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     Neuropeptide Y (NPY) receptors are an important multifunctional gene family found in 

vertebrates characterized by a complex evolutionary history of gene duplication and loss. I 

genetically mapped and sequenced the NPY receptors in rainbow trout (Oncorhynchus mykiss) 

and Arctic charr (Salvelinus alpinus) to examine the fate of this receptor family following the 

whole genome duplication in the salmonid ancestor. Based on receptors present in model 

teleosts, the Y1, Y2, Y4, Y7, Y8a and Y8b receptors were predicted to occur in the salmonid 

genome. Single copies of Y2, Y7 and Y8b and a tandem duplication of Y8a were detected in 

both rainbow trout and Arctic charr. Bayesian phylogenetic analysis strongly supports the model 

of NPY receptor evolution through multiple duplication events. The absence of multiple receptor 

subtypes and the presence of a tandem duplicate were unexpected but fall within patterns 

observed from previous duplication events.  
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INTRODUCTION 

Duplication of genes 

Whole genome, chromosome and gene duplications represent important evolutionary 

events for the divergence of vertebrate species, populations and genes (Ohno, 1970). The 

advantages, disadvantages and neutralities of duplications events are quite diverse. Duplications 

of single genes or whole genomes have been considered to facilitate evolution in a more 

significant manner than even natural selection in many cases (Ohno, 1970). Natural selection is 

considered to be merely a modification in evolution, whereas the redundancy of duplication is an 

important mechanism by which novel gene functions can arise without the loss of function 

(Kuraku and Meyer, 2010). 

 

Duplication events can happen in a wide variety of ways. The unequal crossing over of 

chromosomes during meiosis is one of the simplest ways in which genes duplicate (Ohno, 1970). 

This mechanism results in duplicate genes being linked in tandem on a chromosome. Another 

mechanism of gene duplication is retroposition in which an mRNA molecule is reversed 

transcribed into cDNA and is then inserted randomly into the genome (Weiner, 1986). The 

duplicate lacks introns and typically becomes a pseudogene, a gene which has lost its function. 

Whole genome or chromosome duplications are one of the most powerful forms of gene 

duplication. Chromosome duplication usually results from non-disjunction of daughter 

chromosomes following DNA replication during meiosis (Zhang, 2003). Whole genome 

duplications (WGDs) can originate through autopolyploidy and allopolyploidy. Autopolyploids 

form from the genomes of a single species whilst allopolyploids are formed from hybridization 

of genomes from distinct taxa, but both can lead to functional polyploids (Zhang, 2003). 
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There are several forces acting upon the divergence of duplicate genes and due to the 

genomic redundancy following a polyploidization event, the fate of duplicates can be quite 

variable. The different outcomes include: nonfunctionalization, conservation, 

subfunctionalization, and neofunctionalization (Zhang, 2003). Nonfunctionalization is the most 

likely outcome for a duplicate gene. In this process, one of the duplicate genes loses its function 

either by loss of a whole chromosome, inactivation of the coding region due to mutations, or loss 

of regulator elements due to mutation (Force et al., 1999). Meanwhile, the other duplicate gene 

maintains its original function. The Dykhuizen-Hartl effect (Dykhuizen and Hartl, 1980) 

explains this as the fixation of random mutations in one daughter gene under relaxed purifying 

selection preceded by the relaxed functional constraints inherent in the redundancy of duplicated 

genes. Initially, this process was thought to occur over an average time of approximately 4 

million years, a rapid process on an evolutionary time scale (Lynch and Conery, 2003); however, 

more recent models suggest that this process occurs over longer time periods and is positively 

correlated to population size (Xue et al., 2010). One example of a mechanism that can prolong 

the time to nonfunctionalization is recombination of chromosomes leading to a duplicated region 

of the duplicates (Xue et al., 2010), thus, increasing the number of duplicates. 

Nonfunctionalization can still play an important role in species divergence despite its seemingly 

destructive tendency. For instance, differential silencing of duplicates in isolated populations can 

lead to speciation through genome incompatibility (Lynch and Conery, 2000). 

 

Alternatively to nonfunctionalization, conservation of both gene duplicates can occur 

where both genes are identical to the original. This may occur when over-expression of the 

original protein is advantageous to the organism (Zhang, 2003). However, this outcome is 
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considered to be infrequent as excess protein production may be deleterious because of energy 

and material wastage plus the potential for misfolded proteins which are cytotoxic (Xue et al., 

2010). 

 

If the presence of an extra gene is not advantageous, duplication may lead to 

subfunctionalization: the division of gene function by divergence of protein function, or spatial 

or temporal expression patterns (Zhang, 2003). For duplicate genes to be maintained, both 

duplicates must jointly retain the full set of subfunctions performed by the original ancestral gene 

(Force et al., 1999). The classical model of duplicate gene evolution predicts that in the majority 

of cases, one duplicate will become nonfunctional with neofunctionalization, the evolution of a 

novel function, being extremely rare (Force et al., 1999). However, empirical data suggests that 

the preservation of duplicate functional genes is much higher than the classical model suggests as 

it does not take into account that genes may have several functions controlled by different DNA 

regulatory elements. Conversely, the duplication-degeneration-complementation process predicts 

that duplicate gene preservation is based primarily on partitioning of function rather than 

evolution of new functions (Force et al., 1999). This facilitates the preservation of duplicate 

functional genes and accounts for the higher number of duplicates observed in genomes than 

would be expected without the process of subfunctionalization. Thus in most instances, 

duplicates will diverge and partition functions of the ancestral gene until their combined 

efficiency reaches a threshold and further mutation is opposed by purifying selection, resulting in 

the maintenance of both duplicates. For example, the ratio of non-synonymous to synonymous 

mutations (dn/ds) has been observed to decrease as the expression of both duplicate genes 

decreases (Qian et al., 2010). Once the combined expression of the two duplicates is 
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complementary to the previous non-duplicated gene, then the ratio of dn/ds for the duplicate 

genes approaches the level seen in the initial single copy. This suggests that expression reduction 

hinders divergence of duplicate genes and can stabilize both duplicates of a gene long-term (Qian 

et al., 2010). Of course, two paralogs can have some non-overlapping functions as well as some 

overlapping functions based on the ‘piggyback’ hypothesis (Vavouri et al., 2008). This 

hypothesis suggests that overlapping functions are maintained as by-products of structural 

constraints.  

 

Finally, one of two duplicates may evolve an entirely novel function by a process called 

neofunctionalization (Zhang, 2003). In most instances the novel function is in some way related 

to the original. Neofunctionalization generally ensures conservation of the ancestral function by 

preservation of a non-mutated duplicate (Force et al., 1999). Neofunctionalization, although 

evidently quite rare, is more common in larger populations due to increased probability of a 

beneficial mutation forming a novel function (Force et al., 1999). A novel related process, 

termed originalization, predicts that the probability of neofunctionalization increases in 

populations where the time to nonfunctionalization is prolonged (by a process such as 

recombination as was previously mentioned) thus resulting in high frequencies of the original or 

wild-type allele (Xue et al., 2010). Consequently, originalization can have a similar effect as 

increasing population size, which confers a greater number of gene loci available for 

accumulating advantageous alleles. There are also a number of other factors that can determine 

the probability of duplicates being maintained such as: the position of a gene in a network or 

hierarchy, if the expression is spatiotemporal or ubiquitous or if it encodes a modular protein 

(Holland, 1999). 
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Rainbow trout and Arctic charr as tetraploid model species 

Rainbow trout (Oncorhynchus mykiss) and Arctic charr (Salvelinus alpinus), from the 

family Salmonidae, are excellent model species for understanding the effect of polyploidization 

on gene and genome evolution. The salmonid ancestor underwent an autotetraploidization event 

25-100 million years ago (Mya) and current species have not returned to a fully disomic 

inheritance state (Allendorf and Thorgaard, 1984). Karyotypic and molecular data support this 

partial-disomic state including: identical tracts of DNA sequence within the rainbow trout 

genome map to unlinked chromosomal arms (Gharbi et al., 2006), quadrivalent meiotic 

configurations observed during male-specific meiosis (Wright et al., 1983), tetrasomic or partial 

tetrasomic inheritance ratios observed for some loci following male meiosis (Allendorf and 

Danzmann, 1997), and the fact that the majority of salmonid chromosome arm numbers range 

from 96-104 (Allendorf and Thorgaard, 1984), which is double that of most freshwater teleosts 

which have 48-52 (Gold et al., 1980). Further evidence for the autotetraploidization includes 

many well studied gene families such as Hox genes: a single Hox cluster is observed in 

invertebrates, four are observed in the sarcopterygian lineage leading to tetrapods, 7 (of an 

expected 8) are found in teleosts and 14 (of an expected 16) are found in salmonids (Moghadam 

et al., 2005). 

The neuropeptide Y family of genes 

The neuropeptide Y (NPY) family of genes is an important, multifunctional gene family 

in all vertebrates. The NPY family of signaling peptides includes NPY, the gut endocrine peptide 

YY (PYY), the tetrapod pancreatic polypeptide (PP) and the acanthomorph fish pancreatic 

peptide Y (PY), all of which are 36 amino acids in length (Larhammar et al. 1993). As well, 

there is a diverse repertoire of NPY receptors of which there are considered to be seven ancestral 
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types. The NPY family has a diverse number of effects and some of the most notable include: 

control of food intake, controlling of various neuroendocrine axes, vasoconstriction, and 

cardiovascular remodeling (Pedrazzini et al., 2003). Due to the diverse number of effects, it is 

not surprising that NPY peptides and receptors have a wide distribution in the central and 

peripheral nervous systems as well as in gut endocrine cells (Larhammar and Salaneck, 2005). 

Of all of NPY’s diverse effects, its effect on appetite is perhaps one of the most studied. NPY is 

one of the most potent orexigenic (appetite stimulating) factors known in vertebrates 

(MacDonald and Volkoff, 2009) including rainbow trout (Aldegunde and Mancebo, 2006), and 

thus understanding its effects has relevance to obesity research and the genetic improvement of 

aquaculture stocks. 

 

The NPY family of genes is thought to have arisen before the origin of gnathostomes 

(jawed vertebrates), some 450 Mya (Larhammar and Salaneck, 2005). This is evident as 

orthologs of NPY and Y receptors exist in snails and insects (Tensen et al., 1998). NPY, first 

isolated from porcine brain (Tatemoto, 1982), is one of the most conserved peptides known 

showing 92% amino acid (AA) identity between mammals and cartilaginous fishes (Larhammar 

et al. 1993). PYY is considered to have arisen from the duplication of NPY during a whole 

genome duplication event in early vertebrates but it is unknown whether this occurred between 

the divergence of the amphioxus and hagfish lineages, or between the hagfish and lamprey 

lineages (Larhammar, 1996). PYY shows high sequence conservation within fish (97-100% AA 

identity between cartilaginous and bony fish) but more variability between fish and tetrapods 

(83% AA identity between sharks and amphibians and 75% between sharks and mammals) 

(Larhammar et al., 1993). PYY is considered to have evolved more rapidly in tetrapods due to 
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the co-existence of PP in this lineage (Larhammar, 1996). PP is thought to have evolved from a 

duplication of PYY in early tetrapods (Larhammar and Salaneck, 2005) and is one of the most 

variable neuroendocrine peptides with high sequence variability between mammals, birds and 

amphibians (50% AA identity between the three) (Larhammar, 1996). Variability in 

subfunctionalization of PYY and PP in various tetrapods could account for this higher rate of 

duplicate gene evolution in this taxon. The origin of the PY gene found in Acanthomorpha is 

unresolved and the gene could either be a paralog from the 3R duplication or a rapidly diverging 

ortholog of PYY found in mammals (Larhammar, 1996). 

Neuropeptide Y receptors 

The ancestral gnathostome repertoire of NPY receptors has been deduced from 

comparative studies across a broad range of taxa. There are considered to be 7 ancestral receptors 

which are numbered according to their discovery (numbered Y1-Y8, excluding Y3), making it 

one of the largest family of GPCR receptors (Larhammar and Salaneck, 2005). Evidence 

suggests a possible Y3 receptor but it was found to be unresponsive to NPY-family peptides 

(Jazin et al., 1993). The NPY receptors are separated into 3 subfamilies (Y1, Y2 and Y5 

subfamilies) based on phylogenetic relatedness and pharmacological profiling. The Y1 subfamily 

includes Y1, Y4, Y6 and Y8, the Y2 subfamily includes Y2 and Y7 and Y5 is the sole member 

of the Y5 subfamily (Larhammar and Salaneck, 2005). Orthologous NPY receptors show 

surprisingly low identity between vertebrate taxa (Larson et al., 2003). As an example, NPY 

receptors show only 50% identity between mammals and fish compared to the typical 70-90% 

identity as seen in melanocortin and opiod receptors. 
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The NPY receptor family belongs to class A9 of the rhodopsin-like subfamily of G-

protein coupled receptors (GPCR) (Joost and Methner, 2002). The GPCR family consists of a 

very large and diverse assemblage of transmembrane (TM) proteins. Other members of class A9 

include prokineticin receptors, tachykinin receptors and melatonin receptors based on a 

phylogenetic study done on human GPCRs (Joost and Methner, 2002). The majority of GPCRs 

are composed of seven TM segments (TM1-TM7) connected by three intracellular and three 

extracellular loops (ECLs). The TM domains are composed of hydrophobic α-helices ranging 

from 20-30 amino acids in length and are arranged in a barrel shape forming a receptor with an 

intracellular carboxy-terminus and an extracellular amino-terminus (Ballesteros et al. 2001) 

(Figure 1). The 7 TM regions show the highest homology between different GPCRs and across 

taxa (Probst et al., 1992). GPCRs show a number of highly conserved residues. For example, 

prolines in TM4, 5, 6 and 7 are thought to place a kink in the α-helices and are considered 

important in forming the binding pocket, (Probst et al., 1992). As well, conserved cysteine 

residues occur in the 1
st
 and 2

nd
 ECLs which form an extracellular cross-linking bond between 

the loops. A cysteine is also conserved in the carboxy-terminal cytoplasmic tail and is considered 

to serve as an attachment site for palmitate (Larsson et al., 2009). A conserved D/E-R-H/Y motif 

is observed at the carboxy-terminal end of TM region 3 and is involved in signal transduction 

(Fredriksson et al., 2006). 

