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a. Abstract

In 1999 we used a molecular test, based on a DNA marker specific for the Y-chromosome, to investigate whether wild male and female chinook salmon spawning in the Columbia River were faithfully expressing their genetic sex. We tested if chinook salmon from the Hanford Reach of the Columbia River with a male phenotype possessed this marker, and conversely, if phenotypic females did not. Our results showed that a high proportion (84%) of phenotypic female salmon were positive for the male-specific DNA marker. This finding is significant because these “sex-reversed” fish could produce offspring with abnormal combinations of sex chromosomes. The intent of this proposal is to investigate how widespread the occurrence of this observation is and determine the impact on salmon populations. The first objective is to determine the temporal and spatial incidence of male-specific DNA markers in female chinook salmon in the Columbia River Basin. The hypothesis is that we will find evidence for male-specific DNA markers in female-appearing fish. The second objective is to test for the presence of an abnormal YY genotype in male chinook salmon from the Columbia River Basin. The hypothesis is that we will detect male salmon with a YY genotype returning to spawn in the populations sampled. Evidence of the scope of the problem we have identified, and presence and number of YY males, will be used to predict effects upon the spawning populations sampled. This proposal addresses a key component of the Columbia River Basin ecosystem, the health of native, anadromous salmon populations. It is highly innovative because it uses a modern molecular biological approach that has not been previously used in the Basin. The information generated by this proposal will provide critical insight into the declines of anadromous salmon that have occurred recently in this watershed. 
b. Technical and/or scientific background

Numerous populations of anadromous salmonids in the northwestern United States have been declining for many years, resulting in Endangered Species Act listings and extinction in some cases (1,2). The degradation of river ecosystems has been proposed as one of the major reasons for the inability of salmon to maintain their populations (3,4). However, the specific factors interfering with reproduction and survival of salmon during the freshwater phase of their lifecycle have not been fully described. Historically, the Columbia River and its tributaries in Washington, Idaho and Oregon produced more chinook salmon (Oncorhynchus tshawytcha) than any other river system in the world (5). Today within the Columbia River watershed only two self-sustaining populations of wild, fall chinook salmon remain (6). One of these populations spawns on a downstream tributary (Lewis River) below the first dam, while the other spawns further upstream on the Hanford Reach. These remaining wild chinook salmon populations are important because they provide an opportunity to study what may have happened to other salmonid populations that have undergone significant, and in some instances irreversible, declines within this river system. 

In the fall of 1999 we began an investigation to examine whether wild male and female chinook salmon spawning on the Hanford Reach of the Columbia River were faithfully expressing their genetic sex. The information that had accumulated from this population on their phenotypic sex ratio (1.2:1, female:male) indicated that there were slightly more females than males  (7). No information existed on their genotypic sex ratio. Pacific salmon have a genotypic sex determining system with male heterogamety; the male is XY and the female is XX (8). A molecular test is available for chinook salmon that is based on a DNA marker specific for the Y-chromosome (9). This DNA sequence is found only in genetically male chinook salmon (i.e., Y-chromosome specific) and is not present in genetic females (i.e., XX genotype) (10). We tested if wild chinook salmon from the Hanford Reach of the Columbia River with a male phenotype possessed this marker, and conversely, if phenotypic females did not. Surprisingly, our results showed that a high proportion (84%) of phenotypic female chinook salmon were positive for the male-specific DNA marker indicating that these fish were in fact genetic males (11). At the same time, all of the phenotypic males tested were positive for the marker. This is the first time that wild, female appearing fish (of any species) have been shown to be genetic males, that is “sex reversed”. In contrast, there was no evidence of the male-specific DNA marker in female chinook salmon from two salmon hatcheries (Priest Rapids Hatchery and Dworshak National Fish Hatchery) used as reference populations. This sex reversal observation appears to be restricted to wild fish that developed within the Columbia River.

