whole-genome

duplication' hypothesis and dated the event to -350 MYA. A recent study, Jaillon et al.,

(2004) has put these speculations to rest by demonstrating a 'fish-specific' 'whole-genome
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duplication' did indeed take place. A comparison between the draft genome sequence of

the spotted green pufferfish (Tetraodon nigroviridis) and the human genome was used as

basis for these deductions, as chromosomal positions exposed a 2 to 1 pattern of

chromosomal mapping (2 for fish and 1 for human) (Jaillon et al., 2004). Consequences of

a duplication event might be found in the introduction of new functions, different

expression patterns (Ohno, 1970a; Holland et al., 1994; Sidow, 1996), or entirely silenced

genes (Lynch & Connery, 2000).

1.2.1 A tetraploidisation event in the genome ofsalmonids

An ancestral 'tetraploidisation' (chromosome doubling) event has been proposed for

salmonids, due to chromosome numbers observed and the double amount of DNA present

per cell in contrast to other fish (Allendorf & Thorgaard, 1984). The time of the event has

been estimated to be between 25 - 100 MYA (Ohno, 1970b; Allendorf & Thorgaard,

1984). The occurrence of quadruple gene copies (i.e. glutamine synthases) in salmonids,

in contrast to duplicate and single copies in other teleosts and mammals, respectively

confirm the 'tetraploidisation' event (Murray et al., 2003). Duplicated genes are often

referred to either as homologs, orthologs or paralogs. A homolog refers to a gene family

sharing an exclusive evolutionary past; orthologs are genes separated by a speciation event,

while paralogs are generated in a duplication event (Zuckerkandl & Pauling, 1965; Fitch,

1970).

5



rO-C

(-O-C

Sarcopterygii

Actinopterygii
350 MYA

—o

Lamprey

25-100 MYA

Salmon
Zebrafish

Fugu

Branchistoma

O Lineage divergence

Duplication event

O Tetraploidisation

Figure 1.2 Lineages, duplication and tetraploidisation events.

The positions of proposed genome duplication (green circles), tetraploidisation (pink circles)

and lineage divergence (red circles) are visualised here (modified from Wolfe, 2001). As

well, this figure demonstrates the time-point of the 'tetraplodisation' event in salmonids and

the 'fish-specific' 'whole genome duplication'.
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1.3 Skeletal muscle

Striated skeletal muscle is a specialised multi-nucleated tissue with sarcomeres as the

repeating unit for myosin/actin interactions, which in turn hydrolyses ATP and generates

movement (Mermall et al., 1998; Sellers, 1999; Sellers, 2000). Myosins are arranged into

XVII classes, while class II relates to myosins forming filaments in mainly muscle (Sellers,

1999; Sellers, 2000; Kendrick-Jones et al., 2004). A unique feature of myosin class II is

the association with its rod-coiled a-helical tail to form filaments (Xu et al., 1996; Sellers,

2000). In general, myosins consist of three functional subdomains: (i) the motor domain

that connects to actin and binds ATP, (ii) the neck domain which attach light chains or

calmodulin, (iii) the tail domain which function is to anchor and arrange the motor domain

(Cheney & Mooseker, 1992). The myosin molecule generally contains two heavy chains

and four light chains where the myosin light chains have been categorised into two

chemical classes: alkaline light chain (MLC1 and MLC3) and a regulatory 5, 5'-dithiobis

(2-nitrobenzoic acid) (DTNB)-removable light chain (MLC2). The regulatory role of

MLC2 is in Ca2+ binding (Weeds & Lowey, 1971). The DNA-binding domain of

myogenic regulatory factors (MRFs) attaches to an E-box located in the promoter area of

muscle-specific genes. E-boxes have been discovered in the promoter region of zebrafish

fast skeletal muscle MLC2 (Xu et al., 1999) and in myosin heavy chain (MyHC) (Wheeler

et al., 1999). Myosin light chains have been characterised in several fish species (Yelon et

al., 1999; Moutou et al., 2001; Thiebaud et al., 2001), likewise has myosin heavy chain

(Ennion et al., 1999; Kikuchi et al., 1999; Yelon et al., 1999; Rescan et al., 2001a; Weaver

et al., 2001; Iwami et al., 2002). A developmental stage specific expression of myosin

heavy chains has been reported for fish (Ennion et al., 1999), in that two isoforms were

expressed at post-hatch stage and 14 days onwards until adult/juvenile isoforms were the

only abundant transcript (Ennion et al., 1999). It has been speculated that developmental
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specific isoforms have a function at cross-bridge level, influencing either ATPase

properties or actin binding (Ennion et al., 1999).

1.3.1 Muscle fibre types

Fibre recruitment continues throughout much of the life-time of fish (Weatherley et al.,

1988) and Atlantic salmon are a prime example of a species with recruitment of fast

myotomal muscle into adult stages (Johnston et al., 1999). At hatching, an Atlantic salmon

has an estimated -5,000 fibres (per trunk cross-sectional area), increasing to 150,000 at the

time of smoltification with >1,000,000 fibres at 4 kg (Johnston, 1999; Johnston, 2001).

Skeletal muscle is organised into several segmented structures (myotomes) which have

been classified into three different categories depending on morphology and function;

white (fast), red (slow) and pink (intermediate) (Johnston et al., 1977). A transverse

section of fish skeletal muscle reveals that a superficial layer of slow muscle is present

beneath the skin, followed by a pink layer (in some fish species), while the majority

constitutes fast muscle (Stickland, 1983). Salmonids only possess fast and slow muscle

(Martinez et al., 1993), thus only these two categories will be described. The small

diameter of slow fibres is typical and these slow contracting fibres contain a high content

of myoglobin, cytochromes, mitochondria and efficient capillarisation (Boddeke et al.,

1959; Bone 1975; Bone, 1978). The aerobic metabolism and contractile properties imply

utilisation in low intensity and sustained swimming patterns (Boddeke et al., 1959; Bone

1975; Bone, 1978). Fast fibres are larger in diameter than slow fibres and up to 95% of the

volume constitutes of myofibrils (Johnston, 1980; Sanger et al., 1990; Sanger, 1992). Fast

fibres display low myoglobin, glycogen and mitochondrial concentration, therefore utilises

anaerobic metabolism (Bone, 1978; Weatherley & Gill, 1989) and are linked with

8



swimming activities requiring fast energy, such as in predator evasion and prey capture

(Boddeke et al., 1959).

1.3.2 Fish muscle post-embryonic growth

Muscle tissue is highly differentiated and post-mitotic, though it must respond to the

requirements of growth as a fish progresses through the life cycle (Weatherley & Gill,

1985). Therefore, fast and slow skeletal muscle development involve fibre recruitment

(hyperplasia) and fibre hypertrophy (fibre enlargement), which in turn is influenced by

environmental factors (Koumans et at., 1991; Koumans & Akster, 1995). Hyperplasia and

hypertrophy are simultaneously involved in muscle growth, where hyperplasia carries on

into adult stages only in certain species (Stickland, 1983; Weatherley & Gill, 1985).

Hyperplasia has been divided into two sequential phases; stratified and mosaic (Rowlerson

& Vegetti, 2001). The stratified hyperplastic growth phase takes place in 'proliferation

zones', partly during the larval stage completing the embryonic fast (white) and slow (red)

muscle layers as described in a variety of fish species, including Atlantic salmon (Usher et

ai, 1994; Johnston & McLay, 1997). The term 'mosaic' refers to the pattern observed in a

cross-section of fibres with different diameters (reviewed by Weatherley & Gill, 1987).

The mosaic phase of recruitment is distributed over the entire myotome, and may overlap

with stratified hyperplasia (Stoiber & Sanger, 1996). The number of slow muscles

increases with increasing body length (Raamsdonk et al., 1983). In contrast, the

recruitment of fast muscle fibres stops at 25-50% of the maximum length depending on the

species (Weatherley et al., 1988). Hypertrophic growth, combined with myofibril

formation, will last up to adult stages in many fish species including Atlantic salmon,

where a maximum diameter of 300 pm has been estimated for fast muscle in contrast to

slow fibre (-50 pm) (Johnston, 1982; Sanger, 1993; Weatherley et al., 1988). The reason
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for the limit in maximum diameter is due to the ratio of metabolic exchanges to surface

area (Weatherley & Gill, 1989). Satellite cells and their proliferation products (myoblasts)

help sustain the nuclehcytoplasmic ratio in hypertrophy and provide nuclei in fibre

recruitment (Fig. 1.3) (Moss & Leblond, 1971; Weatherley & Gill, 1989; Koumans et al.,

1991; Koumans & Akster, 1995; Stoiber & Sanger, 1996). It has also been debated

whether hyperplastic growth is maintained by external 'non-myogenic' cells (Veggetti et

al., 1990; Patruno et al., 1998). Many aspects of post-embryonic myogenesis are poorly

understood. For example, it is not known whether separate populations of myogenic

progenitor cells are responsible for fibre hypertrophy and hyperplasia. Progress in this

field has been limited by the lack of suitable molecular markers of myogenic progenitor

cells.

1.4 Satellite cell definition and function

The term 'satellite cells', coined in the 1960's (Mauro, 1961), was applied to cells

observed by electron microscopy in grooves of muscle fibres. Satellite cells are

surrounded by basal lamina with a plasmalemma in close proximity (-15 nm) to the

plasmalemma of myofibres (Mauro, 1961; reviewed by Bischoff, 1994). Satellite cells are

linked with myogenesis, hence are also referred to as 'myogenic cells' or 'myogenic

progenitor cells' (MPCs) (Johnston et al., 2003b). The division products of satellite cells

are termed either 'myoblasts', 'myogenic precursor cells' (mpcs) (Seale & Rudnicki,

2000), 'myogenic progenitor cells' (MPCs) (Johnston et al., 2003b) or 'muscle precursor

cells' (Tajbakhsh, 2003), depending on researcher. Stem cells and myoblasts are an

important area of research, as reflected in employment of myoblasts to substitute

malfunctioning genes, such as dystrophin in treatment of Duchenne muscular dystrophy

(DMD) (Partridge, 1998).
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Figure 1.3 Satellite cells in post-embryonic growth.

A tentative example of satellite cell involvement in hypertrophy and hyperplasia, with nuclei

derived from a putative two (or one) stem cell population(s). In hypertrophic growth, nuclei

from division products are absorbed into established myofibres, whereas in hyperplastic

growth nuclei generates new muscle fibres by a collaborative fusion event (reprinted from

Johnston, 2001).
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1.4.1 Satellite cells debated

Stem cell characteristics involve self-renewal, and whether or not satellite cells have this

ability has been a matter of debate along with its lineal origin. It has been suggested that a

portion of the satellite cells have the capacity of self-renewal to avoid depletion (Zammit &

Beauchamp, 2001), though this remains unproven (Grounds et al., 2002). Satellite cells

can be induced to differentiate into osteocytes and adipocytes in vitro, suggesting they

exhibit a multipotential capacity (Asakura et al., 2001; Wada et al., 2002). Activated

satellite cells (myoblasts) are known to upregulate MyoD and Myf5 (Arnold & Winter,

1998; Musaro & Rosenthal, 1999; Thaloor et al., 1999), though their expression pattern in

quiescent satellite cells have been debated in concert with two subsequent satellite cell

populations (Sabourin et al., 1999; Beauchamp et al., 2000). Two different stem cell

subpopulations have been indicated due to presence of either Myf5 positive cells

(Yablonka-Reuveni et al., 1999a; Yablonka-Reuveni et al., 1999b) or Myf5 negative and

CD34 negative cells (Beauchamp et al., 2000). Satellite cells are known to contribute to

skeletal muscle development and regeneration (Bischoff, 1994), while 'side population'

(SP) cells have been suggested as their progenitors (Gussoni et al., 1999; Asakura et al.,

2002; q.v. 1.4.2).

1.4.2 Side population cells

Satellite cells are not the only nuclei contributor in adult muscle, since muscle SP cells also

have been shown to be involved in muscle fibre regeneration in addition to its capability of

producing hematopoietic cells (Gussoni et al., 1999). In these studies, mice were lethally

irradiated, damaging their hematopoietic system, then intravenously injected with muscle

SP cells, giving rise to satellite and hematopoietic cells (Gussoni et al., 1999; Asakura et

al., 2002). Evidence demonstrating the presence of two distinct cell populations (muscle
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SP cells and satellite cells) was generated through different approaches, such as

fluorescence-activated cell sorting (FACS) and exclusion of Hoechst dye (Gussoni et al.,

1999; Asakura et al., 2002). FACS is based on the presence of cell surface antigens,

sorting cells as positive or negative. In this particular case, hematopoietic stem cell marker

(Sca-1), and hematopoietic marker (CD45) were used, thus classifying muscle SP cells as

Sca-1+ and CD45+, while satellite cells are Sca-1~ and CD45~ (Asakura et al., 2002).

Another approach was made through Pax7 1 knockouts, which lacked satellite cells but

contained SP cells, indicating two cell populations are present in adult murine muscle

(Seale et al., 2000). It has further been suggested that mesodermal stem cells associated

with the vasculature can contribute nuclei for tissue throughout the body during embryonic

and post-natal life (Minasi et al., 2002).

1.4.3 Satellite cell markers and regulators

Satellite cells are different from myonuclei in many respects (Fig. 1.4), such as containing

more heterochromatin and possessing an ability to enter the cell cycle (reviewed by

Bischoff, 1994). Satellite cells are generally held in a quiescent state until specific cues

induce activation, proliferation and expression of specific MRFs (reviewed by Hawke &

Garry, 2001; q.v. 1.6.1). The state of a satellite cell can be determined by molecular

markers, such as myocyte nuclear factor (MNF) isoforms (a and (3), CD34, Myf5

(Beauchamp et al., 2000) and Pax7 (Seale et al., 2000, q.v. 1.5.2). In fact, the MNF

isoforms (also known as Forkhead Box Protein K1 [FoxKl]) show a different expression

pattern, with MNF-a expressed mainly in activated satellite cells, in contrast to MNF-P

which marks quiescent satellite cells (Garry et al., 1997). CD34 is not considered the

optimal satellite cell marker, as it is also expressed on hematopoetic stem cells and cells

belonging to the vasculature (Zammit & Beauchamp, 2001). Cell surface proteins such as
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M-cadherin (reviewed by Grounds, 1999) and proteoglycans (Syndecan-3 and Syndecan-4)

(Cornelison et al., 2001) have been used to identify satellite cells. A potential problem of

non-specificity might be introduced by Syndecan-4 in specific experimental circumstances

(Cizmeci-Smith et al., 1997), as has also been noted with c-met (hepatocyte growth factor

receptor) (Grounds, 1999). Several growth factors are involved in the regulation of

satellite cells, including fibroblast growth factor, hepatocyte growth factor, interleukin-6,

insulin-like growth factor and transforming growth factor (reviewed by Schultz &

McCormick, 1994; Hawke & Garry, 2001). Alternatively, satellite cells may, when

activated, migrate to damaged areas in response to macrophage secretion (reviewed by

Hawke & Garry, 2001).

1.4.4 Culturingfish satellite cells

Satellite cell culturing has been carried out on a variety of fish species, such as trout

(Greenlee et al., 1995a; Rescan et al., 1995a), carp (Koumans et al., 1990), salmon

(Matschack & Stickland, 1995) and zebrafish (Sepich et al., 1994). The majority has,

however, focused on fast muscle in salmonids and cyprinids (Fauconneau & Paboeuf,

2001). The experimental design is an important issue and has to be devised carefully with

regard to muscle source, harvest method, culture physiology and treatment conditions

(Burton et al., 2000). Dissecting fish muscle meticulously is of high priority to avoid a

mixture of fast, slow and intermediate muscle as primary satellite cell source (Fauconneau

& Paboeuf, 2001). Enzymatic digestion has been employed to release satellite cells from

muscle and two different methods, such as 'collagenase-trypsin' (Koumans et al., 1990;

Greenlee et al., 1995a; Rescan et al., 1995a; Matschack & Stickland, 1995) and 'pronase'

(Powell et al., 1989) have been employed with varying results. Pronase and trypsin are
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Figure 1.4 Muscle fibre in detail.

Schematic drawing displaying a muscle fibre and the positions of myofibrils, myonuclei,

satellite cells (quiescent and activated) and basal lamina (all indicated with arrows)

(modified from Hawke & Garry, 2001).
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designed to obliterate components of the sarcolemma and basal lamina (Burton et al.,

2000). The number of satellite cells need to be separated from other cells (fibroblasts,

adipose cells, and blood cells) present in the cell suspension and increased in number by an

enrichment step, i.e., preplating or sedimentation (Koumans et al., 1990). The latter

method has successfully enriched the number of myosatellite cells (~ 90%) (Koumans et

al., 1990; Rescan et al., 1995a). A variety of different culture substrates have been used,

such as laminin and matrigel (combination of fibronectin, laminin and entectin), where

cultures using the latter as substrate have demonstrated low proliferation and low

efficiency capacity (Greenlee et al., 1995a). The media favoured for use in fish satellite

cultures is Leibovitz's L-15 DMEM and is often supplemented with up to 15% of either

horse or foetal bovine serum (Fauconneau & Paboeuf, 2001). Koumans et al., (1990)

adopted mammalian culture conditions (3-5% CO2) and successfully applied these to carp

satellite cells. The culture condition varies between species - salmon: 5°C and 11°C

(Matschack & Stickland, 1995) and rainbow trout: 15 - 20°C (Greenlee et al., 1995a;

Rescan et al., 1995a) - and as such may introduce differences in 'cell behaviour'

(Fauconneau & Paboeuf, 2001). Satellite cell culture studies have focused on analysing

proliferation rates (Greenlee et al., 1995a; Rescan et al., 1995a), differentiation (Rescan et

al., 1994; Rescan et al., 1995a; Rescan et al., 1995b; Greenlee et al., 1995a), temperature

(Matschack & Stickland, 1995), feeding (Fauconneau & Paboeuf, 2000), hormonal control

(Castillo et al., 2002) and genetic effects, such as ploidy status (Greenlee et al., 1995b).
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1.5 Paired box transcription factors

Molecular markers such as MRFs and Pax7 are of particular relevance to this project and

will be described in detail (q.v. 1.6; q.v. 1.5.2, respectively). Pax genes have been

extensively studied in mammals, where each of the nine Pax genes have been categorised

into four subgroups on the basis of conserved functions, genomic structures and sequence

homology (Noll, 1993; Mansouri et al., 1999). A characteristic that consigns these genes

into one family of transcription factors is the paired domain, which exhibits DNA-binding

features (Noll, 1993; Wilson et al., 1993). The homologues Pax7 and Pax3 belong to the

same subgroup and both contain further conserved regions, such as an octapeptide motif

and a homeodomain. The homeodomain is a DNA-binding domain, which dimerizes on

palindromic TAAT motifs (Noll, 1993; Wilson et al., 1993).

1.5.1 Pax genes: human cancers and disorders

The Pax gene family has been linked with chromosomal translocations of human cancers,

thus affecting the cellular transformation rate (reviewed by Barr, 1997).

Rhabdomyosarcoma is a form of muscle cancer predominantly affecting young children

who are assumed to have developed this from undifferentiated foetal rhabdomyoblasts

(Cornelison & Wold, 1997). Translocations next to Pax7 indicate there may be a link

between the proliferating capacity of these cancer cells and Pax7 as a contributing factor in

tumorigenesis (Tiffin et al., 2003). Pax genes display an association with developmental

defects in humans, and in studies focusing on transgenic mice, Pax homologs have

facilitated the aetiology of human disorders, such as Waardenburg's syndrome type I, spina

bifida, and sensorineural deafness (Epstein et al., 1991; Baldwin et al., 1992; Tassabehji et

al., 1992).
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1.5.2 Pax7: function and characterisation

The gene Pax7 is of importance during development of the brain and skeletal muscle

(Ziman et al., 2001) and is believed to have arisen from gene duplication (Noll, 1993). In

the mouse, Pax7 ' knockouts lack muscle satellite cells and show dramatically reduced

growth, thus Pax7 transcriptional activity may stimulate the specification of satellite cells

(Seale et al., 2000). Therefore, Pax7 is considered important for the maintenance of

satellite cells, and has been used as a marker of myogenic cells in mammals (Mansouri et

al., 1996; Seale et al., 2000). The Pax family has also been implicated as having effects on

organogenesis in several organisms (reviewed by Chi & Epstein, 2002). The Pax genes

were initially discovered in Drosophila (Bopp et al., 1986), though these genes have been

discovered in a variety of animal phyla (Noll, 1993; Chisholm & Horvitz, 1995; Loosli et

al., 1996; Glardon et al., 1997). Multiple Pax7 transcripts have been identified in the

skeletal muscle and brain of mice (Ziman & Kay, 1998), while in fish. Pax7 has been

characterised in zebrafish (Danio rerio) and four isoforms identified (Seo et al., 1998).
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1.6 Myogenic regulatory factors and their regulators

Research within this area has primarily focused on embryogenesis; however, studies have

unveiled a similar expression pattern in post-embryonic satellite cells (Smith et al., 1994;

Yablonka-Reuveni & Rivera, 1994). Protein to protein interactions play a major part in the

regulation of phases of myogenesis, thus forming as either homo- or heterodimers in order

to activate or inactivate molecules. These protein to protein interactions have successfully

been assessed using yeast 2-hybrid systems (Langlands et al., 1997).

1.6.1 Myogenic regulatoryfactors

In synchronised manner, myogenic regulatory factors direct transitions of myogenic

identity from determination to differentiation. These transcription factors belong to the

four-member MyoD family (Myf5, MyoD, myogenin, MRF4), assigned into this group by

a set of common motifs, such as the basic helix-loop-helix (bHLH) motif (Edmondson &

Olson, 1993). The basic region represents the DNA-binding motif, which binds to a

sequence (CANNTG; E-box) in the promoter region of muscle specific genes (Edmondson

& Olson, 1993). This is in contrast to the HLH region, which has a regulatory role in

dimerisation with E proteins encoded by the E2A gene (Edmondson & Olson, 1993;

Atchley et al., 1994; Rudnicki & Jaenisch, 1995). E proteins such as HEB, E2-2, El2, E47

and Daughterless are found in many tissues and are involved in protein to protein

interactions (Murre et al., 1989a). The E2A gene produces E12 and E47 by alternative

splicing and these proteins contain an important DNA binding 'Myc' region (Murre et al.,

1989b) which is linked with E-box sites (Massari & Murre, 2000). Two further domains,

histidine- and cysteine-rich (H/C) and helix III, have been implicated as important in the

activation of muscle specific genes and involved in myogenin chromatin remodelling by

MyoD (Gerber et al., 1997). These domains interact with the homeodomain protein Pbx to
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initiate stable attachment of MyoD to the promoter region of myogenin (Bergstrom &

Tapscott, 2001; Berkes et al., 2004). Examples of genes with E-boxes are myosin light

chain (Wentworth et al., 1991), troponin I (Lin et al., 1991), muscle creatine kinase (Lassar

et al., 1989) and desmin (Li & Capetanaki, 1993).

1.6.2 The myogenic pathway

Characterisation of the four MRFs; MyoD (Davies et al., 1987), Myf5 (Braun et al., 1989),

myogenin (Edmondson & Olson, 1989) and MRF4 (Rhodes & Konieczny, 1989) generated

the possibility to study the synchronised pattern by single or double mutational analysis.

MyoD /Myf5 knockouts have generated mice lacking myofibres, thus indicating that

either of these two factors is essential for myoblast establishment (Rudnicki et al., 1993),

while forced expression of MyoD in non-muscle cells, such as fibroblasts, triggers skeletal

muscle differentiation (Braun et al., 1989; Weintraub et al., 1989). The differentiation step

was disrupted in myogenin knockouts, resulting in less skeletal muscle tissue (Hasty et al.,

1993; Nabeshima, et al., 1993). MRF4 independently has no effect upon differentiation;

however, in concert with MyoD double knockout mutants resulted in reduced muscle mass

(Arnold & Winter, 1998). Thus, Myf5 and MyoD were designated a status of anti¬

proliferative 'determination' factors that would arrest myoblasts at a specific point of the

cell cycle (Gl) (Crescenzi et al., 1990; Sorrentino et al., 1990; Peverali et al., 1994), while

myogenin and MRF4 as 'differentiation' factors were only expressed after cell cycle exit in

conjunction with the mitogen diminishing status (Olson & Klein, 1994). Interestingly, a

recent study of double mutant (Myf5 /MyoD ) mice has come to review this established

viewpoint in that MRF4 has been implicated as a determination factor (Kassar-Duchossoy

et al., 2004).
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Several members of the MyoD family have been characterised in fish: MyoD (Rescan et

al., 1994 [rainbow trout]; Rescan & Gauvry, 1996 [rainbow trout]; Weinberg et al., 1996

[zebrafish]; Kobiyama et al., 1998 [carp]; Tan & Du, 2002 [gilthead seabream]), Myf5

(Coutelle et al., 2001 [zebrafish]; Tan et al., 2002 [striped bass]), myogenin (Rescan et al.,

1995b [rainbow trout]; Chen et al., 2000 [zebrafish]; Tan et al., 2002 [striped bass]),

MRF4 (Coutelle et al., 2001 [pufferfish]; Hinits et al., 2003 [zebrafish]). MyoD has been

duplicated in fish and displays a differential mRNA expression pattern at different stages

of development and in different muscle fibre types (Table 1.1).

1.6.3 How are MRFs regulated?

1.6.3.1 Pax3

Paired box protein 3 (Pax3) is a transcription factor implicated as an upstream regulator of

MyoD (Tajbakhsh, et al., 1997). A mouse mutant (Pax3 ) such as 'splotch' was generated

giving rise to a phenotype without limb muscles, whereas other muscles were unaltered

(Bober et al., 1994). This was further investigated using double mutants (Pax3 /Myf5 )

which generated mice without body muscle and devoid of MyoD expression, thus

implicating two alternative pathways; (i) Pax3 as a regulator upstream of MyoD, (ii) Myf5

also upstream of MyoD (Tajbakhsh, et al., 1997; Arnold & Winter, 1998).

1.6.3.2 Idproteins

Inhibitor of DNA binding (Id) protein belongs to the helix-loop-helix (HLH) family,

however it is different from other HLH proteins in that it lacks a basic DNA-binding

domain (Kadesch, 1993; Littlewood & Evan, 1995). The Id proteins will heterodimerise to

bHLH transcription factors and concurrently prevent attachment to E-box motifs resulting

in inhibition of the differentiation pathway (Kadesch, 1993; Littlewood & Evan, 1995). Id
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proteins are regarded as a positive and negative regulatory protein, due to its capacity of

administering a positive effect upon cell proliferation and a negative on cell differentiation

(reviewed by Norton et al., 1998). Thus, maintaining a cell under cycling conditions is of

importance for these proteins where a particular role has been assigned in the 'GO-to-S-

phase' (reviewed by Norton et al., 1998). Four Id paralogs have been identified in higher

vertebrates: Idl (Benezra et al., 1990), Id2 (Sun et al., 1991), Id3 (Christy et al., 1991) and

Id4 (Riechmann et al., 1994). Orthologs of Idl and Id2 have been identified and

characterised in rainbow trout (Rescan, 1997), while Id6 in zebrafish (Sawai & Campos-

Ortega, 1997), followed by a recent characterisation of Id6 orthologs (Id6a, Id6b) in

rainbow trout (Ralliere et al., 2004).

1.6.3.3 MEF2

Myocyte enhancer factor-2 (MEF2) is part of the MADS (MCM1, agamous, deficiens,

serum response factor) box protein family of transcription factors (Molkentin et al., 1995;

Black & Olson, 1998). The MADS box motif, in conjunction with the MEF2 domain,

characterises MEF2 into a transcription factor with DNA-binding capabilities in forming

homo- and heterodimers (Molkentin et al., 1995; Black & Olson, 1998). Transcriptional

co-factors associated with MEF2 are either activating (MyoD, GATA4, NFAT, TH

receptor, p300, ERK.5) or inhibiting MEF2 function (MITR, cabin) (reviewed in McKinsey

et al., 2002). MEF2 trigger myogenesis in a co-regulatory manner with the myogenic

bHLH and E-protein complex, as reflected in the A/T-rich DNA-binding site (MEF2 site)

and E-boxes present in the regulatory region of numerous muscle specific genes

(Molkentin et al., 1995; reviewed by Black & Olson, 1998). Four MEF2 genes (A-D)

were identified in higher vertebrates (Pollock & Treisman, 1991; Yu et al., 1992; Breitbart

et al., 1993; Martin et al., 1994), while three out of four genes (MEF2A, MEF2C, MEF2D)
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have been characterised in zebrafish (Ticho et al., 1996) and common carp (Kobiyama et

al, 1998).

1.6.3.4 LIMprotein

The muscle LIM protein (CRP3) is a putative positive regulator of myogenesis. It interacts

specifically through two zinc finger structures, mediating formation with the heterodimer

MyoD/E47, positively affecting the DNA-binding capabilities (Kong et al., 1997). Three

CRP proteins (1-3) were identified in higher vertebrates (Arber et al., 1994), while one

(CRP2) has been characterised in rainbow trout (Delalande & Rescan, 1998).

1.6.3.5 Myostat in

Myostatin is a known negative regulator of myogenesis, in that mutant (myostatin ) mice

showed an increase in both hyperplasia and hypertrophy (McPherron et al., 1997). Natural

mutations are evident in breeds of cattle (Belgian blue and Piedmontese), which results in

an increase of muscle mass (double-muscling) (Kambadur et al., 1997; McPherron & Lee,

1997). Myostatin is a member of the transforming growth factor-/? family and arrests

myoblasts at the G1-phase through a combination of events essential for cell cycle

progression, such as induction of p21, inhibition of cyclin-dependent kinases-2 activity and

inactivation of the retinoblastoma protein (Thomas et al., 2000). Studies have focused on

myostatin gene regulation, demonstrating that bovine myostatin promoter region contained

several E-boxes and a MEF2 site, wherein one E-box was experimentally shown to bind to

MyoD, indicating myostatin as a downstream target (Spiller et al., 2002). Myostatin has

been characterised in Atlantic salmon (0stbye et al., 2001), rainbow trout (Rescan et al.,

2001) and zebrafish (Xu et al., 2003). Xu et al., (2003) provided the first functional

myostatin study in fish using transgenic lines, reporter genes (green fluorescent protein in
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Table1.1Expressionpatternsofaduplicatedgene(MyoD) TwoMyoDcopieshavebeenisolatedandcharacterisedintwofishspecies,rainbowtrout(Oncorhynchusmykiss)andgiltheadseabream(Sparus aurata)andtheirrespectivemRNAexpressionpatternsstudiedduringdifferentdevelopmentalstages(categorisedas'MyoDI:adult',MyoD2: adult',MyoDl:embryo'andMyoD2:embryo').Theaminoacididentity(inpercentage)wascomparedbetweenthetwoMyoDcopiesineach species Species

MyoDl:adult
MyoD2:adult
MyoDl:embryo
MyoD2:embryo

Aminoacid identity

Reference

Rainbowtrout

Fastandslow
Slow

Inmesodermal adaxialcellsand
in adaxialcellsof thedeveloping somites

Incompletely developedsomites (posteriorsection)
78%

Rescan&Gauvry,1996; Delalande&Rescan,1999

Giltheadseabream
Fastandslow
Fast

Inadaxialcells andlateral somaticcells

Similartoseabream MyoDlbutmainlyin lateralsomaticcells
58%

Tan&Du,2002



combination with 5' flanking region) and microinjection of zebrafish embryos. It was

demonstrated that myostatin is an inhibitory factor in hyperplastic muscle growth (Xu et

al., 2003). Recently, a link between myostatin and follistatin (a secreted glycoprotein) has

been revealed (Amthor et al., 2004). Follistatin is acting as a repressor of myostatin both

in vitro as in vivo, thus preventing the biological activity of myostatin (Amthor et al.,

2004). The affinity of these protein interactions was studied using hybrid systems and a

surface plasma resonance biosensor (Amthor et al., 2004). Follistatin has been

characterised in zebrafish (Bauer et al., 1998) and in Arctic charr (Carton et al., 2002),

though interactions between follistatin and myostatin have not yet been studied in fish.
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1.7 Factors affecting muscle growth

1.7.1 Diet

Factors such as diet, hormones and genetics are known to affect muscle growth and has

been analysed in order to improve rearing practices of aquaculture species. Dietary

experimental design have included replacement amino acid composition (Gomez-Requeni

et al., 2004), and nutritional constraints linked with fast muscle atrophy and reduced

growth (Johnston, 1981; Moon, 1983; Maddock & Burton, 1994). Diet is of particular

interest as the majority used in aquaculture is based upon limited fish meals and a

replacement with protein sources from plant material would be of advantage (Gomez-

Requeni et al., 2004).