 

The repertoire of NPY receptors has arisen through a series of gene duplication and loss 

events (Figure 2A). The Y1, Y2 and Y5 subfamilies are considered to have diverged initially 

through two tandem duplication events. Supporting evidence includes the localization of all three 

in tandem on the human chromosome 4 (Blomqvist and Herzog, 1997). As well, the Y1, Y2 and 
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Y5 receptors have the highest divergence of the NPY receptors, showing only 30% sequence 

identity. The divergence of these three subfamilies was then followed by two WGDs, one in the 

ancestor of all vertebrates and the second in the Gnathostoma lineage following its divergence 

from the Agnatha (Sidow, 1996). The duplicates of the ancestral Y2 and ancestral Y5 receptors 

from the first WGD were lost prior to the second WGD after which the second duplicate of Y5 

was lost as well. This progression of numerous receptor duplications and loss of three duplicates 

to nonfunctionalization represents the model with the highest parsimony, thus resulting in the 

seven ancestral gnathostome receptor types (Larhammar and Salaneck, 2005). As Ohno (1970) 

surmised, tandem duplication and polyploidy complement each other to create compound gene 

duplications, which is clearly demonstrated in the evolution of the ancestral NPY receptors. 

 

Extant species show differential loss of various receptors (Figure 2B). Of the seven 

ancestral receptors, all are found in chondrichthyans (Larsson et al., 2009) and amphibians 

(Larhammar and Salaneck, 2005), providing support for the seven ancestral receptor types 

paradigm. All mammals investigated to date have receptors Y1, Y2, Y4 and Y5. The Y6 receptor 

has been functionally lost in some mammals such as primates and pigs but has been maintained 

in mice, rabbits and the collared peccary (Pecari tajacu) (Starback et al., 2000). From the avian 

lineage, only the domestic chicken has been investigated thus far. The chicken has retained all of 

the receptors apart from Y8 (Bromee et al., 2006).  

 

Teleosts have receptors Y1, Y2, Y4, Y7, as well as two copies of Y8 (Y8a and Y8b). The 

duplication of the Y8 receptor is thought to have occurred during a third WGD in the teleost 

ancestor approximately 320 Mya (Vanderpoele et al., 2004) as both receptors lie in paralogous 
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chromosome locations (Larsson et al., 2008). Also, a duplicate of Y2, distinguished as Y2-2 has 

been identified in zebrafish and medaka but not in other teleost model species (Fӓllmar et al., 

2011). Initially, only three receptors were found in teleost fish which were then named Ya, Yb, 

and Yc in zebrafish (Danio rerio). These three receptors were later classified as Y4 (Salaneck et 

al., 2003), Y8b and Y8a (Salaneck et al., 2008), respectively, based on phylogenetic relatedness 

and paralogous gene regions. The Y1, Y5 and Y6 receptors are still differentially represented in 

some Actinopterygian lineages (gray birchir (Polypterus senegalus), Siberian sturgeon 

(Acipenser baerii), longnose gar (Lepesoseus osseus), bowfin (Amia calva)) and in some basal 

teleost lineages (silver arowana (Osteoglossum bicirrhosum), European eel (Anguilla anguilla), 

and Atlantic herring (Clupea harengus)) (Salaneck et al., 2008). In euteleosts, Y1 has only been 

identified in zebrafish to date while Y5 and Y6 have not been identified (Salaneck et al., 2008). 

Interestingly, numerous receptor sequences available in the Ensembl database (Flicek et al., 

2011) for teleosts have introns whereas only the Y1 receptor has been reported to have introns in 

other lineages such as mammals and chondrichthyans. All teleost species that have been studied 

in depth show the presence of the Y2 and Y7 receptors. 

Y1 Subfamily 

 The Y1 subfamily contains the receptors Y1, Y4, Y6 and Y8 (Y8a and Y8b in teleosts). 

The Y1 receptor, being the first receptor identified, was first cloned in the rat (Eva et al., 1992). 

While NPY receptors are generally considered to lack introns, all Y1 sequences reported have a 

single intron located in intracellular loop (ICL) 3. This intron is considered to have been inserted 

soon after the duplication events leading to the 7 ancestral receptors as its position is conserved 

across major vertebrate groups (Larsson et al., 2009). The intron in mammals measures around 

100bp (Salaneck et al., 2008). In the ghost shark (Callorhinchus milii), spiny dogfish (Squalus 
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acanthias), zebrafish and a few species of sturgeon, the intron has been extended (Larsson et al., 

2009). In the ghost shark it has been lengthened to around 3000bp (Larsson et al., 2009) while in 

the zebrafish it has been expanded to 43kb (Salaneck et al., 2008). The difficulty of finding Y1 

in other teleosts could be explained by the presence of an extended intron. Y1 has been identified 

as one of the primary appetite stimulating receptors in the NPY receptor family in mammals 

(Pedrazzini et al., 2003) and this is supported by the orexigenic effects of NPY being depressed 

in Y1 receptor-deficient mice (Kanatani et al., 2000). Evidence in goldfish supports a Y1 

mediated orexigenic effect (Narnaware and Peter, 2001), however, the existence of Y1 has not 

yet been reported in goldfish and induction of feeding may be performed by other receptors in 

lineages where Y1 is absent (Larhammar and Salaneck, 2005). 

 

 The Y4 receptor was first defined as pancreatic polypeptide receptor 1 due to its 

specificity to PP in tetrapods (Lundell et al., 1995). PP, which binds to the Y4 receptor, has been 

shown to inhibit feeding in mammals (Batterham et al., 2003) but this function of Y4 to 

specifically bind PP has not yet been demonstrated in other lineages and it is possible that Y4 is 

involved in different function in them due to the lack of PP (Larhammar and Salaneck, 2005). 

The second Y receptor to be identified in the European river lamprey is most similar to Y4. 

which places it in the Y1 subfamily (Salaneck et al., 2001). Y4 shows one of the highest 

divergence rates between distant lineages of all of the Y receptors. This is because of different 

evolutionary rates between tetrapods which have PP and other lineages that do not, (Pedrazzini et 

al., 2003) resulting in possibly different functionalities of Y4 in different lineages (Larhammar 

and Salaneck, 2005). Y4 identified in the Japanese pufferfish (Takifugu rubripes) and the spotted 
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green pufferfish (Tetraodon nigroviridis) show an extended 2
nd

 ECL of approximately 74aa 

which is not seen in zebrafish (Larsson et al., 2008). 

 

 The Y6 receptor has been lost in euteleosts (Salaneck et al., 2008), and has been 

differentially lost in mammals such as in humans and rats (Starback et al., 2000). Multiple 

independent inactivations of a gene are not a frequently reported evolutionary event. In this case 

it would likely only be possible if the functions that Y6 mediates were redundant or not very 

significant to begin with (Starback et al., 2000). The physiological function of the Y6 receptor 

has not yet been reported making it difficult to resolve the condition of its variable 

nonfunctionalization. As Y6 has not been identified in euteleosts, it stands to reason that it does 

not exist in salmonids a well. 

 

 The Y8a (Yc) and Y8b (Yb) genes found in teleosts are considered to be duplicates of Y8 

as they lie on paralogous gene regions in zebrafish, Japanese pufferfish and spotted green 

pufferfish (Salaneck et al., 2008). As well, Y8a and Y8b share 75% identity in the zebrafish 

whereas they are only 50% identical to zebrafish Y4 (Berglund et al., 2000). Y8b has been 

identified in rainbow trout and shares 75% and 71% identity with zebrafish Y8a and Y8b 

respectively (Larson et al., 2003). It has been suggested that Y8a in rainbow trout and other 

derived teleosts mediates the orexigenic effects of NPY as Y1 may be absent and Y8a is present 

in the brain regions involved in appetite regulation (Aldegunde and Mancebo, 2006). Only one 

copy of Y8 has been identified in the teleosts: the silver arowana and Atlantic herring (Salaneck 

et al., 2008). As both of these species are considered to have undergone the 3R duplication, the 

second Y8 gene must have been lost or is too divergent to identify with degenerate PCR 
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(Salaneck et al., 2008). Interestingly, Y8 has not been found in any non-teleost actinopterygians 

either and may have either been lost or is too divergent as well (Salaneck et al., 2008). 

 

 The Y8 receptors found in zebrafish, rainbow trout and Atlantic cod (Gadus morhua) 

lack the intron seen in Y1 (Larson et al., 2003). However, Y8a in T. rubripes and T. nigroviridis 

have four novel introns (Larsson et al., 2008). The first intron is 102bp insertion at the end of the 

first ECL. The second and third introns span 2.5kb in the middle of the second ECL which are 

divided by a 63bp exon which extends the loop. The fourth intron is 182bp in ICL 3 (Larsson et 

al., 2008). The Y8b gene in T. rubripes was also determined to have a cryptic intron splice of 

193bp in some tissues (Larsson et al., 2008). 

Y2 Subfamily 

The Y2 subfamily contains the Y2, Y7 and a putative zebrafish and medaka tandem 

duplicate denoted as Y2-2. The first Y receptor that was identified in the European river lamprey 

(Lampetra fluviatilis) shows similarity to the Y2 subfamily, demonstrating the ancestral nature of 

the Y2 subfamily (Larhammar and Salaneck, 2005). The Y2 subfamily has a 10 AA sequence at 

the end of transmembrane region 4 that is identical in all Y2 and Y7 receptors giving the Y2 

subfamily a defining characteristic relative to the Y1 and Y5 subfamilies (Fredriksson et al., 

2006). As well, the Y2 subfamily has an unusual histidine residue 6 amino acid positions after 

the well conserved D/E-R-H/Y motif in transmembrane region 3 that is not seen in the other 

subfamilies (Larsson et al., 2009). The Y2 subfamily receptors are considered to be intronless 

(Fredriksson et al., 2006). However, information from a number of teleost genomes from the 

Ensembl database shows introns present in a number of Y2 and Y7 receptors. In zebrafish for 

instance, Y2 is intronless (Fredriksson et al., 2006) but Y2-2 shows two large introns of 2.3kb 
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and 7.7kb in size (Fӓllmar et al., 2011). The Y2 receptor was initially cloned in humans (Rose et 

al., 1995) and maps close to Y1 on chromosome 4 (Blomqvist and Herzog, 1997). Similarly, in 

zebrafish both Y1 and Y2 map to the same linkage group (linkage group 1) (Salaneck et al., 

2008), demonstrating the conservation of these genes across distant taxa. The Y2 receptor has 

been shown to be involved in the inhibition of feeding in rodents and humans (Batterham et al., 

2002). Zebrafish Y2 binding affinities for NPY and PPY show the most similarity to chicken Y2. 

While zebrafish, chicken and mammalian Y2 show some similar binding properties, three key 

AA replacements in TM domains 3, 4 and 5 allows for the acquisition of several novel functions 

in mammalian Y2 (Batterham et al., 2002). The consequences of this aspect on the role of Y2 in 

feeding inhibition in non-mammalian lineages are unknown (Batterham et al., 2002). 

 

Initial cloning of Y7 in zebrafish, rainbow trout and two amphibians (Pelophylax 

ridibundus and Silurana tropicalis) showed strong support for the ancestral duplication of Y2 

both through phylogenetic analysis and paralogous chromosomal locations (Fredriksson et al., 

2004). The physiological function of Y7 is still not known (Bromee et al., 2006) but 

pharmacological comparisons between zebrafish Y7 and mammalian and chicken Y2 suggest it 

has quite a different role than Y2 (Fredriksson et al., 2004). 