The ramification of sex reversal in wild chinook salmon is far reaching because this could lead to abnormal YY individuals in the population in the next generation. Normally, chinook salmon females produce all X-chromosome bearing eggs. Fifty percent of the eggs produced by sex reversed males (i.e. phenotypic females) will have an Y-chromosome and when fertilized by an Y-chromosome bearing sperm will generate a YY genotype. This YY genotype is not normal in the wild, but has been produced experimentally in salmonids in the laboratory (12-14). Salmon produced with a YY genotype will develop properly and are sexually viable. All the offspring of a chinook salmon with a YY genotype are male. If YY chinook males are present in the Hanford Reach population and breeding they could be affecting the genotypic sex ratio by producing all male offspring. If this phenomenon occurs over successive generations it would result in reduction of the number of genotypic females in the population. Indeed, this may be presently operating in the Hanford Reach population where 92% of the wild fish sampled in 1999 carried a DNA marker found on the Y-chromosome (i.e. genetic males). Obviously, a sex ratio skewed toward the male in a species that normally pair up to breed would ultimately lead to reproductive failure within the population. The cause of sex reversal in these wild chinook salmon is unknown (11). 

Presently, we have data from a single population (Hanford Reach) of wild fall-run chinook salmon for one spawning year (1999). We do not know how widespread this phenomenon is within the Columbia River Basin and whether we will see this repeated in subsequent years on the Hanford Reach or elsewhere. Another important unknown is whether YY chinook salmon are present in the population. Based on a 4-year lifecycle for the Hanford Reach population we would expect that YY males will be present in the Year 2003 spawning run based on the incidence of sex reversed fish in 1999. Finally, the long-term effect of sex reversal of a significant proportion of a spawning year class on the genotypic sex ratio of a salmon population is not known. Field data obtained in this proposal from successive spawning year classes could be used to generate a model that could predict the outcome.
c. Rationale and significance to Regional Programs

We have evidence that the genetic health of fall-run chinook salmon from the Hanford Reach may be in jeopardy. This salmon population was recently deemed one of the few remaining healthy and self-sustaining populations in the Columbia River Basin (6). Our studies have shown a high incidence of apparent phenotypic male-to-female sex reversal in the Year 1999 spawning cohort (11). That is, female-appearing fish that are in fact genetic males. This was detected with a molecular test, using DNA samples from these fish that showed the presence of an Y-chromosome in female chinook salmon.  Normally, female chinook salmon should have two X-chromosomes and no Y-chromosome. The cause of this apparent sex reversal is presently unknown, but likely related to unnatural environmental conditions within the river during early embryonic development. The significance of this finding is that it creates the possibility that YY males (i.e., supermales) will appear in the population in two generations (if they are not already present now). Normally, male chinook salmon have an X- and an Y-chromosome and produce 50% female and 50 % male offspring when spawned with a normal XX female. A YY male bred with an XX female would produce all-male offspring (i.e., all XY). This would dramatically increase the number of males in a given breeding cohort. Over the course of several generations, provided this degree of sex reversal occurred each year, would lead to a gradual elimination of females from the population. Ultimately, reduced recruitment, eventual population collapse, and finally extinction will occur. The principal objectives of this proposal are to determine how widespread the incidence of sex reversal is in wild, fall-run chinook salmon of the Columbia River, and whether there is any evidence of YY individuals within these populations.

This proposal directly addresses the Systemwide Goal and Framework of the 1994 Fish and Wildlife Program, which seeks to “Explore methods to assess trends in system health”. A major component of the Columbia River Basin ecosystem is anadromous salmon. The objectives of the proposed research will determine the genetic health of fall-run chinook salmon, an important anadromous salmonid in this watershed. The methods that will be employed to study genetic sex of wild chinook salmon are new and have not been previously used within the Columbia River Basin. The outcome of these studies will show how widespread (different spawning populations) and reproducible (year to year) the abnormal genetic event we have documented is in the Columbia River Basin. It will be important initially to understand the scope of the problem before sound strategies can be developed to determine what is causing this problem. Most importantly, this proposal will provide valuable insight on a potential problem that may be limiting not only wild chinook salmon recovery, but also other wild anadromous fishes in the Basin. 

