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General Abstract 1 

I developed a new technique, DEco-TILLING (an adaptation of Eco-TILLING), to 2 

discover useful single nucleotide polymorphisms (SNPs) rapidly and inexpensively. 3 

Some chum salmon (Oncorhynchus keta) populations have declined in Western Alaska 4 

and in other areas of their geographic range.  Possible reasons include climate shifts, by- 5 

catch in fisheries, and other perturbations.  Genetics offers powerful tools that can be 6 

used to monitor this species on the high seas in stock mixtures aiding management of by- 7 

catch identification and other contributors to declines.  Single nucleotide polymorphisms 8 

are a genetic marker that can be easily and rapidly surveyed on many individuals.  Tools 9 

like SNPs offer advantages in discriminating stocks in mixtures.  However, tens or 10 

hundreds of informative SNPs must be discovered from among the millions in the chum 11 

salmon genome.  Available discovery methods introduce ascertainment bias into this 12 

process, which can result in uninformative SNPs or the failure to identify useful ones.  I 13 

incorporated and improved a genotyping assay to screen SNPs in thousands of 14 

individuals for a tenth of the cost of the standard available assay, and improved an assay 15 

to resolve the phase of linked SNPs.  I show that the SNPs that I discovered are 16 

informative and can be use for mixed stock analysis. 17 

 18 
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 20 
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General Introduction 150 

Declines and/or extirpations of chum salmon (Oncorhynchus keta) runs in Kamchatka, 151 

China, Korea, the Pacific Northwest of North America, and western Alaska (Augerot 152 

2005) have prompted the need to understand the extent that human impacts such as 153 

overfishing and by-catch are affecting their populations as well as variation in run sizes, 154 

and the biological life history of this species.  Identification of the origin of anadromous 155 

species captured in the marine environment is essential to accomplishing these goals and 156 

ultimately for resource conservation and management (Smith et al. 2005a; Vasemagi et 157 

al. 2005).  Differences in variation of DNA markers, within and among populations, can 158 

provide information that can be used to estimate the composition of a sample mixture.  159 

Use of genetic markers to estimate the composition of mixtures is referred to as mixed 160 

stock analysis (MSA) (Pella & Milner 1987; Reynolds & Templin 2004a; Reynolds & 161 

Templin 2004b).  In addition, these markers can be used to determine population 162 

structure; but when we began, genetic markers were not yet available that could resolve 163 

many large geographic regions from one another. 164 

One objective of this study is to discover genetic markers that will enable 165 

researchers to identify the population or region of origin of chum salmon taken as by- 166 

catch by the pelagic trawl fishery and other high seas samples as well as resolve 167 

populations in western Alaskan systems.  A promising category of markers is single 168 

nucleotide polymorphisms (SNPs).  SNPs are single nucleotide changes in the DNA 169 

sequence, and they are found throughout the entire genome.  There are more SNP 170 

markers in genomes than any of the other markers currently in use.  However, their 171 
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detection is based on sequence information, and very little sequence information of chum 172 

salmon is available. Only recently have SNP markers begun to accumulate (Elfstrom et 173 

al. 2007; Smith et al. 2005b; Smith et al. 2005c), and no analyses have yet been reported 174 

that determine the level of resolution possible with these markers. 175 

The second objective of this study is to develop methods that rapidly and 176 

inexpensively identify and survey SNP markers that might reflect divergence among 177 

populations of chum salmon throughout their range, especially in western Alaska. 178 

Between 1997 and 2002, unexpected and dramatic declines of western Alaskan 179 

salmon runs in returns to drainages prompted 15 disaster declarations by the Governor of 180 

Alaska and federal agencies (Zimmerman et al. 2006).  Even though recent abundances 181 

have been higher, many stocks continue to decline.  Chum salmon runs are important to 182 

the livelihood and culture of communities in western Alaska.  If the major causes for 183 

these declines can be identified, it may be possible to reverse reductions in numbers of 184 

returning salmon.  A major effort is being undertaken by the Arctic-Yukon-Kuskokwim 185 

Sustainable Salmon Initiative (AYKSSI, http://www.aykssi.org/prod/index.htm) to 186 

address this.  Because chum salmon are anadromous fish, the cause of these declines 187 

could be due to factors that effect either their freshwater or marine life history stages.  188 

These factors may include regime shifts in climate or human impacts such as fishing.   189 

The pollock fleet conducts a fishery in the Bering Sea that intercepts many immature 190 

chum salmon as by-catch.  Management strategies have included a Chum Salmon 191 

Savings Area (CSSA) that is removed from the pollock fishery when a by-catch limit has 192 

been exceeded.  If a substantial proportion of the fish intercepted by the pollock fishery in 193 
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this area originate from western Alaska, decreasing the by-catch in that area should 194 

alleviate some of these declines.  However, the increase in by-catch levels of chum 195 

salmon in recent years, are primarily from intercepting fish outside the CSSA 196 

(http://www.fakr.noaa.gov/npfmc/analyses/BSAIsalmonby-catch205disc.pdf), and 197 

attempts are being made to switch to a method involving “rolling hot spots” that manage 198 

by-catch issues in real time (Haflinger & Gruver 2006).  The ability to distinguish among 199 

populations of fish throughout western Alaska would be a valuable tool because it would 200 

allow fisheries managers to track specific runs in time and space and might provide 201 

leverage to protecting affected runs. 202 

Use of genetic differences, such as divergence in DNA sequences among 203 

populations, is the most promising method for stock identification of wild fish in the 204 

marine environment; and substantial effort has been and continues to be devoted to 205 

genetic studies of North Pacific chum salmon stocks.  For those who do not routinely 206 

work in this area, a convenient analogy can be made so that the application of a genetic 207 

marker can be easily understood.  Two terms are commonly used in these discussions and 208 

will be used in this thesis:  locus and allele.  If one were to imagine that genetic markers 209 

were different articles of clothing worn by chum salmon, then a locus would be 210 

analogous to a type of clothing (e.g., a shirt, or a shoe), and an allele would be analogous 211 

to different colors of a type of clothing (e.g., a red allele at the shoe locus, a green allele 212 

at the shirt locus).  The frequency of seeing, for example, a green shirt, is estimated 213 

across the geographic range of chum salmon.  An informative locus would be one that 214 

shows a significant difference in allele types (colors) among regions.  If 70% of Japanese 215 
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salmon wear green shirts and 30% wear red shirts, while 5% of western Alaskan chum 216 

salmon wear green shirts and 95% wear red ones, then a chum salmon with a green shirt 217 

that is caught in the Bering Sea, has a higher probability of having come from Japan than 218 

it does from western Alaska.  The power to assign an individual to a region of origin 219 

increases with the number of loci that are measured, and by measuring alleles at loci that 220 

show large differences among regions. 221 

Past work applied variation of alleles at allozyme and mitochondrial loci as 222 

genetic markers for this purpose (Kondzela et al. 1994; Seeb & Crane 1999; Seeb et al. 223 

2004).  An extensive allozyme database was developed and has demonstrated the ability 224 

to distinguish many populations from one another.  However, in addition to the 225 

increasing costs and difficulties associated with sample preservation, these markers still 226 

cannot differentiate many populations of chum salmon in western Alaska from one 227 

another.  Allelic variants in the mitochondrial genome offer some advantages and 228 

disadvantages.  Mitochondrial DNA (mtDNA) is inherited maternally in most animals 229 

(Rokas et al. 2003), so it carries the genealogical history in its mutation record; and 230 

because it is haploid, the mtDNA-based effective population size is approximately ¼ of 231 

the effective population size of the nuclear genome.  In other words, this portion of the 232 

genome theoretically should diverge four times faster than similar regions in the nuclear 233 

genome thereby increasing the number of potentially informative alleles.  In addition, the 234 

polymerases that carry out replication of mtDNA do not have a proofreading activity, so 235 

the mutation rate is 5-10 times higher in this genome.  The combination of these 236 

characteristics often result in faster mtDNA divergence among populations within this 237 
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genome as compared to the nuclear markers (Billington 2003).  However, because of the 238 

haploid nature of these markers and the fact that it undergoes little or no recombination 239 

(Rokas et al. 2003), the sample sizes available from a collection of individuals are 240 

reduced by one half, and all mutations within the an individual’s mtDNA genome must 241 

be scored as a single haplotype, i.e. as a single complex locus.  This means that no matter 242 

how many alleles are scored in the mtDNA genome, they will still only represent one 243 

“article of clothing”, to borrow from our earlier analogy.  These factors limit the 244 

discriminatory power of these sites as compared to the same number of independent, 245 

nuclear diploid alleles, especially in stock separation analysis, which exploits gametic 246 

disequilibrium effects seen in mixtures, also referred to as the multi-locus Wahlund effect 247 

(Gharrett & Zhivotovsky 2003).  Finally, given that chum salmon have only recently 248 

recolonized Alaska, divergence among populations is incomplete, because there has been 249 

too little time for migration-drift equilibrium to have been reached.  Consequently, even 250 

genetically isolated populations may resemble each other and recent data has suggested 251 

that this is in fact the case (Flannery et al. 2007a; Flannery et al. 2007b; Sato et al. 2004). 252 

Even though little divergence has been observed among chum salmon 253 

populations, it is likely that divergence exists at some loci that might be discovered and 254 

measured by using new, more sensitive molecular genetic methods or more loci.  One 255 

possible method would be to analyze microsatellite regions of DNA that contain multiple 256 

alleles at each locus.  As with mtDNA, these markers have several advantages and 257 

disadvantages.  The large number of alleles at microsatellite loci provides many 258 

opportunities to observe the process of random drift and the mutation rate of 259 
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microsatellites is high compared to rates in other neutral regions of the genome.  260 

However, mutation is unlikely to have been a substantial factor in divergence during the 261 

short postglacial period during which western Alaskan populations have diverged.  In 262 

other regions where populations have diverged substantially, microsatellites have a 263 

disadvantage.  The mutations in these sections of DNA are due to slipped strand 264 

mispairing during replication (Schlotterer & Tautz 1992); and, as a result, the same 265 

mutation in different populations may have arisen from independent events (homoplasy 266 

or parallel evolution), which could be interpreted as similarity between populations that 267 

does not exist (Sanderson & Hufford 1996; Wright & Bentzen 1995), or could reduce the 268 

accuracy of genetic distance estimations because homoplasy may increase with the 269 

increase in repeat units (Jarne & Lagoda 1996).  Finally, the analysis of microsatellite 270 

loci requires experience and expertise; and the results can be difficult to replicate across 271 

laboratories (Hoffman & Amos 2005), which makes it difficult to develop a complete 272 

baseline for any species with a large geographic range, such as chum salmon, from data 273 

from several laboratories. 274 

An alternative approach is to identify SNPs in the nuclear and mtDNA regions of 275 

the genome that exhibit higher divergence than other regions.  This could include regions 276 

of DNA that have high densities of SNPs and would increase the chances of finding a site 277 

that shows stronger divergence among populations due simply to genetic drift.  It could 278 

also include sites that have been subjected to natural selection and would, therefore, show 279 

stronger divergence among populations than would neutral regions of the genome.  Genes 280 

that are important for adaptation to local environments have been under selective pressure 281 
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since the colonization that followed the last glacial maximum, and these segments of the 282 

chum genome may show sufficient variation to serve as markers that can distinguish 283 

among western Alaskan stocks.  Indeed, in contrast to the accepted neutral theory of 284 

evolution (Kimura 1983), recent work suggests that large sections of the genomes of 285 

organisms have been under selection (Hahn 2008).  SNP markers that are discovered in 286 

these areas can also be rapidly analyzed with methods that are easily repeated in different 287 

laboratories. 288 

In addition to their application to mixed stock fishery analyses, genetic divergence 289 

can be used to study other aspects of population structure and the evolutionary history of 290 

fish stocks.  Migration rates, which can be estimated to determine the degree of isolation 291 

between populations in equilibrium, could provide important information for biologists 292 

managing the recovery of endangered or extirpated populations.  These analyses can also 293 

be used to improve hatchery practices and to avoid domestication of fish stocks (Ford 294 

2002).   295 

Genetic information can be used to evaluate other possible causes of changes in 296 

abundances that occur in the Arctic-Yukon-Kuskokwim region and elsewhere.  Marine 297 

survival is difficult to estimate for most species.  The ability to track the movements of 298 

various chum salmon populations may show correlations with other factors in the marine 299 

environment that could be influencing their survival.  Finally, archived samples from 300 

NOAA laboratories and other sources can reveal changes in their movements through the 301 

marine environment over time.  The first step toward these ends is to discover useful 302 

SNPs that will show divergence among populations. 303 
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Chapter one of this thesis describes a low-cost method for identifying informative 304 

SNPs.  The original thesis proposal stated that I would use Eco-TILLING as a means for 305 

SNP discovery.   During my development of that technique, I realized that it could be 306 

converted to a faster, cheaper method that could be used by almost any laboratory for 307 

SNP discovery.  This is explained in chapter one and has been published in Molecular 308 

Ecology Notes (Garvin & Gharrett 2007).  Chapter two was initially going to be a 309 

description of a method to resolve the linkage phase of linked SNPs, which can be a 310 

problem in mixed-stock analysis and chapter three was to be a statistical analysis of the 311 

SNPs that were discovered.  During the course of this work, it was discovered that a 312 

similar method had already been published (Eitan & Kashi 2002) and although we made 313 

major modifications to the assay, they did not merit a separate peer reviewed publication 314 

or thesis chapter.  However, future modifications will allow resolution of linkage phases 315 

between more than just two SNPs, but that is beyond the scope of this thesis.  Therefore, 316 

we merged the methods and data from planned chapters two and three to create the 317 

second chapter of this thesis, “Application of SNP markers to population genetic studies:  318 

Discovery, genotyping, and linkage phase resolution” which will be submitted to 319 

Molecular Ecology Resources for peer review. 320 
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Chapter 1 326 
 327 

