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Abstract 

It is suggested that gene or genome duplication is the driving force in evolution 

that leads to speciation.  Two models, the classical model and the duplication-

degeneration-complementation (DDC) model, have been proposed on the fates of gene 

duplicates resulting from either a gene or a genome duplication event.  The classical 

model suggests that one of the gene duplicates might result in loss of function (non-

functionalization) or gain of a new function (neo-functionalization) depending on 

whether the accumulated mutations over the years are deleterious or beneficial to the 

organism.  In the DDC model, it is proposed that each of the gene duplicates might 

accumulate different deleterious mutations in the regulatory region of the gene, such that 

these genes partition the ancestral gene function (sub-functionalization).  Combinations 

of the phylogenetic analysis of many gene families support that salmonids have 

undergone two additional whole genome duplications compared to the mammals, one 

occurred in the common ancestors of teleosts and another happened in the common 

ancestor of salmonids approximately 25-120 million years ago.  In this thesis, the 

evolution of the fatty acid-binding protein (fabp) family in fish and salmonids was 

examined.  I have characterized eighteen unique fabp genes in Atlantic salmon.  These 

include the seven fabp sub-families described previously in fish.  Phylogenetic analyses 

and conservation of synteny support the two whole genome duplication events in the 

common ancestors of teleosts and salmonids and indicate when gene losses occurred.  



 

 iv 

Genetic mapping of fabp gene duplicates to homeologous chromosomes in Atlantic 

salmon also support that they arose by the 4R genome duplication.  I also searched for the 

signatures of neo-functionalization and sub-functionalization by calculating dN/dS ratios, 

examining the nature of amino acid substitutions and expression patterns, and suggested 

the fates of fabp gene duplicates in Atlantic salmon.  Overall, the findings of this project 

provide insight into the evolutionary processes at play in salmonid genomes.    

 

 

 

Keywords:   Genome duplication; Intracellular lipid binding protein (ilbp); Fatty acid 
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Chapter 1: Introduction 

I have no special talents, I am only passionately curious.  ~Albert Einstein 

1.1 Preamble 

It is been proposed that gene or genome duplications are the driving force of 

evolution.  As will be illustrated below, there are many examples that provide evidence 

for gene duplications and indeed whole genome duplication (WGD).  The salmonid 

fishes, which include Atlantic salmon and rainbow trout, descended from a common 

ancestor which underwent a WGD.  This group of fish have been recognized as a good 

model to investigate evolutionary processes that possibly result from the WGD.  There 

was also a WGD in the common ancestor of all teleost fish, which include salmonids.  

This means that for every one gene that is observed in tetrapods, such as human, it is 

predicted that there will be two equivalents in the teleosts and four in the salmonids.  

Several studies have examined the evolution of duplicated genes in salmonids, such as 

Hox (Moghadam et al., 2005), growth hormone (von Schalburg et al., 2008), 

haemoglobin genes (Quinn et al., 2010), myostatin genes (Ostbye et al., 2007), but these 

have not included other teleosts and tetrapods.  My thesis was designed to overcome this 

shortcoming by investigating a multi-gene family that has been well characterized in a 

mammal (human) and at least one teleost (zebrafish) and which is amenable in Atlantic 

salmon.  I chose the fatty acid-binding protein (fabp) gene family because it arose by a 

series of gene duplications and there are ten fabp genes well annotated in the human 
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genome.  This gene family gives multiple opportunities to investigate the fates of 

duplicated genes following two rounds of WGD.  In this thesis, I describe the historical 

development of the field of evolutionary biology as it relates to gene and genome 

duplication.  I then build on this foundation and put the evolution of vertebrate fabp genes 

into this context.  In particular, the possible fates of fabp gene duplicates will be 

described. 

1.2 Background literature to gene and genome duplications 

Many documents related to gene and/or genome duplication observations date 

back to the early 1910s (Bridges, 1935; Kuwada, 1911), and some of them are described 

in Susumo Ohno’s book, Evolution by gene duplication (Ohno, 1970).  After the DNA 

sequencing era began in the 1980s and sequencing technologies became more advanced 

and cheaper in cost, these led to the start of many genome-sequencing projects in the 

early 1990s.  As a result, genomic data of different organisms became available and many 

of them provided support for gene and/or genome duplications.  Below I will discuss 

some examples of gene and/or genome duplications.  As one will see, examples of gene 

and/or genome duplication can be found in organisms ranging from the kingdoms of 

fungi, plantae, animalia and protista (Zhou et al., 2010).  

1.2.1 Examples of gene duplications 

Lactate dehydrogenase (LDH) is the classic example of a gene family that 

evolved by a series of gene duplications.  Markert and Moller (1959) proposed the term 

isozymes to describe proteins that use the same substrate and coenzyme to carry out the 

same reaction but that have different kinetic properties (Markert and Moller, 1959).  They 
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used LDH as their prime example.  LDH, an enzyme that is involved in the glycolytic 

pathway, interconverts pyruvate and lactate with the help of NADH and NAD
+
 in the 

limited oxygen condition and vice versa when oxygen is available.  Because it plays an 

important role in a well-conserved metabolic pathway, LDH is also well-conserved from 

most of the unicellular bacteria to multi-cellular organisms in the kingdoms plantae and 

animalia (Markert et al., 1975).   

All LDH are isozymes consisting of four subunits, which can be homomers or 

heteromers of A and B subunits, A4 (LDH-A), A3B, A2B2, AB3 and B4 (LDH-B), or 

homomers of the C subunit, C4 (LDH-C) (Markert and Moller, 1959).  Protein sequence 

similarity is the main evidence suggesting that LDH-A, LDH-B and LDH-C isozymes 

arose by at least two gene duplications (Taylor et al., 1973).  In fact, protein sequences of 

the A and B subunits are similar such that heteromeric isozymes of these subunits can 

form in vitro.  Moreover, similar or identical active site amino acid residues are found in 

all LDH isozymes (Rehse and Davidson, 1986; Taylor et al., 1973; Tsoi and Li, 1994), 

with the result that these LDH isozmyes catalyze the same reaction in a cell even though 

they have different kinetics.  For example: LDH-A (A4) has low affinity for pyruvate and 

is expressed in anaerobic tissues in human, such as fetal and skeletal muscle tissues, 

whereas LDH-B (B4) has a higher affinity for pyruvate and is expressed in oxygen-rich 

tissues, such as heart.  Hence, lactate dehydrogenase isozymes are examples of genes that 

resulted from a series of gene duplications.    

 Another protein family that arose by gene duplication is fructose bisphophate 

aldolase.  In the early 1960s, it was found that there are three distinct fructose 

biphosphate aldolase subunits: A, B and C (Penhoet et al., 1966).  Like the case of LDH, 
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all fructose biphosphate aldolase isozmyes catalyze the same reaction, which is the 

conversion of fructose-1,6-phosphate to glyceraldyhyde-3-phosphate and 

dihydroxyacetone phosphate and vice versa (Penhoet et al., 1966).  Similarly, any two of 

the fructose biphosphate aldolase A, B and C subunits can bind to each other in vitro to 

form three homomeric isozymes and three heteromeric isozymes even though there are 

differences in catalytic properties and primary structures between the isozymes (Penhoet 

et al., 1966).  Therefore, members of the fructose biphosphate aldolase protein family 

resulted from gene duplications. 

Although it might appear that gene duplications only occurred in metabolic-

related proteins, there are examples of gene duplications in other functional genes, such 

as myoglobin and haemoglobin.  Both myoglobin and haemoglobin carry oxygen to 

different parts of the body.  The x-ray diffraction patterns of both proteins show that 

myoglobin and hemoglobin folds around the heme group in nearly the same way 

(Kendrew et al., 1960; Perutz et al., 1960); the heme attaches to two histidine residues 

that are well apart from each other in either protein.  This suggests that myoglobin and 

haemoglobin have similar protein sequences.  Differences between myoglobin and 

haemoglobin are that myoglobin is a monomeric protein whereas haemoglobin is a 

tetramer protein, and a haemoglobin subunit is shorter in length compared to a myoglobin 

protein.  Myoglobins are found in muscle (oxygen-limited area) whereas hemoglobins are 

found in the blood (oxygen-rich area).  Interestingly, monomeric haemoglobin can still be 

found in hagfish and the lamprey.  In fact, lamprey haemoglobin size (156 amino acid 

residues) is similar to the myoglobin amino acid length in sperm whale (153 amino acid 

residues), which suggests that the loss of a few amino acid residues occurred after the 
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development of a jaw by vertebrates (Ohno, 1970).  Due to the similarity in the protein 

structure and function, it is known that myoglobin and haemoglobin are related to one 

another by gene duplication with a series of subsequent gene duplications leading to the 

haemoglobin subunit diversity. 

1.2.2 Evidence of genome duplication and model organisms for its study 

Before the sequencing era had began in the early 1980s, cytogenetic studies 

revealed the homeologous chromosomes in species that had undergone a WGD, while 

studies on nuclear DNA content provided evidence for the doubling of the DNA content 

in the post-WGD species compared to the pre-WGD species (Dingerkus and Howell, 

1976; McCollum, 1958; Thiebaud and Fischberg, 1977; Uyeno and Smith, 1972).  

Furthermore, many sequencing projects on different species from different kingdoms 

began in the early 1990s.  Upon gene annotation, data from these sequencing projects 

revealed the number of duplicate genes in these genomes (Figure 1.1), providing more 

support of WGDs.   

Saccharomyces cerevisiae is one of the species in the kingdom of eukaroyotes 

that has undergone a WGD.  S. cerevisiae genome sequencing data were available for 

analysis in 1996 (Goffeau et al., 1996).  It is known that a WGD occurred in the common 

ancestor of several yeast species within the Saccharomyces complex group (Figure 1.2).  

Studies had shown that chromosome numbers are doubled in “post-WGD” yeast species 

relative to the ancestral “pre-WGD” yeast (Kellis et al., 2004; Wolfe, 2006).  For 

example, not only are many unique genes in Kluyveromyces waltii, a pre-WGD yeast 

species, seen as duplicates in S. cerevisiae, but K. waltii also has the gene order as the 

predicted pre-WGD genomic organization based on the duplicated S. cerevisiae genome.  
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In fact, the number of duplicate genes are about 1/5 of the protein coding genes found in 

S. cerevisiae (~1100 genes); that is 551 duplicated “ohnolog” pairs in the genome 

(Wolfe, 2006).  Ohnologs refers to genes that are related to another by genome 

duplication (Wolfe, 2001). In addition, homeologous chromosomes in S. cerevisiae were 

identified (Kellis et al., 2004).  Hence, S. cerevisiae is a well-accepted post-WGD yeast 

species and many studies used this as a model to study the molecular evolution of 

genome duplication.  

The Arabidopisis thaliana genome sequencing project began in 1996 and a few 

years later its genomic data revealed that it is another degenerate tetraploid species 

(Arabidopsis Genome Initiative, 2000).  The lineages of Arabidopsis and rice diverged 

~200 million years ago (MYA) (Wolfe et al., 1989) and van Dodeweerd et al. (1999) 

showed that three regions of the genome of Arabidopsis were related to one another and 

to one region in the rice genome, suggesting that there are multiple duplication events in 

the Arabidopsis lineage (van Dodeweerd et al., 1999).  In fact, homeologous genes are 

20% to 47% of the genes within the duplicated regions in the Arabidopsis genome 

(Arabidopsis Genome Initiative, 2000). 

Xenopus laevis, an African clawed frog, was also thought to have arose from a 

degenerate tetraploid, as a cytogenetic study first revealed that members of the genus 

Xenopus of the family of Pipidae have chromosome numbers 2N = 20, 36, 40, 72 and 

108, suggesting that many polyploidization events had occurred in this genus (Kobel and 

Du Pasquier, 1986).  As a post-WGD species, Xenopus laevis has a chromosome number 

of 36 (2N = 36) and approximately 3 Gbp genome size, which is twice the amount as in 

the pre-WGD species, Xenopus tropicalis, (2N = 20, ~1.5 Gb) (Bisbee et al., 1977; 
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Hirsch et al., 2002).  In addition, there are more than 2200 unique genes that are found as 

single copies in X. tropicalis but which have two co-orthologs in X. laevis (Hellsten et al., 

2007).  Orthologs define as genes that are related to one another by speciation.  Examples 

of the duplicated genes found in X. Laevis are hairy 2 genes (Murato et al., 2007) and 

matrix metalloproteinase-9 genes (Hasebe et al., 2007).  Nevertheless, Hellsten et al. 

estimated that 50-75% gene pairs have subsequently lost one of the gene copies in the X. 

laevis genome after the WGD (Hellsten et al., 2007).   
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Figure 1.1. Phylogenetic positions of some proposed polyploidy events during eukaryote 

evolution.  

Filled circles mark lineages in which genome duplication has been  inferred; 

open diamonds mark two hexaploid lineages of plants.  The question marks 

shown the positions of the two rounds of genome duplication proposed under 

the 2R hypothesis. (Spring, 1997; Wolfe, 2001)  
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Figure 1.2. Phylogenetic relationships among the sequenced fungal genomes.   

The tree is a maximum-likelihood phylogeny reconstructed using the 

concatenated sequences of 153 genes that are universally present in the 42 

genomes shown.  Bootstrap percentages are shown for all nodes.  The clade, 

‘Saccharomyces complex’, includes the group of species that share the 

whole-genome duplication (WGD).  This figure is modified from (Fitzpatrick 

et al., 2006). 
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1.3 Mechanisms of gene and genome duplication 

1.3.1 Gene duplication – Tandem duplication  

One of the gene duplication mechanisms is tandem duplication.  Tandem 

duplication results in gene duplicates that reside beside one another in the same 

transcriptional direction.  It can be due to unequal crossing-over between two 

homologous chromosomes that occurs during meiosis as well as between two chromatids 

of a chromosome in the spermatogonia or oogonia (Figure 1.3).  If it is an unequal 

crossing-over between the two sister chromatids of the same chromosome, the resulting 

tandem duplicated genes will have the same allele (Ohno, 1970).  However, if the 

crossing-over occurs between the two homologous parental chromosomes, the tandem-

duplicated genes might have different allele sets.  Ribosomal RNA, transfer RNA and 

histone genes are examples of tandem duplications.  In particular, the 5S rRNA gene 

cluster spans a 2.2 kb repeated region in the human genome (Stults et al., 2008).  A tRNA 

gene cluster consists of two tRNA (GAAPhe) and two tRNA (UUULys) (Doran et al., 

1987).  There are 16 histone genes residing in a gene cluster at the D6S105 locus in the 

human genome (Albig and Doenecke, 1997).   

1.3.2 Genome duplication – Allotetraploidization and Autotetraploidization 

WGD can occur via allotetraploidization or autotetraploidization (Ohno, 1970).  

In both cases, they are due to non-disjunctions that occur during the segregation of the 

duplicated spermatogonia and oogonia in meiosis, such that the gametes end up having 

2N instead of N.  Allotetraploidization occurs when 2N gametes from two different 

species (interspecies) are fertilized and fused and the resulting offspring would be an 

allotetraploid (4N).  Barbus barbus, a cyprinid fish species, is an example of an 
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allotetraploid (Wolf et al., 1969).  Autotetraploidization, on the other hand, occurs when 

two intra-species diploid gametes (2N) fuse together and form a tetraploid offspring (4N).  

A difference between allotetraploid and autotetraploid is that one might observe two 

independent sets of bivalents in the meiosis of the allotetraploid species, whereas 

quadrivalents would be observed in the meiosis of a fresh autotetraploid species.  In fact, 

many south American frog species from the family Ceratophrydidae arose by 

autotetraploidization (Saez and Brum, 1960).  Members of this family have chromosome 

numbers ranging from 22 to 104.  Odontophrynus cultripes of this family has a diploid 

chromosome number of 22, with eleven bivalents found during meiosis.  However, O. 

Americanus, another species of this family, forms eleven quadvalents in meiosis (Becak 

et al., 1966).  Salmonids are examples of autotetraploids (Ohno, 1970).  Both 

allotetraploidization and autotetraploidization double the genetic material. 
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Figure 1.3. Gene duplication by unequal crossing-over between two homologous 

chromosomes during meiosis is schematically illustrated.   

If this occurs in a heterozygote, two alleles of the same gene locus become 

two independent gene loci in extremely close linkage.  The small circle 

denotes the centromere of the chromosomes.  The white and the black large 

circles represent the two alleles of the same locus (top).  Unequal crossing-

over during meiosis of a heterozygote places two alleles on the same 

chromatid (second row).  One of the 4 gametes produced by such a germ cell 

carries this duplication (third row).  This figure was taken from Ohno (1970). 
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1.4 Genome duplication events in the vertebrates 

1.4.1 2R genome duplication 

It has been estimated that vertebrates have approximately four times as many 

genes as Drosophila (Miklos and Rubin, 1996).  In addition, the existence of many 

duplicated gene loci in the tetrapods led to the proposal that there was a genome 

duplication event early in the evolution of vertebrates (Ohno, 1970).  Later, the evolution 

of the Hox gene clusters eludicated that there is a single Hox gene cluster in compared to 

four clusters in tetrapods; and Ohno refined his proposal and suggested that two 

duplications occurred in the early evolution of vertebrates, one on either side of the 

jawless fish divergence, which are approximately 500 and 430 MYA, respectively (Ohno, 

1998).  In other words, the 1-2-4 hypothesis suggests that for every gene copy presenting 

in the protostome or early deuterostome, there are at least two gene copies in the jawless 

fish and four gene copies in the tetrapods.  Hence, this elucidates the fourfold increase of 

genes in the jawed vertebrates compared to protostome or early deuterostome (Figure 

1.4) (Holland et al., 1994; Holland and Garcia-Fernandez, 1996) .  Beside Hox, there are 

many more developmental regulator genes supporting this hypothesis, such as Cdx 

(Gamer and Wright, 1993), MyoD (Atchley et al., 1994), btd/SP (Kingsley and Winoto, 

1992).  In addition, conserved synteny blocks can be found in the hemeologous 

chromosomes (Abi-Rached et al., 2002; Horton et al., 2003; Lundin et al., 2003; Lynch 

and Conery, 2000; Meyer and Schartl, 1999; Pebusque et al., 1998; Postlethwait et al., 

2004).  Hence, many scientists believe that two genome duplications happened in the 

early evolution of vertebrates. 
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However, there are studies that provide evidence against the 2R genome 

duplication (Hughes, 1999; Martin, 2001).  According to the 2R hypothesis, the topology 

of phylogenetic tree illustrating four gene duplicates A, B, C and D, should show the 

duplication of two ancestral genes (AB) and (CD), which come from the first genome 

duplication of the ancestral gene, A’.  Many gene families follow this phylogenetic 

topology, but studies have demonstrated that the phylogeny of many developmental 

protein families (A-D) exhibits a topology of (A) (BCD) instead (Hughes, 1999; Martin, 

2001).  Moreover, many genes do not follow the 1-2-4 pattern, such as globins and 

lysozyme, tubulins and actins, manganese superoxide dismutase, large subunits of RNA 

polymerase, olfactory receptor, immunologlobulin gene families (Sidow, 1996) and Wnt-

5 (Sidow, 1992). 

1.4.2 3R genome duplication 

It was suggested that there was an additional genome duplication in the evolution 

of vertebrates such that fish have more genes than human in general (Amores et al., 1998; 

Aparicio et al., 2002; Meyer and Schartl, 1999; Panopoulou et al., 2003; Wittbrodt et al., 

1998).  There are three main pieces of evidence supporting this hypothesis: 1) More than 

four Hox gene clusters are found in teleost fishes, including zebrafish (Danio rerio), 

medaka (Oryzias latipes), African cichlid (Oreochromis niloticus), the green pufferfish 

(Tetraodon nigroviridis), fugu pufferfish (Takifugu rubripes) and stickleback 

(Gasterosteus aculeatus), compared to four gene clusters in human, and many genes and 

gene clusters other than Hox cluster have two copies in the teleost fishes for every one 

copy in the tetrapods (Meyer and Schartl, 1999); 2) paralogs (genes that are related to one 

another by gene or genome duplication) are found in the conserved synteny blocks 
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(Jaillon et al., 2004; Taylor et al., 2003); and 3) they reside on different chromosomes 

(Meyer and Schartl, 1999).  Since many gene duplicates are found in the teleost fishes, 

this 3R genome duplication event appeared to occur in the common ancestor of teleosts 

before the divergence of most teleost species (Hoegg et al., 2004).  The sequences of 

duplicated genes in fugu and tetraodon were used to estimate the timing of this genome 

duplication event to be approximately 320 to 425 MYA, which is the time at the base of 

the radiation of all teleost fish (Figure 1.4) (Vandepoele et al., 2004).  Hence, the timing 

is consistent and can explain the origins of the ohnologs found in many teleost fishes.  

Hoegg et al. (2004) has been suggested that the 3R genome duplication might correlate to 

the diversity of the extant teleost fishes; that is ~23,637 species in 425 families (Nelson, 

1994).  However, when comparing gene copies of the orthologues in fish and mouse, it 

was observed that different fish lineages have different numbers of duplicated genes in 

their genomes.  This observation suggests that differences in the number of gene 

duplicates in the fish lineages are the products of lineage-specific duplication events 

rather than a genome duplication event at the base of the teleost radiation (Robinson-

Rechavi et al., 2001a; Robinson-Rechavi et al., 2001b).       

1.4.3 4R genome duplication 

The salmonid-specific WGD (4R) was first proposed by Svardson (Sv rdson, 

1945). By observing the chromosome numbers in salmonid species seemed to fall into 

multiples of ten, and the numbers of bi-armed chromosomes and the multivalent 

chromosomes in meiotic preparations from several species, Svärdson suggested that the 

common ancestor of the salmonids possessed ten chromosomes and all the extant 

salmonids are the result of polyploidization events (Sv rdson, 1945).  However, the 
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hypothesis was rejected because even though the genomes of Atlantic salmon (Salmo 

salar) and brown trout (Salmo trutta) differ by at least ten chromosomes, they have the 

same DNA content and total chromosome length (Rees, 1964).   

Later, Ohno proposed that salmonids are tetraploid derivatives of clupeoid fish, 

and suggested that all extant salmonidae species, such as Atlantic salmon and rainbow 

trout, had experienced a genome duplication (Figure 1.5) (Ohno, 1970).  Based on the 

fossil record of the salmonids, the timing of the 4R genome duplication is estimated to be 

25-100 MYA (Norden, 1961).  There are several lines of evidence supporting the 

salmonid-specific genome duplication: 1) The doubling of DNA content and 

chromosome arms relative to the closest diploid clupeoid fishes, such as smelt, herring 

and anchovy (Mank and Avise, 2006); 2) The number of duplicated genes annotated by 

the salmonid EST database (Koop et al., 2008; Leong et al., 2010); 3) The homeologous 

segments of chromosomes in salmon (Danzmann et al., 2008; Gharbi et al., 2006; 

Nichols et al., 2003; Phillips et al., 2009; Woram et al., 2004) and; 4) the residual 

tetrasomal recombination seen in meiosis in salmonids (Allendorf and Danzmann, 1997; 

Ohno, 1970).  The multivalent chromosomes that were observed in meiotic preparations 

seen in some salmonidae species suggest that these genomes are still undergoing re-

diploidization and have not reached a stable diploid state (Allendorf and Danzmann, 

1997).   

It has been proposed that the diploid ancestor of salmonids had about 48 

chromosomes (2N = 48) or 44-52 with predominantly acrocentric or subtelocentric 

chromosomes (Gold et al., 1979).  The duplicated salmonid common ancestor should 

have about 96 chromosomes in theory, but the independent genomic rearrangements 



 

 17 

occurring in different isolated salmonid populations result in the variety of chromosome 

numbers seen in the extant salmonids and cause the differences from the expected 

chromsome number.  These genomic rearrangements can be insertions, deletions, 

inversions, translocations and Robertsonian fusions, which involve the fusion of two 

acrocentric chromosomes creating a new metacentric chromosome (Ohno, 1970).  

Eventually these genomic rearrangements lead to re-diploidization, that is the formation 

of two separate bivalents instead of one quadrivalent (Shaver, 1963).  In other words, the 

duplicated genome reaches a stable diploid state.  This is the situation that is seen in the 

genomes of the closely-related trout and salmon.  In fact, many gene families have been 

used as models to study the re-diploidization process in the salmonids, including LDH 

(Ohno, 1968) and NAD-dependent malate dehydrogenase (MDH) (Bailey et al., 1969). 
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Figure 1.4. Phylogenetic tree of major vertebrate groups and superimposed Fugu gene 

duplication events.  

This figure was taken from Vandepoele et al. (2004). 
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1.5 Proposed Fates of Duplicated Genes 

In the classical model, Ohno suggested that there are three possible fates of 

duplicated genes: redundancy, non-functionalization and neo-functionalization (Figure 

1.5) (Ohno, 1970).  Later, Force et al. proposed that duplicated genes can be sub-

functionalized as a way to retain both gene duplicates in the WGD (Force et al., 1999).  

