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For Pacific salmon, the evolution of local adaptations depends upon the 

species’ propensity to return, or “home”, to natal streams at time of reproduction.  

Pacific salmon use olfactory cues to guide homing behavior, yet little is known about 

the genetics of olfaction in salmon.  In this study, I use putatively neutral 

microsatellite markers to estimate demographic parameters and describe the 

population genetic structure of Oregon Coastal coho salmon (Oncorhynchus kisutch).  

Microsatellite analyses indicated weak population structure among coho populations 

(overall θ = 0.021), modulated by moderate levels of migration (straying).  Allelic 

richness was higher in wild populations than both hatchery populations and wild 

populations from lake dominated systems.  The Coos and Nehalem river populations 

appeared to be primary migrant sources, possibly elevating allelic richness for central 

coast populations.  I then used genomic sequence data from nine species of salmon 

and trout to infer the evolutionary history for eight olfactory receptor genes, 



representing two major gene classes (main olfactory receptors and ORAs).  Through a 

maximum likelihood based analysis of site-specific, non-synonymous to synonymous 

nucleotide substitution rates, I found strong evidence for positive selection having 

influenced the diversification of four paralogous main olfactory receptor genes.  Main 

olfactory receptor orthologues appeared highly conserved among species, yet site-

specific positive selection may be affecting interspecific divergence of an ORA gene 

in salmonids.   Finally, I used molecular markers linked to olfactory receptor genes to 

test for a signal of selection among coho salmon populations from different rivers.  

By examining interlocus variance of FST, I found evidence for directional selection on 

an olfactory receptor gene-linked marker in coho salmon populations.  Pairwise θ 

values calculated from gene-linked markers were nearly an order of magnitude 

greater than observed for putatively neutral microsatellites. 
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General Introduction 

Molecular genetics and the conservation of Pacific salmon 

Pacific salmon (Oncorhynchus spp.) rank among the most iconic organisms of 

the Pacific northwestern United States.  They have figured prominently in the cultural 

and economic lives of people from this region for millennia, while functioning as 

keystones species in both aquatic and terrestrial ecosystems (Helfield and Naiman 

2006, Cederholm et al. 1999).  It is therefore not surprising that the decline of many 

native Pacific salmon stocks has been met with considerable public concern (Meengs 

and Lackey 2005).  Numerous Federal, state and private organizations have enacted 

policies and practices to recovery declining salmon stocks, achieving variable degrees 

of success (Lackey 2003).  A fundamental, yet challenging step for the restoration 

and management of Pacific salmon stocks has been the task of delineating the stocks, 

themselves.  Molecular genetic tools have proven especially useful for addressing this 

issue (Waples et al. 1990, Waples 1994), and are now routinely used to describe the 

structure of salmon populations. 

Neutral vs. non-neutral genetic markers 

In the broadest sense, the genetic structure of natural populations can be 

examined through the application of either neutral molecular markers, or markers 

associated with traits under selection.  By definition, neutral markers, such as non-

protein coding simple sequence repeats (SSRs) and single nucleotide polymorphisms 

(SNPs), do not influence phenotypes and are therefore not subject to natural selection. 

Information from neutral markers can be used to infer the effects of demographic 

processes, such as immigration, bottlenecks and non-random matings. Conversely, 



2 
information from non-neutral markers, which are closely associated with functional 

genes or regulatory elements, may reveal the distribution of genetic diversity 

underlying adaptive traits (reviewed by Luikart et al. 2003). 

Numerous recent studies have employed both neutral and non-neutral markers 

to estimate levels of divergence attributable to both demography and natural selection 

(Hoekstra et al. 2004, McCracken et al. 2009, Nosil et al. 2008, Wilding et al. 2001).  

A common challenge in these studies has been to discriminate between non-neutral 

and neutral markers, such that information from these marker classes might be 

analyzed separately.  In theory, demographic processes should affect neutral marker 

allele frequencies in a common, genome-wide fashion, while patterns of diversity at 

non-neutral markers should reflect the locus-specific effects of selection (Luikart et 

al. 2003, Storz 2005).  This observation has led to the development of FST “outlier” 

analyses (Beaumont and Nichols 1996, Beaumont and Balding 2004, Vitalis et al. 

2001), which aim to identify genetic loci that present unexpectedly high or low levels 

of among population divergence, as evaluated against similar estimates obtained from 

other loci.  Although it is not necessary to have a priori information of gene 

associations for markers used in outlier analyses, the inclusion of markers linked with 

traits of interest may improve the efficacy of analyses (Stinchcombe and Hoekstra 

2007). 

The role of olfaction in homing 

 The spatial structuring of salmon populations is largely maintained by the 

strong tendency for these species to return, or home, to natal streams at the time of 

spawning (Waples et al. 1990, Dittman and Quinn 1996).  By isolating populations, 
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homing favors the evolution and retention of locally adaptive traits, such as resistance 

to freshwater pathogens, optimal developmental rates, meristics and behavior (Taylor 

1991). 

Homing is a complex behavior, however, and requires that juvenile salmon 

imprint upon the olfactory signature of their natal streams as they prepare for 

outmigration to marine environments.  Although other means of orientation may also 

contribute to homing ability, seminal experiments by Arthur Hasler and collaborators 

clearly demonstrated that adult salmon utilize olfactory cues to return to their natal 

streams to spawn (Hasler and Wisby 1951, Wisby and Hasler 1954).  Evidence 

suggests that olfactory imprinting occurs primarily during the parr-smolt 

transformation (Dittman et al. 1996), when exposure to novel water sources 

stimulates transient surges of systemic thyroxine, which is coordinated with the 

proliferation of olfactory receptor neurons (Lema and Nevitt 2004).  Each of these 

sensory neurons typically expresses a single allele for a single olfactory receptor gene 

(Ishii et al. 2001, Lewcock and Reed 2004, Shykind et al. 2005 although see Shykind 

et al. 2004, Goldman et al. 2005), from one of the largest gene superfamilies of 

vertebrate genomes (Young and Trask 2002).  During the parr-smolt transformation, 

olfactory receptor gene expression increases markedly (Dukes et al. 2004), which 

likely plays a critical role in successful imprinting and homing.  

The molecular basis of olfaction 

Olfactory receptors (ORs) are seven transmembrane, G-protein linked 

receptors, that have been organized into four major classes.  In teleosts, these classes 

are referred to as the ORAs, the OlfC receptors, the TAARs, and the main ORs 
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(Alioto and Ngai 2005, 2006, Saraiva and Korsching 2007, Hussain et al. 2009).  

Although few ligands have been determined for specific teleost ORs, evidence 

suggests that OlfC receptors likely bind amino acids (Alioto and Ngai 2006), whereas 

TAARs detect trace amine-associated compounds (Hussain et al. 2009).  ORAs 

appear to be homologous to mammalian V1Rs, which detect pheromones (Saraiva 

and Korsching 2007).  Receptor-ligand relationships have not yet been determined for 

teleost main ORs, although the diversity of this class suggests that they likely interact 

with a wide range of odorants (Alioto and Ngai 2005).  Upon binding an odorant 

molecule, olfactory receptors initiate the depolarization of their associated nerve cells, 

through either cAMP and/or IP3 second messenger pathways (Mombaerts 2004, Ko 

and Park 2006).  Any given odorant is bound by only a subset of olfactory receptors, 

such that different odorants generate distinct, combinatorial nerve signals, which are 

then received by the topographically organized olfactory bulb (Mombaerts 2004). 

Natural selection and olfactory receptors 

Expressed by neurons of the olfactory epithelium, olfactory receptors are near 

directly exposed to the environmental chemicals that they bind and detect.  This 

protein-environment interaction carries the potential to exert unique selective forces 

over olfactory receptors evolving in different environmental contexts.  Indeed, 

differences in the number of functional olfactory receptors exist among species (Gilad 

et al 2003, Young et al 2002, Grus and Zhang 2008) and ethnogeographically defined 

human populations (Gilad and Lancet 2003).  Natural selection could conceivably 

influence the composition of a species’ olfactory receptor repertoire through gains 

and losses of functional genes (Nei and Rooney 2005), or through a more subtle 
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process of protein modification via mutation at key functional sites.  Several studies 

have presented evidence for the latter in teleost TAARs (Hussain et al. 2009), OlfC 

(Alioto and Ngai 2006) and main olfactory receptors (Alioto and Ngai 2005). 

Given their central role in olfactory imprinting, homing and consequent 

realization of fitness advantages, olfactory receptors and the genes that encode them 

represent interesting subjects for the study of salmonid evolution.  At both inter- and 

intraspecific levels, Pacific salmon occupy diverse freshwater habitats, which may 

select for distinctly different olfactory receptor gene repertoires.  Alternatively, 

salmonid OR genes may evolve through a process of random genetic drift, with 

protein altering mutations being retained at a rate approximately equal to that of 

neutral genetic changes.  If selection does indeed influence the evolution of salmonid 

olfactory receptor genes, it may be detectable through an analysis of genetic sequence 

and/or patterns of population divergence at gene-linked markers. 

The aim and scope of my research 

 The objectives of my research are threefold: 1) to investigate the effects of 

demographic processes over the genetic structure of coho (O. kisutch) populations 

from the Oregon Coastal coho Evolutionarily Significant Unit (ESU), 2) infer the 

evolutionary history of a suite of olfactory receptor genes common to diverse 

salmonid fishes, and 3) examine levels of divergence for olfactory receptor gene-

linked markers among populations of Oregon Coastal coho salmon. 

 Oregon Coastal coho salmon represent a complex of populations that have 

been listed as threatened by extinction under the Federal Endangered Species Act 

(NMFS 2008).  In my first chapter, entitled, “Genetic structure, migration and 
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patterns of allelic richness among coho salmon (Oncorhynchus kisutch) populations 

of the Oregon Coast”, I utilize genotypic data from a suite of putatively neutral 

microsatellite markers to infer levels of isolation and genetic diversity among 

spawning populations of coho salmon. 

 In my second chapter, entitled, “Positive Darwinian selection operating on 

paralogous main olfactory receptors and an ora1 gene in salmonid fishes”, I use a 

maximum likelihood approach to test for a signature of positive selection during the 

evolution of salmonid olfactory receptor genes.  To my knowledge, this chapter 

represents the first effort to examine sequence diversity for multiple olfactory 

receptor genes in more than one species of salmon. 

 In my third chapter, entitled, “Interlocus variance of FST provides evidence for 

directional selection over an olfactory receptor gene in coho salmon (Oncorhynchus 

kisutch) populations”, I examine patterns of divergence at both putatively neutral and 

olfactory receptor gene-linked SSRs.  I use data from these markers to conduct FST 

outlier tests, thereby identifying loci most likely affected by selection. 

 Through my research, I examine patterns of diversity for neutral and olfactory 

receptor gene-linked marker diversity in coho salmon populations.  I also use 

genomic sequence data to infer the evolutionary history of a class of genes known to 

underlie homing behavior.   This approach has allowed me to infer the effects of both 

demographics and selection over coho salmon populations, while advancing our 

understanding of the evolutionary forces shaping olfactory receptor gene diversity.  In 

my final chapter, I address the overall implications of my findings.  
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Abstract 

Genotypic data from eight microsatellite loci are used to infer population 

structure, effective population size, migration rates and patterns of allelic richness 

among wild and hatchery populations of Oregon coastal coho salmon, Oncorhynchus 

kisutch.  Corroborating the results of a previous study, we found relatively weak 

genetic structure among coho from different river basins, although some 

geographically and ecologically defined clades are supported.  Contemporary 

migration rates among basins appear to be high and asymmetrical.  Hatchery 

populations tended to resemble the wild populations from which they were founded, 

but presented significantly lower levels of allelic richness.  Allelic richness was also 

low in Oregon coastal lake populations, and peaked in the central region of the ESU 

among wild river populations.  We suggest that the observed patterns may reflect both 

current source-sink dynamics and post-Pleistocene colonization events. 

Introduction 

The life histories of Pacific salmon (Oncorhynchus spp.) present unique 

challenges for management and conservation.  For example, the tendency for adult 

salmon to return to their natal streams as they prepare to spawn is believed to isolate 

populations over a spatial scale and mediate genetic divergence of locally adapted 

stocks (Taylor 1991).  Moreover, in some species, fixed maturation ages, combined 

with semelparity, limits matings among individuals from different brood-years to 

events involving less abundant precocial individuals (jacks).  For example, most coho 

salmon (O. kisutch Walbaum 1792) mature and spawn at age 3+ years, although a 
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fraction return to spawn at age 2+ years.  Consequently, temporally isolated sub-

populations can occur within a single watershed. 

Given the potential for population structure at multiple scales, the rapid 

decline of many Pacific salmon stocks in the late 1980’s prompted managers and 

conservation biologists to consider demographic independence and genetic 

distinctiveness as key criteria for the establishment of management units (Allendorf 

and Phelps 1981, Waples 1991, Utter et al. 1993).  Allozyme studies (eg. Utter et al. 

1973, Beacham et al. 1985, Weitkamp et al. 1995) provided the first source of genetic 

data for the delineation of the 52 Pacific salmon Evolutionarily Significant Units 

(ESUs; Waples 1991) now recognized by the U.S. Endangered Species Act.  

However, the statistical power provided by allozyme data to discriminate among 

populations varies greatly for Pacific salmon species (Utter 1991), limiting the 

general applicability of these markers. 

Advances in molecular genetic technology have since allowed researchers to 

uncover previously undetected levels of genetic diversity within and among 

populations of Pacific salmon.  For example, highly polymorphic microsatellite 

markers have elucidated significant levels of genetic structure among coho salmon 

within and among river basins of California (Bucklin et al. 2007), Oregon (Ford et al. 

2004), British Columbia (Beacham et al. 2001, Small et al. 1998) and Alaska (Olsen 

et al. 2003).  Over a larger scale, Smith et al. (2001) used mtDNA sequence data and 

microsatellite markers to describe patterns of coho genetic diversity throughout the 

species’ North American range.  A latitudinal cline of mtDNA haplotype diversity led 

Smith et al. (2001) to hypothesize that early Pleistocene glaciations had reduced the 
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North American distribution of coho salmon to southern refugia in California and/or 

Oregon.  Latitudinal clines of genetic diversity in other near-shore fishes have 

similarly been described (eg. Adams et al. 2006, Gysels et al. 2004).  Only three coho 

populations from California and Oregon were considered by Smith et al. (2001), thus 

limiting the resolution of analyses in this region.   

Recently, Ford et al. (2004) used seven microsatellite loci to more thoroughly 

characterize the genetic structure of coho populations from the Oregon coast.  In 

addition to structure analyses, the authors tested for a signal of genetic introgression 

from an aquacultural operation which utilized non-native broodstock on the central 

Oregon coast.  Their findings generally supported previously hypothesized population 

complexes and clearly acknowledged the potentially confounding effects of 

anthropogenic activities over coho salmon genetic diversity. 