1.7.2 Hormones

Growth factors such as growth hormone (GH) and insulin-like growth factor (IGF) have

been implicated in regulating muscle growth (Idler et al., 1989; McCormick et al., 1992).

GH is multifunctional in that it also regulates food intake, energy metabolism,

smoltification, sexual maturation and flatfish metamorphosis (Idler et al., 1989). The

pituitary releases GH, which exerts direct effects by binding to GH receptors on cell

surfaces or indirect effects mediated by IGF, which is secreted from the liver (Argetsinger

& Carter-Su, 1996; Lee & Cohen, 2002; Rajaram et al., 1997). Growth rates have been

enhanced by administration of GH (Fauconneau et al., 1997) and IGF (McCormick et al.,

1992). The past few years have seen the molecular characterisation of the components of

the GH/IGF system in fish; GH (Agellon et al., 1988 [rainbow trout]), GH receptor (Lee et

al., 2001 [goldfish]; Calduch-Giner et al., 2001 [turbot]), IGF (IGF-I, IGF-II) (Shamblott

& Chen, 1992 [rainbow trout]) and IGF-I type receptors (IGF-IR la, IGF-IR lb) (Greene

& Chen, 1999 [rainbow trout]; Gabillard et al., 2003b [rainbow trout]). Recently, several
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quantitative studies have been initiated in salmonids such as; refeeding effects on IGF-I,

IGF-II, IGF receptors (Chauvigne et al., 2003); temperature effects on plasma GH

(Gabillard et al., 2003a), IGF-I, IGF-II and IGF type I receptor (Gabillard et al., 2003b)

and GH regulatory effects on IGF-I (Pierce et al., 2004).

1.7.3 Genetics

Genetic effects such as strain, sex, and triploids have been employed to improve

aquaculture production. Some species exhibit differences within strains, as exemplified in

different growth rates, metabolic efficiency and myotomal fibre number (Greer-Walker et

al., 1972; Johnston & McLay, 1997). Thus, strain selection is of major importance to the

aquaculture industry. Sexual dimorphism is a characteristic that can be manipulated to suit

the industry, as in the generation of only females (bred with 'sex-reversed neomales') to

avoid disadvantageous growth characteristics associated with males of certain species

(Bromage, 1992; Purdom, 1993). The production of sterile triploids have had an impact on

avoiding sexual maturation (where energy is spent on growth instead of on sexual

maturation) (Thorgaard & Gall, 1979; Thorgaard, 1986) and muscle cellularity (fewer but

larger fibres) (Johnston et al., 1999).
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1.8 Aims of the project

The potential of manipulating temperature and photoperiod has been widely used in the

aquaculture industry to reduce rearing time. Recently, the Atlantic salmon genome has

been analysed in an effort to understand the genetic basis of traits of importance in

aquaculture. The fundamental basis for undertaking such a study relies upon screening the

Atlantic salmon genome for specific myogenic and structural genes. Therefore, the focal

point for the molecular part of the project was on isolation and characterisation of a

potential marker of myosin synthesis during growth (MLC2), a potential marker of

myogenic progenitor cells (PaxT) and a marker of myogenic determination (MyoD). The

initial aim was to design RT-PCR assays and construct a cDNA library in order to isolate

and subsequently characterise the genes of interest using in situ hybridisation and

quantitative real-time PCR. An additional aim was to investigate potential gene copies due

to the tetraploid status of the salmonid genome.

The main experimental aim of this thesis was to study the effects of increasing daylight in

late winter/early spring on muscle morphometry and mRNA abundance, to test the

hypothesis that continuous light increases mRNA abundance of key myogenic and

structural genes in an attempt to understand the underlying mechanism.
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Chapter 2.0 General methods

2.1 Nucleic acids

2.1.1 Ribonucleic acid (RNA) isolation

All chemicals throughout the general methods chapter were from Sigma Chemicals (Poole,

UK). General solutions were prepared in autoclaved double-distilled water (MilliQ), while

additionally filtered (Nalgene 0.2 pm nitrate cellulose filters, Fisher Scientific,

Loughborough, UK) for RNA work. Glassware and work surfaces were treated with RNA

Zap (Ambion, Huntingdon, UK) to minimise RNase activity. The TRI REAGENT

protocol (Sigma, 1999), an improved version of a total RNA single-step isolation method

(Chomczynski & Sacchi, 1987), was slightly modified for this study. Total RNA was

extracted from fast muscle (e.g. 50 mg) and homogenised in 1 mL of TRI REAGENT

using 2 mL tubes containing Lysing Matrix D (Q-Biogene, Illkirch Cedex, France) in a

Fastprep (Fpl20, BIO 101 Savant, Q-Biogene, France). The samples were run on speed 4

for 20 s and left at room temperature (Rtemp) for 5 min to dissociate nucleoprotein

complexes. A 200 pL aliquot of chloroform was added to the samples, which were mixed

for 1 min and centrifuged for 15 min at 4°C using a 3K15 centrifuge, (Sigma

laborzentrifugen GmbH, Osterede am Harz, Germany) at 13 200 rpm. The upper RNA

phase was transferred to new 1.5 mL microcentrifuge tubes and 500 pL isopropanol was

added. Samples were inverted, incubated for 10 min at Rtemp and centrifuged at 13 200

rpm for 10 min at 4°C. The resulting pellet was washed in 1 mL of 80% EtOH and

centrifuged at 7 500 x g for 5 min at 4°C. The pellet was air dried for 5 min and dissolved

in 100 pL of RNasefree water (Ambion). TURBO DNA-freeIM (Ambion), which includes

an engineered variant of DNase I (TURBO DNase), was used to eliminate contaminating

DNA in RNA preparations. RNA (<10 pg) was incubated at 37°C (30 min) with 2 U of

TURBO DNase and IX TURBO DNase buffer in a total volume of 50 pL. Resuspended
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DNase Inactivation Reagent (IX) was added to the reaction, incubated at Rtemp for 2 min

(mixed occasionally) and centrifuged (5414D Eppendorf Centrifuge, Eppendorf,

Cambridge, UK) (10 000 x g) at Rtemp for 90 s. Finally, the RNA was transferred to a

fresh tube and stored at -80°C until further use. Unless otherwise stated, all centrifugation

steps at Rtemp were carried out at 13 200 rpm (maximum speed) with a 5415D Eppendorf

centrifuge.

2.1.2 Messenger RNA (mRNA)

PolyA+ mRNA was isolated from total RNA of fast muscle using an Oligotex mRNA kit

(Qiagen, Crawley, UK). Oligo dT30 primer was used for detection, isolation and

purification of nucleic acids with polyA tails. A total volume of 650 pL (-1.5 mg total

RNA) was aliquoted into an RNase free 1.5 mL microcentrifuge tube. Buffer OBB (650

pL) and Oligotex suspension (85 pL) was added to sample and contents were thoroughly

mixed. The sample was incubated for 3 min at 70°C in a heating block (Grant QBT2,

Grant Instruments, Chelmsford, UK) to disrupt RNA secondary structures, then incubated
TO

at Rtemp to allow for hybridisation between the oligo dT and the mRNA polyA tails.

The mRNA:01igotex complex was collected by 2 min centrifugation (max speed). The

pellet was resuspended in Buffer OW2 (600 pL), aliquoted onto a large spin column and

centrifuged at max speed for 60 s. The spin column was transferred to a new centrifuge

tube and hot (70°C) Buffer OEB (25 pL) was applied to column. The buffer was gently

pipetted up and down four times, in order to resuspend the resin, followed by 60 s

centrifugation (max speed) (QIAGEN, 1999).
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2.1.3 Complementary DNA (cDNA): Oligo(dT) primer or random nonamers

Total RNA was reverse transcribed into cDNA with either Oligo(dT) primer

(RETROscript kit. Ambion) or by random nonamers (Reverse Transcription Core Kit,

Eurogentec, Seraing, Belgium) depending on application.

RETROscript. Two pg of total RNA, 2 pL Oligo(dT) and water in a final volume of 12 pL

was prepared for the first-strand synthesis reaction, where secondary structures were

denatured by incubation at 15° for 3 min in a thermal cycler (Techne Progene, Techne,

Cambridge, UK). A final volume of 20 pL was made up with reagents such as, IX RT

buffer, dNTP mix (2 mM), RNase inhibitor (10 U) and MMLV-RT (100 U). PCR cycling

parameters were as follows: 60 min at 44°C and 10 min at 92°C (Techne Progene). cDNA

was stored at -20°C until future use.

Reverse Transcription Core Kit. An amount of 500 ng total RNA (12.15 pL in RNase free

water) was used in the RT reaction, along with the following reagents in a total volume of

30 pL: IX reaction buffer, 5 mM MgCU, 2 mM dNTP, 2.5 pM random nonamers, 0.4

U/pL RNase inhibitor, 1.25 U/pL Euroscript RT (MMLV). PCR cycling parameters were

as follows: 10 min at 25°C, 30 min at 48°C and 5 min at 95°C (GeneAmp PCR system

9700, Applied Biosystems, Oslo, Norway). cDNA was stored at -20°C until further use.

2.1.4 Genomic deoxyribonucleic acid (DNA) isolation

One mL of cell lysis (Appendix 9.1) was added to 250 mg of tissue together with

Proteinase K (100 pg/mL). Samples were incubated at 55°C overnight with constant

shaking (Microbiological Incubator, Gallenkamp, Loughborough, UK) at 200 rpm and
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were treated with RNase A (20 pg/mL) at 37°C for 1 h. An equal volume of

phenol:chloroform:isoamyl alcohol (25:24:1) was added, samples were centrifuged (max

speed) for 10 min and supernatant was removed to a fresh tube. The sample was extracted

with chloroform, centrifuged for 10 min (max speed) and followed by removal of

supernatant to a fresh tube. DNA was precipitated with 95% EtOH (IX volume) and 3 M

NaAc pH 5.2 (1/10 volume). At this stage, DNA was spooled out of the solution and was

transferred to a fresh tube. The DNA was washed with 70% EtOH, air dried and

resuspended in IX TE buffer pH 8.0 (Appendix 9.1).

2.2. DNA amplification

2.2.1 Polymerase Chain Reaction (PCR) and Reverse Transcription-PCR

(RT-PCR)

A buffer system containing DNA polymerase, 10X buffer, primers, MgCh and dNTPs

(dATP, dCTP, dGTP and dTTP) were used for amplification of target sequences. A 20 pL

reaction typically consisted of: 250 pM dNTP, 4 pM MgCh, 0.5 pM forward primer, 0.5

pM reverse primer, IX buffer and 1 U Taq DNA polymerase (Promega, Southampton,

UK). Thermal cycling reactions were performed in 200 pL PCR tubes (Axygen Scientific,

Union City, USA) using a Techne Progene thermal cycler. The PCR parameters were as

follows: 2 min denaturation at 94°C, 35 cycles of 94°C: 30 s, X°C (depending on Tm): 30 s,

72°C: 2 min, and final extension at 72°C for 5 min. The RT-PCR contained cDNA (2.5

pL), IX SuperTaq plus buffer (HT Biotechnology, Cambridge, UK), 500 pM dNTPs, 0.5

pM primer mix (forward and reverse), 2 U SuperTaq plus (HT Biotechnology) and PCR-

grade water (Ambion) in a final volume of 50 pL. The resulting PCR products were

quantified on an agarose gel (q.v. 2.3.1) and purified (q.v. 2.2.2) for gene cloning

experiments (q.v. 2.2.3). PCR cycling parameters were as above.
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2.2.2 Gel extraction andpurification

The commercial kit employed for gel extraction (QIAquick Gel Extraction Kit, Qiagen)

was based upon spin-column (silica-gel membrane) technology, where silica will bind

DNA in presence of high salt concentrations (Vogelstein & Gillespie, 1979). The PCR

products were excised from the agarose gel, and 3X volume of Buffer QG were added to

the sample. The sample was incubated at 50°C in a heating block (Grant QBT2) for 10

min, then added to a QIAquick column and centrifuged (max speed) for 60 s. The solution

was washed with Buffer PE (750 pL) at max speed for 60 s and the supernatant discarded.

The sample was centrifuged (max speed) for 60 s to remove additional EtOH, then the

column was placed in a fresh centrifuge tube and 30 pL of sterile water was added if low

yields were expected. The sample was incubated for 60 s at Rtemp followed by

centrifugation for 60 s. The gel purified PCR products were quantitated on an agarose gel

(q.v. 2.3.1) and was employed for further studies, such as gene cloning (q.v. 2.2.3) and

isotopic screening procedures (q.v. 2.6.19) (QIAGEN, 2002).

2.2.3. Gene cloning

Gene cloning involved ligation of a DNA fragment into a cloning vector and

transformation into Escherichia coli1 (E. coli) host cells. The vector replicates

independently of the bacterial chromosomal DNA resulting in a large number of cells

carrying a recombinant molecule. The TOPO TA cloning kit (Invitrogen, Paisley, UK)

was employed as a strategy to clone PCR products with a 3'-adenine overhang (added by

Taq DNA polymerase), as the vector (pCR 4-TOPO) contains a complementary 3'-

TOP10 strain genotype: F" mcrk A (mrr-hsc/RMS-mcrBC) O80/acZAM 15 klacXIA reck I araD 139
k{aralen)l697 galU galK rpsL (StrR) endk\ mipG
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thymidine overhang. The cloning reaction utilised 10 ng of PCR product (max 4 pL),

sterile water, 1 pL salt solution and 1 pL of pCR 4-TOPO vector in a final volume of 6 pL.

The reaction was mixed gently and incubated for 5 min at Rtemp (ligation step). Two pL

of cloning reaction was added to vial of thawed chemically competent cells (One

Shot®TOP10), mixed gently and incubated on ice for 5 min. Cells were heat-shocked for

30 s at 42°C in a heating block (Grant QBT2) (transformation step). SOC medium (250

pL) was added to cells, which were incubated for 1 h at 37°C in a shaking (200 rpm)

incubator (Microbiological Incubator). Two aliquots (50 pL and 200 pL) were plated out

onto LB agar plates (Appendix 9.2) containing appropriate antibiotics (ampicillin 50

pg/mL). The plates were inverted and incubated at 37°C overnight. Single colonies were

selected for colony-PCR to verify presence and insert size by gel electrophoresis (q.v.

2.3.1). Positively identified clones were cultured in 5 mL LB broth with appropriate

antibiotic (ampicillin 50 pg/mL) and incubated overnight (12-18 h) at 37°C (Invitrogen,

2003).

2.2.4 Plasmid mini-preparation: manual and kit-based

Depending on time constraints, one of two versions of plasmid preparation was performed.

The manual method was according to Sambrook et al., (1989), while the commercial kit

used was the QIAprep Spin Miniprep Kit (Qiagen). The commercial procedure relied on a

modified alkaline lysis method (Birnboim & Doly, 1979) and spin-column (silica-gel

membrane) technology (Vogelstein & Gillespie, 1979).

Manual method. Glycerol stocks were prepared from 850 pL LB broth and 150 pL sterile

glycerol (100%) and were kept at -80°C for future use. The mini-preparation procedure
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was used in order to isolate plasmid DNA from 5 mL bacterial overnight cultures.

Initially, cultures were centrifuged (3K15 centrifuge) (3 000 rpm) for 15 min at 4°C. The

supernatant was discarded and the concentrated cells were resuspended in 100 pL of ice

cold Solution I (Appendix 9.3). Two hundred pL of Solution II (Appendix 9.3) was added,

15 mL tubes (2059 Falcon, BD Biosciences, Oxford, UK) were gently inverted to make

sure bacteria were mixed and samples were incubated on ice until translucent. A 150 pL

aliquot of ice cold Solution III (Appendix 9.3) was added and samples were mixed

immediately, followed by incubation on ice for 5 min. Samples were centrifuged (max

speed) for 10 min and supernatant transferred to new 1.5 mL centrifuge tubes. One mL of

cold isopropanol (100%) was added and mixed by inversion. The samples were

centrifuged (max speed) for 10 min, the resulting pellet was washed in 70% EtOH and air

dried for 5 min. The pellet was resuspended in 50 pL of IX TE (including 10 pg/mL of

RNase A) solution and incubated at 37°C in a heating block (Grant QBT2) for ~20 min.

Plasmid DNA was quantified by gel electrophoresis (q.v.2.3.1) and by spectrophotometric

techniques (q.v.2.3.2).

QIAprep Spin Miniprep Kit. The mini-preparation procedure was used to isolate plasmid

DNA from 5 mL bacterial overnight cultures. Initially, cultures were centrifuged (3K15

centrifuge) (3 000 rpm) for 15 min at 4°C. The supernatant was discarded, then the

resulting pellet was dissolved in Buffer PI (250 pL) and transferred to a 1.5 mL centrifuge

tube. Buffer P2 (250 pL) was added to the solution, which was gently inverted six times

and followed by addition of Buffer N3 (350 pL). Samples were immediately inverted at

least six times, centrifuged (max speed) for 10 minutes and supernatant transferred to fresh

1.5 mL tubes. Buffer PE (750 pL) was added, then the sample was centrifuged (max

speed) for 60 s to wash the DNA and supernatant was discarded. The sample was
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centrifuged (max speed) for 60 s to remove additional ethanol, then the column was placed

in a fresh centrifuge tube and 50 pL of sterile water was added. The sample was incubated

for 60 s at Rtemp followed by centrifugation for 60s. The plasmid DNA was quantitated

(q.v. 2.3.2) and employed for further studies, such as in situ hybridisation (2.5.1) and DNA

sequencing (q.v. 2.2.5) (QIAGEN, 2001).

2.2.5 DNA sequencing

The nucleotide sequences of the cloned DNA inserts were determined by sequencing on

both strands. DNA sequencing was performed by the Sequencing Service (School of Life

Sciences, University of Dundee, Scotland) using Applied Biosystems Big-Dye ver 3.1

chemistry on an Applied Biosystems model 3730 automated capillary DNA sequencer.

Sequencing was performed with universal primers (T7 and T3) present in the vector

sequence and verified with sequence specific primers. For each clone, 300 ng plasmid

DNA and 3.2 picomoles of primer in 16 pL of H2O were sent for automated cycle

sequencing. Results were returned in the form of an electropherogram and a sequence file.

2.2.6 Primer design

Degenerate primers were designed from a multiple alignment (q.v. 2.7.5) of cDNA

sequences obtained from National Center for Biotechnology Information

(http://www.ncbi.nlm.nih.gov). The most conserved regions of the sequences were used

for primer design and an IUB (degenerate bases) code2 was employed for regions that

showed nucleotide differences. In all cases, primers were designed 'by eye' following

certain guidelines: (i) primers were between 18-30 bases in length, (ii) identical GC

2 M= A or C; R= A or G; W= A or T; S= C or G; Y= C or T; K= G or T; V= A, C or G; H= A, C or T; D=
A, G or T; B= C, G or T; N= A, C, G or T.
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content per primer pair (>50%), (iii) one guanine (G) or cytosine (C) was present at the

3'end to facilitate initiation of polymerisation, (iv) multiple stretches of G/C were omitted

to avoid mispriming. Primers were assessed for secondary formation such as hairpins

(3'end base pairs with itself) and primer-dimers (internal complementarity) (McPherson &

Moller, 2000) using PrimerSelect™ (DNASTAR) and ordered lyophilised from MWG

Biotech, Ebersberg bei Miinchen, Germany.

2.3 Quantitation

2.3.1 Electrophoretic techniques

Integrity of DNA and RNA preparations was verified by gel electrophoresis, where DNA

(~1 pg) or RNA (~2 pg) was applied to 1 pL gel loading buffer number III (Appendix 9.4)

and size fractioned through an agarose gel. Agarose gels were prepared by dissolving 1%

agarose in IX TAE buffer or IX TBE buffer (Appendix 9.1) with EtBr (10 pg/mL) added

when agarose solution had cooled down to approximately 50°C. EtBr binds to nucleic

acids and fluoresces under UV light. The molten agarose was set in a gel-tray with a comb

to create wells and submerged in running buffer (IX TAE or IX TBE) prior to loading of

samples. Samples were run at 10 V/cm for 45 min or until loading dye migrated a

sufficient distance. A molecular marker (1 kb DNA ladder, Promega) was run with

samples to determine the size of bands visualized on the gel. To quantify DNA, pGEM

3Zf (+) (Promega) standards (200 ng, 100 ng, 50 ng, 25 ng) were run on the same gel. The

results were visualised under ultraviolet light and images captured with a Versadoc 3000

(Bio-Rad Laboratories Ltd., Hemel Hempstead, UK).
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2.3.2 Spectrophotometry techniques

For quantitation of the amount of DNA or RNA in a sample, spectrophotometric (UV-1601

spectrophotometer, Shimadzu-Deutschland GmbFI, Duisburg, Germany) readings were

taken at 260 nm and 280 nm. The OD reading at 260 nm allows for calculation of the

concentration of nucleic acid in the sample, while the 280 nm measurement permits the

ratio of the absorbance (260/280) to be used as an indication of purity of nucleic acids.

The purity of DNA preparations are in the range of 1.8 - 2.0, where values lower then 1.8

indicate presence of either phenol or protein contamination. Pure RNA samples should

have a ratio of >1.7. Concentration (C) for quantification of nucleic acids (RNA £=40;

DNA £=50) follows the Beer Lamber Rule: C = s x OD x dilution.

2.4 Rapid amplification of cDNA ends (RACE)

2.4.1 Template

The SMART™ RACE cDNA amplification kit (BD Biosciences, Palo Alto, USA) was

employed to extend the 5'UTR region of Pax7 using polyA+ mRNA. The cDNA was

synthesised with a SMART II A oligo, a modified lock-docking oligo(dT) primer (5'-

CDS), and Powerscript™ RT-MMLV. The Powerscript™ adds dC residues at the end of

the mRNA template, which serves as a platform for the SMART II A oligo to anneal to. A

Gene-Specific-Primer (GSP) and a Nested-Gene-Specific-Primer (NGSP) were designed

from the Pax7 Atlantic salmon sequence. The primers were designed to contain 28

nucleotides, 50-70% GC content and Tm was >70°C.
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2.4.2 First-strand synthesis

The first-strand cDNA synthesis reaction contained 500 ng mRNA, 500 nM 5'-CDS

primer, 500 nM SMART II A oligo and sterile water in a final volume of 5 pL. The

reaction was incubated at 70°C (Techne Progene thermal cycler, Techne) for 2 min and

then cooled on ice for 2 min. Following reagents were added in a final volume of 10 pL:

IX first-strand buffer, 500 pM DTT, 4 mM dNTP mix and Powerscript1M RT (1 pL). The

reaction was incubated at 42°C for 1.5 h (Grant QBT2, Grant Instruments), diluted in 125

pL Tricine-EDTA buffer and heated at 72°C (Techne Progene thermal cycler, Techne) for

7 min.

2.4.3 Primary and Secondary PCR

The primary PCR reaction (50 pL final volume) contained the following reagents: PCR-

grade water, IX Advantage 2 PCR buffer, 500 nM dNTP mix, 2.5X Advantage 2

Polymerase Mix, 2.5 pL cDNA, IX UPM and 500 nM GSP1. Thermal cycling reactions

were performed in 200 pL PCR tubes (Axygen Scientific) using a Techne Progene thermal

cycler (Techne). Cycling conditions for both primary and secondary PCR were as follows:

5 cycles of 94°C for 30 s and 72°C for 3 min, 5 cycles of 94°C for 30 s, 70°C for 30 s and

72°C for 3 min, followed by 20 cycles of 94°C for 30 s, 68°C for 30 s and 72°C for 3 min.

The primary PCR products were diluted 1:50 in Tricine-EDTA prior to the secondary PCR

amplification. The secondary nested PCR reaction (50 pL final volume) contained the

following reagents: PCR-grade water, IX Advantage 2 PCR buffer, 500 nM dNTP mix,

2.5X Advantage 2 Polymerase Mix, 2.5 pL diluted primary PCR product, IX UPM and

500 nM NGSP1 (BD Biosciences, 2001). The resulting PCR product was quantified on an

agarose gel (q.v. 2.3.1) and purified for gene cloning experiments (q.v. 2.2.2).
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2.5 Gene Expression Studies

2.5.1 In situ hybridisation (ISH)

In situ hybridisation is a technique combining histochemical and molecular biological

techniques. ISH involves hybridisation between a nucleotide probe, labelled isotopically

or non-isotopically, and complementary DNA or RNA sequences. Detection of hybrids is

performed by autoradiographic emulsion (isotopes) or by histochemical development (non-

isotopes). ISH will preserve cell integrity and localise gene expression in situ (Jin &

Lloyd, 1997). cRNA probes were prepared by employing cDNA as template for

transcription in vitro. The sensitivity of cRNA probes is high, allowing detection of even

lowly expressed genes, while the main disadvantage is the rapid degradation of labelled

probes (Jin & Lloyd, 1997). The DIG RNA labelling kit (Roche Diagnostics, Mannheim,

Germany) incorporates DIG-11-UTP residues every 20-25 nucleotides. An antibody

conjugate was bound to the hybridised probes and was detected by colometric substrates

(Roche Diagnostics, 1995).

2.5.1.1 Linearisation ofvector and insert

cDNA fragments subcloned in pCR 4-TOPO vector are flanked by T7 and T3 priming

sites, thus establishing a platform for sense-strand (negative control) or antisense-strand

synthesising. Restriction analysis was performed in a final volume of 40 pL: 1 pg cDNA,

4 pL 10X Restriction Enzyme buffer, 4 pL 1:10 Acetylated BSA and 1 pL Restriction

Enzyme. Antisense and sense probes were linearised with appropriate restriction enzymes

(,Spe I or Not I, Promega) depending on direction. The reaction was incubated at 37°C in a

heating block (Thermomixer comfort, Eppendorf) for 2 h, a volume of 360 pL IX TE (pH

8), 400 pL phenol/chloroform was added and mixed for 60 s. The sample was centrifuged

at Rtemp for 5 min, supernatant was gently transferred to new tube and 400 pL chloroform
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added. The sample was mixed for 60 s and centrifuged (max speed) at Rtemp for 5 min,

while supernatant was gently transferred to a new tube and precipitated overnight with

1/10 volume of 3 M NaAc (pH 5.2) and 2.5X volume of 100% EtOH at -20°C. The

sample was centrifuged (5415R Eppendorf) for 30 min (max speed) at 4°C, supernatant

was removed, 170 pL 70% EtOH added and sample was centrifuged (max speed) for 10

min at 4°C. The supernatant was discarded, 100% EtOH (180 pL) was added and sample

was centrifuged for 10 min at 4°C. The pellet was air dried for 5 min and resuspended in

20 pL nuclease free water (Ambion).

2.5.1.2 cRNA probe synthesis

The cRNA probe synthesis was carried out with a DIG RNA labelling kit (Roche

Diagnostics). In a total volume of 20 pL following reagents were added: 1 pg cDNA,

nuclease free water (Ambion), 2 pL 10X NTP labelling mixture (vial 7), 2 pL 10X

transcription buffer (vial 8), 1 pL RNase inhibitor (vial 10 cone) and 2 pL RNA

polymerase (T7 or T3). The reaction was gently mixed, briefly centrifuged and incubated

for 2 h at 37°C (Thermomixer comfort, Eppendorf). To remove contaminating DNA, 2 pL

DNase I (vial 9 cone) was added to sample and incubated for 15 min at 37°C. To stop the

reaction, 2 pL of 0.2 M EDTA (pH 8) was added and precipitated overnight with 2.5 pL 4

M LiCl and 75 pL chilled 100% EtOH at -20°C. The sample was centrifuged at 4°C

(5415R Eppendorl) for 15 min, washed with 50 pL cold 70% EtOH and centrifuged for 10

min at 4°C. The pellet was air dried for 10 min and resuspended in 49 pL DEPC water

(Ambion) together with 1 pL RNase inhibitor (vial 10). The concentration was measured

(q.v. 2.3.2) and the probe was aliquoted into several 1.5 mL tubes for storage at -80°C.
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2.5.1.3 Control ofDIG-incorporation

Graded dilutions (1:10, 1:100, and 1:1000) were prepared of experimental cRNA probes

and of a control DIG-labelled cRNA probe (kit provided). One pL of each dilution was

pipetted onto a Hybond-N+ blot (Amersham Biosciences, Chalfont St. Giles, UK) where

the left hand corner was cut for orientation. The blot was air dried for 10 min and RNA

cross-linked by a UV stratalinker (Stratagene, Amsterdam, Netherlands). From this point

onwards until development in the dark, all procedures were carried out with gentle shaking

(NS2 Minishaker, IKA Works, Wilmington, USA). The blot was washed in Buffer I

(Appendix 9.5) for 60 s and subsequently washed in Buffer II (Appendix 9.5) for 30 min.

The blot was incubated for 30 min in 5 mL Buffer II and Anti-DIG-AP (1:5000 dilution in

Buffer II) and washed in Buffer I twice for 15 min, followed by calibration in Buffer III

(Appendix 9.5) for 2 min. The blot was incubated with 10 mL Buffer III, 45 pL NBT and

35 pL BCIP in the dark for > 5 min. The reaction was stopped with IX TE (pH 8) and the

blot was dried between Whatman 3MM filter paper (Whatman, Brentford, Middlesex,

UK). The spot intensities of the experimental and the control dilutions were compared, in

order to estimate the concentration of the experimental probe.

2.5.1.4 Preparation ofcryosections

Tissue samples were fixed under RNase free conditions in freshly prepared 4% (w/v)

paraformaldehyde (pH 7.5) for 8 h. The samples were rinsed twice for 2 h in IX PBS, then

immersed in 25% Sucrose in IX PBS and left at 8°C overnight. Fixed tissue was

embedded in Cryomatrix embedding resin (ThermoShandon, Pittsburgh, USA) and quickly

frozen in liquid nitrogen. Cryosections were cut at 20-pm thickness (Leica CM 1850,

Leica Microsystems, Milton Keynes, UK), thaw-mounted on Superfrost plus microscope
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slides (Kebo Lab A/S, Oslo, Norway) air dried for 5 min at 50°C and stored at -80°C until

further use.

2.5.1.5 Hybridisation

Localisation of transcripts by in situ hybridisation was performed using a method modified

by Weltzien et al., (2003). All steps were performed at Rtemp and in RNasefree glass

cuvettes unless otherwise stated. Sections were air dried for 40 min and rehydrated twice

foi 5 mill in IX PBS. Sections weie post-fixed (2 miii) in 4% (w/v) paiafoiinaldehyde in

PBS followed by a 5 min wash in IX PBS. The permeabilisation step involved a 5 min

wash in 50 mM Tris-HCl (pH 7.5), 10 min in 500 pL Proteinase K [5 pg/mL in 50 mM

Tris-HCl (pH 7.5)] (step performed in chamber) and 5 min wash in 50 mM Tris-HCl (pH

7.5). Post-fixation followed, as described above. The sections were incubated for 10 min

in 0.1 M TEA, 10 min in 0.25% AcAh (in 0.1 M TEA) which was followed by three

washes (5 min each) in IX PBS. Sections were circumscribed with an ImmEdgeIM pen

(Vectoi Labs, CA, USA) and 250 pL hybridisation buffer (Appendix 9.6) was added to

each microscope slide (step performed in moisture chamber with Whatman 3MM filter

paper soaked in 5X SSC) and incubated at 65°C for 2 h (Termaks Incubator, Termaks,

Bergen, Norway). The probe (1 pg/mL hybridisation buffer) was denatured at 80°C for 5

min and 500 pL was added to each microscope slide. The moisture chamber was sealed

with autoclave tape and incubated at 65°C overnight (Termaks Incubator). Sections were

washed with 5X SSC for 30 min, then washed in 30% fonnamide (in 5X SSC) at 65°C for

15 min and followed by two washes of 15 min each in 0.2X SSC at 65°C. The glass

cuvette was allowed to cool to Rtemp and then sections were washed in 0.2X SSC. The

RNase treatment step involved a wash in RNase buffer (Appendix 9.5) for 5 min at 37°C,

30 min incubation (Termaks Incubator) at 37°C with 300 pL RNase A (20 pg/mL) per
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microscope slide, followed by a 5 min wash in RNase buffer at 37°C and two washes in

0.2X SSC (Rtemp) for 30 min.

2.5.1.6 Immuno-detection and visualisation ofDIG-AP

Sections were incubated for 5 min in Buffer I, 1 h in Buffer II and finally incubated

overnight in sheep anti-DIG (1:2000 dilution in Buffer II) at 4°C. Sections were rinsed

three times for 5 min in Buffer I, incubated for 5 min in Buffer III and were incubated in

Buffer IV (Appendix 9.5) for 1-6 h in the dark. The reaction was stopped in TEN buffer

(Appendix 9.5), cover slips were mounted with glycerokTEN buffer (50:50) and sections

were sealed with nail varnish. Photographs were taken with a frame capture colour video

camera (Sony Power HAD 3CCD, Sony Corporation, Japan) connected to a light

microscope (Leica DMRBE, Wild MPS52, Milton Keynes, UK) utilising an image-

analysis system (Image-Pro Plus Version 4.5.0.19, Media Cybernetics Inc., Silver Spring,

USA).