The following will describe possible fates of duplicated genes. 

1.5.1 Redundancy 

Redundancy occurs when both gene duplicates retain the ancestral gene function 

and remain in the genome.  Examples of redundancy are the 5S, 18S and 28S ribosomal 

and the transfer RNAs gene clusters in the vertebrates.  It is suggested that an increased 

amount of these ribosomal and transfer RNA transcripts by an increase in the number of 

these genes allows the species to fulfil its protein production demand more easily (Ohno, 

1970). 

1.5.2 Non-functionalization 

Non-functionalization occurs when one of the gene duplicates becomes non-

functional due to accumulating deleterious mutations (Force et al., 1999).  This can be 

caused by deleterious mutations in the promoter, such that no transcript is made and a 

pseudogene is present in the genome (Figure 1.6).  Pseudogene defines when a gene does 

not provide a functional protein.  It can also be caused by genomic rearrangement 

occurring within the coding regions of the gene, such that the gene structure is no longer 

intact and no complete functional transcript is made.  Thirdly, mutations could occur in 

the coding regions such that the active site of the protein product becomes non-
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functional.  All three scenarios (mutations that stop normal transcription, translation and 

or protein function) could lead to non-functionlization.  In fact, most of the gene 

duplicates in a duplicated genome are expected to be non-functional and become 

pseudogenes (Force et al., 1999) because deleterious mutations occur much more 

frequently than beneficial mutations (Lynch and Conery, 2000; Lynch and Force, 2000).  

Some pseudogenes can be found in the haemoglobin gene cluster, which resulted from a 

series of tandem duplications of the haemoglobin gene as mentioned in section 1.2.1.   

1.5.3 Neo-functionalization 

Neo-functionalization occurs when one of the gene duplicates gains a new 

function(s) that the ancestral gene did not possess (Ohno, 1970).  New functions can be in 

terms of a new substrate, or binding partner, or protein function, or tissue expression sites 

and expression time.  This can occur when mutations occur in regulatory elements or the 

binding and active sites of the protein such that now it takes a different substrate or a co-

factor to carry out a new cellular function that the ancestral protein does not exhibit.  

Another possible outcome of the neo-functionalized gene duplicate is a change in 

expression (e.g. cell type) or at a lifestage that is different the ancestral gene.   

As mentioned above, neo-functionalized gene duplicates are rare because most of 

the mutations in a genome are likely to be deleterious rather than beneficial.  However, 

one set of neo-functionized gene duplicates that are described by Ohno is trypsin and 

chymotrypsin (Ohno, 1970).  Both trypsin and chymotrypsin cleave the peptide bond at 

the carboxyl side of amino acids, but tryspin targets the basic amino acids lysine and 

arginine whereas chymotrypsin focuses on cleavage after the aromatic amino acids 

phyenylalanine and tyrosine.  The protein lengths of trypsin and chymotrypsin differ by 
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seven amino acids.  With the similarity in protein function acting on different amino acid 

substrates, the active sites of trypsin and chymotrypsin are similar but distinctly different 

from each other (Neurath et al., 1967).  The only difference in the active sites of tryspin 

and chymotrypsin is the two of the eleven sites that surround the active serine.  Another 

neo-functionalization example is the anti-freeze glycoproteins (AFGP) in Antarctic 

notothenioid fishes (Taylor and Raes, 2004).  Initially, a trypsinogen-like protein was 

duplicated and one of the gene duplicates had its threonine-alanine-alanine coding 

elements repeated presumably via DNA slippage during replication (Chen et al., 1997; 

Cheng and Chen, 1999).  The exons coding for protease-specific sequences were then 

lost, which gave rise to the current form of AFGP.  Hence, AFGP, a protein that prevents 

freezing of the body fluids, posseses a function that the ancestral trypsinogen-like protein, 

which is a protease, did not have.      

1.5.4 Sub-functionalization 

With non-functionalization and neo-functionalization, one would expect a low 

number of preserved gene duplicates in a duplicated genome.  However, the observed 

number of duplicated genes preserved in duplicated genomes are greater than expected 

(Lynch and Force, 2000).  Hence, Force et al. proposed the duplication-degenerate 

complimentary model, which suggests that sub-functionalization is another fate of 

duplicated genes (Force et al., 1999).  Sub-functionalization occurs when accumulated 

deleterious mutations occur in both gene duplicates such that the duplicated genes 

partition the ancestral gene function in terms of substrates, binding partners, expression 

sites or timing or level or protein function.  For instance, the presence of regulatory 

elements A and B result in expression in tissue A and tissue B, respectively.  The 



 

 22 

ancestral gene possesses both regulatory elements A and B; hence, the gene is expressed 

in both tissues, A and B.  However, due to the accumulated deleterious mutations in gene 

duplicates, such that gene duplicate #1 only contains regulatory element A whereas gene 

duplicate #2 only possesses regulatory element B.  Therefore, both gene duplicates are 

now partitioning the ancestral gene expression pattern.  Similar phenomena can occur at 

the regulatory region and the active site(s) of the ancestral gene structure, such that 

partitioning of gene expression level or protein function or substrate or binding partner 

binding can be observed in a particular tissue at a particular life stage of the species.  

Because the complementary degenerative mutations in different regulatory elements or 

active site(s) can facilitate the preservation of both gene duplicates, it maximizes the 

opportunities for the evolution of new gene functions.   

An example of sub-functionalized genes that Force et al. described is the 

engrailed gene in the zebrafish (Force et al., 1999).  Tetrapods posses two engrailed 

genes, Eng1 and Eng2, and there are four engrailed genes, Eng1, Eng1b, Eng2 and Eng3, 

in zebrafish.  Phylogenetic analysis and conservation of synteny suggest that zebrafish 

Eng1 and Eng1b were originated from tetrapod Eng1, whereas zebrafish Eng2 and Eng3 

are gene duplicates of tetrapod Eng1.  Without knowing the closest teleost pre-WGD 

species at that time, tetrapod Eng1 expression pattern was used to represent the 

expression pattern of Eng1 prior to the gene or genome duplication event.  Mouse and 

chicken Eng1s are expressed in both pectoral appendage bud and specific neurons in 

hindbrain and spinal cord.  Indeed, zebrafish Eng1 is expressed in pectoral appendage 

bud and Eng1b is expressed in specific neurons in hindbrain and spinal cord. 
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It is even possible that the duplicated genes are sub-neo-functionalizd (He and 

Zhang, 2005; Marcussen et al., 2010).  Here, I will take the example I used in describing 

sub-functionalization.  After gene duplicates #1 and #2 partition the ancestral gene 

expression pattern, more mutations occurred in one of the gene duplicates, such that gene 

duplicate #1 not only contains regulatory element A and is expressed in tissue A but also 

interacts with a new substrate relative to the ancestral gene.  The difference between sub-

functionalization, neo-functionalization and sub-neo-functionalization is heavily 

dependent on the ancestral gene function.  Hence, comprehending all functions of the 

ancestral gene is critical to determine the fate of duplicated genes. 
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Figure 1.5. Five potential fates of duplicate gene pairs with multiple regulatory regions. 

The small boxes denote regulatory elements with unique functions, and the 

large boxes denote transcribed regions.  Solid boxes denote intact regions of a 

gene, while open boxes denote null mutations, triangles denote the evolution 

of a new function and double tilt lines denote translocation.  The figure is 

modified from Force et al. (1999).  
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1.6 Advantages and disadvantages of gene/genome duplication 

1.6.1 Advantages 

Natural selection should select the changes that give an overall benefit to the 

survival of organism.  Hence, what are the advantages for a species experiencing a gene 

or genome duplication?  One of the advantages is that the gene duplicates can provide 

more amount of the same product to fullfil the metabolic requirement (Ohno, 1970).  

Example of this type of advantage is the copy number of human amylase (Perry et al., 

2007).  The amount of carbohydrate content in one’s main diet correlates with the copy 

number of amylase in an individual.  Hence, an increase of amylase copy number allows 

the individual to fulfil his/her metabolic demand more easily.   

A second possible advantage is that the gene-duplicated species can absolutely 

obtain benefits from two different alleles of the same gene by making the two alleles of 

the ancestral gene into gene duplicates via tandem duplication (Ohno, 1970).  However, 

this phenomonenom can only be advantageous when the gene does not interfere with 

gene dosage with its interact partners.  An example of this is the esterase in catostomid 

fish of the Colorado River system (Koehn and Rasmussen, 1967).  The Colorado River is 

a long river that extends from the cold Northern mountains to the hot Southern dessert.  

There are two allelic forms of esterase, A and B, in the catostomid fish; esterase A works 

best at 5
o
C and esterase B functions well under 20

o
C.  Hence, the catostomid fish 

population in the Northern mountains and in the Southern dessert would be 

homolozygous A form and B form of esterase, respectively.  Because the water 

temperature in the intermediate part of the river fluctuates widely with season, fish would 

have a better-fit if they are heterozygous in this subpopulation.  However, if heterozygous 
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fish are in the subpopulation in the intermediate part of the river, only 50% of the 

subpopulation can become heterozygotes and the remaining will not survive in each 

generation, so natural selection would favour a duplication of the esterase locus in the 

intermediate subpopulation.  Indeed, the intermediate stream fish obtain two gene copies 

of esterase, which are tandem-duplicated and encode for the A and B forms.  

A third possible advantage is that the generation of isozymes allows them to 

function more efficiently in different conditions, such that the overall cellular processes 

can operate more efficiently.  Metabolic isozyme gene families are examples of this, such 

as LDH, fructose biphosphate aldolase, pyruvate kinases and phosphoglucomutase 

(Markert et al., 1975).  Members of each of these isozyme gene families carry out the 

same reaction but with different kinetics, such that the same metabolic reaction can 

operate at different cellular or tissue condition most efficiently.    

Lastly, a WGD event is believed to be an opportunity to provide more genetic 

material to allow species to survive and adapt to different niches and this would 

eventually lead to a species radiation.  This is supported by the relatively few species in 

the sister group of the salmonids, Esocidae (pike and mudminnows), compared with  the 

approximately 70 salmonid species (Ramsden et al., 2003).   

1.6.2 Disadvantages 

A disadvantage of genome duplication is that it disturbs many well-established 

cellular mechanisms in the ancestral (pre-WGD) species.  Sex-determination is one of the 

affected cellular pathways (Ohno, 1970).  For example, the pre-WGD species has 

established gene “A” as the sex-determination gene, there would be two copies of the 
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gene “A” in the genome after a WGD event, so the post-WGD species must establish a 

new sex-determination gene.  Other cellular pathways, such as transcription and 

signalling pathways, may also be affected by super-repression, which is when there is a 

secondary repressor to turn off a pathway that has already been activated by a primary 

activator (Ohno, 1970).  Hence, there are both benefits and risks involved in a WGD. 

Another possible disadvantage of a WGD is the presence of pseudogenes.  As 

mentioned above due to the probability of accumulating mutations that are deleterious, 

one of each gene duplicates set resulting from either gene or genome duplication is likely 

to become non-functional and a pseudogene (Lynch and Conery, 2000).  Although it has 

been suggested that pseudogenes and “junk DNA” are neutral or in fact beneficial (Muro 

et al., 2011; Veitia and Bottani, 2009), the function of the non-transcribed pseudogenes in 

a cell is unknown (Muro et al., 2011).  However, it would seem to be a waste of resources 

for a species to undergo a gene or genome duplication without specific benefit to the 

survival of an organism.  Hence, the presence of pseudogenes might be a disadvantage of 

a WGD.   

1.7 Fatty acid-binding proteins (FABPs) 

According to the salmon gene nomenclature “policy”, I will describe the genes 

encoding the fatty acid-binding proteins in lower case and in italics, whereas I will 

describe the proteins in capital letters.  Fatty acid-binding proteins (FABPs), cellular 

retinoid-binding proteins (CRBPs) and cellular retinoic-acid binding proteins (CRABPs) 

are part of the intracellular lipid-binding proteins (ILBPs) superfamily (Schaap et al., 

2002).  It is known that ilbps arose by a series of gene duplications in the common 

ancestor of vertebrates (Schaap et al., 2002).  As of today, twelve fabp sub-families, two 
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crabp and two crbp sub-families have been documented from different species, but not 

all gene sub-families occur in any particular vertebrate (Figure 1.6).  These proteins were 

named after the tissue they were isolated initially; however, this causes naming confusion 

due to their overlapping expression profiles.  Hence, another naming nomenclature, 

which is based on the chronological order of these proteins being discovered, was 

proposed (Hertzel and Bernlohr, 2000).  There are several recent reviews focusing on the 

fabp divergence and function in chicken and human (Hughes and Piontkivska, 2011; 

Smathers and Petersen, 2011; Storch and McDermott, 2009). 

All FABPs bind to one molecule of fatty acid with the exception of the liver-type 

FABP (L-FABP), which binds two molecules (Bernlohr et al., 1997; Haunerland and 

Spener, 2004).  FABPs are 14-15 kDa proteins of 127-133 amino acids, that are found in 

the intracellular fluid (Coe and Bernlohr, 1998; Veerkamp and Maatman, 1995; 

Zimmerman and Veerkamp, 2002).  Even though all FABPs have a distinct conserved 

protein structural feature, a β-barrel consisting of ten strands of anti-parallel β-sheets with 

a helix-loop-helix domain at its cap (Chmurzynska, 2006), they have different binding 

affinities for different fatty acids (Hanhoff et al., 2002).  This difference of fatty acid 

binding is due to the extremely wide difference of coding sequence identity, ranging from 

15% to 70%, between different fabp sub-families, which leads to the differences in 

protein sequences that affect volume capacity in the binding pocket and binding affinity 

for a particular fatty acid (Chmurzynska, 2006; Veerkamp and Maatman, 1995).  For 

example, the fatty acid has an extended, slightly bent conformation in FABP2 and 

FABP4, but a U-shaped conformation in FABP3 and FABP8 (Veerkamp, 1995).   
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In fact, the function of each individual fabp sub-family is unknown because of 

their overlapping expression in a particular tissue and knock-out mice might not have any 

physical effect (Furuhashi and Hotamisligil, 2008).  Nevertheless fatty acids are very 

insoluble in aqueous medium, so it is known that FABPs play a role in influencing the 

flux of the fatty acids by diffusion (Luxon and Weisiger, 1993).  FABPs control the fatty 

acid content of a membrane (Chmurzynska, 2006) and transfer fatty acids to lipid 

droplets for storage (Furuhashi and Hotamisligil, 2008).  FABPs also transport fatty acids 

to mitochondria or peroxisomes for oxidation to obtain energy source.  Hence, there is a 

correlation between the FABP content and the fatty acid oxidation capacity, as well as the 

amount of fatty acid exposure from the diet (Chmurzynska, 2006; Giuseppe, 1999; 

Haunerland and Spener, 2004; Veerkamp and van Moerkerk, 1993; Veerkamp, 1995).  

Since fatty acids can be metabolized into eicosanoids, which provide a large variety of 

lipid mediators that may function as pro- and anti-inflammatory mediators (Dickinson 

Zimmer et al., 2004; Ek et al., 1997; Funk, 2001; Serhan, 2007), FABPs are linked to 

both metabolic and inflammatory pathways (Chmurzynska, 2006; Coe and Bernlohr, 

1998; Haunerland and Spener, 2004; Makowski and Hotamisligil, 2005; Zimmerman and 

Veerkamp, 2002).  In addition, FABPs play a role in fatty acid-dependent gene regulation 

by shuttling specific fatty acids to a fatty acid-binding nuclear receptor (Clarke and Jump, 

1993).  For example, studies have shown that the liver FABP interacts with peroxisome 

proliferator-activated receptor (PPAR) to regulate the fatty acid metabolism (Desvergne 

and Wahli, 1999; Hostetler et al., 2009) and preadipocyte differentiations (Gregoire et al., 

1998).  Interestingly, the transcriptional levels of fabps may be modified by these PPARs.  

FABPs also transport fatty acids for the incorporation of absorbed fatty acids into 
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triacylglycerols and phospholipids and secretion in chylomircons (Veerkamp, 1995), 

interact with other cytosolic enzymes to regulate their activities, control various cellular 

process by modulation of the free fatty acid concentration (Veerkamp, 1995), transport 

lipids to the endoplasmic reticulum (ER) for signalling and trafficking and membrane 

synthesis and to extracellular space as signals in an autocrine or paracrine manner 

(Furuhashi and Hotamisligil, 2008).  Since FABPs are conserved from invertebrates, such 

as Drosophila and C. elegans, to tetrapods, this suggests FABPs are important in many 

cellular processes. 
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Figure 1.6. Scheme for the evolution of the ILBP family (Schaap et al., 2002). 

The tree was rooted by including an outgroup (Von Ebner’s gland protein) in 

the phylogenetic analysis.  Gene duplication times are shown in millions of 

years ago.  Note that fish FABP11 and tetrapod FABP12 were not included in 

this figure because they were not characterized at that time. 
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1.8 Purpose of the thesis 

Several studies have examined the evolution of duplicated genes in salmonids, 

such as Hox (Moghadam et al., 2005), growth hormone (von Schalburg et al., 2008), 

haemoglobin genes (Quinn et al., 2010), myostatin genes (Ostbye et al., 2007), and they 

support the 4R salmonid-specific WGD.  The central hypothesis of my thesis is that the 

3R and the 4R WGD occurred in which for every gene in tetrapods, there are two gene 

duplicates in teleosts and four gene copies in salmonids.  I set out to test this hypothesis 

by searching for evidence in the fabp family in tetrapods and teleosts, whose genomes 

have been sequenced, and EST databases for salmonids.  If this hypothesis did not hold 

for a fabp gene sub-family, I hypothesized that one or more gene losses would explain the 

observation.  The null hypothesis is that when a gene is duplicated, there is no change in 

the expression pattern or rate of evolution along the lineages leading to the paralogs.  I 

tested this using phylogenetic analysis, quantative PCR, reverse-transcribed PCR, and 

indicators of signatures of selection.   

This gene family was chosen because it arose by a series of gene duplications and 

there are ten fabp genes well annotated in the human genome, which provide multiple 

opportunities to investigate the fates of duplicated genes.  As mentioned in section 1.6, 

FABP is a small, conserved and abundant protein in different vertebrate lineages.  Given 

the great number of EST sequences available in the Atlantic salmon EST database, I 

predicted to be able to capture most of the transcribed fabps in this species.  Moreover, 

the fabp gene family has been well characterized in zebrafish (Alves-Costa et al., 2008; 

Denovan-Wright et al., 2000a; Denovan-Wright et al., 2000b; Karanth et al., 2008; 

Karanth et al., 2009; Liu et al., 2003a; Liu et al., 2003b; Liu et al., 2004; Liu et al., 2007; 
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Pierce et al., 2000; Sharma et al., 2004; Sharma et al., 2006; Venkatachalam et al., 2009), 

which allowed me to carry out a comparative genomic analysis and compare the 

expression patterns among the fabp orthologs and to test if there is no change in 

expression pattern or rate of evolution along the lineages leading to these paralogs.  This 

project was designed to provide insights into the evolution of the fabp gene family in 

teleosts and salmonids, in particular the possible fates of fabp gene duplicates. 
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2: Materials and methods 

The project was carried out as indicated in Figure 2.1.  First, rainbow smelt 

(Osmerus mordax), northern pike (Esox lucius) and unique salmonid fabp EST 

sequences, including the ones from Atlantic salmon (Salmo salar), rainbow trout 

(Oncorhynchus mykiss) and grayling (Thymallus thymallus), were found from the 

cGRASP EST databases (http://lucy.ceh.uvic.ca/contigs/cbr_contig_viewer.py).  Their 

orthologous sequences in five sequenced teleost species, including zebrafish (Danio 

rerio), three-spined stickleback (Gasterosteus aculeatus), medaka (Oryzias latipes), 

tetraodon (Tetraodon nigroviridis) and fugu (Takifugu rubripes), and in chicken (Gallus 

gallus), rat (Rattus norvegicus), mouse (Mus musculus) and human (Homo sapiens), were 

retrieved from Ensembl versions 52 to 64.  Since fabps are well conserved in gene 

structure, the exon-intron boundries of each Atlantic salmon fabp were predicted by 

aligning the salmonid fabp unique coding sequence with their orthologous sequences.  

Next, gene-specific primers and 40-mer probes were designed from Atlantic salmon fabp 

coding sequences for PCR, screening the BAC library, RT-PCR and qPCR purposes.  

The specificity of each gene-specific primer set was first tested by sequencing the single 

Atlantic salmon genomic DNA PCR product.  These fabp gene-specific primers were 

then used to test the corresponding hybridization-positive BACs to check if the BAC 

clones did indeed contain an insert with a particular fabp gene.  Because the 

characterization of fabp2s and fabp3s had started before the Atlantic salmon genome 

sequencing project began, shotgun library production of the representative BAC clones 
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was carried out to obtain the genomic organization of these two fabp-subfamilies.  For 

other fabp gene structures, including fabp1s, fabp6s, fabp7s, fabp10s and fabp11s, the 

gene organizations were retrieved from assembled scaffolds of the sequencing reads from 

the Atlantic salmon genome project (Davidson et al., 2010).  All fabps were mapped to 

the Atlantic salmon genetic map via linkage analysis using informative microsatellites 

markers.  Additionally, fabp2s were physically positioned on Atlantic salmon 

chromosomes by fluorescent in situ hybridization (FISH).  End-point RT-PCR was 

carried out to provide preliminary fabp expression profiles while quantitative RT-PCR 

was performed to obtain more detailed expression profiles of some fabp sub-families.   
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Figure 2.1. Scheme of the flowchart of the project. 
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2.1 Bioinformatics search for fabp sequences in teleosts and tetrapods 

Given that the zebrafish fabps have been well characterized, I first retrieved the 

coding sequences and protein sequences of fabp1s, fabp2, fabp3, fabp6, fabp7s, fabp10s 

and fabp11s from Ensembl zebrafish database version 52 

(http://uswest.ensembl.org/index.html).  Using Ensembl BLAT 

(http://uswest.ensembl.org/Multi/blastview) and the zebrafish fabp coding sequences as 

queries, I searched for the fabp coding sequences and peptide sequences in medaka, 

stickleback, tetraodon, fugu, chicken, rat, mouse and human.  The sensitivity of the 

search was near-exact matches.  In addition, I searched for the coding and protein 

sequences of fabp4, fabp5, fabp8, fabp9 and fabp12 in chicken, rat, mouse and human in 

Ensembl versions 52 to 64 even though they are only found in tetrapods.  Obtaining these 

sequences provides insights of the evolution of fabp11 as fabp4, fabp5, fabp8, fabp9 and 

fabp12 are decendents of the same progenitor gene as fabp11 in fish (Karanth et al., 

2008; Liu et al., 2008).          

2.2 Bioinformatics search for salmonid fabp EST sequences 

To search for fabp EST contig sequences in the salmonids, I used the zebrafish 

fabp coding sequences as queries for BLASTn searches against the cGRASP salmonid 

EST All 100/99 databases.  The EST databases that I searched included rainbow smelt, 

northern pike, graylings, rainbow trout and Atlantic salmon. All contigs from these 

databases were built based on a minimum of 100 bp overlap with at least 99% identity.  I 

only considered the EST contigs with full-length coding sequences as hits because I was 

only looking for transcribed fabps.  In cases where more than one full-length EST contig 

of a particular fabp sub-family was found in a particular species, I compared the 

http://uswest.ensembl.org/index.html
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consensus sequences of these contigs to one another using the NCBI bl2seq program 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).  To account for possible sequencing errors and 

allelic variation, 98% sequence identity was used as the cut-off to define the unique fabp 

cluster in each species.  The FABP amino acid sequences were obtained from the 

predicted open reading frames of these unique EST cluster consensus sequences using the 

ExPasy translate tool (http://ca.expasy.org/tools/dna.html). 

Alignments of unique vertebrate fabp coding sequences and the corresponding protein 

sequences of each fabp sub-family were made using Clustal W 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html), MUSCLE 

(http://www.ebi.ac.uk/Tools/muscle/index.html), MAFFT 

(http://www.ebi.ac.uk/Tools/mafft/index.html) and T-coffee 

(http://www.ebi.ac.uk/Tools/t-coffee/index.html).   All methods gave the same 

alignments for the nucleotide and amino acid sequences. The coding sequence alignments 

were the inputs to MEGA5 (Kumar et al., 2008; Tamura et al., 2007; Tamura et al., 2011) 

to build phylogenetic trees using the nucleotide substitutions type on a maximum 

composite likelihood model with 500 bootstrap replications. 