In this study, we use data from eight microsatellite loci to characterize genetic 

structure within and among putative coho populations from 23 river basins of the 

OCC ESU, as well as a single basin (Rogue River) from the Northern California / 

Southern Oregon ESU (Figure 2.1).  We utilize temporally replicated samples of wild 

populations from five river basins to estimate the effective number of breeders, 

immigrant fractions and the percentage of genetic variation apportioned among river 

basins, brood-years and within basin sampling sites.  Directional migration rates 

among wild coho populations are estimated through a Bayesian assignment method 

(Wilson and Rannala 2003) and in a final analysis, we examine latitudinal patterns of 

allelic richness among wild and hatchery coho populations of the Oregon coast. 

Materials and Methods 
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Sampling and Genotyping 

During the spawning seasons of 2002, 2003 and 2004, tissue samples were 

collected from expired, presumably wild origin coho spawners from twenty-four 

coastal Oregon river basins.  Wild origin fish were distinguished from hatchery coho 

through the presence of an intact adipose fin, which is removed from nearly all 

coastal Oregon hatchery coho prior to release (84%, 96% and 97% marked for 

broodyears 2002, 2003 and 2004, respectively).  In 2004, samples were also collected 

from adipose fin clipped coho returning to five Oregon hatcheries.  Tissue samples 

were preserved in 95% ethanol, and the collection location and date were recorded 

together with the length and sex of each fish sampled.  From the 2002 collection, 

samples from all rivers were included in our analyses.  Samples from four basins in 

the 2003 collection (Nehalem, Yachats, Smith and Coos) and five basins in the 2004 

collection (Nehalem, Yachats, Smith, Coos and Coquille) were also included in our 

analyses.  Genomic DNA was extracted through DNEasy (Qiagen Inc.-Valencia, CA) 

or Chelex/proteinase K (Estoup et al. 1993) protocols, and separate polymerase chain 

reactions were carried out in 5 μl volumes on a MJ Research thermocycler to amplify 

eight microsatellite loci, utilizing fluorescently labeled primers (One13 - Scribner et 

al. 1996, Ots2 - Banks et al. 1999, p53 - de Fromentel et al. 1992, Oki16 - Smith et al. 

1998, Ots215 - Greig et al. 2003, Ots520 - Naish and Park 2002, Ots3 - Banks et al. 

1999, Ocl8 - Condrey and Bentzen 1998).    PCR products were separated via 

polyacrylamide gel electrophoresis on an ABI 3730XL genotyper and/or MJ Research 

Basestation and binned according to size with either GeneMapper or Cartographer 
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software.  A minimum of 96 samples were analyzed at all loci on both genotyping 

platforms to allow for bin adjustments and consistent size scoring. 

Statistical Analyses 

We used the program FSTAT (Goudet 1995) to calculate the per-locus and 

overall heterozygosity for each population, as well as perform permutation tests (1000 

iterations) to detect departures from Hardy-Weinberg equilibrium (HWE).  The 

program GENETIX (Belkhir et al. 2004) was used to carry out permutation tests 

(1000 iterations) to detect linkage disequilibrium among loci.  Sequential Bonferroni 

corrections (Rice 1989) were made to adjust the initial critical value of 0.05 to 

account for multiple comparisons made during these tests. 

Pairwise values for Weir and Cockerham’s inbreeding coefficient, θ, were 

calculated for all wild 2002 samples with the program GENETIX (Belkhir et al. 

2004) and we used a permutation test with 1000 iterations to assess the statistical 

significance of these estimates.  Similarly, we calculated all pairwise θ values for all 

major tributaries of the Umpqua River to assess structure within this basin.  We used 

the program GDA (Lewis and Zaykin 2001) to perform an AMOVA on data from 

four temporally replicated populations (Nehalem, Yachats, Smith and Coos), 

simultaneously estimating the percentage of total genetic covariance explained by 

allele frequency differences among river basins, years and within-basin sampling sites 

for each year.   

We used the maximum likelihood phylogeny inference program, CONTML, 

in the PHYLIP analysis package (Felsenstein 2005) to construct trees depicting the 

structure of coho genetic diversity among all 24 basins sampled in 2002.  Five 
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hatchery populations and temporal replicates (2003, 2004) of wild populations from 

five river basins were also included in this analysis.  We used the program 

SEQBOOT, also in the PHYLIP package, to bootstrap the data and estimate statistical 

support for the topology of the best maximum likelihood tree.  We displayed trees 

with the program TREEVIEW (Page 1996).   

For the five populations that were sampled in multiple years, the number of 

breeders, Nb, was estimated through the methods of Waples (1990),  

)1ˆ(2
ˆ

SF
b

N b −
=  

where F̂  is an estimator of the standardized temporal variance in allele frequencies, 

1/S is a sampling error correction factor and b is the number of generations between 

samples, adjusted to account for the relative contribution of jacks to the population.  

Values of b were calculated according to the methods of Tajima (1992).  Nb was then 

used to estimate m, the per population immigrant fraction, according to the 

temporal/FST method (Ford et al. 2004). 

Using only data from 2002, we applied a Bayesian method to estimate 

directional migration rates among wild coho populations.  This method, described by 

Wilson and Rannala (2003) and implemented in the program BAYESASS, relaxes 

several assumptions carried in the temporal/ FST method (eg. constant and 

symmetrical geneflow between population pairs, Hardy-Weinberg equilibrium) and is 

designed to provide an estimate of recent migration rates.  By inferring the ancestry 

of each sample through Markov chain Monte Carlo methods, BAYESASS provides 

directional estimates of migration, which may be used to infer source-sink dynamics.  
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However, computational limits of the program necessitated some data pooling.  A 

minimum number of pooling steps were made, utilizing evidence for natural clades 

identified through the maximum likelihood inference of coho population structure.  

Briefly, 1) the lower Umpqua and neighboring coastal lakes were pooled into a single 

clade, 2) all other Umpqua tributaries were pooled into a single clade and 3) the 

Wilson and Tillamook rivers were pooled together as a single clade.  Also, the 

number of alleles present at the oki16 locus exceeded the computational limits of the 

program.  Thus, data from this marker were not included in the analysis.  Lastly, the 

current version of BAYESASS limits the maximum number of populations 

considered to nineteen.  We therefore performed the analysis twice, first excluding 

the northernmost population (Necanicum), then excluding the southernmost 

population (Rogue).  We used the default prior values (allele frequency, migration 

rate and inbreeding coefficient all set at 0.15) and performed three million steps 

(999,999 burn-in) with a sampling frequency of 2000. 

Allelic richness, a measure of genetic diversity which accounts for variable 

sample sizes through rarefaction, was calculated for all loci in all populations with the 

program FSTAT (Goudet 1995).  An analysis of variance, carried out with the 

program S+ 7.0 (Insightful Corp.), was used to test for associations between each 

population’s mean allelic richness (across loci) and the following explanatory 

variables: latitude of entry from the ocean into the spawning river (river-mouth), 

sampling year, ecotype (river or lake), and origin (hatchery or wild).  All variables 

were treated as fixed effects and all variables were categorical, except for latitude, 

which was continuous.  Due to the unbalanced design of our study (eg. absence of 
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lake hatcheries and temporal replication for only wild fish from rivers) we used Type 

III sums of squares to assess the significance of variables included in our models, but 

could not estimate the significance of third and fourth order interaction terms.  We 

included all first order interactions, with the exception of ecotype x year (not 

estimable), in an initial full model, then manually removed insignificant terms to 

obtain our final reduced model.  We then used linear regression analysis to test for a 

cline in allelic richness among wild coho populations, using the continuous 

explanatory variable latitude. 

Results 

 The eight microsatellites we used to characterize Oregon coastal coho 

populations presented high, yet variable levels of polymorphism, with between 10 

and 71 alleles (mean = 30.12, sd = 18.52).  Per-locus heterozygosities ranged from 

85.2% to 60.2%, 72.8% overall (Table 1).  Even after sequential Bonferroni 

corrections, approximately 64% of the wild populations did not conform to HWE 

expectations across all loci, whereas only one of five hatchery populations differed 

significantly from expected HWE genotypic frequencies.   After making sequential 

Bonferoni adjustments to an initial critical value of 0.05, we detected significant 

evidence for linkage disequilibruim (LD) for only 0.7% of locus pairs, considering all 

possible locus pair combinations across all populations.  

Population Structure 

 Pairwise θ values at the basin level ranged from 0.002 to 0.068, with an 

overall θ value of 0.021 (95% CI =0.016, 0.027, p < 0.0001).  Highest values tended 

to occur between the northerly Trask population and those of rivers and coastal lakes 
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from the southern extreme of the ESU (Appendix 2.1).  Within the Umpqua River, 

pairwise θ values ranged between 0.003 to 0.015, with an overall value of 0.015 (95% 

CI =0.010, 0.022, p < 0.0001).  Highest pairwise θ values within this basin occurred 

between the Smith River and south fork Umpqua populations, followed by values 

associated with the lower Umpqua and all other Umpqua tributaries.  For the 

Nehalem, Yachats, Smith and Coos rivers, simultaneous hierarchal analyses indicated 

that 97.3% of the observed genetic variance could be attributed to differences among 

individuals.  Most of the remaining 2.67% of genetic variance could be explained by 

allele frequency differences among basins (52.8%), followed by differences among 

sites within basins (29.5%) and, lastly, differences observed among temporal 

replicates (17.7%). 

In agreement with our analyses of genetic variance, the maximum likelihood 

tree inferred from our data suggests that only weak structure exists among coho 

samples from different river basins of the OCC ESU, as many internal branch lengths 

are short or do not significantly differ from zero (Figure 2.2).  However, statistically 

supported clades generally reflect geographic relationships among basins.  For 

example, the coastal lakes flanking the mouth of the Umpqua River form a clade 

together with the lower reaches of this river.  Nearby Sutton Lake also falls into this 

group, whereas the more distant Devil’s Lake does not, but instead appears to be most 

similar to its proximal Siletz River.  The Coos, Umpqua, Smith and Coquille rivers 

appear to form a southern group, whereas the Nehalem, Tillamook, Wilson, 

Necanicum, Nestucca, Trask and Salmon rivers form a loosely defined northern 

group. 
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Samples collected from the same river in different years tended to form 

clades, although inter-annual Coquille samples alternately grouped with neighboring 

rivers to the north and south (Figure 2.2).  The Yachats River population presents 

another exception, as it does not fit neatly on the tree in a geographic context, but 

instead aligns with distant southern and northern populations between years. 

In all but one case, hatchery coho populations appear most similar to wild fish 

returning to the river where they are located (Figure 2.2).  The exception to this 

pattern is the Salmon River hatchery stock, which appears to be most similar to the 

Trask River wild population.  Unlike other hatchery stocks considered here, the 

Salmon River hatchery population was not established from native fish from the river 

on which it operates.  Instead it was founded by “Siletz River hatchery stock” 

(Salmon River Hatchery operations plan - ODFW) which was heavily supplemented 

with Trask River coho during the years 1968-1977 (Beidler 1987).  In concert, the 

pairwise θ value between the Salmon and Trask wild populations is the lowest 

observed between any two populations (Appendix 2.1), evidence which suggests that 

hatchery mediated genetic introgression of Trask river stock may have occurred into 

the wild Salmon River coho population. 

Migration 

Estimates of the effective number of breeders, based on the methods of 

Waples (1990), ranged from 66 to 384 individuals for the five populations examined 

(Table 2).  Immigrant fraction estimates for these populations ranged from 0.02 to 

0.14.  The immigrant fraction point estimate in the Smith River, as calculated through 

the Bayesian assignment procedure implemented in BAYESASS (Wilson and 
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Rannala 2003), exceeded those calculated through the temporal/FST method of Ford et 

al. (2004) (Table 2), largely as a result of migration from the Umpqua and 

Lakes/Lower Umpqua migrant sources.  In general, the Bayesian migration estimates 

tended to be higher, although estimates for the Nehalem River did not follow this 

pattern (Table 2).  The Nehalem and Coos populations appeared to be the primary 

migrant sources for most basins, followed by the Umpqua and Lakes/Lower Umpqua 

(Appendix 2.2).  Notably, our estimates for the Rogue River population indicate that 

strays from this basin account for less than 0.01% of the individuals present in any 

basin of the OCC ESU and that less than 0.01% of the Rogue population originated 

from any basin of the OCC ESU.  This degree of isolation is not observed for any 

population within the OCC ESU.  The BAYESASS program provided very consistent 

results between runs, with overlapping 95% confidence intervals for all repeated 

estimates.  Directional migration rate estimates among 20 population groups are 

presented in Appendix 2.2. 

Allelic Richness 

Considerable variation in mean allelic richness was observed among Oregon 

coastal coho populations.  An analysis of variance indicated that first order interaction 

terms for the explanatory variables year, origin, latitude and ecotype were not 

significantly associated with variability in allelic richness (p > 0.05).  Accordingly, 

the interaction terms were removed from the model and a subsequent ANOVA 

identified both origin and ecotype to be significantly associated with variation in 

mean population allelic richness (F-statistic = 4.430 on 1 and 32 df, p = 0.043, and F-

statistic = 8.438 on 1 and 32 df, p = 0.007; respectively – Table 3).  Neither year nor 
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latitude appeared to be significant (F-statistic = 0.615 on 2 and 32 df, p = 0.547, and 

F-statistic = 0.020 on 1 and 32 df, p = 0.888; respectively– Table 3).  Given these 

results we then collapsed the data into three categories: WildRiver, WildLake and 

HatcheryRiver, recognizing that each of these population “types” could be making 

significantly different contributions to the overall mean of allelic richness.  A Scheffé 

multiple comparisons analysis indicated that mean allelic richness of wild lake 

rearing populations is significantly lower than wild river rearing populations (Figure 

2.3).  One potential outlier, the Trask River population, presented markedly low mean 

allelic richness for a wild river population (Figure 2.4).  When this sample is 

removed, the Scheffé multiple comparisons analysis suggests that wild river 

populations present significantly higher mean allelic richness than both wild-lake and 

hatchery-river origin coho. 

Given the small sample sizes of both lake and hatchery populations, and the 

disparate patterns of allelic richness observed between these groups and wild-river 

coho, linear regression analysis of mean allelic richness was conducted only for the 

latter.  A latitudinal cline in neutral genetic diversity, peaking in the central region of 

the OCC ESU, can be observed by plotting mean allelic richness of wild-river coho 

populations against the latitude at which they enter freshwater spawning grounds 

(Figure 2.4).  Initially, a model with a single linear term, latitude, was evaluated, but 

this variable alone was not significantly associated with variation in allelic richness 

(F-statistic = 0.3509 on 1 and 26 df, p = 0.5587).  Given the curvature observed in the 

data (Figure 2.4), a linear regression model containing a quadratic latitudinal term 

was tested and found to carry high significance, explaining 33.1% of the variation 
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observed in population mean allelic richness (F-statistic = 6.184 on 2 and 25 df, p = 

0.007): 

 

μ{Richness | Latitude} = -501.93 + 23.02 Latitude – 0.26 Latitude2 

 

Moreover, when the potentially outlying Trask River sample was removed from this 

analysis, the model fit improved considerably, explaining 43% of the variation (F-

statistic = 9.048 on 2 and 24 df, p = 0.001). 