2.5.2 Quantitative real-time Polymerase Chain Reaction (qrt-PCR)

Quantitative PCR assays (TaqMan chemistry) were included in the study to determine

potential differences in gene expression under different experimental conditions (natural

versus continuous light). The assays were designed using the Primer Express software

(version 1.6; Applied Biosystems, Foster City, USA) guidelines, such as melting

temperature at 68°C - 70°C: 58°C - 60°C (probe:primers), GC content between 30-80%

(probe and primers), avoid Gs on the 5'end (probe) selecting the C-rich strand (probe).

The recommended amplicon size was 50-150 bp and at least one primer and/or probe was

designed to cross an exon-exon junction. There are three phases of a PCR reaction:

exponential, linear and plateau. During the exponential phase, PCR product is doubling at
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every cycle making the reaction specific and precise. The reaction is slowing down during

the linear phase, due to consumption of PCR reagents, while in the final plateau phase no

further amplicons are amplified. Given the choices in phases of PCR cycling, the

exponential phase will be the optimal point for data analysis in qrt-PCR. TaqMan probes

contain a reporter dye at the 5' end and a quencher at the 3' end. Enzymes included in the

master mix will break the probe, which initiates the fluorescent emissions (signals) of the

reporter dye. The sequence detection instrument will capture the signal and display it as an

amplification plot containing a threshold line, where the fluorescence rises above

background. The experimental samples will cross the threshold at a point that is known as

the 'Cycle Threshold' (CT) (Applied Biosystems, 0).

2.5.2.1 Relative Quantification ofgene expression by the Comparative Cj Method

To compensate for potential PCR inhibitors and also for differences in quality and quantity

of RNA in the cDNA synthesis normalisation against a housekeeping gene, such as

translation elongation factor la (eEFla) was performed. The validity of the Comparative

Ct Method relied on the amplification efficiency of reference and target being

approximately equal. The validation experiment was based on a RNA dilution series (1000

ng, 500 ng, 250 ng 125 ng) and its corresponding ACt values of reference and target genes

was used to estimate amplification efficiency: (i) eEFla vs Pax7, (ii) eEFla vs MLC2

(Applied Biosystems, 1997). The normalised target value was obtained by dividing target

gene Cj value with the endogenous control Ct value. It is essential that the slope of the

curve is <0.1 for the amplification efficiency to be considered valid. The Comparative CT

Method, based upon the AACj equation, was used to quantify relative muscle mRNA

abundance. The initial time-point (week -2) was chosen as calibrator. The AACj equation
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relies upon the normalised ACj mean values being divided by the normalised calibrator

ACj mean value to generate mRNA abundance (Applied Biosystems, 1997).

2.5.2.2 qrt-PCR setup

The translation elongation factor la (eEFla), myosin light chain 2 (MLC2) and paired box

7 (PaxT) were chosen as target genes. Primers of different final concentrations (900 nM,

450 nM, 225 nM) were assessed in an optimisation assay with the following cycling

parameters: 10 min denaturation at 95°C, 40 cycles of 95°C: 15 s, 60°C: 1 min, and final

extension at 72°C for 10 min (GeneAmp PCR system 9700, Applied Biosystems). In

addition, probes of different final concentrations (1200 nM, 800 nM, 400 nM) were

• • • • • • ®assessed in an optimisation assay using PCR cyling parameters as above (ABI PRISM

7700 Sequence Detection System, Applied Biosystems). TaqMan PCR assays were

performed on cDNA, corresponding to 500 ng total RNA, in MicroAmp® Optical 96-well

plates (Applied Biosystems). The 25 pL PCR reactions contained following reagents: 5 pL

cDNA (diluted 1:5), 12.5 pL TaqMan Universal PCR Master Mix (AmpliTaq Gold DNA

Polymerase, Applied Biosystems), forward primer (450 nM), reverse primer (450 nM), 400

nM probe, PCR-grade water (Ambion). Each 96-well plate was loaded with unknown

experimental samples, reference cDNA and NTC (non-template control) in triplicates and

sealed with a thin plastic film (Applied Biosystems). Reference cDNA (fast muscle)

amplifying eELla and MLC2 was included in every run to adjust threshold cycles between

plates.

2.6 Construction and Screening of a cDNA library

The cDNA library consists of clones with different sized inserts that represent mRNA

expressed in fast skeletal muscle at the time of sampling. The cDNA library was
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constructed using a ZAP-cDNA8 Synthesis kit (Stratagene), which employed a hybrid

oligo(dT) linker-primer to prime with mRNA in the first strand synthesis. Reverse

transcription utilised StrataScriptrM (MMLV) RT and 5-methyl dCTP. Hemimethylation

of the cDNA was achieved during first strand synthesis through incorporation of 5-methyl

dCTP, which protected cDNA from digestion with Xho I (Stratagene, 2001).

2.6.1 First strand synthesis ofcDNA

Total RNA and mRNA were isolated as described previously (q.v. 2.1.1, q.v. 2.1.2). The

following components were added, in order, to an RNase free microcentrifuge tube in a

final volume of 50 pL: 5 pL 10X first-strand buffer, 3 pL first-strand methyl nucleotide

mixture, 2 pL linker-primer (1.4 pg/pL), DEPC-treated water, 1 pL RNase Block

Ribonuclease Inhibitor (40 U/pL). The reaction components were mixed well and 5 pg of

polyA+ mRNA was added. The reaction was incubated for 10 min at Rtemp to allow for

annealing between primers and template. A volume of 1.5 pL of StrataScript RT (50

U/pL) was added to the first-strand synthesis reaction that was gently mixed and briefly

centrifuged. At this point, 5 pL of first-strand reaction was transferred to a tube containing
IT

0.5 pL of [a- PJdNTP (800 Ci/mmol), which constitutes the first-strand synthesis control

reaction. Both first-strand synthesis reactions were incubated at 42°C for 1 h in a BT1

heating block (Grant Instruments). The non-isotopical reaction was removed onto ice,

while the isotopical reaction was stored at -20°C in a designated freezer until

electrophoresis on an alkaline agarose gel (q.v. 2.6.4).

2.6.2 Synthesizing second strand cDNA

Following components were added to the non-isotopical first-strand reaction: 20 pL 10X

second-strand buffer, 6 pL second strand dNTP mixture, 114 pL sterile distilled water, 2
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pL [a-32P]dNTP (800 Ci/mmol), 2 pL RNase H (1.5 U/pL) and 11 pL DNA polymerase I

(9 U/pL). The sample was gently vortexed. briefly centrifuged, incubated at 16°C for 2.5 h

(Waterbath, Status Northern Media Supply) and immediately placed on ice. In order to

avoid potential formation of hairpin structures the temperature of the reagents were kept at

16°C, as hairpin structures interferes with the insertion efficiency of cDNA into vector.

2.6.3 Blunting the cDNA termini

Prior to insertion of cDNA into the AZAP Vector certain modification of the double

stranded cDNA was performed. The uneven 5' termini of the cDNA were filled in with

cloned Pfu polymerase, which introduces blunt ends to the cDNA. The following amount

was added to the second-strand synthesis reaction: 23 pL blunting dNTP mix and 2 pL

cloned Pfu DNA polymerase (2.5 U/pL). The sample was quickly mixed, briefly

centrifuged and incubated at 72°C for 30 min (BT1 Grant heating block). A volume of 200

pL of 1:1 (v/v) phenol-chloroform was added to the reaction, mixed and centrifuged (max

speed) for 2 min at Rtemp. The upper aqueous layer, containing cDNA, was transferred to

a new tube and an equal volume of chloroform was added. The mixture was vortexed and

centrifuged (max speed) for 2 min at Rtemp. The upper aqueous layer, containing cDNA,

was transferred to a new tube and was precipitated by adding 20 pL 3 M NaAc and 400 pL

100% EtOH. The sample was briefly mixed and incubated overnight at -20°C. The

sample was centrifuged for 1 h at 4°C and the resulting pellet was washed in 70% EtOH.

The pellet was air dried for 5 min, resuspended in 9 pL of EcoR I adapters and placed on

ice for 30 min to ensure full resuspension. The cDNA was transferred to a new

microcentrifuge tube, while the empty tube was checked with a Geiger counter for

presence of unresuspended radioactive cDNA. An aliquot (1 pL) of the second-strand

synthesis reaction was transferred to a separate tube. This will constitute the second-strand
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synthesis control reaction and will be run along the first-strand synthesis control reaction

on an alkaline agarose gel (q.v. 2.6.4).

2.6.4 Alkaline agarose gel electrophoresis

The purpose of running first and second strand controls through a denaturing gel, such as

an alkaline agarose gel, was to identify secondary structures (for example hair pinning) and

to display size range differences. The 5 pL first-strand synthesis reaction and 1 pL second-

strand reaction was mixed with an equal volume of the Alkaline agarose 2X loading buffer

(Appendix 9.4). The samples were run on a 1% alkaline gel in IX alkaline buffer

(Appendix 9.4) at 100 milliampere until the bromophenol blue loading dye had migrated

two thirds of the gel. The gel (sealed in plastic) was exposed to Kodak Biomax MS film

(Amersham Biosciences) and developed using a Fuji (RGII) X-ray film processor.

2.6.5 Ligating the EcoRI adapters

In this step, the .EcoR I adapters became ligated to the blunt ends of the cDNA. Following

components were added to the second-strand synthesis sample: 1 pL 1 OX ligase buffer, 1

pL 10 mM rATP and 1 uL T4 DNA ligase (4 U/pL). The ligation reaction was briefly

centrifuged and incubated at 4°C for 3 days. The T4 DNA ligase was heat-inactivated at

70°C (BT1 Grant heating block) for 30 min.

2.6.6 Phosphorylation of the cDNA ends

The reaction was briefly centrifuged and allowed to cool to Rtemp. The adapter ends were

phosphorylated by adding the following components to the reaction: 1 pL 10X ligase

buffer, 2 pL 10 mM rATP. 6 pL sterile water and 1 pL T4 polynucleotide kinase (10

49



U/jJ-L). The reaction was incubated at 37°C for 30 min (SS40-1 Grant Waterbath). The

kinase for was heat-inactivated for 30 min at 70°C (BT1 Grant heating block), then briefly

centrifuged and left to equilibrate to Rtemp for 5 min.

2.6.7 Digestion with Xho I

Digestion with Xho I was performed to release the cDNA from EcoR I adapters and the

residual linker-primer attached to its 3'end. A volume of 28 pL Xho I buffer supplement

and 3 pL Xho I (40 U/pL) was added to the reaction and subsequently incubated for 1.5 h

at 37°C (SS40-1 Grant Waterbath). To remove protein, 5 pL STE buffer and 125 pL 100%

EtOH was added to the reaction and precipitated overnight at -20°C. The sample was

centrifuged for 1 h at 4°C (5415R Eppendorf) and the resulting pellet was air dried and

resuspended in 14 pL of IX STE buffer. A volume of 3.5 pL of column loading dye was

added to the sample.

2.6.8 Size fractionation

Size fractionation was made through a drip column (1 mL graduated pipet), which used

Sepharose CL-2B as gel filtration medium. Ten fractions, three drops per fraction, were

collected in sterile 1.5 mL microcentrifuge tubes. The collection started as soon as the

'leading edge of the dye' had reached the -0.4 mL graduation and continued until the

'trailing edge of the dye' had reached the 0.3 mL graduation (Stratagene, 2001). In order

to assess the size fractionation and to determine which fractions to employ for ligation 8

pL was removed from each fraction to be analysed on a 5% nondenaturing acrylamide gel.

To remove possible protein contamination, the fractions were extracted by adding an equal

volume of 1:1 (v/v) phenol-chloroform. The sample was mixed and centrifuged at

maximum speed for 2 min. The resulting upper aqueous layer was transferred to a fresh
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tube and an equal volume of chloroform was added. The sample was mixed and

centrifuged at max speed for 2 min. The upper layer was transferred to a fresh tube, twice

the volume of ethanol was added and the sample was precipitated overnight at -20°C. The

sample was centrifuged for 1 h at 4°C and the resulting pellet was washed in 200 pL of

80% EtOH and air dried for 10 min. The pellet was dissolved in one of two different

volumes depending on counts per second (cps): 3.5 pL (<30 cps) or 5 pL (>30 cps).

2.6.9 Nondenaturing acrylamide gel electrophoresis

Deionised acrylamide gel was prepared by pouring gel into a vacuum flask stirred together

with Amberlite monobed mixed resins for 5 min. The acrylamide was then separated from

the Amberlite by filtration and vacuum. Finally, the acrylamide was de-gassed under

vacuum for several minutes until removal of air bubbles. TEMED (25 pL) and 10%

ammonium persulphate (250 pL) was added to gel prior to casting. The 8 pL fractions

were run at 200 V for 30 min together with a 1 kb ladder (Promega) mixed with 0.5 pL of

EtBr (10 mg/mL). The gel was dried (583 Gel Drying System, Bio-Rad) for 40 min at

80°C, exposed to Kodak Biomax MS film (Amersham Biosciences) and developed using a

Fuji (RGII) X-ray film processor.

2.6.10 Ethidium Bromide Plate Assay

Molten 0.8% (w/v) agarose (in IX TAE buffer) and 10 pL EtBr (10 pg/mL) were mixed

and poured into petri dishes. These petri dishes were employed for quantitation of cDNA

along with pGEM 3Zf (+) standards (200 ng, 100 ng, 50 ng, 25 ng) (Promega). One pL of

each dilution was spotted onto the surface of the agarose, together with 1 pL of each

experimental cDNA. The spots were allowed to absorb into the agarose for 15 min at

Rtemp and visualised under UV light.
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2.6.11 Ligation into AZAP

Two experimental sample ligations (#1 and #2) were prepared with the following

components: #1) 90 ng cDNA (fractions 2, 3, 4), 0.5 pL 10X ligase buffer. 0.5 pL 10 mM

rATP, 1 pL Uni-ZAP XR vector, 0.5 pL T4 ligase; #2) 75 ng cDNA (fractions 5, 6), 0.5 pL

10X ligase buffer, 0.5 pL 10 mM rATP, 1 pL Uni-ZAP XR vector, 0.5 pL T4 ligase. At

this point, a control reaction (0.4 pg test insert) was included and all reactions were

incubated at 4°C for two days.

2.6.12 Host strains: XL1-Blue MRF'

XLl-Blue MRF' is a recA" E. coli strain [Genotype: A(mcrA)183 A(mcrCB-hsdSMR-

mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac F' proAB laclqZAM15 Tn10 (Tet1)]

which contains several important characteristics relevant when working with the Uni-ZAP

vector: (i) Presence of the F' episome is needed for the [3-galactosidase-based

nonrecombinant selection strategy, (ii) the F" episome is necessary for phage infection.
t

2.6.13 Ilost strains: SOLR

SOLR is an E. coli strain [Genotype: el4"(McrA") A(mcrCB-hsdSMR-mrr) 171 sbcC recB

recJ uvrC umuC::Tn5 (Kan1) lac gyrA96 relAl thi-1 endAl AR [F' proAB laclqZAMl5] Su

(nonsuppressing)] used for efficient excision of the pBluescript phagemid from X ZAP

vectors due to its nonsuppressing capabilities. Helper phages have an amber mutation,

hence cannot replicate in the SOLR strain.
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2.6.14 Preparing host bacteria

Cells stored at -80°C were reactivated by scraping off splinters of frozen glycerol stocks

onto LB agar plates. E. coli XL1 Blue MRF' and E. coli SOLR were restreaked onto the

appropriate LB plates (Table 2.1) and incubated overnight at 37°C in a Gallenkamp

Economy Incubator. A single colony of either strain was inoculated into 50 mL LB

supplemented with 0.2% maltose and 10 mM MgS04 and incubated overnight (G24

Environmental Incubator Shaker, New Brunswick Scientific, USA) (30°C), shaking at 200

rpm. The cells were centrifuged at 500 x g for 10 min and gently resuspended in half the

original volume with 10 mM MgS04 and further diluted to 0.5 (OD600) with sterile 10 mM

MgS04.

2.6.15 Packaging

The X library was packaged in Gigapack III Gold Packaging extracts to increase the

representation, quality and efficiency of the library. Packaging extracts contains high

concentrations of X phage structures, such as packaging proteins, head precursors and tails

(Sambrook et al., 1989). Two separate ligation aliquots (q.v.2.6.11) (3 pL from #1 and #2,

respectively) were added to separate extract vials and gently stirred with a pipette and

incubated at Rtemp for 2 h. 500 pL SM buffer (Appendix 9.1) and 20 pL chloroform was

added to the primary library reaction, which was gently mixed and centrifuged to sediment

debris. The primary library was stored at 4°C.

2.6.16 Plating and titering primary library

The titering was achieved by adding primary library aliquots (1 pL neat and 1:10 dilution)

to 200 pL host cells (XLl-Blue MRF'; q.v. 2.6.14). The host cells and the library were
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incubated for 15 min at 37°C (G24 Environmental Incubator Shaker) permitting phage

attachment to cells. The following components were added to 15 mL tubes (2059 Falcon,

BD Biosciences) kept at 50°C (SS40-1 Grant waterbath): 3 mL NZY top agar (melted and

cooled to 50°C), 7.5 pL 1 M IPTG and 50 pL X-gal (250 mg/mL) and 200 pL host cell and

phage mixture. The components were quickly poured onto NZY agar (Appendix 9.2)

plates, allowed to set, inverted and incubated at 37°C (Gallenkamp Economy Incubator)

until plaques were visualised. Recombinant and nonrecombinant plaques were quantified,

thus enabling titre determination.

2.6.17 Amplification of the library

The titre result was used to estimate plaque forming units, with ~lx 106 used for primary

library amplification. Aliquots of the library were added to 600 pL of host cells (q.v.

2.6.14) and incubated for 15 min at 37°C (G24 Environmental Incubator Shaker). Melted

and cooled 6.5 mL of NZY top agar was added to host cell suspension and poured onto 150

mm NZY agar plates. The plates were allowed to set, inverted and incubated at 37°C

(Gallenkamp Economy Incubator) until plaques were visualised and in contact with each

other. The NZY plates were covered with 8 mL SM Buffer and incubated shaking gently

overnight at 4°C. The amplified library suspension was recovered and pooled into a sterile

15 mL tube (2059 Falcon, BD Biosciences). Chloroform was added to the amplified

library suspension to a final concentration of 5% (v/v). The suspension was mixed well

and incubated at Rtemp for 15 min and potential cell debris was parted from the library

suspension by centrifugation for 10 min at 500 x g. The supernatant was removed to a new

tube and chloroform was added to give a final concentration of 0.3% (v/v). The amplified

library was titered (q.v. 2.6.16) in a serial dilution (neat, 10"', 10"2,10"3,10"4,10°, 10"6, 10"7,
o

10" ) to estimate quantity to use for plaque lifts.
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Table 2.1 Overview of appropriate media and antibiotic for use in preparation of agar

plates, glycerol stocks and titering (Stratagene, 2001)

Host strain Agar plates Medium: glycerol

stock

Medium: tittering

SOLR LB-Kanamycin LB-Kanamycin LB: 0.2% (w/v) maltose, 10

(50 pg/mL) (50 pg/rnL) mM MgS04

XL 1-Blue LB-Tetracycline LB-Tetracycline LB: 0.2% (w/v) maltose, 10

MRF' (12.5 pg/mL) (12.5 pg/mL) mM MgS04

2.6.18 Plaque lifts

Host cells (600 pL: q.v. 2.6.14) and 50,000 pfu aliquots were prepared. Around one

million pfu were incubated for 15 min at 37°C (G24 Environmental Incubator Shaker).

Melted and cooled 6.5 mL of NZY top agar was added host cell suspension and poured

onto 150 mm NZY agar plates. The plates were allowed to set, inverted and incubated at

37°C (Gallenkamp Economy Incubator) until plaques were visualised. The plates were

chilled at 4°C for 2 h and immediately subjected to lifting. Plaques were transferred from

the NZY agar plates onto duplicate 120 mm Hybond-N+ blots (Amersham Biosciences)

during two and four min, respectively. Orientation of blots and agar were marked with a

sterile needle. Each blot was placed in denaturing buffer (Appendix 9.1) for 2 min,

neutralisation buffer (Appendix 9.1) for 5 min and 30 s in rinsing buffer (Appendix 9.1).

Blots were placed on Whatman 3MM filter paper, air dried and DNA was cross-linked to

the blot by a UV crosslinker (XL-1500 Spectrolinker, Spectronics Corporation, New York,
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USA) for 30 s (120,000 pJ of UV energy). The blots were stored at Rtemp, while the NZY

agar plates were stored at 4°C.

2.6.19 Primary screening

Homologous probes (20 ng) (MyoDl and MLC2) were amplified by PCR, gel extracted

and quantified by electrophoretic techniques (q.v. 2.3.1). Blots were pre-hybridised at

65°C (SS40-1 Grant waterbath) for 1 h in hybridisation buffer (Appendix 9.7). The probe

was denatured in boiling water for two min, chilled on ice, while 10X reaction buffer (5

pL), 10X dNTP (except dCTP) (5 pL), Klenow enzyme 5 U/pL (lpL) were added. The

probe was labelled with [a-32P]dCTP (40 pCi), incubated at 37°C for 30 min (BT1 Grant

heating block) and purified by separation through a NICK column (Amersham

Biosciences) containing Sephadex G-50 and denatured in boiling water for 5 min. The

probe was added to the hybridisation buffer and routinely incubated at 65°C overnight.

After hybridisation, the blot was initially washed twice for 15 min in a high SSC solution

(5X SSC: 0.1% (w/v) SDS: 0.1% (w/v) Na4P207), followed by washes in lower SSC

concentrations depending on radioactive intensity. The blot, protected in a plastic cover,

was exposed to Biomax MS film (Amersham Biosciences) from 2 days up to 2 weeks

depending on the level of radioactivity. Films were developed using a Fuji (RGII) X-ray

film processor. If dark spots appeared on the X-ray films from the duplicated blots, they

were aligned with the stored NZY agar plates and putative positive clones were isolated

using sterile toothpicks. Each clone was transferred to a microcentrifuge tube containing

500 pL SM Buffer and chloroform (0.3% (v/v)) and the suspension was stored at 4°C.
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2.6.20 Secondary lifts and screening
12

Host cells (200 pL: q.v. 2.6.14) and serial dilutions of the suspension (neat, 10" and 10" )

were incubated for 15 min at 37°C (G24 Environmental Incubator Shaker). Melted and

cooled 3 mL of NZY top agar was added host cell suspension and poured onto 90 mm

NZY agar plates. The plates were chilled at 4°C for 2 h and immediately subjected to

lifting (q.v. 2.6.18). The pre-hybridisation and hybridisation steps were prepared as

described previously (q.v. 2.6.19). Putative positive clones were isolated from the agar

using sterile toothpicks and each clone was transferred to a microcentrifuge tube

containing 500 pL SM Buffer and 20 pL chloroform and stored at 4°C.

2.6.21 Single clone in vivo excision of the phagemid vector

The Uni-ZAP XR vector system is a combination of X library construction and a plasmid

system (pBluecript SK (+/-) phagemid). DNA inserts in the size range of up to 10 kb in

length can be accommodated in this system (Stratagene, 2001).

The cDNA was inserted into the polylinker site of the phagemid and easily excised in vivo

due to it containing the bacteriophage fl origin of replication. Host strains XL 1-Blue

MRF' were prepared as described previously (q.v. 2.6.14). In a 15 mL tube following

components were added: 200 pL XLl-Blue MRF', 250 pL suspension (phage) and 1 pL

ExAssist helper phage. The sample was incubated at 37°C (G24 Environmental Incubator

Shaker) for 15 min and 3 mL LB broth was added to the 15 mL tubes, which were

incubated at 37°C for 3 h. The 15 mL tubes were incubated at 70°C (SS40-1 Grant

waterbath) for 20 min to eliminate bacterial cells and suspension was centrifuged at 1000 x

g for 15 min. The resulting supernatant, containing excised pBluecript SK (+/-) phagemid

vector with insert, was stored at 4°C. SOLR cells (200 pL; q.v. 2.6.14) and 10 pL of phage

supernatant were aliquoted into a microcentrifuge tube, incubated at 37°C (G24
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Environmental Incubator Shaker) for 15 min and then the cell mixture was plated out onto

LB agar plates (Table 2.1). Plates were inverted and incubated overnight at 37°C

(Gallenkamp Economy Incubator). Single colonies were selected for colony-PCR (T7 and

T3 primers) to verify presence and insert size by gel electrophoresis (q.v. 2.3.1). Positively

identified clones were cultured in 5 mL LB broth with appropriate antibiotic (ampicillin 50

pg/mL) and grown overnight (12-18 h) at 37°C followed by DNA sequencing (q.v. 2.2.5).

2.7 Bioinformatics

2.7.1 Analysis ofSequence Data and Annotation

The DNASTAR (Lasergene, Madison, USA) software consists of programmes, such as

EditSeq™, MegAlign™ and SeqMan1M II used for sequence manipulations. An important

area was in the analysis of sequencing results (electropherogram) where SeqMan™ II

provided an excellent tool for contig assembly and removal of conflicts, gaps and

contaminating vector sequences. The resulting consensus sequence was imported into

EditSeqrM to identify coding sequence resulting in a deduced amino acid sequence.

2.7.2 Sequence Management and Final Annotation

Artemis is a sequence annotation and viewer tool that permits a nucleotide sequence to be

viewed in relation to the six-frame translation in concert with codon usage and G+C%

plots. Artemis is implemented in Java and freely available from the Sanger Centre (UK)

(http://www.sanger.ac.uk) (Rutherford et al., 2000). Artemis was applied in this project in

that features such as, coding sequence (CDS), intron, exon, 5'UTR, 3'UTR, initiation

codon, stop codon, primers, protein domains and motifs were mapped onto the nucleotide

sequences.
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2.7.3 Database Mining

The National Center for Biotechnology Information server provides nucleotide and protein

sequence databases to assist in identification of sequence data through search tools, such as

BLAST (http://www.ncbi.nlm.nih.aov/BLAST). BLAST identifies local alignments

between a query sequence and the highest scoring database sequence, thus merely isolated

segments of identity are identified (Altschul et al., 1990). There is a BLAST 'family of

programs' with specific search areas: (i) blastp compares protein sequences, (ii) blastn

compares nucleotide sequences, (iii) biastx matches nucleotide six-frame translation

sequences with protein sequences, (iv) tblastn compares a protein sequence with six-frame

translated nucleotide sequences, (v) tblastx compares nucleotide six-frame translations, (vi)

PSI-Blast performs a gapped search of protein to protein searches (NCBI, 2004).

2.7.4 Pattern identification

Pattern identification of amino acid sequences was carried out using the PROSITE

database (http://ca.expasv.org/prosite/). which contains biologically significant profiles

and patterns. The database will aid in establishing protein family (if any) or common

domain(s) of a novel sequence (Hofmann et al., 1999). Domains are functionally

important globular regions of a protein, which often are conserved among different phyla

(Edwards & Cottage, 2001), while motifs constitute smaller regions of structural proteins

(Dictionary of Cell & Molecular Biology, 2004).

2.7.5 Protein Homology

Multiple sequence alignments with known orthologs were constructed to select appropriate

primers (q.v. 2.2.6) and to infer regions of homology or divergence. EditSeq™ files were
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imported into MegAlign™, which utilises the CLUSTAL method, hence sequences are

globally aligned, i.e. displaying best match over the total length of sequences (Higgins et

al., 1992). Manual editing was carried out in some cases. Results can be interpreted as

homologous if identities are shown to be 30% (or higher) and spanning a region of 70 (or

more) amino acids (Edwards & Cottage, 2001).

2.7.6 Sequence submission

The annotated sequences were submitted to European Molecular Biology Laboratory

nucleotide sequence database (http://www.ebi.ac.uk/embl/index.html) to be made publicly

available. EMBL is maintained by the European Bioinformatics Institute and is part of an

international collaboration including the DNA Data Bank of Japan and GenBank (USA).
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Chapter 3.0 Description of multiple Pax7 variants of skeletal

muscle in Atlantic salmon {Salmo salar L.)

3.1 Abstract

The paired box transcription factor 7 (Pax7) was chosen as a potential marker of myogenic

progenitor cells (MPCs) in Atlantic salmon (Salmo salar L.), a farmed fish of major

commercial importance. The gene Pax7 was isolated from the skeletal muscle and brain of

alevin and adult stages, showing 10 variants categorised as insertions (ins) or deletions

(del): (insl) 13-amino acid unique insertion (GQYAGPEYVYCGT), (ins2) 5-amino acid

insertion (GEASS), (dell) 4-amino acid unique deletion (GNRT), (ins3) 2-amino acid

unique insertion (GP), (ins4) 1-amino acid unique insertion (G), (del2) 1-amino acid

unique deletion (Y). Two putative Pax7 paralogs were identified (denoted Pax7a and

Pax7fj) due to the different introns observed (218 bp and 248 bp) and versions of insl and

ins2 per paralog. The gene Pax 7/j contains a threonine variant of insl

(GQY[T]GPEYVYCGT), and a shortened variant of ins2 (GEAS). Interestingly, pattern

identification revealed the threonine variant of insl includes a potential phosphorylation

site (casein kinase II [CK2]). Thus, the tetraploid Atlantic salmon genome appears to

contain at least two putative copies, denoted Pax7a and Pax7[3, and multiple variants. The

gene Pax7 was shown to be localised in mononuclear cells in fast muscle of salmon

seawater stages by in situ hybridisation, suggesting its utility as a marker of MPCs.
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3.2 Introduction

Myotomal muscle constitutes most of the body weight in salmon, and is highly prized as

food. A terminally differentiated tissue, like skeletal muscle, receives nuclei for growth

and repair from a proliferative population of satellite cells (or MPCs) (Koumans & Akster,

1995). In mammalian muscle fibres, satellite cells are located beneath the basal lamina

(Mauro, 1961; Schultz & McCormick, 1994). In contrast to mammals, muscle fibre

recruitment in fish is maintained into adult life, ceasing at 25-50% of the maximum length

(depending on the species) and subsequent growth is by hypertrophy (Weatherley et al.,

1988). In Atlantic salmon (Salmo salar L.) genetics, temperature and photoperiod all have

an impact on muscle fibre recruitment (Johnston et al., 2000a; Johnston et al., 2003a;

Johnston et al., 2003b), which in turn effects the texture and processing characteristics of

the fillet (Johnston et al., 2000b). It is therefore important to understand the mechanism of

myogenesis to manipulate product quality. At present, it is not known whether separate

populations of progenitor cells are responsible for providing nuclei for fibre hypertrophy or

myotube formation. Progress has been limited by a lack of molecular markers of MPCs in

fish.

The gene Pax7 is of importance during development of the brain and skeletal muscle

(Ziman et al., 2001). In the mouse, Pax7 ( / ) knockouts lack muscle satellite cells and

show dramatically reduced growth (Seale et al., 2000). Therefore, Pax7 is considered

important for the maintenance of satellite cells, and has been used as a marker of myogenic

cells in mammals (Mansouri et al., 1996; Seale et al., 2000). Multiple Pax7 transcripts

have been identified in the skeletal muscle and brain of mouse (Ziman & Kay, 1998). The

gene Pax7 has been characterised in the model species, Danio rerio, and four isoforms

identified (Seo et al., 1998), but the expression pattern in adult muscle was not
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investigated. The aim of the present study was to characterise Pax7 in Atlantic salmon and

to assess its suitability as a marker of MPCs.

3.3 Materials and methods

3.3.1 Experimental animals and sample preparation

Alevin (~lg), post-smolt (~90-630g) and adult Atlantic salmon (3kg) (Salmo salar L.)

were obtained from the Institute of Marine Research, Matre (Norway). At sampling, the

fish were anaesthetised by immersion in water containing metomidate hydrochloride (7

mg/L) (Wild-life Pharmaceuticals, Fort Collins, USA). Fast skeletal muscles were

dissected at 0.7 x fork length and were either quickly frozen in liquid nitrogen or fixed in

4% (w/v) paraformaldehyde for 8 h. The samples were rinsed twice for 2 h in PBS, then

immersed in 25% (w/v) sucrose in PBS and left at 8°C overnight. Fixed tissue was

covered in Cryomatrix embedding resin (ThermoShandon, Pittsburgh, USA) and rapidly

frozen in liquid nitrogen. Mixed fast and slow muscles were dissected from the trunk of

alevins and adult tissue samples (head kidney, heart, spleen, brain, gill, swim bladder, and

liver) were dissected and quickly frozen in liquid nitrogen. All samples were stored at -

80°C until further use. (All chemicals were from Sigma Chemicals, Poole, UK, unless

otherwise stated).