2.3 Design of Atlantic salmon fabp gene-specific primers and 40-mer 

probes 

Prior to designing the Atlantic salmon fabp gene-specific primers and the 

oligonucleotide (40-mer) probes for each fabp sub-family, I predicted the exon-exon 

boundries of the Atlantic salmon full-length fabp coding sequences by aligning the 

Atlantic salmon fabp coding sequences with their ortholog(s) in zebrafish using 

CLUSTALW (http://www.ebi.ac.uk/Tools/msa/clustalw2/).  This was to ensure that the 

http://ca.expasy.org/tools/dna.html
http://www.ebi.ac.uk/Tools/clustalw2/index.html
http://www.ebi.ac.uk/Tools/muscle/index.html
http://www.ebi.ac.uk/Tools/mafft/index.html
http://www.ebi.ac.uk/Tools/t-coffee/index.html
http://www.ebi.ac.uk/Tools/msa/clustalw2/
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oligonucleotide probes or the fabp gene-specific primers would able to bind properly to 

the genes of interest.  I manually designed the fabp gene-specific primers with the 

following criteria: 1) the primer was to be at least 20 bases long; 2) the primer has three 

unique bases at the 3’ end of at least one of the primer set; and 3) the melting 

temperatures (Tm) of the forward and reverse primers of a primer set have to be within 

2
o
C of one another.  The Tm of each primer is calculated using Oligo Calc 

(http://www.basic.northwestern.edu/biotools/oligocalc.html).  For the oligonucleotide 

probes for each fabp sub-family, I designed them from a conserved exonic region of the 

gene duplicates within the sub-family.  The list of fabp-subfamily oligonucleotide probes 

and gene-specific primers and that were used in this thesis are given in Table 1 and 2, 

respectively. 

  

http://www.basic.northwestern.edu/biotools/oligocalc.html
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Table 2.1. Oligonucleotide probes used for Atlantic salmon BAC library screening. 
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 Table 2.2. Atlantic salmon fabp gene-specific PCR primers used for PCR testing on 

hybridization positive BAC clones and RT-PCR. EF1α was used as the 

endogeneous reference gene for RT-PCR and qPCR. 
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2.4 Identification of fabp containing Atlantic salmon BAC clones 

2.4.1  Screening Atlantic salmon CHORI-214 BAC library 

Atlantic salmon CHORI-214 BAC library filters were first pre-hybridized with 

the pre-hybridization buffer (5 x SSC, 5 x Denhardt’s reagent and 0.5% SDS) for three 

hours at 65
o
C.  Meanwhile, the fabp oligonucleotide probes and the overgo probe (an 

oligonucleotide probe designed from Arabidopisis thaliana and was used as a positive 

control) were labelled with 
32

P-γATP using T4 polynucleoide kinase (Invitrogen, 

Burlington, Ontario, Canada) according to the manufacturer’s protocol.  The labelled 

probes were added to the BAC library filters and hybridization was carried out overnight.  

The filters were washed three times with the washing buffer (0.1% SDS and 1 x SSC) at 

50
o
C the next day, with each time being one hour.  The filters were wrapped in Saran

TM
 

wrap before they were placed inside the phosophor screen cassette and exposed 

overnight.  The images of the filters were visualized by scanning the phosphor screen in 

the Typhoon imaging system.  According to the position of the signals and their locations 

on the filters, the identity of the hybridization-positive BAC clones could be identified.  

The DNA fingerprinting contigs to which the BAC clones belong can be retrieved from 

ASalBase (http://asalbase.org/sal-bin/index).      

2.4.2 Polymerase Chain Reaction (PCR) test for specificity of fabp gene-specific 

primers  

The specificity of each fabp gene-specific primer set was tested by hot-start PCR 

using the primers and Atlantic salmon genomic DNA (50 ng/μl) and sequencing the PCR 

products.  A 25 μl PCR reaction consisted of 0.2 mM dNTPs, 0.5 µM forward and 

reverse primers and 0.04 U of Taq polymerase (QIAgen, Mississauga, Ontario, Canada).  

http://asalbase.org/sal-bin/index
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Gradient PCR cycle was used as follows: 95
o
C for 5 minutes followed by, 35 cycles of 

95
o
C for 45 seconds, Tm for 45 seconds and 72

o
C for 2 minutes, and then 72

o
C for 10 

minutes.  The melting temperatures (Tm) of gradient PCR cycle ranged from 50
o
C to 

75
o
C.  Three μl of each PCR reaction was loaded in a 2% agarose gel for visualization 

before the rest of the PCR products was purified using the QIAquick PCR purification kit 

(QIAgen, Mississauga, Ontario, Canada).   

The genomic PCR products were sequenced using Amersham Biosciences 

DYEnamic ET Terminator Cycle Sequencing Kit (GE Healthcare, Baie d’Urfe, Quebec, 

Canada).  The sequencing reactions and the cleanup of the sequencing reactions were 

carried out following the manufacturer’s instructions.    The sequencing samples were 

sequenced using an ABI PRISM 377 DNA sequencer following the instruction from the 

manufacturer.  The analyzed sequences were then aligned with the Atlantic salmon fabp 

EST contig sequences using CLUSTALW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) 

to check the amplification specificity of these fabp gene-specific primers.   

2.4.3 Hot-start Colony PCR on hybridization positive BACs 

A 10 µL colony PCR reaction consisted of 1 µL of 10 fold diluted BAC clone 

glycerol stock, 0.2 mM dNTPs, 0.5 µM forward and reverse primers and 0.4 U of Taq 

polymerase (QIAgen, Mississauga, Ontario, Canada). The hot-start PCR condition was 

the same as for gradient PCR except that the optimal melting temperature varied 

depending on which fabp gene-specific primers were used.  Only BAC clones that were 

positive by hybridization and the particular fabp gene-specific PCR were considered to 

contain that corresponding gene.   

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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2.5 Shotgun library production  

2.5.1 BAC DNA isolation  

In brief, 2.5 μl of the BAC clone glycerol stock was added to 5 ml of 20 μg/ml  

LB/chloramphenicol broth as the starter culture, and shaken at 37
o
C for eight hours prior 

to add the 5 ml of starter culture into a 500 ml of 20 μg/ml  LB/chloramphenicol broth to 

be shaken for 16 hours.  BAC clone DNA was isolated using a QIAgen Large Construct 

kit according to the manufacturer’s protocol, and was dissolved in prewarmed 65
o
C 

Buffer EB and left for re-hydration overnight.  The quality and quantity of the BAC clone 

DNA was measured by the Nanodrop Spectrophotometer. 

2.5.2 Sonication and end-repairing reaction and cloning 

A minimum of 5 μg of BAC clone DNA is required before proceeding to make a 

shot-gun library.  Initially, the BAC clone DNA was sonicated to fragments of 3-5 kb, 

followed by an end-repairing treatment with End-It
TM

 DNA End-Repair kit (Epicentre, 

Madison, WI, USA).  The end-repairing reactions were carried out as indicated by the 

manufacturer’s protocol.  The end-repaired DNA was purified from a 1% agarose gel 

using QIAquick Gel Extraction Kit (QIAgen, Mississauga, ON, Canada) and was ligated 

to a previously SmaI-digested and dephosphorylated pUC19 vector using T4 ligase 

(Invitrogen, Burlington, ON, Canada).  The recombinant DNA was transformed into E. 

coli XL1-Blue Supercompetent cells (Stratagene, La Jolla, CA, USA), which were plated 

onto 200 µg/mL Ampicillin LB plates.   
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2.5.3 Insert size check and sequencing check for bacterial genomic DNA 

contamination 

Sixty-four recombinant white colonies were picked from each BAC library in 200 

µg/mL ampicillin/2xYT broth in an autoclaved 96 well block, and the culture was carried 

out overnight.  Hybrid recombinant DNA were isolated according to the following.  

Bacterial cell pellets were resuspended in 200 µL chilled solution I (50 μg/mL RNase A, 

1 M glucose, 0.5 M Tris Cl (pH 8) and 0.2M EDTA (pH8)), lyzed in 200 μl of 

prewarmed at 37
o
C solution II (0.1 M NaOH and 1% SDS) and neutralized with 200 μl of 

chilled solution III (3 M potassium acetate containing 0.115% glacial acetic acid).  The 

supernatant and the cell lysis material were separated by centrifugation, and the hybrid 

recombinant DNA was precipitated with isopropanol.  The DNA pellets were washed 

with 70% ethanol before they were re-hydrated with 30 μl of nuclease-free water 

overnight.  PvuII restriction digestions were carried out using 400 ng of plasmid, and the 

insert DNA was visualized in a 1.5% agarose gel.   

In addition, plasmid DNA was sequenced using the Amersham Biosciences 

DYEnamic ET Terminator Cycle Sequencing Kit (GE Healthcare, Baie d’Urfe, Quebec, 

Canada) with the T7 and Sp6 sequencing primers to test if there was any bacterial 

genomic DNA contamination during the cloning process.  The sequencing procedure was 

carried out as indicated in Section 2.4.2.  Approximately another 3,000 colonies 

containing hybrid recombinant plasmids for each BAC were sent to the Michael Smith 

Genome Sciences Centre (Vancouver, BC) for paired end Sanger sequencing only if the 

amount of bacterial genomic contamination accounted for less than 10% of the picked 

colonies for each shot-gun library.   



 

 47 

2.6 Sequencing read assembly and gene annotation 

The shot-gun sequences of each BAC were assembled using Phred and Phrep (Ewing 

and Green, 1998; Ewing et al., 1998) and the assembled contigs were visualized using 

Consed (Gordon et al., 1998).  Even though there are variations between reads due to 

sequencing errors, only the consensus contig sequences were annotated using the 

consortium for Genomics Research on Atlantic Salmon Project (GRASP) annotation 

pipeline (http://grasp.mbb.sfu.ca/bacannotations/GRASPbac.html).     

2.7 Genetic mapping of fabp genes via linkage analysis 

2.7.1 Testing informativeness of the microsatellite primers on mapping parents 

Putative variable microsatellites (1-4 nucleotide repeats) were identified from 

either BAC end sequences, the assembled shotgun library consensus sequence or the 

assembled consensus sequences of the assembled CIGENE scaffolds using FastPCR 

(Kalendar et al., 2009).  All microsatellite primers were designed such that the forward 

primers contained the universal M13 sequence (5’-TGTAAAACGACGGCCAGT-3’) at 

their 5’ ends.  To test if the microsatellite primers are variable in the Br5, Br6 and NB 

Atlantic salmon mapping parents, touch-down PCR was carried out.  A 10 μl of PCR 

reaction consisted of 0.2 μM of forward primer, 0.5 μM of reverse and M13 fluorescence-

labelled forward primers, 0.2 mM dNTPs, 0.05 U of Taq and 7.5 ng of genomic DNA.  

The touch-down PCR cycle used is described below: 94
o
C for two minutes, 94

o
C for 30 

seconds, 30 seconds at the melting temperature which began at 60
o
C and decreased 0.5

o
C 

after each round of the cycle till it reached 50
o
C, 72

o
C for 30 seconds the extension time.  

Once the melting temperature reached at 50
o
C, there would be another 14 cycles with 

annealing temperature at 50
o
C and 72

o
C for 10 minutes for a final extension.  The PCR 

http://grasp.mbb.sfu.ca/bacannotations/GRASPbac.html
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products were separated in a 7% polyacrylamide denaturing gel and visualized using the 

ABI PRISM 377 DNA sequencer. 

2.7.2 Genotyping markers on mapping Br5 and Br6 families 

When a microsatellite was found to be variable in a mapping family, the 

genotyping of that particular mapping family was carried out.  In brief, a 6 μl of PCR 

reaction consisted of 0.3 μM of forward primer, 0.8 μM of reverse and M13 fluorescence-

labelled forward primers, 0.08 mM dNTPs, 0.04 U of Taq and 7.5 ng of genomic DNA.  

The touch-down PCR cycle described in Section 2.7.1 was used.  
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Table 2.3. Primers not including M13 region that were used for genotyping the Atlantic 

salmon mapping family for positioning fabp locations in the genetic map.  * 

denotes the RFLP primers used for genotyping that was previously done in 

the lab. 
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2.8 Minimum tiling paths 

Some of the fabp representative BACs belong to DNA fingerprinting contigs had 

already been mapped to the Atlantic salmon genetic map (Moen et al., 2004; Moen et al., 

2008).  With the visualization in ASalBase (http://asalbase.org/sal-bin/index), I identified 

BAC-end sequenced BACs that can link the fabp representative BACs to the BACs 

containing the informative microsatellites (minimum tiling paths).  To do so, both end 

sequences of each BAC clones (T7 and Sp6 end sequences) were first masked with all 

known Atlantic salmon repetitive elements using the cGRASP repeat masker software 

(http://lucy.ceh.uvic.ca/repeatmasker/cbr_repeatmasker.py) before primers were designed 

using Primer 3 (http://frodo.wi.mit.edu/primer3/).  The hot-start colony PCR that is 

described in Section 2.4.3 was used to test if the positioning of the BACs within the 

minimum tiliing path is indeed as illustrated in ASalBase and the orientation of the insert 

of each BAC relative to the DNA fingerprinting contig was determined. 

2.9 Reverse transcription PCR (RTPCR) 

Fourteen tissues were isolated from a male Atlantic salmon smolt with the 

exception of ovary, which was isolated from a female Atlantic salmon smolt.  These 

tissues are: brain, eye, spleen, heart, gill, ovary, stomach, pyloric caecum, posterior 

kidney, head kidney, intestine, liver, muscle and testis.  In addition, fifteen tissues were 

isolated from five Atlantic salmon adult individuals.  The adult tissues include the same 

organs that I collected in the smolt samples with the addition of swimbladder.  Both smolt 

and adult Atlantic salmon total mRNAs were isolated using Trizol (Invitrogen, 

Burlington, Ontario, Canada) following the manufacturer’s protocol.  In brief, 100 mg of 

tissue was homogenized thoroughly in 1 mL Trizol using a bead homogenizer and/or 

http://asalbase.org/sal-bin/index
http://lucy.ceh.uvic.ca/repeatmasker/cbr_repeatmasker.py
http://frodo.wi.mit.edu/primer3/
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passing the lysate through a 21G needle.  The total RNA was separated from the rest of 

the crude lysate by the phenol: chloroform separation method and was precipitated with 

isopropanol.  The RNA pellet was washed with 70% RNase-free ethanol and was 

resuspended in 175 µL RNase-free water in a 60 
o
C incubator for 10 minutes.  The total 

RNA solution was treated with a DNase digestion using QIAgen RNase-free DNase Set 

(QIAgen, Mississauga, Ontario, Canada) and purified using QIAgen RNeasy MinElute 

kit (QIAgen, Mississauga, Ontario, Canada).  The total RNA was eluted from the column 

with 14 µL of RNase-free water.  cDNA synthesis was carried out using M-MuLV 

Reverse Transcriptase (NEB, Pickering, Ontario, Canada) following the manufacturer’s 

instruction.  A 20 μL of reverse transcription (RT) reaction consisted of 4 μM oligo dT, 

0.5 mM dNTPs, 1 μg of RNA, 10 U Rnase OUT (Invitrogen, Burlington, Ontario, 

Canada) and 200 U M-MuLV reverse transcriptase.  Hot start PCR was carried out for the 

PCR portion of RT-PCR.  A 10 µL reaction consisted of 0.2 mM dNTPs, 0.5 µM of fabp 

gene-specific forward and reverse primers, 5 ng of synthesized single-stranded cDNA or 

0.5 µL of BAC clone glycerol stock or 25 ng of Atlantic salmon genomic DNA.  EF1α 

has been suggested to be the best reference gene for examining the expression profiling at 

different life stages and tissues in Atlantic salmon (Olsvik et al., 2005); hence, it is the 

reference gene for the RT-PCR and quantitative PCR (qPCR) analysis. The forward 

primer sequence: 5’-CCCCTCCAGGACGTTTACAAA-3’ and reverse primer sequence: 

5’-CACACGGCCCACAGGTACA-3’.  The PCR products were visualized in a 2% 

agarose gel.  
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2.10 Quantitative PCR  

qPCR was carried to obtain a more precise measure of the expression level of 

fabp genes.  ABI 7900HT Fast Real-Time PCR system and PerfeCTa® SYBR® Green 

SuperMix, ROX
TM

 (Quanta Biosciences, Gaithersburg, MD, USA), which contained 

dNTPs, buffer and Taq polymerase, were used.  A 25 µL of qPCR reaction consisted of 

0.3 µM of forward and reverse primers and 1 µL of template.  Six dilutions (5 ng, 2.5 ng, 

1.25 ng, 0.625 ng, 0.3125 ng) were used, and each dilution of each gene was carried out 

in triplicate to account for the variation from pipetting erros between each reaction.  

Elongation factor 1-alpha (EF1α) was chosen as the endogenous control gene as Olsvik et 

al. suggested that this gene is a good reference gene for qPCR expression analysis in 

Atlantic salmon (Olsvik et al., 2005).  The qPCR cycle used is as follows: 95
o
C for 3 

minutes, followed by 40 cycles of 95
o
C for 15 seconds, 65

o
C for 30 seconds, 72

o
C for 15 

seconds.  Efficiency ranged from 93% to 104% for the fifteen tissues for EF1α.  The CT 

values for the equivalent amount of cDNA ranged from 20 to 22.   

2.11 Bioinformatics search for 5’ putative transcription factor binding 

sites and dN/dS analysis 

Putative 5’ conserved cis-regulatory elements between zebrafish fabp7b and Atlantic 

salmon fabp7bI and fabp7bII were identified using rVISTA (Loots et al., 2002) 

(http://genome.lbl.gov/vista/rvista/submit.shtmlb).  POU transcription factor binding sites 

were identified using TFSEARCH with a threshold of 84.5 (Heinemeyer et al., 1998) 

(http://www.cbrc.jp/research/db/TFSEARCH.html) and the DNA motifs in the 5’ 

upstream region of the teleost fabp7b genes were defined using TOMTOM (Gupta et al., 

2007) (http://meme.sdsc.edu/meme/cgi-bin/tomtom.cgi) and MEME (Bailey and Elkan, 

http://www.cbrc.jp/research/db/TFSEARCH.html
http://meme.sdsc.edu/meme/cgi-bin/tomtom.cgi
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1994) (http://meme.sdsc.edu/meme/intro.html).  For TOMTOM, the IUPAC motif were 

used, with JASPAR and UniPROBE as the databases.  The comparison function used 

Pearson correlation coefficient with an e-value less than 10.  The normalized non-

synonymous (dN) to synonymous (dS) ratios were calculated using SNAP in the HIV 

database (Korber, 2000) (www.hiv.lanl.gov). 

 

 

http://meme.sdsc.edu/meme/intro.html
http://www.hiv.lanl.gov/
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3: Characterization of Atlantic salmon fabps 

3.1 Identification of Atlantic salmon fabp transcript and protein 

sequences 

Since fabps have been well characterized in zebrafish (Alves-Costa et al., 2008; 

Denovan-Wright et al., 2000a; Denovan-Wright et al., 2000b; Karanth et al., 2008; 

Karanth et al., 2009; Karanth et al., 2009; Liu et al., 2003a; Liu et al., 2003b; Liu et al., 

2004; Liu et al., 2007; Pierce et al., 2000; Sharma et al., 2004; Sharma et al., 2006; 

Venkatachalam et al., 2009), I used these nucleotide coding sequences as queries to data-

mine their orthologs in Atlantic salmon, rainbow trout, sockeye salmon, chinook salmon, 

brook trout, grayling, northern pike, lake whitefish and rainbow smelt in the cGRASP 

EST database (http://lucy.ceh.uvic.ca/contigs/cbr_contig_viewer.py).  The fabp 

nucleotide coding sequences and the amino acid sequences that I retrieved from the 

zebrafish database are from Ensembl versions 52-64 with an exception that the zebrafish 

fabp10b coding sequences was retrieved from NCBI.  The cGRASP EST accession 

numbers change whenever the database is upgraded and it is impossible to retrieve the 

sequence webpages again unless one uses the cGRASP BLASTn search with the EST 

sequences as queries in the upgraded database.  Hence, I used the unique full-length fabp 

EST sequences and BLASTn searched to the NCBI EST database to obtain their 

corresponding GenBank accession numbers.  Table 3.1 lists the GenBank accession 

numbers of the unique full-length Atlantic salmon fabp ESTs found in the cGRASP EST 

database.  The GenBank accession numbers of the unique full-length rainbow trout, 

http://lucy.ceh.uvic.ca/contigs/cbr_contig_viewer.py
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sockeye salmon, chinook salmon, brook trout, grayling, northern pike, lake whitefish and 

rainbow smelt fabp ESTs found in the cGRASP EST database are stated in Chapters 4-

10.  Unfortunately, there were not many full-length fabp ESTs in sockeye salmon, 

chinook salmon, brook trout, grayling, northern pike, lake whitefish and rainbow smelt.  

This might be due to the combination of the number of available ESTs of these species in 

the database, the number of tissues that were used for making the EST libraries and the 

number of transcribed fabps in these fish species.  In fact, as of November 16
th

, 2011, the 

number of ESTs in Atlantic salmon, rainbow trout, sockeye salmon, chinook salmon, 

grayling, brown trout, lake whitefish, northern pike and rainbow smelt databases are 

434384, 275413, 12056, 14535, 10975, 10051, 10842, 32908 and 36758, respectively 

(Koop et al., 2008; Leong et al., 2010).   
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Table 3.1. Atlantic salmon full-length fabp EST sequences and their GenBank accession 

numbers as of February 16
th

, 2012.   

The gene names were based on their positions in the phylogenetic trees (see 

Chapters 4 – 10). 

 Gene Name Atlantic salmon fabp EST sequences 

fabp1 fabp1a CK890396.1 

fabp1b EG888201.1 

fabp2 fabp2aI EG790658.1 

fabp2aII CB503762.1 

fabp2b CB509140.1 

fabp3 fabp3aI GO063695.1 

fabp3aII EG804768.1 

fabp6 fabp6aI CB505758.1 

fabp6aII CB504199.1 

fabp6b EG845337.1 

fabp7 fabp7bI EG797585.1 

fabp7bII EG828698.1 

fabp10 fabp10aI BG935343.1 

fabp10aII CA037797.1 

fabp10b CA037369.1 

fabp11 fabp11aI EG792265.1 

fabp11aII EG835123.1 

fabp11b EG779590.1 

 
  

http://www.ncbi.nlm.nih.gov/nucleotide/117458439?report=genbank&log$=nucltop&blast_rank=1&RID=KVMHF2UU01R
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3.2 Identification of teleost and tetrapod fabp genomic, transcript and 

protein sequences 

In order to understand the evolution of the fabp gene family and how Atlantic 

salmon fabps are related to one another and to their orthologs in other teleosts and in 

tetrapods, I searched for the fabp genomic, transcript and protein sequences in other 

teleosts and in tetrapods.  As previously, I used the zebrafish fabp nucleotide coding 

sequences as queries to data-mine their orthologs in stickleback, medaka, fugu, tetraodon, 

chicken, mouse, rat and human.  The fabps in the four sequenced teleosts (stickleback, 

medaka, tetraodon and fugu) and in the tetrapods were identified using the 

BLAST/BLAT search in Ensembl with the zebrafish fabp coding sequences as queries.  

Table 3.2 lists the Ensembl accession numbers of the fabps that were found in the 

zebrafish, stickleback, medaka, fugu, tetraodon, chicken, mouse, rat and human genomes.  

However, some of these fabp genes, such as stickleback fabp3, fugu fabp1, stickleback 

fabp6s, medaka fabp6b, tetraodon fabp6a and fabp11b, required re-annotation.  This was 

carried out using GenScan prediction (http://genes.mit.edu/GENSCAN.html) or using the 

EST sequences retrieved from the The Gene Index Project (TIGR) database version 9 

(http://compbio.dfci.harvard.edu/tgi/tgipage.html) (see Chapters 6 - 10) (Quackenbush et 

al., 2001).  The inferred FABP amino acid sequences were obtained using Expasy 

translate tool (http://web.expasy.org/translate/). 

  

http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://web.expasy.org/translate/
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Table 3.2. Ensembl accession numbers in version 64 of different fabps in the five 

genome-sequenced teleost species that were examined in this thesis.   

* denotes genes that I re-annotated with EST sequences retrieved from TIGR.  

^ represents genes that were re-annotated by Genscan.  # denotes gene that I 

annotated by using a EST sequence retrieved from NCBI and blastn searched 

against the genomic sequence of the genome.  + represents with gene that is 

in a region where a completely different gene has been annotated.  The gene 

names were based on their positions in the phylogenetic trees (see Chapters 4 

– 10). 
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Table 3.3. Ensembl accession numbers in version 64 of different fabps in four tetrapod 

species that were examined in this thesis. 
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3.3 Genomic sequences and chromosomal locations of Atlantic salmon 

fabps 

3.3.1 Checking the specificity of Atlantic salmon fabp gene-specific primers 

Prior to obtaining the genomic sequences of Atlantic salmon fabps, I designed 

gene-specific primers from each unique full-length EST sequences.  To design gene-

specific primers for genes of each fabp sub-family, I initially aligned the Atlantic salmon 

unique full-length EST sequences and the corresponding zebrafish coding sequences, and 

identifed gene-specific regions and exon-exon boundries within the Atlantic salmon fabp 

EST sequences.  Here, I will demonstrate the primer designing procedure for members of 

the fabp2 sub-family.  Figure 3.1 illustrates where the Atlantic salmon fabp2 gene-

specific primers were designed from in the alignment of the fabp2 ESTs.  To test the 

specificity of these primers, I sequenced the individual single genomic amplicons of the 

fabp gene-specific primer sets.  I then used these sequencing reads as queries to search 

for their identities via BLASTn searches in NCBI.  The amplification specificity testing 

was carried out for all fabp gene-specific primers that are listed in Table 2.2.  Therefore, 

these primers could be used to identify which fabp genes the hybridization-positive BAC 

clones contain and to carry out the expression studies.   
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Figure 3.1. ClustalW alignment of Atlantic salmon fabp2 unique full-length ESTs.   