Discussion  

Population Structure and Migration 

 The relatively weak genetic structure observed among coho from Oregon 

coastal rivers suggests that migration among these populations has acted to reduce the 

effects of genetic drift and divergence.  Tagging studies have suggested that during 

spawning migrations, coho may stray into non-natal streams more frequently than 

some other Pacific salmonids (Shapovalov and Taft 1954, Quinn 2005,).  Moreover, 

past human activities have served to mediate migration among Oregon coho 

populations through the practice of hatchery stock transfers.  Disentangling the 

relative influence of these two sources of migration is complicated by the shared 

ancestry of many hatchery and wild coho populations, as well as the unpredictable 

nature of genetic introgression from introduced hatchery stocks. 

The immigrant fraction values we have estimated through the temporal/FST 

method approximate those reported by Ford et al. (2004), although a direct 
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comparison can only be made for the Smith River, which presents nearly identical 

values.  Immigrant fractions were highest in the Yachats and Coquille populations, 

that in 2002 presented the lowest spawner abundance counts for the five populations 

examined (data not shown). Curiously, the temporal/FST method provides a rather 

high m value for the large Nehalem population.  It should be kept in mind, however, 

that several assumptions of the temporal/FST method, namely HWE and symmetrical 

geneflow among populations, may not be met.  By applying the Bayesian method of 

Wilson and Rannala (2003), we provide directional migration rate estimates that are 

not contingent on these assumptions. 

Bayesian migration rate estimates tended to be higher than those of the 

temporal/FST method, and suggest that two of the larger populations function as 

migrant sources for numerous, smaller populations (Figure 2.5 and Appendix 2.2).   

Moreover, source-sink dynamics appear to be influenced by distance, as smaller 

basins appear to receive more migrants from the Coos in the south, whereas the 

Nehalem functions as the principal migrant source in the north (Figure 2.5).  

Consequently, populations of the central coast, such as those from the Yaquina River, 

Alsea River and Beaver Creek, receive relatively balanced immigrant contributions 

from the major source populations.  

Two noteworthy sources of error may be compromising the accuracy of our 

Bayesian migration rate estimates.  First, simulations performed by Wilson and 

Rannala (2003) indicate that their method lacks power when either few loci (less than 

20) are employed or when population structure is weak.  Given the nature of our 

dataset, caution must therefore be taken when interpreting these results.  The 
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influence of unmarked, hatchery coho may constitute a second source of error in our 

migration rate estimates.  Most notably, in 1999, the Nehalem hatchery released 

53,080 unmarked, hatchery coho smolts.  Given estimated smolt-to-adult survival 

rates of 4% to 8% (Logerwell et al. 2003), this hatchery cohort likely produced 

between 2,123 and 4,246 unmarked coho adults returning in 2002, a portion of which 

may have strayed into neighboring basins, thereby elevating the estimate of wild 

migrants from the Nehalem River.  This event may also have generated significant 

allele frequency changes within the Nehalem River population, affecting the Nehalem 

temporal/FST m estimate.  In contrast, such confounding circumstances are not 

associated with the Coos source population, as only 139 unmarked Coos River 

hatchery smolts were released in 1999.  Despite these factors, we believe that our 

results provide a useful index of migration rates and represent the first attempt at 

quantitatively describing source-sink dynamics among Oregon coho populations.   

Dramatic census size increases, recorded for most coastal Oregon coho 

populations during the sampling period of 1998-2002 (Figure 2.6), have probable 

relevance to our findings.  It is likely that the relatively high contemporary migration 

rates that we are reporting are the result of a “spilling over” effect, as the larger Coos 

and Nehalem populations responded more quickly to favorable conditions and 

provided large numbers of migrants to neighboring populations in 2002.  Again, 

hatchery influence over coho population dynamics on the Nehalem River cannot be 

ignored, and may have contributed to this population’s rapid census size increase.  

Nevertheless, wild coho smolt production on the north fork of this river was estimated 

to be twice that of any other coastal Oregon site monitored by ODFW in 1999.  
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Regardless of the source, admixture resulting from migration would generate 

a transient signal of non-random mating.  Such a scenario would serve to explain the 

major departures from HWE that we have detected in the majority of wild 

populations.  Although recent population expansions may be increasing this effect, it 

seems that high levels of geneflow among populations may be characteristic of 

Oregon coho, as our FST (θ) estimates corroborate previously reported values for 

Oregon coho (Ford et al. 2004), yet are much lower than values reported for coho at 

more extreme locations of the species’ North American distribution (Olsen et al. 

2003, Bucklin et al. 2007). 

 The temporal and spatial scales over which natural populations form discrete 

units are seldom predictable and often dynamic.  Whereas significant departures from 

HWE were observed when all individuals from a given basin were considered as a 

single population, most hatchery populations conformed to HWE expectations.  

Again, this observation suggests that considerable admixture or genetic substructure, 

not present in hatchery populations, exists within natural coho populations.   

To evaluate the possibility of within-basin substructure we conducted a 

hierarchical analysis of genetic covariance and tested for conformance with HWE 

expectations at the level of within-basin sampling sites for the Nehalem, Yachats, 

Smith and Coos populations.  Hierarchical analyses of genetic covariance provided 

only limited evidence for within basin substructure, when contrasted with covariance 

levels associated with among basin differences.  However, among-site covariance did 

exceed among-year covariance, thus it can be inferred that precocial males (jacks) 

mediate a higher level of geneflow among brood-year populations than occurs among 
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spawning sites within the same basin.  Concomitantly, nearly a third of all putative 

“sub-populations” did not conform to genotypic frequency expectations under HWE, 

even after sequential Bonferroni corrections.  Thus, within-basin substructure appears 

to be both weak and more complex than a temporally stable system of spatially 

defined demographic units.  Unfortunately, the use of carcass samples precluded our 

ability to detect for multiple, temporally structured populations within spawning years 

at sampling sites. 

 In all but one case hatchery coho populations appeared to be most similar to 

wild fish of the same river.  This result is perhaps not surprising, as the hatchery 

populations examined were founded by local wild stock, with the exception of the 

Salmon River hatchery population.  Moreover, the Coquille, Coos and Cow Creek 

hatchery stocks receive regular supplementation from native wild fish.  Although 

small sample sizes preclude statistical analyses, each of these three hatcheries 

presented higher allelic richness than both the Nehalem and Salmon hatchery 

populations, which do not incorporate wild stock into their breeding programs. 

Overall, the general pattern suggests that hatchery populations possess significantly 

lower levels of allelic richness than wild river populations. 

Allelic Richness 

 Founder effects, bottlenecks and inbreeding may all contribute to the 

relatively low allelic richness observed in Oregon hatchery coho populations.  

However, these processes may also act over natural populations.  Coho salmon from 

Oregon rivers have been shown to be more diverse than more northerly populations 

with both allozymes (Wehrhahn and Powell 1987) and mtDNA sequence data (Smith 
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et al. 2001).  These findings have been interpreted as a signal of bottlenecks and 

founder effects from a limited number of post-Pleistocene colonizations by coho from 

Oregon and California refugia.  Interestingly, the coastal lakes flanking the mouth of 

the Umpqua River are also believed to be of late Pleistocene origin (Cooper 1958, 

Johnson et al. 1985), far younger than most rivers along the Oregon coast.  These 

basins therefore became available for colonization by coho during the same period 

that more northerly, glaciated rivers of Washington, British Columbia and Alaska 

became inhabitable.  Founder effects may then also serve to explain the relatively low 

levels of allelic richness observed in coho populations from Oregon coastal lakes, as 

compared to neighboring populations. 

 The highest levels of allelic richness were found in river populations from the 

central region of the OCC ESU (Figure 2.4).  Interestingly, it appears that coho 

populations of this region receive the most balanced contributions from the two 

primary, geographically distant migrant sources of the ESU, the Nehalem and Coos 

river populations (Figure 2.5). 

Only one population from another ESU was included in our analyses, that of 

the Rogue River in southern Oregon, and it presented the lowest level of allelic 

richness observed among our samples.  While sampling across additional ESUs could 

certainly broaden the scope of our findings, the intensive within-ESU sampling 

strategy we have employed has provided sufficient resolution to detect both 

continuous and categorical patterns of allelic richness that might otherwise have been 

overlooked or misinterpreted. 
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Conclusions 

Altogether, our findings suggest that both natural and anthropogenic forces 

have served to shape the contemporary patterns of coho genetic diversity along the 

Oregon coast.  Relatively high migration rates from a limited number of large, 

geographically distant source populations appear to modulate spatial genetic 

structure, while maintaining elevated levels of allelic richness within the core of the 

OCC ESU.  In concert with local adaptations, the source-sink dynamics we have 

described may very well represent a long-standing ecological mechanism responsible 

for generating and maintaining genetic diversity in Oregon coastal coho salmon 

populations. 
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Table 2. 1.  For all populations: mean sample sizes across loci, FIS, observed and expected 
heterozygosities, latitude of river (at mouth), origin and ecotype.  Samples were collected in 2002, 
except where indicated. 
 

Basin Mean n FIS Ho He Latitude° Origin Ecotype 

Alsea 83.5 0.094 0.731 0.801 44.25 Wild River 
Beaver Cr.* 31.6 0.069 0.733 0.774 44.31 Wild River 
Coos 178.5 0.099 0.729 0.807 43.21 Wild River 
Coquille 41.8 0.197 0.648 0.794 43.07 Wild River 
Devils 37.3 0.110 0.669 0.741 44.57 Wild Lake 
Necanicum 30.0 0.115 0.696 0.771 46.01 Wild River 
Nehalem 162.1 0.089 0.708 0.775 45.40 Wild River 
Nestucca 55.4 0.089 0.714 0.776 45.09 Wild River 
New* 42.8 0.055 0.728 0.761 42.56 Wild River 
Rogue 44.4 0.092 0.672 0.730 42.25 Wild River 
Salmon 42.8 0.072 0.730 0.777 45.02 Wild River 
Siletz 46.4 0.120 0.685 0.769 44.54 Wild River 
Siltcoos 26.9 0.103 0.692 0.754 43.52 Wild Lake 
Siuslaw 130.6 0.161 0.683 0.811 44.00 Wild River 
Smith 90.5 0.109 0.722 0.805 43.40 Wild River 
Sutton 34.0 0.097 0.688 0.749 44.04 Wild Lake 
Tahkenitch* 31.1 0.069 0.725 0.765 43.48 Wild Lake 
Tenmile 57.6 0.073 0.739 0.789 43.33 Wild Lake 
Tillamook* 13.3 0.082 0.698 0.728 45.33 Wild River 
Trask* 18.9 0.021 0.750 0.744 45.33 Wild River 
Umpqua 275.25 0.074 0.757 0.816 43.40 Wild River 
Wilson* 31.1 0.072 0.739 0.782 45.33 Wild River 
Yachats* 20.3 0.050 0.770 0.789 44.18 Wild River 

Yaquina 111.6 0.166 0.668 0.796 44.37 Wild River 
Temporal replicates        

Coos 2003 54.6 0.093 0.731 0.798 43.21 Wild River 
Coos 2004* 80.3 0.047 0.775 0.808 43.21 Wild River 
Coquille 2004 44.9 0.055 0.723 0.757 43.07 Wild River 
Nehalem 2003* 121.9 0.021 0.790 0.803 45.40 Wild River 
Nehalem 2004 41.4 0.184 0.648 0.780 45.40 Wild River 
Smith 2003 58.0 0.079 0.734 0.789 43.40 Wild River 
Smith 2004 67.5 0.077 0.740 0.794 43.40 Wild River 
Yachats 2003* 35.0 0.060 0.768 0.803 44.18 Wild River 
Yachats 2004* 33.9 0.073 0.732 0.777 44.18 Wild River 

Hatcheries        
Coos 2004* 91.0 0.005 0.797 0.789 43.21 Hatchery River 
Coquille 2004* 47.1 0.007 0.794 0.780 43.07 Hatchery River 
Cow Cr. 2004* 42.8 0.027 0.806 0.818 43.40 Hatchery River 
Nehalem 2004 28.3 0.100 0.703 0.764 45.40 Hatchery River 
Salmon 2004* 50.0 0.002 0.750 0.741 45.02 Hatchery River 

        

Total 2,434.0       
*No significant difference from HWE after sequential Bonferroni correction. 
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Table 2. 2. Effective number of breeders, Nb, and corresponding immigrant fractions, m, for five 
Oregon coastal coho populations as calculated by the temporal/FST method (Ford et al. 2004), under 
10% and 25% jack contributions.   

 
Basin Nb 10% jacks m 10% jacks Nb 25% jacks m 25% jacks Bayesian m * 

Nehalem 170 (117, 245) 0.05 (0.02, 0.10) 76 (53, 110) 0.12 (0.06, 0.22) 0.06 (0.02, 0.10) 
Yachats 150 (81, 348) 0.06 ( 0.02, 0.14) 66 (35, 153) 0.14 (0.05, 0.32) 0.32 (0.29, 0.33) 
Smith 378 (210, 824) 0.02 (0.01, 0.06) 171 (95, 373) 0.05 (0.02, 0.12) 0.15 (0.06, 0.28) 
Coos 384 (238, 674) 0.02 (0.01, 0.05) 172 (107, 301) 0.05 (0.02, 0.11) 0.19 (0.15, 0.24) 
Coquille 168 ( 98, 324) 0.06 (0.02, 0.12) 71 (41, 137) 0.13 (0.05, 0.28) 0.31 (0.28, 0.33) 

 

* Immigrant fraction as calculated through the Bayesian method of Wilson and Rannala (2003).  For all 
estimates, 95% confidence intervals are reported in parentheses. 
 
 
 
 
 
 
 
Table 2. 3. ANOVA table testing for association between the explanatory variables origin, ecotype, 
year and latitude with mean allelic richness of Oregon coastal coho populations.  See text for variable 
descriptions. 

 
 Df Sum of Squares Mean Squares F Value Pr(F) 

Origin 1 0.9782 0.9782 4.4301 0.043 

Ecotype 1 1.8633 1.8633 8.4384 0.007 

Year 2 0.2716 0.1358 0.6150 0.547 

Latitude 1 0.0045 0.0045 0.0203 0.888 

Error 32 7.0661 0.2208   
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Figure 2. 1.  Map of rivers from which tissue samples were collected.  The Oregon Coastal Coho 
Evolutionarily Significant Unit is outlined in bold.  Inset is of the western U.S.A. 
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Figure 2. 2.  Maximum likelihood tree depicting structure among Oregon coastal coho salmon 
populations.  Open circles indicate branches of length not significantly different from zero.  Values for 
nodes that received bootstrap support greater than 50% are presented. All samples were collected in 
2002, unless otherwise indicated (03 from 2003, 04 from 2004).  *Tributary or hatchery of the 
Umpqua River drainage. 
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Figure 2. 3.  Box and whisker plot depicting the range of mean allelic richness observed among coho 
populations from three habitat-origin types: lake-wild, river-hatchery, river-wild.  Boxes enclose the 
25th through 75th quartile range and whiskers are drawn to the nearest value not beyond the standard 
span from quartiles (i.e. 1.5 * interquartile range). 
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Figure 2. 4. Relationship between mean allelic richness of wild, river-rearing Oregon coastal coho 
salmon populations and the latitude at which they enter freshwater spawning grounds.  Upper curve 
includes the Trask River sample point, lower curve does not.  
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Figure 2. 5.  Oregon coho populations ordered from north (top) to south (bottom) as composed by 
individuals homing to their natal river (white) and migrants from the Nehalem (light gray), Coos 
(black) and all other sources combined (dark gray).  Migrant contributions estimated with the program 
BAYESASS (Wilson and Rannala 2003).  
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Figure 2. 6. Spawner abundance of coho salmon in the Nehalem ( ) and Coos ( ) rivers, plotted 
together with the mean spawner abundance of thirteen other OCC-ESU populations ( - Necanicum, 
Tillamook, Nestucca, Salmon, Siletz, Yaquina, Alsea, Yachats, Siuslaw, Coquille, Tenmile L., 
Tahkenitch L., Siltcoos L.) for the years 1998 through 2004.  Error bars indicate standard error of 
mean estimate.  Adapted from Oregon Department of Fisheries and Wildlife data 
(http://oregonstate.edu/Dept/ODFW/spawn/cohoabund.htm) 
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Abstract 

Salmonid fishes (Salmonidae) utilize olfactory cues to guide a number of 

behaviors, including predator avoidance, foraging, kin recognition and navigation 

during migration.  A large and highly diverse superfamily of olfactory receptors 

mediate odorant discrimination, yet only a few have been described from salmonids.  