DEco-TILLING:  An inexpensive method for single nucleotide polymorphism discovery 328 

that reduces ascertainment bias1 329 

M.R. Garvin and A.J. Gharrett 330 

Fisheries Division 331 

School of Fisheries and Ocean Sciences 332 

University of Alaska Fairbanks 333 

11120 Glacier Highway 334 

Juneau, AK  99801 335 

 336 

Keywords:  SNP, population genetics, Eco-TILLING, ascertainment bias, PCR, chum 337 

salmon. 338 

Correspondence: M.R. Garvin, Fax: (907) 796-6447; E-mail: ftmrg@uaf.edu 339 

 340 

Running Title:  SNP discovery using DEco-TILLING 341 

342 
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Abstract  342 

Genetic markers that measure DNA variation are important for population genetics 343 

research, resource management and other applications.  Single nucleotide polymorphisms 344 

(SNP) are becoming a popular marker because they are abundant and because rapid and 345 

efficient assays can be developed to detect them. However, with the exception of a few 346 

organisms, most species have little DNA sequence information available and relatively 347 

few SNPs have been developed for species that lack sequence data. Methods to find 348 

SNPs can be expensive and incorporate substantial ascertainment bias, which may result 349 

in failure to discover SNPs that are useful or efficient for addressing specific questions. 350 

We have developed a system to detect SNPs that we call DEco-TILLING, which is 351 

derived from Eco-TILLING (targeting induced local lesions in genomes). The DEco- 352 

TILLING method facilitates the development of useful genotyping assays rapidly and 353 

inexpensively and can reduce ascertainment bias. 354 

 355 

 356 

357 
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Introduction  357 

Genetic markers have been used to address a wide variety of biological and resource 358 

management questions that include mixed stock analysis (Ruzzante et al. 1999), 359 

identification of endangered populations (Ngamsiri et al. 2006), and interspecific 360 

variation (Gharrett et al. 2005).  Historically many of these applications involved 361 

allozymes; but with the development of new technology and the promise of low-cost 362 

molecular techniques, DNA variation is being examined directly.  Microsatellites are 363 

popular because of their high levels of polymorphism (Wright & Bentzen 1995).  364 

However, analysis of microsatellite loci requires experience and expertise; and the results 365 

can be difficult to replicate across laboratories (Hoffman & Amos 2005).  In addition, 366 

dye-labeled primers can be expensive.  Single nucleotide polymorphisms (SNPs) offer 367 

several advantages as molecular markers.  Detection of SNP variation is robust, easily 368 

replicated, and amenable to automation.  Several assays are available for surveying SNPs 369 

that include TaqmanTM assays and other methods that rely neither on dye-labeled primers 370 

or probes nor on Taq polymerases that have exonuclease activity (Kwok 2001; Wang et 371 

al. 2005).  Consequently, the ability to screen numerous SNPs to obtain the equivalent 372 

efficiency of multiallelic microsatellites is possible for most laboratories.  It has been 373 

postulated that more SNP loci will be needed to equal the power of allele-rich 374 

microsatellite loci, (Glaubitz et al. 2003); therefore, the final hurdle is to inexpensively 375 

and rapidly discover SNPs that provide discriminatory power. 376 

The common methods used for SNP discovery are databank mining and intensive 377 

sequencing.  The former demands the pre-existence of substantial DNA sequence data, 378 
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which are not available for many species; and the latter typically involves sequencing 379 

representative individuals from the populations that are being studied.  (Smith et al. 380 

2005b; Smith et al. 2005c).  One drawback to these approaches is the introduction of 381 

ascertainment bias (Nielsen 2004; Nielsen & Signorovitch 2004).  Most SNP discovery 382 

methods incorporate some level of ascertainment bias.  The challenge is to reduce the 383 

bias as much as possible.  The major source of bias derives from the ascertainment panel 384 

that is used to discover the SNPs.  For example, one could by chance find and 385 

subsequently survey rare SNPs that provide little useful information or, alternatively, 386 

overlook useful and discriminating SNPs.  In addition to surveying non-discriminating 387 

SNPs, not knowing the amount of bias that has been introduced can have a substantial 388 

effect upon the interpretation of some analyses.  For instance, if a study is initiated to 389 

estimate effective population size (Ne) and a disproportionate number of SNPs at loci that 390 

have rare variants are used to generate the allele frequency data, Ne may be 391 

overestimated, whereas if SNPs that show broad representation are used, then Ne may be 392 

underestimated because of an under representation of rare alleles.  393 

Here we describe an approach, a modification of Eco-TILLING (Targeting- 394 

Induced Local Lesions in Genomes) that we call DEco-TILLING (Double stranded Eco- 395 

TILLING), which can be used to discover SNPs rapidly and at low cost and minimizes 396 

the number of individuals that need to be sequenced in order to genotype large numbers 397 

of individuals.  The level and type of ascertainment bias introduced during SNP 398 

discovery can be identified and often reduced substantially because of the increased 399 

sample sizes that can be surveyed using DEco-TILLING.  The Eco-TILLING process, 400 
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which is based on random single-strand cleavage at specific mispaired nucleotide sites in 401 

heteroduplexes, has been used to discover and survey induced mutations, rare mutations, 402 

and natural mutations in wild populations of various organisms (Gilchrist et al. 2006; Till 403 

et al. 2006; Till et al. 2004).  Although both Eco-TILLING and DEco-TILLING can be 404 

used to discover SNPs, Eco-TILLING has primarily been used to discover and survey 405 

SNPs simultaneously, which renders it labor intensive and of low throughput because 406 

multiple sequences need to be screened to identify enough unlinked SNPs for many 407 

genetic analyses and the run time associated with sequencers is considerably longer than 408 

with standard agarose electrophoresis conditions.  In addition, Eco-TILLING requires 409 

access to expensive equipment such as a sequencer as well as dye-labeled primers for 410 

each DNA sequence analyzed, although recent efforts have been directed at reducing 411 

costs associated with this (Till et al. 2006).  DEco-TILLING, on the other hand, is a low- 412 

cost system that can be applied in nearly any laboratory to identify useful SNPs for 413 

further analyses.  We conducted a cost and time analysis to determine the efficiency of 414 

using both methods for SNP discovery.  We also demonstrate here that this method 415 

provides the ability not only to identify discriminating SNPs for rapid analysis of 416 

genotypes in chum salmon, (Oncorhynchus keta) but also to avoid problems associated 417 

with identifying sites in duplicated loci. 418 
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 419 

Materials and methods  420 

Loci surveyed 421 

The loci that we surveyed for SNP discovery had archived DNA sequence available (e.g. 422 

in Genbank) or published PCR primer sequences for at least one salmonid species.  We 423 

either used the published primers or designed primers with Primer3 (Rozen & Skaletsky 424 

2000) (http://fokker.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).  Each primer pair 425 

was tested to verify that a single PCR product was produced, by amplifying the target 426 

sequence using DNA from a single chum salmon.  We tested multiple annealing 427 

temperatures that ranged from 55°C to 70°C by using a gradient thermocycler.  Primer 428 

pairs that produced more than one PCR product over all annealing temperatures tested 429 

were not analyzed for SNPs. 430 

 431 

DEco-TILLING and PCR amplification 432 

Standard PCR reactions were carried out with Taq polymerase and reaction buffer that 433 

was 10mM Tris pH 9.0, 50mM KCl, 0.1% Triton X-100, 3mM MgCl2 and 200nM 434 

primers.  Cycling conditions were as follows:  94°C for 3 minutes, 33 cycles of 94°C for 435 

30 seconds, 1 minute at the appropriate annealing temperature (Appendix I), and 3 436 

minutes at 72°C. 437 

Both Eco-TILLING and DEco-TILLING are based on mispairing in 438 

heteroduplexes between two sequences that have one or several nucleotide differences.  439 

The heteroduplexes can be produced by heating and cooling the PCR products of a 440 
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heterozygous individual or a mixture of PCR products from two different homozygotes.  441 

An extract that we isolated from celery (Apium graveolens) (Yang et al. 2000), contains 442 

an enzyme called CEL1 that cleaves DNA only at mispaired sites.  An important 443 

difference between the two methods is that Eco-TILLING depends on incomplete digests 444 

at random heteroduplex sites because it is frequently used both to identify and to survey 445 

mutations from the exact location of each mutation.  DEco-TILLING, which is used for 446 

discovery, involves complete digests of both strands at all mispaired sites in a DNA 447 

heteroduplex.  Subsequent surveying of the variability is done with a much more rapid 448 

and cost effective genotyping method such as the Taqman™, Tm-Shift, or equivalent 449 

assay.  Heteroduplexes were produced on an Applied Biosystems (Foster City, CA USA) 450 

9700 thermocycler under the following conditions:  10 µl of PCR product were heated for 451 

10 minutes at 99°C and then cooled to 70°C.  The temperature of the reaction was 452 

reduced by 0.3°C every 20 seconds until it reached 50°C.  After re-annealing, samples 453 

were placed on ice and 10µl of a 2X CEL I reaction mix was added to the re-annealed 454 

PCR product.  It was then incubated at 45°C for one hour in the thermocycler.  It should 455 

be noted that the CEL 1 extract contains multiple enzymes that may begin to degrade 456 

PCR products and result in loss of the dye-label of cleavage products when performing 457 

Eco-TILLING.   This background nuclease activity also causes some smearing when 458 

performing DEco-TILLING.  Incubation times were optimized to provide sufficient 459 

cleavage of both strands of DNA, but minimize loss of signal.  The final composition of 460 

the reaction mix (1X) was 20mM Tris pH 7.4, 20mM MgCl2, 20mM KCl, 0.004% Triton 461 

X-100, 0.4µg/mL bovine serum albumin (BSA), and 7.5µL of celery extract (units 462 
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unknown), which differs from conditions previously reported (Sokurenko et al. 2001).   463 

After Eco-TILLING, the cleavage products need to be purified with sephadex columns to 464 

remove unincorporated dye-labeled primers and dye label that was removed non- 465 

specifically during CEL 1 treatment prior to loading samples on a gel.  DEco-TILLING 466 

does not require this step.  Instead, five microliters of loading buffer for electrophoresis, 467 

consisting of 0.005% bromophenol blue and 50% glycerol, was added directly to the 468 

cleavage reaction, and fragments from the entire 25µl were separated on a 1% 469 

agarose/1.2% synergel (Diversified Biotech, Boston, MA, www.divbio.com) gel, which 470 

included ethidium bromide.  Gels were digitally photographed and scored.  In order to 471 

ensure that the geographic range of chum salmon was surveyed for all loci tested, 472 

samples from populations that were representative of different geographic areas were 473 

examined, although to conserve available DNA, the specific populations from each area 474 

varied. 475 

 476 

 Minimizing ascertainment bias 477 

Our goal was to identify loci that reflected geographic differences among populations.  In 478 

the first round of the DEco-TILLING, we pooled DNA from five fish into each PCR 479 

reaction and tested eight pools from each population, which totaled 40 fish per 480 

population.  We screened 12 populations (a total of 480 fish) for each locus that we 481 

evaluated.  In later rounds of developing promising loci, DNA from single fish was used.  482 

In the first round, gels were scored as the number of the eight pools that were positive 483 

(included two different alleles) for each population (Figure 1.1 and Figure 1.2).  We 484 
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produced a family of curves to provide us guidance in interpreting the extent of allelic 485 

variation and differences among populations that was demonstrated by the eight pools of 486 

fish from each population (Figure 1.3).  The curves are probability distributions that were 487 

determined by Monte-Carlo simulations in Microsoft ExcelTM.  The simulations sampled 488 

a specified allele frequency pair (e.g. 0.95, 0.05) with replacement to obtain 10 alleles to 489 

represent a pool.  Eight pools were generated to mimic the sampling design.  Each 490 

iteration provided an estimate of the number of pools that had both types of alleles and 491 

would produce heteroduplexes.  We repeated the process 5,000 times for each specified 492 

allele frequency pair.  By referencing these curves and evaluating 480 individuals, we 493 

reduced ascertainment bias by identifying useful SNP sites. 494 

 495 

Sequencing and elimination of duplicated loci and isoloci 496 

Once a PCR amplicon that contained a useful SNP had been identified, twenty individual 497 

fish from pools that contained the variant were analyzed by a second round of DEco- 498 

TILLING (Figure 1.1 and Figure 1.4).  Homozygotes had no cleavage products.  To 499 

identify alternate homozygotes, we conducted a third round of DEco-TILLING in which 500 

DNA from one homozygous individual was added to PCR reactions of other 501 

homozygotes (Figure 1.1 and Figure 1.4).  Heteroduplexes observed in the third round of 502 

DEco-TILLING from mixtures of homozygotes identified alternate homozygotes.  We 503 

sequenced two individuals (homozygotes representing each allele) to obtain the necessary 504 

information for subsequent genotyping of large numbers of individuals.  Sequencing 505 

followed the LI-COR (Lincoln, NE USA) protocol 506 
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(http://www.licor.com/bio/4300/DNASeq9.jsp).  If an alternate homozygote could not be 507 

readily identified, we sequenced a heterozygote. 508 

PCR products that had the same multiple banding patterns after DEco-TILLING 509 

in twenty digests of single fish from multiple populations were presumed to reflect 510 

possibly duplicated loci or were the result of two PCR products of the same size that were 511 

produced from the primer pair tested and were not developed.  Chum salmon also present 512 

a problem because they arose after a genome duplication event (Allendorf & Thorgaard 513 

1984); and although they are not true tetraploids, they do carry isoloci.  For example, the 514 

somatolactin amplicon appeared to reflect isoloci (See Table 1.1).  A single PCR band 515 

was observed during DEco-TILLING, and apparently normal variability was observed 516 

among samples analyzed during the initial survey of populations, but the SNP-detecting 517 

PCR primers appeared to amplify two loci because the genotyping results did not 518 

correspond to the DEco-TILLING or the sequencing results.  In addition, Hardy- 519 

Weinberg expectations were not observed in most of the populations tested using the 520 

genotyping assay, and the peaks in the melting curves for some of the presumed 521 

heterozygotes revealed a 3:1 ratio of PCR products that were amplified from the DNA, 522 

rather than the expected 1:1 ratio (data not shown).  Isoloci could present a problem when 523 

discovering and surveying SNPs in tetraploid or partially tetraploid organisms.  If only 524 

one isolocus is variable, the issue would be moot; if the isoloci share a variant allele that 525 

has a combined frequency greater than about 0.15, there should be a detectable departure 526 

from Hardy-Weinberg expectations. 527 

 528 
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Primer design for SNP screening 529 