 

Y2 and Y7 have been sequenced in rainbow trout and here Y2 shows 70% and 50% 

homology to zebrafish Y2 and rainbow trout Y7, respectively (Larsson et al., 2006). A search for 

duplicates for Y2 and Y7 was performed by Larson et al. (2006) but they found no evidence of 

duplicates in various trout genomes though this could be inconclusive due to incomplete library 

coverage. 
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Y5 Subfamily 

The Y5 receptor is the sole receptor within the Y5 subfamily. Y5 was initially referred to 

as the feeding receptor (Gerald et al., 1996) and is found at the same locus as Y1 on chromosome 

4 in humans but on the reverse strand (Blomqvist and Herzog, 1997). Similarly to Y1, Y5 is 

involved in the induction of feeding in mammals, though to a lesser degree (Larhammar and 

Salaneck, 2005). Y5 is missing from more derived teleosts much like Y1 may be. Y5 has been 

found in all non-teleost species studied to date. As well, it is found in some teleosts such as the 

silver arowana (Osteoglossum bicirrhosum), indicating that the loss of Y5 is not completely 

concomitant with the 3R duplication in teleosts (Salaneck et al., 2008). Contrary to its absence in 

derived teleosts, evidence suggests that induction of feeding is partially mediated by a Y5-like 

receptor in goldfish (Carassius auratus auratus) (Narnaware and Peter, 2001). More likely, the 

effects seen on the induction of feeding may be mediated by other receptors in teleosts 

(Larhammar and Salaneck, 2005).  

Objective, hypothesis and predictions 

 The objective of this research was to genetically map and sequence the full NPY receptor 

repertoire in rainbow trout and Arctic charr and examine the receptor family's evolution within 

the context of the salmonid 4R WGD event. I hypothesized that if the NPY receptor repertoire 

has been characterized by changes in receptor number and subtype in response to duplication 

events then the NPY receptor repertoire in salmonids would be different from that observed in 

other model teleosts. due to the 4R WGD in the salmonid ancestor given that Estimates for 

duplicate retention in salmonids range from 30-70% (Hughes, 1999), leading to the prediction 

that a higher number of NPY receptors will be found in the salmonid genome compared with 

other teleost model species. Using comparative genomics, I predicted that the Y2, Y2-2, Y4, Y7, 
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Y8a and Y8b would be present in salmonids. Y1 was also predicted to exist in salmonids based 

on its existence in zebrafish. However, Y1 is absent in the Japanese pufferfish (Takifugu 

rubripes), spotted green pufferfish (Tetraodon nigroviridis), medaka (Oryzias latipes), and 

stickleback (Gasterosteus aculeatus). Therefore, the Y1 receptor could have been lost either 

prior to or after the divergence of the salmonid ancestor. I also predicted the genetic map 

locations of NPY receptors in rainbow trout based on syntenic relationships with zebrafish and 

medaka (Table 1). I was unable to make similar predictions for Arctic charr due to a lack of 

comparative data. 
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METHODS 

Study organisms 

 Two Arctic charr families (designated AC2 and AC3; N = 48 progeny each) (Woram et 

al., 2003) and two rainbow trout families (designated Lot25, N = 48 progeny and Lot44, N = 88 

progeny) (Danzmann et al., 2005) were used to map the genes under study. All four families 

were derived from backcrosses and have been used to locate QTL for spawning time, body 

weight (Sakamoto et al., 1999; O'Malley et al., 2003), and temperature tolerance (Jackson et al., 

1998). 

Primer design 

 Non-degenerate primers to amplify the NPY receptors were designed using Primer 3 Plus 

(Untergasser et al., 2007) while iCODEHOP (v1.1) (Boyce et al., 2009) was used to design 

degenerate primers. iCODEHOP aids in designing consensus degenerate hybrid oligonucleotide 

primers (CODEHOPs) from multiple aligned protein sequences. This method of degenerate 

primer design allows for broad specificity for distantly related genes from the 3'-degenerate 

structure of the primer while allowing for increased amplification from the 5'-consensus structure 

of the primer during later cycles of PCR runs (Boyce et al., 2009). 

 

 Sequences from a variety of sources were used for primer design and analyses (Table 2). 

For the Y2 and Y7 receptors, DNA sequences from rainbow trout (Larsson et al., 2006) allowed 

the creation of non-degenerate primers. The amino acid sequence for the rainbow trout Y8b 

receptor was also available (Larson et al., 2003) and used to create degenerate primers. Teleost 

NPY receptor sequences were aligned using BLASTN (thresholds: E-value < e
-10

, percent 

identity > 70%) against the Gene Index TC database (The Gene Index Databases) for rainbow 
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trout and Atlantic salmon but only results for the Y2 and Y7 receptor sequences were obtained 

for rainbow trout. Thus, degenerate primers were designed from multi-species alignments for the 

Y1, Y4 and Y8a receptors. For the Y1 receptor, degenerate primers were designed using 

zebrafish, elephant shark (Callorhinchus milii), spiny dogfish (Squalus acanthias), Siberian 

sturgeon (Acipenser baerii), bowfin (Amia calva), European eel (Anguilla anguilla), and Atlantic 

herring (Clupea harengus) sequences. For the Y4 and Y8a receptors, degenerative primers were 

made using sequences from zebrafish, Japanese pufferfish (Takifugu rubripes), spotted green 

pufferfish (Tetraodon nigroviridis), medaka (Oryzias latipes) and stickleback (Gasterosteus 

aculeatus). For the Y2 duplicate identified in some teleosts, Y2-2, degenerate primers were 

designed from zebrafish and medaka sequences. Primer sequences can be found in Appendix 1. 

Sequencing of NPY receptors 

My goal was to obtain the sequence from the beginning of the first to the end of the 

seventh transmembrane domain (TMD) within each NPY receptor gene. I did not attempt to 

obtain the full sequence due to the extreme variability seen in the N-terminal and C-terminal tails 

of the receptor genes. Previous phylogenetic analyses of the NPY receptors have not included the 

tails due to poor alignment (Salaneck et al., 2001; Larsson et al., 2006; Larsson et al., 2009). 

Primer pairs used for sequencing can be found in Appendix 2. PCR to generate templates for 

sequencing was performed with 25µl of 6ng/µl template DNA and 25µl of master mix using 

high-fidelity Platinum® Taq DNA Polymerase (Invitrogen) with final concentrations of: 1X 

buffer 0.8mM dNTP, 2mM Mg, 0.4µM each primer, and 0.5u/µl Platinum® Taq. The PCR 

protocol for sequencing templates was: denaturation at 95C for 1min followed by 40 cycles of 

denaturation at 95C for 30s, annealing at 50-62C for 30s, elongation at 72C for 30s-1.5min 

(1min per Kbp) and a final elongation at 72C for 5-10min. Nine microliters of 6x loading buffer 



19 
 

 
 

(25mg bromophenol blue, 4g sucrose, 10ml dH20) was added to the products which were then 

run on 1.5-2.5% TBE agarose gel and purified with the QIAquick Gel Extraction Kit and the 

QIAquick PCR Purification Kit (Qiagen) as required. Purified products were analyzed for DNA 

purity and concentration using a NanoDrop ND-8000 and sent to the Genomics Facility - 

Advanced Analysis Center at the University of Guelph for sequencing. 

Single-stand conformational polymorphism 

 The receptors were genetically mapped using polymorphic markers identified through 

analysis of single-strand conformational polymorphisms (SSCPs). Primers were designed to 

generate PCR products ranging from 150-300bp in length. The final volume for each PCR 

reaction was 7 µl composed of 3 µl of 6ng/µl template DNA and 4 µl master mix. Final 

concentrations for the PCR were: 1.1X buffer (5X Colorless GoTaq® Flexi Buffer, Fisher), 

1.5mM Mg, 0.125mM BSA, 0.2mg/ml for forward and reverse TET-labeled primers, 0.57µM 

dNTP, and 0.021u/µl Taq (GoTaq® Flexi DNA Polymerase, Fisher). PCR was performed with 

the following conditions: denaturation at 95C for 1min followed by 35 cycles of denaturation at 

95C for 30s, annealing at 50-62C for 30s and elongation at 72C for 30s. The PCR products 

were then denatured at 95C for 5min and separated by gel electrophoresis using either MDE® 

Gel Solution polyacrylamide-like matrix (8ml MDE gel solution, 1xTBE added to a total weight 

of 35g, 14 µl TEMED, 120 µl 10% Ammonium persulfate) or an acrylamide gel (for a 

20x20x0.1cm gel: 8ml 40% acrylamide/bis (37.5:1), 4ml 10xTBE, 2.8ml 100% Glycerol, 40µl 

TEMED, 400µl 10% Ammonium persulfate, 24.8ml dH2O). For running the gels, 9 µl of loading 

buffer (100ml 99% formamide, 100mg bromophenol blue, 2000µl 0.5M EDTA pH8.0) was 

added to the 7 µl PCR reaction. Then, 2.5 µl was loaded from each sample into a separate well 
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and run on either an MDE based gel (~5 hours, 1000V, 4C) or on an acrylamide/bis based gel 

(~16 hours, 7 amps, 4C). Gels were scanned using an FMBIO III scanner (MiraiBio). 

Genetic mapping of NPY receptors 

Genotypes derived from the SSCP analyses were integrated into existing data for the 

mapping panels for the two rainbow trout and two Arctic charr families and analyzed using the 

LINKMFEX software package (v2.4; LINKMFEX, LINKGRP, MinRecLoc, GENOVECT-

batch, MAPDIS-V) (Danzmann, 2005) to assign the NPY receptors to the rainbow trout and 

Arctic charr genetic maps. Linkage assignment was based on a minimum logarithm of odds 

(LOD) score of 4.0. MapChart (v2.2) was used to visualize the genetic linkage maps (Voorrips, 

2002). 

Phylogenetic and Sequence analysis 

Receptor sequences obtained were identified by comparison with Ensembl teleost 

genomes using BLASTN (thresholds: E-value < e
-50

, percent identity > 70%) and distant 

homologies settings (parameters: E = 10, B = 100, filter = dust, RepeatMasker = on, W = 9, M = 

1, N = -1, Q = 2, R = 1). The Ensembl BLAST/BLAT tool uses the WU-BLAST command-line 

syntax and descriptions of the parameters can be found in Bedell et al. (2003). For a single 

BLASTN analysis, there were often multiple hits corresponding to different NPY receptors and 

thus other techniques such as the genetic mapping, phylogenetic analysis and multi-species NPY 

receptor alignment used in this study were used to further confirm identities. Sequence 

alignments were performed with protein sequences using clustalW in MEGA 5.05 (Tamura et 

al., 2011) followed by manual refinement. Settings for clustalW used were: pairwise alignment 

gap opening penalty 35, pairwise alignment gap extension penalty 0.75, multiple alignment gap 

opening penalty 15, multiple alignment gap extension penalty 0.3, Gonnet protein weight matrix, 
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and residue-specific and hydrophilic penalties on. The N-terminal and C-terminal tails were 

removed from aligned protein sequences due to their high variability. Tree construction was 

performed using MrBayes (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). 

The outgroup used for tree construction was the zebrafish tachykinin receptor 1 (TACR1). The 

tachykinin receptors are also members of the class A9 rhodopsin-like receptors and show a close 

phylogenetic relationship to the neuropeptide Y receptors (Joost and Methner, 2002). The 

alignment of NPY receptors used for the phylogenetic tree can be found in Appendix 3. The 

analysis was run for 500 000 generations with 4 simultaneous chains and a temperature of 0.2. A 

sample frequency of 100 was used and resulted in 5000 trees. MrBayes allows for an estimation 

of fixed rate amino-acid models during the Markov chain Monte Carlo procedure and the 

resulting model chosen from this run was the Jones model (Jones et al., 1994), a common 

mutation data matrix for transmembrane proteins. Trace files for the MrBayes analysis were 

imported into Tracer (v1.5) (Rambaut and Drummond, 2007) to aid in selecting a suitable 

burnin. No problems of convergence were observed and a burnin of 500 was used resulting in 

4500 trees used to create the consensus tree. The resulting consensus tree was visualized and 

edited using MEGA 4.0 (Tamura et al., 2007).  

 

Tests for positive selection on receptor subtypes were performed in MEGA 5.05 using the 

codon-based Z-test. The entire subset of zebrafish tachykinin receptors (Table 2) were used as a 

comparison group. The tests were done using a modified Nei-Gojobori method with a Jukes-

Cantor correction as an overall transition/transversion bias of R = 0.86 was observed. The Jukes-

Cantor correction allows for p-distances that are computed by the modified Nei-Gojobori method 

to be corrected to account for multiple substitutions at the same site which occurs frequently in 
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highly divergent sequences. Calculations of synonymous substitution rates and nonsynonymous 

substitution rates were also performed with the above criteria. Tests for positive selection were 

performed on five subsets of the sequences: the complete sequences, the TMD regions, the loops 

regions, just the intracellular regions and just the extracellular regions. This was done to asses 

trends in selection at multiple levels as the various sections of the sequences would be exposed to 

different selective pressures. Estimates for selection on each codon were performed on the Y1, 

Y2 and Y5 subfamilies separately to detect potential important binding locations. This was done 

using the MEGA 5.05 third party program HyPhy using the Hasegawa-Kishino-Yano 

substitution model. 
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RESULTS 

 Of the seven NPY receptor subtypes predicted to be in the salmonid genome (Y1, Y2, 

Y2-2, Y4, Y7, Y8a, Y8b), four were detected (Y2, Y7, Y8a and Y8b) in both rainbow trout and 

Arctic charr. In both species, only single copies of the Y2, Y7 and Y8b receptors were detected 

in accordance with previous studies in rainbow trout (Larson et al., 2003, Larsson et al., 2006), 

while a tandem duplication of Y8a was detected. Evidence for a tandem duplication of Y8a is 

based on the first intron, located in the first ECL coding region in both rainbow trout and Arctic 

charr. The Y8a tandem duplicates identified in this study will be referred to as Y8a-1 and Y8a-2 

henceforth. 