Furthermore, no formal analysis of the evolutionary processes shaping olfactory 

receptor gene diversity has been made for this widely distributed teleost family.  Here 

we use nucleotide sequence data from nine salmonid species to estimate site-wise 

dN/dS ratios for nine olfactory receptor genes, under alternate evolutionary models.  

We then use likelihood ratio tests to detect site-specific positive selection acting over 

orthologous and paralogous genes.  Our results suggest that positive selection has 

acted over multiple amino acid sites of paralogous main olfactory receptors, and a 

single residue among orthologues of a novel copy of ora1.  We did not find 

convincing evidence for positive selection influencing main olfactory receptor 

orthologues.  Our results are consistent with the differential tuning hypothesis, which 

predicts species-specific diversification of vomeronasal receptor-like genes (eg. ora1) 

and high conservation of main olfactory receptor orthologues. 

Introduction 

Teleost fishes detect water borne odorants through the activation of cell 

surface receptors expressed by sensory neurons of the olfactory epithelium.  The 

genes that encode teleost olfactory receptors can be grouped into four categories, 

defined by sequence similarities and expression patterns.  Genes from teleost ora and 

OlfC classes resemble mammalian V1R and V2R genes, respectively, and may detect 
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pheromones and amino acids, like their mammalian homologues (Alioto and Ngai 

2006; Saraiva and Korsching 2007).  A third class of receptors, the trace amino acid 

receptors (TAARs), are common to both teleosts and terrestrial vertebrates 

(Hashiguchi and Nishida 2007).  A third class of genes encodes the highly diverse 

main olfactory receptors (mORs), which are thought to detect and discriminate 

amongst all other potential odorants.  Fish are thought to have between 50 and 150 

main olfactory receptor genes, which can be organized into eight distinct gene 

families (Alioto and Ngai 2005; Niimura and Nei 2005).  Altogether, olfactory 

receptor genes comprise one of the largest multigene families yet described from 

vertebrate genomes.  This diversity is thought to be the result of serial gene 

duplications, coupled with birth and death evolution (Nei and Rooney 2005) and/or 

positive selection (Ngai et al. 1993; Kondo et al. 2002; Alioto and Ngai 2005).   

Salmon and trout rely on olfaction to guide a number of fundamental 

activities, such as foraging, predator avoidance and kin recognition (Groot et al. 1986; 

Olsén et al. 1986; Martel and Dill 1993; Courtenay et al. 2001).  Olfaction also plays 

a key role in directing spawning migrations, as adults utilize olfactory cues to return, 

or “home”, to natal streams, where they reproduce (Dittman and Quinn 1996).  

Homing behavior presumably enables an individual’s progeny to benefit from 

population specific adaptations to local freshwater environments (Taylor 1991).  To 

capitalize on these adaptations, salmon must occasionally discriminate between 

streams with very similar chemical signatures.  Johnstone et al. (2008) hypothesized 

that if an olfactory receptor (ORA1) were tuned to a few key odorants, population 

specific differences in the amino acid sequence of the ligand binding domain could 
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arise, presumably through selection.  If this were so, one might expect to see such 

differences at the species or genus level, where selection would have the opportunity 

to act over deeper evolutionary time.  However, only one study has described an 

olfactory receptor gene from more than one species of salmon (Morinishi et al. 2007), 

and no formal analysis of interspecific sequence variation has yet been performed. 

In this study we examine patterns of sequence diversity for seven main 

olfactory receptor genes (mORs) and two copies of ora1, in nine species of salmon 

and trout.  We use maximum likelihood methods to test for a signal of positive 

selection among paralogues, as well as orthologues, as evidenced by non-synonymous 

to synonymous nucleotide substitutions rate ratios (dN/dS, or ω ratios).  This 

approach aims to assess the relative influence of positive selection over OR gene 

evolution during both gene family and salmonid species radiations. 

Materials and Methods 

Olfactory receptor gene isolation 

To initiate our investigation, we isolated olfactory receptor genes from the 

coho salmon (Oncorhynchus kisutch) genome through degenerate PCR.  To design 

primers, we first downloaded zebrafish OR gene sequences from GenBank.  These 

sequences, representing zebrafish OR gene families C, D, E, F, G and H, were then 

used to query the NCBI protein database with the tBLASTx search engine (Altschul 

et al. 1997).  Our tBLASTx searches identified similar OR genes, often in other 

teleost species, which we downloaded, translated and aligned with ClustalW.  From 

these alignments we designed degenerate PCR primers in conserved regions, with aid 

of the program CODEHOP (Rose et al. 2003).  Degenerate primer sequences and 
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GenBank accession numbers for sequences used to design primers are presented in 

Appendix 3.1. 

We isolated genomic DNA from a single coho salmon tissue sample with a 

DNeasy® extraction kit (Qiagen Inc., Valencia, CA), and used a MJ Research 

thermocycler to perform degenerate PCRs in 40 µL reactions.  Modified 

“touchdown” PCRs (Korbie and Mattick 2008) were performed through: 4′ at 94°, 1′ 

at 68°, 1′30″ at 72°; 2 cycles of 1′ at 94°, 1′ at 66°, 1′30″ at 72°;  3 cycles of 1′ at 94°, 

1′ at 64°, 1′30″ at 72°;  4 cycles of 1′ at 94°, 1′ at 62°, 1′30″ at 72°;  5 cycles of 1′ at 

94°, 1′ at 60°, 1′30″ at 72°;  6 cycles of 1′ at 94°, 1′ at 58°, 1′30″ at 72°;  6 cycles of 1′ 

at 94°, 1′ at 66°, 1′30″ at 72°; followed by a 2′ extension at 72°.  We separated PCR 

products via agarose gel electorphoresis, then purified them with a QIAquick® gel 

extraction kit (Qiagen Inc., Valencia, CA).  Products were direct sequenced with the 

same degenerate primers used during PCR.  When sequence reads were ambiguous or 

incomplete, we cloned (TOPO TA Cloning® Kit, Invitrogen Inc., Grand Island, NY) 

and sequenced products, using T3/T7 or M13 forward and reverse primers.  All 

sequencing was carried out on an ABI 3730XL DNA Analyzer (Applied Biosystems, 

Inc., Carlsbad, CA).  We aligned forward and reverse sequence reads with the open-

source software BioEdit (Hall 1999), then performed tBLASTx searches with the 

sequence contigs. 

For those sequences that presented high similarity to previously described OR 

genes, we used Vector NTI (Invitrogen, Inc.) software to design high stringency 

(Tm>67° C), nested PCR primers.  We used these primers in conjunction with the 

Universal GenomeWalkerTM Kit (BD Biosciences, Inc.) to amplify DNA in both the 
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5′ and 3′ flanking regions of the putative OR genes, following the manufacturer’s 

protocol.  As before, amplicons were separated by gel electrophoresis, extracted, 

purified and sequenced, using the nested (or secondary) walking primer to initiate the 

reaction.  This procedure allowed us to “walk out” of the relatively short, single exon 

coding region and into intergenic sequence.  We used information from similar genes, 

identified with the TBLASTX search engine, to assist in establishing the phase and 

location of start and/or stop codons.  After obtaining sequence in the 5′ and/or 3′ 

flanking regions of each gene, we designed nested primers to “walk back” through the 

gene, so as to accurately characterize the full length coding and distal flanking 

sequence.  We then designed medium stringency (Tm≈55° C) primers in the 5′ and 3′ 

flanking regions of each gene, and used these primers to amplify DNA from a single 

individual for each of the following nine species: Atlantic salmon (Salmo salar), 

brown trout (S. trutta), cutthroat trout (Oncorhynchus clarkii), steelhead rainbow 

trout (O. mykiss),  coho (O. kisutch), Chinook (O. tshawytscha), pink (O. gorbuscha), 

chum (O. keta), and sockeye (O. nerka) salmon.  “Touchdown” PCRs were 

performed accordingly: 3′ at 94°; followed by 1 cycle at each annealing temperature 

of 30″ at 94°; 30″at 58°-54° (annealing), 45″ at 72°; followed by 30 cycles of 30″ at 

94°; 30″at 54°, 45″ at 72°; and a 2′ extension at 72°.  We then isolated, purified, 

cloned and sequenced all PCR products of expected size, as previously described. 

Sequence alignments, annotation and analysis 

We used CLUSTALW (Thompson et al. 1994), implemented in BioEdit, to 

align the nucleotide sequences for all OR orthologues.   Alignments were inspected 

for accuracy and edited by hand in BioEdit.  With the goal of establishing a 
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systematic nomenclature for salmonid mORs, we aligned the amino acid translations 

for the O. kisutch and O. mykiss copies of mORs with zebrafish (Danio rerio) 

sequences from each of the eight previously described teleost mOR families (Alioto 

and Ngai 2005).  Zebrafish sequences were either downloaded from GenBank or 

obtained directly from Alioto and Ngai (2005).  We used this alignment to infer the 

relationships among salmonid and zebrafish mORs by constructing a maximum 

likelihood tree with the programs PROML in the PHYLIP analysis package 

(Felsenstein 2005).  Trees were visualized with TREEVIEW (Page 1997). 

We then used this phylogeny to devise a system of salmonid mOR gene 

nomenclature.  In brief, the name of each gene reflects its salmonid origin, followed 

by an OR identifier, a three digit numerical subfamily designation and a gene member 

number (eg. salmOR300-1).  The first digit of the subfamily designation is 

determined through affiliation with one of the eight zebrafish mOR gene families.  

For example, salmonid mORs resembling zebrafish family A genes are included in 

subfamilies 100, 101, 102…, and family B-like genes are included in subfamilies 200, 

201, 202…, family C includes the 300 series, etc.  We used BioEdit to calculate 

percent amino acid sequence identities among salmonid mORs.  Values greater than 

60% and 40% were used to verify subfamily and family gene clades, respectively 

(sensu Alioto and Ngai 2005). 

Amino acid sequences were also used to generate a sequence logo, with the 

WebLogo 3 (Crooks et al. 2004) online server (http://threeplusone.com/weblogo/), 

and to predict the transmembrane coding domains for each gene with the TMHMM 
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Server v. 2.0 (Krogh et al. 2001, available at 

http://www.cbs.dtu.dk/services/TMHMM/). 

Using the aligned nucleotide sequences for the coding region of each 

predicted gene, we inferred relationships among orthologues with the maximum 

likelihood approach implemented in the program DNAML of the PHYLIP analysis 

package (Felsenstein 2005).  In two instances, we aligned and inferred the 

phylogenies of both orthologues and paralogues for gene subfamilies.   

We then used the program CODEML, from the PAML 4 analysis package 

(Yang 2007) to reconstruct the ancestral sequence of salmonid OR genes, under 

models that included variable constraints over ω.  In simple terms, for ω > 1, ω =1, 

and ω < 1, positive selection, neutrality, and purifying selection may be inferred, 

respectively.  But because positive selection can not be expected to affect all regions 

of a gene equally, nor affect all lineages equally, we tested for variance in ω ratios 

among amino acid sites and, in the analyses of paralogues, gene tree branches.   

For each putative gene, we obtained log likelihood scores through fitting our 

data to CODEML models 7 and 8.  Model 7 served as the null model in our “sites 

test”, aimed to detect variable ω ratios among amino acid sites.  This model restricts 

ω to a beta distribution, estimated over the interval (0, 1).  The model 7 score was 

then compared to that of model 8, which includes an additional class of codon sites 

that can take on values of ω > 1.  In model 8, both the proportion of these sites and 

the value of ω are estimated from the data (Yang et al. 2000).  In two cases, we tested 

for variable site specific ω ratios among branches delineating paralogue clades.  This 

“branch-sites test” was performed by first calculating the log likelihood score of 
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branch site model A (Zhang et al. 2004).  This model includes 4 codon site classes, 

including two classes that estimate ω for designated “foreground” and “background” 

branches.  The score from this model was then compared to that of a null model that 

includes only two codon site classes, ω = 1 and 0 < ω < 1 for all branches (Yang and 

Nielsen 2002; Zhang et al. 2004). 

All CODEML models used gene tree topologies generated with DNAML, 

codon frequencies estimated from the data (CODEML F4x3 option), and employed 

the universal genetic code for nucleotide sequence translation.  Null and alternative 

models were compared through likelihood ratio tests, where LRT = 2(ℓ0-ℓ1) was 

evaluated over a χ2 distribution.  For the “branch-site tests” we evaluated LRT over 

critical values 3.84 at 5% and 5.99 at 1%. These conservative values guard against 

possible violations of model assumptions (Zhang et al. 2004).  Given the limited 

number of samples included in some analyses, we considered results at p ≤ 0.10, to 

avoid against Type II errors.  For tests that indicated positive selection at this level, a 

Bayes Empirical Bayes (Yang et al. 2005) analysis was used to identify amino acid 

sites under selection. 

Results 

OR gene islolation and characterization 

We isolated seven putative mORs, as well as a novel copy of the ora1 gene 

from the coho salmon genome.  We then amplified, cloned and characterized each of 

these genes in the majority of eight additional salmonid species (Table 3.1).  In 

several instances, PCR failed to amplify a given gene in some species (indicated by a 

dash in Table 3.1).  This was likely the result of mutations at primer binding sites, but 



51 
could also be the result of gene loss in some lineages.  The salmonid mORs 

characterized here cluster with genes from 4 zebrafish mOR gene families: C, D, E 

and F (Figure 3.1).  Amino acid sequence identities further suggest that 4 mOR 

families are present in our data, with each family represented by a single subfamily 

(Table 3.2).  Accordingly, we refer to these mORs as members of subfamilies 

salmOR300, salmOR400, salmOR500 and salmOR600. 

Several of the mORs isolated through our study resemble previously described 

salmonid genes.  For example, the first mOR that we isolated from the O. kisutch 

genome appears to be orthologous to a gene described from five other Pacific salmon 

by Morinishi et al. (2007).  We isolated this gene from S. salar, O. clarkii and O. 

tshawytscha, in addition to O. kisutch.  Given the ubiquity of this mOR, we hereafter 

depart from the species-based nomenclature of Morinishi et al. (2007) and refer to 

this gene as salmOR300-1, following our proposed nomenclature.  We have included 

the sequences of Morinishi et al. (2007) in our analyses (GenBank accession Nos. 