Primers for the Taqman™ assay were designed with Primer Express from Applied 530 

Biosystems (Foster City, CA USA).  The Tm-shift primers were designed as described in 531 

Wang et al. (2005).  See Appendix I for all primer sequences.  The nucleotide sequence 532 

of the vitellogenin receptor for chum salmon was unknown prior to sequencing and was 533 

deposited in GenBank and given accession #DQ924528.  Accession numbers for the 534 

remaining DNA sequences were listed in GenBank and are provided in Appendix 1.1. 535 

 536 

SNP genotyping assays 537 

Most SNPs were genotyped with the Tm-shift primer assay (Wang et al. 2005).   Our 538 

reaction conditions differed in the use of a different Taq polymerase and the absence of 539 

the ROX dye.  Each 6µl reaction consisted of 10mM Tris pH 9.0, 50mM KCl, 0.1% 540 

Triton X-100, 1.5mM MgCl2, 0.2mM NTPs, 200nM primers, 0.2µl Taq polymerase 541 

(units unknown), 5% DMSO, 0.2X SYBR™ Green Dye (BioWhittaker Molecular 542 

Applications, now part of Cambrex, Inc. Baltimore, MA USA), and 1µl of DNA.  543 

Cycling conditions for PCR amplification were the same for each set of primer pairs 544 

except for the annealing temperature, which was determined empirically for each set 545 

(Appendix II).   An initial 3-minute dissociation at 94°C was followed by 40 cycles at 546 

94°C for 20 seconds, 1 minute at the appropriate annealing temperature, and 30 seconds 547 

at 72°C.  Dissociation curves were generated by selecting this option at the end of the run 548 

on the Applied Biosystems (Foster City, CA USA) 7900 Prism.  One SNP was screened 549 

by using the Taqman™ assay from Applied Biosystems (Foster City, CA USA).  We 550 
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used 2X qPCR mastermix (#RT-QP2X-03+WOUN) from Eurogentec (Seraing, Belgium) 551 

along with 200nM primers, 100nM probe and 100ng of DNA.  The primer and probe 552 

sequences are given in Appendix 1.2. 553 

554 
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Results 554 

We screened 10 PCR products that represented nine loci with DEco-TILLING.  To 555 

ensure a broad coverage of the species’ range, we used DNA from 18 populations of 556 

chum salmon that are geographically distributed across the Pacific rim.  An example of 557 

the results for six different populations is shown in Figure 3.1.  From the 10 regions of 558 

DNA that we surveyed, which spanned approximately 10.5kb, we identified 14 SNPs.  559 

Subsequent sequencing identified five additional SNPs, which had not been detected 560 

because the sites were at opposite ends of the PCR fragment; but their cleavage products 561 

were very similar in size.  Three additional sites were located in the isotocin II amplicon 562 

and two others were found in the vitellogenin receptor PCR product after sequencing.   563 

Overall, these results indicated an average density of one SNP per 550bp. 564 

 565 

Identifying useful SNPs  566 

We analyzed the DEco-TILLING data at all loci for all populations and, with reference to 567 

Figure 1.3, chose to sequence six SNPs that promised the greatest discrimination among 568 

populations.  Our objective was to identify SNPs that could be used to distinguish among 569 

chum salmon populations and, ultimately, to determine the natal origins of fish captured 570 

from unknown population mixtures on the high seas.  For example we did not choose to 571 

develop the SNPs detected in the clock gene; although they would provide useful data for 572 

discriminating fish from the Heilong (Amur) River from the other populations that we 573 

examined, they would not be broadly useful for our purposes.  We did develop the 574 

vitellogenin receptor site 3 SNP, which appeared to be a good marker for generally 575 
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separating Asian and North American chum salmon populations because these regions 576 

had different numbers of positive pools (Table 1.1).  The two alleles for each SNP were 577 

identified by DEco-TILLING two more times followed by sequencing (Figure 1.1 and 578 

Figure 1.4).  The nucleotide substitution and region of the gene mutated are given in 579 

Appendix 1.2. 580 

 581 

SNP genotyping assay and ascertainment bias 582 

For the insulin SNP, we used the Taqman™ assay developed by Applied Biosystems 583 

(Foster City, CA USA), but we used the Tm-shift assay for all other SNPs.  We screened 584 

individual fish from each population to estimate allele frequencies.  The approximate 585 

estimates of allele frequencies observed by DEco-TILLING were generally similar to 586 

frequencies estimated by the genotyping assays (Table 1.2).  The data indicate we have 587 

avoided or reduced ascertainment bias, which we define as using non-discriminatory 588 

SNPs (very rare frequencies or common across all regions tested), or missing useful SNP 589 

sites; screening by DEco-TILLING ensures identification of most SNPs in each sequence 590 

tested. 591 

 592 

Cost and time analysis 593 

A cost and time analysis for the Eco-TILLING and DEco-TILLING methods are given in 594 

Table 1.3.  The calculations are based on screening 480 individuals to identify SNPs as 595 

was described in this study, and then to survey 1,000 individuals for 6 different SNPs.  596 

This represents a small, but typical genetic study.  We calculated the times and costs 597 
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based on three scenarios:  (1) DEco-TILLING to discover SNPs and the Tm-shift primer 598 

assay to survey them, (2) Eco-TILLING to discover SNPs and the Tm-shift primer assay 599 

to survey them, and (3) Eco-TILLING both to discover SNPs and to survey them.  We 600 

include these three combinations in order to make reasonable comparisons of the two 601 

methods and because the published studies that use Eco-TILLING generally involve 602 

simultaneous screening and surveying of loci.  Primer costs are based on purchasing the 603 

smallest scale of unlabeled primers available from Operon technologies (Gaithersburg, 604 

MD USA) and labeled primers from LI-COR, Inc (Lincoln, NE USA).  Sephadex 605 

columns are based on using 6 Multiscreen-HV plates from Millipore (Danvers, MA 606 

USA) and 60 grams of medium grade sephadex from Amersham Biosciences 607 

(Piscataway, NJ USA).  Sequencing prices are based on forward and reverse strand 608 

sequencing using IRDye® terminator mixes from LI-COR (Lincoln, NE USA) on their 609 

4200 DNA sequencer. 610 

The cost of the reagents for both methods is relatively small although it should be 611 

noted that the cost of Eco-TILLING is more than double that of DEco-TILLING when 612 

using the Tm-shift method for genotyping.  This pricing is based on using a set of 613 

universal dye-labeled primers for Eco-TILLING, which has recently been developed (Till 614 

et al. 2006).  Because this study involved searching for SNPs in many DNA sequences, 615 

and generic tails were added to the ends of each sequence specific set of primers, the 616 

costs were reduced by purchasing only one set of dye-labeled primers corresponding to 617 

the generic sequences.  However, the cost of the unlabeled primers increases because of 618 

the addition of the universal priming sites onto the ends of the sequence specific primers.  619 
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We have not tried this method in our laboratory so we cannot comment on its efficiency 620 

or the design of primers for different species.  If dye-labeled primers are used for each 621 

individual target DNA sequence, the cost increases by $1,000, which is a substantial 622 

increase compared to DEco-TILLING. 623 

 The other major savings when using DEco-TILLING is time.  This is mainly the 624 

result of two processes.  One is the purification of the cleavage products required for Eco- 625 

TILLING, to remove unincorporated dye-labeled primer and dye that is cleaved from 626 

both PCR product and primers by nucleases in the celery extract.  The other process 627 

involves the run times used to separate the cleavage products.  Standard agarose gel 628 

electrophoresis typically takes 1-1.5 hours whereas polyacrylamide gel electrophoresis 629 

(PAGE) carried out on a LI-COR (Lincoln, NE USA) 4300 sequencer takes 630 

approximately 4.5 hours to separate a 1.5kb fragment.  Eco-TILLING becomes even 631 

more time consuming when used to genotype individuals because two rounds of the 632 

procedure must be carried out to distinguish the two types of homozygotes, as well as the 633 

heterozygotes.  In addition, it should also be noted that for this and many genetic studies, 634 

as many as 50 to 100 unlinked SNP sites may be necessary for accurate analysis, which 635 

suggests DEco-TILLING can provide a significant cost and time savings when compared 636 

to Eco-TILLING. 637 

638 
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Discussion 638 

Although SNPs are the most abundant marker in most genomes, discovery of useful 639 

SNPs can be challenging (Cho et al. 1999; Griffin & Smith 2000; Kruglyak 1997; Kwok 640 

et al. 1996).  One of the major sources of error in discovering SNPs is the incorporation 641 

of bias, which results primarily from the choice of the ascertainment panel used to 642 

discover the SNPs.  In order to avoid such bias, many individuals that are representative 643 

of the populations being studied must be used in the discovery panel.  Although 644 

sequencing technologies are becoming less expensive and the length of sequences that 645 

can be read is increasing, the cost and time involved in sequencing a sufficient number of 646 

individuals to avoid this bias limits this method for SNP discovery. 647 

In this paper we described a method that we term DEco-TILLING, which can 648 

facilitate the discovery and screening of SNPs for any organism and allows one to 649 

account for and reduce ascertainment bias a priori.  We did not perform statistical 650 

analyses of the allele frequencies generated but they are variable over all populations 651 

tested, i.e. they are neither extremely rare nor extremely common and appear to show 652 

discrimination among populations.  DEco-TILLING is cost effective, can be done rapidly 653 

in most laboratories and can be modified to reduce ascertainment bias to meet the needs 654 

of a particular study.  For instance, if our objective had been to study the evolutionary 655 

history of chum salmon across all geographic areas or to estimate effective population 656 

sizes without introduction of bias, we could have pooled samples from various 657 

geographic areas, but blindly run them in order to identify variable loci that did not focus 658 

on divergence among populations.  In addition, it can be difficult to develop SNPs for 659 
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indels using sequencing-based discovery, because of the chaotic banding pattern 660 

downstream of the indel in a heterozygote and because alternate homozygotes may be 661 

rare.  DEco-TILLING can be used efficiently to identify individual homozygotes for each 662 

allele for sequencing. 663 

If PCR primers are available, it is possible to identify and evaluate SNPs from 1-2 664 

loci per day for several hundred individuals.  We focused on sets of populations that are 665 

widely distributed to find SNPs that would be potentially useful for discriminating among 666 

populations prior to investing the time and cost of sequencing and screening them and 667 

then developing baseline information.  We identified a total of 19 SNPs in 10.5kb, or 668 

about 550bp per SNP.  This is a lower density than was previously reported for 669 

Oncorhynchus keta (Smith et al. 2005c).   However, in that study, 24% of the 155 SNPs 670 

originally identified by sequencing were not verified by sequencing the reverse strand; 671 

and only 20 were successfully converted to a Taqman™ assay, which implies that the 672 

number of base pairs per SNP could be anywhere between 175 and 1,600.  Fourteen of 673 

our 19 SNPs were located by using DEco-TILLING and five more were discovered 674 

during subsequent sequencing.  We did not convert the latter five SNPs to assays because 675 

data were unavailable to determine the extent of variation that exists among populations.  676 

We note that the five SNPs not identified by DEco-TILLING were located in two gene 677 

sequences that had many mutations (1 SNP every 275bp for the vitellogenin receptor 678 

gene and 1 SNP every 180bp for the isotocin II gene).  The discovery of those additional 679 

SNPs revealed a limitation of the DEco-TILLING procedure.  Because DEco-TILLING 680 

does not provide a 5’ or a 3’ orientation for the location of each SNP, fragments that are 681 
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about the same size may be indistinguishable on an agarose gel.  In contrast, Eco- 682 

TILLING uses dye-labeled primers that differentially mark the two strands when a 683 

limited digest of the heteroduplex sites is performed, and would show that the SNPs 684 

differ in location.  Regardless, low cost and efficiency make DEco-TILLING an excellent 685 

method for the discovery of useful SNPs.  686 

Both Eco-TILLING and DEco-TILING have advantages for SNP discovery in 687 

species that arose from genome duplication events, such as salmonids.  Species in the 688 

family Salmonidae descended from a tetraploid ancestor 25-100 million years ago 689 

(Allendorf & Thorgaard 1984).  Although many salmonid loci have diploidized, some 690 

remain as isoloci, which can impede development of SNPs from sequencing surveys 691 

(Allendorf & Thorgaard 1984; Wallis & Devlin 1993).  If the isoloci have diverged 692 

substantially, it is likely that two PCR bands would result; if the divergence were less, 693 

however, and the two loci differed by even a single nucleotide, every Eco-TILLING or 694 

DEco-TILLING digest would reveal the same variable site from the heteroduplexes 695 

formed between products of the two isoloci.  Although in the latter instance, it is possible 696 

that appearance of the variant in every digest of pooled samples may reflect high 697 

variability, we can determine if an isolocus is involved by testing every individual in one 698 

or several pools from different populations.  Also, we would detect these isoloci with 699 

subsequent SNP assays.  700 

SNPs promise to be useful genetic markers for a variety of purposes and DEco- 701 

TILLING is a powerful, flexible prescreening method for SNP discovery which reduces 702 

ascertainment bias, cost and time.  Future efforts should be directed at methods and 703 
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technologies that will allow laboratories to exploit valuable archived data such as EST 704 

sequences for identifying primer pairs, which will amplify larger genomic sequences in 705 

the organism of interest.  These loci can then be subjected to DEco-TILLING, which will 706 

facilitate the rapid dissemination of genetic markers for use throughout the field of 707 

population genetics. 708 

 709 
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Clock site 1 6 0 0 0 0 0 0 0 0 0
site 2 0 2 0 0 0 0 0 0 0 0 0

Insulin site 1 0 3 7 6 5 3 5 5 7 5 6
site 2 0 0 0 1 0 0 1 4 1 3 3

Proopiomelanocorticotropin No SNP 0 0 0 0 0 0 0 0 0 0 0
Somatolactin* site 1 6 7 4 7 7 7 8 6 4 5 5

site 2 1 7 3 1 2 3 5 4 2 5 5
Vitellogenin Receptor site 1 0 0 0 0 0 0 2 0

site 2 8 0 3 0 3 0 0 2
site 3 0 4 6 8 8 8 8 8

Calcium Receptor exon 3 No SNP 0 0 0 0 0 0 0 0 0 0 0 0
Calcium Receptor exon 6 No SNP 0 0 0 0 0 0 0 0 0 0 0 0
Isotocin II site 1 7 7 7 8 8 8 6 8

site 2 7 4 0 2 2 0 1 6
Vasotocin I site 1 5 2 6 3 6 7 8 5 6 6
RH1 Opsin site 1 0 2 2 4 3 8 4 2 5
*Duplicated Locus.  See Results section.