3.3.2 Nucleic acid isolation

Total RNA was isolated using TRI REAGENT, while TURBO DNA-free™ was used to

eliminate contaminating DNA (Ambion, Huntingdon, UK) (q.v. 2.1.1). PolyA+ was

purified from total RNA using Oligotex (Qiagen, Crawley, UK) following the

manufacturer's instructions. Genomic DNA (gDNA) was extracted from 250 mg of fast
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muscle using one mL of cell lysis buffer (200 mM Tris-HCl, pH 7.5; 100 mM EDTA, pH

8.0; 1% (w/v) SDS; 100 pg/mL Proteinase K) (q.v.2.1.4).

3.3.3 Amplification ofPax7 complementary DNA (cDNA)

Two micrograms of total RNA was reverse transcribed to cDNA with Oligo-dT primer

using the RETROscript kit (Ambion) (q.v. 2.1.3). cDNA (2.5 pL) was amplified by

polymerase chain reaction (PCR) containing IX SuperTaq plus buffer (HT Biotechnology,

Cambridge, UK), 500 pM dNTPs, 0.5 pM primers and 2U SuperTaq plus (HT

Biotechnology). Primer Pax7-1 was designed from Arctic charr (Salvelinus alpinus)

(GenBank accession no. AJ634768), while degenerate Pax7-2 was designed from a

multiple sequence alignment between zebrafish (D. rerio) (Pax7a, Pax7c, Pax7d and

Pax7e\ GenBank accession nos. AF014367, AF014368, AF014369, AF014370,

respectively), human {Homo sapiens) (GenBank accession no. NM 002584), and mouse

(.Mus musculus) (GenBank accession no. NM 011039). All primers are listed in Table 3.1

and the position of each primer is shown in Fig. 3.1. PCR cycling parameters were as

follows: 2 min denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and

final extension at 72°C for 5 min. To obtain the complete coding sequence of Pax7, a

second reverse primer (Pax7-3) was designed. The design of Pax7-3 relied upon a highly

conserved region of zebrafish Pax7c and sea lamprey (Petromyzon marinus) Pax7

(GenBank accession no. AF411465). The PCR conditions were as follows: 2 min

denaturation at 94°C, 35 cycles of 94°C: 30 s, 60°C: 30 s, 72°C: 2 min, and final extension

at 72°C for 5 min. Amplification products were purified through an agarose gel; extracted

using QIAquick (Qiagen, UK) and subcloned (q.v. 3.3.6). An 813 bp fragment was

amplified and used as a probe in expression studies {in situ hybridisation) (q.v. 3.3.8).
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Table 3.1 Primers employed in RT-PCR, RACE and in situ hybridisation.
Primers were designed as either species-specific or degenerate, in the latter case an

IUB degenerate code [M= A or C; R= A or G; W= A or T; S= C or G; Y= C or T; K=

G or T; V= A, C or G; H= A, C or T; D= A, G or T; B= C, G or T; N= A, C, G or T]
was used when choosing inter-species regions of high homology. The denoted primer

name, organism employed in primer design and the direction (5 '—>3') of primer are

presented

Primer Organism Nucleotide sequence (5 '—>3')
Pax7-1 Arctic charr GGTACCAGTGCCCACTAGGTG

Pax7-2 Zebrafish, Human, Mouse TGTACACGRGCCTCGGTCAGTTTGG

Pax7-7, Zebrafish, Sea lamprey TCAGTAGGCCTGYCCYGTCTCC

Pax7-4 Atlantic salmon CCGGGATGTTCAGTTGGGAAAT

Pax7-5 Atlantic salmon CTATCGTCGTCGTCATCTTTCTTG

fS-actin-1 Atlantic salmon ATGGAAGATGAAATCGCCGC

P-actin-2 Atlantic salmon TTAGAAGCATTTGCGGTGCAC

GSP1 Atlantic salmon CGACCTTGGCCCAGGGGGGTTGATACTG

NGSP1 Atlantic salmon GTAGTTCTGGCCTGGCGCAGGGCGCATC

Pax7-seql Atlantic salmon GAAGAGGAAGCAGCGTCGAAG

Pax7-seq2 Atlantic salmon CTTCGACGCCTGCTTCCTCTTC
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3.3.4. Amplification ofPax7 genomic DNA (gDNA)

Genomic DNA (100 ng) was amplified by PGR: IX SuperTaq plus buffer (HT

Biotechnology), 500 pM dNTPs, 0.5 pM primers and 2U SuperTaq plus (HT

Biotechnology). The zebrafish Pax7 sequence (http://www.ensembl.org/Danio rerio) was

aligned with the Atlantic salmon sequence to disclose the genomic structure of the

intron/exon region. Pax7-4 and Pax7-5 were designed at the border of exons 3 and 4

encompassing intron 3 (Sibthorpe et al., unpublished). PCR cycling parameters were as

follows: 2 min denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and

final extension at 72°C for 5 min. Amplification products were purified through an

agarose gel; extracted using QIAquick (Qiagen, UK) and subcloned (q.v. 3.3.6).

3.3.5 Rapid amplification ofcDNA ends (RACE)

To obtain the 5'UTR region of Pax7, RACE was performed with a SMART RACE kit

according to the manufacturer's description (BD Biosciences, Palo Alto, USA). PolyA+

mRNA (0.5 pg) was employed for 5'RACE with Gene-Specific-Primer 1 (GSP1) for

primary PCR. The amplification reaction was diluted 1:50 (in Tricine-EDTA buffer) and 5

pL was used for secondary PCR with a Nested-Gene-Specific-Primer 1 (NGSP1). Cycling

conditions for both primary and secondary PCR were as follows: 5 cycles of 94°C for 30 s

and 72°C for 3 min, 5 cycles of 94°C for 30 s, 70°C for 30 s and 72°C for 3 min, followed

by 20 cycles of 94°C for 30 s, 68°C for 30 s and 72°C for 3 min. Amplification products

were purified through an agarose gel; extracted using QIAquick (Qiagen, UK) and

subcloned (q.v. 3.3.6).
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3.3.6 DNA subcloning and sequencing

Amplicons were cloned in pCRB4-TOPO vectors and transformed into One Shot TOPIO

chemically competent Eschirichia coli (Invitrogen Ltd, Paisley, UK), while plasmid DNA

was isolated using QIAprep Spin Miniprep Kit (Qiagen, UK). The nucleotide sequences

of the cloned DNA inserts were determined by sequencing on both strands, initially with

universal primers (T7 and T3), while gene specific primers Pax7-seql and Pax7-seq2 were

employed for sequence verification. DNA sequencing was performed by the Sequencing

Service (School of Life Sciences, University of Dundee, Scotland) using Applied

Biosystems Big-Dye ver 3.1 chemistry on an Applied Biosystems model 3730 automated

capillary DNA sequencer.

3.3.7 Pax7 tissue expression

Two micrograms of total RNA was reverse transcribed to cDNA with Oligo-dT primer

using the RETROscript kit (Ambion) (q.v. 2.1.3). Transcriptional expression of the Pax7

gene in various tissues (fast skeletal muscle, head kidney, heart, spleen, brain, gill, swim

bladder, and liver) was determined by RT-PCR with primers Pax7-1 and Pax7-3. The

PCR cycling conditions were as previously stated (q.v 3.3.3). Amplification of fi-actin

(GenBank accession no. AF012125) was performed to confirm expression of a

housekeeping gene. The fi-actin PCR cycling parameters were as follows: 2 min

denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and final extension

at 72°C for 5 min.
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3.3.8 In situ hybridisation

The gene Pax7 amplification product (813 bp; q.v. 3.3.3), cloned in plasmid pCR 4-

TOPO, was used as a template for complementary RNA (cRNA) probe synthesis. The

plasmid was linearised with appropriate restriction enzymes (Spe I or Not I, Promega,

Southampton, UK) and cRNA synthesis was performed using a DIG RNA labelling kit

according to the manufacturers instructions (Roche Diagnostics, Mannheim, Germany),

employing 1 pg of linearised cDNA as template for T3 and T7 RNA polymerases to yield

antisense and sense probes, respectively. Localisation of Pax 7 transcripts by in situ

hybridisation was performed using a method modified by Weltzien et al., (2003) (q.v.

2.5.1). Immunological detection of the hybridised probes was performed with anti-DIG

alkaline phosphatase conjugated antibody, and visualisation was detected by colometric

substrates according to the manufacturer's instructions (Roche Diagnostics, Germany).

Photographs were taken with a frame capture colour video camera (Sony Power HAD

3CCD, Sony Corporation, Japan) connected to a light microscope (Leica DMRBE, Wild

MPS52, Milton Keynes, UK) utilising an image-analysis system (Image-Pro Plus Version

4.5.0.19, Media Cybernetics Inc, Silver Spring, USA).

3.3.9 Sequence computations

The DNASTAR (Lasergene, Madison, USA) software consisting of programmes such as

EditSeq1M, MegAlign™ and SeqMan1M II were used for base calling, sequence analysis

and assembly. Homology searches were performed using search tools, such as BLAST

(Altschul et al., 1997), provided by the National Center for Biotechnology Information

server (http://www.ncbi.nlm.nih.gov/BLAST). The PROSITE database

(http://ca.expasv.org/Drosite/) was utilised for pattern identification of Atlantic salmon

Pax7 protein sequences (Hofmann et al., 1999). Artemis is a sequence annotation and
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visualization tool available from the Sanger Institute (UK) (http://www.sanaer.ac.uk) and

was used to map features, such as exon, 5'UTR, protein domains, insertions and primer

locations onto the sequence. The CLUSTAL method (Higgins et al., 1992) was employed

to generate multiple alignments (MegAlign, DNASTAR) and to determine homology of

protein sequences. The putative Pax7 protein sequences were aligned with known Pax7

orthologs, including zebrafish (D. rerio) (GenBank accession nos. AAC41254, AAC41255,

AAC41256, AAC41257), sea lamprey (P. marinus) (GenBank accession no. AL04156),

mouse (M musculus) (GenBank accession no. AAG16663) and human (H. sapiens)

isoform 1 (GenBank accession no. NP_002575). Percentage identity between the aligned

orthologs was calculated using MegAlign 4.04.

3.4 Results

3.4.1 Characterisation offull-length Pax7 cDNA

An 813 bp amplicon was obtained by RT-PCR of fast muscle and this fragment covered

the paired domain, octapeptide motif and part of the homeodomain. BLAST homology

searches confirmed that the nucleotide sequence was homologous to zebrafish Pax7c. To

obtain the entire ORF, another reverse primer was designed and several full-length cDNAs

from adult skeletal muscle (~1.6 kb) were obtained by RT-PCR (Fig. 3.2A) and TA

cloning. These cDNAs were equivalent to the longest cDNA (Pax7c) in zebrafish (Seo et

al., 1998). Sequencing revealed presence of three Pax7 variants (nos 1 - 3) from the adult

stage, while an additional five variants (nos 4-8) were obtained from the alevin stage

(Table 3.2). In addition, sequencing of clones from adult brain tissue identified two further

variants (nos 9 and 10) (Table 3.2). Table 3.3 illustrates sequence length (5'UTR; ORF;

aa), molecular mass, EMBL submission year and accession number. The 5'UTR region of

Pax7 was determined by primary and secondary 5'RACE PCR. Primary PCR
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amplifications were negative; hence a secondary nested PCR was performed, which

resulted in a 450 bp amplicon (Fig. 3.3) that was cloned and sequenced. Pairwise

alignment between the 450 bp 5'RACE product and Arctic charr Pax7 indicated that the

5'UTR region had been successfully extended. The RACE nucleotide sequence was

combined with the Pax7 variant 1 and produced a 2048 bp sequence (Fig. 3.4). The open

reading frame encoded a protein of 519 amino acid residues when the initial ATG codon at

nucleotide 489-491 was employed as the translation initiation site. The genomic

environment was analysed with primers encompassing intron 3, which resulted in two

amplicons being identified (Fig. 3.2B). Sizes of the two intronic sequences were

determined to be 218 bp and 248 bp and pairwise alignment revealed an identity of 71%.

3.4.2 Pax7 sequence analysis

The conserved characteristics of a Pax protein, such as a 134-residue paired domain, a 60-

residue homeodomain and an 8-residue octapeptide were identified in Pax7 (Fig. 3.1 and

Fig. 3.4). The percentage identities, as calculated by MegAlign, employed Pax7 variant 1

to reveal amino acid homologies: human Pax7 isoform 1 (77%), mouse Pax7 (86%), sea

lamprey (72%), zebrafish Pax7a (90%), zebrafish Pax7c (94%), zebrafish Pax7d (90%),

zebrafish Pax7e (91%). The amino acid sequence alignment of Pax7 orthologs displayed a

pattern of different combinations of six unique or established inserted or deleted regions in

the Atlantic salmon protein sequence (Fig. 3.5). These regions were categorised as

insertions (ins) or deletions (del): (insl) 13-amino acid unique insertion

(GQYA[T]GPEYVYCGT) at position 29 - 41, (ins2) 5-amino acid established insertion

(GEA[S]S) at position 164 - 168 (C-terminus of the PD), (dell) 4-amino acid unique

deletion (GNRT) at position 212 - 215, (del2) 1-amino acid deletion (Y) (position 319),

(ins3) 2-amino acid unique insertion (GP) (positioned prior to dell), (ins4) 1-amino acid
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unique insertion (G) (position 505). The following variants (denoted Pax7a) were

identified in adult fast muscle: variant 1 (insl, ins2, dell, del2), variant 2 (insl, dell, del2)

and variant 3 (ins2). Alevin mixed muscle included variants 1 and 2 in addition to a

further five: variant 4 (insl, ins2, dell, del2, ins4), variant 5 (insl, ins2, del2), variant 6

(insl[T], ins2 [GEAS], de!2), variant 7 (ins2, dell, del2) and variant 8 (ins2, del2). A

putative second Pax7 copy (denoted Pax7(3) was observed in variant 6. This was revealed

by a substitution (A—>T) in insl, along with a shortened form of ins2 (GEAS) and being

positioned on the 248 bp intronic copy (q.v. 3.4.2). Interestingly, Pax7|3 introduces a

putative CK2 phosphorylation site (TGPE), identified by pattern identification (PROSITE

database) (Pinna, 1990). The putative paralogs (Pax7a and Pax7|3) showed 97% amino

acid identity. In addition to variants described above (nos 1, 2, 5, 8), two unique sequences

were identified in adult brain tissue: variant 9 (insl, dell, ins3, del2) and variant 10 (ins2,

dell, ins3, del2). The deletions and insertions are summarised in Table 3.2, while their

positions are shown in Fig. 3.1. The occurrence of a particular variant was estimated for

22 randomly selected clones, resulting in following percentages: variant 1 (31.8%), variant

5 (18.2%), variant 2 (13.6%) and variant 8 (9.0%). The most abundant variant among five

clones selected from adult fast muscle was variant 3 (60%), while at the alevin stage was

variant 1 (27.3%) and variant 5 (27.3%). In contrast, the six isolated variants from brain

tissue were equally distributed.
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Figure 3.2 Pax7 amplification products.

(A) RT-PCR of cDNA from Pax7 Atlantic salmon adult fast muscle samples. Lane 1. 1 kb

DNA ladder (in bp) (Promega). Lane 2. ~1.6 kb cDNA amplified by primers Pax7-1 and

Pax7-3. Lane 3. Negative PCR control (water). (B) PCR of gDNA Pax7 intron 3 employing

primers Pax7-A and Pax7-5. Lane 1. 1 kb DNA ladder. Lane 2. Duplicate PCR products for

intron 3 were run out on higher percentage gel (2.5%) to allow for separation. Lane 3.

Negative PCR control (water). Arrows indicate PCR products.
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Table3.2Pax7insertionsanddeletions.ThistablepresentsasummaryofAtlanticsalmon(presence'>/orabsencenovelandknowninsertions (insl-4)/deletions(dell-2)atdifferentdevelopmentalstages(alevinoradult)andtissues(fastmuscle,mixedmuscleandbrain)andhowtheyare distributedamongthedifferentPax7variants(allvariantsbelongtothePax7aparalogunlessotherwiseindicated).Parenthesisindicateswherea differentaminoacidhasbeenintroducedordeletedinaspecificinsertion Pax7

Insl-

Ins2-

Dell-

Del2-

Ins3-

Ins4-

Length

Developmental

variants

GQYA[T]GPEYVYCGT
GEASS

GNRT

Y

GP

G

(aa)

stage/tissuetype

1

sf

sf

sf

sf

-

-

519

Adult/fastmuscle

2

sf

-

sf

sf

-

-

514

Adult/fastmuscle

3

-

sf

-

-

-

-

501

Adult/fastmuscle

1

V

sf

sf

Sf

-

-

519

Alevin/mixedmuscle

2

sf

-

sf

sf

-

-

514

Alevin/mixedmuscle

4

sf

sf

sf

sf

-

sf

520

Alevin/mixedmuscle

5

sf

sf

-

sf

-

-

515

Alevin/mixedmuscle

6:Pax7/3

yf[T]

■\/[GEAS]

-

sf

-

-

514

Alevin/mixedmuscle

7

-

sf

sf

sf

-

-

506

Alevin/mixedmuscle

8

-

sf

-

sf

-

-

502

Alevin/mixedmuscle

1

sf

sf

sf

sf

-

-

519

Adult/brain

2

sf

-

sf

V

-

-

514

Adult/brain

5

sf

sf

-

sf

-

-

515

Adult/brain

8

-

sf

-

sf

-

-

502

Adult/brain

9

sf

-

sf

sf

sf

-

516

Adult/brain

10

-

sf

sf

sf

sf

-

508

Adult/brain

4^



Table3.3OutlineofPax7variants.ThistablesummarisesPax7variantsandsizesoftheirrespective5'untranslatedregion(UTR:basepair [bp]),openreadingframe(ORF),aminoacid(aa)length,molecularmass(kDa),accessionnumberandsubmissionyear.RefertoTable3.2 forinsertionordeletionssignifyingthesevariants Pax7variant
5'UTR(bp)

ORF(bp)

aa

Molecularmass(kDa)
accessionnumber

EMBLsubmissionyear

1

38

1560

519

56.8

AJ618975

2003

2

38

1545

514

56.4

AJ618976

2003

3

38

1506

501

55.0

AJ618977

2003

4

38

1563

520

56.9

AJ783951

2004

5

38

1548

515

56.4

AJ783952

2004

6

38

1545

514

56.4

AJ783953

2004

7

38

1521

506

55.5

AJ783954

2004

8

38

1509

502

55.0

AJ783955

2004

9

38

1551

516

56.5

AJ783956

2004

10

38

1527

508

55.6

AJ783957

2004

"^1



1 2 3 4 5 6

Figure 3.3 Rapid amplification of cDNA ends (5'RACE).

Lane 1. 1 kb DNA ladder (Promega) (in bp). Lane 2. Is not relevant to this study (details are

omitted). Lane 3. Poly A+ messenger RNA (mRNA) was employed for 5'RACE with Gene-

Specific-Primer 1 (GSP1) for primary PCR. Lane 4. Is not relevant to this study (details are

omitted). Lane 5. The primary amplification reaction was diluted 1:50 (in Tricine-EDTA

buffer) and used for secondary PCR with a Nested-Gene-Specific-Primer 1 (NGSP1). Lane

6. Negative PCR control (water). Arrow indicates PCR product.

76



V exon 1

1 tctaatacgactcactatagggcaagcagtggtatcaacgcagagtacgcgggggggctctactgtctcctcctacaacg
81 tgcgccaaagttggccacttacactttcaaccagcaaacagacgttatcaaaactagctgttgaccactaagtatatcaa
161 ggcaaagaattaaataacctttgcccatttacacattcgagtgcaaggtgtatcccctccctttacacaccacaaacctc
241 ctcactattggggtcttcttttaccccggcatttctctgactaacatcaccactttttatgttggaggggtttcagtatt
321 tacgagtttctctgtctgggactacgatttatagttcgatttttttatccttttgagagaagacatttcgttgcatccta
4 01 tccgcaaagacctacattttcttgtctggactttgcgcgagtaagaatttggtaccagtgcccactaggtgtttctccag

matlpgtvprmmrpapgqnyprtg 24
4 81 tagctagaatggctactttaccaggaacagtgcctcgaatgatgcgccctgcgccaggccagaactacccccgcaccgga

V exon 2

f p l r
561 ttccctttgg.

vstplgqgrv
iGTATCAACCCCCCTGGGCCAAGGTCGGGT

51

641 gaaccagctcggtggagtgttcatcaacgggaggccgctgccaaatcatatccgacacaagatagtagagatggcccacc

721 acggcatccgaccctgcgtaatctggcgacagctacgagtttcccatggttgcgtctccaaaatcctctgtcggtaccag

V exon 3

etgsirpgaiggskprqvatpdvekri131
8 01 gagaccggttcgattcgtcccggggctataggaggcagcaagcccaggcaggtagcaactccggacgtggagaagcggat

8 81 tgaagagtacaagcgagaaaaccccgggatgttcagttgggaaattcgggacaagctgctgaaggacggggtgtgcgaca

s

1 exon 4

v s s r v r a ■8 G K K 184

961 gaagcactgttccttcaiigtgaggcttcatctiitgagttccatcagccgagttctgagggcgcgattcggcaagaaagat

ddddsdkkdedgekktkhsidgilgdk 211

1041 gacgacgacgacagtgacaagaaggatgaagacggggaaaagaaaacaaagcatagcatcgatggcattctcggcgataa

1121 1

n r

exon 5

d e g d v d k k 237

ggtaatcgtacac acgagggttcagacgtggagtcggagccggaccttcccctgaagaggaagcagcgtcgaagccgca

t t f t wfm e q l e e ekaferthy is
12 01 ccaccttcacagccgagcagctggaggagctggagaaggcctttgagaggacacactacccagacatctacaccagggaa

el 264

elaqrtkltearvqvwfsnrrakwrkj 291
12 81 accaagctcactgaggcccgcgtacaggtgtggttcagcaacagaagggccagatggcgcaagcaggcaggagccaatca

eig anqlaafnhllpggfpptgmpslp 317
13 61 gagctggcccagagggctggctgccttcaaccacctgttacctggaggcttcccgcccacagggatgcccagcctaccta

tyqlpessypgttlsqdgsstlhrpqp 344
1441 cctaccagctacctgagtcctcgtaccccggcactacactgtcacaggatggcagcagtacgctgcatcggccccagccc

lppssmhqgglsdgssayglssnrhsf 371
1521 ctgcctccgtcctcaatgcaccagggaggactctctgacggcagctccgcctacggcctctcgtccaatcgccacagctt

ssysdsfmsqsaasnhmnpvsnglsp 397
1601 ctccagctactcagacagcttcatgagccaatcagcggccagcaatcacatgaaccccgtcagcaatggcctctccccac

qvmsilsnpnavpsqsqhdfsisplhg 424
1681 aggtgatgagcatcctgagtaaccccaacgccgtgccctcccagtcccagcatgacttctccatctcccccctccatggc

slessnpisascsqrsdsikgvdslas 451
1761 agcctggagtcctccaaccccatctcagccagctgcagccagcgctctgactccatcaagggggtggacagcctggcttc

sqsycpptysatsysvdpvtagyqys 477
1841 ctcccagtcctactgcccccccacctacagcgccaccagctacagtgtggaccccgtcaccgccggataccagtacagcc

qygqtavdylaknvslstqrrmklgdh 504
1921 agtatggacagactgcagttgactacctggctaagaacgtgagtctgtccacccagaggaggatgaagctgggagaccac

savlgllqvetgqay* 519
2 0 01 tctgctgtcctgggactactgcaggtggagacgggacaggcctactga

Figure 3.4 Pax7 nucleotide and amino acid sequences. Figure legend is placed on the

following page.
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Figure legend 3.4

This figure shows nucleotide (numbers on left) and putative amino acid (numbers on right)

sequences of Pax7 variant 1, where the corresponding single letter amino acid is shown

above a triplet nucleotide code. Exon boundaries are indicated by a 'V' symbol and the

ATG start codon (in green) is underlined, while stop codon (in red) indicated by

Boxed amino acid sequences indicate presence of deletion/insertions, while shaded areas

represent features such as paired domain (in red), octapeptide motif (in yellow) and

homeodomain (in pink). The 450 nt sequence of the 5'RACE product has been combined

with the 1598 nt sequence of Pax7 variant 1. Putative exon-exon junctions have been

added onto the sequence deduced by comparison with the annotated zebrafish Pax7

sequence.
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Figure3.5SequencealignmentofPax7orthologs.Figurelegendisplacedonthefollowingpage.
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Figure legend 3.5

The areas where sequences correspond to the Atlantic salmon (Salmo salar) Pax7 are

denoted with a punctuation mark. Boxed amino acid sequences indicate presence of

deletion/insertions, while shaded areas represent features such as paired domain (in red),

octapeptide motif (in yellow) and homeodomain (in pink). Sequences were aligned using

CLUSTAL in Megalign (DNASTAR). Note: Amino acid sequences were taken from the

following Genbank accession nos: AAC41254 (D. rerio Pax7a), AAC41255 (D. rerio

Pax7c), AAC41256 (D. rerio Pax7d), AAC41257 (D. rerio Pax7e), AL04156 (P. marinus),

AAG16663 (M musculus), NP_002575 (H. sapiens).
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3.4.3 Pax7 expression by RT-PCR and ISH

To determine whether Pax7 was exclusively expressed in muscle and brain tissue, an RT-

PCR assay was carried out using various tissues. The assays showed that transcripts were

abundant in the brain and to a lesser extent in fast skeletal muscle (Fig. 3.6A). There was

no detectable Pcvc7 mRNA observed in cardiac (heart) muscle tissue, liver, kidney, gill,

spleen and swim bladder, while R-actin was constitutively expressed in all tissues (Fig.

3.6B). Expression of Pax7 mRNA in fast myotomal muscle was examined by means of in

situ hybridisation with a DIG-labelled Pax7 riboprobe (813 bp). The analysis of fast

muscle demonstrated strong and specific signals of Pax7 mRNA expression in putative

MPCs, corresponding to mononuclear cells located in the periphery of fast skeletal muscle

fibres (Fig. 3.7A-C). The probe only stained a low percentage (<5) of total nuclei, whilst

sections stained with a sense probe (negative control) were unstained (Fig. 3.7 C).
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Figure 3.6 Amplification of Pax7 mRNA transcripts by RT-PCR

(A) Pax7 RT-PCR of cDNA from various Atlantic salmon (S. salar) tissue samples (white

muscle, kidney, heart, spleen, brain, gill, swim bladder, liver) and negative PCR (water)

control employing primers Pax7-\ and Pax7-3. (B) ft-actin RT-PCR of cDNA from various

Atlantic salmon (S. salar) tissue samples (fast muscle, kidney, heart, spleen, brain, gill, swim

bladder, liver) and negative PCR control (water) employing primers /3-actin-\ and [l-actin-2.

A 1 kb marker (in bp) (Promega) was included to verify PCR product sizes. Two

independent experiments verified the expression pattern.
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c

Figure 3.7 In situ hybridisation of fast muscle.

The cryosections were stained using homologous riboprobes encoding Pax7 antisense probe

(A-B) and negative sense probe (C). Arrows indicate putative mononuclear myogenic

progenitor cells. Scale bars equal 10 pm.
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3.5 Discussion

Attempts were also made to isolate two other potential markers of satellite cells, such as

CD34 and Myocyte Nuclear Factor (MNF). A cDNA library (q.v. chapter 4.0) was

screened using heterologous probes, though no positive clones were identified.

In zebrafish, Pax7c was the longest transcript out of four isoforms identified and was

furthermore determined to be the most abundant isoform present during expression studies

(Seo et al., 1998). Therefore, zebrafish Pax7c was employed for screening the Atlantic

salmon genome for its ortholog. In the present study, multiple Pax7 variants in brain and

fast skeletal muscle of alevin and adult stages were isolated and characterised. A

combination of RT-PCR and 5'RACE was employed to amplify the full-length Pax7

cDNA. A total of ten Pax7 variants were isolated from adult brain tissue and fast skeletal

muscle and alevin mixed muscle. All Pax7 variants contained characteristic features of a

Pax protein: paired domain, octapeptide motif and a homeodomain. The putative protein

encoded by Pax7 displays highest identity with zebrafish isofonns (90-94%) and least

identity with sea lamprey (72%). Identity with mammalian Pax7 protein sequences, such

as mouse and human, demonstrated percentage identities of 77% and 86% respectively.

3.5.1 Pax7 expression in brain and skeletal muscle

Multiple Pax7 transcripts have been identified within skeletal muscle and brain of adult

mice (Ziman et al., 1997; Ziman & Kay, 1998) and in zebrafish embryos (Seo et al.,

1998). The zebrafish Pax7 isoforms all possess different C-termini and 3'UTR sequences

(Seo et al., 1998). Ancient genome duplications have been suggested as the cause of

presence of multiple gene copies. Fish are known to contain more copies of genes than

mammals, where a ratio of 2:1 has been proposed (Amores et al., 1998; Jaillon et al.,
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2004). In addition, a single tetraploidisation event occurred within salmonids (Allendorf

& Thorgaard, 1984). Many gene pairs have been isolated in salmonids, such as myoblast

determination (MyoD) (Rescan & Gauvry, 1996; q.v. chapter 4) and myostatin (0stbye et

al., 2001).

In situ hybridisation revealed presence of Pax7 mRNA transcripts in putative mononuclear

cells, corresponding to MPCs located at the periphery of fast muscle. Interestingly, a

similar expression profile was observed in adult mouse skeletal muscle (Seale et al., 2000),

confirming our results. RT-PCR was employed to reveal tissue specific expression of

Pax7 and the assay showed that Pax 7 expression was limited to brain and fast skeletal

muscle. Semi quantitative RT-PCR showed Pax7 as more highly expressed in brain than

in fast skeletal muscle. At this point, no variant specific probes or primers were employed;

hence the possibility of studying differentially expressed variants was not attempted.

Ziman et al., (2001) suggested that Pax7 transcripts have a key role in determination of

neurogenic and myogenic lineages, consistent with the expression patterns observed in the

present study. A number of the observed Pax7 variants were abundant in both brain and

skeletal muscle and during both developmental stages (alevin and adult). Common

features for these variants were the presence of unique or established inserted or deleted

regions though the presence of multiple variants through random selection of clones

indicates that additional undetected variants may be present. On the other hand, studies

need to be initiated to determine whether these variants are functionally important. The

Pax7 variants are most likely the result of alternative splicing, as deduced by the absence

or presence of insertions/deletions at deduced exon-intron splice junctions.
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3.5.2 Inserted or deleted regions

The six unique and previously described inserted or deleted regions, categorised as (ins)

and (del) respectively, were as follows: (insl) (GQYA[T]GPEYVYCGT), (ins2)

(GEA[S]S), (dell) 4-amino acid unique deletion (GNRT), (ins3) (GP), (del2) (Y), (ins4)

(G). The fourth residue of insl occurs as either an alanine (A) or a threonine (T), with a

higher frequency for the alanine variant (90.9%). Pattern identification (PROSITE) of

Pax7(3 revealed a potential CK2 phosphorylation site with a consensus pattern of "S/T-

XX-D/E" (TGPE) (Pinna, 1990). The threonine variant was isolated at the alevin stage

(variant 6: Pax7P) and the possibility that the threonine version is restricted to alevin

stages is worth further investigation. The ins2 (GEASS) represented a 3'splice site and

was detected in a majority of variants and also in the four Pax7 zebrafish isoforms, albeit a

single Pax7a clone (Seo et al., 1998). Interestingly, variant 6 demonstrated a truncated

version of insl (GEAS) and consequently intron 3 was characterised for representation of

putative Pax7 copies. PCR screening revealed intronic sizes of 218 bp and 248 bp, with

the shortened ins2 (GEAS) represented on the longer intronic sequence (248 bp). The

GEASS insertion is located in the paired domain (PD), however it is unclear if the DNA-

binding specificity of the PD will be affected (Seo et al., 1998). It is worth noting that the

shortened GEAS and the threonine version of insl (GQYTGPEYVYCGT) occurs within

the same Pax7 variant (no 6: Pax7(3). Dell (GNRT) is a unique finding and is represented

in nearly half (45.4%) of the Pax7 variants and is located in close proximity to the

octapeptide motif, which may have functional significance. Ins3 (GP) is a unique finding

and was only represented in two variants (nos 9, 10). Interestingly, these variants

originated from adult brain tissue and the inserted region (GP) was positioned prior to del 1

(GNRT), however functional significance remains speculative. Del2 (Y) and ins4 (G)

were only present in variant 3 and variant 4 respectively, generating the shortest (501) and
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the longest (520) residues isolated in this study. At present, it is not known whether

salmonids contain the other three isoforms (Pax7a, Pax7d and Pax7e) present in zebrafish.