Lines indicate where the 5’UTR (untranslated region) and exon one, the 

exon-exon boundries, exon four, the stop codon and the 3’ UTR are based on 

alignment with the zebrafish fabp2 (ENSDART00000027973).  The lime and 

the teal highlighted regions are where the fabp2 forward and reverse primers 

would align, respectively. 
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3.3.2 Identification of BACs with fabps via Atlantic salmon BAC library screening 

To characterize the Atlantic salmon fabp gene structures and to identify the 

location of these genes in the genetic map, I screened the Atlantic salmon genomic BAC 

library to identify BAC clones containing the fabp of interest.  Here I will demonstrate 

the identification of BACs with fabp6s.  Figure 3.3 is a phosphor screen image of 

Atlantic salmon BAC library filter 12 after being hybridized with the fabp6 

oligonucleotide probes.  The identity of the hybridization-positive BAC clones could be 

retrieved by the locations and the patterns of the doublet dots, which have similar 

radioactive signals.  Based on the image in Figure 3.3, the fabp6 hybridization-positive 

BAC clones from filter 12 are BACs S0533M19, S0556D15, S0556O10, S0565D06, 

S0570O21 and S0575A11.     

Next, the hybridization-positive BAC clones were tested by PCR amplification 

with the gene-specific primer sets of the same fabp sub-family as the oligonucleotide 

probes were used for the hybridization.  Therefore, in this demonstration example, I used 

the fabp6 gene-specific primers to test the fabp6 hybridization-positive BAC clones.  

Figure 3.4 is a gel electrophoresis image showing the PCR reactions with the three fabp6 

gene-specific primers and the fabp6 hybridization-positive BAC clones as the templates.  

Based on Figure 3.4, BAC clones S0565D06 and S0874K14 are PCR-positive for 

fabp6aI, BAC clones S0361I22, S0513F01 and S0556O10 are PCR-positive for fabp6aII 

and BAC 134A09, S0487M09 and S0556D15 contain the fabp6b gene.  After screening 

the BAC library for BAC clones containing fabp genes, I retrieved the information of the 

DNA fingerprinting contig where these hybridization and PCR-positive BAC clones 

belong to from ASalBase (www.asalbase.org).  The information includes the locations of 
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these contigs if they had previously been mapped to the Atlantic salmon genetic map, and 

the BAC-end sequences of other BAC clones that are within the same contigs as the fabp 

hybridization and PCR-positive BACs.  In fact, these BAC-end sequences of other BAC 

clones might be useful in some cases for identifying putative markers for genetic 

mapping of some other fabps (see Section 3.3.5).  Figure 3.5 is a screenshot of ASalBase 

showing the DNA fingerprinting contig 2577, the contig where fabp6b resides.  Finally, 

one of the hybridization and PCR-positive BACs for a particular fabp was chosen to be 

the representative BAC for that gene.  The criteria are: 1) its location relative to the DNA 

fingerprinting contig (it preferably locates in the middle of the contig) and 2) its BAC 

ends had been previously sequenced.  Therefore, BAC clone S0487M09, was chosen to 

be the representative BAC for fabp6b.  Table 3.3 summarizes the representative BAC 

clones for each fabp members in Atlantic salmon for this thesis.   

Unfortunately, I could not find any BAC clones that are both hybridization and 

PCR-positive for any of the fabp11s.  This may reflect the BAC library not completely 

covering the whole Atlantic salmon genome because some parts of the genome were not 

clonable into BAC vector.  Hence, the characterization of fabp11 sub-family was based 

on the available sequence reads from the Atlantic salmon genome sequencing project 

(Davidson et al., 2010) (see Section 3.3.4).   

  



 

 69 

Figure 3.2. A phosphor screen image of Atlantic salmon genomic BAC library filter 

twelve that had been hybridized with fabp6 and overgo (positive control) 

oligonucleotide probes.   

Blue and black circles highlight the positive control with the overgo probe 

and the actual hybridization-positive doublet dots, respectively.  The yellow 

circle is an example of a pair of false-positive doublet dots. 
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Figure 3.3. A 2% agarose gel image of PCR testing on fabp6 hybridization-positive BAC 

clones with fabp6aI, fabp6aII and fabp6b gene-specific primers.   

Lanes 1, 26, 27, 52 and 62 were loaded with 2.5 µL Bioline HyperLadderII.  

Lanes 2 to 21 were PCR reactions with fabp6aI gene-specific primers.  Lanes 

22 to25, 28 to 41 are PCR reactions with fabp6aII gene-specific primers; and 

lanes 42 to 51, 53 to 61 were PCR reactions with fabp6b gene-specific 

primers.  Template used for lanes 2, 22 and 42 was BAC SO361I23.  

Template used for lanes 3, 23, 43 was BAC S0134A09.  Template used for 

lanes 4, 24, 44 was BAC S0185F12.  Template used for lanes 5, 25, 45 was 

S0275H13.  Template used for lanes 6, 27, 46 was BAC S0426J17.  Template 

used for lanes 7, 28, 47 was BAC S0465N05.  Template used for lanes 8, 29, 

48 was BAC S0487M09.  Template used for lanes 9, 30, 49 was BAC 

S0513F01.  Template used for lanes 10, 31, 50 was BAC S0533M19.  

Template used in lanes 11, 32 and 51 was BAC S0556D15.  Template used in 

lanes 12, 33 and 53 was BAC S0556O10.  Template used in lanes in 13, 34 

and 54 was BAC S0565D06.  Template used in lanes 14, 35 and 55 was BAC 

S0570O21.  Template used in lanes in 15, 36 and 56 was BAC S0575A11.  

Template used in lanes in 16, 37 and 57 was BAC S0871O11.  Template used 

in lanes 17, 38 and 58 was BAC S0874K14.  Template used in lanes in 18, 39 

and 59 was BAC S0896E03.  Lanes 19, 40 and 60 were negative controls and 

lanes 20, 41 and 61 were positive controls with Atlantic salmon genomic 

DNA as template for fabp6aI, fabp6aII and fabp6b PCR reactions, 

respectively.    
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Figure 3.4. A screenshot of ASalbase showing the DNA fingerprinting contig 2577.  

BAC clone S0487M09 (*), the representative BAC clone of Atlantic salmon 

fabp6b, belongs to this contig.   

This screenshot was taken on July 12
th

, 2010.  The insert sizes of the BAC 

clones are represented by the lengths of the rectangles.  The red rectangles 

appearing in some of the BAC clones denote that the BAC-end sequences of 

the corresponding BACs are available.  Since, this DNA fingerprinting contig 

has not been mapped to the Atlantic salmon genetic map, one method I used 

was to search for putative microsatellites from the BAC-end sequences in 

order to identify the chromosomal location of fabp6b (see Section 3.35). 
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Table 3.4. Summary of all the fabps identified in Atlantic salmon in this thesis. 
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3.3.3 Genomic sequences of fabps via sequencing reads from BAC shotgun 

libraries 

As mentioned in Chapter 2, the Atlantic salmon genome sequencing project had 

not begun when I started characterizing the fabp2 and fabp3 gene sub-families, so I made 

shotgun libraries of the representative BAC clones to obtain the genomic sequences of 

these genes.  Here I will describe the BAC shotgun library production process with the 

fabp2b representative BAC clone, S0938E16 (Lai et al., 2009).  Initially, I randomly 

sheared the isolated BAC DNA using sonication.  Figure 3.6 illustrates the shearing 

quality as the duration of sonication increased.  The smearing in the sheared DNA sample 

lanes reflects different sizes of DNA fragments.  As the sonication duration increased, the 

smearing shifted more downwards towards to the bottom of the gel, indicating that the 

overall DNA fragment sizes were decreasing.  The goal of shearing was to randomly 

break the isolated BAC DNA into 2 kb - 5 kb fragments so that they could be sub-cloned 

into the vector.  Figure 3.7 is an image of size fractionalization showing the 2 kb – 5 kb 

end-repaired BAC S0938E16 DNA fragments, which were excised from the agarose gel.  

After I sub-cloned the end-repaired DNA fragments, I randomly picked 64 colonies and 

isolated the recombinant plasmid DNA.  I performed a PvuII restriction digestion on 

them to check the insert sizes (Figure 3.8) and used the recombinant plasmid DNA as 

templates for sequencing reactions to test the identity of the inserts.  The purpose of this 

test was to ensure that there was not a significant amount of bacterial genomic DNA as 

insert in the shotgun library clones before the shotgun library (~2300 colonies) was sent 

to the Michael Smith Genome Sciences Centre for sequencing.  The GenBank accession 

numbers of the assembled consensus sequences of the fabp2 and fabp3 BAC shotgun 

libraries are given in Table 3.3. 
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Figure 3.5. An 1% agarose gel image reflects the quality of the shearing progress on the 

isolated BAC S0938E16 DNA.   

The gel was ran at 200V for 15 min.  Lane 1 was loaded with 1 kb DNA 

ladder.  Lane 2, 3, 4 and 5 were loaded with 2 µL of BAC S0938E16 DNA 

that had been sheared by sonication for 2 sec, 4 sec, 6 sec and 8 sec, 

respectively.   
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Figure 3.6. Size fractionalization of BAC S0938E16.   

Lanes 1 and 3 were loaded with 1 kb DNA ladder.  Lane 2 was loaded with 

the sheared, end-repaired BAC S0938E16 DNA.  The black box in the smear 

of lane 2 illustrates the removal of the piece of agarose gel that contained 

DNA fragments ranging from 2 kb to 5 kb. 
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Figure 3.7. An agarose gel image of testing the clone insert sizes of the BAC S0938E16 

shotgun library.   

Lanes 1 and 2 were loaded with 5 µL of 1 kb DNA ladder.  The arrows 

indicate where the linearized vector DNA fragment were on the agarose gel.  

Band The other band sizes in each sample lanes should sum up to 2 to 5 kb 

size of DNA fragment as I only inserted DNA fragments ranging from 2 to 5 

kb  into the vector. 
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3.3.4 Genomic sequences of fabps via sequencing reads from Atlantic salmon 

genome sequencing project 

As mentioned in Chapter 2, the characterization of fabp1, fabp6, fabp7, fabp10 

and fabp11 gene sub-families was based on the sequencing reads released from the 

Atlantic salmon genome sequencing project (Davidson et al., 2010).  The CIGENE 

scaffolds were assembled using sequence data from the Atlantic salmon genome 

sequencing project, which corresponded to a three fold coverage of the whole genome, 

and were available in the private ASalBase BLASTn search around March 2011.  To 

identify CIGENE scaffolds containing fabps, I used Atlantic salmon fabp coding 

sequences as queries and searched for the highest scaffold hits.  Table 3.4 lists the 

scaffold hits of each Atlantic salmon fabp.  Regardless of the consensus sequences of the 

assembled BAC shotgun libraries or the fabp CIGENE scaffold sequences, they were all 

subjected to annotation using the cGRASP annotation pipeline.  In addition, I was able to 

investigate the fabp locations in the genome for the genes that had not been mapped in 

the Atlantic salmon genetic map using the BAC shotgun library assembled consensus 

sequences or the fabp CIGENE scaffold sequences. 
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Table 3.5. Summary of fabps and their corresponding CIGENE scaffolds.  Note that 

CIGENE scaffold 151259024 only covers exons one and two. 

fabp sub-family Gene Name CIGENE scaffold 

fabp1 fabp1a scf15149518 

fabp1b scf15135926 

fabp6 fabp6aI scf15148348 

fabp6aII scf15259024 (only covered 

exons one and two) 

fabp6b scf15123132 

fabp7 fabp7bI scf15194177 

fabp7bII scf15188937 

fabp10 fabp10aI scf15191969 

fabp10aII scf15194866 

fabp10b scf15193889 

fabp11 fabp11aI scf15101812 

fabp11aII scf15138436 

fabp11b scf15169353 
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3.3.5 Genetic mapping of Atlantic salmon fabps 

Given the available information of the integration of the Atlantic samon genetic 

and physical maps (Phillips et al., 2009), all fabps except for fabp11aI were mapped to 

the genetic map by genotyping and linkage analysis (Table 3.3).  The putative 

microsatellites were identified within: 1) the consensus assembled sequences of the BAC 

shotgun libraries (fabp2 and fabp3 sub-families); 2) the BAC-end sequences of BACs 

within the same DNA fingerprinting contigs as the fabp representative BACs (fabp6aII 

and fabp10aII); 3) the sequences of the fabp CIGENE scaffolds (fabp6aI, fabp6b and 

fabp10b).  However, there was no putative microsatellite found in the fabp11aII and 

fabp11b CIGENE scaffolds.  Therefore, I used the sequences of these scaffolds as queries 

and BLASTn searched against the BAC-end sequences in ASalBase.  I then retrieved the 

DNA fingerprint contigs where the top hit BAC clones are and searched for putative 

microsatellites within the BAC-end sequences of these contigs.  Unfortunately, no 

available putative microsatellite for fabp11aI was found in any of the four methods that 

are mentioned above as of November 2011; hence, its genetic and physical location in the 

genome is still unknown.  Figure 3.9 illustrates an image of the polyacrylamide gel for 

the genotyping of Ssa10082BSFU in the Br6 Atlantic salmon mapping family.  This 

variable microsatellite was identified from the consensus sequence of the assembled BAC 

S0938E16 shotgun library sequencing reads (see Table 3.3).  Therefore, it is linked to 

fabp2b.  The sire and the dam have genotypes 1-2 and 2-3, respectively.  As a result, the 

possible offspring genotypes, 1-2, 1-3, 2-2 and 2-3, appeared in the 46 progenies.  This 

set of microsatellite genotype data was compared with other previously characterized 

microsatellite data of this mapping family using LINKFMFEX (Danzmann) and its 

genetic location was identified to be on linkage group 24, which corresponds to 
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chromosome 7 based on the integration of Atlantic salmon genetic and physical maps 

(Phillips et al., 2009). 

In the case of Atlantic salmon fabp1s and fabp7bs, the representative BACs of 

these genes belong to DNA fingerprinting contigs that already had variable 

microsatellites previously mapped on to the Atlantic salmon genetic map.  Therefore, I 

generated minimum tiling paths (MTPs) to link the BAC clones with these variable 

microsatellites to the corresponding fabp representative BACs.  Figure 3.10 is the agarose 

gel image of PCR amplifications that were used to generate the MTP for the DNA 

fingerprinting contig 798, and Figure 3.11 is a screenshot of this MTP for this contig on 

ASalBase. 
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Figure 3.8. An image of the polyacrylamide gel illustrating the genotyping with the 

fabp2b linked variable marker, Ssa10082BSFU, on the Atlantic salmon Br6 

mapping family.   

This family has 48 individuals.  The sire and the dam are in lanes 47 and 48, 

respectively, and the remainder are the progeny. 
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Figure 3.9. Agarose gel image illustrates the PCR result that was used for generating a 

MTP of DNA fingerprinting contig 798 to link the variable microsatellite 

marker to the fabp7bI representative BAC clone, S0232I03.   

Microsatellite Ssa0907BSFU was found in the Sp6 BAC end sequence of 

BAC S0152B01. Different sets of PCR reactions used different primers for 

amplification.  PCR1 to PCR23 used primers designed from S0152B01 Sp6, 

S0152B01 T7, S0173P12 T7, S0173P12 Sp6, S0269H08 T7, S0269H08 Sp6, 

S0238M22 T7, S0238M22 Sp6, S0037L07 T7, S0037L07 Sp6, S0235O17 

T7, S0272E19 T7, S0272E19 Sp6, S0011I12 T7, S0011I12 Sp6, S0052J03 

T7, S0052J03 Sp6, S0201P23 T7, S0201P23 Sp6, S0172N08 T7, S0172N08 

Sp6, S0232I02 T7 and S0232I02 Sp6  BAC end sequences, respectively. 
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Figure 3.10. A screenshot from ASalBase on DNA fingerprinting contig 798, where the 

representative BAC clone for fabp7bI is S0232I02.   

An informative microsatellite marker Ssa0907BSFU was found in the Sp6 

BAC end sequence of S0152B01.  The red ends of each BAC clone indicate 

that there are available BAC sequence information for these clones.  I masked 

the repetitive regions of these sequences and designed primers from each 

BAC end to generate a MTP that covers the entire region of DNA 

fingerprinting contig 798.  I confirmed that Ssa0907BSFU is linked to 

fabp7bI.  
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4: Evolution and expression profiling of the Atlantic 

salmon fabp2 sub-family 

4.1 Introduction 

FABP2 is the intestinal-type fatty acid-binding protein.  It is found in the 

epithelium of the small intestine and is most abundant at the distal segment of the small 

intestine, but FABP1 and FABP6 are also found in the proximal and distal regions of 

small intestine in mice, respectively (Haunerland and Spener, 2004).  Fabp2 knock-out 

mice were viable, fertile, had normal fat absorption and serum glucose levels, but had a 

higher plasma insulin level (Furuhashi and Hotamisligil, 2008; Vassileva et al., 2000).  

Hence, it has been suggested that FABP1 and FABP6 also participate in the fatty acid 

uptake in the intestine without FABP2 and without increasing the total amount of FABP 

in the intestine (Haunerland and Spener, 2004).  Nevertheless, male FABP2 knock-out 

mice had a larger liver and higher triglyceride levels and gained more weight regardless 

of the fat content in the diet (Furuhashi and Hotamisligil, 2008), whereas loss of weight, 

no difference in plasma triglyceride levels, and smaller liver on a high fat diet were 

observed in female FABP2 knock-out mice (Furuhashi and Hotamisligil, 2008).  Hence, 

there are differences in the effect of FABP2 knock-out in both genders.  Moreover, the 

human FABP2 polymorphism, A54 and T54, is suggested to be associated with insulin 

sensitivity and the rate of lipid metabolism (Baier et al., 1995), but this suggestion is still 

controversial (Chmurzynska, 2006; Haunerland and Spener, 2004). 

  



 

 88 

4.2 Identification of salmonids, northern pike and rainbow smelt fabp2 

transcript sequences 

Using the zebrafish fabp2 nucleotide coding sequence as the query, I searched and 

found three and two unique fabp2 full-length EST sequences in rainbow trout and 

chinook salmon, respectively (Table 4.1).  As mentioned in Chapter 3.1, the absence of 

fabp2 transcripts in fish species databases other than Atlantic salmon, rainbow trout and 

chinook salmon might be due to the number of available EST sequences in each fish 

species database and the type of tissues used to make in the EST libraries.  Because the 

low number of chinook salmon EST sequences might not provide the completed 

assessment of the number of fabp2 transcribed genes in this species, I did not use the 

chinook salmon fabp2 sequences for further analysis.  Nevertheless, the identity 

percentage of the two chinook unique full-length fabp2 coding sequences to one another 

is 72%.  This is less than the 96% identity of rainbow trout fabp2aI and fabp2aII, which 

can beated by a recent fabp2a gene duplication or the 4R WGD.  Hence, it suggests that 

the two chinook salmon fabp2 transcripts are related by a more ancient fabp2 gene 

duplication or the 3R WGD. 
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Table 4.1. Rainbow trout and chinook salmon full-length fabp EST sequences and their 

GenBank accession numbers as of February 20
th

, 2012.   

The gene name of rainbow trout fabp2s are based on their positions in the 

phylogenetics tree (see Figure 4.1). 

 Rainbow trout (Omy) Chinook salmon (Ots) 

fabp2aI BX882498.2  

fabp2aII CT572560.1  

fabp2b CT572560.1 EL555018.1 

fabp2a  EL553586.1  
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4.3 Evolution of Atlantic salmon fabp2 sub-family 

A maximum parsimony phylogenetic tree (Figure 4.1) was built from the coding 

sequences of these vertebrate proteins, and it reveals that there are two fabp2 clades in 

teleosts, which I named fabp2a and fabp2b.  Assuming that the 3R genome duplication 

event occurred in the common ancestor of teleosts, I predicted that all extant teleosts 

would have two copies of fabp2, fabp2a and fabp2b.  The phylogenetic tree is consistent 

with a whole genome duplication event (3R) occurring in the common ancestor of 

teleosts (Christoffels et al., 2004; Jaillon et al., 2004; Meyer and Van de Peer, 2005; 

Vandepoele et al., 2004).  Stickleback, medaka and fugu possess two fabp2s with a gene 

belongs to each fabp2 clade, whereas zebrafish and tetraodon only contain a single fabp2 

in their genomes and they belong to the fabp2a clade (Sharma et al., 2004).  Hence, it 

suggests that there were independent fabp2b gene losses in the zebrafish and tetraodon 

lineages.   In addition, both Atlantic salmon and rainbow trout contain three fabp2s in 

their genomes.  According to the phylogenetic tree, two of the three fabp2s in each 

salmonid species are part of the fabp2a clade, where as the remaining fabp2 belongs to 

the fabp2b group.  Although it would be more parsimonious to postulate that a single 

gene duplication in the ancestor of Atlantic salmon and rainbow trout gave rise to fabp2aI 

and fabp2aII genes, I suggest that the 4R WGD  in the common ancestor of salmonids 

resulted in fabp2aI and fabp2aII genes, and that a subsequent loss of one of the fabp2b 

genes occurred in the common ancestor of Atlantic salmon and rainbow trout after the 

salmonid-specific WGD event (Allendorf and Thorgaard, 1984; Danzmann et al., 2008).  

The inferred protein sequences of the five sequenced fish species (zebrafish, 

stickleback, medaka, fugu and tetraodon) and mouse were obtained by using Expasy 
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translate tool to translate the fabp2 coding sequences that were retrieved from Ensembl 

release version 52.  I compared these protein sequences with those from FABP2aI, 

FABP2aII and FABP2b from Atlantic salmon and rainbow trout.  The clustalW 

alignment shows that the protein size is well conserved (Figure 4.2).  There were 56 of 

the 132 amino acid residues invariant in these vertebrate proteins.   
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Figure 4.1. Maximum parsimony phylogenetic tree of FABP2 built from the amino acid 

sequence alignment shown in Figure 4.2.   

The white diamond indicates the 3R duplication event, which gave rise to the 

fabp2a and fabp2b genes in teleosts.  The tree did not yield the expected 

configuration for the salmonid FABP2A sequences, which is shown in Figure 

4.5.  As indicated in Figure 4.5, this is due to an increase in the number of 

amino acid substitution in the Omy FABP2AII.   
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Figure 4.2. Alignment of the FABP2 amino acid sequences from Atlantic salmon, 

rainbow trout, other teleosts and mouse.   

The species abbreviations are: Salmo salar (Ssa), Oncorhynchus mykiss 

(Omy), Oncorhynchus tshawytscha (Ots), Danio rerio (Dre), Tetraodon 

nigroviridis (Tni), Takifugu rubripes (Tru), Gasterosteus aculeatus (Gac), 

Oryzias latipes (Ola) and Mus musculus (Mmu).  Protein size and great 

number of amino acid residues are well conserved in the FABP2s from 

different vertebrate species.   
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4.4 Conserved synteny of fabp2 loci in teleosts  

I first compared the flanking regions of the Atlantic salmon fabp2aI and fabp2aII 

genes since this is where I predicted to see the most conservation of synteny because the 

phylogenetic analysis (see Section 4.2) suggested that fabp2aI and fabp2aII genes arose 

as a result of the more recent salmonid-specific WGD 25-120 MYA (Allendorf and 

Thorgaard, 1984).  Three genes, ubiquitin specific peptidase53 (usp53), myozenin-2 

(myoz-2) and similar to myopodin (synpo2), are conserved with respect to the 3’ side of 

fabp2aI and fabp2aII (Figure 4.3) and orientation with respect to fabp2as.  Guanylate 

cyclase beta subunit (gucy-β) is present on the 5’ side of fabp2aI and fabp2aII; however, 

the transcriptional orientation is reversed in the two loci. In addition, SET domain 

bifurcated 2 protein (setdb2) is present in one of the flanking genes of fabp2aI, but it 

appears to be absent in the flanking region of fabp2aII.  None of the flanking genes of 

fabp2aI and fabp2aII were observed in the vicinity of fabp2b.   