Asia W. Alaska SC Alaska SE Alaska/BC

Table 1.1  Results of DEco-TILLING pools of chum salmon populations from drainages in different geographic areas to identify SNP 1 
variation. Gene refers to the DNA sequence that was PCR amplified.  SNP site refers to the SNPs that were identified in that sequence.  2 
River names are given in columns and subdivided into general geographical areas.  Each cell is the number of positive pools out of eight 3 
that contain both alleles for that SNP site.  A blank cell indicates that no data were generated for that population at that locus. 4 
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Table 1.2  Number of positive pools (out of 8) from DEco-TILLING and the allele frequencies that were estimated for 5 SNP sites at 5 50 
loci after SNP genotyping.  Data type refers to either DEco-TILLING (pools) or SNP genotyping (allele freq).  River names are given in 51 
columns and subdivided into general geographical areas.   A blank cell indicates that no data were generated for that population at that 52 
locus. The number of individuals for each population (=?) that was used to generate allele frequencies is given above the name. 53 

 54 
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36 Table 1.3.  Cost and efficiency analysis of DEco-TILLING and Eco-TILLING.  Analysis is 
based on discovering SNPs using 480 samples as described in this study and subsequently 
screening 6 SNPs on 1,000 individuals.  The cost of the sequence specific primers is based on the 
use of Universal dye-labeled primers (Till et al.  2006). 
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Fig. 1.1  Flow chart of the process used in this study.  Stop signs indicate situations that 
would terminate consideration of a candidate sequence.  Addition signs indicate that the 
process continues. 
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Fig. 1.2  DEco-TILLING performed with DNA from six populations on a portion of the vitellogenin receptor locus.  Each lane 
represents PCR products from five fish.  There are eight lanes per population, or 40 fish.  The final, ninth lane, is a control 
PCR product that was not subjected to DEco-TILLING.  Three different SNP sites are represented by black arrows (site 1), a 
white arrow with black outline (site 2), and white arrows (site 3).  Note that the size of the two bands identified for each SNP, 
add to the size of the entire product.  Site #2 is in the middle of the PCR product and, therefore, represents two bands of similar 
size
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Fig. 1.3  The distribution of the number of pools that have heteroduplexes for different underlying allele frequencies.  Eight 
pools of five individuals (10 alleles) are tested.  Heteroduplexes are observed in pools that have both allele types.  Each curve 
describes the distribution for a different underlying less abundant allele frequency (say 0.025) in a population.  
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Fig. 1.4  Second and third steps of DEco-TILLING a portion of  the vitellogenin receptor locus to identify the individual 
homozygotes to be sequenced from the Olsen River and the Nushugak River populations.  Each lane represents a PCR product 
from one fish.  The top gel shows the results of DEco-TILLING performed on individual fish, and the lower gel shows DEco-
TILLING performed on the same fish to which DNA from one homozygous fish is added.  The white arrows indicate a 
heterozygous fish for an allele (site 3) at approximately 250 base pairs from one end of the amplicon (cleavage products in the 
top gel and bottom gel).  The black arrows denote a fish that is homozygous for the allele that was added to each reaction (no 
cleavage products in either gel).  The gray arrows denote the alternate homozygote (cleavage products in the lower gel but not 
the upper gel).  The eleventh lane in the bottom lane is an uncut control. 
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Appendix 1.1  Primers (and their accession #s), annealing temperatures, and fragment sizes of genes that were evaluated. 
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Site Primer Sequences Mutation Tanneal

Insulin For AGTAGGGTTAGCGTGGTAGATCTTG c/g intron 60
Insulin Rev CTACAGTTATTGGGTTCTAGATGAAGTAAAGT
Insulin FAM probe CCTCAGAACTcTTATC
Insulin VIC probe CTCAGAACTgTTATCG 

Vasotocin I A GCGGGCAGGGCGGCGTCTGCTGGCCACG g/t intron 61
Vasotocin I B GCGGGCCGTCTGCTGGCCACT
Vasotocin I Reverse CCAGGACCCACAGCAGTTGA

Vitellogenin Receptor A GCGGGCTTTAGGCAGTACTGTCTTAAAATA ta/del 3' UTR 61
Vitellogenin Receptor B GCGGGCAGGGCGGCTTAGGCAGTACTGTCTTAAAATG
Vitellogenin Receptor Reverse AAGAATGTGCTTCTGGAGATAATGTTC

Somatolactin A GCGGGCAGGGCGGCCAATTCCTCTTTCAATACTATTTTT aa/tt 3' UTR 58
Somatolactin B GCGGGCCAATTCCTCTTTCAATACTATTTAA
Somatolactin  Reverse AAGAGAAGGTCTAGAGATATTCTGACAGGTA

Isotocin II A GCGGGCAGGGCGGCAGAATTGACAATGAACCATTG g/a intron 64
Isotocin II B GCGGGCGAGAATTGACAATGAACCATTA
Isotocin II Reverse CTTATCGACATTCTTGCTCCCTTT

RH1 Opsin  A  GCGGGCAGGGCGGCTGGTAATCGGAGGCTTC c/t silent 62
RH1 Opsin  B GCGGGCATGGTAATCGGAGGCTTT
RH1 Opsin  Reverse CGAAATAGCCATGCATGGAGGT

Appendix 1.2  Primer sequences and annealing temperatures for the SNP genotyping assays.  Insulin was screened using the Taqman 
assay.  All others utilized the Tm-shift assay as published.  

 

 

 

 

 

 

 

 

 

 

 



 

 

43 

Chapter 2 1 
 2 

Application of SNP markers to population genetics studies: 3 

Discovery, genotyping, and linkage phase resolution2 4 

M.R. Garvin*, K. Saitoh** and A.J. Gharrett* 5 

*Fisheries Division 6 

School of Fisheries and Ocean Sciences 7 

University of Alaska Fairbanks 8 

11120 Glacier Highway 9 

Juneau, AK  99801 10 

**Tohoku National Fisheries Research Institute  11 

Shinhama, Shiogama 985-0001 Japan 12 

 13 

Keywords:  SNP, population genetics, DEco-TILLING, ascertainment bias, linkage 14 

disequilibrium 15 

Correspondence: M.R. Garvin, Fax: (907) 796-6447; E-mail: ftmrg@uaf.edu 16 

 17 

Running Title:  Implementing SNPs for population genetics 18 

19 

                     
2 To be submitted to Molecular Ecology Resources 



 

 

44 

Abstract 19 

The increased use of single nucleotide polymorphisms (SNPs) as genetic markers 20 

demands a system that can simultaneously address several issues associated with 21 

incorporating them into a standard laboratory workflow.  Single nucleotide 22 

polymorphisms must be informative for the study that is undertaken, they must be 23 

converted to a genotyping assay that can rapidly survey many individuals, and the phase 24 

of polymorphic sites that are physically linked must be resolved.  The methods must also 25 

be cost effective.  Here we provide an example of a system that begins with the rapid and 26 

inexpensive discovery of informative SNPs.  We then modify the primers, facilitating a 27 

conversion to a rapid, inexpensive genotyping assay.  Next, we address the issue of 28 

linkage disequilibrium with a method to resolve the phase of closely linked sites.  We 29 

conclude with a statistical analysis that demonstrates that the SNPs that we have 30 

discovered are informative.  This system can be implemented in most laboratories that 31 

use standard equipment. 32 

 33 
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 34 

Introduction 35 

Molecular genetic applications are now a routine part of diverse fields of study such as 36 

forensics, crop improvement, breeding, aquaculture, conservation, and resource 37 

management (Liu & Cordes 2004; Smith et al. 2005a; Till et al. 2007; Weir 2003).  Past 38 

work relied heavily on microsatellite markers; but single nucleotide polymorphisms 39 

(SNPs) are rapidly becoming the molecular marker of choice because they are abundant 40 

in genomes, they are simple to score, they can be transferred between laboratories easily, 41 

and they can be surveyed on a wide variety of platforms, from single PCR reactions to 42 

the 1 million SNP microarray or chip.  Adoption of SNPs to address new questions 43 

involves several facets of laboratory work that include 1) SNP discovery, 2) choice of a 44 

method to genotype SNPs rapidly, and 3) analysis of closely linked SNPs.  Each facet has 45 

inherent challenges. 46 

 Here we present our work on chum salmon (Oncorhynchus keta) that can be used 47 

to develop a rapid and efficient system to implement SNPs in any laboratory.  We begin 48 

the process by discovering informative SNPs and then convert them to assays that allow 49 

for the rapid screening of thousands of individuals, which improves on existing 50 

genotyping assays.  Lastly, we demonstrate an improved strategy to resolve linkage 51 

phases of physically linked sites in the DNA. 52 

Our laboratory’s goal is to use genetic methods to address issues involving 53 

conservation and management and we are now developing SNP markers to estimate 54 

proportional contributions of different chum salmon stocks to mixtures intercepted on the 55 
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high seas. Application of SNPs to these analyses requires a suite of tools that will enable 56 

us to determine the region, and in some instances, the local population of origin for these 57 

mixtures.  There are approximately 5 million SNPs in chum salmon 58 

(http://www.genomesize.com/index.php) (Garvin & Gharrett 2007).  Efficient SNP 59 

discovery efforts must both minimize the number of sites that are necessary for mixed- 60 

stock analysis and distinguish them from a large number of uninformative SNPs.  61 

Standard methods for SNP discovery, such as sequencing, are limited by the number of 62 

individuals that can be screened practically, which results in ascertainment bias (Akey et 63 

al. 2003; Nielsen 2004; Nielsen & Signorovitch 2004).  In addition, insertions and 64 

deletions (INDELS) in sequences from heterozygous individuals or from pooled samples 65 

usually render information from standard sequencing methods downstream from the 66 

INDEL incomprehensible, which results in the loss of many potentially informative 67 

SNPs.  This loss is a serious problem because, for moderate to low frequency alleles, the 68 

individual sequenced is quite likely a heterozygote.  69 

Following SNP discovery, each marker must be rapidly and inexpensively 70 

genotyped on as many individuals as possible.  Current PCR-based methods such as the 71 

TaqmanTM assay from Applied Biosystems (Foster City, CA) are robust and easy to score, 72 

but may not be cost-effective.  The Tm-shift assay developed by Roche Molecular 73 

Systems (Alameda, CA) (Wang et al. 2005) is an inexpensive alternative, but can be 74 

difficult and time consuming to implement.  We found that the conversion of sequence 75 

information to a functional assay was the greatest hurdle associated with this method.  76 
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We substituted locked nucleic acids (LNAs) to the 3’ ends of the primers to determine if 77 

they would improve the assay. 78 

A third issue associated with SNPs as markers for molecular population genetics 79 

is that sites are likely to be linked as a consequence of discovery methods by which 80 

multiple SNPs are discovered in a single gene or PCR product.  Haplotypes from linked 81 

SNPs can provide more information than single, independently inherited SNPs (Davidson 82 

2000; Drysdale et al. 2000; Leblois & Slatkin 2007; Rannala & Bertorelle 2001).  Linked 83 

sites can be useful, for example to identify loci associated with diseases, to demonstrate 84 

co-adaptation of traits (Terwilliger & Weiss 1998; Weiss & Clark 2002) and to resolve 85 

stock admixtures. However, linked SNPs require resolution of the linkage phase.  86 

Knowledge of gametic disequilibrium, which can be due to an extension of the Wahlund 87 

effect to multiple loci, is critical for developing algorithms that are used for mixed-stock 88 

analysis.  Algorithms used in programs such as Phase (Stephens & Donnelly 2001; 89 

Stephens & Donnelly 2003; Stephens & Scheet 2005) or other probabilistic methods 90 

randomly assign linkage phases to individuals in the study.  This does not work for stock 91 

mixture analyses because the full, multi-locus genotype must be known, and the linkage 92 

phase at each locus must be determined directly. Statistical software packages such as 93 

SPAM and Bayes determine the probability of a multi-locus genotype, which is observed 94 

in mixed stock samples and usually based on the allelic frequencies from a baseline 95 

(Debevec et al. 2000; Pella & Masuda 2001).  The linkage phase of the individuals in 96 

each of the baseline or reference populations can be estimated with maximum likelihood 97 

(MLE) algorithms under the assumption of Hardy-Weinberg equilibrium.  However, 98 
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population mixtures are usually not in Hardy-Weinberg equilibrium (the Wahlund 99 

Effect), and the linkage phase cannot be accurately determined by MLE unless the 100 

composition of the mixture is known.  For stock identification applications, the linkage 101 

phase must be determined empirically for each multiple heterozygote from the sample 102 

mixture.  We describe a rapid assay to resolve linkage phases in linked SNPs that is an 103 

improvement on an older method (Eitan & Kashi 2002), and that requires no post PCR 104 

processing. 105 

  106 

Materials and methods 107 

Samples 108 

We analyzed DNA of chum salmon that was collected from populations that were 109 

distributed throughout most of the natural range of the species (Table 1.2, Figure 1.2).  110 

The samples included populations from the Sea of Okhotsk, eastern and western Bering 111 

Sea, and the Pacific coast of North America.  Some samples were used only for SNP 112 

discovery and others were surveyed to determine the extent of genetic variability.  DNA 113 

was extracted with genomic DNA isolation kits from Qiagen, Inc. (Hilden, Germany). 114 