AB232550, AB255033-AB255036), but accordingly refer to them as orthologues of 

salmOR300-1.  With amino acid sequence identities exceeding 79% (Table 3.2), the 

novel genes salmOR300-2, salmOR300-3 and salmOR300-4, appear to be closely 

related paralogues to salmOR300-1. 

The salmOR400-1 sequence closely resembles the ASOR1 gene described by 

Wickens et al. (2001), but differs through the unusual presence of a single intron, and 

considerable divergence in the 5′ untranslated region.  Although salmOR400-1 may 

be a pseudogene in at least some species, for the purposes of this study we treat this 

sequence as a bi-exonic gene.  To this end, we defined salmOR400-1 intron-exon 
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boundaries through alignment with the ASOR1 gene, which was isolated from cDNA 

(Wickens et al. 2001). 

The salmOR600-1 gene appears to be a member of the same subfamily as the 

Atlantic salmon SORB gene (Dukes et al. 2006), with 62% amino acid sequence 

similarity in S. salar.  No other mORs identified through our study presented amino 

acid sequence similarities ≥40% with genes described by Dukes et al. (2006). 

In addition to mORs, we isolated a novel copy of the ora1 gene from each of 

the nine salmonid species examined.  The predicted coding region of this gene from 

S. salar presents 92.4% amino acid sequence identity with the ora1 gene described by 

Johnstone et al. (2008), yet carries 99% mean amino acid sequence identity with 

apparent orthologues.  We confirmed the presence of two copies of ora1 in S. salar 

by amplifying both copies of this gene from a single individual of this species.  To 

isolate both copies, we designed primers (Table 3.1) in divergent regions of the 5′ and 

3′ flanking sequences of ora1-1 and ora1-2, identified through a sequence alignment 

of ora1-1 sequence with the BAC clone sequence (GenBank Acc. No. EU147784.1) 

analyzed by Johnstone et al. (2008).  The S. salar sequence obtained through PCR 

with BAC clone designed primers presented 100% nucleotide sequence identity with 

ora1 for S. salar as described by Johnstone et al. (2008).  We denote the novel copy 

of ora1 as ora1-2, and hereafter refer to the previously described copy as ora1-1.  We 

isolated two copies of ora1 in S. trutta, also, but could not amplify ora1-1 from any 

Oncorhynchus species.  We used the Salmo orthologues of ora1-1 and all ora1-2 

sequences in a “branch-sites” analysis to test for the influence of positive selection 
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occurring between ora1 paralogues.  Amino acid sequence logos for ora1-2 and mOR 

orthologues are presented in Appendix 3.2. 

Evidence for positive selection 

We observed high levels of sequence conservation (Table 3.2) and no 

statistically significant evidence for positive selection among mOR orthologues 

(Table 3).  Of the mORs examined, salmOR600-1 presented the strongest evidence for 

positive selection (LRT= 3.0284; p=0.22, df=2), putatively acting over site 193, as 

indicated through a Bayes Empirical Bayes analysis (p=0.038, ω=4.128 S.E. 1.755). 

Evidence for positive selection was stronger among ora1-2 orthologues 

(LRT=4.544; p=0.10, df=2) than for any mOR (Table 3).  Although 96% of codon 

sites presented evidence for purifying selection, ω was estimated at 5.76 for 4% of 

sites. A Bayes Empirical Bayes analysis of interspecific sequence variation for this 

gene indicated site 214 to be the most likely subject of positive selection (p=0.10, 

ω=3.985 S.E. 2.37).  This site corresponds to a residue of the fourth  transmembrane 

domain of the predicted ora1-2 gene product (Appendix 3.2).   A “branch-sites” 

model test did not present evidence for positive selection having significantly 

influenced the divergence between the two copies of ora1 (Table 3). 

In contrast, a “branch-sites” test provided strong evidence for positive 

selection among salmOR300 paralogues (Table 3).  In fact, across 2% of sites in 

foreground branches, ω = 20.34.  Bayes Empical Bayes analysis indicated sites 54 

(p=0.074), 113 (p=0.06) and 156 (p=0.087) as the sites most likely to have 

experienced positive selection.  These sites correspond to a residue of the first 
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intracellular domain, and residues of the third and fourth  transmembrane domains, 

respectively (Appendix 3.2). 

Discussion 

An analysis of dN/dS (ω) ratios can provide valuable information for 

formulating inferences of molecular evolution.  Tests for positive selection are 

particularly useful when coupled with knowledge of the protein structure under 

investigation.  Performed in this context, dN/dS rate ratio tests can provide clues 

toward the functional significance of gene diversity, and this information may be used 

to generate hypotheses of the evolutionary processes underlying population and 

species divergence (Ford 2002). 

In this study we have examined nine olfactory receptor genes from a host of 

non-model species to infer the modes of molecular evolution acting before and during 

speciation.  Our results suggest that in a common ancestor to Oncorhychus and 

Salmo, positive selection influenced the radiation of the salmOR300 gene subfamily.  

This selection appears to have affected a single amino acid residue of the first 

intracellular domain and single residues of the third and fourth transmembrane 

domains of salmOR300 receptors.  Amino acid sites 54 and 113 incurred multiple 

nucleotide substitutions as salmOR300-1 and salmOR300-4 diverged from 

salmOR300-2 and salmOR300-3 (Figure 3.2).  Curiously, changes at site 113 

ultimately resulted in a serine residue for all paralogues, coded as either AGC or 

TCA.  However, the multiple single nucleotide substitutions necessary to result in 

these two serine codons would have involved a minimum of two intermediate, non-

synonymous changes (serine↔cysteine↔serine or serine↔thyroxine↔serine).  
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Codons for amino acid site 156, of the fourth transmembrane domain, were subjected 

to at least one non-synonymous nucleotide substitution per paralogue genesis, 

although both salmOR300-1 and salmOR300-2 eventually converged to cysteine 

residues at this site (Figure 3.2). 

Transmembrane domain residues are believed to form the ligand binding 

pockets of olfactory receptors (Liu et al. 2003; Mombaerts 2004; Katada et al. 2005).  

As found here in salmonids, evidence for positive selection has previously been 

reported for transmembrane domain residue sites of zebrafish, channel catfish and 

Japanese medaka mOR genes (Alioto and Ngai 2005; Ngai et al. 2003; Kondo et al. 

2002).  This pattern likely reflects a common evolutionary response to advantages 

gained from a functionally expanded olfactory receptor gene repertoire.  In principle, 

a larger and more diverse superfamily of olfactory receptors should confer improved 

discrimination of environmental chemical cues. 

The early radiation of the salmOR300 subfamily appears to have been 

followed by strong conservation of constituent genes along species lineages.  Indeed, 

sequence conservation appears to be the predominant force acting over salmonid 

mOR orthologues, as has been found for other teleosts (Hashiguchi et al. 2008).  We 

find it interesting that all salmonid mOR genes examined appear to have remained 

highly conserved in Oncorhynchus and Salmo, even as these taxa have radiated and 

expanded their distributions throughout Europe, Asia and North America, 

undoubtedly encountering novel chemical environments along the way.  SalmOR600-

1 may represent an exception to this pattern of conservation.  Although the LRT for 

models 7 and 8 of salmOR600-1 generated a p-value > 0.10 (Table 3), previous 
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studies of teleost mORs have interpreted p-values >0.20 as potential evidence for 

positive selection (Alioto and Ngai 2005).  Moreover, the site identified to be  under 

selection codes for an amino acid of the second extracellular domain of the receptor; a 

region characterized by high sequence diversity in mammalian ORs (Liu et al. 2003).  

The strong evidence for positive selection over ora1-2 orthologues contrasts 

with our mOR findings, and is particularly interesting when viewed in the functional 

context of ora homologues.  In mammals, ORA homologues (V1Rs) are believed to 

serve as pheromone receptors (Dulac and Torello 2003; Kimoto et al. 2005).  If 

teleost ora genes also detect pheromones, positive selection among salmonid ora1-2 

orthologues could be reflecting an interspecific divergence of olfactory cues used 

during mate selection.  However, this hypothesis is as tenuous as it is intriguing, in 

that teleosts lack a vomeronasal organ and the ligands for ORAs remain unconfirmed.  

Even so, ora genes code for an ancient and distinct set of chemoreceptors (Grus & 

Zhang 2009), and evidence for their diversification in salmonids naturally invites 

speculation as to the source of selection. 

The patterns of selection and conservation that we have detected for salmonid 

olfactory receptors are highly consistent with those of a recent meta-analysis of 

terrestrial vertebrate OR evolution.  Specifically, Grus and Zhang (2008) reported 

high levels of conservation for mOR orthologues across diverse species lineages, 

contrasted by divergence among mOR paralogues at ligand binding sites and species-

specific divergence of V1R orthologues.  Grus and Zhang (2008) interpreted their 

findings as evidence for a “differential tuning hypothesis”, whereby mOR orthologues 

are subject to purifying selection that ensures, for all species, the capacity to interact 



57 
with a wide range of odorants, while selection finely tunes vomeronasal receptors to 

species-specific cues. 

The salmonid tetraploidization event (Allendorf et al. 1984), which likely 

duplicated ora1, may have contributed to this process by relaxing existing purifying 

selection over one copy of this gene, allowing it to drift or respond to alternate forms 

of selection.  Conceivably, tetraploidization may have generated sister copies of other 

ora genes in salmonids (eg. ora3 through ora6), potentially resulting in a more 

diverse ora gene family than present in other teleosts (Hashiguchi et al. 2008).  

Further characterization of these genes could address this point. 

Other salmonid OR genes were also likely duplicated during the 

tetraploidization event, and we acknowledge the confounding effects of isoloci as a 

potential source of error in our data.  By anchoring PCR primers in non-coding 

flanking sequences, we aimed to achieve higher PCR specificity, and avoid 

amplification of isoloci.  Given the high degree of coding sequence similarity 

observed between some ORs, gene conversion could represent another source of error 

in our data.  The methods used in this study, and in previous studies describing teleost 

OR gene evolution (eg. Ngai et al 1993; Alioto and Ngai 2005; Pfister et al. 2007; but 

see Kondo et al. 2002) do not accommodate for complex mutational processes that 

involve horizontal transfer.  Accordingly, a degree of caution must be exercised when 

interpreting dN/dS ratio results. 

Finally, the functionality of the OR genes described in this study remains 

unconfirmed.  We have identified putative ORs through tBLASTx searches and 

alignment with previously described genes.  Teleost mOR and ora genes are typically 
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characterized by a single, intronless open reading frame, although exceptions do exist 

(Niimura and Nei 2005; Saraiva and Korsching 2007).  The genes we have described 

present this simple structure, with the exception of salmOR400-1.  This putative gene 

appears to contain a ~450 bp intron, which varies in length among orthologues.  If 

this intron were not excised from primary transcripts, an early stop codon would 

result in all species examined.  Moreover, in both S. trutta and O. nerka, early stop 

codons are present in salmOR400-1, even with the removal of the putative intron.  

Therefore, salmOR400-1 appears to be a pseudogene in some, if not all, species.  This 

observation, however, does not effect over our conclusions, as we did not detect 

positive selection to be acting over salmOR400-1 sequences, which are likely 

evolving neutrally. 

In summary, we found evidence for positive selection having influenced the 

diversification of paralogues from a salmonid mOR subfamily.  Subsequent 

conservation of orthologues across species lineages underscores the pervasive 

influence of purifying selection over mORs.  This finding contrasts with the pattern of 

interspecific sequence variability for the novel ora1-2 gene, in which positive 

selection appears to have acted over a residue that is potentially involved in ligand 

binding.  Resultant diversity at this site may, in turn, play a role in species recognition 

and sexual selection.  Although our analyses focused on interspecific patterns of 

sequence divergence, our results suggest that ora gene diversity could contribute to 

kin and/or population recognition in salmonids.  Indeed, the roles olfactory receptors 

play in homing, feeding and reproduction should continue to make them an 
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interesting and informative system for future studies of salmonid molecular evolution 

and ecology. 
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Table 3. 1 GenBank accession numbers for olfactory receptor genes isolated from Oncorhynchus and Salmo species.   Dashes indicate no amplification during 
PCR.  Oligonucleotide primers used to isolate sequences are listed at right. 
 

OR gene O. clarkii O. gorbuscha O. keta O. kisutch O. nerka O. tshawytscha O. mykiss S. salar S. trutta Forward Primer Reverse Primer 

salmOR300-1 FJ611230 AB255033a AB255035 a FJ611229 AB232550 a FJ611228 AB255034 a FJ611227 - GGTTTCACGATGAAGC
AGATAACA 

GCATTGGCTTACATCA
AAGACATT 

salmOR300-2 FJ613850 FJ613851 FJ613852 FJ613853 FJ613855 FJ613856 FJ613854 FJ613857 FJ613858 AGGACCTGAAGCAAG
GATATGC 

GTACACCATAAGGAAT
TGGATGAATT 

salmOR300-3 FJ613859 - - FJ613860 FJ613862 FJ613863 FJ613861 FJ613864 FJ613865 TCCGCAGGTTGTCTAA
GAGACCATCATC 

GGCATTGAGGTCAGGA
TTTGGTA 

salmOR300-4 FJ613866 FJ613867 FJ613868 FJ613869 FJ613871 FJ613872 FJ613870 FJ613873 FJ613874 CCAGTGTTGGTTCTAA
GAGAACACAT 

CATGGAAATCAGCAAT
GCAACA 

salmOR400-1 FJ716225 FJ716226 FJ716227 FJ716228 FJ716230 FJ716231 FJ716229 FJ716232 FJ716233 GAGAGGTATACAATTA
ACAGGAAGGCTG 

GGGAATGTCACCTTAC
TTGGAAACTT 

salmOR500-1 FJ613875 FJ613876 FJ613877 FJ613878 - FJ613880 FJ613879 - FJ613881 GGAGCAGTATCACTCT
CTCAAGCAAG 

CTAACTGTCTCGCAGG
TTGGTAGAA 

salmOR600-1 FJ613882 FJ613883 - FJ613884 - FJ613886 FJ613885 FJ613887 FJ613888 GGAAGCTGCCCCACAG
TCT 

GGGCTATTGATGGCTG
AGAGAA 

ora1-1 - - - - - - - EU143808b FJ716224 CCAATAGAATATGACC
ATTGATGGCT 

TCACAAGACCATCCAT
GAGGTATTAA 

ora1-2 FJ613841 FJ613842 FJ613843 FJ613844 FJ613846 FJ613847 FJ613845 FJ613848 FJ613849 CCTGTGCTGCTGTGTG
CCAA 

CAGCAAAACCCT 
CCATGAGGTAT 

 
a Sequences characterized by Morinishi et al. (2007).  b Sequence characterized by Johnstone et al. (2008). 
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Table 3. 2 Range of percent amino acid sequence identities observed for all pairwise comparisons of seven predicted main olfactory receptors, from nine species 
of salmon and trout.  Mean percent amino acid sequence identities estimated from all orthologues for each gene are presented in boldface. 