Sequence data 

 The goal for sequencing was to obtain the coding sequence from the beginning of the first 

to the end of the seventh TMD. This was achieved for Y2, Y7 and Y8b in Arctic charr and Y8b 

in Arctic charr and rainbow trout. Both the Y2 and Y7 sequences were already available for 

rainbow trout. Due to difficulties with repetitive elements in Y8a introns, portions of the Y8a-1 

coding sequencing at the end of 7th TMD in both salmonids (9bp in rainbow trout and 62bp in 

Arctic charr) and a portion of the end of the 5th TMD and beginning of 3rd ICL in Arctic charr 

(105bp) could not be sequenced. For Y8a-2, I was only able to sequence the first intron and a 

small portion of the flanking regions in both species. Due to limited options for locating primers 

within the intron, further sequencing of Y8a-2 was obstructed. 

 

The Y8a-1 tandem duplicate was observed to have four introns in the region sequenced. 

The first three introns, located in ECLs 1 (intron length: RT-128bp, AC-133bp) and 2 (RT-84bp, 
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AC-100bp) and ICL 3 (RT-379bp), show homologous positions to introns found in the Japanese 

pufferfish (Takifugu rubripes), spotted green pufferfish (Tetraodon nigroviridis), medaka 

(Oryzias latipes), and stickleback (Gasterosteus aculeatus) . The fourth intron, located near the 

end of the seventh TMD, is a novel salmonid-specific intron in the Y8a gene. The precise length 

of introns for which no lengths are given are unknown due to repetitive elements hindering direct 

sequencing. The sequences for the homologous intron in Y8a-1 and Y8a-2 show different sizes, 

in Y8a-1 it is 128bp and 133bp in rainbow trout and Arctic charr, respectively while in Y8a-2 it 

is slightly larger at 153bp and 154bp, respectively. While a large portion of the sequence is 

relatively conserved between species and duplicates, the differences in size between duplicates is 

largely due to a non-repetitive element in Y8a-2 that is conserved across species but not across 

receptors. Receptor sequences obtained in this study can be found in Appendix 1 and 2. 

Genetic mapping 

 In rainbow trout, NPY receptors mapped to predicted locations as identified by 

comparative genomics with zebrafish. In Arctic charr, only Y2 and Y8a-1/Y8a-2 were mapped 

successfully. Y2 mapped to RT-14/AC-34 (Figure 3), Y7 to RT3 (Figure 4), Y8a-1/Y8a-2 to 

RT1/AC-28 (Figure 5), and Y8b to RT-19 (Figure 6). Assignments to ancestral linkage groups 

were difficult to ascertain when linkage assignments were obtained from male mapping data 

because of the greatly reduced levels of recombination in males. As well, the Arctic charr genetic 

mapping panels in this study have a lower number of markers compared to the rainbow trout 

mapping panels resulting in decreased resolution in the mapping locations of Y2 and Y8a in 

Arctic charr. The location of Y2 in rainbow trout and Arctic charr is supported by numerous 

homologous markers between species but for Y8a there are no known homologies between RT-1 

and AC-28. I was not able to map the Y7 and Y8b receptors in Arctic charr due to an inability to 
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detect polymorphisms suitable for genetic mapping using SSCP. In other words, both mapping 

parents appeared homozygous for these regions in the mapping families used. 

Phylogenetic analysis 

 The identity of salmonid NPY receptor sequences obtained was further confirmed by the 

Bayesian phylogenetic tree (Figure 7). The majority of the nodes within the tree show very 

strong support based on posterior probabilities. Of most importance to this study, NPY receptors 

of the same subtype in rainbow trout and Arctic charr grouped together. As well, each receptor 

subtype shows monophyly of the teleost receptors. However, there is one case of inconsistency 

in which the Y8b subtype is paraphyletic relative to Y8a as the zebrafish Y8b receptor is the 

sister taxon to all other teleost Y8b and Y8a receptors rather than forming a monophyletic group 

with the other Y8b receptors. With that in mind, the three subfamilies and remaining subtypes 

(including the Y8 subtype as a whole) show strongly supported monophyly. 

Sequence analysis 

 The codon based z-tests generated a total of 3403 possible pairwise comparisons from the 

83 available sequences. Summary results from the five analyses (complete sequences, 

transmembrane regions only, all cellular loops, intracellular loops only and extracellular loops 

only) are shown in Table 3 while comparisons showing significance for positive selection are 

shown in Table 4. The discrepancies in possible versus actual comparisons is due to sequences 

being too divergent and if there was a >75% difference for either nucleotides, synonymous or 

nonsynonymous sites then the z-stat for any such pairwise combination was not calculated. The 

majority of these failed comparisons arise from intra-Y1 subfamily comparisons in which the 

receptors are too similar, and from comparisons of Y5 receptors with other receptor types which 

are too divergent. 
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For the complete sequences and cellular loop analyses, all of the significant comparisons 

identified are between receptors from the Y1 subfamily and either receptors from the Y2 

subfamily or zebrafish tachykinin receptors (Table 4). The seven significant comparisons 

identified using complete sequences all involve the Y8b receptors from fugu and tetraodon 

compared with Y2 receptors or the zebrafish TACR3-3. From these seven, five are also 

significant in the cellular loop analysis (Tru Y8b vs Tni Y2 and Tni Y8b vs Ola Y2-2) indicating 

that the positive selection detected on complete sequences is primarily due to the influence of the 

cellular loops. Overall, trends from the complete sequence and cellular loops analyses show that 

mammalian Y4 receptors and teleost and elephant shark Y8 receptors show positive selection 

when compared with teleost, elephant shark, and lamprey Y2 and Y7 receptors. Teleost Y8 

receptors also showed positive selection when compared against zebrafish tachykinin receptors. 

From the Y1 receptors, only the mouse Y1 receptor showed significant positive selection over 

the tetraodon receptor. The analysis on the transmembrane domains shows no evidence for 

positive selection. 

 

When comparing the intracellular and extracellular loops separately, 27 and 29 

comparisons showed evidence for positive selection, respectively (Table 4). However, none of 

these 56 significant comparisons are the same between these two analyses or when compared 

with the significant comparisons from the complete sequence or cellular loop analyses. Both of 

the analyses show significant comparisons between receptors from the Y1 subfamily compared 

to receptors from the Y1, Y2 and Y5 subfamilies and from Y2 subfamily receptors compared to 

receptors from the Y2 and Y5 subfamilies. The intracellular loop analysis shows more significant 

positive selection in comparisons with receptors from different subfamilies, with the most 



27 
 

 
 

comparisons between the Y1 and Y2 subfamilies similar to the complete and cellular loop 

analyses. The extracellular loop analysis shows more significant comparisons between receptors 

within the Y1 subfamily or from within the Y2 subfamily. 

 

Comparisons of dn vs ds values for the five analyses show two major patterns (Figure 8). 

For the complete, transmembrane and cellular loops analyses (Figure 8A-C) there is a separation 

between the intra-subfamily and inter-subfamily pairwise comparisons with inter-subfamily 

comparisons showing higher dn values. This pattern is not evident when examining just the 

extracellular and intracellular loops separately (Figure 6D-E) as there are no apparent patterns. 

Many of the comparisons show strong purifying selection as is evident in the dn vs ds 

comparisons where the majority of points fall far to the right of the 1:1 line. This is especially so 

for the transmembrane domain analysis (Figure 8B) where there were no pairwise comparisons 

showing significance for positive selection. Looking at a comparison of dn/ds ratios for pairwise 

comparisons of the intra and extracellular loops (Figure 9), there appears to be a slight bias 

towards higher dn/ds ratios in the extracellular loops indicating a higher rate of amino acid 

change in this area of the sequences, and the slope of the line is significantly different from 1 (t-

test: t = -15.97, p << 0.001).  

 

Estimates for selection on each codon for each subfamily are shown in Figure 10. 

Although none of the codons showed evidence for positive selection in the three subfamilies, the 

results do highlight a number of areas that show an increased rate of nonsynonymous 

substitutions relative to synonymous substitutions. In the Y1 and Y2 subfamilies the fourth 
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transmembrane domain, the third intracellular loop and the second and third extracellular loops 

show higher abundances of sites with increased nonsynonymous to synonymous substitution 

rate. In the Y5 subfamily, the extended intracellular loop 3 shows a large number of variable 

sites but there are quite a few variable sites throughout. This is likely due to using a lower 

number of sequences for the Y5 subfamily analysis (42, 24, and 8 sequences used for the Y1, Y2 

and Y5 subfamilies respectively). 

DISCUSSION 

 Four of the seven receptor subtypes predicted to be in the salmonid genome were 

detected: single copies of the Y2, Y7 and Y8b receptors and a tandem duplicated Y8a receptor. 

As in zebrafish, Y2, Y7 and Y8b receptors lack introns in salmonids, whereas a number of other 

teleost model species have introns in these receptors. The four introns in the Y8a-1 receptor in 

rainbow trout and Arctic charr made it difficult to detect and sequence completely due to a 

number of repetitive elements within the introns. The existence of these introns may explain why 

previous attempts to find NPY receptors in rainbow trout were unable to identify a Y8a receptor 

as previous studies relied on intronless zebrafish sequences as a guideline. Other model teleosts 

such as medaka, stickleback and fugu have three to eight introns in the Y8a coding sequence, of 

which three intron locations are homologous. These three introns also show homology to the first 

three of four introns in the salmonid Y8a-1 sequence indicating that these introns originated prior 

to the divergence of the salmonids. Assuming no intron loss, the Y8a-2 tandem duplicate should 

also have these three introns in homologous regions, and the first intron has already been 

confirmed. 
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The existence of a tandemly duplicated Y8a receptor in the salmonid genome was 

unexpected but suggests an alteration to the NPY receptor repertoire in salmonids compared to 

that found in other teleosts. Conversely, the Y8a-1 sequence does not show a large divergence 

from teleost Y8a receptors in the Bayesian tree indicating that there is not a large divergence of 

the rainbow trout or Arctic charr sequence from the other teleost sequences. However, a definite 

conclusion cannot be made as to the state of either duplicate in terms of sequence identity and by 

extension their functional relatedness until more of the coding sequence of the Y8a-2 receptor is 

available. Nevertheless, the evolutionary relationship between the duplicates can be narrowed 

down to a number of possibilities. The Y8a-1 and Y8a-2 sequences could be highly conserved, 

which frequently occurs with tightly linked tandem duplicates due to co-expression (Quijano et 

al., 2008). The sequences could instead be divergent, suggesting a division of function between 

the duplicates. Thirdly, one copy could maintain the original functions of Y8a allowing the other 

to mutate freely leading to neofunctionalization. Finally, the Y8a-2 sequence could be a still-

detectable pseudogene. 

 

The Y1 and Y4 receptors were not detected in rainbow trout and Arctic charr even 

though they exist in other teleosts. The lack of detection of the Y1 receptor may be explained by 

its loss in the teleost lineage prior to the 4R WGD in the salmonid ancestor. The salmonid 

lineage diverged sometime between the divergence of the zebrafish lineage (which has Y1) and 

the rest of the model teleost lineages (which lack Y1). The lack of a Y4 receptor in salmonids 

was unexpected as this receptor is seen in all teleosts and in fact all gnathostomes examined thus 

far, and may be explained by overlapping functions with other receptor subtypes found in 

teleosts. The Y4 receptor in mammals has a very distinctive role in feeding inhibition and has 
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distinct specificity to the mammalian pancreatic peptide (PP) (Batterham et al., 2003), separating 

it from other NPY receptors. This is not the case in teleosts. The high divergence of the tetrapod 

Y4 compared to teleost Y4 as observed in the Bayesian tree and comparisons of expression 

patterns in humans and fugu suggest a large functional divergence of Y4 in these different 

lineages (Larhammar and Salaneck, 2005). When comparing humans and fugu, the primary 

difference is higher expression in the human stomach and ileum (Bard et al., 1995) compared to 

higher expression in fugu kidney and liver (Larsson et al., 2008). Conversely, the fugu Y2, Y7 

and Y8b receptors show high expression in the intestines (Larsson et al., 2008) and thus these 

receptors could potentially perform the equivalent of a mammalian Y4-like appetite inhibition 

function. As for the loss of Y4 in salmonids, in order for a subtype to have been lost it would 

most likely have had to share its functions with another receptor subtype. An examination of 

numerous expression profiles for NPY receptors indicates that most tissues show high expression 

of multiple subtypes alluding to functional overlaps between them (Bard et al., 1995; Larsson et 

al.,2008; Larsson et al., 2009). As an example, the kidney in fugu shows high expression of both 

Y4 and Y8b (Larsson et al., 2008). Thus, depending on the functional divergence of the Y4 and 

Y8 receptors in teleosts, the loss of Y4 in salmonids may not have necessarily resulted in any 

losses of function related to the kidney. For example, the Y8b receptor could potentially perform 

the functions performed by Y4 in other teleosts. It is still possible that the Y4 receptor does exist 

in the salmonid genome. However, due to the lack of evidence from this study and previous 

studies in rainbow trout (Larson et al., 2003; Larsson et al., 2006) and introns being present in 

medaka, stickleback, and pufferfish Y4 sequences, any Y4 receptor present would most likely 

have introns present. 
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Genetic mapping 

The mapping of NPY receptors in rainbow trout was very effective with the Y2, Y7, Y8a 

and Y8b receptors mapping to predicted locations with strong homology between male and 

female parents. Unfortunately, low marker density and thus fewer known homologies with 

rainbow trout and zebrafish precluded the genetic mapping of the NPY receptors in Arctic charr. 