 115 

SNP Discovery  116 

We performed SNP discovery in both the nuclear and mitochondrial portions of the chum 117 

salmon genome.  We used previously published mitochondrial restriction site data 118 

(Churikov et al. 2001) that had been augmented by A.J. Gharrett and others (unpublished 119 

data) in combination with the full chum salmon mitochondrial sequence to identify the 120 
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locations of variable nucleotide sites in the mitochondrial genome.  Protocols for 121 

sequencing the full mitochondrial genome followed previously published methods 122 

(Saitoh et al. 2006).  Primer sequences for amplification and sequencing the chum 123 

salmon mitochondrial genome are listed in Appendix I.  We developed SNPs from five 124 

sites that were responsible for major branches of the haplotype tree and that demonstrated 125 

divergence among populations from different geographic regions (Figure 2.2).  We 126 

designed primers that flanked each of the restriction sites with Primer3 (Rozen & 127 

Skaletsky 2000) to amplify a region from which sequence information was obtained for 128 

designing a genotyping assay. 129 

We focused our discovery efforts on the 5’ untranslated regions, 3’ untranslated 130 

regions, the first intron of genes, and exons that might show variation based on the 131 

function of the protein encoded by the gene or regulation of the transcription of the gene.  132 

For example, mutations in the zinc finger DNA binding domain of a transcription factor 133 

might alter its binding properties, which affect transcription (Filippova et al. 2002).  134 

Similarly, a mutation in the DNA sequence that is bound by the transcription factor might 135 

also change its binding affinity and alter transcription (Stone & Wray 2001).  If 136 

information for gene structure was unavailable for the specific regions of DNA that we 137 

targeted, we aligned them with similar sequences from other species for which the 138 

structure was known.  We used previously designed primers (Moran 2002), or we 139 

designed primers with Primer3 (Rozen & Skaletsky 2000).  We tested each primer pair to 140 

verify that a single PCR product was produced by amplifying the target sequence with 141 

DNA from a single individual and used multiple annealing temperatures, which ranged 142 
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from 55°C to 70°C, with a gradient thermocycler and eliminated primer pairs that 143 

generated more than one PCR product within that annealing temperature range.  144 

Sequences of the primers that were used for discovery and their accession numbers are 145 

given in the Appendix 2.2. 146 

 147 

DEco-TILLING and Sequencing 148 

DEco-TILLING was conducted as described previously (Garvin & Gharrett 2007).  149 

Briefly, 100ng of total DNA from five individuals was pooled into a single PCR reaction; 150 

eight pools (a total of 40 individuals) were amplified from each of 12 different 151 

populations that broadly represented the geographic distribution of chum salmon.  152 

Following amplification, 10µl of the PCR reaction was added to 10µl of 2X DEco- 153 

TILLING buffer (20mM Tris pH 7.7, 20mM MgCl2, 20mM KCl, 0.008% Triton X-100, 154 

0.8ug/mL bovine serum albumin) that included celery juice extract, which contains a 155 

single-strand nuclease (Oleykowski et al. 1998); and the mixture was incubated at 45°C 156 

for 1 hour.  Fragments from the cleavage reactions were separated on a 1% agarose/1.2% 157 

synergel ® gel.   158 

The number of reactions that contained a cleavage product from each population 159 

was scored and SNPs that appeared to have different levels of variability in different 160 

geographic regions were further analyzed.  Twenty individuals from pools that included a 161 

variant were analyzed by a second round of DEco-TILLING.  Homozygous individuals 162 

had no cleavage products.  In order to identify alternate homozygotes, we conducted a 163 

third round of DEco-TILLING in which DNA from one homozygous individual was 164 
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added to PCR reactions of the other homozygotes.  Heteroduplexes observed in the third 165 

round of DEco-TILLING from mixtures of homozygotes identified alternate 166 

homozygotes. 167 

We sequenced two individuals (one homozygote for each allele) to obtain the 168 

necessary information from which SNP assays were developed (Garvin & Gharrett 2007).  169 

Sequencing followed the LI-COR (Lincoln, NE USA) protocol 170 

(http://www.licor.com/bio/4300/DNASeq9.jsp).  If an alternate homozygote could not be 171 

readily identified, we sequenced a heterozygote, which had two different nucleotides at 172 

the SNP site.  The sequence information was used to convert the SNPs into either a 173 

TaqmanTM or a Tm-shift assay.  Previously unpublished sequence information was 174 

deposited in GENBANK (Appendices 2.2,3.2,4.2). 175 

 176 

TaqmanTM Assay 177 

We used the TaqmanTM assay developed by ABI to screen five mitochondrial SNPs and 178 

two SNPs at the insulin locus.  Ten µl reactions were conducted in 96-well microtiter 179 

plates and read on an ABI 7900 Prism.  We later converted our assays to a 6µl, 384-well 180 

plate format.  In order to reduce processing time, we used several ABI 9700 181 

thermocyclers in parallel and read the plates on the ABI 7900 Prism.  Each reaction 182 

contained 3µl of Eurogentec 2X PCR master mix 183 

(http://usa.eurogentec.com/code/en/hp.asp), which includes a hotstart Taq, dNTPs, and 184 

ROX dye.  We then added primers to a final concentration of 200nM, fluorogenic probes 185 

labeled with 6FAM dye and VIC dye to final concentrations of 150nM each, and then 186 
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added sterile deionized H2O to a final volume of 6µl.  A 10 min, 95°C hot-start was 187 

followed by 45 cycles of 95°C for 20 sec, and 60°C for 1 min.  Scoring was done with the 188 

ABI 7900 Prism software.  Primers for the Taqman™ assay were designed with Primer 189 

ExpressTM from ABI (Appendix 3.2). 190 

 191 

Tm-shift PCR Assay 192 

We genotyped most of the SNPs with the Tm-shift assay (Wang et al. 2005).  Our 193 

reaction conditions differed from the original publication in the use of a generic Taq 194 

polymerase, a lower MgCl2 concentration, and the omission of the ROX dye.  Each 6µl 195 

reaction included 10mM Tris pH 9.0, 50mM KCl, 0.1% Triton X-100, 1.5mM MgCl2, 196 

0.2mM dNTPs, 200nM primers, ~0.5U Taq polymerase, 5% DMSO, 1X SYBR™ Green 197 

Dye (BioWhittaker Molecular Applications, now part of Cambrex, Inc. Baltimore, MA 198 

USA), and ~20ng of DNA.  There was one exception; the assay for the prolactin SNP 199 

(PL) required 3mM MgCl2 and did not use tailed primers.  This SNP is not a single base 200 

change, but is a 21 base-pair deletion and a single primer pair that flanked the deleted 201 

region was used to amplify the two alleles.  The deletion created a large size difference 202 

between the two PCR products, which resulted in a significant shift in the Tm that was 203 

used to distinguish between the two alleles.  Cycling conditions for PCR amplification 204 

were the same for all sets of primer pairs except for the annealing temperature, which was 205 

determined empirically for each assay (Appendix 4.2).   An initial 3 min dissociation at 206 

94°C was followed by 40 cycles at 94°C for 20 sec, 1 min at the appropriate annealing 207 

temperature, and 30 sec at 72°C.  Dissociation curves were generated by selecting that 208 
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option at the end of the run on the ABI 7900 Prism.  The genotypes were determined with 209 

the application rms.gcsnpclust.GCSnpClust version 12.0.0, which was provided as 210 

supplementary material in Wang et al. (2005) and then sorted and verified in ExcelTM.  211 

Samples that had been used in the discovery of the SNP site by DEco-TILLING and 212 

those that were sequenced in the final discovery phase were used as controls for each 213 

assay. 214 

The Tm-shift primers were designed as described in Wang et al. (2005).  We 215 

further modified them by incorporating locked nucleic acids (LNAs) (You et al. 2006) at 216 

the 3’ end of the primers (Integrated DNA Technologies, Coralville, IA USA).  217 

 218 

Linkage Phase Resolution and PCR Conditions 219 

PCR was conducted at low MgCl2 concentrations (1.5mM final) based on a modification 220 

of the Tm-shift assay that we designed (Garvin & Gharrett 2007) and a previously 221 

described method (Eitan & Kashi 2002).  Primer pairs were designed so that the 3’ end of 222 

the forward and the reverse primer terminated at the first and second SNP sites in the 223 

haplotype, respectively (Fig. 3.2).  We refer to the two alleles at SNP site 1 as A/a and 224 

two alleles at SNP site 2 as B/b.  A PCR product would only be generated if nucleotides 225 

at both SNP sites complemented the primers.  In order to develop each assay, we 226 

designed four primers that could be run in four possible combinations (A-B, a-B, A-b, 227 

and a-b).  Only one combination of primers can amplify a specific haplotype (Appendix 228 

4.2).  In practice, one needs to run only two reactions on double heterozygotes, one that 229 

uses one of the primer pairs in the repulsion phase (A-b or a-B) and one that uses a 230 
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primer pair in the coupling phase (a-b or A-B), in order to correctly identify the linkage 231 

phase.   232 

We modified the original method (Eitan & Kashi 2002) by reading the samples on 233 

a real-time QPCR instrument in the presence of SYBR® green dye.  These changes 234 

decreased the time necessary to conduct the assay and avoided opening PCR reactions 235 

during the analysis, which could contaminate the laboratory with PCR product aerosol 236 

(Cimino et al. 1990).  For each of the primer pairs, PCR conditions were as follows:  237 

Each 11µl reaction included 10mM Tris pH 9.0, 50mM KCl, 0.1% Triton X-100, 1.5mM 238 

MgCl2, 0.2mM dNTPs, 200nM primers, ~0.5U Taq polymerase, 5% DMSO, 1X 239 

SYBR™ Green Dye and ~20ng of DNA.  It should be noted that DNA concentration 240 

affected the assay.  Initially we used ~100ng per PCR reaction but those reactions failed 241 

to amplify.  By reducing the amount of DNA to ~20ng, we obtained robust amplification.  242 

Cycling conditions for PCR amplification were the same for each set of primers except 243 

for the annealing temperature, which was determined empirically for each set (Appendix 244 

4.2).  All four primer-pair combinations were tested on DNA from four individuals, each 245 

of which had two copies of the same allele (AB/AB, Ab/Ab, aB/aB, or ab/ab) if they 246 

were available. A gradient thermocycler was used to determine the optimal annealing 247 

temperature for each primer pair.  Two of the primer pairs for the isotocin II locus failed 248 

to amplify and one pair for the insulin locus also failed.  Because there were no ‘ab’ 249 

containing individuals for the insulin locus, this pair of primers was not optimized.  After 250 

assay conditions were determined, PCR was carried out on all double heterozygotes as 251 

well as DNA from the individuals used to develop the assay as controls.  For PCR 252 
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cycling, an initial 3 min dissociation at 94°C was followed by 33 cycles at 94°C for 20 253 

sec, 1 min at the appropriate annealing temperature, and 1 min at 72°C.  Dissociation 254 

curves were generated by selecting that option at the end of the run on the ABI 7900 255 

Prism.  Graphs of the first derivative of the SYBR dye intensity vs. temperature were 256 

plotted in ExcelTM.  Reactions that did not generate a PCR amplicon produced no curve, 257 

but PCR reactions that did result in amplification generated a curve with a melting 258 

temperature peak that was specific for each assay.  259 

 260 

Statistical Analyses 261 

Data from both the TaqmanTM and Tm-shift assays were collected and stored in ExcelTM 262 

in the format used by the software program Convert (Glaubitz 2004), which was used to 263 

produce files that were formatted for subsequent analyses.  Probability tests for Hardy- 264 

Weinberg equilibrium were performed in GENEPOP 4.0 (Raymond & Rousset 1995).  265 

We tested linkage equilibrium between pairs of loci with GENETIX 4.05 (Belkhir et al. 266 

1996-2002).  We performed a hierarchal AMOVA with the program Arlequin 3.0 267 

(Excoffier & Schneider 2005).  Briefly, we used the method from Weir and Cockerham 268 

to determine the F-statistics averaged over all loci (Weir & Cockerham 1984)..  First, we 269 

used Arlequin 3.0 (Excoffier & Schneider 2005) to estimate FIS and FIT values for the 270 

nuclear loci and the variance components VA (variance among groups), VB (variance 271 

among populations within groups), VC (variance within populations) and VD (variance 272 

among populations among groups) at all loci.  Then, we summed these partitioned 273 

variance estimates for each nuclear locus and the mitochondrial composite haplotype 274 
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locus to estimate the hierarchical fixation indices FST, FSC, and FCT, averaged over all 275 

loci.  Locus by locus estimates for all of these parameters were also calculated. 276 

 277 

Results 278 

Conversion of  RFLP Data into SNPs 279 

The total length of the chum salmon mitochondrial genome was 16,656bp 280 

(DDBJ/EMBL/GenBank accession number; AP010773). The genome contents included 281 

13 protein-coding, 22 tRNA, and two rRNA genes, and two major non-coding regions 282 

containing L and H-strand replication origins, as found in other vertebrates (Table 2.2). 283 

The gene order and direction were identical to those so far obtained in other typical 284 

vertebrates; all genes are similar in length to those of other bony fishes. 285 

Previous RFLP analyses in chum salmon mitochondrial DNA (Churikov et al. 286 

2001, augmented by A.J. Gharrett and others), revealed several variable restriction sites 287 

that were responsible for major, distinct clusters.  We used that gene tree (Figure 2.2) to 288 

identify specific individuals that possessed both forms of the variant for five of the 289 

informative restriction sites and sequenced them.  Those mitochondrial SNPs were scored 290 

as a composite haplotype and listed as the mitochondrial locus (MT, Table 3.2 and Table 291 

5.2). 292 

DEco-TILLING Nuclear Loci 293 

We surveyed 24 different PCR products that included a total of 28kb of DNA (Table 2.2).  294 

Our ascertainment panel included populations that were sampled across the geographic 295 

range of chum salmon in order to identify SNPs that varied among those regions.  To 296 
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conserve our DNA supply, we varied the populations used in the ascertainment panel, but 297 

always included populations that represented the same geographic distribution.  Within 298 

the 28kb that we surveyed, we found 46 SNPs.  Five of the 46 SNPs were discovered 299 

during sequencing, so we had no information regarding their geographic distribution.  300 