3.5.3 Pax7findings

Different Pax7 isoforms were identified at the embryonic stage in zebrafish (Seo et al.,

1998), but the adult isoform of Pax7 has not been investigated in fish prior to our study.

There are numerous examples of the developmental-stage specific expression of muscle

specific genes in teleosts. For example, several developmentally expressed isoforms of

myosin heavy chain have been identified in this multigene family (Ennion et al., 1999). A

striking finding of the present study was the large number of Pax7 variants and two

putative paralogs (Pax7a and Pax7f5) with two different genomic environments for intron

3. If a significant proportion of these variants have functional significance, this would

potentially provide for enormous flexibility in the regulation of myogenesis and

neurogenesis. The availability of a salmon-specific molecular marker of myogenic

progenitor cells should prove of great utility in future studies of myogenesis.

87



Chapter 4.0 Identification and characterisation of multiple MyoD

copies in the Atlantic salmon (Salmo salar L.) genome

4.1 Abstract

Members of the MyoD gene family are 'master' transcription factors controlling muscle

lineage determination and differentiation. The aim of the present study was to characterise

MyoD in Atlantic salmon {Salmo salar L.) fast muscle, to better understand its role in

development and growth. By a combination of RT-PCR and cDNA library screening, two

MyoD paralogs {MyoDl and MyoDI) were isolated showing 74% identity at protein level.

The genomic regions of both paralogs were characterised and revealed the presence of

three exons and two introns. An additional two MyoDl variant genomic copies, lacking

intron 1 and intron 2 respectively, were identified. A PCR assay designed to amplify

MyoD2 exon 1 and intron 1 revealed two intronic copies (348 bp and 273 bp), showing

55% nucleotide sequence homology. On the translated exonic level, the longer copy was

100% identical with MyoD2, while the shorter copy showed 94% amino acid identity. The

tetraploid Atlantic salmon genome appears to contain several putative MyoD copies.

MyoDl and MyoD2 were differentially expressed in relation to developmental stage and

muscle fibre type. MyoDl was strongly expressed in adult fast skeletal muscle, weakly

expressed in adult slow and alevin mixed muscle and not expressed in tissues such as

cardiac muscle, liver, kidney, gill, brain, spleen or swimbladder. MyoD2 was strongly

expressed in mixed trunk muscle of alevin and weakly expressed in adult fast and slow

myotomal muscle. The cellular localisation of MyoD was investigated in adult fast muscle
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using in situ hybridisation, where MyoDl transcripts were expressed in mononuclear cells

at the periphery of muscle fibres corresponding to myogenic progenitor cells (MPCs).

4.2 Introduction

The proliferation and differentiation of myogenic progenitor cells is dependent on

myogenic regulatory factors (MRFs), which comprise the following closely related factors:

MyoD, myogenin, Myf5 and MRF4 (Myf-6) (Edmondson & Olson, 1993). Three of the

MRFs (MyoD, Myf-5 and MRF4) are expressed early during determination, while

myogenin is involved in the differentiation of myogenesis (Kassar-Duchossoy et al., 2004).

A number of MRFs have been cloned and sequenced in fish, showing that there is high

sequence homology between lower and higher vertebrates. Regions of high sequence

homology include the basic region and the helix-loop-helix (bHLH) domain (Rescan et al.,

1995; Kobiyama et al., 1998). Two MyoD paralogs, TMyoD and TMyoD2, were identified

in the genome of rainbow trout (Oncorhynchus mykiss) and are thought to represent a

duplication event that probably took place during the tetraploidisation of the salmonid

genome (Rescan & Gauvry, 1996), while another MyoD pair has been identified within the

diploid seabream (Sparus aurata) genome (Tan & Du, 2002). The aim of the present work

was to characterise MyoD in Atlantic salmon (Salmo salar L.) as a marker of myogenic

determination in MPCs during development and post-embryonic growth.

4.3 Materials and methods

4.3.1 Experimental animals and sample preparation

Alevin (~lg), post-smolt (-90-630 g) and adult Atlantic salmon (3 kg) (S. salar L.) were

obtained from the Institute of Marine Research, Matre (Norway). At sampling, the fish
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were anaesthetised by immersion in seawater containing metomidate hydrochloride (7 mg

per 1) (Wild-life Pharmaceuticals, Fort Collins, CO, USA). Fast muscle were dissected

from expaxial myotomes at 0.7 x fork length and were either quickly frozen in liquid

nitrogen or fixed in 4% (w/v) paraformaldehyde for 8 h. The samples were rinsed twice

for 2 h in PBS, then immersed in 25% (w/v) sucrose in PBS and left at 8°C overnight.

Fixed tissue was covered in Cryomatrix embedding resin (ThermoShandon, Pittsburgh,

USA) and rapidly frozen in liquid nitrogen. Mixed fast and slow muscles were dissected

from the trunk of alevins and adult tissue (head kidney, heart, spleen, brain, gill, swim

bladder, and liver) were dissected and quickly frozen in liquid nitrogen. All samples were

stored at -80°C until further use. (All chemicals were from Sigma Chemicals, Poole, UK

unless otherwise stated).

4.3.2 Nucleic acid isolation

Total RNA was isolated using TRI REAGENT, while TURBO DNA-free™ was used to

eliminate contaminating DNA (Ambion, Huntingdon, UK). PolyA+ mRNA was purified

from total RNA using Oligotex (Qiagen, Crawley, UK) following the manufacturer's

instructions. Genomic DNA was extracted from 250 mg of fast muscle using one mL of

cell lysis buffer (200 mM Tris-HCl, pH 7.5; 100 mM EDTA, pH 8.0; 1% (w/v) SDS; 100

pg/mL Proteinase K) (q.v.2.1.4).

4.3.3 Amplification ofcomplementary DNA (cDNA) and genomic DNA

(gDNA)

Two micrograms of total RNA was reverse transcribed to cDNA with Oligo-dT primer

using the RETROscript kit (Ambion). cDNA (2.5 pL) was amplified by polymerase chain

reaction (PCR) containing IX SuperTaq plus buffer (HT Biotechnology, Cambridge, UK),
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500 pM dNTPs, 0.5 pM primers and 2U SuperTaq plus (HT Biotechnology). Primers

MyoDl-l and MyoDl-2 were designed from the published nucleotide sequence of rainbow

trout (O. mykiss) TMyoD (GenBank accession no. CAA53436), while primers MyoD2-1

and MyoD2-2 were designed from the published nucleotide sequence of rainbow trout (0.

mykiss) TMyoD2 (GenBank accession no. CAA87032). All primers are listed in Table 4.1

and the position of each primer is shown in Fig. 4.1 A and Fig. 4.IB. PCR cycling

parameters were as follows: 2 min denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C

[MyoDl]/61.5°C [MyoD2]: 30 s, 72°C: 2 min, and final extension at 72°C for 5 min. To

characterise the genomic environment, 100 ng gDNA was amplified by PCR (IX

SuperTaq plus buffer, 500 pM dNTPs, 0.5 pM primers and 2U SuperTaq plus) employing

primers: MyoDl-3 and MyoDl-4 [full-length (complete coding sequence) MyoDl];

MyoD2-\ and MyoD2-2 [full-length MyoD2\: MyoD2-\ and MyoD2-3 \MyoD2 intron 1],

PCR cycling parameters were as follows: 2 min denaturation at 94°C, 35 cycles of 94°C:

30 s, 54°C [full-length MyoDI\/61.5°C [full-length MyoD2\/60°C [intron 1: MyoD2\. 30 s,

72°C: 2 min, and final extension at 72°C for 5 min. Amplification products were purified

by gel electrophoresis and gel extracted using QIAquick (Qiagen), cloned and sequenced.

A 450 bp fragment was amplified and used as a probe in cDNA library screening (q.v.

4.3.5) and in situ hybridisation (q.v. 4.3.7).

4.3.4 DNA subcloning and sequencing

Amplicons were cloned in pCR8'4-TOPO vectors and transformed into One Shot TOP 10

chemically competent Escherichia coli (Invitrogen Ltd, Paisley, UK), while plasmid DNA

was isolated using QIAprep Spin Miniprep Kit (Qiagen). The nucleotide sequences of the

cloned DNA inserts were determined initially by sequencing on both strands with

universal primers (T7 and T3), while gene specific primers MyoDl-1 and MyoDl-8, and
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gene specific primers MyoD2-4 and MyoD2-5, were employed for sequence verification of

MyoDl and MyoD2, respectively. DNA sequencing was performed by the Sequencing

Service (School of Life Sciences, University of Dundee, Scotland) using Applied

Biosystems Big-Dye ver 3.1 chemistry on an Applied Biosystems model 3730 automated

capillary DNA sequencer.

4.3.5 cDNA library construction and screening

PolyA+ mRNA from total RNA of adult fast muscle was employed to construct a LZAP-

cDNA library (Stratagene, Amsterdam, Netherlands) according to the manufacturer's

instructions. Briefly, double stranded cDNA was synthesized with StrataScript RT and

size fractionated by gel filtration on a Sepharose CL-2B drip column. The largest fractions

were pooled, ligated and packaged into phage particles using Gigapack III Gold Packaging

extracts. Plating, amplification, titering and plaque lifts, using 120 mm Hybond-N+ blots

(Amersham Biosciences, Chalfont St. Giles, UK), were according to Stratagene's

instructions. The cDNA library was screened at high stringency with a 450 bp MyoDl

fragment amplified as above (q.v. 4.3.3). The probe was labelled with [a-32P]dCTP (40

pCi) and purified through a NICK column (Amersham Biosciences) containing Sephadex

G-50. Blots were pre-hybridised for lh in a hybridisation solution containing: 5X SSPE,

6% (w/v) PEG 6000, 5X Denhardt's solution, 1% (w/v) SDS, 0.1% (w/v) Na^iPiOy, 0.1

mg/mL herring sperm DNA. The labelled probe was added to the hybridisation solution

and blots were incubated overnight at 65°C. Blots were washed at least twice for 15

minutes in a solution containing: 5X SSC solution, 0.1 % (w/v) SDS and 0.1% (w/v)

Na4P20y. The blots were exposed to Kodak Biomax MS film (Amersham Biosciences)

and developed using a Fuji (RGII) X-ray film processor. Putative positive clones were

subjected to in vivo excision of the phagemid vector (pBluescript SK (+/-) phagemid)
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according to the manufacturer's description. Both strands were sequenced with universal

primers (T7 and T3) at the Dundee Sequencing Service (q.v. 4.3.4) and the resulting

sequence was employed for primer walking design {MyoDl-5 and MyoDl-6).

4.3.6 MyoD: tissue specific expression

Two micrograms of total RNA was reverse transcribed to cDNA with Oligo-dT primer

using the RETROscript kit (Ambion). Transcriptional expression of the MyoDl gene in

various tissues (fast skeletal muscle, kidney, heart, spleen, brain, gill, swim bladder, and

liver) was determined by RT-PCR with primer combination MyoD1-3 and MyoD1-4. PGR

cycling parameters were as previously described (q.v. 4.3.3). Amplification of fl-actin

(GenBank accession no. AF012125) was performed to confirm the expression of a

housekeeping gene. The f-actin PCR cycling parameters were as follows: 2 min

denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and final extension

at 72°C for 5 min. In addition, the transcriptional expression of MyoDl (primer

combination as above), MyoD2 (primer combination MyoD2-1 and MyoD2-2; q.v. 4.3.3)

and f-actin in alevin, adult fast and adult slow skeletal muscle was determined by RT-

PCR.
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Table 4.1 Primers designed for use in PGR, RT-PCR, cDNA library screening and in situ

hybridisation. Primers are represented here with the denoted primer name, organism

employed in primer design and the direction (5'—>-3') of primer

Primer Organism Nucleotide sequence (5 '—*3 )

MyoDl-l Rainbow trout CAGTCTTGTCCACCAAGACGGAG

MyoDl-2 Rainbow trout CGGATCTTCTTTGGTGTGTAGCC

MyoDl-3 Atlantic salmon ATGGAGTTGCCGGATATTC

MyoDl-4 Atlantic salmon CAACACCTGGTAAATGGTG

MyoDl-5 Atlantic salmon GAGGAAAGCCTTTGTCTCTGCATC

MyoDl-6 Atlantic salmon CTCCGTTCTCACTCGCTATGGAAC

MyoDl-l Atlantic salmon GTCCACCAAGACGGAGAAACAAG

MyoDl-8 Atlantic salmon CTTGTTTCTCCGTCTTGGTGGAC

[Pactin-1 Atlantic salmon ATGGAAGATGAAATCGCCGC

fi-actin-2 Atlantic salmon TTAGAAGCATTTGCGGTGCAC

MyoD2-1 Rainbow trout GCCCAAAGTTTCCGGTAACC

MyoD2-2 Rainbow trout CAAACCAAGCGCCTCAGGCTAC

MyoD2-3 Atlantic salmon TGTTGCGGACGTGCACGTTG

MyoD2-4 Atlantic salmon CACGTCCGCAACACGAAGCAAC

MyoD2-5 Atlantic salmon CTTGTTGCTTCTGGCACCAGC
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4.3.7 In situ hybridisation

The MyoDl amplification product (450 bp; q.v. 4.3.3) cloned in plasmid pCR"'4-TOPO

was employed as a template for cRNA probe synthesis. The plasmid was linearised with

appropriate restriction enzymes (Spe I or Not I, Promega, Southampton, UK). cRNA

synthesis was performed using a DIG RNA labelling kit according to the manufacturers

instructions (Roche Diagnostics, Mannheim, Germany), employing 1 pg of linearised

cDNA as template for T3 and T7 RNA polymerases to yield antisense and sense probes,

respectively. Localisation of MyoD transcripts by in situ hybridisation was performed

using a method modified by Weltzien et al., (2003) (q.v. 2.5.1). Immunological detection

of the hybridised probes was performed with anti-DIG alkaline phosphatase conjugated

antibody, and visualisation was detected by colometric substrates according to the

manufacturer's instructions (Roche Diagnostics). Photographs were taken with a frame

capture colour video camera (Sony Power HAD 3CCD, Sony Corporation, Japan)

connected to a light microscope (Leica DMRBE, Wild MPS52, Milton Keynes, UK)

utilising an image-analysis system (Image-Pro Plus Version 4.5.0.19, Media Cybernetics

Inc, Silver Spring, USA).

4.3.8 Sequence computations

The DNASTAR (Lasergene, Madison, WI, USA) software consisting of programmes such

as EditSeq™, MegAlign™ and SeqMan™ II were used for base calling, sequence analysis

and assembly. Homology searches were performed using search tools such as BLAST

(Altschul et al., 1997), provided by the National Center for Biotechnology Information

server (http://www.ncbi.nlm.nih.pov/BLAST). The PROSITE database

(http://ca.expasv.org/prosite/) was utilised for pattern identification of Atlantic salmon
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MyoD protein sequences (Hofmann et al., 1999). Artemis, a sequence annotation and

visualization tool available from the Sanger Institute, UK (http://www.sanger.ac.uk), was

used to map features such as exon, 5'UTR, protein domains and primer locations onto the

sequence. The CLUSTAL method (Higgins et al., 1992) was employed to generate

multiple alignments (MegAlign, DNASTAR) and to determine homology of protein and

nucleotide sequences. The putative MyoD protein sequences were aligned with known

MyoD orthologs such as rainbow trout TMyoD (O. mykiss) (GenBank accession no.

CAA53436), rainbow trout TMyoD2 (O. mykiss) (GenBank accession no. CAA87032),

seabream MyoDl (S. aurata) (GenBank accession no. AF478568), seabream MyoD2 (S.

aurata) (GenBank accession no. AF478569), rat (Rattus Norvegicus) (GenBank accession

no. NP_788268), mouse (Mus musculus) (GenBank accession no. NP_034996), and

human (Homo sapiens) (GenBank accession no. NP_002469). Percentage identity

between the aligned orthologs was calculated using MegAlign 4.04. The CLUSTAL

method was also employed for pairwise alignments, demonstrating identity between: (i)

Atlantic salmon MyoDl and rainbow trout TMyoD [amino acid (aa) level], (ii) Atlantic

salmon MyoD2 and rainbow trout TMyoD2 [aa level], (iii) Atlantic salmon MyoDl and

MyoD2 [entire length (including 5'UTR and 3'UTR): nucleotide (nt) level] and (iv)

Atlantic salmon MyoDl and Myod2 [coding region: nt level and aa level]. Sequences

were examined for putative polyadenylation signals (AATAAA).
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4.4 Results

4.4.1 Characterisation ofMyoDl

RT-PCR using RNA from fast muscle yielded an initial 425 bp amplicon and BLAST

homology searches confirmed that these nucleotide sequences were homologous to

rainbow trout TMyoD. This amplicon was employed as probe for cDNA library screening.

One positive clone was obtained from the primary screening, which was subsequently

excised, purified and employed for secondary screening. The resulting secondary sibling

clones (Fig. 4.2) contained a 3 kb insert, which comprised a chimeric clone (MyoDl and

parvalbumin [GenBank accession no. X97825]) as established through BLAST homology

searches. The 1668 bp sequence of MyoDl consisted of a 212 bp 5'UTR, followed by an

828 bp open reading frame (ORF) and a 625 bp 3'UTR (Fig. 4.3; Fig. 4.4A). The ORF

translated into 276 amino acid residues when the initial ATG codon at nucleotide 213-215

is employed as the translation initiation site (GenBank accession no. AJ557148). Gene

specific primers {MyoDl-3 and MyoDl-4) were designed from the Atlantic salmon MyoDl

sequence and used in PCR analysis of gDNA (Fig. 4.4A). The genomic sequence of

MyoDl was estimated to be 1273 bp (GenBank accession no. AJ618978). Comparative

sequence analysis between cDNA and gDNA revealed presence of three exons (exon 1:

516 bp, exon 2: 79 bp and exon 3: 236 bp) and two introns (intron 1: 139 bp and intron 2:

303 bp). In addition, two MyoDl variant genomic copies (1134 bp and 959 bp) were

amplified by PCR and cloned. These genomic copies were lacking intron 1 and intron 2,

respectively (Fig. 4.5). The 1134 bp genomic copy was referred to as MyoDla and its

intron 2 sequence was 99% identical to MyoDl, while the intron 1 sequence of the 959 bp

genomic copy, denoted MyoDlfl, showed an 89% identity with MyoDl. The MyoDl

genomic copies displayed 98% and 99% identity at the amino acid level, respectively
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(Table 4.2). Two putative polyadenylation signals (AATAAA) at 35-40 and 152-157

nucleotides upstream of the polyA tail were identified for MyoDl (Fig. 4.3).

4.4.2 Characterisation ofMyoD2

Alevin mixed muscle cDNA and adult fast muscle gDNA was successfully amplified by

PCR generating MyoD2 (Fig. 4.4 B). The 1319 bp sequence of MyoD2 consisted of a 72

bp 5'UTR, followed by an 828 bp ORF and a 416 bp 3'UTR (Fig. 4.6). The ORF

translated into 276 amino acid residues when the initial start codon (ATG) at nucleotide

73-75 is used as the translation start site (GenBank accession no. AJ557149). The

genomic sequence of MyoD2 was established to be 1868 bp (GenBank accession no.

AJ557150). Comparative sequence analysis between cDNA and gDNA revealed presence

of three exons (exon 1:513 bp, exon 2: 79 bp and exon 3: 239 bp) and two introns (intron

1: 348 bp and intron 2: 201 bp). MyoD2 was screened by PCR using primer combination

MyoD2-1 and MyoD2-3 spanning exon 1 to exon 2, thus encompassing intron 1 in a

strategy to determine whether further copies of MyoD were present in the Atlantic salmon

genome. Two PCR products (949 bp and 880 bp) were obtained and two intronic copies

(348 bp and 273 bp) were identified for the MyoD2 gene. These fragments were

individually excised from a gel, cloned, purified and separated through an agarose gel in

individual lanes (Fig. 4.4C). Pairwise alignment of MyoD2 and the 880 bp copy showed

76% identity at nucleotide level and 94% at amino acid level, while the 949 bp copy was

100% identical to MyoD2 (Fig. 4.7; Table 4.3). The partial 880 bp sequence was denoted

MyoD3 (GenBank accession no. AJ851827). The percentage identity of the 5'UTR

between MyoD2 and MyoD3 was 72% at nucleotide level. No polyadenylation signals

were identified for MyoD2 due to the partial 3'UTR region.
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4.4.3 Amino acid sequence analyses

The 60-residue basic helix-loop-helix domain (bHLH) was present in both MyoDl and

MyoD2 (Fig. 4.3 and Fig. 4.6). The percentage identities between MyoDl and other

MyoD orthologs, as calculated by MegAlign, were as follows: S. salar MyoD2 (74%), O.

mykiss MyoDl (98%), O. mykiss MyoD2 (75%), S. aarata MyoDl (67%), S. aurala

MyoD2 (58%), H. sapiens (58%), R. norvegicus (59%), M. musculus (59%) (Table 4.2).

The results for percentage identities between MyoD2 and other MyoD orthologs were as

follows: S. salar MyoDl (74%), O. mykiss MyoDl (73%), O. mykiss MyoD2 (94%), S.

aurata MyoDl (66%), S. aurata MyoD2 (56%), H. sapiens (56%), R. norvegicus (56%),

M. musculus (56%) (Table 4.4). The amino acid sequence multiple alignment between

MyoD orthologs (Fig. 4.8) revealed the presence of deletions in the Atlantic salmon

protein sequences: (i) 13-residue deletion (RDVDLTAPDGSLC) at position 9-21, (ii) 11-

residue deletion (FPAAVHPAPGAR) at position 97 - 108, (iii) 5-residue deletion

(DAAPP) at position 201 - 205, (iv) 8-residue deletion (GPLPPGRG), (v) 2-residue

deletion (SE/D) at position 325 - 326, (vi) 2-residue deletion (QC) at position 342 - 343.

The CLUSTAL method (MegAlign 4.04) was also employed for pairwise alignments,

demonstrating the following homologies: (i) the amino acid alignment between Atlantic

salmon MyoDl and rainbow trout TMyoD revealed an identity of 98%. Three amino acid

substitutions were present at positions 52 (G—>E), position 178 (P—>Q and position 196

(T—>A). The bHLEl region was highly conserved and did not include amino acid

substitutions, (ii) The amino acid alignment between Atlantic salmon MyoD2 and rainbow

trout TMyoD2 revealed an identity of 94%. Thirteen amino acid substitutions were present

at positions 143 (G->E), 150 (M->V), 176 (T—>A), 183 (T-^R), 188 (Y-+D), 199 (G-+D),

200 (A—*S), 223 (F—>S), 229 (S-+C), 253 (E->R), 254 (T->N), 256 (A->G) and 257
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(P—»T). The bHLH region was highly conserved and did not include amino acid

substitutions. (iii) The pairwise nucleotide alignment between Atlantic salmon MyoDl and

MyoD2 revealed identity of 58% over the entire length [5'UTR and 3'UTR included], (iv)

The pairwise nucleotide alignment between Atlantic salmon MyoDl and MyoD2

demonstrated identity of 69% when restricted to the ORF, while the pairwise alignment of

the amino acid sequence showed 74% identity with several substitutions (three located in

the bHLH region): MyoDl - 1-residue insertion (G) at position 146, 1-residue insertion (S)

at position 243 and a 2-residue insertion (NT) at position 274 - 275; MyoD2 - 2-residue

insertion (SN) at position 203 - 204 and a 2-residue insertion (SG) at position 234 - 235.

4.4.4 MyoDl expression by RT-PCR and ISH

In an attempt to determine whether MyoDl was exclusively expressed in muscle, an RT-

PCR assay was carried out using RNA isolated from various tissues. MyoDl was

expressed in fast skeletal muscle (Fig. 4.9A), but in contrast there was no detectable

MyoDl mRNA observed in cardiac (heart) muscle tissue or in non-muscle tissues such as

liver, kidney, gill, brain, spleen and swim bladder, while /3-actin was constitutively

expressed in all tissues (Fig. 4.9B). The RT-PCR assay revealed that MyoDl transcripts

were highly expressed in adult fast muscle, while lowly expressed in larvae and adult slow

myotomal muscle (Fig. 4.1 OA). In contrast, MyoD2 transcripts were highly expressed in

larvae, while lowly expressed in the fast and slow myotomal muscle of adult stages (Fig.

4.1 OB), while /3-actin was constitutively expressed (Fig. 4.9C). Table 4.5 summarises the

expression pattern of MyoDl and MyoD2. Expression of MyoDl mRNA was examined by

means of in situ hybridisation with a DIG-labelled MyoDl riboprobe (425 bp). The

analysis of fast skeletal muscle demonstrated strong and specific signals of MyoDl mRNA

expression in putative MPCs corresponding to mononuclear cells located in the periphery
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of fast skeletal muscle (Fig. 4.11 A). The probe only stained a low percentage (<5) of total

nuclei, while sections stained with a sense probe (negative control) were unstained (Fig.

4.1 IB).
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Figure 4.2 MyoD secondary screening of cDNA library.

Duplicated plaque lifts (2 min and 4 min, respectively) confirming secondary screening

pattern, which resulted in potential MyoD clones from the adult fast muscle cDNA library.

Potential clones were purified and subjected to in vivo excision followed by DNA

sequencing.
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V Exon 1

1 TTCAGGCGACCAAGCCACCAAGGGCAACCTCAGACTTCAGCTGCTAAAACCACACTACGCCCCTGTACAGTAGTCGCTGC
81 GCTTTACCGTGGAACACGTTTATTCGGAGTGCTTGGATAAAAACGTGCGCACTACAAATATTACCAAATAGAAGACAGCT

MELPDIPFP 9
161 GAAGTGTTCTCCGTATAATCTCTTGGGATTTTGGCAGAACAGAAGAGTTACCATGGAGTTGCCGGATATTCCTTTCCCTA

ITSPDDFYDDPCFNTSDMHFFEDLDPR 36

241 TCACCTCTCCAGATGACTTCTACGACGACCCTTGCTTCAACACCAGCGACATGCATTTCTTTGAGGACCTGGACCCGAGA

LVHVGLLKPDDHHHKGDEHIRAPSGHH63

321 CTCGTTCATGTGGGTCTCCTCAAGCCGGACGACCACCATCACAAAGGGGACGAGCACATCCGGGCACCGAGTGGGCACCA

QAGRCLLWACKACKRKTTNADRRKAA,|89
4 01 CCAGGCCGGCAGGTGCCTCCTGTGGGCCTGCAAAGCCTGCAAGAGGAAGACCACCAATGCTGATCGCAGGAAAGCGGCTA

THRERRRLSKVNDAFETLKRCTSTNPN116
4 81 CCATGCGGGAAAGAAGGCGACTGAGCAAGGTGAACGACGCCTTCGAGACACTGAAGAGATGTACGTCCACTAACCCAAAC

•Q RUBS* P K KWVfMMfii R N WBM I S Y I E S L Qi G L L R G A G 143
561 CAGAGGCTGCCCAAAGTAGATATCCTGCGGAATGCCATCAGCTATATTGAGTCTCTCCAAGGCCTGCTTCGTGGGGCCGG

QEGNYYPVMDHYSGDSDASSPRSNCS 169
641 ACAGGAGGGCAACTATTACCCGGTGATGGATCACTATAGCGGGGACTCGGATGCGTCCAGTCCCCGCTCCAACTGCTCAG

V Exon 2

DGMMDFNDPSCPPRRRNKYDSIYFNET 196
721 ACGGAATGATGGATTTCAATGACCCGTCTTGTCCACCAAGACGGAGAAACAAGTATGATAGCATCTACTTCAACGAAACA

V Exon 3

PNDSRRKKNSVISSLDCLSNIVERITT 223
801 CCAAATGATTCCAGACGCAAGAAGAACTCTGTTATTTCCAGTTTGGACTGCCTATCAAACATCGTGGAGCGCATCACCAC

DTSACPAVQDGSEGSSPCSPGDGSIA 249
881 GGATACCTCTGCCTGTCCCGCTGTTCAGGACGGTTCCGAGGGTAGCAGCCCCTGTTCTCCCGGGGATGGTTCCATAGCGA

SENGAPIPSPINCVPALHDPNTIYQVL 276
961 GTGAGAACGGAGCCCCCATCCCGTCCCCGATCAACTGCGTCCCCGCCTTGCATGACCCAAACACCATTTACCAGGTGTTG

★

1041 TGAAGTCGGGTCGGTGGACTTAATACAGTAATTGTACATTCTTCAAAACACAACTTATTTCTTATGGGGAGAGAAAATAC

1121 CAAAGACTTGCGAAGGTCGCTACAAGGCTACACACCAAAGAAGTTCCGATACCGGCTTTGAAAGACATTAAAAATAGCGG

12 01 TGTCCAATATCTTAAAGAACCCTTGGTCTACATTGGATAATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGAATGTATGTG
12 81 TGTGAATGTATTTATATTGTAGTAGGCCTATGCTATTCTAAGATAGTACAAGTCTGAATTCATATGAACGGATACCATTC

13 61 TATTTGTGATCGACATAATTTAATTAAGGGATTATATCTGTAGTATTATCATTTCCAGTTGGCAAGGCGGAAACGCCTGA

1441 GATAAATTAATCCGGAAAGTGAGGACCATTTTGTATATGTGTAAATAAGAGCTGCTTTGCAAAAAAAACGAAATAAACGA
1521 ACAACACACAGGAAGTGTTTGTAATCATATTTAATATTGCTCTTGGATTGTTGTGTCAGATTTTTAACTTTATATTTATA
16 01 ATATCAAGAACGGAGTGAATTACATTTG AATA TATATATTTATATATAAAAAAAAAAAAAAAAAAA

Figure 4.3 MyoDl nucleotide and amino acid sequences.

This figure shows nucleotide (numbers on left) and deduced amino acid (numbers on right)

sequences of MyoDl, where the corresponding single letter amino acid is shown above a

triplet nucleotide code. Exon boundaries are indicated by a 'V' symbol and the ATG start

codon (in green) is underlined, while stop codon (in red) is indicated by Shaded areas

represent features such as basic helix-loop-helix (bHLH) domain (in pink) and the

polyadenylation signals (AATAAA) are marked in blue.
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Figure 4.4 MyoD amplification products.