As well, difficulties in detecting polymorphisms only allowed mapping of the Y2 and Y8a 

receptors in charr. BLAST comparisons of markers from Timusk et al. (2011) on the AC-28 

linkage group from the AC2 female, where the Y8a receptor is located, show homologies to a 

number of different RT linkage groups while the Lot44 RT-1 linkage group shows numerous 

homologies to AC-5 (Table 5). One marker on the AC-28f linkage group (Omi34TUF) from 

family AC2 does have homology with a marker mapped to Lot25 RT-1 (Omi34TUF) indicating 

a possible syntenic relationship between AC-28 and RT-1. An increase in marker density around 

this locus could confirm this. The rainbow trout linkage groups where Y7 and Y8b were assigned 

show a number of homologies to Arctic charr linkage groups (Table 6) which could aid in 

predicting the locations of these two receptors for future attempts. As a whole, the genetic 

mapping was successful and the use of comparative genomics between salmonids and zebrafish 

for predicting NPY receptor locations was accurate and well justified. As well, the locations of 

the NPY receptors in rainbow trout support the evolutionary origin of these receptors to the 

reconstructed ancestral vertebrate C grouping (Nakatani et al., 2007) and the duplicated Y8 

receptors Y8a and Y8b to the ancestral teleost I grouping Kasahara et al. (2007). 

Phylogenetic analysis 

The Bayesian tree shows strong support for the model of NPY receptor evolution as 

described by Larhammar and Salaneck (2005). The tree supports the idea that the Y1, Y2 and Y5 
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subfamilies diverged initially followed by divergence of receptor subtypes within each 

subfamily. The relationships within the Y1 subfamily are clear with the Y1/Y6 and the Y4/Y8 

receptors being separate monophyletic clades indicating that Y4 and Y8 are most closely related 

to each other as are Y1 and Y6. The consistent placement of the Arctic charr and rainbow trout 

sequences with the other teleost sequences the phylogeny combined with the genetic mapping 

confirm the identities of each receptor subtype detected. 

 

One important feature observed in the Bayesian tree (Figure 7) is the simultaneous 

monophyly of all seven ancestral receptor subtypes which has not been observed in NPY 

receptor phylogenies before. A recent study of NPY receptors in the Western clawed frog 

(Silurana tropicalis) (Sundstrom et al., 2012) had difficulty in resolving the phylogenetic 

relationships of the NPY receptors with respect to the hypothesized model of their divergence 

from one another. One of the more difficult areas to resolve fully is the Y2 subfamily as 

illustrated in a recent study by Fӓllmar et al., (2011). Their study either nested the Y7 receptors 

within the Y2 receptors as in their neighbour joining phylogeny, or vice versa in their maximum 

likelihood phylogeny. In my study, both Y2 and Y7 receptors show monophyly with strong 

support (posterior probability (pp) = 100). As well, the Bayesian tree shows high pp for all but 

two nodes within the Y2 subfamily; the divergence of the tetrapod and teleost Y2 receptors (pp = 

69) and the divergence of the zebrafish Y2-2 receptors from other teleost Y2 receptors (pp = 58). 

The recent study of Fӓllmar et al., (2011) shows similar problems with the tetrapod Y2 

sequences associating with the Y7 sequences in a neighbour-joining (NJ) phylogeny. As well, 

there is poor support for the position of Y2-2 sequences in their maximum likelihood (ML) tree. 

One issue with their study is that they used the full protein sequences, including the highly 
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variable intra and extracellular terminal tails. Such regions would be more suited to determining 

relationships among closely related species but may confound relationships among more 

distantly related taxa due to higher substitution rates that may generate homoplasies (Goldman 

1998). It is difficult to say what would have caused the lower posterior probability at the node 

showing the divergence of the tetrapod and teleost lineages in this study but the inclusion of 

more diverse array of sequences from birds, amphibians or reptiles could further aid in 

supporting the tetrapod Y2 receptors as a monophyletic group. The Y2-2 receptor in zebrafish 

and medaka are known to lie in syntenic regions (Fӓllmar et al., 2011) possibly suggesting that 

the Y2-2 sequences from zebrafish and medaka should be monophyletic which is not the case in 

the Bayesian tree. The inclusion of other Y2-2 from other species, if they exist, could help to 

resolve this area of the phylogeny once they become available.  

 

One other oddity in the Bayesian tree is the position of the zebrafish Y8b to the Y8a and 

Y8b teleost receptors. The support for its position is very strong however, indicating that the 

zebrafish Y8b receptor may have had a slower rate of evolution following the teleost 3R WGD. 

The identification and inclusion of additional Y8 sequences would be beneficial in affirming the 

position of the zebrafish Y8b receptor but only partial sequences of Y8 from other species were 

available during tree construction (silver arowana, Atlantic herring and Bowfin) (Salaneck et al., 

2008). Although there are a few minor idiosyncrasies in the phylogenetic tree, the use of 

Bayesian phylogenetics resulted in a tree that reflected the evolutionary history of the NPY 

receptors very well. 
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Sequence analysis 

 Both orthologous and paralogous NPY receptor sequence data was used in my study in an 

attempt to combine the evolutionary history of the NPY receptors with previous information on 

these receptors and other GPCRs. Essentially, orthologs and paralogs have undergone a long 

evolutionary process which leaves a signature of conservation and variability related to protein 

structure and function (Coster et al., 2012). By comparing these patterns between NPY receptors 

with known peptide-receptor interactions in the NPY network, we can extend our knowledge to 

less well studied receptor subtypes such as non-mammalian receptors including the Y7 and Y8 

receptors (and teleost duplicates). As well, it may be possible to explain the patterns of receptor 

gain and loss observed in the NPY receptor family's evolution in relation to duplication events 

and as to why there is such a large discrepancy in receptor repertoires between mammals and 

fishes. 

The codon based z-tests for positive selection highlight a number of important patterns of 

NPY receptor evolution. The pairwise comparisons show that positive selection can be detected 

at the full sequence level but that the majority of nonsynonymous substitutions stem from the 

intracellular and extracellular loops. However, these tests show little consensus as significant 

positive selection was detected between each subfamily and within each subfamily with the 

exception of the Y5 subfamily. The transmembrane domain regions show strong purifying 

selection which is consistent with high structural constraints on the sequence, as would be 

expected from hydrophobic α-helices. The extracellular loops show slight but significantly 

higher rates of dn/ds ratios across all sequences compared to the intracellular loops indicating 

these areas have the most evolutionary potential and highest rate of sequence divergence at the 

amino acid level. However, it has been noted that the carboxyl terminus, intracellular loop 3 and 
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amino terminus are the most variable structures between GPCRs on a more detailed level 

(Kobilka 2007). 

 

The HyPhy estimates for selection on each codon can further elucidate underlying 

evolutionary patterns related to the structural properties of the NPY receptors. Although there are 

no codons that show significant positive selection, the analyses do highlight areas of increased 

nonsynonymous substitutions relative to synonymous substitutions indicating higher rates of 

evolution. These highlighted areas are less structurally constrained and are important in 

representing the different responses of different receptor subtypes to different signalling 

peptides. Areas that are not highlighted from these analyses would inversely suggest a limitation 

to the allowable sequence variation which can mainly be attributed to structural constraints. 

 

Examination of the HyPhy analyses for the Y1 and Y2 subfamilies shows a large 

structural overlap between the two subfamilies that demonstrates a conservation of protein 

structure despite the divergence in sequences. For instance, the fourth TMD, third ICL, and 2nd 

and 3rd ECLs were found to have increased sequence variation in both subfamilies. The 

extracellular loops of the NPY receptors have long been known to be essential for ligand binding 

(Walker et al., 1994) but the NPY signalling system is distinct in that highly conserved peptides 

bind to very divergent receptors (Akerber et al., 2010). Thus, the variation seen in ECL2 and 

ECL3 across species and receptor subtypes is not due to the binding of divergent signalling 

peptides but more so represents the binding affinities of the various receptor subtypes to multiple 

peptides. On the other hand, the high variability seen in the third ICL is easily explained by its 
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multifunctionality, including β-arrestin binding and receptor internalization (Peverelli et al. 

2008). β-arrestin is involved in both the blocking and termination of G-protein activation as well 

as acting to initiate an alternate signal transduction pathway (Luttrell and Lefkowitz, 2002). 

Also, properties of the third ICL have been shown to be important for stabilizing the Y2 receptor 

in the inactive state and has other important structural properties for interacting with proteins that 

regulate NPY receptor activity (Chee et al. 2008). The similarities of the Y1 and Y2 subfamilies 

in regards to binding mechanisms has been previously noted through the use of site directed 

mutagenesis studies. Similar binding patterns were observed between the human Y1 and Y2 

receptors (Akerber et al., 2010) and the human Y1 and Y4 receptors despite the specialization of 

Y4 in mammals to interact with the tetrapod pancreatic peptide (PP) (Lindner et al. 2008).  

 

In comparison to the Y1 and Y2 subfamilies, the Y5 subfamily shows the greatest 

divergence in its structure and binding mechanism which may limit duplicability of this subtype. 

Interestingly, the Bayesian phylogeny indicates that the Y5 subfamily is more closely related to 

the Y1 subfamily at the sequence level than the Y2 subfamily. However, the HyPhy analyses 

show that the Y1 and Y2 subfamilies have more structural overlap in terms of conserved and 

variable regions indicating that the Y5 subfamily structure is divergent from the ancestral 

Y1/Y2-like state. The Y5 receptor also has an extended ICL3 compared to the relatively 

conserved length seen in the Y1 and Y2 subfamilies which causes slower internalization of the 

receptor following binding (Bohme et al., 2008). These features demonstrate the uniqueness of 

the Y5 receptors relative to their counterparts. The distinctiveness of the Y5 receptor has been 

observed in human NPY receptors where NPY was found to bind to the hY1 and hY5 receptor in 

an altered manner (Lindner et al. 2008). In particular, it was noted that there is a weak interaction 
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of the N-terminal tail of hY5 with NPY whereas in hY1 and hY2 the N-terminal tail is only 

important for membrane integration and stabilization of the first transmembrane domain 

(Lindner et al., 2009). Other GPCR families that use N-terminal binding have been noted in 

being limited in their complexity of activation (Lagerstrom and Schioth, 2008). This use of the 

N-terminal tail during binding and the extended ICL3 of Y5 may be the factors limiting the 

duplicability of this subtype. Furthermore, the loss of the structurally unique Y5 in teleosts is 

likely due to overlapping functions with the Y1 subfamily and in particular the Y8a and Y8b 

receptors from the teleost WGD which also had a role in the loss of Y1 and Y6 receptors in this 

lineage (Salaneck et al., 2008). 

 

The patterns of sequence evolution identified in my study in regards to the Y1, Y2 and 

Y5 subfamilies correspond with numerous studies done on NPY receptors and other GPCRs to 

identify modes of binding and activation. For instance, studies of olfactory receptors, one of the 

more numerous and variable groups of GPCRs, show high sequence conservation at the 

beginning of TM2, the end of TM3, and the end of TM7 (Lagerstrom and Schioth, 2008). All of 

these areas show very little to no evidence of positive selection from the HyPhy estimates 

suggesting that there are similar structural constraints on the NPY receptors. There are 

considered to be three intramolecular activation pathways that conduct the external signal to the 

internal activation of G-proteins via structural changes in the receptors: the TM3/TM5, the TM6 

and the TM2/TM7 pathways (Deupi et al 2012). The HyPhy analyses for each NPY receptor 

subfamily show higher conservation of these areas compared with TM1 and TM4 suggesting that 

these three pathways may all be of importance during ligand binding in NPY receptors. Deupi et 

al. (2012) suggest that full agonists could trigger all of the pathways but partial agonists might 
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preferentially activate a subset of the pathways. As the actual NPY and related peptides are quite 

small it seems reasonable that the peptides could only activate a subset of these pathways at any 

one time. Interestingly, all of the NPY receptors investigated thus far are known to respond to 

multiple NPY family peptides to at least some degree indicating the possibility that different 

peptides could activate different intramolecular pathways, thus resulting in different cellular 

responses similar to that seen in the Beta-2 adrenergic receptor (β2AR) receptor (Kobilka 2007). 

Such a paradigm could explain how the binding of different ligands could correspond to the 

multifunctionality of the NPY receptors especially when we see the extreme conservation of the 

peptide sequences compared to the very divergent receptors (Akerber et al., 2010).  