When I compared the fabp2a genomic regions in Atlantic salmon, zebrafish, 

medaka, stickleback, tetraodon and fugu (Figure 4.3), I found that five genes are 

conserved in terms of position and orientation relative to the fabp2a gene in most 

lineages. The five genes are: guanylate cyclase alpha and beta subunits (gucy-α and gucy-

β), usp53 (absent from the medaka fabp2a locus), myoz-2 and synpo2.  The presence of 

these genes near the fabp2a loci in different lineages suggests that these genes were 

present in the common teleost ancestor after the 3R duplication and all extant teleosts 

would have this cluster of genes in their genomes. Therefore, I predicted to find evidence 

for a usp53 pseudogene or unannotated gene somewhere between fabp2a and myoz-2 in 

the medaka genome. Indeed, using NCBI bl2seq megablast, four portions of this medaka 
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genomic region have somewhat similar matches (76-84% identity) with two of the 

putative usp53 exons near Atlantic salmon fabp2aII. This suggests that either there is an 

as yet unannotated functional usp53 gene on medaka scaffold 461 between fabp2a and 

myoz-2 or else it is present in a remnant form as a pseudogene. Since the phylogenetic 

tree suggests that the zebrafish fabp2 is most closely-related to the two Atlantic salmon 

fabp2as, I predicted to find the greatest conservation of synteny in these two species. 

However, only gucy-α and gucy-β are conserved in the fabp2a flanking regions in 

Atlantic salmon and zebrafish, reflecting many genomic rearrangements that have 

occurred in both lineages since they diverged.  The observation that tetraodon and fugu 

pufferfish have the most conservation of synteny at the fabp2a locus probably reflects the 

relatively recent separation of these species. The presence of setdb2 at the fabp2aI locus 

and its absence in the fabp2aII flanking region reflects independent genomic 

rearrangements that occurred in the duplicated Atlantic salmon fabp2a loci, fabp2aI and 

fbp2aII, since the 4R duplication event.  

Similar comparative genomic analyses were carried out at the fabp2b loci in Atlantic 

salmon and medaka, as well as stickleback and fugu in whose genomes it was not 

annotated in the Ensembl release version 57.  I found that two genes, dctn6 and rbpms, 

are conserved in terms of position and orientation relative to fabp2b in Atlantic salmon, 

medaka, fugu and stickleback (Figure 4.4).  In addition, the doublesex-mab3 related 

transcription factor (dmrt) and zeta-sarcoglycan (sgcz) are conserved in the fabp2b 

flanking regions of medaka, fugu and stickleback.  Again, all extant teleosts would obtain 

this cluster of genes, sgcz-dctn6-rbpms-fabp2b-dmrt, in their genomes.  I looked for 

evidence for the presence of fabp2b pseudogene or an unannotated gene in zebrafish by 
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identifying the location of any fabp2b neighboring genes in its genome.  Only sgcz is 

found on chromosome 1 and the other fabp2b flanking genes are either absent or have not 

been annotated yet in the zebrafish genome.  By using NCBI bl2seq megablast and 

Atlantic salmon fabp2b coding sequence as reference, I identified a sequence similar to a 

portion of fabp2b exon 4 located approximately 1.15 Mb on the 5’ side of sgcz.  This 

observation is indicative of an as yet unannotated fabp2b functional gene or a pseudogene 

in the zebrafish genome.  A similar search for a possible fabp2b pseudogene or 

unannotated gene was also carried out in the tetraodon genome.  Both dctn6 and dmrt 

could be found in the tetraodon genome on scaffold 7577, but the genomic sequence that 

is flanked by these two genes did not align with any region of Atlantic salmon fabp2b 

coding sequence.  This suggests that the syntenic block of rbpms and fabp2b was 

translocated elsewhere in the tetraodon genome, was deleted or has decayed to the point 

that these sequences are no longer recognizable even as pseudogenes.  

The lack of shared synteny and the striking difference in genomic organization 

between the fabp2a and the fabp2b loci in teleosts reflects the genomic rearrangements 

that have occurred in the fabp6a and fabp6b gene lineages since they were produced by 

the 3R WGD at the base of the teleost radiation approximately 320-370 MYA 

(Christoffels et al., 2004; Jaillon et al., 2004; Meyer and Van de Peer, 2005; Vandepoele 

et al., 2004).   
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Figure 4.3. Comparative genomic analysis of fabp2a loci in Atlantic salmon, zebrafish, 

stickleback, medaka, fugu and tetraodon.   

The arrows indicate where the gene orientations are. 
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Figure 4.4. Comparative genomic analysis of fabp2b loci in Atlantic salmon, stickleback, 

medaka and fugu.   

The arrows indicate where the gene orientations are. 
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4.5 Expression profiling of Atlantic salmon fabp2 sub-family 

Using RT-PCR with fabp2 gene-specific primers, I examined the expression 

profiles of Atlantic salmon fabp2aI, fabp2aII and fabp2b in twelve smolt tissues.  Among 

the three genes, fabp2b is the most broadly expressed gene (Table 4.2).  Its transcript was 

detected in all the tissues examined except for stomach.  This broad tissue expression 

profile is similar to what has been observed for zebrafish fabp2 (Sharma et al., 2004).  

Both Atlantic salmon fabp2aI and fabp2aII are expressed in intestine and pyloric caecum, 

but the fabp2aII transcript was also detected in eye, gonad, muscle, skin and thyroid.   

Although fabp2aI and fabp2aII exhibit reduced tissue expression compared to fabp2b and 

differ in their expression profiles relative to one another, these expression patterns 

overlap rather than complement one another.  This could reflect some loss of regulatory 

elements in the fabp2aI and fabp2aII genes which may be leadin to sub-functionalization 

or even pseudogenization. 
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Table 4.2. Summary of RT-PCR analysis of the expression profiles of Atlantic salmon 

fabp2aI, fabp2aII, fabp2b and zebrafish fabp2 (*taken from Sharma et al. 

(Sharma et al., 2004)).   

√ indicates that an RT-PCR product was observed, - indicates no products 

was seen and N/T indicates that the particular tissue was not tested. 

Tissue fabp2aI fabp2aII fabp2b *Zebrafish fabp2 

Brain - -   

Eye -   N/T 

Gonad -    

Heart - -   

Intestine     

Liver - -   

Muscle -    

Pituitary Gland - -  N/T 

Pyloric caecum    N/T 

Skin -    

Stomach - - - N/T 

Thyroid -   N/T 
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4.6 Evidence of neo-functionalization 

Although the expression pattern of fabp2 genes suggested Atlantic salmon fabp2a 

genes had experienced sub-functionalization or even pseudogenization, I wondered if there 

was any evidence of neo-functionalization in these gene products.  Using the coding and 

protein sequences of zebrafish FABP2 as an outgroup, I examined the evolutionary history 

of the Atlantic salmon and rainbow trout FABP2aI and FABP2aII and Chinook salmon 

FABP2a (Figure 4.5).  The non-synonymous substitution at non-synonymous site (dN) to 

synonymous substitution at synonymous site (dS) ratios indicating that these proteins have 

experienced negative or purifying selection.  However, I was intrigued by the T55S 

substitution that occurred in the FABP2aI lineage after the duplication of the salmonid 

fabp2a genes, but before the speciation of Atlantic salmon, rainbow trout and chinook 

salmon.  A study on human FABP2 revealed that two alleles, A55 and T55, vary in their 

binding affinities with respect to different lipids (Zhang et al., 2003).  This implies that 

amino acid residue 55 plays a critical role in FABP2 function. The finding that a T55S 

substitution in FABP2aI occurred in the common ancestor of the Atlantic salmon and 

rainbow trout suggests that the salmonid FABP2aI and FABP2aII may have different lipid 

binding affinities, and this presumed neo-functionalization may have provided a selective 

pressure to maintain these duplicates.  Moreover since the Atlantic salmon / rainbow trout 

speciation event occurred, there has been an increase in the rate of amino acid 

substitutions in FABP2aII in both lineages, particularly that of rainbow trout.  I speculate 

that these changes are enabling FABP2aII to be more suitable for its protein function in 

different tissues in both species, such that Atlanic salmon and rainbow trout fabp2aII and 
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chinook salmon fabp2a can maintain their broad expression like it is in the zebrafish 

linkage (see Section 4.4).  

  



 

 104 

Figure 4.5. Evolutionary history of Atlantic salmon (Ssa) and rainbow trout (Omy) 

FABP2AI and FABP2aII and chinook salmon FABP2a using the zebrafish 

(Dre) FABP2 as an outgroup (see also Figure 4.2).   

The blue diamond indicates the 4R salmonid specific genome duplication 

event that gave rise to the FABP2aI and FABP2aII genes in Atlantic salmon 

and rainbow trout.  The number of amino acid substitutions is given in orange 

(e.g., there are 20 amino acid sequence differences between the zebrafish 

FABP2 and the inferred sequence of the FABP2a in the common ancestor of 

the salmonids just prior to the salmonid genome duplication).  The amino 

acid substitutions that occurred after the salmonid genome duplication in the 

common ancestor of Atlantic salmon and rainbow trout or in each of these 

species are shown on the branches of the tree.  This is followed by the non-

synonymous substitution at non-synonymous site (dN) to synonymous 

substitution at synonymous site (dS) ratios. 
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4.7 Conclusion 

Three Atlantic salmon fabp2 genes, fabp2aI, fabp2aII and fabp2b, were characterized 

and they are the product of two WGD events. The 3R genome duplication that occurred 

at the base of the teleost radiation gave rise to fabp2a and fabp2b; and this produced the 

two copies of fabp2 genes seen in some but not all extant teleosts. The 4R genome 

duplication that occurred in the common ancestor of salmonids then gave rise to fabp2aI, 

fabp2aII, fabp2bI and fabp2bII. This was followed by a loss of fabp2bI or fabp2bII, 

which resulted in the three fabp2 genes observed in Atlantic salmon and rainbow trout.  I 

anticipated there are two fabp2a genes in chinook salmon.  The fact that only a single 

fabp2a transcript found in this species might be due to the number of available ESTs in 

the Chinook salmon EST database and not a fabp2a gene loss in this lineage.  Expression 

profiles provide evidence for sub-functionalization in Atlantic salmon fabp2aI and 

fabp2aII genes.  In addition, a preliminary analysis of amino acid substitution patterns 

leads me to speculate that salmonid fabp2a genes may be subject to neo-functionalization 

because the T55S substitution in the lineage leading to FABP2AI in Atlantic salmon, 

rainbow trout and chinook salmon occurs at a residue known to be critically important for 

binding different fatty acids (Zhang et al., 2003).  
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5: Evolution and expression profiling of the Atlantic 

salmon fabp7 sub-family 

5.1 Introduction 

FABP7 is the brain-type fatty acid-binding protein and it is highly selective for 

very long-chain n-3 polyunsaturated fatty acids, such as docosahexaenoic acid 

(Balendiran et al., 2000), which is an important component for the development of the 

brain (Guesnet and Alessandri, 2011).  As a result, the fabp7 transcript is highly abundant 

in radial glia cells of the developing brain, but is weakly expressed in mature glia of the 

white matter and not the grey matter of neurons (Furuhashi and Hotamisligil, 2008).  

FABP7 affects the correct migration of developing neurons into cortical layers (Feng, 

1994) and is overexpressed in patients with Down’s syndrome (Sanchez-Font et al., 

2003) and schizophrenia (Watanabe et al., 2007).  Fabp7 is also expressed in the 

mammary gland, and a high level of this protein in the cell can inhibit tumor growth in 

mice with breast cancer (Hohoff and Spener, 1998; Shi et al., 1997), suggesting its role as 

a tumor suppressor gene.  FABP7-deficient mice do not have any apparent macroscopic 

differences but they have altered emotional behavioural responses, attenuated 

neurogenesis and decreased prepulse inhibition, which is a typical behaviour in 

schizophrenia (Owada et al., 2006; Watanabe et al., 2007).  Due to its abundance in the 

brain, fabp7 has been proposed as a biomarker for the detection of brain injury (Pelsers et 

al., 2005). 
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5.2 Identification of salmonids, northern pike and rainbow smelt fabp7 

transcript sequences 

Using the zebrafish fabp7a and fabp7b nucleotide coding sequences as the 

queries, I searched and found unique fabp7 full-length EST sequences in rainbow trout, 

grayling, northern pike and rainbow smelt in the cGRASP EST database (Table 5.1).  The 

sequence identity percentages between the two rainbow trout fabp7 nucleotide coding 

sequences is 96%, which is the same as the sequence identity percentages between the 

two grayling fabp7 sequences.  However, the two rainbow smelt fabp7 coding sequences 

are 77% identical.  Based on the sequence identities, it suggests that the two rainbow 

smelt fabp7 transcripts are related by a more ancient fabp7 gene duplication or the 3R 

WGD, whereas the two fabp7s in grayling and rainbow trout are related by a recent gene 

duplication or the 4R WGD.  
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Table 5.1. Rainbow trout, grayling, northern pike and rainbow smelt full-length fabp7 

EST sequences and their GenBank accession numbers as of February 20
th

, 

2012.  

 Rainbow trout 

(Omy) 

Grayling 

(Tth) 

Northern pike 

(Elu) 

Rainbow smelt 

(Omy) 

fabp7a    EL525820.1 

fabp7b   GH244102.1 EL527123.1 

fabp7bI BX082627.2 FF841289.1   

fabp7bII CA369721.1 FF841199.1   
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5.3 Identification of BACs with fabp7 via fabp3 BAC library screening 

As mentioned in Section 3.3.3, the identification of BAC clones containing the 

fabp7s was different from other fabp sub-families; that is, these BAC clones were 

identified during the BAC library screening with the fabp3 oligonucleotide probe when I 

searched for BAC clones containing the fabp3 genes.  Most of the fabp3 hybridization-

positive BAC clones belong to the DNA fingerprinting contigs 756 and 798; however, 

there was no PCR amplification product when these BAC clones were used as template 

with the two fabp3 gene-specific primers.  Given the fact that fabp7 is the closest fabp 

sub-family to fabp3 (Schaap et al., 2002), I hypothesized that DNA fingerprint contigs 

756 and 798 may contain fabp7s instead.  Indeed, there were PCR amplification products 

when the reactions contained the fabp3 hybridization-positive BAC clones from these 

two contigs as template and the two fabp7 gene-specific primers.  In fact, BAC clones 

from contig 798 were fabp7bI PCR-positive and BACs from contig 756 were PCR 

positive with fabp7bII gene-specific primers (Figure 5.1).  As the result, based on the 

criteria mentioned in Section 3.3.3, BAC clones S0232I02 and S0025A21 were chosen to 

be the representative BACs for fabp7bI and fabp7bII (Table 3.3). 
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Figure 5.1. A 2% agarose gel image of PCR testing on fabp3 hybridization-positive BAC 

clones with fabp7bI and fabp7bII gene-specific primers.   

The first and last lanes of the top and bottom gel were loaded with 2.5 µL 

Bioline HyperLadderII.  The top gel was loaded PCR reactions with fabp7bI 

gene-specific primers, whereas the bottom gel was loaded PCR reactions with 

fabp7bII gene-specific primers.   The BAC clones that were subjected for this 

PCR test were some of the fabp3 hybridication-positive BACs.  According to 

ASalBase, BAC clones S0021L12, S0030K12 and S0209G20 belong to DNA 

fingerprinting contigs 3120, 1164 and 363, respectively.   BAC clones 

S0025A21, S0039N17, S0117L21, S0159N22 and S0166H17 are from contig 

756, wheras BAC S0200C01, S0209G20 and 232I02 belong to contig 798.  

BAC S0136L10, S0212F03 and S0812G14 are singletons.  In fact, BACs 

S0212F03 and S0812G14 are the representative clones for fabp3aI and 

fabp3aII, respectively (Table 3.3).  “Neg” and “Pos” are the abbreviations for 

negative and positive controls (Atlantic salmon genomic DNA), respectively. 
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5.4 Evolution of Atlantic salmon fabp7 sub-family 

Human, rat, mouse, chicken, zebrafish, stickleback, medaka, fugu and tetraodon 

fabp7 transcripts and protein sequences were retrieved from Ensembl release version 64.  

I used these tetrapod and teleost FABP7 protein sequences and compared the inferred 

amino acid sequences with their orthologs in rainbow smelt, northern pike, grayling, 

Atlantic salmon and rainbow trout using a clustalW alignment (Figure 5.2).  FABP7 sub-

family is the most conserved in terms of numbers of conserved amino acid residues and 

protein size compared to any other FABP sub-families that I studied in this project.  

There are 65 invariant out of 132 amino acids in these FABP7 vertebrate proteins.  A 

phylogenetic tree based on the coding sequences of these FABP7 vertebrate proteins 

reveals that there was a fabp7 gene duplication that gave rise to two fabp7 clades, which 

Liu et al. named fabp7a and fabp7b (Figure 5.3) (Liu et al., 2004).  This supports the 

hypothesis that there was a fabp7 gene duplication as a result of the 3R WGD in the 

common ancestor of teleosts.  Two copies of fabp7s are found in the grayling, Atlantic 

salmon and rainbow trout EST databases, and all of these genes fall into the fabp7b clade.  

The fact that rainbow smelt posseses a fabp7a and a fabp7b and that northern pike only 

has a fabp7b in its genome suggests that there was a fabp7a gene loss in the common 

ancestor of northern pike, grayling and the other salmonids after rainbow smelt had 

diverged from it.  It does not appear to be due to the number of ESTs in the northerm pike 

EST database because the grayling EST database has a similar number of ESTs as the 

northerm pike EST database (see Section 3.1).  Without additional information, such as 

flanking sequences, it is not possible to determine if the salmonid fabp7bI and fabp7bII 

genes arose via a WGD or simply a gene duplication in their common ancestor.  
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Figure 5.2. Alignment of the FABP7 amino acid sequences from Atlantic salmon, 

rainbow trout, other teleosts and mouse.   

The species abbreviations are the same as they are in Figure 4.1 with the 

addition of Thymallus thymallus (Tth), Esox lucis (Elu), Osmerus mordax 

(Omo), Gallus gallus (Gga), Rattus norvegicus (Rno) and Homo sapiens 

(Hsa).  Protein size and many amino acid residues are conserved in the 

FABP7s from different vertebrate species.    
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Figure 5.3. Maximum likelihood phylogenetic tree of fabp7 built from the nucleotide 

coding sequence alignment.   

The white diamond indicates the 3R duplication event, which gave rise to the 

fabp7a and fabp7b genes in teleosts.  Note that the grayling fabp7bI gene is 

not positioned where one might expect it to be, but the bootstrap value for 

this placement is low.  I did not include bootstrap values less than 50 in the 

figure.   
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5.5 Conserved synteny of fabp7a loci in teleosts 

When comparing the fabp7a loci in the five sequenced teleosts, I predicted a 

conserved ancient synteny block that might be present in the common ancestor of teleosts 

after the 3R genome duplication (Figure 5.4).  Five genes are conserved in terms of 

position and orientation relative to fabp7a.  They are: thromospondin-type laminin G 

domain and EAR repeats (tspear) (absent in the zebrafish fabp7a locus), ubiquitin 

carboxyl-terminal hydrolase 40 (usp40) (absent in the zebrafish fabp7a locus), TRAF3 

interacting protein 2 (trap3ip2) (absent in the zebrafish, stickleback and tetraodon fabp7a 

loci), FYN oncogene related to SRC, FGR, YES (fyn) and myristoylated alanine-rich 

protein kinase C substrate (marckc).  Given that usp40 reside on the 5’ end of fabp7a in 

four out of five teleosts that I examined, I predicted this relative positioning of these two 

genes were present in the common ancestor of teleosts.  Interestingly, usp40 locates to the 

3’ end of fabp7a and between fabp7a and trap3ip2 in medaka lineage and this suggests 

that there was a translocation of usp40 instead of an inversion because usp40 and fabp7a 

orientations are not inverted compared to what is observed in the stickleback, fugu and 

tetraodon genomes.  Because of the absence of usp40 and tspear at the zebrafish fabp7a 

locus, I expect that these genes had translocated together elsewhere in the genome.  

Indeed, usp40 (ENSDARG00000071197) is located on chromosome 6 along with tspear 

(ENSDARG00000077580).  Therefore, it appears that there was a translocation event 

nearby the fabp7a locus in the zebrafish lineage.  Trap3ip2 might appear to be an inserted 

gene between fabp7a and fyn in both medaka and fugu lineages, but there is evidence 

suggesting that there are trap3ip2 pseudogenes or possibly unannotated genes in the 
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region between fabp7a and fyn near the fabp7a loci in zebrafish, stickleback and 

tetraodon genomes.  Using medaka trap3ip2 coding sequence (ENSGACG00000010180) 

as the query for NCBI bl2seq megablast search, there was a short portion of exon two 

sequence (13 nt in length) aligned with 100% identity to the region between fabp7a and 

fyn in zebrafish.  In the stickleback genome, there are two portions of medaka trap3ip2 

exons two and six (66 nt and 140 nt in length) aligned with 79% identity to the region 

between fabp7a and fyn.  Moreover, portions of medaka trap3ip2 exons four, five and six 

(47-131 nt in length) aligned with 75-83% identity to the region between fabp7a and fyn 

(ENSTNIG00000017221) in the tetraodon genome.  I also searched for the presence of a 

marckc pseudogene or unannotated gene in the region between fyn and four and a half 

LIM domains 5 (FHL5) in the fugu genome using the stickleback marckc coding 

sequence (ENSGACT00000013531) as query for the NCBI bl2seq megablast search.  

The full-length stickleback marckc coding sequence, which consists of only two exons, 

aligned with 77-80% identity with the genomic sequence between fyn and FHL5 in the 

fugu genome, suggesting that there may be a marckc pseudogene or an unannotated 

marckc gene in this region of the genome.  Overall, it suggests that there may be trap3ip2 

pseudogenes or unannotated genes in that region between fabp7a and fyn in the zebrafish, 

stickleback and tetraodon genomes. 

Since there were no fabp7a transcripts found in the Atlantic salmon EST 

database, I attempted to find the fabp7a pseudogene location using the available three 

times coverage of Atlantic salmon genome by the CIGENE scaffolds.  Given that fyn 

resides to the 3’ end of fabp7a in the predicted ancient conserved fabp7a synteny block, I 

searched for fyn in the Atlantic salmon CIGENE scaffolds in ASalBase by using 
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zebrafish FYN oncogene related to SRC, FGR, YES a (fyna) coding sequence 

(ENSDART00000150232) from Ensembl release version 64 as the query sequence and 

annotated the highest hit scaffold.  The highest hit scaffold is scaffold scf15100727 and 

the annotated genes are fyna, trap3ip2, and DNA polymerase zeta catalytic subunit 

(rev3l).  Indeed, I found there are three portions of zebrafish fabp7a coding sequences 

(12-31 nt in length) between trap3ip2 and rev3l, suggesting that a putative fabp7a 

pseudogene exists in this region of the Atlantic salmon genome.  Furthermore, I used 

scaffold scf15100727 as the query sequence to search against the BAC end sequences 

available in ASalBase to identity the DNA fingerprinting contig corresponding to this 

region in the genome.  The sequence of scaffold scf15100727 matches to the T7 and Sp6-

end BAC end sequences of BAC clones S0236B14 and S0129K21, respectively.  Both 

BAC clones belong to the DNA fingerprinting contig 563 and this contig had been 

mapped to linkage group 4, which corresponding to chromosome 6 according to the 

integration information of Atlantic salmon genetic and physical maps(Phillips et al., 

2009).  Hence, the location of a putative fabp7a pseudogene in the Atlantic salmon 

genome was identified. 
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Figure 5.4. Comparative genomic analysis of the fabp7a loci in zebrafish, stickleback, 

medaka, fugu and tetraodon.   

The arrows indicate where the gene orientations are. 
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5.6 Expression profiling of Atlantic salmon fabp7 

To test if sub-functionalization occurred in the fabp7b gene duplicates, the expression 

patterns of fabp7bI and fabp7bII in Atlantic salmon were examined because the 

prediction is that if sub-functionalization has occurred the expression patterns would 

differ from the expression pattern of fabp7b in northern pike because the phylogenetic 

tree shows that northern pike is the pre-WGD species that is most closely-related to 

salmonids (Figure 5.3)  (Ramsden et al., 2003).  As illustrated in Figure 5.5, this gene is 

expressed in a wide variety of northern pike tissues including brain, eye, spleen, heart, 

gill, stomach, posterior and head kidney, intestine, liver and muscle.  This is a more 

diverse expression pattern compared to the fabp7b gene in zebrafish (Liu et al., 2004).  

Liu et al. showed that the zebrafish fabp7b gene is expressed in the liver, intestine, brain 

and testis but not in ovary, skin, heart, muscle and swim bladder (Liu et al., 2004).  It is 

not possible to tell which of these expression patterns represents an ancestral state, but I 

speculate that it is the one seen in northern pike.  Moreover, I suggest that the loss of the 

fabp7a gene in northern pike provided a selection pressure against loss of expression of 

the fabp7b gene, such as is observed for the fabp7b gene in zebrafish (e.g., heart).  