(A) RT-PCR of cDNA and gDNA of MyoDl adult fast muscle samples. Lane 1. 1 kb DNA
ladder (in bp) (Promega, Southampton, UK). Lane 2. -1300 bp gDNA amplified primers

MyoDl-2 and MyoDl-4. Lane 3. -750 bp cDNA amplified by primers MyoDl-3 and

MyoDl-A. Lane 4. Negative PCR control (water). (B) RT-PCR of cDNA and gDNA of

MyoD2 alevin mixed muscle and adult fast muscle. Lane 1. 1 kb DNA ladder (in bp). Lane 2.
-1900 bp gDNA amplified by primers MyoD2-\ and MyoD2-2. Lane 3. -1300 bp cDNA

amplified by primers MyoD2-1 and MyoD2-2. Lane 4. Negative PCR control (water). (C)
PCR of gDNA aimed at MyoD2 intron 1: fragments were cloned and separated on a gel in
individual lanes. Lane 1. 949 bp gDNA amplified by primers MyoD2-1 and MyoD2-3. Lane
2. 880 bp gDNA amplified by primers MyoD2-\ and MyoD2-3. Lane 3. Negative PCR
control (water). Lane 4. 1 kb DNA ladder.
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Table4.2Pairwisealignmentsbetween'complete'MyoDlandtwocopiesdisplaying'intronloss'(MyoDlaandMyoDlfi).Thetable summarisestherespectivelengthsandpercentagehomologiesbetweendifferentregions(nucleotide[nt]andaminoacid[aa]),suchasintron 1,intron2andthetranslatedcodingsequence MyoDlcopy

Length(bp)

MyoDl:intron1[nt]
MyoDl:intron2[nt]
MyoDl[aa]

MyoDla

1134

-

99%

98%

MyoDl(3

959

89%

-

99%



V Exon 1 M E L 3

1 TCTAACGTTTGTGACAAATACAGAGCCAGGATTACACTCGTTACAGGGCTGGTCTTAGAATTTGACAGTGAGATGGAGTT

SDISFPVTSADDFYDDPCFNTSDMHF 29
81 GTCGGATATTTCGTTCCCTGTCACCTCTGCTGATGACTTTTATGACGACCCGTGCTTCAACACCAGCGACATGCATTTCT

FEDLDPRLVHVGLLKPDDHHYNEDEHI 56

161 TCGAGGACCTGGACCCCCGGTTAGTCCACGTGGGACTCCTCAAGCCAGACGACCACCATTACAACGAAGACGAACACATC

RAPSGHHQAGRCLLWACKACKRKTTNg 83
241 AGGGCACCGAGCGGGCACCATCAAGCCGGCAGGTGCCTCCTCTGGGCATGTAAAGCTTGCAAGAGGAAAACCACAAACTC

DRRKAATMRERRRLGKVNDAFENLKRI109
321 TGACCGGAGGAAGGCTGCTACCATGCGGGAGAGGAGGAGGCTGGGCAAGGTCAACGACGCCTTCGAGAACCTGAAGAGAT

CTSNNPNQRXjPKVEILRNAISYIESL Q 136
4 01 GCACGTCGAACAACCCCAATCAGAGGCTTCCCAAGGTGGAGATCTTGAGAAATGCCATCAGCTACATCGAGTCTCTGCAA

SLLRGQGGENYYPMLEHYSGDSDASSP 163
4 81 TCTCTGCTCAGGGGCCAGGGCGGCGAGAACTACTAcCCTATGTTGGAACACTATAgCGGGGACTCTGACGCATCCAGTCC

VExon 2

QSNCSDGMMDYNTPTCTSATRSNYYS 189
561 ACAGTCCAACTGCTCTGATGGAATGATGGACTATAATACCCCAACGTGCACGTCCGCAACACGAAGCAACTATTACAGCT

VExon 3

SYFAETPNAGARSNKNAAVISSLDCLS 216

641 CTTATTTCGCCGAAACTCCAAATGCTGGTGCCAGAAGCAACAAGAACGCAGCAGTCATCTCCAGCTTGGATTGTCTTTCC

SNIVERIFTDTASTVLSGQEGSEGSPC 243
721 AACATCGtGGAGAGAATcTTTACAGACACGTCCGCGTCCAcTGTGTTATCAGGCCAGGAGGgTTCCGAGGGTAGCCCCTG

SPQEGSILSETGAPVPSPTNCPQPSH 269
8 01 CTCTCCACAAGAGGGATCTATCCTGAGCGAAACGGGGGCACCCGTGCCGTCACCGACCAACTGCCCACAGCCGTCCCATG

DPIYQVL* 276
8 81 ACCCCATCTACCAAGTGCTATGAACACAGTGATAGTATGGCTACATTCATGAAAACGAATCGATTCCTATAAATGAAGAA
961 AACAACAAACGGACAGAGTTGCAGAATGTTGCTGTAGTAGAAGAATAGGATGGCAAAGCTGTCATTCCTTcTAATAGAAA
1041 GGTTTCAATTCCTTGAAGATCAGTCATTTGCTTCCCATTGATCACGTTTTATGAGATATAATTTACGACGTATTTATGTA
1121 GGCCTGAGTGTAATCGTATATGAAATATTTGACTACTTTCTTAAACTTGTGTGTGTGTTGTCATCGTCATCTTTTGTTCT
12 01 TTCCTTGCCATTTTTATTGTTTATGACAATAGAGGACCATTTTTGTATATGTGTAAATAAGAGGTGATTTGTTAAAAAAA
12 81 AGAAGAAAAAAATAACAAAAAGTGTTTTATGTATTTAAT

Figure 4.6 MyoD2 nucleotide and amino acid sequences.

This figure shows nucleotide (numbers on left) and deduced amino acid (numbers on right)

sequences of MyoD2, where the corresponding single letter amino acid is shown above a

triplet nucleotide code. Exon boundaries are indicated by a 'V' symbol and the ATG start

codon (in green) is underlined, while stop codon (in red) indicated by Shaded areas

represent features such as basic helix-loop-helix (bHLH) domain (in pink). No

polyadenylation signals were observed for MyoD2 perhaps due to the partial 3'UTR.
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Vexon 1

MyoD2 GCCCAAAGTTTCCGGTAACCTCTAACGTTTGTGACAAATACAGAGCCAGGATTACACTCG 60
MyoD3 TAG AACGTTTGTAATAAATACAGAGCCAGGAGAACAATTG

MyoD2 TTACAGGGCTGGTCTTAGAGTTTGACAGTGAG ATGGAGTTGTCGGATATTTCGT 12 0
MyoD3 TTACAAAGTTGGTCTTGGAATTTGACAGTGAGATAGAGATGGAGTTGTCGGATATTTCGT

MyoD2 TCCCTGTCACCTCTGCTGATGACTTTTATGACGACCCGTGCTTCAACACCAGCGACATGC 180
MyoD3 TCCCTATCACCTCCGCTGATGACTTTTATGACGACCCTTGCTTCAACACCAGCGACATGC

MyoD2 ATTTCTTCGAGGACCTGGACCCCCGGTTAGTCCACGTGGGACTCCTCAAGCCAGACGACC 24 0
MyoD3 ATTTTTTCGAAGACATGGACCCCCGGTTAGTCCATGTTGGTCTCCTCAAGCCAGACGACC

MyoD2 ACCATTACAACGAAGACGAACACATCAGGGCACCGAGCGGGCACCATCAAGCCGGCAGGT 300
MyoD3 ATCATCATAACGAAGACGAGCACATCAGGGCCCCAAGCGGGCACCACCAAGCCGGTAGGT

★ ★★★ ★ ★★★★★★★★★★★ ★★★★★★★★★★★ ★★ ★★★★★★★★★★★ ★★★★★★★★ *★★★

MyoD2 GCCTCCTCTGGGCATGTAAAGCTTGCAAGAGGAAAACCACAAACTCTGACCGGAGGAAGG 3 60
MyoD3 GCCTCCTCTGGGCATGCAAAGCCTGCAAGAGGAAAACCACCAACACCGACCGGAGGAAGG

★ ★★★★★★★★★★★■A"*** ★★★*★ ★★★★★★★★★★★★★★★★★ ★★★ ★ ★★★★★★★■*■★★★★★

MyoD2 CTGCTACCATGCGGGAGAGGAGGAGGCTGGGCAAGGTCAACGACGCCTTCGAGAACCTGA 42 0
MyoD3 CTGCTACCATGCGGGAGAGGAGGAGGCTGGGGAAGGTCAACGACGCCTTCGAGAACCTGA

MyoD2 AGAGATGCACGTCGAACAACCCCAATCAGAGGCTTCCCAAGGTGGAGATCTTGAGAAATG 4 8 0
MyoD3 AGAGATGCACGTCGAACAACCCCAATCAGAGGCTTCCAAAGGTGGAGATCCTGAGAAATG

★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★•AT* ★★★★★★★★★

MyoD2 CCATCAGCTACATCGAGTCTCTGCAATCTCTGCTCAGGGGCCAGGGCGGCGAGAACTACT 540
MyoD3 CCATCAGCTACATCGAGTCTCTGCAGTCTCTGCTCAGGGGCCAGGACGGCGAAAACTACT

★ ★★*★★★★★★★★★★★★★★★★★★★★★ ★★★★★★ ★★★★★★★

MyoD2 ACCCTGTGTTGGAACACTATAGCGGGGACTCTGACGCATCCAGTCCACAGTCCAACCGCT 60 0
MyoD3 ACCCTTCGCTGGAGCACTACAACGGGGACTCTGACGCATCCAGCCCACGGTCCAACTGCT

★ ★ ★★★* ★★★★★ ★ ★ ★★★★ ★★★★★★★ ★★★

Vintron 1

MyoD2 CTGATGGAATGGTGAGT CTTGACATCAGTGT..ATGGGCATGACCCCACTGGA 660
MyoD3 CTGATGGAATGGTGAGTTGGTGCACTTGACCTCAGTGTCTATGGGCATG..TCCACTGGA

★ ★★★★★★★★★★★★★★★★ ★★★★★★ ★★★★★★★ ★★★★★★★★★ ★★★★★★★★

MyoD2 ATCCGGTCGTTTTTATTCAATTAAACCTATTTGCAAGTTTATATAAATACATTTAGTAGG 72 0
MyoD3 TTCCGGTCGTTCT . . TT . . ATTACA TTACAT . TACGTATACATACATTTAGTAGG

MyoD2 CCTATTCGATTTTATTTTCTTATATTATTTTGGAACTACCAATCGGATATCACGAAATTG 780
MyoD3 CCTATTCCATTTTATTTGTATATATTATTTTGGA TTG

******* ********* ************** ***

MyoD2 TGGAGAAAAAGGGGTAAATAGTACAACAACAAAAAAAATGTACACACTAAGTACACAAAA 840
MyoD3 AGGTCTATAGTATGATA TATTGATT

★ ★★ ★★★★★★ ★★ ★ ★ ★ ★

MyoD2 AGGTGGGATATAGGTATATAGTTTGAGATATTAATGTCATTCAATATCATTCCAAAAGCT 900
MyoD3 TATAGGTCTTTGGTTTGA CAT ATCATTCCAAAAGTC

MyoD2 GTCAAAACACACAATGTGTTATTTTATTGATCGAATTCTTA GATTGCA. . 96 0
MyoD3 GACAGAACACAAAATGTGATATTGTATTGCTCGAATTCTTAATAATGTCAT CT

★ ★★ ★★★★ ★★★★★ ★★★★★★★★★★★

Vexon 2

MyoD2 TTTATTAATGTTTTATCCAGATGGACTATAATACCC 1001
MyoD3 TTTTTTTAATTTATTTTTAATCCAGATGGAATATAATGCCC

★ ★ ★★★ ★★ ★★★ ★★★★★★★★★★★ ★★★★★★ ★★★

Figure 4.7 Pairwise alignment of MyoD2 and MyoD3. Figure legend is placed on the

following page.
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Figure legend 4.7

The 5' UTR, exonl, intron 2 and partial exon 2 of MyoD2 and MyoD3 were compared.

Homology is indicated with symbol, while exon boundaries by a 'V' symbol. The ATG

start codon (in red) and splice donor (GT) and splice acceptor (AG) nucleotides of intron 1

(both in red) are indicated.
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Table4.3PairwisealignmentbetweenMyoD2andMyoD3demonstratingdifferentpercentageidentitydependinguponregionanalysed.The tablesummarisestherespectivelengthsandpercentagehomologiesbetweendifferentregions(nucleotide[nt]andaminoacid[aa]),suchas exon1/exon2,intron1and5'UTR
MyoD2exon1/exon2[aa]MyoD2intron1[nt]MyoD2exon1/intron1[nt]MyoD25'UTR[nt]

MyoD3exon1/exon2[aa]94%- MyoD3intron1[nt]-55% MyoD3exonl/intron1[nt]--76% MyoD35'UTR[nt]---72%



Table 4.4 Multiple sequence alignment of MyoD orthologs and the respective percentage

identities. The identities were calculated using the DNASTAR program MegAlign 4.04.
Values are in percentages

Organism S. salar MyoDl S. salar MyoD2

S. salar MyoDl - 74

S. salar MyoD2 74 -

O. mykiss TMyoD 98 73

O. mykiss TMyoD2 75 94

S. aurata MyoDl 67 66

S. aurata MyoD2 58 56

H. sapiens 58 56

R. norvegicus 59 56

M. musculus 59 56

Note: Amino acid sequences were taken from the following Genbank accession nos: CAD89608 (S.
salar\), CAD89607 (S. salar2), CAA53436 ((). mykissX), CAA87032 {(). mykiss2), AF478568 (S.
aurataX), AF478569 (S. auratal), NP_002469 (II. sapiens), NP_788268 (R. norvegicus),
NP_034996 (M.musculus).
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Figure legend 4.8

The areas where sequences correspond to the Atlantic salmon (Salmo salar) MyoDl are

denoted with a punctuation mark. Shaded areas represent features such as a basic helix-

loop-helix (bHLH) (in pink). Sequences were aligned using CLUSTAL in Megalign

(DNASTAR). Note: Amino acid sequences were taken from the following Genbank

accession nos: CAD89608 (S. salarX), CAD89607 (S. salar2), CAA53436 (O. mykissX),

CAA87032 (O. mykiss2), AF478568 (S. aurataX), AF478569 (S. auratal), NP_002469 (H.

sapiens), NP_788268 (R. norvegicus), NP_034996 (M musculus).
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Figure 4.9 Amplification of MyoDl mRNA transcripts by RT-PCR.

(A) MyoDl RT-PCR of cDNA from various tissue samples (white muscle, kidney, heart,

spleen, brain, gill, swim bladder, liver) and negative PCR control (water) employing primers

MyoDl-3 and MyoDl-4. (B) P-actin RT-PCR of cDNA from various Atlantic salmon tissue

samples (fast muscle, kidney, heart, spleen, brain, gill, swim bladder, liver) and negative

PCR control (water) employing primers P-actin-1 and P-actin-2. A 1 kb marker (in bp)

(Promega, UK) was included to verify PCR product sizes.
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Figure 4.10 Amplification ofMyoDl mRNA transcripts focusing on skeletal muscle.

(A) MyoDl RT-PCR of cDNA of alevin (lane 2), adult fast muscle (lane 3), adult slow

muscle (lane 4) and negative PCR control (water) (lane 5) using primers MyoDl-3 and

MyoDl-4. (B) MyoD2 RT-PCR of alevin (lane 2), adult fast (lane 3), adult slow (lane 4) and

negative PCR control (water) (lane 5) using primers MyoD2-l and MyoD2-2. (C) P-actin

RT-PCR of alevin (lane 2), adult fast (lane 3), adult slow (lane 4) and negative PCR control

(water) (lane 5) with primers p-actin-1 and P-actin-2. A 1 kb marker (in bp) (Promega, UK)

was included to verify PCR product sizes.
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Table 4.5 Tissue-specific expression profile of MyoDl, MyoD2, and fi-actin as established

by RT-PCR. Detection of transcripts (V), absence of transcripts (-), or not included (n.i)
are indicated along with a comment on level of expression

Tissue MyoDl MyoD2 P-actin
Fast muscle (adult) V (strong) V (weak) V (strong)

Kidney (adult) - n.i V (strong)
Heart (adult) - n.i V (strong)

Spleen (adult) - n.i V (strong)
Brain (adult) - n.i V (strong)
Swim bladder (adult) - n.i V (strong)
Liver (adult) - n.i V (strong)
Slow muscle (adult) V (weak) V (weak) V (strong)
Mixed muscle (alevin) V (weak) V (strong) V (strong)
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Figure 4.11 In situ hybridisation of fast muscle. The cryosections were stained using

homologous riboprobes encoding MyoDl antisense probe (A) and negative sense probe (B).

Arrows indicate putative mononuclear myogenic progenitor cells (MPCs). Scale bars equal

10 pm.
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4.5 Discussion

4.5.1 MyoD paralogs

In the present study, three putative paralogous MyoD copies and two additional MyoDl

variant genomic copies were characterised in Atlantic salmon. Intron 1 of MyoD2 was

analysed by PCR in a strategy to determine whether further copies of MyoD were present

in the Atlantic salmon genome. Interestingly, two MyoD2 gene copies were identified, one

of which contained intron 1 of 348 bp, and the other 273 bp. The 348 bp intronic copy

was 100% identical to MyoD2, while pairwise alignment of MyoD2 and the 273 bp

intronic copy (MyoD3) showed 76% identity at nucleotide level and 94% at amino acid

level. It is possible that a putative paralog of MyoD2 (MyoD3) has been revealed, however

further characterisation is needed. The high percentage identity (94%) might reflect a

recent duplication event. Fish are known to contain more copies of genes than mammals,

where a ratio of 2:1 has been proposed (Amores et al., 1998; Jaillon et al., 2004). In

addition, a single tetraplodisation event occurred within salmonids (Allendorf &

Thorgaard, 1984). Many gene pairs have been isolated in salmonids, such as myoblast

determination factor {MyoD) (Rescan & Gauvry, 1996) and myostatin (0stbye et al., 2001).

The evolutionary relationship among the amino acid sequences of the MRFs has been

examined. It has been proposed that the four genes {MyoD, myogenin, myf-5 and MRF4)

were derived from a solitary ancestral gene split into two lineages {MyoD/myf-5;

myogenin/MRF4) during an early vertebrate evolution event (Atchley et al., 1994).
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4.5.2 Sequence alignments

The putative protein encoded by MyoDl and MyoD2 displayed highest identity with their

counterpart in rainbow trout (TMyoD and TMyoD2, respectively; Rescan & Gauvry,

1996). Pairwise alignment demonstrated that MyoDl and MyoD2 shared 74% identity at

the protein level, while the nucleotide level revealed two different percentage identities

(58% and 69%) depending on region analysed. The 5' and 3'UTRs were diverse (58%),

whereas the translated region was more homologous (69%) due to conserved features.

This pattern of divergent untranslated regions was also noted in rainbow trout MyoD

paralogs (Rescan & Gauvry, 1996). Interestingly, both salmon MyoDl and MyoD2

display a higher percentage identity to seabream MyoDl (67%, 66%, respectively) than

MyoD2 (58%, 56%, respectively).

4.5.3 Expression studies

The presence of various MyoD paralogs required in situ hybridisation probe design to be

based upon the divergent areas of the gene (UTRs). Unfortunately, the hybridisations

failed and a less specific area for probe design was selected (open reading frame).

Therefore, cross-hybridisation between various MyoD paralogs is a possibility.

RT-PCR and in situ hybridisation confirmed that both genes are expressed in alevin, post-

smolt and adult stages. In situ hybridisation revealed presence of MyoDl mRNA

transcripts in putative mononuclear cells corresponding to MPCs located at the periphery

of fast skeletal muscle. RT-PCR was employed to reveal tissue specific expression of

MyoDl and the assay showed that MyoDl gene expression was limited to fast and slow

skeletal muscle.
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The MyoD paralogs (MyoDl and MyoDI) were expressed in both fast and slow muscle

fibres. MyoDl was highly expressed in adult fast muscle, while MyoD2 was most strongly

expressed at the alevin stage in mixed muscle. These results suggest that MyoDl and

MyoD2 transcripts have a key role in the determination of myogenic lineages consistent

with the expression patterns observed in the present study. The two MyoD paralogs

(TMyoD and TMyoDT) in rainbow trout display a different expression pattern in both

embryo and adult muscle tissue (Delalande & Rescan, 1999). In the adult, TMyoD was

expressed in both fast and slow muscle, whereas TMyoD2 only in slow muscle, which

provides support for evolution of functionally diverse MyoD genes (Delalande & Rescan,

1999). Two MyoD genes have also been characterised in gilthead seabream, where the

embryonic expression pattern is overlapping between MyoDl and MyoD2 (Tan & Du,

2002). At the adult stage, seabream MyoDl was expressed in both fast and slow muscle,

whereas MyoD2 was only expressed in fast muscle (Tan & Du, 2002), suggesting that

differential gene expression might be related to muscle fibre growth patterns (Tan & Du,

2002). The percentage identity between the seabream paralogs was 58% (amino acid

level), suggesting an early gene duplication event (Tan & Du, 2002). The expression

pattern of salmon MyoDl corresponds to results obtained in rainbow trout and sea bream,

while salmon MyoD2 was expressed in both fast and slow skeletal muscle, in contrast to

the expression pattern in rainbow trout and seabream (Delalande & Rescan, 1999; Tan &

Du, 2002).

4.5.4 'Intron loss'

A combination of RT-PCR and cDNA library screening was employed to amplify full-

length MyoDl and MyoD2 cDNA. Subsequently, the genomic regions of the two MyoD

copies were determined and both displayed three exons and two introns. Interestingly, two
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MyoDl genomic variants, lacking intron 1 and intron 2 respectively, were observed. The

phenomenon of 'intron loss' has previously been described in both plant (Charlesworth et

al., 1998; Small & Wendel, 2000) and fish genes (Fitzgibbon et al., 1995; Venkatesh et ah,

1999; Bolland & Hewitt, 2001). The cause of 'intron loss' is not fully understood, though

it has been suggested that recombination or gene conversion might have had an impact

(Fink, 1987; Drouin & Moniz de Sa, 1997; Loguercio & Wilkins, 1998; Small & Wendel,

2000).

4.5.5 Future studies

A salmon-specific molecular marker of myogenic progenitor cells has recently been

isolated and characterised (q.v. chapter 3) and a salmon-specific marker of the

determination (MyoD) of activated myogenic progenitors would be of great utility in future

studies of myogenesis. A striking finding of the present study was the presence of two

MyoD paralogs, with the possibility of a third paralog (MyoD3). At present, the

expression pattern of the third putative paralog is undetermined. It would be intriguing if

the additional copy turned out to have a different expression pattern to MyoDl and

MyoD2. If it has functional significance, this may provide additional flexibility in the

regulation of myogenesis.

122



Chapter 5.0 Identification and characterisation of Myosin Light

Chain 2 (MLC2) in Atlantic salmon (Salmo salar L.)

5.1 Abstract

The aim was to characterise and study the expression pattern of MLC2 in Atlantic salmon

(Salmo salar L.) as a potential marker of myosin synthesis during growth. One full-length

(.MLC2a) and one partial (MLC2/3) cDNA were isolated from adult skeletal muscle by a

combination of cDNA library screening and RT-PCR. The full-length MLC2 cDNA

encoded a putative protein of 170 residues. The percentage identity between these cDNAs

was 100% at the protein level (of the region that could be compared), while the divergence

was located to their 3'UTRs. The length of the 3'UTRs were 269 bp (MLC2a) and 871 bp

(MLC2/3). A putative polyadenylation signal was identified for MLC2a, while four

alternative polyadenylation signals were observed in the MLC2jI sequence. In situ

hybridisation showed MLC2 was expressed in the cytoplasm and nuclei of fast skeletal

muscle. Semi-quantitative RT-PCR indicated that MLC2 was strongly expressed in adult

fast muscle and in alevin mixed muscle, weakly in adult slow muscle and the gill. There

was no detectable MLC2 mRNA observed in cardiac (heart) muscle, liver, brain,

swimbladder, kidney or spleen.
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5.2 Introduction

The myosin domains interact with actin, hydrolyses ATP and generates movement

(Mermall et al., 1998; Sellers, 1999; Sellers, 2000). The members of myosin class II family

are hexameric proteins consisting of two heavy chains and four light chains (Maeda et al.,

1991; Hodge et al., 1992; Sellers 2000). Myosin light chains are categorised into two

chemical classes: the essential alkaline light chain (MLC1 and MLC3) and a regulatory 5,

5'-dithiobis (2-nitrobenzoic acid) (DTNB)-removable light chain (MLC2) (Weeds &

Lowey, 1971). The troponin C family includes Ca2+-binding proteins such as myosin light

chain, parvalbumin and calmodulin (Periasamy et al., 1984). Components of the

hexameric myosin isoform molecules display developmental stage-specific and/or tissue-

specific expression, which is under hormonal and environmental influence (Whalen et al.,

1981; Gauthier et al., 1982; Izumo et al., 1986; Yamano et al., 1994; Hill et al., 2000).

At least three vertebrate genes have been discovered encoding MLC2 in tissues such as: (i)

fast skeletal muscle, (ii) cardiac and slow skeletal muscle, (iii) smooth muscle and non-

muscle cells (Shani, 1985; Kumar et al., 1989; Lee et al., 1992). Proteins that are

exclusively expressed in muscle cells are termed muscle-specific proteins (MSP) and

among these are a-actin, troponin, a-tropomyosin, parvalbumin, myosin heavy chain and

myosin light chain (Xu et al., 2000), which become upregulated at the time of muscle

differentiation (Rubenstein & Spudich, 1977; Goncharova et al., 1992; Phillips et al.,

1995). Hall et al., (2003) investigated the mRNA expression pattern of MSP genes

involved in myofibril assembly of the Atlantic cod (Gadus morhua L.) and identified the

following sequential order: a-actin, MyHC, troponin T, troponin I, muscle creatine kinase

and troponin C. The objective of the present work was to identify and sequence an

ortholog of MLC2 in Atlantic salmon and study its expression pattern, since MLC2 is a
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potential marker of myosin synthesis during post-embryonic growth in this commercially

important species.

5.3 Materials and methods

5.3.1 Experimental animals and sample preparation

Alevin (~1 g), post-smolt (—90-630 g) and adult Atlantic salmon (3 kg) (Salmo salar L.)

were obtained from the Institute of Marine Research, Matre (Norway). At sampling the

fish were anaesthetised by immersion in seawater containing metomidate hydrochloride (7

mg/L) (Wild-life Pharmaceuticals, Fort Collins, USA). Fast myotomal muscle was

dissected at 0.7 x fork length and were either quickly frozen in liquid nitrogen or fixed in

4% (w/v) paraformaldehyde for 8 h. The samples were rinsed twice for 2 h in PBS, then

immersed in 25% (w/v) sucrose in PBS and left at 8°C overnight. Fixed tissue was

covered in Cryomatrix embedding resin (ThermoShandon, Pittsburgh, USA) and rapidly

frozen in liquid nitrogen. Mixed fast and slow muscles were dissected from the trunk of

alevins and adult tissue (head kidney, heart, spleen, brain, gill, swim bladder, and liver)

were dissected and quickly frozen in liquid nitrogen. All samples were stored at -80°C

until further use. (All chemicals were from Sigma Chemicals, Poole, UK, unless otherwise

stated).

5.3.2 Nucleic acid isolation

Total RNA was isolated using TRI REAGENT, while TURBO DNA-free™ was used to

eliminate contaminating DNA (Ambion, Huntingdon, UK). PolyA+ mRNA was purified

from total RNA using Oligotex (Qiagen, Crawley, UK) following the manufacturer's

instructions. Genomic DNA was extracted from 250 mg of fast muscle using one mL of
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cell lysis buffer (200 mM Tris-HCl, pH 7.5; 100 mM EDTA, pH 8.0; 1% (w/v) SDS; 100

pg/mL Proteinase K) (q.v.2.1.4).

5.3.3 Amplification ofcomplementary DNA (cDNA)

Two micrograms of total RNA was reverse transcribed to cDNA with Oligo-dT primer

using the RETROscript kit (Ambion). cDNA (2.5 pL) was amplified by RT-PCR

containing IX SuperTaq plus buffer (HT Biotechnology, Cambridge, UK), 500 pM

dNTPs, 0.5 pM primers and 2U SuperTaq plus. Primers MLC2A and MLC2-2 were

designed from the published nucleotide sequence of Coho salmon (Oncorhynchus kisutch)

MLC2 (GenBank accession no. AF251130). All primers are listed in Table 5.1 and the

position of each primer is shown in Fig. 5.1. PCR cycling parameters were as follows: 2

min denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and final

extension at 72°C for 5 min. Amplification products were purified by gel electrophoresis,

gel extracted using QIAquick (Qiagen), cloned and sequenced. A 451 bp fragment was

amplified and used as a probe in cDNA library screening (q.v. 5.3.6) and in situ

hybridisation (q.v. 5.3.8).

5.3.4 Amplification ofMLC2 genomic DNA (gDNA)

The zebrafish sequence (http://www.ensem.bl.ora/Danio rerio) was compared to the

Atlantic salmon sequence to disclose the genomic structure of the intron/exon region.

Genomic DNA (100 ng) was amplified by PCR employing IX SuperTaq plus buffer, 500

pM dNTPs, 0.5 pM primers (MLC2-2 and MLC2-3) and 2U SuperTaq plus (HT

Biotechnology). All primers are listed in Table 5.1 and the position of each primer is

shown in Fig. 5.1. PCR cycling parameters were as follows: 2 min denaturation at 94°C,

35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and final extension at 72°C for 5 min.
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5.3.5. DNA subcloning and sequencing

Amplicons were cloned in pCR"4-TOPO vectors and transformed into One Shot TOPIO

chemically competent Escherichia coli (Invitrogen Ltd, Paisley, UK), while plasmid DNA

was isolated using QIAprep Spin Miniprep Kit (Qiagen). The nucleotide sequences of the

cloned DNA inserts were determined initially by sequencing on both strands with

universal primers (T7 and T3). DNA sequencing was performed by the Sequencing

Service (School of Life Sciences, University of Dundee, Scotland) using Applied

Biosystems Big-Dye ver 3.1 chemistry on an Applied Biosystems model 3730 automated

capillary DNA sequencer.

5.3.6 cDNA library construction and screening

PolyA+ mRNA from total RNA of adult fast muscle was employed to construct a A.ZAP-

cDNA library (Stratagene, Amsterdam, Netherlands) according to the manufacturer's

instructions. Briefly, double stranded cDNA was synthesized with StrataScript RT and

size fractionated by gel filtration on a Sepharose CL-2B drip column. The largest fractions

were pooled, ligated and packaged into phage particles using Gigapack III Gold Packaging

extracts. Plating, amplification, titering and plaque lifts, using 120 mm Hybond-N+ blots

(Amersham Biosciences, Chalfont St. Giles, UK), were according to Stratagene's

instructions. The cDNA library was screened at high stringency with the 451 bp MLC2

PCR fragment amplified as above (q.v. 5.3.3). The probe was labelled with [a-32P]dCTP

(40 pCi) and purified through a NICK column (Amersham Biosciences) containing

Sephadex G-50. Blots were pre-hybridised for lh in a hybridisation solution containing:

5X SSPE, 6% (w/v) PEG 6000, 5X Denhardt's solution, 1% (w/v) SDS, 0.1% (w/v)

NaiPiCL, 0.1 mg/mL herring sperm DNA. The labelled probe was added to the
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Table 5.1 Primers designed for use in PCR, RT-PCR, cDNA library screening and in

situ hybridisation. Primers are represented here with the denoted primer name,

organism employed in primer design and the direction (5 '—>3') of primer

Primer Organism Nucleotide sequence (5'—>3')
MLC2-1 Coho salmon CGTGTTCTCCATGTTTGAGC

MLC2-2 Coho salmon CATTACTCCTCCTTCTCCTC

MLC2-3 Atlantic salmon ACCTCCATACATACCGTC

B-actin-1 Atlantic salmon ATGGAAGATGAAATCGCCGC

B-actin-2 Atlantic salmon TTAGAAGCATTTGCGGTGCAC
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hybridisation solution and blots were incubated overnight at 65°C. Blots were washed at

least twice for 15 minutes in a solution containing: 5X SSC solution, 0.1 % (w/v) SDS and

0.1 % (w/v) Na4P207. The blots were exposed to Kodak Biomax MS film (Amersham

Biosciences) and developed using a Fuji (RGII) X-ray film processor. Putative positive

clones were subjected to in vivo excision of the phagemid vector (pBluescript SK (+/-)

phagemid) according to the manufacturer's description. Both strands were sequenced with

universal primers (T7 and T3) at the Dundee Sequencing Service (q.v. 5.3.5).

5.3.7 Tissue specific expression

Two micrograms of total RNA was reverse transcribed to cDNA with Oligo-dT primer

using the RETROscript kit (Ambion). Transcriptional expression of the MLC2 gene in

various tissues (fast skeletal muscle, kidney, heart, spleen, brain, gill, swim bladder, and

liver) was determined by RT-PCR with primer combination MLC2-2 and MLC2-3. PGR

cycling parameters were as follows: 2 min denaturation at 94°C, 35 cycles of 94°C: 30 s,

60°C: 30 s, 72°C: 2 min, and final extension at 72°C for 5 min. Amplification of f1-actin

(GenBank accession no. AF012125) was performed to confirm expression of a

housekeeping gene. The ft-actin PCR cycling parameters were as follows: 2 min

denaturation at 94°C, 35 cycles of 94°C: 30 s, 59°C: 30 s, 72°C: 2 min, and final extension

at 72°C for 5 min.

5.3.8 In situ hybridisation

The MLC2 amplification product (451 bp; q.v. 5.3.3) cloned in plasmid pCRa<4-TOPO was

employed as template for cRNA probe synthesis. The plasmid was linearised with

appropriate restriction enzymes {Spe I or Not I, Promega, Southampton, UK). cRNA

synthesis was performed using a DIG RNA labelling kit according to the manufacturers
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instructions (Roche Diagnostics, Mannheim, Germany), employing 1 pg of linearised

cDNA as template for T3 and T7 RNA polymerases to yield antisense and sense probes,

respectively. Localisation of MLC2 transcripts by in situ hybridisation was performed

using a method modified by Weltzien et al., (2003) (q.v. 2.5.1). Immunological detection

of the hybridised probes was performed with anti-DIG alkaline phosphatase conjugated

antibody, and visualisation was detected by colometric substrates according to the

manufacturer's instructions (Roche Diagnostics). Photographs were taken with a frame

capture colour video camera (Sony Power HAD 3CCD, Sony Corporation, Japan)

connected to a light microscope (Leica DMRBE, Wild MPS52, Milton Keynes, UK)

utilising an image-analysis system (Image-Pro Plus Version 4.5.0.19, Media Cybernetics

Inc, Silver Spring, USA).