 

The repertoire of NPY receptors observed in the salmonids studied here was unexpected, 

but these results coincide with broader patterns of evolution observed in this system. As an 

example, the examination of the receptor repertoire in terms of subfamilies suggests that they 

demonstrate a different sensitivity to duplication (and loss). For instance, the Y2 subfamily 

shows a consistent number of receptors across duplication events with the Y2 receptor being 

present in all species examined thus far, and only mammals seem to lack the Y7 receptor. As 

observed here, both a single copy of Y2 and Y7 are present in rainbow trout and Arctic charr, 

reaffirming the stability of the Y2 subfamily in regards to duplication. Conversely, the Y1 

subfamily shows the highest volatility to duplication and loss. In rainbow trout and Arctic charr, 

the Y4 receptor has been lost and a tandem duplicate of Y8a was gained indicating a shift from 

the teleost paradigm. However, whether this change in salmonids is linked to the 4R WGD 

remains to be seen. For example Y4 could have been lost following the 4R-independent tandem 

duplication of Y8a. Nevertheless, a large alteration in the Y1 subfamily also occurred following 
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the teleost 3R WGD with the loss of Y1/ Y6 and the duplication of Y8, demonstrating that the 

duplication of the Y8 receptors can lead to the nonfunctionalization of other Y1-subfamily 

receptors. Thus, the resulting repertoire of NPY receptors in observed rainbow trout and Arctic 

can be explained in light of previous duplication events and the dynamics of each subfamily in 

regards to duplication. 

Conclusions and future directions 

In conclusion, the number of receptor subtypes present in rainbow trout and Arctic charr 

was lower than predicted with single copies of Y2, Y7, Y8b and a tandem duplication of Y8a 

being detected. Specifically, the Y1, zebrafish and medaka specific Y2-2 and the Y4 receptors 

were not detected. Most surprising was the lack of Y4. It is possible that the tandem duplication 

of the Y8a receptor is linked to the loss of the Y4 receptor. More complete sequencing of Y8a-1 

and Y8a-2 would aid in future expression profiles and binding assays to determine the extent to 

which Y8a-1 and Y8a-2 overlap in expression and functions. By comparing these results with 

information on the Y4 receptor in other teleosts, it could be determined if Y8a-1/2 had 

expressional and functional overlaps with the Y4 receptor and thus replaced it. There is still a 

possibility that the Y4 receptor does exist in the salmonid genome but if this is the case then the 

gene would most certainly have at least one intron present to explain why I was unable to detect 

it. 

 

Overall, the objective of my research to map and sequence the full NPY receptor 

repertoire in rainbow trout and Arctic charr was successful but more work needs to be done. This 

research was able to reconfirm the identification of single intronless copies of the Y2, Y7 and 
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Y8b receptors from two previous studies (Larson et al., 2003, Larsson et al., 2006) which did not 

consider the existence of introns in the NPY receptor sequences. As well, the use of genetic 

mapping allowed for the identification of the Y8a-1 and Y8a-2 tandem duplications which may 

have otherwise been missed. One of my objectives that was not realized was failure to map all of 

the detected receptors in Arctic charr, which was primarily due to the inability to detect any 

polymorphisms within the Y7 and Y8b sequences within the families used. My sequencing 

objective was to sequence from the beginning of the first to the end of the seventh 

transmembrane domain which was achieved for all but the Y8a-1/2 receptors which contain 

repetitive elements in essentially all of the introns in both rainbow trout and Arctic charr.  

 

In the future it would be worthwhile to examine other members of the salmonid lineage 

such as whitefish and ciscos (subfamily Coregoninae) or graylings (subfamily Thymallinae) to 

fully examine the Salmonidae family and pinpoint the origin of the Y8a tandem duplicates and 

if/when the Y1 and Y4 receptors were lost following the 4R WGD. It is of course essential to 

obtain the full sequence of all of the receptors and especially that of Y8a-2 of which only a short 

sequence was obtained. Further examination of species diverging between the zebrafish and 

salmonid lineage may help in identifying when the Y1 receptor was lost with greater resolution. 

Examples could include other members of the superorder Protacanthopterygii such as species 

from the orders Osmeriformes, Esociformes or Argentiniformes. 
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TABLES 

Table 1: Predicted linkage group locations of neuropeptide Y receptors in rainbow trout (Oncorhynchus mykiss) based on synteny blocks from 

zebrafish (Danio rerio) and medaka (Oryzias latipes) (Danzmann et al., 2008). Teleost ancestral linkage groups are based on the Kasahara et al. 

(2007) model. Gnathostome ancestral linkage groups are based from the Nakatani et al. (2007). Medaka items in red represent Ensembl 

predictions for chromosomal locations (uswest.ensembl.org). 

Receptor 

Zebrafish 

LG 

Subject 

start 

Medaka 

LG 

Subject 

start 

Teleost 

ancestral LG 

Gnathostome 

ancestral LG Marker 

Predicted 

RT LG 

Predicted map 

distance arm 

Y1 Dr1 20783962 Olat1? 23279305? F C1 OMM5017 RT14 70.8 p 

       OMM5168 RT20 18.1 q 

Y2 Dr1 24590115 ? Scaffold 

4814 

F C1 OMM5168 RT14 70.8 p 

      BX859491 RT20 18.1 q 

Y2-2 Dr1 9398835 Olat18 1140721 F C1 BX873975 RT14 79.3 p 

       CA372906 RT20 157.1 p 

Y4 Dr17 16005624 Olat15 23339949 D C0 GnRH-3A RT30 32.7  

     GH C2 OMM1315 RT11 52.6  

Y7 Dr14 17338669 Olat10 15279851 GH C2 Ssa0060BSFU RT3 48 q 

Y8a Dr10 40235378 Olat12 114046 I C1,C3,A0,H0 Omy1339INRA RT1 4.5  

Y8b Dr8 52572527 Olat9 20526675 I C1,C3,A0,H0 Bx863453 RT19 66.7 q 
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Table 2: Genbank accession and Ensembl IDs for neuropeptide Y receptors (NPYR) used in this study for 

primer design and subsequent evolutionary analyses. Sequences used for primer design have their 

sequence name underlined. 

Sequence 

Name 

Genbank 

Accession/Ensembl ID 

 

Description 

HsaY1 NM_000909 Homo sapiens neuropeptide Y receptor Y1 (NPY1R), mRNA. 

CfaY1 NM_001002930 Canis lupus familiaris neuropeptide Y receptor Y1 (NPY1R) 

SscY1 AF106081 Sus scrofa neuropeptide Y1 receptor (NPY1R) gene 

CpoY1 AF135061 Cavia porcellus neuropeptide Y receptor Y1 gene 

MmuY1 NM_010934 Mus musculus neuropeptide Y receptor Y1 (Npy1r) 

GgaY1 NM_001031535 Gallus gallus neuropeptide Y receptor Y1 (NPY1R) 

CmiY1 EU637847 Callorhinchus milii neuropeptide Y receptor Y1 

SacY1 AH012614 Squalus acanthias NPY receptor Y1 gene 

DreY1 EU046342 Danio rerio Npy1r protein (Npy1r) gene 

LflY1-like AAL66410 NPY receptor [Lampetra fluviatilis] 

MmuY6 NM_010935 Mus musculus neuropeptide Y receptor Y6 (Npy6r) 

OcuY6 D86521 Oryctolagus cuniculus mRNA for neuropeptide y/peptide YY 

Y6 receptor 

GgaY6 NM_001044687 Gallus gallus neuropeptide Y receptor Y6 (pseudogene) 

(NPY6R) 

LchY6 ABI94073 neuropeptide Y receptor Y6 [Latimeria chalumnae] 

SacY6 AY177271 Squalus acanthias NPY receptor Y6 gene 

CmiY6 EU637851 Callorhinchus milii neuropeptide Y receptor Y6  

HsaY4 NM_005972 Homo sapiens pancreatic polypeptide receptor 1 (PPYR1) 

SscY4 AB021678 Sus scrofa NPY Y4 mRNA for neuropeptide Y receptor type 4 

CpoY4 AF072822 Cavia porcellus pancreatic polypeptide receptor Y4 gene 

RnoY4 U84245 Rattus norvegicus Y4 receptor gene 

MmuY4 NM_008919 Mus musculus pancreatic polypeptide receptor 1 (Ppyr1) 

GgaY4 AF410853 Gallus gallus neuropeptide Y receptor 4 gene 

SacY4 AY177270 Squalus acanthias NPY receptor Y4 gene 

CmiY4 EU637849 Callorhinchus milii neuropeptide Y receptor Y4 

DreY4 AF037400 Danio rerio neuropeptide Y/peptide YY receptor Ya 

(NPYRYA) gene 

TruY4 EU104002 Takifugu rubripes Npy4r protein (Npy4r) gene 

TniY4 ENSTNIG00000016553 Tetraodon nigroviridis pancreatic polypeptide receptor 1 

OlaY4 ENSORLG0000000953

4 

Oryzias latipes pancreatic polypeptide receptor 1 

TniY8a ENSTNIG00000013601 Tetraodon rubripes novel gene [homology to Y8a] 

OlaY8a ENSORLG0000000027

3 

Oryzias latipes novel gene [homology to Y8a] 

TruY8a EU104004 Takifugu rubripes Npy8ar protein (Npy8ar) gene 

DreY8a NM_131437 Danio rerio neuropeptide Y receptor Y8a (npy8ar) 

GacY8b ENSGACG0000001243

6 

Gasterosteus aculeatus pancreatic polypeptide receptor 1 

OlaY8b ENSORLG0000001426

0 

Oryzias latipes novel gene [homology to Y8b] 
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TniY8b ENSTNIG00000011489 Tetraodon nigroviridis Chromosome 12 SCAF14692, whole 

genome shotgun sequence [homology to Y8b] 

DreY8b AF030245 Danio rerio neuropeptide Y /peptide YY receptor Yb gene 

TruY8b EU104005 Takifugu rubripes Npy8br protein (Npy8br) gene 

OmyY8b Larson et al., 2003 Oncorhynchus mykiss NPY8bR protein sequence 

CmiY8 EU637853 Callorhinchus milii neuropeptide Y receptor Y8 

DreY2 XP_001343301 PREDICTED: neuropeptide Y receptor type 2-like [Danio 

rerio] 

TruY2 EU104001 Takifugu rubripes Npy2r protein (Npy2r) gene 

SscY2 AF106082 Sus scrofa neuropeptide Y2 receptor (NPY2R) gene 

HsaY2 NM_000910 Homo sapiens neuropeptide Y receptor Y2 (NPY2R) 

RnoY2 NM_023968 Rattus norvegicus neuropeptide Y receptor Y2 (Npy2r) 

MmuY2 NM_008731 Mus musculus neuropeptide Y receptor Y2 (Npy2r) 

CpoY2 AF072821 Cavia porcellus neuropeptide Y receptor type 2 (NPY-Y2) 

gene 

GgaY2 NM_001031128  Gallus gallus neuropeptide Y receptor Y2 (NPY2R) 

OmyY2 DQ231509 Oncorhynchus mykiss neuropeptide Y receptor Y2 (NPY2R) 

gene 

OlaY2 GENSCAN0000007155

2 

scaffold4814 

TniY2 ENSTNIG00000007120 Tetraodon nigroviridis Chromosome 18 SCAF14485, whole 

genome shotgun sequence [homology to Y2] 

CmiY2 EU637848 Callorhinchus milii neuropeptide Y receptor Y2 

DreY2-2 ENSDARG0000008994

3 

Danio rerio neuropeptide Y receptor Y2-2  

OlaY2-2 ENSORLG0000000244

0 

Oryzias latipes neuropeptide Y receptor Y2-2 

LflY2-Y7-

like 

EU743622 Lampetra fluviatilis neuropeptide Y2/7 receptor gene 

GgaY7 NP_001032913 neuropeptide Y7 receptor [Gallus gallus] 

CmiY7 EU637852 Callorhinchus milii neuropeptide Y receptor Y7 

TruY7 NM_001105225  Takifugu rubripes neuropeptide Y receptor Y7 (npy7r) 

DreY7 AY585098 Danio rerio NPY receptor Y7 gene 

OmyY7 DQ231510 Oncorhynchus mykiss neuropeptide Y receptor Y7 (NPY7R) 

gene 

TniY7 ENSTNIG00000001581 Tetraodon nigroviridis novel gene [homology to Y7] 

OlaY7 ENSORLG0000000661

6 

Oryzias latipes novel gene [homology to Y7] 

GacY7 ENSGACT0000002427

3 

Gasterosteus aculeatus neuropeptide Y receptor Y2 

HsaY5 NM_006174 Homo sapiens neuropeptide Y receptor Y5 (NPY5R) 

CpoY5 AF363240 Cavia porcellus NPY receptor 5 gene 

CfaY5 NM_001003118 Canis lupus familiaris neuropeptide Y receptor Y5 (NPY5R) 

RnoY5 NM_012869 Rattus norvegicus neuropeptide Y receptor Y5 (Npy5r) 

MmuY5 NM_016708 Mus musculus neuropeptide Y receptor Y5 (Npy5r) 

SscY5 AF106083 Sus scrofa neuropeptide Y5 receptor (NPY5R) gene 

GgaY5 NM_001031130 Gallus gallus neuropeptide Y receptor Y5 (NPY5R) 

LchY5 ABI94072 neuropeptide Y receptor Y5 [Latimeria chalumnae] 
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CmiY5 EU637850 Callorhinchus milii neuropeptide Y receptor Y5 

Dre TACR1-

1 

ENSDARG0000003553

3 

Danio rerio tachykinin receptor 1 (1 of 2) 

Dre TACR1-

2 

ENSDARG0000001602

5 

Danio rerio tachykinin receptor 1 (2 of 2) 

Dre TACR2-

1 

ENSDART0000014212

9 

Danio rerio tachykinin receptor 2 transcript 1 

Dre TACR2-

2 

ENSDART0000011074

5 

Danio rerio tachykinin receptor 2 transcript 3 

Dre TACR3-

1 

ENSDARG0000000305

4 

Danio rerio tachykinin receptor 3 (1 of 3) 

Dre TACR3-

2 

ENSDARG0000007511

2 

Danio rerio tachykinin receptor 3 (2 of 3) 

Dre TACR3-

3 

ENSDARG0000004391

8 

Danio rerio tachykinin receptor 3 (3 of 3) 
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Table 3: Results of codon based z-tests for positive selection (dn > ds) for the five analyses (complete 

sequence, transmembrane regions, intra/extracellular loops, intracellular loops and extracellular loops) on 

the NPY receptors. There were a potential of 3403 comparisons between 83 sequences. 