 

 salmOR300-1a salmOR300-2 salmOR300-3 salmOR300-4 salmOR400-1 salmOR500-1 salmOR600-1 
salmOR600-1 28 - 26 28 - 26 27 27 - 26 25 - 20 32 - 30 97 
salmOR500-1 27 - 24 24 - 21 24 - 22 26 - 23 24 - 19 93  
salmOR400-1 35 - 29 33 - 27 33 - 27 34 - 27 94   
salmOR300-4 84 - 81 83 - 79 81 - 79 98    
salmOR300-3 84 - 80 96 - 92 98     
salmOR300-2 84 - 81 96      
salmOR300-1a 97       

 

a Includes sequences from Morinishi et al. (2007).
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Table 3. 3.  Log likelihood scores for sequence evolution of seven mOR genes and the ora1-2 gene 
from salmon and trout, estimated for CODEML models 7 and 8.  Amino acid sites identified to be 
under selection and the number of sequences (n) included in each analysis are also presented.  Bottom 
Rows: Log likelihood scores for salmOR300 subfamily sequence evolution under 2 and 4 ω ratio 
branch-sites models (null and Model A, respectively).  Branches delineating paralogue clades were set 
as foreground branches in model A.  Likelihood ratio statistics (LRT) were calculated as LRT = 2(ℓ0-ℓ1) 
and evaluated over a χ 2 distribution.  See text for additional model details. 

 

 
* Evaluated over critical values 3.84 at 5% and 5.99 at 1% 

Sites models n Model 7 Model 8 LRT p (df = 2) Sites (p≤ 0.10) 
salmOR300-1 9 -1719.39 -1719.35 0.083 0.96  
salmOR300-2 9 -1710.81 -1709.75 2.119 0.35  
salmOR300-3 7 -1640.03 -1639.82 0.414 0.81  
salmOR300-4 9 -1599.36 -1599.17 0.372 0.83  
salmOR600-1 7 -1641.76 -1640.25 3.028 0.22  
salmOR400-1 8 -1281.98 -1281.38 1.196 0.55  
salmOR500-1 7 -1939.86 -1939.80 0.123 0.94  
ora1-2 9 -1443.43 -1441.16 4.544 0.10 214 
       
Branch-sites models  Null Model Model A LRT p*  
salmOR300 subfamily 34 -3621.56 -3614.45 14.22 <<0.01 54, 113, 156 
ora1 subfamily 11 -1678.23 -1677.35 1.76 >0.05  
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Figure 3. 1. Maximum likelihood tree depicting relationships for seven main olfactory receptors from 
two salmonid species (Oncorhynchus mykiss and O. kisutch) with zebrafish (Danio rerio) olfactory 
receptors from eight previously described gene families (Alioto and Ngai 2005).  Branch lengths 
represent the number of substitutions per amino acid site. 
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Figure 3. 2. Maximum likelihood tree inferred from nucleotide sequence alignment of four olfactory 
receptor genes from the salmOR300 subfamily, isolated from Oncorhynchus kisutch (Oki), O. clarkii 
(Ocl), O. mykiss (Omy),  O. tshawytscha (Ots), O. gorbuscha (Ogo), O. keta (Oke), O. nerka (One), O. 
masu (Oma) Salmo salar (Ssa), and S. trutta (Str).  Sequences from Morinishi et al. (2007) are included 
here as orthologues of salmOR300-1.  Branch lengths represent the number of substitutions per 
nucleotide site.  Amino acid sites under positive selection are presented for branches delineating 
paralogue clades (in bold).  Arrows point toward clades with indicated residues (in parentheses) and 
codons for each selected site.  
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Abstract 

Coho salmon (Oncorhynchus kisutch) utilize olfactory cues to recognize and 

home to natal streams during spawning migrations.  Chemically distinct river systems 

may promote directional selection for appropriately tuned olfactory receptor repertoires 

among coho populations.  Here, we use FST outlier methods to test for a signal of 

selection over olfactory receptor gene-linked markers, characterized in coho populations 

from four geographically proximate, but ecologically distinct rivers.  We report evidence 

for directional selection over one such marker, OkiOR3001, and document substantially 

larger measures of genetic structure among coho populations from Oregon coastal lakes 

than previously observed with putatively neutral microsatellites. 

Introduction 

In recent years, Oregon coastal coho salmon (Oncorhynchus kisutch) populations 

have experienced dramatic fluctuations in census size.  Several years of low escapements 

and the uncertainty of future ocean conditions prompted managers to list this 

evolutionarily significant unit (ESU) as threatened under the Federal Endangered Species 

Act (NMFS, 2008).  During this time, molecular genetic studies have aimed to provide 

insight into the extent and scale of structure and connectivity among populations. For 

example, microsatellite analyses have produced estimates of effective size, migration 

rates and genetic structure for coho populations from this region (Ford et al., 2004; 

Johnson and Banks, 2008), and this information has been used to identify recovery goals 

and modify resource use practices (Wainwright et al., 2008).  The presumed neutrality of 

microsatellite markers has, however, precluded their application toward any inference of 

adaptive genetic diversity within and among populations. 
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Nevertheless, data from genetic markers are routinely used to describe the effects 

of both demographic processes and selection over natural populations (e.g. Bonin et al., 

2006; Wilding et al., 2001; Hoekstra et al., 2004).  To facilitate such analyses, several 

methods have been developed to discriminate amongst loci that either conform to, or 

depart from, neutral models of population divergence (reviewed by Luikart et al., 2003).  

For example, genome scans (Bowcock et al., 1991) may be used to identify loci which 

present unexpectedly high (or low) FST values.  With caution, selection may then be 

inferred for “outlier loci”, as was first suggested by Lewontin and Krakaeur (1973).  

More recently, it has been recognized that although genome scans do not require a priori 

information of marker linkage associations, efficiency can be greatly improved by 

including candidate of likely functional significance among the markers to be examined 

(Stinchcombe and Hoekstra, 2008). 

As adult Pacific salmon undergo spawning migrations, they recognize and home 

to natal streams with the aid of olfactory cues (Quinn and Dittman, 1990). Salmon detect 

water-borne odorants through the activation of olfactory receptors, which are expressed 

by sensory neurons of the olfactory epithelium, and coded for by a large and diverse 

superfamily of genes (Alioto and Ngai, 2005). Accurate homing presumably confers 

greater fitness through adaptations to local freshwater environments.  Coho salmon home 

to ecologically diverse spawning grounds along the Oregon coast, ranging from low 

gradient lake dominated habitats, to coastal rivers and oligotrophic, montane streams.  

Accordingly, the chemical signatures of Oregon streams also differ (Wigington et al., 

2007), which may drive selection for optimally tuned suites of olfactory receptors in 

different coho populations. 
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Here, we use a panel of olfactory receptor gene-linked markers and putatively 

neutral microsatellites to characterize the genetic structure among naturally spawning 

coho salmon populations from four geographically proximate, yet ecologically distinct 

coastal Oregon river systems.  We use genotypic data from these populations to test for a 

signal of selection at olfactory receptor gene-linked loci, through an analysis of interlocus 

variance of FST.  This approach aims to identify loci under directional selection and 

examine the distribution of potentially adaptive genetic diversity among coastal Oregon 

coho populations. 

Methods 

Tissue sampling 

During the 2004-05 spawning season, Oregon Department of Fish and Wildlife 

biologists collected tissue samples from unmarked coho spawner carcasses, while 

conducting stream surveys of the Umpqua, Siltcoos, Tenmile and Tahkenitch rivers 

(Figure 4.1).  During collections, biologists recorded the date and location associated 

with each sample taken, and tissues were stored in 95% ethanol until processed in the 

laboratory.  The Umpqua is a large coastal river that drains an area of approximately 

4560 mi2 (11810 km2), including western slopes of the Cascade Mountains.  In contrast, 

the Tenmile, Tahkenitch and Siltcoos smaller basins, characterized by expanses of lake 

habitat and numerous small streams. 

Olfactory receptor gene-linked marker development 

 We designed olfactory receptor (OR) gene-linked markers by first isolating OR 

gene sequences from a single coho salmon, as described in Johnson and Banks (2009).  

After isolating the coding sequences for OR genes, we used a Universal 
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GenomeWalkerTM Kit (BD Biosciences, Inc.) to perform additional rounds of primer 

walking, to further characterize sequences flanking each OR gene.  PCR cycling 

conditions followed those recommended in the GenomeWalkerTM protocol, and products 

were separated via agarose gel electrophoresis.  We then excised bands and purified PCR 

products with a QIAquick® Gel Extraction kit (Qiagen Inc., Valencia, CA). The high 

stringency primers used for primer walking were also used to carry out direct sequencing 

reactions.  We generated our sequence data with an ABI 3730XL DNA Analyzer 

(Applied Biosystems, Inc., Carlsbad, CA) and used BioEdit software (Hall, 1999) to align 

and edit sequence reads. Through this procedure, we identified micro- and minisatellites 

in the sequences flanking coho OR genes.  We then used Vector NTI software 

(Invitrogen, Inc.) to design PCR primers for these potentially variable features.  We 

incorporated fluorescent labels onto forward primers, to facilitate high-throughput 

genotyping. 

Genotyping 

 Using a Chelex and proteinase-K protocol (Estoup et al., 1993), we extracted 

genomic DNA from coho tissue samples for the Umpqua (n = 213), Siltcoos (n = 39), 

Tahkenitch (n = 47) and Tenmile (n = 41) populations.  We then used primers for OR 

gene-linked markers, as well as 12 previously described microsatellite loci (Table 4.1) to 

genotype all samples from the four populations.  For simplicity of terms, we hereafter 

refer to the 12 previously described microsatellites as the “neutral markers”.  PCRs were 

carried out separately in 5 µL volumes, using a “touchdown” protocol (Korbie and 

Mattick, 2008).  PCR began with a 3′ denature at 94˚ C, followed by five denature-

extention-anneal cycles in which the annealing temperature was decreased by 1˚ C per 
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cycle: 30″ annealing at 94s˚ C, 30″ annealing at 57˚ C thru 53˚ C, 30″ extension at 72˚ C, 

then 30 cycles of 30″ at 94˚ C, 30″ at 53˚ C, and 30″ at 72˚ C.  We collected fluorescence 

data with an ABI 3730XL DNA Analyzer and scored genotypes with GeneMapper 

Software (Applied Biosystems, Inc., Carlsbad, CA). 

Statistical Analyses 

 We used the program GENETIX (Belkhir et al., 2004) to estimate FST between all 

population pairs, calculated as θ (Weir and Cockerham, 1984).  We obtained θ estimates 

twice, first using data from the OR gene-linked markers, then with data from the neutral 

markers.  We used GENETIX to perform a permutation test (1000 permutations) to test 

for linkage disequilibrium among all locus pairs in all populations, using a Bonferroni 

corrected critical value to assess significance.   

We employed two approaches to test for a signal of selection among loci, both of 

which represent modifications of the FST outlier test proposed by Lewontin and Krakauer 

(1973).  Utilizing information from genotypic data supplied by the user, the program 

FDIST2 (Beaumont and Balding, 2004) performs a series of coalescent simulations to 

construct a 95% confidence interval for expected θ values, over a range of 

heterozygosities.  Loci that fall outside the high probability region may be classified as 

outliers and, with due caution, selection may be inferred.  We performed 20,000 

realizations with FDIST2 to simulate loci for the construction of the 95% confidence 

interval. 

 A second test was performed with the program DETSEL (Vitalis et al., 2003), 

which also uses coalescent simulations to model a high probability region for the joint 

distribution of FST.  This method is executed for pairs of populations, and assumes a 
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neutral model of population genetic divergence.  We used DETSEL to perform neutrality 

tests for all loci, in all possible pairwise combinations.  We initiated our analyses with the 

default nuisance parameters, 10000 simulated loci and a 95% high probability region, q.  

We conducted tests using divergences times of t = 30, 40 and 50, then varied nuisance 

parameter values to assess robustness of the model. 

Results 

Coho salmon olfactory receptor genes and associated markers 

 We isolated seven main olfactory receptor genes from the coho salmon genome 

(Johnson and Banks, 2009) and identified a minisatellite and/or microsatellite physically 

linked to each of these.  However, stutter artifacts generated unacceptable genotyping 

error rates for two of the gene-linked markers (data not shown), which we did not include 

in our analyses.  Primer sequences and repeat motifs for the remaining five OR gene-

linked markers are presented in Table 4.2. 

Patterns of divergence among loci 

 The neutral microsatellites presented between 2 and 24 alleles, with 

heterozygosities ranging between 23% and 91%. OR gene-linked markers presented 

between 2 and 16 alleles, with heterozygosities that ranged between 16% and 81%.  We 

observed only minimal evidence for linkage disequilibrium.  In Siltcoos Lake, Oke4 and 

Ots519 appeared to be in LD (p < 0.0006) and in the Umpqua p53 and One111 appeared 

to be in LD (p < 0.0006).  However, the majority of locus pairs presented no evidence for 

LD in any population, and appear to be independently segregating loci. 

In all but one instance, pairwise θ values were higher for OR gene-linked markers 

than for neutral microsatellites (Table 4.3), although neither marker class provided 
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statistically significant θ values between the Siltcoos population and those of other lake 

systems.  We observed particularly strong divergence between Tenmile and Tahkenitch 

lakes for OR gene-linked markers (θ = 0.115), reaching a level of divergence that is 

nearly an order of magnitude greater than observed for neutral microsatellites (θ = 0.015). 

The program FDIST2 identified two OR gene-linked markers as FST outliers.   

Whereas OkiOR3001 presented a particularly high FST, OkiOR6001 was unexpectedly 

low (Figure 4.2). None of the neutral microsatellites appeared to be outliers. 

We obtained similar, but not entirely consistent results from the program 

DETSEL.  Unfortunately, only two pairwise population comparisons were possible, as 

most simulations generated a negative joint distribution of FST that could not be plotted or 

used to evaluate individual loci.  Nevertheless, for the Siltcoos × Umpqua analysis, all 

OR gene-linked markers and One111 appeared to be outliers (t = 30).  By increasing the 

time since divergence, t, in the model, first Ots2 (t = 40), then Ots2 and Oki13 (t = 50) 

added to the list of outliers.  In simulations of divergence between Tahkenitch × Umpqua 

(t = 30), outlier loci included OkiOR3001, OkiOR3002, Oki13 and Ots2.  With an 

increase in t, Ssa85 and OkiOR6001 also appeared as outliers (for both t = 40 and t = 50).  

These results were generally consistent across a wide range of nuisance parameter values. 

Discussion 

Studies examining sequence variation have provided mounting evidence for 

positive (directional) selection acting over paralogous vertebrate olfactory receptor genes, 

while purifying selection appears to maintain high sequence conservation among 

orthologues (Kondo et al., 2003; Gimelbrant et al., 2004; Grus and Zhang, 2008; Johnson 

and Banks, 2009).  Findings from these studies have identified processes governing OR 
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evolution following gene duplications, as well as speciation events.  However, only a few 

studies have examined OR gene diversity among populations of any vertebrate species 

(Moreno-Estrada et al., 2008; Gilad et al., 2000). 