Another 25 SNPs appeared to provide little information for our application, and 16 of the 301 

SNPs appeared to be informative.  It should be noted that DEco-TILLING eliminated loci 302 

that contain no, or low frequency SNP sites and required less effort than sequencing 303 

many samples. 304 

Eleven of the 16 informative SNP sites and a twelfth site that had been reported 305 

earlier by the Alaska Department of Fish and Game (ADF&G) (Smith et al. 2005b) were 306 

converted into either TaqmanTM or Tm-shift genotyping assays (Appendix 3.2, 4.2).  The 307 

remaining five sites are currently being developed for future surveys.  The mutation in 308 

the RH1OP locus was discovered independently by the ADF&G and our laboratory.  309 

These 12 nuclear SNPs represent 8 loci, which we labeled VT (Vasotocin I), IN (Insulin), 310 

RH (RH1OP), SP (Serpin), VR (Vitellogenin receptor), IS (Isotocin II), ER (Estrogen 311 

Receptor), and PL (Prolactin). 312 

 313 

Genotyping SNPs with LNA Primers and the Tm-shift Assay 314 

The Tm-shift assay was demonstrated previously (Garvin & Gharrett 2007; Wang et al. 315 

2005).  A drawback to this method is that the PCR and cycling conditions for each primer 316 

in a pair may differ because the 3’ end (the SNP site being targeted) may be the result of 317 

a transversion, a transition, or an INDEL.  In addition, the nucleotide composition 318 
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surrounding the SNP site can make it difficult to design primers, which is demonstrated 319 

by the melting curves that result from the variable site in the estrogen receptor (Figure 320 

4.2).  The assay that uses standard primers showed a skewed relationship in the estrogen 321 

receptor sequence (Figure 4.2, upper graph) because the homozygote for the low Tm 322 

allele generated a curve that is similar to that of a typical heterozygote, and the curve 323 

from the heterozygote shows the low Tm homo-dimer weakly.  We designed multiple 324 

primers to improve the assay but all were ineffective.  However, addition of LNA 325 

nucleotides to the 3’ end of each of the SNP-specific primers substantially improved the 326 

assay (Figure 4.2, lower graph).  Incorporation of LNAs into primers that targeted SNP 327 

sites at other loci reduced development time and provided a wider acceptable range of 328 

annealing temperatures in nearly every case.  A negative effect of the incorporation of 329 

LNAs into primers is an increased probability of primer-dimer effects.  If the peaks 330 

generated from primer-dimer artifacts occurred at substantially higher or lower 331 

temperatures than the peaks of the PCR products that were scored, they did not influence 332 

the assay.  However, if they interfered with scoring, we reduced the effect by decreasing 333 

the final primer concentration from 200nM to 100nM. 334 

 335 

Use of Linked SNPs 336 

Although linked SNPs identify more alleles at a locus (Table 3.2), they can also cause 337 

problems, especially for mixed stock analyses, because not all of the haplotypes can be 338 

correctly scored with standard genotyping methods.  In this study, SNP sites at the insulin 339 

locus and the vitellogenin locus (data not shown), appeared to be completely linked, so 340 
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the linkage phase was scored by inspection - the haplotype of each individual is obvious 341 

(Table 5.2).  For the insulin locus, the two variants at site #1 were scored as A/a and the 342 

variants at site #2 were scored as B/b; and there are nine possible composite genotypes 343 

(Table 5.2, left).  In theory, the double heterozygous genotype can exist in two forms 344 

(repulsion or coupling) shown in the boxed cells, but only if recombination or a second 345 

specific mutation has occurred.  The gametes produced from eight of the genotypes can 346 

be scored by inspection because at least one site is homozygous.  The linkage phase of 347 

the double heterozygous individuals cannot be scored with the TaqmanTM assay, the Tm- 348 

shift assay, or sequencing (unless the two haplotypes are cloned, which is impractical for 349 

these studies).  However, it can be seen from these data that there are no individuals that 350 

produce ‘ab’ gametes.  Therefore, we can reasonably conclude that the 6 double 351 

heterozygous individuals here are probably in the repulsion phase (Ab/aB). 352 

In contrast for the isotocin II locus, it can be seen that the SNP sites are 353 

incompletely linked and that there is either a small amount of recombination, which has 354 

been reported at other closely linked loci (Schaschl et al. 2006), or there has been a 355 

second mutational event (Table 4.2, right).  When we scored these haplotypes in the same 356 

manner as the insulin locus (Table 4.2, right), we saw that there are eight individuals 357 

from the eight genotypes that would produce ‘ab’ gametes.  As a consequence, some of 358 

the 236 double heterozygotes probably differed in linkage phases and we determined the 359 

phase of each of these individuals experimentally.  When we resolved the linkage phase 360 

of the double heterozygotes, we observed that 233 individuals were in the repulsion phase 361 

and 3 were in the coupling phase. 362 
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 363 

Statistical Analysis of SNPs 364 

After the SNP sites had been converted to rapid genotyping assays, we surveyed them in 365 

32 populations of chum salmon (Table 1) that represented 17 geographic regions (Figure 366 

1.2) and included about 2,200 chum salmon.  We tested all populations and all composite 367 

genotype frequencies at nuclear loci for Hardy-Weinberg equilibrium and all nuclear 368 

locus pairs for linkage equilibrium.  We observed no departures from Hardy-Weinberg 369 

equilibrium or linkage equilibrium. 370 

In order to determine if our SNPs would demonstrate divergence among regional 371 

populations, we performed a hierarchical analysis of fixation indices by AMOVA 372 

(Arlequin 3.0; (Excoffier & Schneider 2005).  Geographic locations (Figure 1.2) were 373 

used to determine the hierarchy for the AMOVA analysis.  Table 5.2 shows F-statistics 374 

for each locus and the estimate averaged over all loci.  The FSC value is low, which 375 

confirms the relatively low variability estimated between populations within groups.  The 376 

FCT (and FST) values show strong divergence, which indicates these are useful loci for 377 

discriminating among groups.  Both the FCT (and FST) values are statistically significant 378 

at all loci tested in the locus-by-locus analysis.  All of the loci that contain linked SNPs 379 

also have significant FSC values, which supports the idea that multiple SNPs at a locus 380 

may often be more informative than bi-allelic loci.  Finally, the FIS values are not 381 

statistically significant except at the PL locus, (FIS = 0.053, P = 0.024).  These results 382 

indicate that our strategy identifies informative SNPs because we can demonstrate 383 

significant divergence among populations as well as among groups. 384 
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Discussion 385 

The application of SNPs to specific questions requires efficient discovery of 386 

informative SNPs, rapid (and preferably) inexpensive genotyping, and often resolution of 387 

linked SNPs.  Standard discovery methods do not address the problem of ascertainment 388 

bias and most current next-generation molecular technologies such as microarray- and 389 

pyro-sequencing (Marcel et al. 2007; Wikman et al. 2000) were developed for use in 390 

human diagnostics and drug discovery; and although these methods can exponentially 391 

increase the amount of genetic information available to a researcher, they are often 392 

impractical or unfeasible for population genetic studies, which need data derived from 393 

parallel rather than serial methods.  In other words, these methods do not address the 394 

need of obtaining information from multiple loci in thousands of individuals, rather, they 395 

produce information from thousands of loci in a few (or one) individual, which again 396 

introduces ascertainment bias into the discovery process. 397 

This study described a series of methods to apply SNPs in almost any laboratory.  398 

We began with discovery of informative SNPs. We applied our previously published 399 

method (DEco-TILLING) here to survey PCR amplicons in chum salmon that were 400 

produced with primers designed from chum salmon sequence and from sequence that was 401 

available from other species. 402 

We continued with a description of genotyping assays.  As with SNP discovery, 403 

technological advances of methods to genotype SNPs in individuals have also increased 404 

the amount of available data; but, as with the SNP discovery methods, the costs to 405 

perform these assays can be quite high.  We previously applied the Tm-shift method of 406 
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Wang et al. (2005) to genotype individuals; and we applied it here to perform thousands 407 

of assays inexpensively.  In addition, we described an improvement to the assay with the 408 

addition of a LNA to the 3’ end of the SNP-specific primers.  The result is an inexpensive 409 

assay that can be quickly adapted to genotyping SNPs.  Our future efforts will be directed 410 

at reducing primer-dimer interference with hot-start Taq polymerases and/or other primer 411 

modifications. 412 

We concluded this study with a method for resolving the linkage phase of linked 413 

SNPs.  One strategy that can increase the ability and efficacy of detecting divergence 414 

among populations is to use linked SNPs, which are often discarded during SNP 415 

discovery.  Haplotypes that include several SNPs may provide more information than 416 

single, independently inherited SNPs (Davidson 2000; Leblois & Slatkin 2007; Rannala 417 

& Bertorelle 2001).  The insulin, isotocin II, and vitellogenin receptor loci included two 418 

or more linked SNPs.  The drawback to analysis of linked SNP sites is that it is not 419 

possible to score haplotypes in double (or multiple) heterozygotes from primary SNP 420 

genotyping methods.  Here we described a method that resolves the linkage phase of 421 

linked SNPs and also reduces the risk of PCR contamination, relative to existing assays. 422 

A statistical analysis of the loci in this study demonstrated that the SNPs that we 423 

developed are informative.  We analyzed samples from 17 geographic regions in this 424 

study, and observed FCT values (divergence among groups of populations or geographic 425 

regions) that differ significantly from zero at all loci tested.  In addition the FSC values 426 

(divergence among populations within groups) were routinely significant (P < 0.005) 427 

only at loci with more than one SNP site, which is consistent with previous work that 428 



 

 

63 

suggested that haplotypes can provide richer information than single SNP sites (Davidson 429 

2000; Drysdale et al. 2000; Leblois & Slatkin 2007; Rannala & Bertorelle 2001).  In a 430 

process that begins with discovery, the application of a select set of SNPs may reduce the 431 

number of markers that is necessary to resolve population mixtures.  Consequently, the 432 

costs of development and application of these methods can be reduced and analysis can 433 

be conducted in smaller labs, or possibly the field.  Ultimately, improvements in this 434 

analysis would bring resource management agencies closer to their goal of managing 435 

populations in real time. 436 
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Population Name Group # Source Lat Lon Population Name Group # Source Lat Lon
Katagishi (KATA) 1 KITU 39.20 141.80 Alsek (ALSEK) 14 NFMS 59.13 -138.62
Tsugarishi (TSUG) 1 KITU 39.60 142.00 East Alsek (EALSEK) 14 UAF 59.11 -138.52
Reidovaya (REID) 2 RAS 45.38 147.98 Blossom (BLOSSM) 15 NFMS 55.40 -130.60
Sopochnoe (SOPO) 2 RAS 45.32 148.42 Portage (PORT) 15 NFMS 55.77 -131.04
Taranai (TARAN) 3 RAS 46.63 142.43 Bag Harbor (BAGH) 16 NFMS 52.35 -131.36
Udarnitsa (UDAR) 3 RAS 46.80 143.30 Tasu (TASU) 16 NFMS 52.87 -132.08
Heilong (HEIL) 4 X.Luan 48.38 134.38 Grant (GRANT) 17 WDFG 48.27 -122.02
Anuyi (ANUYI) 4 RAS 49.32 136.47 Kennedy (KENNDY) 17 WDFG 47.10 -123.09
Ola (OLA) 5 RAS 59.60 151.27 Johns SNP Disc WDFG 47.55 -123.08
Taui (TAUI) 5 RAS 59.39 149.14 Tym SNP Disc RAS 51.26 142.71
Ossoro (OOSSO) 6 TNRO 59.18 163.15 Neekas SNP Disc NFMS 52.47 -128.17
Hairusova (HAIR) 6 TNRO 57.03 156.77 Frosty SNP Disc ADFG 54.51 -164.45
Inmachuk (INMCHK) 7 KWRK 66.08 -162.71 Old Tom Creek SNP Disc NFMS 55.43 -132.43
Agiapuk (AGIAPK) 7 KWRK 65.17 -165.41 Kizhuyak SNP Disc ADFG 57.73 -152.86
Kluane (KLUANE) 8 UFWS 61.88 -139.72 Green's SNP Disc NFMS 58.10 -134.76
Sheenjek (SHEENJ) 8 UFWS 66.74 -144.57 Big Creek SNP Disc UFWS 58.29 -157.53
Toklat (TOKLAT) 9 UFWS 64.45 -150.31 Taku SNP Disc NFMS 58.80 -133.30
Salcha (SALCHA) 9 UFWS 64.47 -146.98 Herman Creek SNP Disc NFMS 59.42 -136.10
Atcheulingak (ACHUL) 10 UFWS 61.96 -162.83 Kanektok SNP Disc UFWS 59.75 -162.12
Anvik (ANVK) 10 UFWS 62.68 -160.20 Olsen SNP Disc ADFG 60.73 -146.18
Kwethluk (KWETH) 11 UFWS 60.80 -161.73 Eldorado SNP Disc KWRK 64.59 -164.67
Kasigluk (KASIG) 11 UFWS 60.85 -161.23 Fishing Branch SNP Disc UFWS 66.45 -138.58
Goodnews (GOODNW) 12 UFWS 59.13 -161.48 Kobuk SNP Disc UFWS 66.92 -156.90
Nushugak (NUSH) 13 UFWS 58.78 -159.63 Yoshihama SNP Disc KITU 39.14 141.84

Table 2.1 1 
Populations used in this study, their latitude and longitude, and their source.  Group # refers to the geographical hierarchy used in the analysis section 2 
(Table 5).  SNP Disc means that they were used for SNP discovery only, and not in the statistical analyses.  KITU = Kitasato Univeristy.  RAS = 3 
Russian Academy of Sciences, TNRO = Kamchatka TINRO, UFWS = United States Fish and Wildlife Services, NMFS = National Marine Fisheries 4 
Service Auke Bay Laboratory, ADFG = Alaska Department of Fish and Game, WDFG = Washington Department of Fish and Game, UAF = University 5 
of Alaska Fairbanks. 6 
 8 