5.3.9 Sequence computations

The DNASTAR (Lasergene, Madison, WI, USA) software consisting of programmes such

as EditSeqIM, MegAlignIM and SeqMan1M II were used for base calling, sequence analysis

and assembly. Homology searches were performed using search tools such as BLAST

(Altschul et al., 1997), provided by the National Center for Biotechnology Information

server (http://www.ncbi.nlm.nih.gov/BLAST). The PROSITE database

(htin: ca.c\pas\ .org prositc ) was utilised for pattern identification of Atlantic salmon

MLC2 protein sequences (Hofmann et al., 1999). Artemis, a sequence annotation and

visualization tool available from the Sanger Institute (UK) (http://www.sanger.ac.uk) was

used to map features such as exon, 5'UTR, 3'UTR, protein domains and primer locations

onto the sequence. The CLUSTAL method (Higgins et al., 1992) was employed to

generate multiple alignments (MegAlign, DNASTAR) and to determine identity of protein

sequences. The putative protein sequences were aligned with known MLC2 orthologs
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such as Coho salmon (O. kisutch) (GenBank accession no. AAF71271), zebrafish (D.

rerio) (GenBank accession no. BAAL 18004), human (H. sapiens) (GenBank accession no.

BAB62403), mouse (M musculus) (GenBank accession no. NP_058034), Atlantic halibut

(H. hippoglossus) isoform A (GenBank accession no. CAD32553), Atlantic halibut (//.

hippoglossus) isoform B (GenBank accession no. CAD32552). Percentage identity

between the aligned orthologs was calculated using the DNASTAR program MegAlign

4.04. The CLUSTAL method was also employed for pairwise alignments, demonstrating

homology between: (i) MLC2a and MLC2J3 [amino acid level], (ii) MLC2a and MLC2(I

[nucleotide level]. Sequences were examined for putative polyadenylation signals

(AATAAA).
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5.4 Results

5.4.1 Characterisation ofMLC2 in fast skeletal muscle

A 451 bp amplicon was obtained by RT-PCR of fast muscle, and BLAST homology

searches confirmed that the nucleotide sequence was homologous to Coho salmon MLC2.

This amplicon was employed as probe for primary and secondary cDNA library screening.

The primary screening resulted in a large number of potential MLC2 clones; therefore

secondary screening was initiated, consequentially reducing the number of potential clones

(Fig. 5.2). Two clones were identified as MLC2 through BLAST homology searches and

denoted MLC2a and MLC2(i. The 823 bp sequence of MLC2a consisted of a 41 bp

5'UTR, followed by a 513 bp open reading frame (ORF) and a 269 bp 3'UTR (Fig. 5.3).

The ORF translated into 170 amino acid residues when the initial ATG codon at nucleotide

42-44 is employed as the translation initiation site (GenBank accession no. AJ557151).

The 1132 bp sequence of MLC2fi consisted of a partial 261 bp ORF and an 871 bp 3'UTR

(Fig. 5.4). The ORF translated into 86 amino acid residues (GenBank accession no.

AJ557152). Genomic DNA was not successfully amplified; hence the estimated

exon/intron borders remain speculative (Fig. 5.3, Fig. 5.4).

One putative polyadenylation signal (AATAAA) at 26-31 nucleotides upstream of the

poly(A) tail was observed for MLC2a (Fig. 5.3; Fig. 5.5), while four signals at 15-20, 35-

40, 344-349 and 621-626 nucleotides upstream of the poly(A) tail were identified for

MLC2[2 (Fig. 5.4; Fig. 5.5). It seems likely from the sequence differences in the 3'UTRs

that these are different genes, though the remaining coding sequence and 5'UTR of the

partial MLC2 cDNA need to be obtained. The other possibility is that these cDNAs are

produced from one gene by the alternative usage of polyadenylation signals.
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5.4.2 Sequence analyses

The percentage identities, as calculated by MegAlign, employed MLC2a to reveal amino

acid homology between orthologs through multiple sequence alignment: O. kisutch MLC2

(95.3%), D. rerio MLC2 (61.8%), H. sapiens (50.6%), M. musculus (79.3%), H.

hippoglossus isoform A (91.2%), H. hippoglossus isoform B (90.6%). The conserved

characteristics of a MLC2 protein, such as a 15-residue EF-hand Ca2+ binding domain was

observed in Atlantic salmon MLC2 (Fig. 5.3). Pairwise alignments of MLC2a and

MLC2P showed 100% identity (of the region that could be compared) at the amino acid

level, while 91% identity at nucleotide level over the 3'UTRs (Fig. 5.5).

5.4.3 MLC2 expression by RT-PCR and ISH

In an attempt to determine whether MLC2 was exclusively expressed in muscle, a semi¬

quantitative RT-PCR assay was carried out using RNA isolated from various tissues.

MLC2 was strongly expressed in adult fast muscle and alevin mixed muscle, and weakly in

slow myotomal muscle and the gill, though no tissue-specific sequence variation was

present amongst the PCR products. There was no detectable MLC2 mRNA observed in

cardiac (heart) muscle, liver, brain, swimbladder, kidney and spleen (Fig. 5.7A), while the

R-actin was constitutively expressed in all tissues (Fig. 5.7B) and -RT controls (RNA)

were negative (Fig. 5.7C). Expression of MLC2 mRNA was examined by means of in situ

hybridisation with a DIG-labelled MLC2 riboprobe (451 bp). The analysis of fast skeletal

muscle demonstrated strong and specific signals of MLC2 mRNA expression in nuclei

surrounding each muscle fibre (Fig. 5.8A) and in the cytoplasm (Fig. 5.8B). Sections

stained with a sense probe (negative control) were unstained (Fig. 5.8C).
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Figure5.2MLC2secondaryscreeningofcDNAlibrary. Duplicateplaquelifts(2minand4min,respectively)confirmingsecondaryscreeningpattern,whichresultedinpotentialMLC2clonesfrom
theadultfastmusclecDNAlibrary.PotentialcloneswerepurifiedandsubjectedtoinvivoexcisionfollowedbyDNAsequencing.



V exon 1 MAPKKAKRRGAAA 13
1 CTCTTGTTGACCATCCAAACCTCCATACATACCGTCTCGAGATGGCACCCAAGAAGGCCAAGAGGAGGGGAGCAGCAGCA

V exon 2

EGGSSNVFSMFEQSQIQEYKEAFTI 3M 4°
81 GAGGGCGGTTCCTCCAACGTGTTCTCCATGTTTGAGCAGAGCCAGATCCAGGAGTACAAGGAGGCTTTCACAATCATTGA

V exon 3

QNRDGI I SKDDLRDVLASMGQLNVKN 66
161 CCAGAACAGAGACGGTATCATCAGCAAGGATGACTTGAGGGACGTGCTGGCCTCAATGGGCCAGTTGAATGTGAAGAATG

EELEAMVKEASGPINFTVFLTMFGEKL 93
241 AGGAGCTGGAAGCCATGGTCAAGGAGGCCAGCGGCCCCATCAACTTCACCGTCTTCCTCACCATGTTTGGAGAGAAGCTC

V exon 4

KGAD PEDVIVSAFKVLD PEATG F I KKE 120
321 AAGGGTGCTGATCCCGAGGATGTCATCGTTAGTGCTTTCAAGGTCCTGGACCCCGAGGCTACCGGTTTCATCAAGAAGGA

V exon 5 V exon 6

FLQELLTTQCDRFSAEEMKNLWAAFP 146
4 01 ATTCCTTCAGGAGCTCCTGACCACTCAGTGCGACAGGTTCTCTGCAGAGGAGATGAAGAACCTGTGGGCTGCCTTCCCCC

PDVAGNVDYKQICYVITHGEEKEE* 170
4 81 CAGATGTGGCCGGCAACGTAGACTACAAGCAAATCTGCTACGTAATCACACACGGAGAGGAGAAGGAGGAGTAATGAAAC

561 AGACAGAAGAAAAGAAAACAGCCTCCCTTGCCATTCTACCTTCCTGCTCCTCTGTTCTTCCTTCTATTCTCTTTATGTGT
641 ACTCGTGTGCTCTGTCTCTCACGCACACAAATTCTCTAAAAGACTCGTCTCTACTCAAGACATTTGTGTGAGAGCGGGCG
721 CTCATGGGTTGTCTATGTTTGTTCGTGGGGATATGGGATTATTTTC .ATAA/'AATGATCTTTTAACATCTCCAAAAAAAA

801 AAAAAAAAAAAAAAAAAAAAAAA

Figure 5.3 MLC2a nucleotide and amino acid sequences.

This figure shows nucleotide (numbers on left) and deduced amino acid (numbers on right)

sequences of MLC2a, where the corresponding single letter amino acid is shown above a

triplet nucleotide code. Exon boundaries are indicated by a 'V' symbol and the ATG start

codon (in green) is underlined, while stop codon (in red) indicated by Shaded areas

represent features such as EF-hand Ca2+-binding domain (in red). Putative polyadenylation

signal (AATAAA) in blue.
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1 CTCTTGTTGACCATCCAAACCTCCATACATACCGTCTCGAGATGGCACCCAAGAAGGCCAAGAGGAGGGGAGCAGCAGCA

81 GAGGGCGGTTCCTCCAACGTGTTCTCCATGTTTGAGCAGAGCCAGATCCAGGAGTACAAGGAGGCTTTCACAATCATTGA

161 CCAGAACAGAGACGGTATCATCAGCAAGGATGACTTGAGGGACGTGCTGGCCTCAATGGGCCAGTTGAATGTGAAGAATG

FLTMFGEKL 9

241 AGGAGCTGGAAGCCATGGTCAAGGAGGCCAGCGGCCCCATCAACTTCACCGTCTTCCTCACCATGTTTGGAGAGAAGCTC

KGADPEDVIVSAFKVLDPEATGFIKKE36
321 AAGGGTGCTGATCCCGAGGATGTCATCGTTAGTGCTTTCAAGGTCCTGGACCCCGAGGCTACCGGTTTCATCAAGAAGGA

FLQELLTTQCDRFSAEEMKNLWAAFP 62
4 01 ATTCCTTCAGGAGCTCCTGACCACTCAGTGCGACAGGTTCTCTGCAGAGGAGATGAAGAACCTGTGGGCTGCCTTCCCCC

PDVAGNVDYKQICYVITHGEEKEE* 86
4 81 CAGATGTGGCCGGCAACGTAGACTACAAGCAAATCTGCTACGTAATCACACACGGAGAGGAGAAGGAGGAGTAATGAAAC
561 AGACATAAGAAAAGAAAACAGCCTCCCTTGCCATTCTACCTTCCTGCTCCTCTCTTCTTCCTTCTGTTCTCTCATACCTT
641 CCTTCTCTTTATGTGTACTCATGTGCTCTGTCTCTCACTCACACAAATTCTCTAAAAGACTCGTCTCTACTCAAGATATT
721 TGTGTGAGAGCGGGTGCTCATGGGTTGTCTATGTTTGTTCGTGGGGATATGGGATTATTTTCAATAAAAATGATCTTTTA
8 01 ACATCATCTCTTTCTCACCCGCTTTCCCTTCCCTTAACCCTCTTCCTCCTTTTCATCTCTTACTCCTATCTATCATTGGT
8 81 TGTTTCCCCAGTCTCTCTGTTAGAAGAAATGCACACAGCAAGTCGTATTCCACTGCTGTGGTATGGATGTGTAAACCCCA
961 AGGTGAAATGGAGCACCAGTCTTTGCCTCGGCTGCAACAGCTCAGAGGTTAGACCTGGAAGTCCTTTCACTCCCCCTTAA
1041 TTTAACCCTCAGATGGGCAAA rAASCCAAACAGAGGGATATCGTTCTATAAATATTGTAGAGGTTATCTCCTGTAGATAA
1121 GGTGGGAAAATAGGAGATATTCTAAGAAGGAATGAGGCTAGAGAAAAACATGGCCTCCTTAAAGTGACGGCTACGTTTTT
12 01 CTCAAGTGAGAAAGGCTGCTAGAGAGAAGAGAAAGGACCCAAAGAAAACACTCGTCTTCACCTCCTTTCCCTCCTCCCTT
12 81 TCCTCCTTTACTTCTACCTGTTTTATATAAGCTCCTTTGTTTTCTGCACCTGGACTAGCTTTAGTCTGCCAGAAACTCCT
1361 CTGTAACGAKEAi •■ '.AGGGACTAACTGTGAATAft AAGCTCTTATCTTTTAAAAAAAAAAAAAAAAA

Figure 5.4 MLC20 nucleotide and amino acid sequences.

This figure shows nucleotide (numbers on left) and deduced amino acid (numbers on right)

sequences of the partial MLC2(3, where the corresponding single letter amino acid is shown

above a triplet nucleotide code. Stop codon (in red) is indicated by and putative

polyadenylation signals (AATAAA) are marked blue. The sequence in bold represents the

part missing from the MLC2/3 cDNA (includes ATG start codon [in green]).

137



1 60

mlc-2a TAATGAAACAGACAGAAGAAAAGAAAACAGCCTCCCTTGCCATTCTACCTTCCTGCTCCT
mlc-2b TAATGAAACAGACATAAGAAAAGAAAACAGCCTCCCTTGCCATTCTACCTTCCTGCTCCT

•k-k-k-k-k-k-k-k-k-k-k

61 120

ml c - 2 a CTGTTCTTCCTTCTATTCTCT TTATGTGTACTCGTGTGCTCTGT
mlc - 2b CTCTTCTTCCTTCTGTTCTCTCATACCTTCCTTCTCTTTATGTGTACTCATGTGCTCTGT

************** ****** ************ **********

121 180

mlc-2a CTCTCACGCACACAAATTCTCTAAAAGACTCGTCTCTACTCAAGACATTTGTGTGAGAGC

ml c - 2 b CTCTCACTCACACAAATTCTCTAAAAGACTCGTCTCTACTCAAGATATTTGTGTGAGAGC

181 240

mlc-2 a GGGCGCTCATGGGTTGTCTATGTTTGTTCGTGGGGATATGGGATTATTTTCAATAAAAAT
mlc-2b GGGTGCTCATGGGTTGTCTATGTTTGTTCGTGGGGATATGGGATTATTTTCAATAAAAAT

241 300

mlc-2a GATCTTTTAACATCTCCA

mlc-2b GATCTTTTAACATCATCTCTTTCTCACCCGCTTTCCCTTCCCTTAACCCTCTTCCTCCTT
************** *

301 360

mlc-2a
mlc-2b TTCATCTCTTACTCCTATCTATCATTGGTTGTTTCCCCAGTCTCTCTGTTAGAAGAAATG

361 420
mlc-2a
ml c - 2 b CACACAGCAAGTCGTATTCCACTGCTGTGGTATGGATGTGTAAACCCCAAGGTGAAATGG

421 480

mlc-2a
mlc-2b AGCACCAGTCTTTGCCTCGGCTGCAACAGCTCAGAGGTTAGACCTGGAAGTCCTTTCACT

481 540

mlc-2a
mlc-2b CCCCCTTAATTTAACCCTCAGATGGGCA/ ■ATAAACCAAACAGAGGGATATCGTTCTATAA

541 600

mlc-2a
mlc-2b ATATTGTAGAGGTTATCTCCTGTAGATAAGGTGGGAAAATAGGAGATATTCTAAGAAGGA

601 660

mlc-2a
ml c - 2 b ATGAGGCTAGAGAAAAACATGGCCTCCTTAAAGTGACGGCTACGTTTTTCTCAAGTGAGA

661 720

mlc-2a
ml c - 2 b AAGGCTGCTAGAGAGAAGAGAAAGGACCCAAAGAAAACACTCGTCTTCACCTCCTTTCCC

721 780

mlc-2a
mlc-2b TCCTCCCTTTCCTCCTTTACTTCTACCTGTTTTATATAAGCTCCTTTGTTTTCTGCACCT

781 840

mlc-2a
mlc-2b GGACTAGCTTTAGTCTGCCAGAAACTCCTCTGTAACGAATAAAAGGGACTAACTGTGAAT

841 884

mlc-2a AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

mlc-2b AAAAGCTCTTATCTTTTAAAAAAAAAAAAAAAAA. .

Figure 5.5 Pairwise alignment of MLC2a and MLC2/3 using CLUSTAL (MegAlign 4.04).

The 3'UTRs of between MLC2a and MLC2/3 are compared and indicates homology

between analysed sequences. Termination codon is underlined, while putative

polyadenylation signals are marked in blue.
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H sapiens
M musculus
H hippoglossus a
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H hippoglossus b

S salar
0 kisutch
D rerio
H sapiens
M musculus
H hippoglossus a
H hippoglossus b

1 60
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Figure 5.6 Sequence amino acid alignments ofMLC2 orthologs.

The areas where sequences correspond to the Atlantic salmon (Salmo salar) MLC2 are

denoted with a punctuation mark. Shaded areas represent features such as EF-hand Ca2+-

binding domain (in red). Sequences were aligned using CLUSTAL in Megalign

(DNASTAR). Note: Amino acid sequences were taken from the following Genbank

accession nos: CAD89610 (S. salar), AAF71271 (O. kisutch), BAAL18004 (D. rerio),

BAB62403 (H. sapiens), NP 058034 (M musculus), CAD32553 (II. hippoglossus isoform-

a), CAD32552 (H. hippoglossus isoform-b).
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Figure 5.7 Amplification of MLC2 mRNA transcripts by RT-PCR.

(A) MLC2 RT-PCR of cDNA from various Atlantic salmon (S. salar) tissue samples (fast

muscle, kidney, heart, spleen, brain, gill, swim bladder, liver, alevin mixed muscle, slow

muscle) and negative PCR control (water) employing primers MLC2-2 and MLC2-3. A 1 kb

marker (in bp) (Promega) was included to verify PCR product sizes. (B) ft-actin RT-PCR of

cDNA from various Atlantic salmon (S. salar) tissue samples (fast muscle, kidney, heart,

spleen, brain, gill, swim bladder, liver, alevin, slow muscle) and negative PCR control

(water) using /3-actin-1 and p-actin-2. (C) -RT (RNA) from various Atlantic salmon (S.

salar) tissue samples (fast muscle, kidney, heart, spleen, brain, gill, swim bladder, liver,

alevin mixed muscle, slow muscle) and positive PCR control (fast muscle cDNA).

140



C

Figure 5.8 In situ hybridisation of fast muscle of Atlantic salmon (S. salar L.).

The cryosections were stained using homologous riboprobes encoding MLC2 antisense probe

(A-B) and negative sense probe (C). Arrowheads show stained nuclei surrounding

differentiating muscle cells or nascent myotubes (A) and in the cytoplasm (B). Scale bars

equal 10 prn.
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5.5 Discussion

In the present study, two MLC2 cDNAs (a and P) were isolated and characterised in adult

fast skeletal muscle. A combination of RT-PCR and cDNA library screening was

employed to amplify the full-length MLC2a and the partial MLC2[1 cDNAs. The

sequences were 100% identical over the open reading frame [aa level] that was available

for comparison between the two cDNAs. The MLC2a contained a 269 bp 3'UTR, in

contrast to MLC2[3 which included a 871 bp 3'UTR. Thus, the isolated cDNAs may

reflect two separate genes or be the results of alternative usage of polyadenylation signals

of a single gene. The MLC2a contained characteristic features of a MLC2 protein, in that
9+

a 15-residue EF-hand Ca -binding domain was identified. The deduced protein encoded

by MLC2 displayed highest identity with Coho salmon MLC2 (95.3%) and least identity

with human (50.6%). Many gene pairs have been isolated in salmonids, such as myoblast

determination (MyoD) (Rescan & Gauvry, 1996; q.v. chapter 4) and a pair of MLC2 genes

has been reported for Atlantic halibut (H. hippoglossus) (Andersen el al., 2002).

Two putative polyadenylation signals (AATAAA) were identified in the 3'UTR region of

zebrafish MLC2, whilst northern blot analysis confirmed presence of two MLC2 transcripts

(-1.5 kilobase (kb) and 1.0 kb) (Xu et al., 1999). Four putative polyadenylation signals

were observed for MLC2[3 in Atlantic salmon; however, confirmation of potential

alternative transcripts by northern blotting was not carried out due to time constraints.

Putative exon/intron sites were identified by alignment of salmon MLC2 sequences with

the annotated zebrafish MLC2 sequence. In total, six exons and five introns were

observed, but these were not experimentally confirmed due to the lack of products

following attempted amplification of genomic DNA.
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This study demonstrates tissue-specific expression of MLC2 transcripts in Atlantic salmon,

and localisation of MLC2 mRNA transcripts in cytoplasm and nuclei of differentiating

muscle cells or nascent myotubes. Ennion et al., (1995) demonstrated myosin heavy chain

gene expression (FG2 MyoHC gene) was localised to small diameter fast muscle fibre in

common carp. In contrast, the MLC2 in this study was expressed strongly in both large

and small diameter fast muscle fibres. Moutou et al., (2001) investigated the

developmental and tissue-specific expression of MLC2 in sea bream. Tissues included in

their study were fast muscle, brain, gill, liver, smooth muscle, slow muscle, and kidney,

though MLC2 was only expressed in fast muscle (Moutou et al., 2001). The tissue-

specific RT-PCR assay in our study showed that MLC2 was highly expressed in adult fast

muscle and alevin mixed muscle, while lowly expressed in adult slow muscle and the gill.

MLC2 expression in the gill is intriguing and is the first study to our knowledge showing a

relationship between the main respiratory system in fish and MLC2. The gill consists of

arches, rakers, lamella and filaments (type II), which involves abductor and adductor

muscle for contraction (Pasztor & Kleerekoper, 1962; Burleson & Smith, 2001;

Rombough, 2004).

A striking finding of the present study was the presence of at least two MLC2 cDNAs

(MLC2a and MLC2(3) and multiple alternative polyadenylation signals. The pattern of

four possible MLC2 genes coincides well with the tetraploid status of the Atlantic salmon

genome. At present, the expression pattern of the partial MLC2f3 has not been determined.

It would be interesting if the MLC2p demonstrated a different expression pattern to

MLC2a or was functionally diverse.
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Chapter 6.0 Quantitative gene expression and morphometric studies

of Atlantic salmon (Salmo salar L.) seawater stages

6.1 Abstract

Atlantic salmon (-75 g as initial weight) were reared in triplicate sea cages under either

natural light (NL) or continuous light (CL) from the middle of January until June (summer

solstice). Quantitative gene expression was analysed in relation to standard measurements

of somatic growth (length, weight, and condition factor). The somatic growth pattern was

significantly different between the two treatments. From April to June, the continuous

light treatment resulted in significantly larger fish with a higher growth rate compared with

the NL group.

The number of fast fibres per cross-section was determined after 4 and 20 weeks. The rate

of fibre recruitment was -47% higher between -2 and 4 weeks in natural photoperiod

(2193 fibres day"1 per myotomal cross-section) than in continuous light (1025 fibres day"1).

However, between 4 and 20 weeks fibre number increased by 7% in natural photoperiod

and by -70% in the continuous light group. Thus, at 20 weeks fibre number was not

significantly different between the groups. The fibre diameter was not significantly

different between the two groups at 4 weeks, while at 20 weeks the continuous light group

displayed a higher number of small diameter fibres in comparison to animals reared under

natural light.
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Pax7 and MLC2 were chosen as markers of myogenic progenitor cells (MPCs) and

myofibrillar protein synthesis, respectively. The mRNA abundance of these genes showed

a tendency to decrease during the time-course of the experiment, but no differences in

mRNA abundance were observed between the treatments.
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6.2 Introduction

Increasing daylight induces food ingestion and might improve food conversion (Mason et

al., 1992; Boeuf & Le Bail, 1999), hence photoperiod manipulation is a well established

method of influencing growth, with previous studies focusing on measuring changes in

somatic growth characteristics (length, weight and condition factor) (Saunders & Harmon,

1988; Krakenes et al., 1991; Hansen et al., 1992; Oppedal et al., 1997) and muscle fibre

recruitment (Johnston et al., 2003b). Photoreceptors in the pineal and retina account for

transferral of "light information', with several neural pathways involved (Holmqvist et al.,

1994; Boeuf & Le Bail, 1999).

Advancement in molecular methodology has made it possible to measure the level of

mRNA abundance (reflecting changes in gene expression) and to study gene function

(Zamorano et al., 1996; Bustin, 2000). To be able to investigate gene expression in

relation to experimental treatments is a major advantage and might influence rearing

procedures within the aquaculture industry. This study has concentrated on genes which

are of importance within fish muscle growth, such as paired box transcription factor 7

(Pax7) and myosin light chain 2 (MLC2). Skeletal muscle is a terminally differentiated

tissue and further advancement in growth, therefore, must rely upon contributions from a

proliferative population of myogenic progenitor cells (MPCs) (Koumans & Akster, 1995).

The number of activated MPCs can be altered through feeding (Brodeur et al., 2002;

Brodeur et al., 2003) and photoperiod manipulation (Johnston et al., 2003b). At present, it

is not known whether separate populations of progenitor cells are responsible for providing

nuclei for fibre hypertrophy and recruitment. Progress has been limited by a lack of

molecular markers of MPCs in fish. Recently, a potential Atlantic salmon (Salmo salar L.)

MPC marker (Pax7) was cloned and sequenced (q.v. chapter 3), while MLC2 has recently
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been cloned and sequenced in Atlantic salmon (q.v. chapter 5) and is a useful index of

myofibrillar protein synthesis. A number of quantitative expression studies have

concentrated on the GH/IGF system in salmonids, including refeeding experiments

(Chauvigne et al., 2003) or intra-peritoneal injections of recombinant GH to study tissue

specific effects (Biga et al., 2004). This study investigated the effects of photoperiod

manipulation in relation to muscle morphometry, somatic growth and mRNA abundance to

test the hypothesis that continuous light increases mRNA abundance of myogenic and

structural genes and influences muscle morphometry.

6.3 Materials and methods

6.3.1 Experimental design

The Atlantic salmon (Salmo salar L.) used in this study were under-yearling post-smolts

(~75 g as initial weight). Two months prior to the start of the experiment, fish were

transferred to a seawater cage and a total number of 924 fish were PIT-tagged using

Trovan® transponders ID 101 (BTS Scandinavia AB, Arhus, Sweden). The experimental

design included one photoperiod manipulated group (in triplicate) and one control group

(in triplicate). The experiment was carried out from the middle of January until summer

solstice (21st of June). The continuous lighting employed one asymmetric metal halide

lamp per cage (EUROFLOOD, Siemens, Trondheim, Norway; Bulbs: Osram Powerstar

F1Q1-TS 150W/NDL UVS), which was mounted 2 m above sea level. Illuminance

measurements were taken at a depth of one meter and displayed 105±7 lux. To avoid

cross-illumination, a light-tight barrier was placed between the continuous light and the

control groups. The initial ambient temperature, measured at a depth of 5 m, was 7.9°C

(January) increasing to 10.5°C (June). Additional treatment included one week of

exposure to SLICE® at a dose of 0.5% of biomass per day (Schering-Plough AS, Farum,
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Denmark) to control sea lice infestation.

(BioMar Ltd, Trondheim, Norway) using

Storebo, Norway).

The fish were fed Bio-optimal® dry feed

a computer-operated feeding system (ARE,

6.3.2 Sampling strategies

PIT-tagged fish (462 per group) were repeatedly weighed at intervals [13 January (week -

2), 3 February (week 1), 25 March (week 8), 29 April (week 13), 19 June (week 20)] to

assess growth performance (Table 6.1). Fork length (FL) and body mass (MO were

recorded, and the condition factor (CF) was calculated according to the formula:

CF=[(Mb/FL )xl00]. Metomidate hydrochloride (7 mg per L) was combined with

seawater to anaesthetise fish (Wild-life Pharmaceutical, Fort Collins, USA), followed by a

sharp blow to the head. The following parameters were analysed: (i) muscle fibre

morphometry (week -2, week 4, week 20) (Table 6.2); (ii) quantitative real-time PCR (qrt-

PCR) (week -2, week 1, week 4, week 8, week 13, week 20) (Table 6.3). For the muscle

fibre morphometric study, a 0.5 cm thick transverse slice of the trunk was taken at a

distance from the head equal to 0.7 x FL (Fig. 6.1 A). The slice was traced onto acetate

sheets in triplicate (used for total cross-sectional area [Tcsa] measurement) using a fine pen

and then divided into a series of three blocks (Fig. 6.1 B). Blocks were mounted on cork

sheets, covered in Cryomatrix embedding resin (ThermoShandon, Pittsburgh, USA) and

rapidly frozen in 2-methyl butane chilled to freezing point in liquid nitrogen. The blocks

were equilibrated at -20°C and 10-pm cryogenic sections were cut using a cryostat (Leica

CM 1850, Leica Microsystems, Milton Keynes, UK). The sections were mounted on poly-

L-lysine-coated microscope slides and air-dried. For the qrt-PCR study -100 mg of fast

muscle was dissected at 0.7 x FL and quickly frozen in liquid nitrogen. All samples were
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Table6.1Numbersoffishbytreatment(naturalorcontinuousphotoperiod)andseawatercage(sixintotal)thatwererepeatedlyweighedto assessgrowthperformance.ThesefishwerePIT-tagged;hencetheindividualgrowthpatternweremonitoredfromJanuaryuntilsummersolstice Sampledate

Naturalphotoperiod

Continuousphotoperiod

Cage1

Cage2

Cage3

Total

Cage4

Cage5

Cage6

Total

13January(week-2)
154

154

154

462

154

154

154

462

3February(week1)
154

154

154

462

154

154

154

462

25March(week8)
154

154

154

462

154

154

154

462

29April(week13)
154

154

154

462

154

154

154

462

19June(week20)
154

154

154

462

154

154

154

462



Table6.2Numberoffishsampledbytreatmentandseawatercage(sixintotals)toinvestigatemusclecellularity.Threetime-pointswerechosen, onebeforetreatmentwasinitiated(week-2),anotherafterinitiationofcontinuouslighttreatment(week4),whilethelast(week20)investigated thefinaltime-point.Ninefishweresampledfromeachgroupandtime-point Sampledate

Naturalphotoperiod

Continuousphotoperiod

Cage1

Cage2Cage3
Total

Cage4

Cage5

Cage6

Total

13Jan(week-2)
9

-

-

9

-

-

-

-

24Feb(week4)
3

3

3

9

3

3

3

9

19June(week20)
3

3

3

9

3

3

3

9

Total

15

6

6

27

6

6

6

18



Table6.3Numberoffishsampledbytreatmentandseawatercage(sixintotals)toinvestigatemRNAabundancebyquantitativereal-timePCR. Alltime-pointsweresampledtofollowthemRNAexpressionprofileduringthelengthoftheexperiment.Sixfishweresampledfromeach groupandtime-point Sampledate

Naturalphotoperiod

Continuousphotoperiod

Cage1

Cage2

Cage3

Total

Cage4

Cage5

Cage6

Total

13Jan(week-2)

2

2

2

6

-

-

-

-

3Feb(week1)

2

2

2

6

2

2

2

6

24Feb(week4)

2

2

2

6

2

2

2

6

25March(week8)
2

2

2

6

2

2

2

6

29April(week13)
2

2

2

6

2

2

2

6

19June(week20)

2

2

2

6

2

2

2

6

Total

12

12

12

36

10

10

10

30



0.7 x FL

Figure 6.1 Schematic drawing of Atlantic salmon, transverse slices and blocks. The area

(0.7 x FL) of sampling for muscle morphometry is indicated (A), while the cross-section of a

transverse slice and position of dissected blocks are visualised (B). Dotted arrows specify

location of fast and slow muscle, respectively.
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stored at -80°C until further use. (All chemicals were from Sigma, Poole, UK, unless

otherwise stated).

6.3.3 Musclefibre morphometry

Frozen sections were allowed to defrost for 30 minutes at room temperature. Sections

were immersed in Harris Haematoxylin reagent for 5 minutes, rinsed in running tap water

for 10 minutes and coverslips were mounted using glycerol. Photographs were taken with

a frame capture camera (AxioCam, Karl Zeiss, Gottingen, Germany) attached to a light

microscope (Axioskop 2 plus, Karl Zeiss at xlO magnification). Parameters studied were:

(i) total cross-sectional area [Tcsa]: estimated from tracing the outlines of the transverse

slice of the trunk (Video plan, Kontron Elektronik, Eching, Germany), (ii) fibre cross-

sectional area [Fcsa]: measured using an image-analysis system (SigmaScan software;

SPSS Inc., Chicago, USA). A total of 80 to 100 fast muscle fibres (Fig. 6.2) were

measured from ten randomly selected fields, giving a final number offibres counted (Fc)

per fish, (iii) cumulative area [CumA] was calculated, (iv) fibre diameter [FD] was

calculated from the measurement of Fcsa: FD= 2(VFcsa/7i), (v) fibre number [FN] was

estimated from the measurements of total cross-sectional area (in pm), cumulative area and

numbers of fibres counted according to following formula: FN= 106(Tcsa(Fc/CumA)).