Taking the northen pike fabp7b expression pattern as representing the fabp7b gene 

expression in the common ancestor of the salmonids prior to the 4R WGD, I examined 

the expression patterns of the Atlantic salmon fabp7bI and fabp7bII genes for evidence of 

sub-functionalization (Force et al., 1999).  As shown in Figure 5.5b, I see that fabp7bI 

and fabp7bII genes have broad tissue expression patterns that are similar to those of the 

corresponding gene in northern pike, but fabp7bI is not expressed in liver whereas 

fabp7bII is.   
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Figure 5.5. Expression patterns of fabp7bI and fabp7bII in Atlantic salmon smolt tissues 

and of fabp7b in the northern pike tissues.   

The tissue abbreviations are as follows: brain (Br), eye (E), spleen (Sp), heart 

(H), gill, (G), stomach (St), posterior kidney (Pk), head kidney (Hk), intestine 

(I), liver (L), muscle (M), negative control (-) and northern pike genomic 

DNA (Figure 5.5a and 5.5b) and Atlantic salmon genomic DNA (Figure 5.5c 

and 5.5d) (+).  Figure 5.5a and 5.5c are RT-PCR with 35 cycles whereas 

figure 5.5b and 5.5d are RT-PCR with 40 cycles.  Differential expression 

patterns of Atlantic salmon fabp7bI and fabp7bII were seen in liver. 
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5.7 Putative 5’ regulatory elements 

The DDC model suggests that sub-functionalization is one mechanism for 

retaining duplicated genes  by having complementary losses of regulatory elements in the 

gene duplicates, such that the paralogs exhibit differential expression profiles that 

together would reflect what is observed in representative of the ancestral gene (Force et 

al., 1999).  I wondered if the differential expression profiles of fabp7bs are indeed due to 

complementary losses of regulatory elements.  Hence, I compared the predicted 5’ 

transcription factor binding sites of Atlantic salmon fabp7bI and fabp7bII, zebrafish, 

medaka, stickleback, fugu and tetraodon fabp7bs.  I used TOMTOM (Gupta et al., 2007) 

and MEME (Bailey and Elkan, 1994) to identify the top ten DNA motifs (Figure 5.6) that 

are conserved in relative position and orientation in the proximal promoter regions (2000 

bp upstream of the start codon) of zebrafish, stickleback, medaka, tetraodon fabp7b and 

Atlantic salmon fabp7bI and fabp7bII genes.  The details of these top ten DNA motifs are 

shown in Figures 5.7.  The only difference in these upstream regions of the Atlantic 

salmon fabp7bI and fabp7bII genes appears to be an indel between motif 3 and motif 6 

approximately at -1050 to -1200 bp from the start codon.  TFSEARCH (Heinemeyer et 

al., 1998) analysis of this indel sequence identified the presence of CdxA, IRF-1, Evi-1, 

TATA, Oct-1 and SRY putative transcription factor binding sites (Figure 5.6).  Rath et al. 

suggested that the presence of SRY along with CdxA and GATA-2 may act to repress the 

expression of senescence marker protein-30 (smp30), which is preferentially expressed in 

hepatocytes (Rath et al., 2008).  Therefore, the presence of CdxA and SRY binding 

motifs, which occur in the Atlantic salmon fabp7bI gene but not the fabp7bII gene, might 

explain the loss of fabp7bI expression in the liver.  If this is the case, it should be noted 
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that this might contrary to what is expected from the sub-functionalization model of 

Force et al., as it could appear that an insertion of DNA is the basis of the sub-

functionalization, although the end result is the same (Force et al., 1999). 

I also used rVISTA (Loots et al., 2002) to search for conserved putative 

transcription factor binding sites between Atlantic salmon fabp7bI and fabp7bII.    It 

appears that many putative transcription factor binding sites that Liu et al.  identified in 

the regulatory regions of the zebrafish fabp7a and fabp7b genes are conserved (e.g., AP1, 

BRN2, CAAT, CREB, GATA4, NF1, OCT1, PIT1, POU, PPAR, TATA and TST1), and 

this might explain the co-expression of both Atlantic salmon genes in a wide variety of 

tissues (Liu et al., 2003b; Liu et al., 2004). It has been suggested that POU transcription 

factors are essential for fabp7b gene expression in the brain of zebrafish (Liu et al., 

2003b) and medaka (Maruyama et al., 2008).  Moreover, Maruyama et al. demonstrated 

that deletion of the POU transcription factor binding sites in the region from -898 to -801 

bp of the start codon of the medaka fabp7b gene significantly reduced the expression of 

this gene in the brain (Maruyama et al., 2008).  I searched for putative POU transcription 

factor binding sites in the genomic sequences that are 2000 bp 5’ upstream of the start 

codons of zebrafish, stickleback, medaka and tetraodon fabp7b genes and both Atlantic 

salmon fabp7bI and fabp7bII genes using TFSEARCH (Figure 5.8).  Putative POU 

transcription factor binding sites were identified at locations equivalent to the key -898 to 

-801 bp region of the medaka fabp7b gene in the fabp7b gene of tetraodon and possibly 

that of zebrafish as well as the Atlantic salmon fabp7bI and fabp7bII genes.  These results 

are consistent with Atlantic salmon fabp7bI and fabp7bII genes being expressed in brain 

(Figure 5.5). 
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Figure 5.6. Putative transcription factor binding motifs in the 2000 bp regions upstream 

of the start codons of teleost fabp7b genes.   

The motif sequences identified using TOMTOM (Gupta et al., 2007)  and 

MEME(Bailey and Elkan, 1994) and the putative transcription factor were 

identified by TFSEARCH (Heinemeyer et al., 1998).   
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Figure 5.7. Sequences of the putative transcription binding motifs identified in four or 

more of the 2000 bp upstream regions of teleost fabp7b genes as shown in 

Figure 5.6. 

The sequences were identified using TFSEARCH with a threshold of 84.5 

(Heinemeyer et al., 1998), and the cis-regulatory elements within the 

conserved DNA motifs were defined using TOMTOM (Gupta et al., 2007) 

and MEME (Bailey et al., 2009). 
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Figure 5.8. Putative POU transcription binding sites in the 2000bp upstream regions of 

teleost fabp7b genes.   

The POUs identified by ** in the medaka fabp7b are those identified by 

Maruyama et al. as being important for expression in brain (Maruyama et al., 

2008). 
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5.8 Evidence of neo-functionalization 

Although the RT-PCR analysis suggests that Atlantic salmon fabp7bI and fabp7b 

might have sub-functionalized in the liver, I wondered if there was evidence of positive 

selection in the fabp7b genes and neo-functionalization of their gene products in Atlantic 

salmon, as well as in the rainbow smelt, northern pike, grayling and rainbow trout.  The 

zebrafish fabp7b was used as the outgroup of the phylogenetic tree (Figure 5.9).  The 

overall non-synonymous (dN) substitution at non-synonymous site to synonymous (dS) 

substitution at synonymous site ratios indicate that these proteins in the rainbow smelt, 

northern pike and the salmonids have experienced purifying selection.  There appears to 

be a trend for fewer amino acid substitutions along the lineages leading to the northern 

pike and the salmonid FABP7bs (an average of 5) compared to along the lineage leading 

to rainbow smelt (8).  I also examined the nature of the amino acid changes.  Balendiran 

et al. resolved the crystal structures of a complex of the human FABP7 with oleic acid 

(OA) and a complex of the human FABP7 with DHA, and identified the amino acid 

residues that contact with the fatty acid ligands (Balendiran et al., 2000).  There were no 

significant amino acid substitutions at those ligand-binding amino acid residues in all the 

FABP7s of the rainbow smelt, northern pike, grayling, rainbow trout and Atlantic 

salmon.   
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Figure 5.9. Evolutionary history of rainbow smelt (Omo) and Northern pike (Elu) 

FABP7b, grayling (Tth), Atlantic salmon (Ssa) and rainbow trout (Omy) 

FABP7bI and FABP7bII using the zebrafish (Dre) FABP7b as an outgroup 

(see Section 3.2.5).   

The blue diamond indicates the 4R salmonid specific genome duplication 

event that gave rise to the FABP7bI and FABP7bII genes in graylings, 

Atlantic salmon and rainbow trout.  The number of amino acid substitutions 

is given in orange (e.g. there are 22 amino acid sequence differences between 

the zebrafish FABP7b and the inferred sequence of the FABP7b in the 

common ancestor of the salmonids and rainbow smelt.  The amino acid 

substitutions that occurred after salmonid genome duplication in the common 

ancestor of grayling, Atlantic salmon and rainbow trout or in each of these 

teleost species are shown on the branches of the tree.  The list of amino acid 

substituations is followed by the dN to dS ratios. 
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5.9 Conclusion 

The 3R WGD that occurred at the base of the teleost radiation gave rise to 

duplicated brain-type fatty acid binding protein genes, fabp7a and fabp7b.  A loss of the 

fabp7a gene occurred in the common ancestor of northern pike and the salmonids after it 

had diverged from the rainbow smelt, and then the 4R salmonid-specific WGD 

subsequently resulted in the fabp7bI and fabp7bII genes seen in Atlantic salmon, rainbow 

trout and grayling.  This is supported by genetic mapping that placed the Atlantic salmon 

duplicated fabp7b genes on homeologous chromosomes (Lien et al., 2011).  Atlantic 

salmon fabp7bI and fabp7bII genes are both expressed in several tissues like the fabp7b 

expression pattern in northern pike.  However, only Atlantic salmon fabp7bII, like its 

counterpart in northern pike and zebrafish, was expressed in the liver.  I compared ~2000 

bp upstream of the translational start sites of Atlantic salmon fabp7b gene duplicates and 

found a 62 bp insertion in the fabp7bI promoter region, which contains putative CdxA 

and SRY binding sites.  I suggest that this might explain the differential expression of the 

Atlantic salmon fabp7b gene duplicates in liver.  There was no evidence of neo-

functionalization in the salmonid fabp7bI and fabp7bII genes based on dN/dS ratios and 

an examination of amino acid substitutions. 
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6: Evolution and expression profiling of the Atlantic 

salmon fabp3 sub-family 

6.1 Introduction 

FABP3, the heart-type fatty acid binding protein, is found in the heart and skeletal 

muscle.  It is involved in the uptake of fatty acids and their subsequent transport towards 

the mitochondrial β-oxidation system.  Therefore, exercising, PPAR-α agonists exposure 

and oscillation of circadian rhythm affect the levels of FABP3 (Coe and Bernlohr, 1998; 

Furuhashi et al., 2002; Motojima, 2000).  Fabp3 knock-out mice had greater 

concentrations of free fatty acids in the plasma and were easily exhausted by exercise due 

to inhibition of fatty acid uptake in the heart and skeletal muscle (Binas et al., 1999).  

Moreover, FABP3 is abundant in the mammary gland in the course of cell differentiation 

and formation of ductal structures during lactation (Binas et al., 1992), and has been 

suggested to be a tumor suppressor as it inhibits the growth of human breast cancer cells 

(Huynh et al., 1995).  However, this proposed function of FABP3 is still controversial 

because other studies showed that overexpression of fabp3 did not alter the development 

pace of mammary gland (Clark et al., 2000; Wallace, 1995).  Nevertheless, due to their 

abundance in these organs, fabp2 and fabp3 have been proposed as biomarkers for the 

detection of intestine and heart injury, respectively (Pelsers et al., 2005). 
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6.2 Identification of salmonid, northern pike and rainbow smelt fabp3 

transcript sequences 

Using the zebrafish fabp3 nucleotide coding sequence as the query (Ensembl 

accession: ENSDART00000033724), I searched and only found two unique fabp3 full-

length EST sequences in the rainbow trout database.  The sequence identity of the two 

rainbow trout fabp3 coding sequences is 94%, whereas the two Atlantic salmon fabp3 

coding sequences are 92% identical to one another.  Because of the high percentage 

sequence identity of the two fabp3 sequences in Atlantic salmon and rainbow trout, this 

suggests that these transcribed genes are related to one another by the 4R WGD and 

speciation of the two species.  
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Table 6.1. Rainbow trout full-length fabp3 EST sequences and their GenBank accession 

numbers as of February 20
th

, 2012. 

 Rainbow trout (Omy) 

fabp3aI CX147347.1 

fabp3aII CA365295.1 
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6.3 Evolution of Atlantic salmoln fabp3 sub-family 

To examine the evolutionary relationships among the Atlantic salmon and 

rainbow trout fabp3s and their orthologs in other teleosts, I first compared the FABP3 

protein sequences by a clustalW alignment (Figure 6.1).  The FABP3 sub-family is 

similarly well conserved like the FABP2 sub-family, with 58 invariant amino acid 

residues in these vertebrate lineages.  Nonetheless, stickleback FABP3 has five additional 

amino acid residues compared to other vertebrate FABP3s, which have 133 amino acid 

residues.  Four of the five additional amino acid residues locate to the N-terminus and the 

remaining one is an insertion of an aspartate (D94) residue before an invariant glycine in 

the alignment.  I tested by sequencing stickleback genomic PCR products and confirmed 

that the 5’ end of the fabp3 coding sequence and the codon resulting in the insertion of 

the aspartate residue are not due to an artefact of the stickleback genome sequencing 

(Figure 6.2).  In fact, the additional four amino acids at the N-terminus of the stickleback 

fabp3 result from from a transversion at the second position of what is the equivalent of 

the start codon  in the other vertebrate fabp3 genes (ATG to AAG; Met to Lys) and the 

recruitment of a novel start codon from the 5’ untranslated region of this gene.   

A phylogenetic tree based on the FABP3 protein sequence alignment revealed 

that there is a single copy of fabp3 in zebrafish, stickleback, medaka, fugu and tetraodon 

genomes and two fabp3s in both Atlantic salmon and rainbow trout (Figure 6.3).  

Although it is more parsimonious to state that fabp3 just experienced a gene duplication 

in the common ancestor of salmonids, one can interpret the topology of the phylogenetic 

tree as the 3R WGD event gave rise to two fabp3 gene duplicates followed by a 

subsequent gene loss of one of the gene duplicatesin the common ancestor of teleosts, 
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and the salmonid WGD that occurred in the common ancestor of salmonids generated 

two copies of fabp3, which can be found in the extant Atlantic salmon and rainbow trout 

genomes.   
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Figure 6.1. Alignment of the vertebrate FABP3 protein sequences.   

The species abbreviations are the same as in Figures 4.1 and 5.2.   
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Figure 6.2. Chromatograms showing the sequence reads of the 5' end (a) and exon three 

(b) of the stickleback fabp3 coding sequences.  

a) the transversion occurred at the second position of highlighted codon 

"AAG", resulting four additional amino acids at the N-terminus of 

stickleback FABP3. b) The highlighted codon "GAT" is responsible for the 

inserted aspartate residue in stickleback FABP3 protein sequence.  
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Figure 6.3. Maximum parsimony phylogenetic tree illustrating the evolution of the 

FABP3 sub-family.   

It was built from the protein sequence alignment (Figure 6.1).  The blue 

diamond indicates the 4R WGD event, which gave rise to the FABP3aI and 

FABP3aII in teleosts.   
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6.4 Conservation of synteny at fabp3a loci in teleosts 

Unfortunately Atlantic salmon fabp3aII appears to be located in a gene-poor or a 

repetitive region in the genome.  Even though the assembled consensus sequence of BAC 

clone S0812G14 has a length of ~51,000 bp, only fabp3aII was annotated from this 

sequence.  Hence, I could not compare the genomic organization of Atlantic salmon 

fabp3aII with the fabp3aI locus and the fabp3 loci in other teleosts.  Nevertheless, six 

genes are conserved and can be found near the Atlantic salmon fabp3aI locus and the 

fabp3 loci in zebrafish, medaka, stickleback, fugu and tetraodon (Figure 6.4).  These 

genes are: cysteine and histidine-rich protein 1 (cyhr1) (absent near stickleback fabp3 

locus), serine/threonine-protein kinase (dclk3) (absent near stickleback fabp3 locus), zinc 

finger CCHC domain containing 17 (zcchc17), WD-repeat protein 57 (snrnp40) and 

sodium/potassium transporting ATPase subunit β-1 interacting protein 1 (nkain1) (absent 

near medaka fabp3 locus).  Since there are some genes that are not present near the fabp3 

loci in some lineages, I expected to find these as possible pseudogenes or unannotated 

genes in the corresponding genomes.  Indeed, using NCBI bl2seq megablast, the exons 

one, two, three, four, five and six of the stickleback nkain1 coding sequence 

(ENSGACT00000007547, Ensembl release verion 54) aligned with 87%-91% identity to 

the medaka genomic sequence between snrnp40 and pumilio-1 (pum1).  Hence, it 

suggests that there is a nkain1 pseudogene or unannotated gene in that region of the 

genome.  I also used the medaka cyhr1 coding sequence (ENSORLT00000014529, 

Ensembl release verion 54) to search for the presence of parts of cyhr1 in the stickleback 

genomic region between fabp3 and cAMP-regulated phosphoprotein 21 (arpp-21).  In 

fact, exons one, five and six aligned with 88%-92% identity with the stickleback genomic 
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sequence between fabp3 and arpp-21.  Again, this suggests that there is a cyhr1 

pseudogene or unannotated gene between stickleback fabp3 and arpp-21.  Overall, the 

genomic organization of fabp3 loci in teleosts is well-conserved even though they 

diverged from a common ancestor approximately 320-370 MYA (Christoffels et al., 

2004; Jaillon et al., 2004; Meyer and Van de Peer, 2005; Vandepoele et al., 2004)  
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Figure 6.4. Comparative genomic analysis of fabp3a loci in Atlantic salmon, zebrafish, 

stickleback, medaka, fugu and tetraodon.   

The arrows indicate where the gene orientations are. 
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6.5 Expression profiling of Atlantic salmon  

To look for signatures of sub-functionalization in terms of expression sites, I first 

examined the the expression patterns of fabp3aI and fabp3aII in Atlantic salmon smolt 

tissues.  Out of the fourteen tissues that I examined by RT-PCR, fabp3aI transcript was 

detected in all tissues with the exception of liver (Figure 6.5).  Moreover, fabp3aII is 

expressed in brain, eye, spleen, heart, gill, stomach, pyloric caeca, posterior and head 

kidney, intestine, liver and muscle.  In other words, differential expression of fabp3aI and 

fabp3aII was observed in ovary and liver; that is, only the fabp3aI transcript was detected 

in ovary and fabp3aII is expressed in liver.  This broad expression seen in Atlantic 

salmon fabp3s is similar to what was observed in zebrafish and in mammals (Liu et al., 

2003a; Veerkamp and Maatman, 1995).  In fact, the zebrafish fabp3 transcript was 

detected in ovary, heart, skin, intestine, brain, heart, muscle and testis.  Based on the 

phylogenetic analyses (Figure 6.3) and assuming the zebrafish fabp3 is representative of 

the ancestral fabp3 gene in the common ancestor of salmonids, this suggests that Atlantic 

salmon fabp3aI and fabp3aII are undergoing sub-functionalization with respect to ovary 

and liver.  I further examined the expression patterns of the two Atlantic salmon fabp3 

gene duplicates in adult tissues using q-PCR analyses, and significant differential 

expression patterns were observed in liver and muscle (Figure 6.6) even though there was 

considerable variation in the fabp3aI and fabp3aII expression levels from different 

individuals in other tissues examined.  Moreover, the finding that both Atlantic salmon 

fabp3s are expressed weaker in heart than they are in skeletal muscle in both RT-PCR 

and qPCR analysis is interesting.  In zebrafish, the fabp3 gene is expressed in heart and 

muscle, testis, brain, skin, but to lesser extent than in liver and ovary (Liu et al., 2003a).  
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However, the relative expression in muscle and heart was not reported.  In rat, the fabp3 

gene is expressed in heart and slow twitch muscle to a greater extent than fast twitch 

muscle (Heuckeroth et al., 1987), which suggests that FABP3 is related to fatty acid 

metabolism in heart and slow twitch muscle compared to the reliance on glucose for fast 

twitch muscle.  It might be that Atlantic salmon muscle utilizes fatty acids as a source of 

energy, and it is worthy of further investigation.  In summary, the qPCR analyse further 

confirmed that Atlantic salmon fabp3aI and fabp3aII are experiencing sub-

functionalization as their differential expression patterns were seen in both smolt and 

adult liver.   
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Figure 6.5. Expression profiles of fabp3aI and fabp3aII in Atlantic salmon smolt tissues. 

The tissue abbreviations are as follows: brain (Br), eye (E), spleen (Sp), heart 

(H), gill (G), ovary (O), stomach (St), pyloric caecum (Pc), posterior kidney 

(Pk), head kidney (Hk), intestine (I), liver (L), muscle (M) and testis (T).  

Differential expression of fabp3aI and fabp3aII was observed in liver.  
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Figure 6.6. qPCR analyses on Atlantic salmon fabp3aI and fabp3aII expression in adult 

tissues.   

For each adult tissue (n=5), the expression level of fabp3aI and fabp3aII was 

compared to a reference gene, elongation 1 factor alpha (EF1α).  Paired t-

tests suggest that there is significant differential expression of fabp3aI and 

fabp3aII in adult liver and muscle (p<0.025).  
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6.6 Evidence of neo-functionalization 

With the Atlantic salmon fabp3aI and fabp3aII genes being differentially 

expressed in liver, I wondered if they are also experiencing any positive selection, which 

might be an indication of neo-functionalization if the non-synonymous substitution 

occurs at residue that affects the protein function.  I first looked for signature of positive 

selection by calculating the overall protein non-synonymous (dN) to synonymous (dS) 

substitution ratio (Figure 6.7).  However, the dN/dS ratios suggest that the evolution of 

FABP3 from zebrafish to the two salmonids, Atlantic salmon and rainbow trout, are 

undergoing purifying selection.  Another approach I took was to analyse the amino acid 

substitutions along different lineages, looking for different rates of change or radical 

substitutions at critical residues.  None of the amino acid substitutions shown in Figure 

6.7 appear to be radical, with the possible exception of E69A which is seen in rainbow 

trout FABP3aI, and they do not occur at positions known to be essential for FABP3 

function, either structural or with respect to lipid binding (Lucke et al., 2001).   In 

addition, there is no apparent difference in the rates of amino acid substitution in the 

FABP3aII and FABP3aII lineages in the period after the salmonid-specific gene 

duplication, but before the speciation event that gave rise to Atlantic salmon and rainbow 

trout (3 and 4 amino acid changes, respectively). The number of substitutions in Atlantic 

salmon and rainbow trout FABP3aI and FABP3aII since these species separated varies 

from 0 to 4. Although there does seem to be an increased rate in the salmonid FABP3aIIs, 

the small number of changes makes it difficult to make any definitive statement regarding 

neo-functionalization in these proteins 
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Figure 6.7. Evolutionary history of Atlantic salmon and rainbow trout FABP3aII and 

FABP3aII using the zebrafish FABP3 as the outgroup (see Figure 6.3).   

The blue diamond indicates the 4R WGD event that gave rise to the 

FABP3aII and FABP3aII in Atlantic salmon and rainbow trout.  The number 

of amino acid substitutions is given in orange (e.g., there are 21 amino acid 

substitutions between the zebrafish FABP3 and the inferred FABP3a protein 

sequence in the common ancestor of salmonids prior to the WGD event.  The 

amino acid substitutions that occurred after the 4R WGD are shown on the 

branches of the tree as well.  This is followed by the protein non-synonymous 

(dN) to synonymous (dS) substitution ratios (Nei and Gojobori, 1986). 
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6.7 Conclusion 

I characterized two fabp3 genes in Atlantic salmon.  They are named as fabp3aI 

and fabp3aII based on their full evolutionary history.  The phylogenetic analysis does not 

support the 3R WGD due to lack of a second fabp3 gene in the teleosts examined, though 

one might argue that the 3R WGD at the base of the teleosts first gave rise to fabp3a and 

fabp3b following by a loss of fabp3b prior to the teleost radiation.  Both RT-PCR on 

smolt tissues and q-PCR analyses on adult tissues showed that Atlantic salmon fabp3aI 

and fabp3aII are significantly differentially expressed in liver.  There was no evidence to 

suggesting the Atlantic salmon fabp3 gene duplicates are undergoing neo-

functionalization based on the dN/dS and amino acid substitution analysis.  Hence, these 

genes are experiencing sub-functionalization as a way to maintain their existence in the 

duplicated Atlantic salmon genome.   
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7: Evolution and expression profiling of the Atlantic 

salmon fabp1 sub-family 

7.1 Introduction 

The first FABP (FABP1) discovered was the liver-type fatty acid-binding protein.  