 9 
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Gene/Feature Position
tRNA-Phe 1..68
12S ribosomal RNA 69..1014
tRNA-Val 1015..1086
16S ribosomal RNA 1087..2765
tRNA-Leu1 (UUR) 2766..2840
NADH dehydrogenase subunit-1 2841..3815
tRNA-Ile 3819..3890
tRNA-Gln (3888..3958)
tRNA-Met 3958..4026
NADH dehydrogenase subunit-2 4027..5076
tRNA-Trp 5078..5149
tRNA-Ala (5151..5219)
tRNA-Asn (5221..5293)
replication origin of L-strand 5294..5327
tRNA-Cys (5328..5394)
tRNA-Tyr (5395..5465)
cytochrome oxidase subunit-1 5467..7017
tRNA-Ser2 (UCN) (7018..7088)
tRNA-Asp 7093..7166
cytochrome oxidase subunit-2* 7181..7871
tRNA-Lys 7872..7945
ATPase subunit-8 7947..8114
ATPase subunit-6 8105..8788
cytochrome oxidase subunit-3** 8788..9572
tRNA-Gly 9573..9642
NADH dehydrogenase subunit-3* 9643..9991
tRNA-Arg 9992..10061
NADH dehydrogenase subunit-4L 10062..10358
NADH dehydrogenase subunit-4** 10352..11732
tRNA-His 11733..11801
tRNA-Ser1 (AGY) 11802..11870
tRNA-Leu2 (CUN) 11872..11944
NADH dehydrogenase subunit-5 11945..13783
A/C heteroplasmy*** 12118
NADH dehydrogenase subunit-6 (13780..14301)
tRNA-Glu (14302..14370)
cytochrome b* 14374..15514
tRNA-Thr 15515..15586
tRNA-Pro (15586..15655)
control region 15656..16656

Table 2.2 570 
Organization of Oncorhynchus keta mitochondrial genome.  Position in parentheses is coded on the L- 571 
strand.  572 
 574 
 576 

 578 

 580 

 582 

 584 

 586 

 588 

 590 

 592 

 594 

 596 

 598 

 600 

 602 

 604 

 606 

 608 

 610 

 612 

 614 

 616 

* Truncated stop codon of T__ which is completed by addition of As to the mRNA.  617 
** Truncated stop codon of TA_.  618 
*** See (Shigendobu et al. 2005) 619 

 620 

 621 
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MHC IIB site 1 0 0 1 0 0 5 5 0 4 0
  site 2 0 1 0 0 0 0 0 4 2 0

site 3 5 0 0 0 0 0 0 0 0 0
Clock site 1 6 0 0 0 0 0 0 0 0 0 0

site 2 0 2 0 0 0 0 0 0 0 0 0 0
Insulin site 1* 0 3 7 6 5 6 3 5 5 7 5 6

site 2* 0 0 0 1 0 0 0 1 4 1 3 3
POMC 0 0 0 0 0 0 0 0 0 0 0 0
Somatolactin site 1 6 7 4 7 7 7 8 6 4 5 5

site 2 1 7 3 1 2 3 5 4 2 5 5
Vitellogenin R site 1* 2 2 6 5 7 6 5 7 8 7

site 2* 7 4 7 5 4 6 1 4 7 2
site 3*%

site 4%

Vitellogenin 0 0 0 0 0 0 0 0 0 0 0 0
Lysozyme 0 0 0 0 0 0 0 0 0 0 0 0
Transferrin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR exon 3 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR exon 6 0 0 0 0 0 0 0 0 0 0 0 0 0
Isotocin I site 1* 7 7 7 6 6 8 8 8 6 8

site 2 7 4 0 0 0 2 2 0 1 6
site 3%

site 4%

site 5%

Asia Western AK/AK Peninsula PWS/
Kod SE Alaska/BC/WA

Table 2.3 10 
Results of DEco-TILLING 24 PCR products from DNA of individuals sampled across the geographic range of chum salmon.  Numbers correspond to 11 
the number of pools out of 8 that were positive for a variant.  A blank indicates no data were obtained for that site in that population 12 
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Table 2.3 Continued 46 

 48 
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Table 2.4 72 
The allele count for each locus.  VT = Vasoticin I, IN = Insulin, SP = Serpin, RH = RH1OP, VR = Vitellogenin receptor, IS = Isotocin II, ER = Estrogen 73 
receptor promoter, PL = Prolactin promoter, MT = Mitochondrial locus.  For IN, VR, and IS, multiple alleles are the result of more than 2 SNPs at a 74 
locus.  The Isotocin II locus has partially unlinked SNP sites which increases the number of alleles. 75 
 76 

 81 
 83 

 85 
 87 
 89 

 91 

 92 
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 95 
 96 
 97 
 98 
 99 

 100 

 101 

 102 
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Genotype Number of Fish Gamete 1 Gamete 2 Number of Fish Gamete 1 Gamete 2
ABAB 1601 AB AB 320 AB AB
ABaB 439 AB aB 191 AB aB
aBaB 69 aB aB 92 aB aB
ABAb 17 AB Ab 708 AB Ab
AbaB 6 Ab aB 233 Ab aB
ABab 0 AB ab 3 AB ab
AbAb 0 Ab Ab 487 Ab Ab
abab 0 ab ab 1 ab ab
Abab 0 Ab ab 6 Ab ab
aBab 0 aB ab 1 aB ab

Insulin Isotocin II

Table 2.5 103 
Gametes produced by individuals at the insulin and isotocin II loci.  At the insulin locus, the 2 SNP sites appeared to be completely linked and the 6 104 
double heterozygotes can be deduced.  From the results, it can be concluded that it is likely that there are no genotypes that produce ‘ab’ gametes, and 105 
therefore, they are in the repulsion phase (AbaB). In contrast, the 2 SNPs at the Isotocin II (IS) locus have genotypes that produce ‘ab’ gametes.  It can 106 
be concluded that the double heterozygote sites are incompletely linked.  The linkage phase of the 236 double heterozygotes was determined 107 
empirically. 108 

 114 
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 118 
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Table 2.6 130 
Locus by locus F-statistics and estimates averaged over all loci with an AMOVA approach.  Diploid and haploid data were combined from the variance 131 

values from the AMOVA tables as shown in Wier and Cockerham (1984). 132 
 133 
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 142 

 144 

 146 

 148 

 150 

 152 

 154 

 156 

 158 

 160 

 162 

 164 

Fig. 2.1  Locations of the 32 populations used for the statistical analyses in this study (black dots).  Numbers correspond to the groupings we used for 166 
the hierarchical AMOVA analysis that is shown in Table 5. 168 
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 178 

 180 

 182 

 184 

 186 

 188 

 190 

 192 

 194 

 196 

Fig. 2.2 Mitochondrial haplotype clusters from RFLP mapping data.  (Adopted from Churikov et al 2001, and augmented with additional data 197 
[Gharrett and others, unpublished]).  Filled circles represent the haplotypes that are differentiated by the SNPs.  Empty circles are 198 
subsets.  Numbers identify restriction sites that identify major groups.  We converted the 5 restriction sites listed below into TaqmanTM 199 
assays.  Position of these sites were mapped onto the mitochondrial genome (AP01077).  200 
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 857 
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 861 

 863 

 864 

 865 

 866 

Fig. 2.3   867 
Representation of experimental determination of the linkage phase in loci with multiple SNP sites.  Both 868 
primers terminate over a variable SNP site (shown with an asterisk).  Only PCR reactions in which both 869 
primers match the underlying variant will produce result in exponential amplification.  In the lower 870 
example, the “B” primer does not match the “b” allele and will therefore not allow a PCR product to be 871 
formed. 872 
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 900 
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 904 

 906 

 908 

 910 

Fig. 2.4  An example of an improved Tm-shift assay that uses locked nucleic acids (LNAs) placed at the 911 
3’ end that complement the SNP site.  LNAs lock the ribose group of the nucleic acid in the chair 912 
form (uppermost drawing), which increases its affinity for its complementary nucleotide.  The 913 
upper graph shows the assay using unmodified primers.  The lower graph shows the assay on the 914 
same samples that incorporates LNAs into the SNP specific primers. 915 
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Appendix 2.1 916 
PCR and sequencing primers used for Oncorhynchus keta mitochondrial genome. Primer names begin with 917 
strand name for which they are designed  (L or H), followed by sequence positions of the 3' ends 918 
corresponding to positions on the human (J01415) or the carp mitochondrial genome (CarpH342D 919 
only)(X61010).  920 

 922 

 924 

 926 

 928 

 930 

 932 

 934 

 936 

 938 

 940 

 942 

 944 

 946 

 948 

 950 

 952 

 954 

* Primers used for long PCR (15128bp).  955 
** Primers used for long PCR (7244bp). 956 
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Gene Name Accession # Anneal Temp Approximate 
Size

Forward primer Reverse primer

MHCIIB U34706.1 60C 1100 GTGGGGAGGTTTGTTGGATA GTACTCCAGGTGGGAGTGGA
IgH X67713.1 48 1000 ACCGTTTTGACTACTGG CCCGCCTTCGTCATTCC
Vitellogenin X92804 50 1000 GCTCCTGGGTGGTCTGCCAG GGACAGCATCCAGGATCC
Transferrin AF472516.1 50 400 TGTGTCATTCTATACTTGTGTACTGG CAACCAGACATCTGGAAGGA
Lysozyme2 AF452171.1 52 2000 TGAGGTCCTACGTGGC GGGTAAGCATGTTGAGC
Clock AF494062.1 54 1200 CCCAAAGAGCCTCCTGTGTA GAACCTCAAACGGCAGGTAA
Vitellogenin Receptor DQ924528 56 1100 GCCACACCTACCCAGC CTATGCCCAACCATAGC
Stanniocalcin AF326318.1 56 1500 GCAGAACAAACACTGCCC GTGAGCGTTTAATCACCA
Insulin X51687.1 57 1200 CGTCTGCTCCAGGGGTATAA GTGAACGCAGGGTAAGTGGT
Proopiomelanocorticotropin (POMC) X01122.1 58 1200 CCAAGGCTCAGACCAAGGTA TGCTTGCCACAAAGCAGTAT
Homeobox Gene D83256.1 58 2000 CCAACTGGGACCAGCC ATGGGTTAGCTGTGGCG
Calcium Receptor (CAR) Exon 3 AY24545.1 62 1000 TCAGCTATGCCTCTTCCAGTCGCC TATCTGCACATGAGTTGTTGGAAA
Vasotocin I AB164428.1 62 1200 TGCCATATTCTACGTTTCAACT GAGGTCTCCCTCTGCTGGTGGC
Somatolactin D10638.2 64 1400 CAGTCCTGGATTGAGCCATT TTGGGCAGTGTAACCCTTTC
Calcium Receptor (CAR) Exon 6 AY24545.1 66 900 GCCAGTGTTTGTACCAAGTGTC CCAGCAGGCCAAAGCTGGAGGC
Isotocin II AB164431.1 66 900 TCTGTTCAGCCTGCTACATCTC CAGCTCATTGGTGGACTCTAT
Iso II Promoter AB164431.1 50 1400 CACAGTGACTCATCATACAAG CTACTGAGAGAATGATAGATGA
Estrogen Receptor Z16419.1 56 550 GGATATTAGTTTATATTTGATC CTTAATGACGTTATGGATCAAT
Estrogen Receptor Promoter EU414520 56 1500 CCTCTGCCATTTAAATAATGAT GAGGAATACCTTATCAACGATA
VTI Promoter AB164428.1 58 2000 TCTACGTTTCAACTGCTGTGG TCACCCTTATGTAGCAAGCCT
Glucocorticoid Receptor Promoter Z54210.1 58 1300 CTTTCTTCCGTCTATCTACGGA TTTCCAAGCTAGTTCATCTCCA
RHIOP AY214141.1 64 400 CATCAACTTCCTCACACTCTAC CACATGAGCACTGCATGCCTTC
Prolactin Promoter EU414521 62 962 CCAGTGTTTAGAACGCTACGCC GTCTGGTGACTGTGCGTATTGTT
Opson SW2 AY214144.1 66 700 GTGGAGCTCCAGGAGGGATTCT TACTGAGAGGGACCATAAGCTC
Vitgellogenin UTR X92804 55 600 TGATGGAGAAGGCAGAAGCC ACAATATTGGTACATAGCAC
Insulin Like Growth Factor II AF063216.1 Multi bands N/A TGAATATGTGCCCAAAATCCT GAGGGTGTGGGTACAGGAGA
Prolactin D00249.1 Multi bands N/A ATCCCAGGGTACCAAACTCC TGGTTCAGATGACAGGTGTTG
Prolactin set #2 D00249.1 Multi bands N/A CGCCGATCCCAGGGTAC ACCAGTATGTCCAGTCCG
HSP 71 X85730.1 Multi bands N/A CGAAGCTGTGGCCTAATGG ACCTGAGAGTATGGCTGC
HSP 90 U89945.1 Multi bands N/A GTGAGGATGACATGCC CCTTGTCGTTTTTCATAG
Hatching Enzyme AB175619 Multi bands N/A MULTIPLE PRIMERS MULTIPLE PRIMERS
Estrogen Receptor Intron 1 L39955.1 Multi bands N/A GTAAGTACTGTATATATGACGT GGAGCTCCGAGAGGTTTGGA
Glucocorticoid Receptor Z54210.1 Multi bands N/A CAGATATCCAGCCTGGACTTGC CGGCTCCATCGTCGTCTGCTG
NEDD-4 AJ544264.1 Multi bands N/A GTCAGCTACGTCTCCTCAGTCAA AACAGGACTCTCGTTCGGGGCAG
VHSV-induced protein AF483543.1 Multi bands N/A GAGACAGCCTACTGGCAGTTTG CAAATAACATACACAGAGAGGAG

Appendix 2.2 201 
Primers used for DEco-TILLING and their corresponding annealing temperature.  The approximate size of the amplicon was estimated on an agarose 202 
gel with a size standard.  Some products produced more than one band and were not used for SNP discovery. 203 
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Appendix 2.3 234 
Primer and probe sequences for the TaqmanTM assay. 235 
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SNP Site/Primer 
Name