 Number of comparisons 

Analysis Total p < 0.05 0.05 < p < 1 p = 1 

Complete sequence 3117 7 36 3074 

transmembrane domains 3045 0 10 3035 

intra/extracellular loops 2868 37 445 2386 

Intracellular loops 2720 27 581 2112 

Extracellular loops 2686 29 601 2056 
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Table 4: Significant results (p-value < 0.05) from pair wise tests for positive selection (dn > ds) on 

sequences of NPY receptors.  

Comparison Receptor 1 Receptor 2 

Complete 

Sequences 

Intra/ 

Extracellular 

Loop 

Intracellular 

loops 

Extracellular 

loops 

NPY receptors - 

tachykinin 

receptors 

Tni Y8b 
Dre TACR3-

3 
0.037 0.01   

Tru Y8b 
Dre TACR3-

3 
 0.028   

Sal Y8a 
Dre TACR1-

2 
 0.036   

 
Ola Y8a 

Dre TACR1-

2 
 0.047   

  
Omy Y8a 

Dre TACR1-

2 
 0.047   

Intra-Y1 

subfamily 
Sac Y4 Tru Y8b   0.004  

 Sac Y4 Omy Y8b   0.037  

 Ssc Y4 Dre Y8a    0.02 

 Cmi Y6 Dre Y8b    0.025 

 Cpo Y1 Dre Y8b    0.029 

 Dre Y8a Sal Y8a    0.036 

 Mmu Y4 Dre Y8a    0.036 

 Cmi Y6 Sal Y8a    0.037 

 Cpo Y4 Dre Y8a    0.037 

 Gga Y6 Cmi Y8    0.039 

 Cmi Y4 Tni Y8a    0.041 

 Cmi Y4 Cmi Y8    0.047 

  Gga Y4 Ola Y4    0.047 

Intra-Y2 

subfamily 
Tru Y2 Gga Y2   0.004  

 Hsa Y2 Ola Y7   0.019  

 Omy Y2 Dre Y7   0.025  

 Mmu Y2 Dre Y7   0.028  

 Cpo Y2 Omy Y2   0.034  

 Sal Y2 Ola Y7   0.041  

 Omy Y2 Ola Y2    0.038 

 Dre Y2 Dre Y2-2    0.042 

 Mmu Y2 Gga Y7    0.044 

 Cpo Y2 Gga Y7    0.044 

  Cmi Y2 Dre Y2-2    0.046 

Y1-Y2 

subfamilies 
Tni Y8b Tni Y2 0.004 0.009   

 Tru Y8b Tni Y2 0.013    

 Tni Y8b Lfl Y2 like 0.016 0.011   

 Tni Y8b Tru Y2 0.034 0.009   



55 
 

 
 

 Tru Y8b Lfl Y2 like 0.039 0.038   

 Tni Y8b Ola Y2-2 0.043    

 Cpo Y4 Tru Y7  0.01   

 Cpo Y4 Cmi Y7  0.012   

 Cpo Y4 Omy Y7  0.013   

 Cpo Y4 Tni Y7  0.013   

 Cpo Y4 Sal Y7  0.016   

 Tni Y8b Omy Y2  0.017   

 Tni Y8b Sal Y2  0.017   

 Ola Y8a Tru Y7  0.018   

 Rno Y4 Tru Y7  0.018   

 Tru Y8b Tru Y2  0.02   

 Mmu Y1 Tni Y2  0.022   

 Hsa Y4 Cmi Y7  0.023   

 Ola Y8a Sal Y7  0.024   

 Rno Y4 Tni Y7  0.024   

 Cpo Y4 Lfl Y2 like  0.027   

 Gac Y8b Cmi Y7  0.034   

 Cpo Y4 Omy Y2  0.035   

 Ola Y8a Omy Y7  0.036   

 Hsa Y4 Omy Y7  0.037   

 Cmi Y8 Tru Y2  0.039   

 Hsa Y4 Ola Y7  0.042   

 Rno Y4 Ola Y7  0.042   

 Cmi Y8 Sal Y7  0.043   

 Cpo Y4 Tni Y2  0.043   

 Tru Y8b Tru Y7  0.043   

 Cmi Y8 Omy Y7  0.044   

 Hsa Y4 Sal Y2  0.045   

 Hsa Y4 Omy Y2  0.047   

 Tru Y8a Ola Y2-2   0.004  

 Dre Y8b Sal Y7   0.005  

 Omy Y8b Sal Y7   0.007  

 Gga Y1 Cmi Y2   0.008  

 Cmi Y1 Omy Y7   0.018  

 Mmu Y1 Tni Y7   0.02  

 Dre Y4 Tni Y7   0.022  

 Gac Y8b Sal Y7   0.025  

 Sac Y4 Tni Y2   0.038  

 Sac Y4 Ola Y7   0.045  

 Cmi Y4 Tni Y7   0.048  

 Gga Y6 Ola Y2-2    0.018 

 Lfl Y1 like Gga Y2    0.04 

 Dre Y4 Ola Y7    0.043 

  Dre Y8b Hsa Y2    0.047 
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Y2-Y5 

subfamilies 
Gac Y7 Rno Y5   0.021  

 Dre Y2-2 Rno Y5   0.024  

 Mmu Y2 Mmu Y5   0.039  

 Ola Y7 Hsa Y5    0.001 

 Tru Y7 Hsa Y5    0.006 

 Omy Y7 Hsa Y5    0.022 

 Lfl Y2 like Cfa Y5    0.022 

Y1-Y5 

subfamilies 
Sal Y8a Cfa Y5   0.028  

 Cpo Y1 Ssc Y5   0.028  

 Omy Y8b Rno Y5   0.031  

 Dre Y8b Rno Y5   0.045  

 Gac Y8b Cfa Y5    0.01 

 Gga Y6 Cfa Y5    0.014 

 Dre Y1 Cfa Y5    0.015 

 Omy Y8a Cpo Y5    0.035 

  Ola Y8b Ssc Y5    0.037 
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Table 5: Blast comparisons of markers located on the Arctic charr AC2 female AC-28 linkage group and 

the rainbow trout Lot44 RT-1 linkage group (Timusk et al. 2011). 

Lot44 RT-1 

Markers 

Arctic Charr 

Homology  

AC2 AC-28 

Markers 

Rainbow Trout 

Homology 

CL16550 - BHMS331 RT-8 

Omy1339INRA AC-5 Omi34TUF RT-1 

BHMS221A - OM1825 - 

OmyFGT19TUF - TC174887-5 RT-9 

AY363677-4 AC-5 lysozymeA - 

CNE1102-996/ii AC-5 NPY8aR RT-1 

NPY8aR AC-28 OM1558 RT-8 

CNE1310-998/i AC-5 Ssa0033BSFU/i - 

Omy1294INRA - Ssa0033BSFU/ii - 

Omi208TUF - lysozymeB - 

BX076085 AC-5 OMM1307 RT-23 

OMM5136 - OMM1459 RT-23 

OMM5032 - OMM1579 RT-23 

OMM5295 AC-5 BHMS130 - 

ACA/CAA204 - ACG/CAT60 RT-14 

BHMS7.001 AC-5   

OmyY1-b -   

OMM1372 -   

AAG/CTG163 -   

TGFB1 -   

SEX AC-4   

OmyY1-s -   

OMM5031 -   

OmyRGT28TUF -   

AAC/CTG65 -     
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Table 6: Blast comparisons of rainbow trout markers on linkage groups RT-3 and RT-19 to Arctic charr 

linkage groups (Timusk et al. 2011). 

Rainbow Trout Linkage Group Marker Arctic Charr Linkage Group 

RT-3 BHMS429 AC-30 

 OMM1312 AC-6 

 Omy1102UW/i AC-8, AC-6 and 23 

 Omy26INRA/i AC-6 

 BHMS429 AC-6 

RT-19 OMM3095 AC-14 

 OMM5194 AC-39 

 OMM5289 AC-39 

 Omy4011INRA AC-39 

 Omy4106INRA AC-39 

 PACAP/ii AC-27 

 AAG/CAC271 AC-9 

 OMM5045 AC-39 

 OMM5236 AC-39 
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Figure 1: Protein structure of the zebrafish (Danio rerio) neuropeptide Y receptor Y1 depicted in 

a snake plot (A) and 3D ribbon protein structure model (B) (www.gpcr.org). The conserved D/E-

R-H/Y motif is circled and the conserved cysteines are marked with a ‘*’ in the snake plot. 
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Figure 2: Evolutionary history of the NPY receptor family. (A) Depicts the proposed historical 

duplication events and losses. (B) Depicts known receptors in the different lineages. The ‘*’ in 

the mammalian lineage indicates that Y6 has been differentially lost in mammals. The ‘#’ in the 

teleost lineage indicates that Y1 has been lost or has not yet been identified in some euteleost 

species (Larhammar and Salaneck, 2005).
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Figure 3: Linkage group assignment of NPY receptor Y2 in rainbow trout (Oncorhynchus mykiss) Lot25 male and female and Arctic 

charr (Salvelinus alpinus) AC2 female. The Y2 receptor is shown in red. Markers with known homology between displayed linkage 

groups are shown in green. Regions of the linkage groups showing multiple homologous markers are shaded identically. 
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Figure 4: Linkage group assignment of NPY receptor Y7 in rainbow trout (Oncorhynchus mykiss) Lot44 male. The Y7 receptor is 

shown in red.  
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Figure 5:. Linkage group assignment of NPY receptor Y8a in rainbow trout (Oncorhynchus mykiss) Lot 44 male and female and 

Arctic charr (Salvelinus alpinus) AC2 female. The Y8a receptor is shown in red. Markers with known homology between displayed 

linkage groups are shown in green. Regions of the linkage groups showing multiple homologous markers are shaded identically. 
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Figure 6: Linkage group assignment of NPY receptor Y8b in rainbow trout (Oncorhynchus mykiss) Lot44 male and female. The Y8b 

receptor is shown in red. Markers with known homology between displayed linkage groups are shown in green. Regions of the linkage 

groups showing multiple homologous markers are shaded identically. 
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Figure 7: Bayesian tree constructed in MrBayes 3.1.2 displaying the phylogenetic relationship 

between the NPY receptor genes. Salmonid genes identified in this study are highlighted in red. 

Brackets to the right indicate monophyletic clusters and lamprey (Lampetra fluviatilis) receptors. 

Hsa: Homo sapiens; Cfa: Canis lupus familiaris; Cmi: Callorhinchus milii; Cpo: Cavia 

porcellus; Dre: Danio rerio; Gac: Gasterosteus aculeatus; Gga: Gallus gallus; Lch: Latimeria 

chalumnae; Lfl: Lampetra fluviatilis; Mmu: Mus Musculus; Ocu: Oryctolagus cuniculus; Ola: 

Oryzias latipes; Omy: Oncorhynchus mykiss; Sal: Salvelinus alpinus; Rno: Rattus norvegicus; 

Sac: Squalus acanthias; Ssc: Sus scrofa; Tni: Tetraodon rubripes; Tru: Takifugu rubripes.  
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Figure 8: Plot of pairwise comparison maximum likelihood estimates of nonsynonymous (dn) vs 

synonymous (ds) substitutions rates for NPY receptors and zebrafish (Danio rerio) tachykinin 

receptors. Five analyses were done on different portions of the sequences: (A) complete 

sequences, (B) transmembrane domains, (C) all cellular loops, (D) intracellular loops, (E) 

extracellular loops. Blue shades represent intra-subfamily comparisons while green shades 

indicate inter-subfamily comparisons. Orange circles represent those comparisons which showed 

significant positive selection (p < 0.05). 
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Figure 9: Log normalized comparison of the neuropeptide Y receptors' intracellular loops and 

extracellular loops nonsynonymous to synonymous substitution rates (dn/ds ratios) calculated 

from the pairwise comparisons of 83 sequences. The solid line represents the linear regression 

line while the dash line shows the y=x line. 
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Figure 10: HyPhy estimates for selection on each codon for the neuropeptide Y receptors 

subfamilies. Values for each codon are reported as 1 - p-value. There were 42, 24, and 8 

sequences used for the Y1, Y2 and Y5 subfamilies respectively. Intracellular loop regions are 

highlighted in light grey, extracellular in dark grey and unshaded regions represent 

transmembrane domains. The grey dashed line indicates the point where the Y5 sequences could 

not be aligned with the remaining sequences. The Y5 sequence is on the left and the remaining 

sequences are on the right. 
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APPENDIX 

Appendix 1. Primers designed and used in this study for sequencing and single strand conformational polymorphism (SSCP) 

genotyping . A (*) indicates a primer from Larsson, et al. (2006).SSCP monomorphic indicates primer pair was monomorphic across 

all mapping panels. 