It is abundant in the liver cytoplasm, representing 5% of all the cytosolic proteins in 

hepatocytes (Haunerland and Spener, 2004).  Unlike other FABP sub-families, FABP1 

binds to a variety compounds including of fatty acids, acyl-CoA, acylcarnitine, 

eicosanoids, lysophospholipids, haem, and some steriod hormones and peroxisomal 

poliferators (Coe and Bernlohr, 1998; Maatman et al., 1994; Veerkamp and van 

Moerkerk, 1993).  In fact, FABP1 can bind to two ligands at the same time via two 

different binding sites with high and low affinities (Rolf et al., 1995).  Moreover, it is 

important for hepatic lipid metabolism (Martin et al., 2009), and this may be due to the 

fact that FABP1 interacts with PPAR-α to regulate lipid metabolic genes as a co-activator 

(Furuhashi and Hotamisligil, 2008).  FABP1 knock-out mice have no change in 

appearance, viability or weight, but do have a slight reduction in fatty acid uptake and 

serum levels of triacylglycerols and fatty acids (Martin et al., 2003; Newberry et al., 

2003). 

7.2 Identification of salmonids, northern pike and rainbow smelt fabp1 

transcript sequences 

Using the zebrafish fabp1 nucleotide coding sequences as the queries (Ensembl 

accession: ENSDART00000006606 and ENSDART00000082286), I searched and found 
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two, one and one unique fabp1 full-length EST sequences in rainbow trout, sockeye 

salmon and rainbow smelt, respectively (Table 7.1).  The percentage identity of the two 

rainbow trout unique full-length fabp1 coding sequences is 95%.  With this high 

sequence identity, it suggests that the two rainbow trout fabp1 transcripts are related by 

the 4R WGD.   

  



 

 151 

Table 7.1. Rainbow trout, sockeye salmon and rainbow smelt full-length fabp1 EST 

sequences and their GenBank accession numbers as of February 20
th

, 2012. 

 Rainbow trout (Omy) Sockeye salmon (Ots) Rainbow smelt (Omo) 

fabp1a    

fabp1b    

fabp1bI CX039230.1    

fabp1bII CX034425.1  CD510811.1 CX350756.1 
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7.3 Gene annotation of fabp1 genes in some teleosts 

As mentioned in Section 3.2 and Table 3.2, I reannotated one of the fugu fabp1 

genes (ENSTRUG00000015614) because I noticed its Ensembl transcript sequence 

(ENSTRUT00000040056) in version 64 does not end with a stop codon.  Hence, I used 

the zebrafish fabp1 transcript sequences and BLASTn searched against the EST database 

in The Gene Index Project (TIGR) version 9 

(http://compbio.dfci.harvard.edu/tgi/tgipage.html) (Quackenbush et al., 2001) to find 

fugu fabp1 transcripts.  Indeed, one of the retrieved fugu fabp1 EST sequences (TIGR 

Gene ID: NP1061476) aligned with the genomic sequence of Ensembl annotated fabp1 

gene (ENSTRUG00000015614).  Therefore, I used this retrieved fugu fabp1 EST 

sequence for the remaining of the project and obtained its inferred protein sequence from 

Expasy translate tool (http://web.expasy.org/translate/).  Moreover, I also retrieved an 

Atlantic cod fabp1 EST sequence (TC19298) from the Atlantic cod database of TIGR as 

the phylogenetic tree with this sequence gives a better resolution of the evolution the 

fabp1 sub-family (see Section 7.4).  The Atlantic cod FABP1 inferred protein sequence 

was then obtained from the translation of its coding sequence by the Expasy translate 

tool.           

7.4 Evolution of Atlantic salmon fabp1 sub-family 

I compared the inferred protein sequences of salmonid FABP1s, including 

rainbow smelt, sockeye salmon, Atlantic salmon and rainbow trout with their orthologs in 

the species mentioned above (Figure 7.1).  The clustalW alignment of the FABP1 protein 

sequences illustrates that FABP1s range from 125-127 amino acids long.  Moreover, 

there are only 19 conserved amino acid sites.  Although there is an annotated fabp1 gene 

http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://web.expasy.org/translate/
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(ENSTNIG00000016680) in the tetraodon genome in Ensembl version 64; however, 

there is no start codon at its 5’ end of the predicted exon one.  Therefore, based on the 

geomic sequence available in Ensembl, it suggests that there is a non-functional fabp1 in 

the tetraodon genome.  It also suggests that the loss of a functional fabp1 gene in 

tetraodon is relatively recent because it only misses a start codon that codes for 

methionine.  However, re-sequencing of this genomic region in tetraodon is required to 

confirm this hypothesis.   

A maximum likelihood tree was built from the clustalW alignment of the fabp1 

coding sequences from the species mentioned above (Figure 7.2).  Stickleback, medaka 

and fugu all possess only a single copy of fabp1 in their genomes, whereas zebrafish 

contains both fabp1a and fabp1b in its genome (Sharma et al., 2006).  Interestingly, there 

is a second copy of fabp1b, fabp1b.2, in the zebrafish genome, Karanth et al. (2009) 

suggested it to be the result of a tandem duplication of fabp1b.1 (Karanth et al., 2009).  

Both Atlantic salmon and rainbow trout possess two copies of fabp1; however, the two 

Atlantic salmon fabp1s correspond to fabp1a and fabp1b, whereas the two rainbow trout 

fabp1s are grouped in the fabp1b clade.  The presence of two fabp1bs in rainbow trout 

genome suggests that a fabp1b gene or a WGD event in rainbow trout.  Moreover, 

Atlantic cod, rainbow smelt and sockeye salmon appear to possess a single copy of fabp1, 

but there might be more fabp1 genes in these species because of the low number of ESTs 

available in these species.  The lack of a second fabp1 gene, fabp1a, in several fish 

specieds may be because that these hae not been annotated and this must be resolved 

before the evolution of this gene sub-family can be determined. 
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Figure 7.1. Alignment of the FABP1 amino acid sequences from Atlantic salmon, 

rainbow trout, other teleosts, chicken, mouse, rat and human.   

The species abbreviations are the same as in Figures 4.1 and 5.2 with addition 

of Gadus morhua (Gmo).  Protein size varies and only a few number of 

amino acid residues are conserved in the FABP1s from different vertebrate 

species. 
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Figure 7.2. Maximum likelihood phylogenetic tree of fabp1 built from the nucleotide 

coding sequence alignment.   

Only bootstrap values that are greater than 50 are shown.   
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7.5 Expression profiling of Atlantic salmon fabp1 sub-family 

Atlantic salmon fabp1a is expressed in eight out of thirteen tissues I examined 

and the fabp1b transcript was detected in eye, spleen, gill, ovary, stomach, pyloric caeca, 

posterior and head kidney, intestine, liver and muscle (Figure 7.3).  The Atlantic salmon 

fabp1a expression profile is broader compared to its ortholog’s expression in zebrafish 

(Sharma et al., 2006).  However, both Atlanic salmon and zebrafish fabp1a and fabp1b 

are expressed in intestine (Karanth et al., 2009; Sharma et al., 2006).  Moreover, both 

Atlantic salmon and zebrafish fabp1b genes are transcribed in liver and ovary.  

Nevertheless, I observed differential expression patterns of fabp1a and fabp1b in eye, gill 

and head kidney whereas there is more differential expression between the zebrafish 

fabp1a and fabp1b genes. 
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Figure 7.3. Expression patterns of fabp1a and fabp1b in Atlantic salmon smolt tissues. 

The tissue abbreviations are as follows: brain (Br), eye (E), spleen (Sp), heart 

(H), gill, (G), ovary (O), stomach (St), pyloric caecum (Pc), posterior kidney 

(Pk), head kidney (Hk), intestine (I), liver (L), muscle (M), negative control 

(-) and Atlantic salmon genomic DNA  (+).  BAC clones S0277M02 and 

S0250G24 are the representative BACs of Atlantic salmon fabp1a and 

fabp1b (Table 3.3).  Differential expression patterns of Atlantic salmon 

fabp1a and fabp1b were seen in eye, gill and head kidney.   
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7.6 Conclusion 

Given that the 3R WGD occurred in the common ancestor of teleosts gave rise to 

zebrafish fabp1a and fabp1b (Sharma et al., 2006), the phylogenetic tree analysis 

suggests that a fabp1a gene loss occurred in the common ancestor of stickleback, 

medaka, fugu and tetraodon whereas zebrafish was able to maintain both fabp1 genes.  In 

addition, it is known that zebrafish fabp1b.1 gave rise to fabp1b.2 by tandem duplication 

in this lineage (Karanth et al., 2009).  With the fabp1 coding sequences that are available 

in the teleosts and salmonids at this point of time, it is unknown what events happened 

that could result in the fabp1a and fabp1b genes in Atlantic salmon and the two fabp1b 

genes in rainbow trout.  The most parsimonious explanation is that the 4R WGD did not 

occur and there was only a fabp1b gene duplication event occurred in the rainbow trout 

lineage.  However, one may argue that there was the 4R WGD event occurred in the 

common ancestor of salmonids with one of the fabp1a and one of the fabp1b gene 

duplicates lost in Atlantic salmon and two subsequent fabp1a gene loss in the rainbow 

trout lineage.  To resolve this ambiguity, more salmonid fabp1 coding or protein 

sequences are required in order to gain more details on the evolution of the fabp1 sub-

family. 
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8: Evolution and expression profiling of the Atlantic 

salmon fabp6 sub-family 

8.1 Introduction 

FABP6, the ileal-type fatty acid-binding protein, is found in the ileum, ovary and 

adrenal gland (Amano, 1993; Crossman, 1994).  Interestingly, FABP6 has a higher 

affinity for bile acids than fatty acids (Sacchettini et al., 1990), and its amount within the 

cell is regulated by bile acids through the action of the farnesoid-X-receptor (FXR) 

(Foucand, 1998; Zaghini, 1999), which is a receptor for bile acids.  It is hypothesized that 

FABP6 functions as a cytosolic receptor for bile acids transported by the sodium 

dependent action of the ileal bile acid transporter (Kramer et al., 1993).   

8.2 Identification of salmonids, northern pike and rainbow smelt fabp6 

transcript sequences 

Using the zebrafish fabp6 nucleotide coding sequence as the query (Ensembl 

Accession: ENSDART00000065448), I searched and found one unique fabp6 full-length 

EST sequence in rainbow trout and in northern pike (Table 8.1).   
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Table 8.1. Rainbow trout and northern pike full-length fabp6 EST sequences and their 

GenBank accession numbers as of February 20
th

, 2012. 

 Rainbow trout (Omy) Northern pike (Elu) 

Fabp6b CX139611.1 GH259361.1 
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8.3 Gene annotation of fabp6 genes in some teleosts 

As mentined in Section 3.2 and Table 3.2, I re-annotated the tetraodon fabp6a, 

both stickleback fabp6s and medaka fabp6b.  For the re-annotations of tetraodon fabp6a 

and stickleback fabp6a and fabp6b, I obtained their genomic sequences from Ensembl 

version 64 and used Genscan (http://genes.mit.edu/GENSCAN.html) to predict the the 

coding sequences of these genes.  As for the reannotation of medaka fabp6b, I used the 

fugu fabp6b transcript sequence (ENSTRUT00000010446) as the query and BLASTn 

searched against the medaka EST database in the Gene Index Project (TIGR) version 9 

(http://compbio.dfci.harvard.edu/tgi/tgipage.html) (Quackenbush et al., 2001) to search 

for a medaka fabp6b transcript.  In fact, there was a medaka fabp6b transcript (TC138134) 

and it aligned with the genomic sequence of the Ensembl fabp6b gene 

(ENSORLG00000012622).  Hence, I used these Genscan predicted coding sequences and 

the TIGR medaka fabp6b transcript sequence and translated them into protein sequences 

using ExPasy translate tool (http://web.expasy.org/translate/), and used them for the rest 

of the project.   

8.4 Evolution of Atlantic salmon fabp6 sub-family 

I retrieved the fabp6 transcripts and protein sequences of the five sequenced 

teleosts species and a tetrapod species, chicken, from the Ensembl release version 64.  I 

compared these FABP6 protein sequences with the inferred amino acid sequences of 

Atlantic salmon and rainbow trout FABP6s by a clustalW alignment (Figure 8.1).  Even 

though the protein sizes vary from 125 to 131 amino acids in length, there are 24 

invariant residues in these vertebrate FABP6s.  This indicates that the FABP6 sub-family 

is less conserved compared to the FABP2 and FABP3 sub-families in terms of protein 

http://genes.mit.edu/GENSCAN.html
http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://web.expasy.org/translate/
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size and amino acid residues, but more conserved in compare to the FABP1 sub-family in 

terms of numbers of conserved amino acids.  A phylogenetic tree based on the alignment 

of the coding sequences of these vertebrate fabp6s reveals that medaka, stickleback, fugu 

and tetraodon possess two fabp6s, which I named fabp6a and fabp6b (Figure 8.2).  This 

supports the 3R genome duplication event giving rise to the fabp6as and fabp6bs that are 

found in these teleost species today.  Although both protein sequence alignment and the 

phylogenetic tree suggest that the zebrafish fabp6 (ENSDARG00000044566) and two of 

the three Atlantic salmon fabp6s are more closely-related to the other four teleosts 

(medaka, stickleback, fugu and medaka) fabp6bs and hence should be grouped as a 

fabp6b type gene, the comparative genomic analysis of the genome organization of the 

fabp6a loci in these species contradicts this interpretation (see Section 8.5).  A similar 

explanation applies to the clustering of the remaining Atlantic salmon fabp6 and the 

rainbow trout fabp6 genes to the four sequenced teleosts (medaka, stickleback, fugu and 

tetraodon) fabp6as in the protein sequence alignment as well as the phylogenetic tree 

analysis.  I suspect the comparative genomic analysis provides more reliable data 

concerning the grouping of the fabp6s in teleosts because it is unlikely that there was a 

double cross-over to exchange of the fabp6 gene duplicates (fabp6a and fabp6b) between 

the homeologous chromosomes unless the fabp6 flanking sequences in both 

chromosomes are highly similar.  Hence, the contradiction of the protein sequence 

alignment and phylogenetic tree analysis and the comparative genomic analysis may be 

due to an artefact of two independent gene modifications resulted from natural selection 

at two different time points of evolution of teleosts.  The first fabp6 gene modification 

occurred at the ancestral fabp6b in the common ancestor of medaka, stickleback, fugu 
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and tetraodon, whereas the second fabp6 gene modification occurred to the fabp6a in the 

common ancestor of the zebrafish and Atlantic salmon.  Therefore, Atlantic salmon 

fabp6b appears to be more closely-related to stickleback, medaka, fugu, tetraodon 

fabp6as.   

Moreover, there are two fabp6a type genes, fabp6aI and fabp6aII, in Atlantic 

salmon.  This supports at least another fabp6 gene duplication in this species or more 

probably the existance of the 4R genome duplication.  Interestingly, there is only a single 

transcriptional fabp6 found in rainbow trout.  Hence, the fact that Atlantic salmon 

possesses three fabp6s and rainbow trout contains a single fabp6 suggests that gene 

duplicates in different post-WGD species encountered different natural selection 

pressures resulting in different numbers of gene duplicates retained in the post-WGD 

species genomes.  Overall, the phylogenetic tree may be interpreted as the 3R genome 

duplication event gave rise to fabp6a and fabp6b in teleosts following by the salmonid-

specific genome duplication (4R) that occurred in the common ancestor of salmonids.  

Several subsequent gene losses occurred later, including the fabp6b gene loss in the 

zebrafish and in Atlantic salmon lineages and three fabp6 gene losses (both fabp6as and a 

fabp6b) in the rainbow trout genome.  
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Figure 8.1. Alignment of the FABP6 amino acid sequences from Atlantic salmon, 

rainbow trout, other teleosts and mouse.   

The species abbreviations are the same as in Figures 4.1 and 5.2.   
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Figure 8.2. Maximum likelihood phylogenetic tree of fabp6 built from the nucleotide 

coding sequence alignment.   

The white diamond indicates the 3R duplication event, and the blue diamond 

indicates the 4R duplication event. 
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8.5 Conserved synteny of fabp6a loci in teleosts 

Unfortunately and possibly due to the gaps within or the length of the consensus 

sequence of the CIGENE scaffolds 15259024 and 15123122, there were no other 

flanking genes annotated except for the annotation of fabp6aII and fabp6b, respectively.  

Hence, I was only able to compare the genomic organization of the Atlantic salmon 

fabp6aI locus with the fabp6a loci in zebrafish, stickleback, medaka, fugu and tetraodon.  

When I compared the Atlantic salmon fabp6aI locus with the fabp6a loci in the five 

sequenced teleost species, I could not predict an ancient conserved synteny block 

containing fabp6a in the common ancestor of teleosts (Figure 8.3).  Instead, I was able to 

predict two fabp6a conserved synteny blocks with one block for the lineage leading 

towards zebrafish and Atlantic salmon and the other block for the lineage leading towards 

stickleback, medaka, fugu and tetraodon.  I found six flanking genes in a conserved 

synteny block containing fabp6a as they are conserved in terms of of position and 

orientation relative to the fabp6a gene in the lineage leading towards stickleback, 

medaka, fugu and tetraodon.  These genes are: early growth response 1 (egr1), T-cell 

immunoglobulin and mucin domain-containing protein 4 precursor (timd4) (absent from 

medaka fabp6a locus), adrenergic, alpha-1B, receptor (adra1b), cyclin J-like (ccnjl), c1q 

and tumor necrosis factor related protein 2 (c1qtnf2) and SLU7 splicing factor homolog 

(slu7).  Although timd4 is absent between egr1 and adra1b in the medaka genome in 

Ensembl release version 64, the coding sequence of stickleback timd4 exons two, four 

and six were aligned with the medaka genomic sequence of the region between egr1 and 

adra1b, with 72-78% identity.  This suggests either that there is a timd4 pseudogene or 

there is an unannotated timd4 gene in this region of medaka genome.  However, I 
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observed a similar yet different genomic organization at the fabp6a locus in the zebrafish 

genome.  Adra1b is located at the 5’ end of fabp6a, but there are two other genes, 

tetratricopeptide repeat domain 1 (ttc1) and PWWP domain containing 2A (pwwp2a), 

inserted between adra1b and fabp6a.  The gene encoding for cyclin J-like (ccnjl) still 

resides beside and at the 3’ end of zebrafish fabp6a locus as it is in other four sequenced 

teleost species fabp6a loci.  However, solute carrier family 23, member 1 (slc23a1) and 

prefoldin subunit 1 (pfdn1) are found further downstream of the 3’ end of zebrafish 

fabp6.  Similar to the genomic organization of zebrafish fabp6a loci, pwwp2a and 

slc23a1 (solute carrier family 23, member 1) are on the 5’ and 3’ ends of Atlantic salmon 

fabp6aI, respectively.  Moreover, ccnjl is not annotated on either ends of fabp6aI despite 

the fact that zebrafish ccnjl exons two, three, four and five aligned to the Atlantic salmon 

genomic sequence between fabp6aI and slc23a1 with 68-85% identity.  Again, this 

suggests either that there is a ccnjl pseudogene or there is an unannotated timd4 gene in 

this region of medaka genome due to the gaps in the CIGENE scaffold.  Overall, the 

comparative genomic analysis of fabp6a loci in Atlantic salmon, zebrafish, stickleback, 

medaka, fugu and tetraodon suggests that a major genomic rearrangement happened 

around the fabp6a locus in one of the two lineages; that is the lineage leading to 

stickleback, medaka, fugu and tetraodon or the lineage leading to zebrafish and Atlantic 

salmon.   
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Figure 8.3. Comparative genomic analysis of fabp6a loci in Atlantic salmon, zebrafish, 

stickleback, medaka, fugu and tetraodon.   

The arrows indicate the gene orientations. 
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8.6 Expression profiling of Atlantic salmon fabp6s 

I used RT-PCR with fabp6 gene-specific primers on Atlantic salmon adult tissues 

to examine the expression patterns of Atlantic salmon fabp6aI, fabp6aII and fabp6b.  All 

three genes are expressed in the brain (Figure 8.4).  In addition, fabp6b is expressed in 

eye, gill, both posterior and head kidney, muscle, swim bladder and testis.  The fabp6aI 

transcript was found in six out of fifteen tissues that were examined, whereas fabp6aII is 

expressed in brain, eye, spleen, heart, ovary, stomach, intestine, liver, muscle and swim 

bladder.  No fabp6a transcript was found in gill and anterior kidney.  Atlantic salmon 

fabp6aI and fabp6aII are differentially expressed in eye, spleen, heart, ovary, pyloric 

caecum, posterior kidney, liver, muscle, swim bladder and testis.  Nonetheless, all 

Atlantic salmon fabp6s appear to have broader expression patterns compared to the 

zebrafish fabp6, whose transcript was detected only in liver, heart, intestine, ovary and 

kidney (Alves-Costa et al., 2008).  Since the comparative genomic analysis suggests that 

zebrafish fabp6 belongs to the fabp6a type and assuming that the zebrafish fabp6 is 

representative of the ancestral fabp6a gene in the common ancestor of salmonids, it 

suggests that Atlantic salmon fabp6aI and fabp6aII are undergoing sub-functionalization 

in terms of their differential expression in liver, heart, ovary and kidney.   
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Figure 8.4. Expression patterns of fabp6aI, fabp6aII and fabp6b in Atlantic salmon adult 

tissues.   

The tissue abbreviations are as follows: brain (Br), eye (E), spleen (Sp), heart 

(H), gill, (G), ovary (O), stomach (St), pyloric caecum (Pc), posterior kidney 

(Pk), head kidney (Hk), intestine (I), liver (L), muscle (M), swim bladder 

(Sb), testis (T), negative control (-) and Atlantic salmon genomic DNA  (+).  

BAC clones S0565D062 and S0874K14 are the representative BACs of 

Atlantic salmon fabp6aI, whereas BAC S0269H18 and S0487M08 are 

representative BAC clones for fabp6aII and fabp6b (Table 3.3).  Differential 

expression patterns of Atlantic salmon fabp6aI and fabp6aII were eye, 

spleen, heart, ovary, pyloric caecum, posterior kidney, liver, muscle, swim 

bladder and testis.   
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8.7 Conclusion 

The combination of phylogenetic tree and comparative genomic analysis suggests 

that the 3R WGD at the base of the teleost radiation gave rise to fabp6a and fabp6b.  

Based on the nucleotide coding sequence alignment, the phylogenetic tree suggests that 

zebrafish fabp6 and Atlantic salmon fabp6aI and fabp6aII are more closely-related to the 

other teleost (stickleback, medaka, fugu and tetraodon) fabp6bs and Atlantic salmon 

fabp6b is more-closely related to the other teleost fabp6as.  However, this suggestion is 

contradicted with the conclusion from the comparative genomic analysis; that is, the 

Atlantic salmon fabp6aI and zebrafish fabp6a genomic organization contain flanking 

genes that are present in flanking regions of other teleost fabp6 genomic loci.  The most 

parsimonious explanation for this phenomenon is that genomic rearrangements at the 

fabp6a loci occurred after the divergence of the common ancestor of stickleback, 

medaka, fugu and tetraodon from the common ancestor of zebrafish and Atlantic salmon.  

Moreover, I postulated that a particular selection pressure selected one of the fabp6 gene 

duplicates after the 3R genome duplication event to either have the KGR signature (from 

amino acid residue 31 to 33 according to the amino acid numbering in Atlantic salmon 

FABP6as) or not.  This selection force applied to fabp6bs in the lineage leading towards 

stickleback, medaka, fugu and tetraodon, while it acted on fabp6as in the common 

ancestor of zebrafish and Atlantic salmon.  Again, it suggests that these gene 

modifications are two independent events that occurred after the divergence of the 

common ancestor of stickleback, medaka, fugu and tetraodon from the common ancestor 

of zebrafish and Atlantic salmon.  Overall, this contradiction between the sequence 

alignment and phylogenetic tree and the comparative genomic analysis is interesting 
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because it reveals that fabp6 genomic rearrangements and gene duplicate modifications 

might reflect on the natural selection forces acting on these teleosts.   Moreover, 

comparison of the expression patterns of Atlantic salmon fabp6aI and fabp6aII with that 

of zebrafish fabp6 suggests that Atlantic salmon fabp6a gene duplicates are undergoing 

sub-functionalization in terms of their differential expression in liver, heart, ovary and 

kidney.   

  

 



 

 173 

9: Evolution and expression profiling of the Atlantic 

salmon fabp10 sub-family 

9.1 Introduction 

FABP10 is the liver basic type fatty acid binding protein because it was found in 

liver, but it has a basic isoelectic point that is different from FABP1.  To date, it has only 

been found only non-mammalian species (Nichesola et al., 2004; Nolan, 2005).  Its 

coding sequence is more closely-related to fabp6 than it is to fabp1.  Hence, it has been 

proposed to name this as bile liver basic fatty acid binding protein instead, due to 

FABP10 having a higher affinity towards bile salts than fatty acids (Di Pietro et al., 1997; 

Di Pietro et al., 2001), but its function with bile salts in the cell is unknown. 