The approach we have taken has allowed us to assay genetic diversity associated 

with multiple OR genes in four coho salmon populations.  Given the apparent ecological 

differences between the Umpqua River and the coastal Oregon lakes, we expected to see 

the greatest divergence for OR gene-linked markers to occur between populations from 

these two habitat types.  Interestingly, this was not the case, as θ was highest between the 

Tenmile and Tahkenitch Lake populations.  This result illustrates the difficulty associated 

with predicting variables driving evolution, and suggests that one or more processes are 

inflating OR gene associated θ values among lake populations. 

The significantly low θ value observed for OkiOR6001 could be interpreted as a 

signal of balancing selection over this locus.  However, FDIST2 lacks power to 

discriminate between balancing selection and neutrality (Beaumont and Balding, 2004), 

and OkiOR6001 did not appear as an outlier in some DETSEL results.  Because 

corroboration among tests provides the strongest evidence for selection (Bonin et al., 

2006), we cannot confidently infer non-neutral evolution for this locus. 

 In contrast, each of the tests we performed provided significant evidence for 

directional selection over OkiOR3001, and allele frequencies for this locus are visibly 

different among populations (Figure 4.1).  The gene associated with this marker, 

salmOR300-1, has been described from all Pacific salmon, as well as Atlantic salmon and 

several trout species (Johnson and Banks, 2009; Morinishi et al., 2005), yet little genetic 

diversity has been reported for orthologues of this gene.  It is therefore somewhat 
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surprising that OkiOR3001 presents the strongest evidence for selection among coho 

populations.  However, selection may be acting over the regulation of this gene, and not 

the coding sequence per se. 

In Atlantic salmon, striking variation has been reported for OR gene expression 

among full-sibling families (Dukes et al., 2004).  These findings suggest that intraspecific 

genetic diversity may translate into functional, regulatory differences over OR genes.  A 

number of regulatory mechanisms have been proposed for vertebrate olfactory receptor 

genes, many of which involve cis elements (Reed, 2000; Serizawa et al., 2003; Hoppe et 

al., 2006).  As the majority of our markers are situated 5´ to nearby OR genes, it is 

plausible that they are linked to functionally variable promoter elements.  

A logical next step would be to examine sequence data for salmOR300-1 from 

multiple individuals from each population.  Our preliminary efforts toward this end 

indicate that linkage between salmOR300-1 and its associated marker, OkiOR3001, may 

not be particularly strong.  In several instances, marker homozygotes appear to be 

heterozygous for the salmOR300-1 gene (unpublished data).  Additional sampling will be 

needed to establish linkage strength between OR genes and their associated markers 

 On the other hand, if our gene-linked markers are associated with variable 

regulatory elements, quantitative PCR could furnish data to test for the effects of marker 

genotypes.  Specifically, we would like to know if different marker alleles explain 

variation of expression for linked OR genes.  Of course, selection is not likely to operate 

over the same genes in all populations, so it will be important to address this question 

with judiciously selected OR genes, populations and samples. 
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 In summary, we have detected unexpectedly high divergence at an OR gene-

linked marker among Oregon coho salmon populations.  While our findings suggest that 

directional selection has acted over this locus, further studies will be needed to determine 

the functional implications of allelic diversity for this marker.  Such work promises to 

shed light on the evolutionary processes shaping olfactory receptor gene diversity among 

natural salmon populations. 
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Table 4. 1 Putatively neutral microsatellite loci used to characterize coho salmon populations from the 
Tenmile Lake, Tahkenitch Lake, Siltcoos Lake and Umpqua River. 

 

Locus Source 
Oke4 Buchholz et al 2004 
Oki13 Smith et al. 1998 
Omy1011 Rexroad et al 2002 
One111 Olsen et al 2000 
Ots2 Banks et al. 1999 
Ots3 Banks et al. 1999 
Ots206 Greig et al. 2003 
Ots215 Greig et al. 2003 
Ots505 Naish and Park 2002 
Ots519 Naish and Park 2002 
p53 de Fromentel et al. 1992 
Ssa85 O’Reilly et al 1996 
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Table 4. 2 Olfactory receptor gene-linked markers used to characterize coho salmon populations from the Tenmile Lake, Tahkenitch Lake, Siltcoos Lake and 
Umpqua River drainages. 

 

OR gene-
linked marker 

Associated OR 
gene Primers for marker (5′ – 3′) Repeat motif No. 

alleles
Distance from gene 
start/stop codon 

OkiOR3001 salmOR300-1 F-GGACATGAACGCTCACTCATTC 
R-CTGACCATGCTGCTGCTCCAG 

(TC-) 
microsatellite 3 2385 bp upstream 

from start 

OkiOR3002 salmOR300-2 F-GTGGAAGTGCCGACTAATGACG 
R-GAACTGTGGTCAGAACGTGACACTC 

41 bp 
minisatellite 3 954 bp downstream 

from stop 

OkiOR3003 salmOR300-3 F-AGACAGGGTCCTGAAAAGGGG 
R-CAGCACTGTAACCGTAACGCAA 

20 bp 
minisatellite 3 2438 bp upstream 

from start 

OkiOR6001 salmOR600-1 F-GAATGAGCAGGTGCGTCCAAA 
R-CGCTGGAACAAACCAAGAACT 

(A-) mono 
repeat 2 1544 bp upstream 

from start 

OkiOR4001 salmOR400-1 F-GTTCACACAAAGACTGCCTCCAAAAC 
R-CCATCTCAAACTAAACAGCCTTCCTG 

31 bp 
minisatellite 16 179 bp upstream 

from start 
 

 
Table 4. 3.  Pairwise θ values for Oregon coastal coho salmon populations, as calculated with putatively neutral microsatellites (upper right demi-matrix), and 
five OR gene-linked markers (lower left demi-matrix).  Statistically significant values (p < 0.05) are in bold. 
 

 Siltcoos Tahkenitch Tenmile Umpqua
Siltcoos - 0.002 0.005 0.023
Tahkenitch 0.015 - 0.015 0.018
Tenmile 0.022 0.115 - 0.020
Umpqua 0.023 0.039 0.052 - 



84 

 

 
 
Figure 4. 1. Map of the study area, indicating Siltcoos, Tahkenitch, and Tenmile lakes, and the 
Umpqua River, Oregon, U.S.A.  Pie charts depict allele frequencies of Oki3001 for coho salmon 
populations: black fill for allele 434, open for allele 436 frequency.  Allele 432 (gray) was observed 
only in the Siltcoos population. 
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Figure 4. 2. Relationship between FST and heterozygosity for 12 microsatellite loci and five OR gene-
linked loci (labeled) characterized from four coastal Oregon coho salmon populations.  Upper and 
lower lines delineate the 95% confidence interval for expected FST x heterozygosity under a neutral 
model of divergence, as estimated through FDIST2 simulations (Beaumont and Balding 2004).  
Center line represents expected median FST across the full range of possible heterozygosities. 
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General Conclusion 

The overall objective of my research was to utilize neutral markers and 

olfactory receptor gene-linked markers to infer the demographic and evolutionary 

processes affecting the distribution of genetic diversity among Oregon coastal coho 

populations.  I first used genotypic data from putatively neutral microsatellite 

markers to infer patterns of migration, allelic richness and structure among Oregon 

coastal coho populations.  I then isolated a suite of olfactory receptor genes from 

multiple salmonid genomes and, through an analysis of sequence variation, inferred 

the relative effects of conservation and positive selection during the evolution of 

these genes. I isolated several micro- and minisatellites from the sequences flanking 

olfactory receptor genes in coho and compared patterns of FST observed at these 

markers with those of putatively neutral microsatellites.  

The findings presented here represent the most comprehensive estimates of 

migration and genetic structure among coastal Oregon coho populations yet reported.  

This work also constitutes the first study to examine nucleotide sequence variation 

for multiple olfactory receptor genes in more than one species of salmon.  My 

analyses of interlocus variance of FST, utilizing neutral and olfactory gene-linked 

markers provides a rare examination of population-level diversity for olfactory 

receptor genes. 

Analyses of neutral microsatellite data indicated that migration is a significant 

demographic force among wild Oregon coho populations, modulating structure that 

would otherwise be expected to accumulate through random genetic drift.  Our 
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findings further suggest that migration among coho populations is asymmetrical, 

characterized by source-sink dynamics. More specifically, migration among coho 

populations appears to be influenced by census size and geographic distance, such 

that larger, expanding populations generate the majority of migrants arriving in 

smaller, neighboring populations.  In some instances, these dynamics may serve to 

elevate genetic diversity for populations situated between major migrant sources. 

These findings generally agree with the connectivity-viability model results of 

Lawson et al. (2007), which describe Oregon coastal coho as a complex of variably 

independent populations, connected through migration.  Consistent with my view 

that the Nehalem and Coos populations are migrant source populations, Lawson et al 

(2007) identified these populations (among others) to be functionally independent. 

The genetic population structure I inferred from microsatellite data reflected 

broad geographic relationships among coho populations.  In most cases, populations 

were genetically more similar to geographically proximate populations than to more 

distant populations.  Supporting the findings of Ford et al. (2004), our results suggest 

that coho populations from the central Oregon coast lakes represent a monophyletic 

clade.  Although these populations present significantly lower allelic richness than 

populations from riverine systems, they appear to be among the most productive, 

apparently resistant to the effects of poor ocean conditions (Nickelson 2001).  The 

high productivity of these populations may solely be the result of environmental 

factors influencing phenotype (McGie 1970), but may also reflect genetically based 

adaptations of these populations to unique lake rearing habitats. 
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Evolution of salmonid olfactory receptor genes 

Given its central role in homing behavior, properly tuned olfaction is 

prerequisite for the evolution of local adaptation in Pacific salmon (McDowall 2001).  

This relationship “sets the stage” for directional selection to drive population-level 

evolution of olfactory receptor genes to meet locally optimized states.  However, 

evolution proceeds through the effects of mutation, selection and random drift over 

those genetic sequences inherited from previous generations and, over 

macroevolutionary timescales, from ancestral species (with the noteworthy exception 

of interspecific horizontal gene transfer). 

An understanding of the evolutionary history of genes can, therefore, add 

perspective when forming inferences from contemporary patterns of related 

population genetic diversity.  By reconstructing the coalescent of both orthologous 

and paralogous salmonid olfactory receptor genes, I tested for codon-specific signals 

of positive selection during the evolution of these genes.  In most instances, olfactory 

receptor genes appeared to be highly conserved among species.  The vomeronasal 

receptor-like gene, ora1-2, may represent an exception to this pattern, as evidence 

suggests that orthologues of this gene have been subjected to site-specific positive 

selection.  This result contrasts with the findings of Saraiva and Korsching (2007), 

who reported no evidence for positive selection among orthologous ora genes from 

five teleost species.  Gene duplications could, however, free a gene copy from the 

constraints of negative selection.  This scenario may be especially relevant in the 
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case of salmonids, in light of the relatively recent genome duplication event 

experienced by this taxon (Allendorf and Thorgaard 1984). 

Despite high sequence similarities, site-specific positive selection also 

appears to have operated on paralogous genes during the radiation of at least one 

salmonid main olfactory receptor gene subfamily.  The radiation of salmOR300 

subfamily, which likely occurred prior to Oncorhynchus-Salmo divergence, appears 

to have been driven by positive selection, primarily affecting three codon sites.  

Consistent with these results, site-specific positive selection, masked by global 

negative selection, has previously been reported for paralogous main olfactory 

receptors in other teleosts (Alioto and Ngai 2005, Kondo et al 2002). 

Together, my findings suggest that ora genes differ, perhaps functionally, 

among salmon species, in contrast with main olfactory receptors, which are highly 

conserved.  This pattern is consistent with the differential tuning hypothesis of Grus 

and Zhang (2008), which predicts high conservation among orthologous main 

olfactory receptors, and lineage-specific variation at vomeronasal receptors, as the 

latter are believed to be involved in species recognition and mate choice.  The 

interesting caveat to the relationship of my data with this theory is that previously 

described teleost ora orthologues tend to be highly conserved and, therefore, do not 

fit the proposed evolutionary model (Grus and Zhang 2008, Hashiguchi et al. 2008).  

My findings suggest that salmonids may differ from previously examined teleosts 

and provide yet additional evidence for the differential tuning hypothesis. 

Population genetics of olfactory receptors in coho 
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Johnstone et al. (2008) proposed that selective pressures favoring population 

recognition may even generate intraspecific divergence of ora genes in salmon.  

Although I did not examine population-level diversity of ora genes, I did find 

evidence for directional selection on a main olfactory receptor gene in coastal 

Oregon coho populations.  Multiple FST outlier tests indicated that a microsatellite 

marker neighboring the salmOR300-1 gene presents unexpectedly high levels of 

population divergence.  Examination of variability at this marker is here treated as a 

proxy assay for meaningful sequence diversity (protein coding or regulatory) of the 

nearby olfactory receptor gene, based on the principal of genetic hitchhiking (Barton 

2000).  The probability for co-segregation between loci during meiosis underlies the 

phenomenon of genetic hitchhiking.  However, my data cannot reliably estimate this 

probability for the markers and genes I have examined.  Nevertheless, my findings 

provide some indication that natural selection may affect the frequency of olfactory 

receptor gene alleles in some coho salmon populations. 

Interestingly, the greatest degree of differentiation indicated by olfactory 

receptor gene-linked markers was between two lake populations (Tahkenitch Lake 

and Tenmile Lake), and not between the Umpqua and a lake population.  However, 

the second highest θ value was recorded between the Tenmile Lake and Umpqua 

populations.  Together, these results suggest that selection may maintain a rather 

different olfactory receptor gene repertoire in the Tenmile Lake coho population than 

found in other, neighboring populations. 
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Selective agents and the means by which they might influence olfactory 

receptor phenotypes are as of yet undescribed in salmon.  Indeed, these aspects of 

molecular ecology rank among the most challenging puzzles to be solved, as it 

remains notoriously difficult to isolate potential sources of selection in nature, or to 

adequately replicate the complexity of nature in controlled settings. 
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Appendices 
 

Appendix 2. 1.  Pairwise θ values for Oregon coastal coho salmon populations as defined by basins (upper left) and tributaries of the Umpqua River (lower right).    