Receptor Primer number Forward Primer (5'-3') Reverse Primer (5'-3') status 

Mapping 

Family 

Y1 1 TCACCTTCATCTACACCTTYATGGAYCA  ACCTTGCCCCGGTAYTGYTCYTG  PCR fail  

 2 CAGCGGCGGAACaayatgatgga  GGTGGACATGGCCaccatrtcrta  PCR fail  

 3 CCCTCTGACCTTCATCttyathtgyta  TCCCGGATCCGCTCCATCATRTT  PCR fail  

 4 CTCCTGTTCGTGATCatggcngtngc TCACGGCGCCGaanacccartg PCR fail  

 5 GCAGCGGGAGCTGcayaaygtnac GGGAGATGCCCAGGcangcrtgrtt PCR fail  

 6 CCGAGTCCAAGCGGatgaayathat CTCCCGGGTGGACacdatyttrca PCR fail  

 7 CTGCTGGGCGTGathggnaayyt  CGGGGGTGCAGGatnarytgrtg  PCR fail  

 8 CAAGCTGAACTCCCTGgtncartgytg  GCAGCACCAGCATccngtngtrta  PCR fail  

 9 GCCTTCGCCGTGtgytggytncc  GCCCGCAGGTCCckytgraartt  PCR fail  

Y2  1 TGGATGCTGAAAGTCAAGTAAA* GACGGTGTGCAGAGTTTTGA SSCP polymorphic RT25 

 2 CAAAACTCTGCACACCGTCA GGACATCTTGGTCTCCAGGT SSCP polymorphic AC2 

 3 TGGAGACCAAGATGTCCAAG CGTGCAAACCTGAATGGACT SSCP monomorphic  

 4 CAGTCCATTCAGGTTTGCAC CTGGAAGGCGTGGAGAGG SSCP monomorphic  

 5 CCTCTCCACGCCTTCCAG TTAGTCGCTTTGAAATCTGTATCG* SSCP monomorphic  

Y2-2 1 CGGACCGTGACCAAyttyttyathg CGGTAGTTCCGGTTCAtccanccrtana Only Y2 product  

 2 CTGCGGACCGTGacnaayttytt  CCATGGTCACCarcatyttngt Only Y2 product  

Y4 1 GTGTAGACTGATGCTTTYRTNCARTG CACCAGAGGGCAGMARTAYTGRAA PCR fail  

 2 CACAATCATCTACACACTGATGGAYCAYTG GCCTGTGGCACCATAGGYTTCCANCC SSCP monomorphic  

 3 CGTGCACCCTACCGGNTGGAARCC ACCAGAGGGCAGCARTAYTGRAANA SSCP monomorphic  

 4 CAACATTCCTGCTGGTNTTYCARTAYT AGGGATCGCCTCGTGRTBCCARTC SSCP monomorphic  

 5 CTTCAACGTGGTGTTCGAYTGGVAYCA CTTCAACGTGGTGTTCGAYTGGVAYCA PCR fail  
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 6 GCCCTCCGCCCTnttygayatgc GTCCATCAGGGTGTACacnacngtraa PCR fail  

 7 GCTGAACTCCACCCTGacncayaayca GGACACGCACTGCacraanggcat PCR fail  

 8 GCCGCCTTCGCCgtntgytggyt TGTTCATGGTGGACATGggraartgytc PCR fail  

 9 GGGAGCGGATGCTGgarmgncartg GGAGGTCCGGGACacrtcngtrtt PCR fail  

 10 CGACGACCAGGCcayagwsncc TGCCGCTCCAGGgcdatraanac Y8a/Y8b products  

 11 CCTGGGCCTGGTGggnaayathgg GGAAGGGGGTGGAGgtraarcanga PCR fail  

 12 CTTCTCCGACATCCTGgtntgygtntt TACGGAACACCAGCarccangngt PCR fail  

 13 CGTGATCTGGATCCTGgcntgyttyac GCAGATGGGCAGGgcytcytgrtyc PCR fail  

 14 ACATCATGTTAGCCGCTCTC AGCAGATTGTGGTTGCAAAT PCR fail  

 15 CCTCACATGGAAGCCTGTC TGATGTTAATTCTTCGACTGTGG PCR fail  

 16 GCCTCATTTGCATCATCAC TGAGTAATGGTGGGTTTCCA PCR fail  

Y7 1 TACCATGGACACCACCTCCA * TAGTAGGCAACGCCCTTGTC PCR fail  

 2 AGGAGATCCCGTCCATCAAC CGTGGTTCTTCAGCTTCACC SSCP monomorphic  

 3 TGGTTGTAGTCTTCGCCACA CATGAGGAACCCATTCCTGTA SSCP monomorphic  

 4 CCTGTACGGCTGGATGAATAA  TCTCTCGAGTCAGACGGCAGTA * SSCP monomorphic  

 5 CATGGACACCACCTCCAC* TGTGAACGGTAAACACAACG     SSCP monomorphic  

 6 TGGTGGACACGTTGTGTTTA  GATCTCCTCCTGACGGTACTC  SSCP monomorphic  

 7 ATGCCTACATCTGCATCTGG   CATGAGGAACCCATTCCTGTA  SSCP polymorphic RT44 

 8 GACACCACCTCCACCCACT CGGCAGTAGGAGGGTGTCC PCR success  

 9 ATCAARTTCAARTTCAARAGGATGCYACA TAGTTGYTRTTCATCCANCCRTA PCR fail  

 10 TACGTCTAAGCTTACCATGGACACCA TACGGTCTCTCGAGTCAGACGC PCR fail  

Y8a 1 CGCTTGGTGGAAGGArawrwsntggg GTCACAGGCAGACACacnayrcacat PCR fail  

 2 CGGAAACATCTGTCTGgtnttyrtnat GGAGTGTCGCACCrynggkntcca PCR fail  

 3 GGTGGACACTCCtayytngcngt ACAGCAGCAGGAATGtngtrtangcna SSCP monomorphic  

 4 ACACGAGACAACCGAcarmrnaargc GTGGACTTCAGCTCCttytgraartt PCR fail  

 5 CCATCATCTACACCCTGatggaymgnat  TGAAGGAGAGGAAAGGCAGA  PCR fail  

 6 CTGGCCTACACCACATTCCT GGGGATGGCCTGGtgrttccartc SSCP monomorphic  

 7 TGATCACCCGGCAGaargaratgmg ACTGCACGAAGGGGgtrtcyttrca PCR fail  

 8 ATGGAGGTGTCCcayatgaayaa GGTCACGTTCCGCatytcyttytg SSCP polymorphic RT44 



71 
 

 
 

 (actually Y8b) 

 9 CTTCAACACCGTGTTCaytggaayca CACGTTCATGGAGatnswnccytt PCR fail  

 10 CTCTGCTACCTCCGCATTT CCAGCATAGCATTGATCCTC SSCP polymorphic  

 11 CCACACATGCACGTACACA TGGGAGAAACAAAGGAACAG PCR fail  

 12 TGACCAACTCCCCCttycaraayat TTGCCAATTATTTGACTGTCC PCR fail  

 13 GTGTGGTATAAATCCCATCCA GGCGGAGAAGATGATGtcrtgytgrca SSCP polymorphic AC2 

 14 CACGCCTGCCTGgtnttyathat TCATTCTCCAATTCACCATTG PCR success  

 15 GCTCCGACATCCTGatgtgygtngt  TTCATTGAATCCTGTCTTGATG PCR success  

 16 CCGTCATCTACACTCTGATGG CAACACCAGGGAGAATATCG SSCP polymorphic RT44 

 17 GTATTGGGGGAGGCACTCT CACCGTCACTGACACACACT SSCP polymorphic AC3 

 18a GTTCCTGATCGTGGCGTA CAGAGTGCCTCCCCCAATAC   

 18b GTACAGCGCCGTCATAGC ACTGGCAGACACACCACAC   

 18c CAGAAACGTCCCAGTGTCC   

 18d AGTGCCATCATAGCAATCG   

 19a TTCCTTTGTTTCTCCCATCC GAAGTTGCTGTTGAGGAAGC   

 19b TCAACACGATATTCGACTGG CGGGAAGCTCTCGTAGCTCT   

 19c  CTGCAGCGTGATCCTCAG   

 20 TCACTCCGTTTGTACAGTGTGT AAATGCGGAGGTAGCAGAG   

 21 AAATGGCCGACAGATAGACA CGGAGAAGATGATGTCGTGT   

 Y8ai_22 GGTGAGAACACAGTTCCTAAGTC CAGTACTGGAACAGCAGCAG PCR fail  

 Y8aii_23 TGTCCATAATGTGCCCTTTT GTGCCAGTCGAATATCGTGT PCR fail  

Y8b 1 CCGGCAGAAGGAGatgmrnaaygt CACGGGCTTCCAGccngtnggrtg PCR success  

 2 CCTGCTGCTGTGCcartaytkyyt GGGGATGGCCTCGtgrtkccartc PCR success  

 3 TGTGATCACCCGGcaraargarat GGAGTGCCGCACCacnggyttcca SSCP monomorphic  

 4 ACCACTTCATCTGCATCgarcartggcc GGGGATGGCCTCGtgrttccartc SSCP monomorphic  

 5 TCAACACCATCTTCGACtggaaycayga TTCTGCTCCAGGGAGttyttyttrtg PCR fail  

 6 ACGCTGGTGGAAAGAGATG AAGGGTGTGACCTTACAGAGTG SSCP monomorphic  

 7 GTCTTCTCCCTGGTCCTCAT AAGGCAGTACTGGAAGAGCA SSCP monomorphic  

 8 AATACATGGTAGAGCGAACCA GTGGACTTCAGCTGCttytgraartt PCR fail  
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 9 CCGCTCAACATCTTCAACAC CCGTTGGACAGGATGswnccyttngt PCR fail  

 10 GTAGTCATCACGCTGGTGGA  GACTTCAGCTGCTTTTGGAA  PCR fail  

 11 CCTCCCGGTGGTGgaargaratga  GGACTTCAGCTGCttytgraartt  PCR fail  

 12a CCCCATAATCTATGGCTTTCT  AGTTGGACAGGATGGAGccyttngtnac  PCR success  

 12b  CAGGGGGACGGACtcrtanckytc  PCR fail  

 13 CATGAGTGGCACAACCTTC GCCATAGATTATGGGGTTGA   

 14a GCCTACAGCGCACTGATT TCAGCTGCTTTTGGAAGTTAC   

 14b CGCTCAACATCTTCAACACC GACTTCAGCTGCTTTTGGAA   
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Appendix 2. Primer pairs utilized for sequencing of rainbow trout (Oncorhynchus mykiss) 

receptors Y8a and Y8b and Arctic charr (Salvelinus alpinus) receptors Y2, Y7, Y8a and Y8b. 

 

Primer pairs sequenced 

 Receptor Forward Reverse Result 

Y1 F4 R4 non-Y receptor 

 

F8 R8 non-Y receptor 

Y2 F1 R5 Y2 

Y4 F2 R2 Y8b 

 

F3 R3 Y8b 

 

F4 R4 Y8b 

 

F8 R8 Y8b 

 

F10  R10 Y8b 

 

F13 R13 Y8b 

 

F11 R10 Y8a/Y8b 

 

F13 R12 Y8a/Y8b 

Y7 F2 R2 Y7 

 

F3 R3 Y7 

 

F4 R4 Y7 

 

F5 R5 Y7 

 

F6 R6 Y7 

 

F7 R7 Y7 

Y8a F3 R3 Y8b 

 

F5 R5 Y8a 

 

F13 R13 Y8b 

 

F14 R14 Y8a 

 

F18c R18a Y8a 

 

F19b R19a Y8a 

 

F22 R22 Y8a 

 

F8 R10 Y8a 

 

F8 R6 Y8a 

 

F10 R4 failed 

 

F16 R16 Y8a tandem duplicate 

 

F17 R17 Y8a tandem duplicate 

 

F16 R19b Y8a 

 

F20 R20 failed 

 

F10 R10 failed 

Y8b F3 R3 Y8b 

 

F4 R4 Y8b 

 

F8 R8 Y8b 

 

F12 R12a Y8b 

 

F13 R13 Y8b 
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F3 R4 Y8b 

 

Appendix 3. NPY receptor alignment used for the Bayesian phlyogenetic tree construction. See supplementary file 1 

for .fasta format of alignment. 

Appendix 4. Rainbow trout and Arctic charr Y8a and Y8b sequences aligned with teleost Y1 subfamily receptors. 

See supplementary file 2 for .fasta format of alignment. 

 