9.2 Identification of salmonids, northern pike and rainbow smelt 

fabp10 transcript sequences 

Using the zebrafish fabp10 nucleotide coding sequences as the queries (Ensembl 

Accession: ENSDART00000056095 and GenBank Accession: XM_001335293.2), I 

searched and found three unique fabp10 full-length EST sequences in rainbow trout and 

one fabp10 EST sequence in sockeye salmon and rainbow smelt (Table 9.1).  The 

sequence identity between rainbow trout fabp10aI and fabp10aII EST sequences is 94%.  

Either rainbow trout fabp10aI or fabp10aII EST sequence is 69% sequence identical to 

fabp10b EST sequences.  Hence, it suggests that the rainbow trout fabp10aI and 

fabp10aII are related to one another by the 4R WGD, and both are related to fabp10b 

genes by the 3R WGD.  
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Table 9.1. Rainbow trout, sockeye salmon and rainbow smelt full-length fabp10 EST 

sequences and their GenBank accession numbers as of February 20
th

, 2012. 

 Rainbow trout 

(Omy) 

Sockeye salmon 

(One) 

Rainbow smelt 

(Omo) 

fabp10aI CA359513.1   

fabp10aII CX144766.1   

fabp10b BX871583.3   

fabp10a  BX886324.3  CX351101.1  
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9.3 Gene annotation of fugu fabp10 gene 

As mentioned in Section 3.2 and Table 3.2, I annotated the fugu fabp10a because 

no fabp10 had been annotated in the fugu genome in Ensembl version 64.  Using the 

zebrafish fabp10 coding sequences as queries and I BLASTn-searched against the EST 

database in NCBI to seek for a fugu fabp10 EST sequence.  A fugu fabp10 EST sequence 

(GenBank Accession: CA330310.1) was found and the nucleotide coding and protein 

sequence was identified by the ExPasy translate tool.  I then used the fugu fabp10 

nucleotide coding sequence and BLASTn-searched against the medaka genome using 

Ensembl BLAST/BLAT in version 64.  Indeed, the coding sequence aligned with the 

genomic sequence on scaffold 35 between the myomesin family, member 3 gene 

(myom3) (ENSTRUG00000007897) and proline-rich nuclear receptor coactivator 2 gene 

(pnrc2) (ENSTRUG00000008914).  Hence, there was a previously un-annotated fabp10 

gene located in the genomic region between myom3 and pnrc2 in fugu scaffold 35.   

9.4 Evolution of Atlantic salmon fabp10 sub-family 

By a clustalW alignment, I compared these FABP10 protein sequences with the 

inferred amino acid sequences of the unique full-length fabp10 transcripts in Atlantic 

salmon and rainbow trout EST database (Figure 9.1).  Interestingly, these vertebrate 

FABP10s vary in length, ranging from 126 to 128 amino acids long.  There are 27 

invariant amino acid residues in these vertebrate FABP10 proteins, suggesting that the 

FABP10 sub-family is relatively less conserved in terms of protein size and the number 

of conserved amino acid residues compared to the FABP7 sub-family.  A phylogenetic 

tree was built based on the alignment of the coding sequences of these vertebrate fabp10 

proteins (Figure 9.2).  Zebrafish, stickleback and medaka all possess two fabp10s, which 
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Venkatachalam et al. named fabp10a and fabp10b (Venkatachalam et al., 2009).  This 

suggests that there was at least a fabp10 gene duplication or possibly the 3R genome 

duplication that occurred in common ancestor of teleosts.  Nevertheless, fugu and 

tetraodon only contain a single fabp10 in their genomes, which belongs to the fabp10a 

type group, suggesting that there was a fabp10b gene loss at the common ancestor of fugu 

and tetraodon.  Moreover, there are three fabp10 unique full-length transcripts found in 

Atlantic salmon and rainbow trout EST databases, two of which are grouped into the 

fabp10a group.  The remaining fabp10 in Atlantic salmon and rainbow trout belong to 

fabp10b.  The presence of three fabp10s (fabp10aI, fabp10aII and fabp10b) in Atlantic 

salmon and rainbow trout could be the result of another fabp10a gene duplication or 

possibly the 4R genome duplication that happened in the common ancestor of salmonids 

followed by a fabp10b gene loss in the common ancestor of Atlantic salmon and rainbow 

trout.  
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Figure 9.1. Alignment of the FABP10 amino acid sequences from Atlantic salmon, 

rainbow trout, other teleosts and chicken.   

The species abbreviations are the same as in Figures 4.1 and 5.2.  Protein size 

varies and only 27 amino acid residues are conserved in the FABP10s from 

different vertebrate species. 

 
  



 

 178 

Figure 9.2. Maximum likelihood phylogenetic tree of fabp10 built from the nucleotide 

coding sequence alignment.   

The white diamond indicates the 3R duplication event, which gave rise to the 

fabp10a and fabp10b genes in teleosts.  The blue diamond indicates the 4R 

duplication event which resulted the fabp10aIs and fabp10aIIs in Atlantic 

salmon and rainbow trout.  Only bootstrap values that are greater than 50 are 

shown.   
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9.5 Expression profiling of Atlantic salmon fabp10s 

I carried out RT-PCR on smolt tissues to examine the expression patterns of 

Atlantic salmon fabp10s to look for signatures of sub-functionalization (Figure 9.3).  

Atlantic salmon fabp10b transcript was only detected in liver, whereas fabp10aI was 

expressed in heart, gill, ovary, stomach, pyloric caeca, posterior and head kidney, 

intestine, liver, muscle and testis.  Atlantic salmon fabp10aII has the same expression 

pattern as fabp10aI; however, its transcript was not detected in head kidney.  The broad 

expression patterns of Atlantic salmon fabp10a gene duplicates and the limited 

expression pattern of the fabp10b gene are different from what was observed in zebrafish 

fabp10a and fabp10b (Sharma et al., 2006; Venkatachalam et al., 2009).   That is, 

zebrafish fabp10a and fabp10b transcripts were found in intestine, liver and testis but 

zebrafish fabp10b is also expressed in muscle, brain, heart, eye, gill, ovary, skin, kidney 

and swim bladder.  Assuming the expression patterns of zebrafish fabp10a and fabp10b 

are the ones in the common ancestor of salmonids, it appears there were regulatory 

element losses in the zebrafish fabp10a and Atlantic salmon fabp10b.      
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Figure 9.3. Expression patterns of fabp10aI, fabp10aII and fabp10b in Atlantic salmon 

smolt tissues.   

The tissue abbreviations are as follows: brain (Br), eye (E), spleen (Sp), heart 

(H), gill, (G), ovary (O), stomach (St), pyloric caecum (Pc), posterior kidney 

(Pk), head kidney (Hk), intestine (I), liver (L), muscle (M), testis (T), 

negative control (-) and Atlantic salmon genomic DNA  (+).  BAC clones 

S0131N18, S0016L02 and S0183M09 are the representative BACs of 

Atlantic salmon fabp10aI, fabp10aII and fabp10b, respectively (Table 3.3).  

Differential expression patterns of Atlantic salmon fabp10aI and fabp10aII 

was only observed in head kidney.   
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9.6 Conclusion 

I identified three fabp10 genes, fabp10aI, fabp10aII and fabp10b, in Atlantic 

salmon.  The phylogenetic analysis suggests that the 3R WGD gave rise to fabp10a and 

fabp10b in zebrafish, stickleback and medaka.  However, a fabp10b gene loss occurred in 

the common ancestor of the pufferfish, tetraodon and fugu.  The phylogenetic tree also 

suggests that the 4R WGD gave rise to fabp10aI and fabp10aII, fabp10bI and fabp10bII 

in the common ancestor of salmonids with a subsequent gene loss of one of the fabp10b 

gene duplicates in the common ancestor of Atlantic salmon and rainbow trout, such that 

there are three fabp10 genes in these two fish lineages.  Differential expression of 

Atlantic salmon fabp10aI and fabp10aII was observed in anterior kidney.  Compared to 

the expression patterns of zebrafish fabp10a and fabp10b, Atlantic salmon fabp10aI and 

fabp10aII are expressed more broadly compared to the expression pattern of zebrafish 

fabp10a, whereas Atlantic salmon fabp10b transcript was found only in liver in contrast 

to the broad expression pattern seen in zebrafish fabp10b.  Assuming the expression 

patterns of zebrafish fabp10a and fabp10b are the expression patterns of the ancestral 

fabp10a and fabp10b in the common ancestor of salmonids before the 4R WGD, it 

suggests that there were regulatory element losses in the zebrafish fabp10a and Atlantic 

salmon fabp10b.     
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10: Evolution and Expression profiling of Atlantic 

salmon fabp11 sub-family 

10.1 Introduction 

Karanth et al. proposed that fabp4, fabp5, fabp8 and fabp9 in tetrapods are related 

to fabp11 in fish by a fabp4/5/8/9/11/12 ancestral gene in the common ancestor of jawed 

vertebrates (Karanth et al., 2008).  Fabp11 is only found in fish, whereas fabp4, fabp5, 

fabp8, fabp9 are found in species in the tetrapod lineage.  In the tetrapod lineage, fabp4, 

fabp5, fabp8 and fabp9 are found in a cluster that is known to originate from a series of 

tandem duplications of this fabp4/5/8/9/11 ancestral gene (Karanth et al., 2008; Liu et al., 

2008).  Recently, Liu et al. characterized another fabp, fabp12, in the fabp4/5/8/9 cluster 

in the pig genome (Liu et al., 2008) and this gene was subsequently annotated in the rat, 

mous and human genomes.   

FABP4, FABP5, FABP8 and FABP9 are the adipose-type, skin-type, schwann 

cell-type and testis-type FABPs, respectively. Due to its association with many cellular 

processes and human diseases, the function of FABP4 has been heavily studied.  Fabp4 

expression is correlated with the availability of free fatty acids from endogenous or 

exogenous sources, as well as PPAR-γ agonists and insulin (Amri et al., 1991; 

Haunerland and Spener, 2004; Makowski and Hotamisligil, 2005; Makowski et al., 

2005).  FABP4 is regulated during differentiation of adipocytes and shuttles fatty acids 

between the nucleus and cytoplasm continuously (Ayers et al., 2007).  FABP4 is also a 

regulator of the PPAR-γ-liver X receptor-α (LXR-α)-ATP-binding cassette A1 (ABCA1) 
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pathway, is found in macrophages upon their differentiation from monocytes (Fu et al., 

2000; Fu et al., 2002; Kazemi et al., 2005; Makowski et al., 2001; Pelton et al., 1999) and 

dendritic cells (Rolph et al., 2006), and contributes to foam-cell formation in 

macrophages (Makowski et al., 2005).  The fabp4 knock-out adipocytes have reduced 

efficiency of lipolysis (Coe et al., 1999; Scheja et al., 1999; Shen et al., 1999).  In 

FABP4-deficient macrophages, several inflammatory signalling responses were 

suppressed, such as production of cytokines and production and function of pro-

inflammatory enzymes (Makowski et al., 2005).  Nevertheless, FABP4-deficient mice 

appear to increase their protection against asthma (Shum et al., 2006), and FABP4 

concentration may be associated with obesity, type 2 diabetes and cardiovascular diseases 

(Ohlsson et al., 2005; Tso et al., 2007; Xu et al., 2006; Yeung et al., 2007), suggesting its 

potential functions in different cell types. 

As mentioned above, fabp11 is the fish pro-ortholog of fabp4.  Indeed, the fabp11 

transcript was enhanced during preadiopocyte differentiation (Huang et al., 2010) and its 

level is affected by exposure to different fatty acids in vitro.  It is expressed in various 

Atlantic salmon tissues with being most abundant in the visceral fat tissue, which is 

consistent with FABP4 high abundance in adipocyte.  In the rat, fabp12 is expressed in 

ganglion and the inner nuclear layer of the retina and testis.  However, fabp12 has a 

different expression pattern in the rat testis compared with the expression of fabp9, 

suggesting that fabp9 and fabp12 have different roles in spermatogenesis (Liu et al., 

2008). 
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10.2 Identification of salmonid, northern pike and rainbow smelt fabp11 

transcript sequences 

Using the zebrafish fabp11 nucleotide coding sequences as the queries (Ensembl 

Accession: ENSDART00000021798 and ENSDART00000012718), I searched and found 

three rainbow trout unique full-length EST sequences and one unique fabp11 EST 

sequence in sockeye salmon, brook trout, lake whitefish and northern pike.  The sequence 

identity between rainbow trout fabp11bI and fabp11bII EST sequences is 97%.   Rainbow 

trout fabp11a and fabp11bI EST sequences are 71% identical whereas fabp11a and 

fabp11bII coding sequences are 70%.  Hence, it suggests that rainbow trout fabp11bI and 

fabp11bII are related to one another by the 4R WGD, and both are related to fabp11a by 

the 3R WGD.   
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Table 10.1. Rainbow trout, sockeye salmon and rainbow smelt full-length fabp11 EST 

sequences and their GenBank accession numbers as of February 20
th

, 2012.   

* denotes that particular EST sequence does not have a GenBank accession 

number corresponding to it. 

 Rainbow 

trout (Omy) 

Sockeye 

salmon (One) 

Brook trout 

(Sfo) 

Lake 

Whitefish 

(Ccl) 

Northern 

pike (Elu) 

fabp11a CF752694.1  CD510724.1   EV366236.1  GH251914.1  

fabp11b   EV391512.1    

fabp11aI      

fabp11aII      

fabp11bI *     

fabp11bII BX298288.3      
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10.3 Gene annotation of tetraodon fabp11b  

Although there was no annotated tetraodon fabp11b in Ensembl version 64, I 

expected that there would be two copies of fabp11 in this species because the other four 

sequenced teleosts (zebrafish, stickleback, medaka and fugu) contain two copies of 

fabp11 genes.  I used the transcript of fugu fabp11b (ENSTRUT00000034626) as the 

query and BLASTn-searched for a tetraodon fabp11b EST sequence in NCBI 

(http://www.ncbi.nlm.nih.gov/guide/).  The tetraodon fabp11b EST sequence was found 

(GenBank Accession: CR699906.2) and the nucleotide coding sequence and the protein 

sequence of this gene was obtained using the ExPasy translate tool.  I then used this 

tetraodon fabp11b coding sequence as the query and BLASTn-searched against the 

tetraodon genome using Ensembl BLAST/BLAT in version 64.  The location of the 

tetraodon fabp11b was identified to be the genomic sequence of an uannotated gene 

(ENSTNIG00000018400) on chromosome 8. 

10.4 Evolution of Atlantic salmon fabp11 sub-family 

To understand how the salmonid fabp11s are related to their pro-orthologs in 

tetrapods, I compared the protein sequences of human, rat, mouse, chicken FABP4 and 

zebrafish, medaka, stickleback, fugu and tetraodon FABP11s with the inferred amino 

acid sequences of their orthologs in Atlantic salmon and rainbow trout by a clustalW 

alignment (Figure 10.1).  FABP11s in teleosts range in size from 133 to 135 amino acid 

and there are only 34 invariant amino acid residues in these vertebrate proteins.  Hence, it 

appears that FABP11 sub-family is relatively less conserved in terms of protein size and 

the number of conserved amino acid residues compared to the FABP7 sub-family.  Based 

on the alignment of the coding sequences coding for the teleosts FABP11 proteins and 
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the tetrapod FABP4 proteins, a phylogenetic tree was built to reveal the relationship of 

fabp11 and fabp4 sub-families (Figure 10.2).  Zebrafish, stickleback, medaka, fugu and 

tetraodon all possess two fabp11s in their genomes, which fall into the fabp11a and 

fabp11b groups following nomenclature of the two zebrafish fabp11s (Karanth et al., 

2008).  This suggests that the 3R WGD that occurred in the common ancestor of teleosts 

resulted in the fabp11a and fabp11b genes seen in extant teleosts today, however it is not 

supported by the phylogenetic tree and this may be due to the fact that the tree did not 

resolve well.  Based on the phylogenetic tree, two of the three Atlantic salmon fabp11 

ESTs and one rainbow trout fabp11 EST sequence belong to the fabp11a group; whereas 

the other two rainbow trout fabp11 EST sequences and the remaining Atlantic salmon 

fabp11 transcript are grouped in the fabp11b clade.  Itt is more parsimonious to state that 

there was a fabp11a gene duplication in the Atlantic salmon lineage and a fabp11b gene 

duplication rainbow trout lineage.  However, based on the positions of Atlantic salmon 

fabp11aI and fabp11aII and rainbow trout fabp11bI and fabp11bII, it suggests that the 

two fabp11a paralogs in Atlantic salmon and the two fabp11b parlogs in rainbow trout 

are related to one another by the 4R WGD events in the common ancestor of salmonids.  

Hence, it also suggests that there might be a subsequent fabp11b gene loss in the Atlantic 

salmon and a fabp11a gene loss in rainbow trout after the WGD or they are just not 

annotated in the EST databases. 
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Figure 10.1.  Alignment of the FABP11 protein sequences from Atlantic salmon, 

rainbow trout, zebrafish, stickleback, medaka, fugu and tetraodon with the 

FABP4 amino acid sequences from chicken, mouse, rat and human.   

The species abbreviations are the same as in Figures 4.1 and 5.2.  
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Figure 10.2. Maximum likelihood phylogenetic tree of fabp11 built from the nucleotide 

coding sequence alignment.   

Tetrapod fabp4s were used as the outgroups.  The blue diamonds indicate 

where the 4R WGD event The blue diamond indicates the 4R WGD event, 

which gave rise to the fabp11aI and fabp11aII in Atlantic salmon and 

fabp11bI and fabp11bII in rainbow trout.  Only bootstrap values that are 

greater than 50 are shown.   
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10.5 Expression profiling of Atlantic salmon fabp11s 

RT-PCR was carried out as a way to look for signatures of sub-functionalization 

of Atlantic salmon fabp11 genes in terms of tissue expression.  Both fabp11aI and 

fabp11aII transcripts were detected in all the adult tissue I examined; that is, brain, eye, 

spleen, heart, gill, ovary, stomach, pyloric caecum, posterior and head kidney, intestine, 

liver, muscle, swim bladder and testis (Figure 10.3).  This suggests that these genes are 

broadly expressed, similar to the broad expression pattern of zebrafish fabp11a (Liu et 

al., 2007).  However, Atlantic salmon fabp11b is only expressed eight of the fifteen 

tissues.  While both zebrafish fabp11a and fabp11b are expressed in brain, heart and 

ovary (Karanth et al., 2008; Liu et al., 2007), I observed the co-expression of all three 

Atlantic salmon fabp11 gene duplicates in these tissues as well.  Overall, there was no 

evidence of sub-functionalization and it suggests that Atlantic salmon fabp11aI and 

fabp11aII are retained in the duplicated genome by redundancy, which reflects the 

important of FABP11As in cellular processes of Atlantic salmon.  
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Figure 10.3. Expression patterns of fabp11aI, fabp11aII and fabp11b in Atlantic 

salmon adult tissues.   

The tissue abbreviations are as follows: brain (Br), eye (E), spleen (Sp), heart 

(H), gill, (G), ovary (O), stomach (St), pyloric caecum (Pc), posterior kidney 

(Pk), head kidney (Hk), intestine (I), liver (L), muscle (M), swim bladder 

(Sb), testis (T), negative control (-) and Atlantic salmon genomic DNA  (+).  

No differential expression patterns of Atlantic salmon fabp11aI and 

fabp11aII was observed.   
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10.6 Conclusion 

I identified three fabp11 genes, fabp11aI, fabp11aII and fabp11b, in Atlantic 

salmon.  The phylogenetic analysis does not clearly support that the 3R WGD, which 

gave rise to fabp11a and fabp11b in zebrafish, stickleback, medaka, fugu and tetraodon.  

I also found three unique rainbow trout fabp11 EST sequences, which I named fabp11a, 

fabp11bI and fabp11bII based on their positions on the phylogenetic tree.  The 

phylogenetic tree also supports the 4R WGD that gave rise to fabp11aI and fabp11aII in 

Atlantic salmon and fabp11bI and fabp11bII in rainbow trout.  The fact that only a single 

fabp11a in rainbow trout and a single fabp11b in Atlantic salmon suggests that there were 

a subsequent fabp11b gene loss in the Atlantic salmon and a fabp11a gene loss in 

rainbow trout after the 4R WGD or they are just not presented in the EST databases.  

More fabp11 transcripts from other salmonids, such as grayling, might provide a better 

resolution of the phylogenetic tree and give a more accurate insight of the evolution of 

this fabp sub-family.  No differential expression of Atlantic salmon fabp11aI and 

fabp11aII was observed in any of the adult tissues examined.  Like the co-expression 

patterns of zebrafish fabp11a and fabp11b, Atlantic salmon fabp11aI, fabp11aII and 

fabp11b also maintain co-expression in brain, heart and ovary.  Hence, there was 

evidence of redundancy of Atlantic salmon fabp11aI and fabp11aII in terms of 

expression patterns.     
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11: Future Work 

Although I have characterized all the fabps whose transcripts are in the salmonid 

EST databases, it would be ideal to use the predicted ancestral flanking genes from the 

comparative genomic analysis (see Section 4.4) to identify the genomic regions where 

possible fabp pseudogenes are predicted to be found when the Atlantic salmon has been 

completed and assembled.  In other words, I would expect to find fabp1a, fabp1b, 

fabp2b, fabp7a, fabp6b, fabp10b and fabp11b pseudogenes in the assembled Atlantic 

salmon genome.  It would be interesting to investigate what the mutations are causative 

for these genes to have become pseudogenes.  Give the gar genome had been sequenced 

it has been suggested that this species is the pre-WGD species of the 3R WGD, one can 

compare the genomic organization of fabp in this species with my predicted fabp synteny 

blocks that might present in the common ancestor of teleosts.  This comparison would 

test if my predicted fabp synteny blocks are correct. 

Since my transcription factor binding site analysis was carried out using 

bioinformatic predictions that are based on the findings of mammals, it would be very 

useful and provide more accurate predictions if one could first identify the transcription 

factor binding sites in the assembled Atlantic salmon genome.  This can be carried out by 

chromatin immunoprecipitation (CHIp) and DNA binding assay and should be carried 

out at different lifestages of Atlantic salmon.  Both experiments for identifying the 

transcription factor binding sites are challenging due to the lack of knowledge of the 

transcription factor repertoire in Atlantic salmon and the lack of antibodies that recognize 
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the transcription factors in Atlantic salmon.  The transcription factor repertoire can be 

revealed by the assembled and annotated Atlantic salmon genome.  Raising antibodies 

against each transcription factor might be time-consuming.  Moreover, DNA binding 

assay requires the knowledge of the binding affinity of each transcription factor to the 

regulatory region of interest and this might take some time.  Nonetheless, the result of 

this investigation can provide possible mechanisms for sub-functionalization. 

Finally, it would be ideal to increase the number of ESTs in the northern pike 

database to obtain and to characterize the fabp gene family in this species.  As the 

evolution of fabp7 sub-family illustrates that northern pike is the pre-WGD species that is 

most closely-related to the salmonids, the availability of all unique fabp transcript 

sequences in this species would provide a greater detail of the evolution of the fabp sub-

families and the fate of fabp genes in Atlantic salmon.   
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12: Conclusion 

In summary, I have characterized eighteen members of the fabp family in Atlantic 

salmon genome.  Overall, the protein sizes of FABPs in Atlantic salmon are similar to the 

sizes of their orthologs in other teleosts and mammals.  The genetic and physical 

locations of these Atlantic salmon fabp genes support the hypothesis that these genes are 

related to one another by either 3R or 4R or both WGD events.  The phylogenetic 

analysis of the fabp family reveals when gene losses occurred in each gene-subfamily and 

in different teleost lineages, which may reflect different natural selection pressures acting 

on the individual species.  Analysis of amino acid substitutions of FABP2 evolution from 

zebrafish to Atlantic salmon and rainbow trout FABP2aIs and FABP2aIIs suggests that 

FABP2aIIs in both salmonid species might have experienced neo-functionalization.  RT-

PCR analysis provide expression profiles of fabps and reveal differential expression 

patterns of fabp3s, fabp6as and fabp7bs, suggesting that these genes are undergoing sub-

functonalization.  Moreover, the presence of putative CdxA and SRY binding sites in the 

indel sequence from fabp7bI regulatory region suggest that gain or loss of repressor 

binding site might be another mechanism of sub-functionalization.  Overall, conservation 

of synteny was observed in fabp2 and fabp3 loci in Atlantic salmon compared to the 

corresponding loci in the five genome-sequenced teleost species, and I was able to predict 

some ancient synteny blocks in the common ancestor of the teleosts.  The implications of 

this project are that the evolution of the fabp gene sub-families provide more evidence for 

the 3R and the 4R WGD events, though there are gene losses and genome rearrangement 
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in the duplicated blocks of genes.  Also, most of the fabp gene duplicates have 

differential expression patterns compared to the ancestral gene expression patterns, which 

suggest that most of the Atlantic salmon gene duplicates remaining in the duplicated 

genome by sub-functionalization.    
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