 
 UMPQUA YAQUINA YACHATS WILSON TRASK TILLAMOOK TENMILE TAHKENITCH 
ALSEA 0.010 0.014 0.015 0.020 0.021 0.025 0.031 0.031 
BEAVER 0.015 0.011 0.016 0.022 0.014 0.025 0.043 0.028 
COOS 0.013 0.013 0.025 0.037 0.044 0.032 0.018 0.020 
COQUILLE 0.026 0.025 0.040 0.047 0.066 0.038 0.023 0.031 
DEVILS 0.035 0.022 0.045 0.021 0.029 0.023 0.064 0.047 
NECANICUM 0.013 0.008 0.008 0.016 0.019 0.009* 0.030 0.031 
NEHALEM 0.020 0.015 0.014 0.011 0.006* 0.024 0.051 0.039 
NESTUCCA 0.016 0.014 0.006* 0.016 0.004* 0.030 0.036 0.034 
NEW 0.026 0.024 0.041 0.053 0.061 0.062 0.028 0.028 
SALMON 0.022 0.015 0.024 0.010 0.002* 0.017 0.054 0.044 
SILETZ 0.015 0.016 0.019 0.018 0.013 0.022 0.047 0.040 
SILTCOOS 0.028 0.021 0.044 0.032 0.053 0.055 0.017 0.007* 
SIUSLAW 0.007 0.006 0.011 0.015 0.020 0.020 0.026 0.015 
SMITH 0.007 0.022 0.019 0.039 0.043 0.032 0.021 0.028 
SUTTON 0.028 0.029 0.047 0.043 0.064 0.059 0.019 0.009 
TAHKENITCH 0.025 0.024 0.037 0.041 0.056 0.056 0.019 - 
TENMILE 0.026 0.034 0.029 0.058 0.068 0.062 -  
TILLAMOOK 0.024 0.019 0.041 0.020 0.031 -   
TRASK 0.025 0.020 0.019 0.015 -    
WILSON 0.027 0.016 0.027 -     
YACHATS 0.015 0.020 -      
YAQUINA 0.016 -       
UMPQUA -        

 
*Not significantly different from zero at p<0.05 with 1000 permutations. 
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Appendix 2.1 (Continued).  Pairwise θ values for Oregon coastal coho salmon populations as defined by basins (upper left) and tributaries of the Umpqua River 
(lower right).  
   

 SUTTON SMITH SIUSLAW SILTCOOS SILETZ SALMON NEW NESTUCCA 
ALSEA 0.032 0.015 0.006 0.032 0.013 0.014 0.034 0.008 
BEAVER 0.039 0.026 0.007 0.032 0.009 0.014 0.033 0.008 
COOS 0.027 0.010 0.011 0.021 0.029 0.034 0.022 0.027 
COQUILLE 0.035 0.022 0.021 0.028 0.043 0.048 0.022 0.041 
DEVILS 0.046 0.045 0.023 0.035 0.019 0.021 0.050 0.027 
NECANICUM 0.041 0.019 0.011 0.032 0.010 0.008 0.038 0.010 
NEHALEM 0.042 0.028 0.012 0.037 0.015 0.013 0.046 0.008 
NESTUCCA 0.034 0.024 0.010 0.032 0.009 0.008 0.038 - 
NEW 0.027 0.028 0.024 0.024 0.039 0.052 -  
SALMON 0.049 0.035 0.015 0.040 0.009 -   
SILETZ 0.040 0.028 0.013 0.028 -    
SILTCOOS 0.005* 0.030 0.018 -     
SIUSLAW 0.021 0.011 -      
SMITH 0.033 -       
SUTTON -        
TAHKENITCH         
TENMILE         
TILLAMOOK         
TRASK         
WILSON         
YACHATS         
YAQUINA         
UMPQUA         

 
*Not significantly different from zero at p<0.05 with 1000 permutations. 
 



 

 

105

Appendix 2.1 (Continued).  Pairwise θ values for Oregon coastal coho salmon populations as defined by basins (upper left) and tributaries of the Umpqua River 
(lower right).  
 

 NEHALEM NECANICUM DEVILS COQUILLE COOS BEAVER ALSEA 
ALSEA 0.016 0.012 0.030 0.030 0.018 0.013 - 
BEAVER 0.014 0.014 0.026 0.041 0.025 -  
COOS 0.027 0.019 0.042 0.011 -   
COQUILLE 0.049 0.033 0.058 -    
DEVILS 0.021 0.025 -     
NECANICUM 0.013 -      
NEHALEM -       
NESTUCCA        
NEW        
SALMON        
SILETZ        
SILTCOOS        
SIUSLAW        
SMITH        
SUTTON        
TAHKENITCH        
TENMILE      0.004 MAIN UMPQUA 
TILLAMOOK     0.007 0.004 ELK 
TRASK    0.008 0.012 0.020 CALAPOOYA 
WILSON   0.004 0.009 0.013 0.017 SOUTH UMPQUA 
YACHATS  0.020 0.010 0.010 0.015 0.016 SMITH 
YAQUINA 0.012 0.030 0.024 0.014 0.025 0.027 LOWER UMPQUA 

UMPQUA SMITH SOUTH 
UMPQUA CALAPOOYA ELK MAIN 

UMPQUA 
COW CREEK 
HATCHERY  

 
*Not significantly different from zero at p<0.05 with 1000 permutations. 
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Appendix 2. 2.  Directional migration rates among coho populations of the Oregon coast, as estimated by the program BAYESASS (Wilson and Rannala 2003).  
First column lists source of migrants (eg. migration rate from Alsea to Beaver = 0.0077). 

 

Source ↓ Necanicum Nehalem Wilson / 
Tillamook Trask Nestucca Salmon Devils Siletz Yaquina Beaver 

Necanicum 0.678 0.000 0.002 0.003 0.001 0.002 0.002 0.002 0.001 0.003 
Nehalem 0.086 0.945 0.098 0.179 0.243 0.154 0.047 0.106 0.100 0.069 
Wilson / 

Tillamook 0.010 0.025 0.754 0.017 0.006 0.011 0.159 0.007 0.009 0.009 

Trask 0.003 0.001 0.002 0.679 0.001 0.002 0.003 0.002 0.001 0.003 
Nestucca 0.005 0.001 0.003 0.007 0.709 0.003 0.004 0.006 0.004 0.013 
Salmon 0.003 0.007 0.007 0.005 0.004 0.723 0.005 0.010 0.003 0.003 
Devils 0.003 0.001 0.003 0.004 0.002 0.002 0.683 0.003 0.002 0.003 
Siletz 0.004 0.001 0.005 0.006 0.002 0.002 0.004 0.691 0.002 0.005 

Yaquina 0.005 0.003 0.011 0.022 0.006 0.005 0.009 0.014 0.753 0.037 
Beaver 0.004 0.000 0.003 0.004 0.001 0.002 0.003 0.002 0.001 0.676 
Alsea 0.020 0.005 0.010 0.016 0.003 0.039 0.010 0.025 0.028 0.008 

Yachats 0.004 0.001 0.002 0.004 0.001 0.002 0.003 0.002 0.001 0.003 
Siuslaw 0.006 0.001 0.012 0.004 0.002 0.002 0.006 0.009 0.010 0.012 

Lakes / Lower 
Umpqua 0.019 0.002 0.007 0.006 0.004 0.005 0.016 0.016 0.015 0.030 

Smith 0.018 0.001 0.008 0.005 0.002 0.008 0.005 0.006 0.003 0.004 
Umpqua 0.104 0.002 0.039 0.021 0.005 0.024 0.015 0.069 0.004 0.033 

Coos 0.021 0.003 0.027 0.008 0.003 0.006 0.017 0.025 0.053 0.081 
Coquille 0.003 0.001 0.003 0.005 0.002 0.005 0.003 0.003 0.001 0.004 

New 0.004 0.001 0.003 0.005 0.002 0.002 0.006 0.003 0.007 0.005 
Rogue - 0.001 0.003 0.004 0.002 0.003 0.003 0.004 0.002 0.004 
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Appendix 2.2 (Continued).  Directional migration rates among coho populations of the Oregon coast, as estimated by the program BAYESASS (Wilson and 
Rannala 2003).  First column lists source of migrants (eg. migration rate from Alsea to Beaver = 0.0077). 

Source ↓ Alsea Yachats Siuslaw Lakes /Lower 
Umpqua Smith Umpqua Coos Coquille New Rogue 

Necanicum 0.002 0.004 0.001 0.000 0.001 0.000 0.001 0.002 0.002 - 
Nehalem 0.108 0.138 0.036 0.024 0.013 0.002 0.016 0.003 0.017 0.002 
Wilson / 

Tillamook 0.007 0.009 0.015 0.002 0.003 0.001 0.008 0.004 0.006 0.002 

Trask 0.002 0.004 0.002 0.001 0.001 0.000 0.001 0.002 0.002 0.001 
Nestucca 0.005 0.020 0.001 0.001 0.002 0.001 0.002 0.004 0.005 0.001 
Salmon 0.003 0.004 0.004 0.001 0.001 0.001 0.001 0.004 0.002 0.001 
Devils 0.002 0.004 0.001 0.001 0.001 0.000 0.001 0.002 0.002 0.001 
Siletz 0.004 0.005 0.002 0.001 0.002 0.001 0.001 0.002 0.004 0.001 

Yaquina 0.006 0.009 0.032 0.002 0.010 0.001 0.009 0.004 0.005 0.002 
Beaver 0.002 0.004 0.001 0.001 0.001 0.000 0.001 0.002 0.002 0.001 
Alsea 0.735 0.005 0.007 0.002 0.002 0.003 0.026 0.006 0.004 0.002 

Yachats 0.002 0.680 0.001 0.001 0.001 0.000 0.001 0.002 0.002 0.001 
Siuslaw 0.002 0.008 0.705 0.001 0.004 0.002 0.002 0.007 0.004 0.001 

Lakes/Lower 
Umpqua 0.033 0.033 0.048 0.933 0.037 0.002 0.103 0.018 0.047 0.002 

Smith 0.009 0.007 0.002 0.008 0.847 0.011 0.014 0.008 0.004 0.002 
Umpqua 0.040 0.021 0.034 0.007 0.059 0.970 0.002 0.010 0.022 0.003 

Coos 0.034 0.029 0.102 0.014 0.013 0.003 0.809 0.226 0.140 0.002 
Coquille 0.002 0.010 0.002 0.001 0.001 0.001 0.002 0.691 0.005 0.001 

New 0.002 0.008 0.002 0.001 0.001 0.001 0.001 0.003 0.725 0.002 
Rogue 0.004 0.005 0.002 0.000 0.002 0.000 0.001 0.005 0.004 0.971 
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Appendix 3. 1 PCR primer sets used to amplify main olfactory receptor gene fragments from the coho salmon genome.  GenBank accession numbers for 
sequences used in alignments during primer design appear in the far left column, followed by the source species' name.  For each primer set, primer pairs that 
successfully amplified OR sequence are in bold, and targeted mOR families (Alioto and Ngai 2005) appear in the far right column. 
 

Accession 
No. 

Species Forward Primers Reverse Primers OR Gene 
Family 

AB255035.1 Oncorhynchus keta    
AB255033.2 O. gobuscha Primer Set 1         C 
AB255034.1 O. mykiss CACCATGTCAGTGAGGAATCA GGAGCAGTTGACTTCTTGAATTT  
AB232550.1 O. nerka.    
AB255036.1 O. masou    
     
NP571827.1 Danio. rerio Primer Set 2         C 
BAE92310.1 O. masou TCCCTGGACTGCAGCCTsantwytaygg GCTTCATCAGGGTCTGCTTCayntcytyngt  
BAE92309.1 O. keta CCTAAGATCATCGCCCGATAytggttycarg AGGGATGTAGTACAGAGCGATGatdatnaryt

g 
 

BAE92307.2 O. gorbuscha    
     
NP571825.1 D. rerio Primer Set 3         D 
BAD06200.1 Misgurnus 

anguillicaudatus 
CATCTACATCATCACACTGATGggnaayytngt TCTGTCTTCAGGGAGTAGATGATAggrttnarcat  

AAG01887.1 Salmo salar AACCTGCTTCTCCCAGATGttyttyatgca CATGTGTGGAAAGCCttccanckytg  
AAC64071.1 Carassius auratus    
     
ABC43305.1 D. rerio Primer Set 4         E 
ABC43393.1 D. rerio CGGGAGCGAACACTGCACsarccnatgta CGTAGACCAGAGGGTTCAGGaynggnggdat  
ABC43393.1 Tetraodon 

nigroviridis 
GAACTCCCTGTACGGAACCACnggnttyttyc CGATGATGTGAGGGATGcanbwytgraa  
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Appendix 3. 1 (Continued). PCR primer sets used to amplify main olfactory receptor gene fragments from the coho salmon genome.  GenBank accession 
numbers for sequences used in alignments during primer design appear in the far left column, followed by the source species' name.  For each primer set, primer 
pairs that successfully amplified OR sequence are in bold, and targeted mOR families (Alioto and Ngai 2005) appear in the far right column. 

Accession 
No. 

Species Forward Primers Reverse Primers OR Gene 
Family 

     
ABC43366.1 D. rerio Primer Set 5         E 
ABC43365.1 D. rerio CACCATGGGCTACCGGtwyrtntwytt GGTCAGCTTCAGGCCGTAGatnavnggrtt  
ABC43302.1 D. rerio GGCTGCGTGGGCTTCtayccnaartt CGATCACGTGGGGCacrcangtytg  
     
NP571826.1 D. rerio Primer Set 6         F 
ABC43332.1 D. rerio TCCTGTTCTGCAACATGccnhtnaayga GCTGGAACAGGGAAGGGttrtyrcarwa  
ABD33498.1 Salmo salar CCTGATGATCATGGCTTACgaymgntayrt GGGTAGCAGATAGCCACGTATCkrtcrwangcca  
NP571818.1 D. rerio    
BAA85099.1 Oryzias latipes    
     
ABC43242.1 D. rerio Primer Set 7         G 
ABC43256.1 D. rerio AGGATTCGACCACCTGcaraaycaraa  TGTTGGCCAGCTTTGTCacnswrtangc  
ABC43257.1 D. rerio CATCCTGCTGGGAAACggnathaayyt GACAGCGTATGTGCACAGGatraanggraa  
ABC43258.1 D. rerio    
     
ABC43294.1 D. rerio Primer Set 8         H 
ABC43298.1 D. rerio CAGGTCTTCTACACCGACCCTmgntayathyt TTGAAGTGCTTGTCTCGCAcnccrtadatna  
ABC43389.1 T. nigroviridis CCTCTGCACCACCACCArathtgyacng CATGCACAGCAGCACCtgnrcnccrtg  
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Appendix 3. 2. Amino acid sequence logos for seven salmonid mOR genes and the vomeronasal-like 
ora1-2 gene.  Letter height represents the relative frequency that an amino acid appears at that position 
for orthologues of A) salmOR300-1, B) salmOR300-2, C) salmOR300-3, D) salmOR300-4, E) 
salmOR600-1, F) salmOR400-1, G) salmOR500-1 and H) ora1-2.  Labeled features include 
transmembrane domains 1-7, indicated by bars and labels (TMD),  intracellular domains (IC), 
extracellular domains (EC), sites under positive selection (p ≤ 0.10) among orthologues (▼) and 
paralogues ( ), and the putative exon splice site (♦) of salmOR400-1.  Number of sequences (n) used to 
generate logos are as in Table 3.3. 
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Appendix 3.2 (Continued).  Amino acid sequence logos for seven salmonid mOR genes and the 
vomeronasal-like ora1-2 gene.  Letter height represents the relative frequency that an amino acid 
appears at that position for orthologues of A) salmOR300-1, B) salmOR300-2, C) salmOR300-3, D) 
salmOR300-4, E) salmOR600-1, F) salmOR400-1, G) salmOR500-1 and H) ora1-2.  Labeled features 
include transmembrane domains 1-7, indicated by bars and labels (TMD),  intracellular domains (IC), 
extracellular domains (EC), sites under positive selection (p ≤ 0.10) among orthologues (▼) and 
paralogues ( ), and the putative exon splice site (♦) of salmOR400-1.  Number of sequences (n) used to 
generate logos are as in Table 3.3. 
 

 

 