6.3.4 RNA isolation and cDNA synthesis

Total RNA was isolated from fast skeletal muscle (50 mg) tissue. Samples were

homogenised in TRI REAGENT using a FastPrep (Fpl20, Q-Biogene, Illkirch Cedex,

France) with accompanying 2 mL tubes (Lysing Matrix D, Q-Biogene). To eliminate

contaminating DNA, RNA was treated with TURBO DNA-free™ (Ambion. Huntingdon,

UK). Complementary DNA (cDNA) synthesis was performed with a Reverse
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Figure 6.2 Transverse Atlantic salmon fast muscle fibre stained with haematoxylin to

visualise fibres for morphometric analysis. Nuclei are clearly visualised surrounding each

muscle fibre (random nuclei indicated with arrows). Note differences in fibre size;

recruitment (addition of new fibres indicated by a 'V' symbol) and hypertrophy (enlargement

of existing fibres). Scale bar equals 100 pm.
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Transcription Core Kit (Eurogentec, Seraing, Belgium). An amount of 500 ng total RNA

was used in the RT reaction, along with the following reagents in a total volume of 30 pL:

IX reaction buffer, 5 mM MgCb, 2 mM dNTP, 2.5 pM random nonamers, 0.4 U/pL

RNase inhibitor, 1.25 U/pL Euroscript Moloney Murine leukaemia virus reverse

transcriptase (MMLV-RT). cDNA was synthesized at the following PCR cycling

conditions: 10 min at 25°C, 30 min at 48°C and 5 min at 95°C (GeneAmp PCR system

9700, Applied Biosystems, Oslo, Norway). cDNA was stored at -20°C until further use.

6.3.5 Real-time PCR primers andprobes

MLC2 and Pax7 were chosen as target genes, while normalisation was made against

translation elongation factor la (eEFla) (endogenous control). Primers and probes were

designed using Primer Express software (version 1.6) (Applied Biosystems, Foster City,

USA) according to the recommended guidelines (q.v. 2.5.2). The resulting primers and

probe sequences are listed in Table 6.4. All primers were synthesized by MWG Biotech

(Ebersberg bei Munchen, Germany), while TaqMan probes were manufactured by Applied

Biosystems (Oslo, Norway). Following the design of the respective assays, all primers

were tested using identical cycling conditions described below (GeneAmp PCR system

9700, Applied Biosystems). TaqMan PCR assays were performed on cDNA.

corresponding to 500 ng total RNA, in MicroAmp® Optical 96-well plates (Applied

Biosystems). The 25 pL PCR reactions contained following reagents: 5 pL cDNA (diluted

1:5), 12.5 pL TaqMan Universal PCR Master Mix (AmpliTaq Gold DNA Polymerase,

Applied Biosystems), forward primer (450 nM), reverse primer (450 nM), probe (400 nM),

and PCR-grade water (Ambion). The 96-well plate was loaded with either unknown

experimental samples, reference cDNA or non-template control in triplicates. Reference
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Table6.4TaqManprobesandprimersequencesforeEFla,MLC2,Pax7.Thistableshowsthenucleotidesequenceoftheassay, togetherwithdesignedampliconlengthandwhetherprobeorprimershavebeendesignedoveranexon/exonjunction.TaqManprobes containareporterdye(FAM)atthe5'endandaquencher(MGBNFQorTAMRA)atthe3'end Gene

Probeandprimer

Amplicon length(bp)
GenBankAccession no

Exon-Exonborder

eEFla

Probe:5'-(FAM)ATCGGTGGTATTGGAAC(MGBNFQ)-3' FPrimer:5'-CCCCTCCAGGACGTTTACAAA-3' RPrimer:CACACGGCCCACAGGTACA

57

AF321836

+

Pax7

Probe:5'-(FAM)TGCGCCAGGCCAGAACTACCCC(TAMRA)-3' FPrimer:5'-GGAACAGTGCCTCGAATGATG-3' RPrimer:5'-GGTCCTGCATATTGTCCTTCCA-3'
86

AJ618975

+

MLC2

Probe:5'-(FAM)AGGCAGCCCACAGGTTCTTCATCTCCT(TAMRA)-3' FPrimer:5'-CACTCAGTGCGACAGGTTCTCT-3' RPrimer:5'-GTTGCCGGCCACATCTG-3'

76

AJ557151

+



cDNA (fast muscle) amplifying eEFla and MLC2 was included in every run to adjust

threshold cycle (Cy) between plates. PCR cycling parameters were as follows: 10 min

denaturation at 95°C, 40 cycles of 95°C: 15 s, 60°C: 1 min, and final extension at 72°C for

10 min (ABI PRISM® 7700 Sequence Detection System, Applied Biosystems).

6.3.6 Relative Quantification ofgene expression by the Comparative Cj

Method

To validate the relative PCR efficiency between target and reference, a 'validation

experiment' was performed according to recommended guidelines (Applied Biosystems,

1997; q.v. 2.5.2.1). cDNA was produced from different concentrations of RNA (1000 ng,

500 ng, 250 ng 125 ng, 50 ng) and employed in quantitative real-time assays (cycling

conditions: q.v. 6.3.5). The corresponding ACy values of reference and target genes were

used to estimate amplification efficiency between: (i) eEFla vs. Pax7, (ii) eEFla vs.

MLC2. The ACy values were plotted against the log input amount of RNA and if the slope

of the curve were <0.1 it demonstrated that the amplification efficiency between target and

reference gene were approximately equal. The initial time-point (week -2) was chosen as

calibrator. The AACy equation relies upon the normalised ACy mean values being divided

by the normalised calibrator ACy mean value to generate mRNA abundance (Applied

Biosystems, 1997).
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6.3.7 Statistical analysis

6.3.7.1 Somatic growth performance

A 2-way mixed model ANOVA (random factor: cages nested in groups) and Newman-

Keuls test were used to test for significant differences in somatic growth (weight, length

and condition factor).

6.3.7.2 Muscle fibre morphometry

To compare distributions of muscle fibre diameters between the experimental and control

groups, non-parametric smoothing and bootstrapping techniques were used. The

probability density function of fibre diameter was estimated with a smooth kernel function

(Johnston et al., 1999; Silverman, 1986; Bowman & Azzalini, 1997). The distribution of

muscle fibre diameters of the combined population was subjected to 100 bootstrap

estimates, employing in-house software (Johnston et al., 1999). The regions of the smooth

probability density functions need to be out of the area of 100 bootstrap estimates to be

considered significantly different. Muscle fibre distributions were investigated with the

Kolmogorov-Smirnov test to reveal significant differences between the two groups. The

percentiles (5th, 10th, 50th and 95th) of mean fibre diameter were calculated and were

compared using the Wilcoxon two-sample non-parametric test. The effects of fibre

number were tested with a General Linear Model analysis of co-variance (ANCOVA)

(MinitabIM statistical software; Minitab Inc., State College, USA).

6.3.7.3 Quantitative real-time Polymerase Chain Reaction (qrt-PCR)

The differences between mean results of quantitative real-time PCR were investigated with

the non-parametric Mann-Whitney U test (MinitabIM statistical software; Minitab Inc.,

State College, USA).
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6.4 Results

6.4.1 Somatic growth performance

PIT-tagged fish (462 per group) were repeatedly weighed at intervals to assess growth

performance (Table 6.1). The group exposed to natural light grew significantly better (P <

0.05) (length and weight) during February to April (Fig. 6.3 A-B). A decline in condition

factor was evident in both groups, reflecting lower growth rate in weight than in length

(Fig. 6.3 C). The continuous light group showed significantly (P < 0.05) faster growth rate

in both weight and length from April until the summer solstice (Fig. 6.3 A-B), and this was

reflected in a significantly higher (JP < 0.05) condition factor (Fig. 6.3 C).

6.4.2 Muscle fibre morphometry

This study was based upon three time-points during the experiment running from January

to summer solstice, where a total number of 27 fish from the natural light (NL) group and

18 fish from the continuous light (CL) group were analysed (Table 6.2). The number of

fast fibres per myotomal cross-section was significantly greater in the NL than CL groups

at week 4, where the NL group (P < 0.05) showed a higher number of fast fibres (Fig. 6.4).

At week 20, the total number of fast muscle fibres (per myotomal cross-section) was not

significantly different (P > 0.05) between the CL and NL groups (Fig. 6.4). The

recruitment rate was higher for the NL group between -2 week and week 4, while higher in

the CL group between week 4 and 20 (Fig. 6.5). The fast muscle fibre diameter

distribution for the NL and CL groups were represented by a solid line (NL) and a dashed

line (CL) (Fig. 6.6 A-B). 100 bootstrap estimates of fibre diameter distribution were

displayed as shaded areas of the two groups combined. At week 4 there was no significant

difference (P > 0.05) between the experimental groups. Probability density function (pdf)

regions were found outside the shaded areas at week 20, indicating a significant difference
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(P <0.05: Kolmogorov Smirnov) between fibre diameter distributions between the NL and

CL group, in that a higher number of small fibres (<20 pm) were observed in animals

reared under continuous light (Fig. 6.6 B). The Wilcoxon non-parametric test revealed a

significant difference (P <0.05) in the 95th percentile of mean fibre diameter per myotomal

cross-section (Fig. 6.7).

6.4.3 Quantitative real-time Polymerase Chain Reaction

The study was based upon six time-points during the experiment running from January to

summer solstice (Table 6.3). A total number of 36 fish from the NL group and 30 fish

from the CL group were analysed for relative Pax7 and MLC2 mRNA abundance. A value

of one was used for the calibrator group (week -2) to be employed in comparisons between

time-points.

6.4.3.1 Temporal Pax7 mRNA abundance

At least two putative Pax7 paralogs have been identified in tetraploid Atlantic salmon (q.v.

chapter 3); however, there is a possibility of further copies since four have been reported in

zebrafish (Seo et al., 1998). The TaqMan assay was not specifically aimed at a certain

transcript; as an alternative, the accumulated abundance of Pax7 mRNA was assayed.

Initially, a validation experiment was carried out based upon a dilution series of RNA, thus

mean Cj values of eEFla versus Pax7 were established and ACj values calculated (Table

6.5). The amplification efficiency (Fig. 6.8) was equal during the three points measured

(50 ng, 250 ng, 500 ng) (y = -0.09x + 8.0733).

There was no significant difference (P > 0.05) between the mean Pax7 mRNA abundance

of the experimental groups analysed, and a constant level was observed between the first
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three time-points: weeks 1, 4 and 8. In contrast, there was evidence of a significant

decline (P < 0.01) as the experiment proceeded from week 8 to week 20 (Fig. 6.9).

6.4.3.2 Temporal MLC2 mRNA abundance

Two MLC2 cDNAs were identified in Atlantic salmon, where a potential four copies might

be present due to discovery of alternative polyadenylation signals (q.v. chapter 5). The

TaqMan assay was not specifically aimed at a certain transcript; as an alternative, the

accumulated abundance of MLC2 mRNA was assayed. Initially, a validation experiment

was carried out based upon a dilution series of RNA, thus the mean Cj values of eEFla

versus MLC2 were established and ACj values calculated (Table 6.6). The amplification

efficiency (Fig. 6.10) was equal during the four points measured (125 ng, 250 ng, 500 ng,

1000 ng) (y = 0.058x +7.755).

There was no significant difference (P > 0.05) between the mean MLC2 mRNA abundance

of the experimental groups analysed (CL versus NL), though there was evidence of a

significant (P < 0.01) decline as the experiment proceeded from week 1 to week 20 (Fig.

6.11).
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Figure6.3SomaticgrowthofAtlanticsalmonrearedundertwodifferenttreatments(continuouslight(CL)andnaturallight(NL). Figurelegendisplacedonthefollowingpage.



Figure legend 6.3

The length (cm) of PIT-tagged fish (n = 462) was measured and changes throughout the

experiment are displayed (A). The weight (g) of PIT-tagged fish (n = 462) was measured

and changes throughout the experiment are shown (B). The condition factor of PIT-tagged

fish (n = 462) was calculated (CF=[(Mh/FL3)x 100]) and changes throughout the

experiment are displayed (C). The photoperiod manipulated group (continuous light)

signalled a slow initial growth followed by a period of fast growth. indicates

significant differences between groups within a certain sampling time-point and error bars

represent standard deviation of the mean (n = 462).
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Figure 6.4 Comparison of the effect of continuous light (CL) and natural light (NL) treatment

on fast fibre number per myotomal cross-section at different time-points. Significant

difference was observed in week 4 between treatments [*] (* P < 0.05: Ancova). Error bars

represent standard error of the mean, n = 9 fish per experimental treatment and time-point.
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Figure 6.5 Recruitment rates per myotomal cross-section. Rates were estimated for the two

experimental groups (CL: continuous light; NL: natural light) and the time-period elapsed

between: week -2 and week 4; week 4 and week 20. The recruitment rate was faster in the

NL group between week -2 and week 4, while the CL group recruitment rate was higher

between week 4 and week 20.
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Fast fibre diameter (pm)

Figure 6.6 Comparison of the effect of continuous light (CL) and natural light (NL) treatment

on fast fibre mean diameter at different time-points. Figure legend is placed on the following

page.
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Figure legend 6.6

Significant difference was observed between treatments at week 20 [*] (* P < 0.05:

Kolmogorov Smirnov, n = 9 fish per experimental treatment and time-point). The fibre

diameter distributions for the two groups were represented by a solid line (NL) and a

dashed line (CL). 100 bootstrap estimates of fibre diameter distribution were displayed as

shaded areas of the two groups combined, while the average was indicated by a dotted line.

Pdf regions found outside the shaded areas at week 20, indicates a significant difference.
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Figure 6.7 Percentiles of fast fibre diameter. The Kolmogorov-Smirnov test (Fig. 6.6 B)

revealed significant difference between natural light (NL) and continuous light (CL) groups

at week 20; therefore the percentiles (5th, 10th, 50th and 95th) of mean fibre diameter (per

myotomal cross-section) were tested for significance (Wilcoxon non-parametric test). A

significant difference [*] (*P <0.05) between treatments was observed for the 95th percentile.

Error bars represent standard of the mean, n = 9 fish per experimental treatment and time-

point.
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Table 6.5 Mean Cy values for eEFla and Pax7 at various RNA input amounts. This table

shows validation experiment results, essential for AACy calculation of mRNA abundance

Input Amount ng

Total RNA

eEFla

Average Cy

Pax 7

Average Cy

ACy

eEFla - Pax7

50 30.29±0.09 38.59±0.01 -8.30±0.04

250 25.13±0.05 33.47±0.00 -8.34±0.11

500 24.26±0.34 32.38±0.50 -8.12±0.60
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Figure 6.8 Relative Efficiency Plot of total RNA amount (50 - 500 ng) in cDNA synthesis

versus ACy for Pax7. Three cDNA concentrations (50 ng, 250 ng and 500 ng) were analysed

and the slope of the curve (y = -0.09x + 8.0733) is within the limit of acceptability (<0.1).

Error bars represent standard error of the mean, n = 3 replicates per input amount.
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Figure 6.9 Comparison of Pax7 mRNA abundance under different experimental conditions

(natural light [NL] and continuous light [CL]) and time-points. Significant difference was

not observed between treatments, however significant difference was observed in following

instances: week 1 versus weeks 13 and 20; week 8 versus weeks 13 and 20 (** P < 0.01:

Mann-Whitney U test). Error bars represent standard error of the mean, n = 6 fish per

experimental treatment and time-point.
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Table 6.6 Mean Or values for eEFla and MLC2 at various RNA input amounts. This table

shows validation experiment results, essential for AACj calculation of mRNA abundance

Input Amount ng

Total RNA

eEFla

Average Ct

MLC2

Average Ct

ACt

eEFla- MLC2

125 26.98±0.20 19.11±0.35 7.87±0.40

250 25.13±0.05 17.16±0.11 7.97±0.16

500 24.26±0.34 16.12±0.33 8.14±0.34

1000 23.56±0.29 15.94±0.23 7.62±0.36
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Figure 6.10 Relative Efficiency Plot of total RNA amount (125 - 1000 ng) in cDNA

synthesis versus ACj for MLC2. Four cDNA concentrations (125 ng, 250 ng, 500 ng and

1000 ng) were analysed and the slope of the curve (y = 0.058x+7.755) is within the limit of

acceptability (<0.1). Error bars represent standard error of the mean, n = 3 replicates per

input amount.
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Figure 6.11 Comparison oiMLC2 mRNA abundance under different experimental conditions

(natural light [NL] and continuous light [CL]) and time-points. Significant difference was

not observed between treatments, however significant difference (P < 0.01) was observed in

the steady decrease from week 1 towards week 20 (** P < 0.01: Mann-Whitney U test).

Error bars represent standard error of the mean, n = 6 fish per experimental treatment and

time-point.
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6.5 Discussion

Molecular methodology was applied to study growth in relation to standard measurements

of weight, length, condition factor and muscle fibre number and size. Quantitative real¬

time PCR (QPCR) is an established method for quantification of mRNA level. An obvious

advantage with QPCR is the ability to design short (~70 bp) paralog-specific probes and

the number of samples that can be generated concurrently.

The somatic growth pattern observed between the two experimental groups (natural light

(NL) and continuous light (CL)) was in agreement with previous studies (Saunders &

Harmon, 1988; Krakenes et al., 1991; Hansen et ah, 1992), in that a growth depression

linked with reduced growth and appetite occurred at the introduction of continuous light,

subsequently followed by growth improvement. In addition, the results were also in

agreement with Oppedal et al., (1997; 1999), which showed that applying continuous light

specifically from January until summer solstice influenced the growth rate negatively

between January to March-April, while demonstrating a higher and more rapid growth rate

for the remaining period of study in comparison with the NL group. The swimming

pattern of post-smolt Atlantic salmon changes due to continuous light, thus providing fish

with illumination for continued directional swimming in circles (Oppedal et al., 2001).

The additional exercise of fish reared under continuous light may increase anabolic

processes, which in turn is linked with improved growth and appetite and more efficient

'feed-conversion' ratio (reviewed by Davison, 1997).
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6.5.1 Muscle morphometry

At week 4, fish reared under continuous light had significantly fewer muscle fibres than in

the NL group, perhaps reflecting the initial growth retardation with continuous light

treatment. The rate of fibre recruitment was significantly higher in the CL groups than NL

groups between weeks 4 and 20. This was reflected in the distribution of fibre diameter at

week 20, in that the probability density of fibres <20 pm diameter was significantly higher

in the CL than NL groups. The kernel method was used to compare fibre diameter

between groups in conjunction with bootstrapping and the Kolmogorov-Smirnov test.

After establishing whether results from the Kolmogorov-Smirnov test was statistically

significant, the 5th, 10lh, 50th and 95th percentiles of mean fibre diameter (week 20) were

calculated and tested for significance using the Wilcoxon two-sample non-parametric test

(Johnston et al., 1999). The 95th percentile of mean fibre diameter was significantly

greater in the CL than NL groups (P <0.05), perhaps reflecting the greater body mass in

continuous light.

6.5.2 Expression levels: mRNA

The main objective was to investigate levels of Pax7 and MLC2 mRNA abundance in

relation to muscle morphometry. It has previously been shown that the percentage of

satellite cell nuclei decreases with time (Gibson & Schultz, 1983) and that continuous light

treatment transiently increases the number of MPCs after 40 days (Johnston et al., 2003b).

In the present study, muscle morphometry (i.e., higher recruitment rate) was clearly

affected by continuous light treatment. Continuous light would be expected to also

promote proliferation of MPCs. No evidence for changes in Pax7 and MLC2 mRNA

abundance between CL and NL groups was found, as measured by quantitative PCR. In
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addition, mRNA abundance declined throughout the length of the experimental study in

relation to the increase in body mass.

6.5.3 Experimental design and implications

Pax7 mRNA has not previously been quantitatively assessed, and a direct comparison of

these results with other studies is difficult due to differences in experimental design and

methods. The assay design might have an impact on the results, in that the specificity of

design omits amplification of specific mRNA transcripts. There is a high probability of

further copies of Pax 7 and MLC2 genes in the Atlantic salmon genome, possibly with

different transcriptional effects. Thus, it is possible that not all the Pax7 and MLC2 copies

expressed in the experiment were detected.

The main difference between the present study and Johnston et al., (2003b) is the initiation

of continuous light and method of quantification. The light treatment in Johnston et al.,

(2003b) was initiated at the 1st of November using larger fish and expression of MPCs was

quantified using a c-met primary antibody (mammalian sequence based). The c-met is the

receptor of the hepatocyte growth factor, which is thought to stimulate myogenic cell

piolifeialion (Talsunii et al., 1998) and has been used ill previous studies to quantify MPCs

(Cornelison & Wold, 1997; Johnston et al., 1999; Brodeur et al., 2003). Further studies

would be necessary to map mRNA expression to protein expression (Lee et al., 2003),

giving a more accurate representation of the biological process of growth.
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Chapter 7.0 General discussion

This research project was part of a European strategic institute programme on fast growth

and welfare in Atlantic salmon. The collective goals of this programme were to increase

knowledge on connective tissue, bone and muscle growth, hence individual fish in this

study were analysed by several researchers to form an integrative study. The main focus of

this thesis was to screen the Atlantic salmon genome for genes involved in skeletal muscle

growth and development. The aim was to investigate the effects of continuous light upon

these genes and to determine any relationship between gene expression, muscle

morphometry and somatic growth. This project describes the identification and

characterisation of several Pax7, MyoD and MLC2 copies. The main findings are

summarised in Table 7.1 and briefly presented herein. Areas worth further discussion,

such as 'intron loss', polyadenylation signals, CK2 phosphorylation site and potential

implications are presented below.

7.1 Main project findings: identification and characterisation

Characterisation of MyoD revealed the presence of three putative paralogs; two of these

paralogs have previously been described in rainbow trout (Rescan & Gauvry, 1996),

whereas the third was a novel partial MyoD, denoted MyoD3. A differential expression

pattern, at the alevin and adult stages, has been revealed for MyoDl and MyoD2, while

MyoD3 remains to be elucidated. MyoDl has been shown to be subject to 'intron loss', as

the genome contains at least two variant genomic copies lacking intron 1 and 2,

respectively (q.v. 7.4). Two putative polyadenylation signals were identified in the MyoDl
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Table 7.1 Characterisation of Pax7, MyoD and MLC2. The main features of the
characterised myogenic and structural genes, such as 5'UTR and 3'UTR, polyadenylation

(polyA) signals, casein kinase II (CK2) phosphorylation site are presented (presence 'v' or

absence and the transcriptional expression pattern for each gene is summarised

Features Pax 7 MyoD MLC2

5' UTR V V V

3' UTR - V V

Copies 10 variants: 3 paralogs 2 cDNAs

2 paralogs

PolyA signals - 2 (MyoDl) 4 (MLC2J3)

Intron loss - V -

CK2 site V - -

Developmental stage Adult, alevin Adult, alevin Adult, alevin

Tissue expression Brain, muscle Muscle Muscle, gill
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3'UTR, reflecting a putative two MyoDl transcripts (q.v. 7.3). Two putative Pax7 cDNA

paralogs (Pax7a and Pax7fP) were identified, where the latter introduces a potential CK2

phosphorylation site (q.v. 7.2). An interesting attribute of Pax7a were the presence of

insertions and deletions in different combinations. Two MLC2 cDNAs (MLC2a -

complete coding region; MLC2p - partial coding region) were isolated from adult skeletal

muscle. Four putative alternative polyadenylation signals were identified in MTC2/?,

reflecting a possibility of at least four MLC2 copies in the Atlantic salmon genome (q.v.

7.3). Unfortunately, due to time constraints, verification of alternative polyadenylation

signals of MLC2 and MyoDl by northern blot analysis was not performed. At present,

Pax7, MyoD and MLC2 paralogs/variants cannot be associated with different loci of the

salmonid genome. In zebrafish, however, radiation hybrid mapping has been used to

demonstrate duplicated genes, such as cellular retinoic acid-binding protein 2 genes

(.crabp2a and crabp2b) belonging to different linkage groups (Sharma et al., 2005).

The cellular localisation of Pax7 and MyoD showed expression in putative mononuclear

cells in the vicinity of muscle fibres corresponding to MPCs, while MLC2 expression

extended to all nuclei present. The differential staining pattern of these transcripts clearly

demonstrates that markers such as Pax7 and MyoD only stain a small fraction of cells

(MPCs), though no secondary staining method such as PI (propidium iodide) or laminin

was used. The expression study employed probes designed to hybridise within the coding

sequence and could potentially hybridise to any mRNA transcript with high homology.

The Pax7 cRNA probe could potentially hybridise to a putative sixteen transcripts, while

MyoD and MLC2 probes hybridise to a putative four transcripts.
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Ideally, double in situ hybridisation with Pax7 and MyoD probes, utilising the same

section, would have been extremely informative. It would have presented the ratio of cells

expressing Pax7 and MyoD concurrently, thus giving an indication of muscle growth.

7.2 A CK2 phosphorylation site present in Pax7p

The two Pax7 paralogs, denoted Pax7a and Pax7[j, demonstrated different genomic

environments and versions of insl and ins2. Interestingly, Pax 7/i introduces a putative

casein kinase II (CK2) phosphorylation site (TGPE), identified by pattern identification

(PROSITE database) (Pinna, 1990). Protein kinase CK2 is a serine and threonine residue

with catalytic (a, a') and regulatory OP) subunits linked with cellular growth and

proliferation (Pinna, 1990; Allende & Allende, 1995). CK2 is associated with

phosphorylation of more than 160 cellular and nuclear proteins, which supports the vital

position of CK2 within cellular functions (Pinna, 1990; Orlandini et al., 1998). As an

example, in vivo phosphorylation sites have been identified in the Max protein, and

subsequent in vitro studies of CK2 changed the DNA-binding efficiency in homeo

(Max/Max) - and heterodimerization (Myc/Max) in relation to cell growth and gene

transcription level (Bousset et al., 1993). More recently, a CK2 phosphorylation site has

been identified in the BAD protein, and confirmed phosphorylation occurs in vivo, being

vital for cell survival (Klumpp et al., 2004). The CK2P subunit is associated with

changing ribosomal RNA transcription levels under different seasonal (summer and

winter) acclimatisation in the carp, due to reorganisation of nucleolar mechanisms (Vera et

al., 2000). To determine whether phosphorylation of Atlantic salmon Pax7[3, due to

seasonal or environmental signals, takes place is an issue for further investigation. It is

worth noting that this paralog does not occur frequently as reflected in randomly selected

clones. In addition, Pax7fi was only detected at alevin stages, though further studies are
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needed to confirm this expression pattern. Of a potential sixteen Pax7 copies in tetraploid

Atlantic salmon, two have been identified so far.

7.3 Alternative polyadenylation signals

Post-transcriptional processing includes cleavage of the 3'UTR and it is the highly

conserved polyadenylation signal (AATAAA) which directs the positional cleavage ~10-

20 nucleotides upstream of the polyA tail. Transcriptional termination and nucleo-

cytoplasmic transportation of mRNA are both dependant on the polyadenylation signal,

therefore selection of one polyadenylation signal over multiple signals, within a particular

3'UTR, coincides with control of gene expression in a tissue-specific or developmental

mode (reviewed by Edwalds-Gilbert et al., 1997). Thus, it would be interesting to assess

possible tissue-specific or developmental-specific expression patterns generated by the

putative four MLC2 copies.

7.4 'Intron loss' in MyoD

The phenomenon of 'intron loss' has been noted in plant (genus Gossypium and

Leavenworthia), mould (Trichoderma viride) and fish (Fugu rubripes; Tetraodon

nigroviridis) genes, such as alcohol dehydrogenase (Adh) (Charlesworth et al., 1998; Small

& Wendel, 2000), silent antifungal protein (AFP)-Wkc gene (Hao et al., 2000), rhodopsin

and SART1 (Fitzgibbon et al., 1995; Venkatesh et al., 1999; Bolland & Hewitt, 2001),

respectively. The rhodopsin gene in certain fish species lacks introns, in contrast to its

mammalian counterpart where several introns have been reported (Fitzgibbon et al., 1995;

Venkatesh et al., 1999). The cause of 'intron loss' in genes is not fully understood,

however a likely process is through exchanging DNA segments between genes

(recombination/gene conversion) or retrotransposition of mis-spliced mRNA associated
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with genomic deletions (Fink, 1987; Fitzgibbon et al., 1995; Drouin & Moniz de Sa, 1997;

Loguercio & Wilkins, 1998; Small & Wendel, 2000).

Introns are at times referred to as 'junk' DNA without a function, though introns have been

noted to include important regulatory functions such as enhancers and silencers, which was

observed in the expression of regA in somatic cell differentiation (Volvox carteri) (Stark et

al., 2001). Several functions for introns have been demonstrated or proposed: (i) intron

dependent gene expression (Callis et al., 1987), (ii) introns increase stability of transcripts

in the nucleus (Ryu & Mertz, 1989), (iii) introns influence accurate polyadenylation and

mRNA formation (Collis, et al., 1990; Nesic et al., 1993), (iv) introns enhance protein

stability (Noe, et al., 2003). Thus, variant genomic MyoD copies may introduce the above

possibilities, though functional studies need be initiated to assess intron effect.

7.5 Photoperiod manipulation experiment

A photoperiod experiment with continuous light versus natural light was initiated to

determine effects of gene expression (Pax! and MLC2) in relation to somatic growth and

muscle morphometry. Significant effects of continuous light were noted in muscle

morphometry and somatic growth, though not at the molecular level. However, mRNA

abundance on its own does not implicate the nature of the biological system which

ultimately relies upon protein expression (Lee et al., 2003). This study could be used as a

base for future quantitative studies on mRNA and protein abundance, due to

characterisation of genes, designed assays (fluorescence labelled probes) and deduced

amino acid sequences for antibody design.
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7.6 Quantification at translational and transcriptional level

In order to estimate mRNA copies within a single cell, methods such as DNA microarrays

and quantitative real-time PCR have been widely used (Bustin, 2000; Lockhart &

Winzeler, 2000; Selinger et al., 2000). To estimate specific protein levels several

methodologies have been employed, including two-dimensional gel electrophoresis linked

with mass spectrometry (Anderson & Anderson, 1998; Lahm & Langen, 2000), and

isotope-coded affinity tag system (ICAT) in conjunction with mass spectrometry (Gygi et

al., 1999). To bridge the gap between mRNA and protein expression levels, it is essential

to also estimate the number of ribosomes involved in the process (Arava et al., 2003; Zong

et al., 1999). The way forward would thus be through assaying the relationship between

mRNA and protein levels through quantitative real-time PCR. in conjunction with any of

the above protein expression methodologies. To better understand biological systems,

mathematical modelling has been introduced to illustrate mRNA and protein expression

through: (i) predicting translational expression with changes in transcriptional activity, (ii)

recognising changes in translational 'key regulatory features' such as ribosomal copy

number, mRNA and protein degradation rates due to genetics or environment (Lee et al.,

2003).

7.7 Salmon Genome Projects

This project has not had the advantage of a sequenced salmon genome to rely upon for

primer design, such as is the case for Japanese pufferfish (Fugu rubripes) and zebrafish

(.Danio rerio). As an alternative, these nucleotide databases along with mammalian

databases were utilised for sequence manipulations, though a recent initiative from two

groups, Salmon Genome Project (SGP, http://www.salmongenome.no/cgi-bin/sgp.cui) and

Genomic Research on Atlantic Salmon Project (GRASP, http://web.uvic.ca/cbr./grasp/j has
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aimed to strengthen knowledge of the salmon genome through expansion of genetic and

bacterial artificial chromosome (BAC) contig mapping, expressed sequence tags (EST)

sequencing, functional genomics and bioinformatics data interpretation. So far, SGP has

submitted 30,603 EST sequences to GenBank (July 12, 2004). The goal is to identify

genes and proteins in relation to growth, quality, nutrition, reproduction and disease

resistance, and the implementation of these results will allow for improved breeding

programmes of this commercially important species.

7.8 Final words

The potential phosphorylation site of Pax7/3 could be tested by developing CK2 assays,

followed by western blotting to detect phosphorylation. Although phosphorylation in vitro

does not necessarily occur in vivo, this needs to be evaluated by subsequent in vivo

strategies for verification. The design of various constructs, based upon transcripts with

alternative polyadenylation signals, could be used in transfection assays with green

fluorescent protein (GFP) to test individual function.

In conclusion, the tetraploid Atlantic salmon genome appears to contain several myogenic

and structural gene copies. Indeed, the tetraploidy state of Atlantic salmon is challenging

and with the benefit of a sequenced genome it would be possible to confirm the number of

copies and their chromosomal locations, though it is of importance to also establish

whether these transcripts are functional and translates into a protein.
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Chapter9.0Appendices

Appendix9.1
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Appendix9.2 Media(1L)
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Appendix9.3 Plasmidmini-
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Appendix9.4
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Appendix9.5 Insitu
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Appendix9.6
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Appendix9.7 Gel
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Appendix9.8 Hybridisationbufferreagents
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