Locus Anneal 
Temp

Primer Sequence

V. Recptor 1AF VR 62C GCGGGCGTGATTGTGTGAACTTCCAATT
V. Recptor 1BF VR GCGGGCAGGGCGGCTGATTGTGTGAACTTCCAATG
V. Recptor 1RC VR ACAGTCTGCAAGTAAACGTAAGGTGATA

V. Recptor 2AF VR 61C GCGGGCAGGGCGGCTTTGGACACACTGTGTGAG
V. Recptor 2BF VR GCGGGCACTTTGGACACACTGTGAGTA
V. Recptor 2RC VR TGTTTGTCATTAGTTGTGTGAATGATG

V. Recptor 3AF VR 66C GCGGGCTTTAGGCAGTACTGTCTTAAAATA
V. Recptor 3BF VR GCGGGCAGGGCGGCTTAGGCAGTACTGTCTTAAAATG
V. Recptor 3RC VR AAGAATGTGCTTCTGGAGATAATGTTC

VasotocinI 1AF VT 61C GCGGGCAGGGCGGCGTCTGCTGGCCACG
VasotocinI 1BF VT GCGGGCCGTCTGCTGGCCACT
VasotocinI RC VT GAAATGAAAGCATCCATTGTTAATCC

IsotocinII 1AF IS 64C GCGGGCAGGGCGGCAGAATTGACAATGAACCATTG
IsotocinII 1BF IS GCGGGCGAGAATTGACAATGAACCATTA
IsotocinII 1RC IS CTTATCGACATTCTTGCTCCCTTT

IsoIIPROM 1AF IS 61C GCGGGCTCTCCGAGAGTGACACGT
IsoIIPROM 1BF IS GCGGGCAGGGCGGCCTCCGAGAGTGACACGG
IsoIIPROM 1RC IS TAAGCGAGGCTCATTAATACACACCT

RH1OP 1AF RH 62C GCGGGCAGGGCGGCTGGTAATCGGAGGCTTC
RH1OP 1BF RH GCGGGCATGGTAATCGGAGGCTTT
RH1OP 1RC RH CGAAATAGCCATGCATGGAGGT

Serpin 1AF SP 64C GCGGGCGTTAATCCAAGAACTGACCTTA
Serpin 1BF SP GCGGGCAGGGCGGCTTAATCCAAGAACTGACCTTT
Serpin 1RC SP CTAACCTCACTAAATTGAGCAAAGACCTA

ERPROM 2AF ER 63C GCGGGCGCCAAGCTCATGCAAA+A
ERPROM 2BF ER GCGGGCAGGGCGGCCCAAGCTCATGCAAA+G
ERPROM 2RC ER TAACACCCAAAGCCAGCGCTA

PRLPROM 1F PL 59C CCAGTGTTTAGAACGCTACGCC
PRLPROM 1RC PL ACCAATGTTCACAGCATTTGCTAAA
Bold sequences are the GC rich tails
* The PL assay required 3mM MgCl2

Appendix 2.4 
Primer sequences for the Tm-shift assay.  Bold sequences are the GC-rich tails added at the 5’ ends that 
generate differentiating melting curves for each allele. 
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Appendix 2.5 
Primer sequences and annealing temperatures for the linkage disequilibrium assay for the insulin locus and 
the isotocin II locus. 
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General Discussion 

The two chapters of this Master’s thesis present work that improves methods to discover 

informative genetic markers in chum salmon that will be used for mixed stock analysis to 

aid institutions in the conservation and management of this species and to gain some 

insight into the biology and history of this species in Alaska and across their geographic 

distribution.  I developed the tools that I used to identify informative SNPs, to survey 

them rapidly and inexpensively on many individuals, and to resolve the linkage phases, 

which typically occur with these markers, but obfuscate quantifying data as distinct 

haplotypes.  However, there are broader implications to this and other species that I also 

attempted to address. 

Humans continue to have negative and sometimes disastrous impacts on 

organisms in our environment.  The list of causes is extensive and continues to grow.  

Introduced species such as farmed salmon and sport fish threaten wild stocks with 

disease, competition, and hybridization.  Overfishing and incidental by-catch reduce wild 

stocks; indeed, the 2007 Chinook by-catch in Alaska was at an all-time high (personal 

communication, Richard Wilmot, National Marine Fisheries Service, May 2008).  Global 

warming is affecting the northern latitudes at a faster rate than further south (Stroeve et 

al. 2007).  In 2007, the Arctic ice sheet retreated at a record pace (Center 2007) and 

simultaneously, large numbers of juvenile salmon from northwestern and coastal western 

Alaska were recently observed along with this retreat (personal communication, Richard 

Wilmot National Marine Fisheries Service, May, 2008).  Russia, Canada, and the United 

States are preparing to open a shipping route across the Arctic sea.  Increased traffic in 
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the Arctic waters will expose these previously remote areas to resource extraction, which 

can have negative impacts on Alaskan salmon populations.  Resource management 

agencies, as well as other groups, will need tools that can keep pace with these 

developments.  Genetic methods offer powerful tools to aid in these efforts and have been 

used extensively in the past.  Technology will continue to evolve and will most certainly 

eventually make the methods in this thesis obsolete.  However, several other factors must 

be considered and are demonstrated in this thesis by using chum salmon as an example. 

 Most of the new genetic technologies that are being developed have been and 

will continue to be developed with human disease and diagnostics in mind.  Fisheries and 

wildlife scientists need to examine new tools closely to make sure that they apply to the 

problem at hand.  SNPs will most likely become the workhorse genetic marker of the 

near future.  Ascertainment bias in the discovery effort can increase the cost and the time 

needed to carry out management by including uninformative SNPs in the screening 

process, and by excluding informative ones.  New technologies such as pyro-sequencing 

that were developed to gather a massive amount sequence information on one or two 

individuals (humans) may initially sound promising, but will not eliminate, or for that 

matter even reduce, ascertainment bias.  Although DEco-TILING and Eco-TILLING may 

not be the “hot”, (i.e., best marketed) technology, I used them here to discover useful 

genetic markers inexpensively in a laboratory with standard equipment.  The TaqmanTM 

assay and tools such as the microarray are powerful and can be used for surveying SNPs.  

However, the TaqmanTM assay is currently 10 to 20 times more expensive than the TM-

shift assay that I used and also improved upon in this thesis.  The combination of low cost 
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SNP discovery efforts and SNP genotyping efforts will, in the end, enable scientists to 

provide managers with much more information as well as more meaningful information 

than efforts that use more expensive methods. 

The cost effectiveness of these methods must be taken into account for another 

reason.  Many of these resources, including chum salmon, move across international 

boundaries and, therefore, will involve coordinating management efforts among agencies 

that may not have equivalent funding.  The chum salmon fishery involves the United 

States, Canada, Russia, Japan, China, and Korea.  Genetic information of baseline 

populations and samples caught in the marine environment will need to be shared 

between management agencies in these countries, some of which may be severely under-

funded.  In addition, management agencies within our own country may have limited 

funding for these efforts.  All of the methods presented in chapters one and two were 

developed with this in mind.  SNP data can be easily shared and easily replicated with a 

variety of technologies from very expensive to relatively inexpensive. 

 Efficiency and speed of data collection will become increasingly important 

because negative human impacts have accumulated and will continue to become severe 

rapidly.  The human population will most likely continue to expand exponentially with all 

of its concomitant negative effects on global warming, environmental degradation, and 

exploitation of wild populations for food.  The opening of the Arctic to commerce and 

resource extraction will require that Alaskan management agencies monitor and manage 

populations in real time.  SNPs, more than any other current marker, offer the ability to 

be surveyed in field stations and aboard marine vessels.  The importance of everything 
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discussed previously is magnified in this situation.  The minimum number of SNPs must 

be determined and used to decrease both cost and time to resolve the issues at hand.  The 

reduction of ascertainment bias will become even more important as more and more 

species will need to be monitored.  This thesis provides methods for low cost 

development of low cost tools for the management of chum salmon across their 

geographic range.  My hopes are that in the near future, scientists will find these tools 

useful for the management of this and other species and that, in the long term, scientists 

will find the mindset and the attitude that were used to develop these tools useful for 

developing the next ones. 



 

 

90 

 

General References 
 
 Augerot X (2005) Atlas of Pacific Salmon University California Press, Berkeley. 

Billington N (2003) Mitochondrial DNA. In: Population Genetics:  Principles and 

Applications for Fisheries Scientists (ed. Hallerman EM), p. 458. American 

Fisheries Society, Bethesda. 

Center NSaID (2007) Arctic sea ice shatters all previous record lows. 

Eitan Y, Kashi Y (2002) Direct micro-haplotyping by multiple double PCR 

amplifications of specific alleles (MD-PASA). Nucleic Acids Research 30, 1-8. 

Elfstrom C, Smith C, Seeb L (2007) Thirty-eight single nucleotide polymorphism 

markers for high-throughput genotyping of chum salmon. Molecular Ecology 

Notes 7, 1211-1215. 

Flannery B, Wenberg J, Gharrett A (2007a) Evolution of mitochondrial DNA variation 

within and among Yukon River chum salmon populations. Transactions of the 

American Fisheries Society 136, 902-910. 

Flannery B, Wenberg J, Gharrett A (2007b) Variation of Amplified Fragment Length 

Polymorphisms (AFLP) in Yukon River Chum Salmon, Oncorhynchus keta:  

Population Structure and Application to Mixed-Stock Analysis. Transactions of 

the American Fisheries Society 136, 911-925. 

Ford MJ (2002)  Selection in captivity during supportive breeding may reduce fitness in 

the wild.  Conservation Biology 16, 815-825. 



 

 

91 

Garvin M, Gharrett A (2007) DEco-TILLING:  An inexpensive method for SNP 

discovery that reduces ascertainment bias. Molecular Ecology Notes 7, 735-746. 

Gharrett A, Zhivotovsky L (2003) Migration. In: Population Genetics (ed. Hallerman 

EM), p. 458. American Fisheries Society, Bethesda. 

Haflinger K, Gruver J (2006) Results from the pollock Intercoop rolling hot spot closures 

over the 2007A season and salmon excluder project D-2(d)(2). 

Hahn MW (2008) Toward a selection theory of molecular evolution. Evolution 62, 255-

265. 

Hoffman JI, Amos W (2005) Microsatellite genotyping errors:  detection approaches, 

common sources and consequences for paternal exclusion. Molecular Ecology 14, 

599-612. 

Jarne P, Lagoda P (1996) Microsatellites, from molecules to populations and back. 

TRENDS in Ecology and Evolution 11, 424-429. 

Kimura M (1983) The Neutral Allele Theory of Molecular Evolution Cambridge 

University Press, Cambridge, UK. 

Kondzela CM, Guthrie CM, Hawkins SL, Russell CD, Helle JH (1994) Genetic 

relationships among chum salmon populations in southeast Alaska and Northern 

British Columbia. Canadian Journal of Fisheries and Aquatic Sciences 51, 50-64. 

Pella JJ, Milner GB (1987) Use of genetic markers in stock composition analysis. In: 

Population Genetics and Fishery Management (ed. Utter NRaF), pp. 247-275. 

University of Washington Press, Seattle and London. 



 

 

92 

Reynolds J, Templin W (2004a) Comparing Mixture Estimates by Parametric 

Bootstrapping Likelihood Ratios. Journal of Agricultural, Biological, and 

Environmental Statistics 9, 57-74. 

Reynolds J, Templin W (2004b) Detecting specific populations in mixtures. . 

Environmental Biology of Fishes 69, 233-244. 

Rokas A, Ladoukakis E, Zouros E (2003) Animal mitochondrial DNA recombination 

revisited. TRENDS in Ecology and Evolution 18, 411-417. 

Sanderson M, Hufford L (1996) Homoplasy:  The Reoccurrence of Similarity in 

Evolution Academic Press, New York. 

Sato S, Kojima H, Ando J, et al. (2004) Genetic population structure of chum salmon in 

the Pacific Rim inferred from mitochondrial DNA sequence variation 

Environmental Biology of Fishes 69, 37-50. 

Schlotterer C, Tautz D (1992) Slippage synthesis of simple sequence DNA. Nucleic Acids 

Research 20, 211-215. 

Seeb LW, Crane PA (1999) Genetic heterogeneity in chum salmon in western Alaska, the 

contact zone between northern and southern lineages. Transactions of the 

American Fisheries Society 128, 58-87. 

Seeb LW, Crane PA, Kondzela CM, et al. (2004) Migration of Pacific Rim chum salmon 

on the high seas: insights from genetic data Environmental Biology of Fishes 69, 

21-36. 

Smith C, Templin W, Seeb J, Seeb L (2005a) Single Nucleotide Polymorphisms (SNPs) 

provide rapid and accurate estimates of the proportions of U.S. and Canadian 



 

 

93 

Chinook salmon caught in Yukon River fisheries. North American Journal of 

Fisheries Management 25. 

Smith CT, Baker J, Par L, et al. (2005b) Characterization of 13 single nucleotide 

polymorphism markers for chum salmon. Molecular Ecology Notes 5, 259-262. 

Smith CT, Elfstrom CM, Seeb LW, Seeb JE (2005c) Use of sequence data from rainbow 

trout and Atlantic salmon for SNP detection in Pacific salmon. Molecular Ecology 

14, 4193-4203. 

Stroeve J, Holland MM, Meier W, Scambos T, Serreze M (2007) Arctic sea ice decline:  

Faster than forecast. Geophysical Research Letters 34. 

Vasemagi A, Gross R, Paaver T, Koljonen ML, Nilsson J (2005) Extensive immigration 

from compensatory hatchery releases into wild Atlantic salmon population in the 

Baltic sea: spatio-temporal analysis over 18 years. Heredity 95, 76-83. 

Wright JM, Bentzen P (1995) Microsatellites:  genetic markers of the future. In: 

Molecular Genetics in Fisheries (eds. Garvalho GR, Pitcher TJ), pp. 117-121. 

Chapman and Hall, London. 

Zimmerman C, See M, Volk E, et al. (2006) Arctic-Yukon-Kuskokwim Salmon Research 

& Restoration Plan. 

 

 