d. Relationships to other projects 

Our proposed investigation to examine genetic sex markers in fall-run chinook salmon is unique and presently not linked to any other ongoing program in the Columbia River Basin. To our knowledge there have been no other past or ongoing studies similar to what we are proposing under the fish and wildlife program. The studies proposed will be conducted at the University of Idaho by Dr. James Nagler. Two collaborators, Dr. Gary Thorgaard, Washington State University, and Dr. Dennis Dauble, Battelle Pacific Northwest National Laboratory will be co-investigators on this project. Dr. Thorgaard will assist with molecular tests (e.g., Southern blotting) required to detect YY individuals in the populations that are sampled. Dr. Thorgaard’s laboratory focuses on fish genetics and they are familiar with the molecular techniques necessary for these studies. Dr. Dauble will be responsible for permitting and help coordinate fish sample collection at the various locations proposed. He has extensive experience with life history aspects of chinook salmon in the Columbia River. In the Fall of 1999 we had the cooperation of the Washington Department of Fish and Wildlife to obtain fish tissue samples. Both their chinook carcass survey team (Mr. Rick Watson) on the Hanford Reach and personnel at the Priest Rapids Hatchery were very helpful in obtaining tissue samples. We expect to continue working with this agency in the future to obtain the samples necessary for this project. 

e. Proposal objectives, tasks and methods

Objectives
 

1) Determine the temporal and spatial incidence of male-specific DNA markers in wild female chinook salmon in the Columbia River Basin. The hypothesis is that we will find evidence for male-specific DNA markers in female appearing fish (i.e., fish with ovaries). Evidence (or not) of the scope of the problem we have identified will be used to predict effects upon the spawning populations sampled. This important information directly addresses the need to assess and monitor the state of wild chinook salmon populations within the Columbia River Basin. 

2) Test for the presence of an abnormal YY genotype in wild male chinook salmon from the Columbia River Basin. The hypothesis is that we will detect male salmon with a YY genotype returning to spawn in the populations sampled. The presence and number of YY salmon in different spawning populations is crucial information to predict the effect of these fish on sex ratios. Similar to Objective 1, this information directly addresses the need to assess and monitor the state of wild chinook salmon populations within the Columbia River Basin.

Tasks and Methods
 

1-a. Sample Collection- Tissue samples, in the form of a fin clip from the left pectoral fin, will be removed from 50 phenotypic female and 50 phenotypic male salmon at each of the sampling locations. Fin tissue will be fixed in 95% ethanol, which can be stored indefinitely. This sample size has been previously shown to be adequate for our purpose (11). We propose to sample from three different locations within the Columbia River Basin: 1) Hanford Reach, 2) Yakima River, 3) on the mainstem Columbia River below Bonneville dam. We wish to continue sampling the Hanford Reach population because this is the location where we first documented the problem described above. Sampling the nearby Yakima River will allow comparisons between two genetically similar populations (15) (Yakima versus Hanford Reach), that have different environmental pressures. The Yakima River is impacted more by contaminants than the Hanford Reach. Collecting samples from the recently established Bonneville Dam population (16) provides a comparison with lower Columbia River fall chinook salmon. At each of these locations wild, fall-run chinook salmon will be collected after spawning (November) with the assistance of local salmon carcass survey crews (e.g., Washington Department of Fish and Wildlife). We intend on sampling from each on these locations every fall from 2001-2004. We already have DNA samples stored from male and female chinook salmon sampled in the Fall of 1999 from the Hanford Reach site (11) and have plans to return in the Fall of 2000. Chinook salmon tissue samples will also be collected each fall from post-spawned adults at the Priest Rapids Hatchery as our reference population. Chinook salmon caught at the Priest Rapids Hatchery are derived from the same genetic stock of fall-run chinook salmon that spawns naturally in the Hanford Reach. The phenotype of every fish sampled will be confirmed by an internal examination of the gonads (either ovaries or testes). In addition, scale samples for aging and total length data will also be collected.


Following years in which significant numbers of fish are found to be sex reversed, approximately 100 pre-smolt juveniles will be collected by seine from suitable habitat near the sites of fall collections. Dr. D. Dauble who has experience collecting juveniles with this fishing gear will supervise these collections. These fish will be sampled for tissues for DNA isolation and examined internally for sex. Scale samples will be taken to determine whether they are wild or hatchery origin (if not adipose fin clipped). This can be determined because the scale patterns of wild and hatchery-raised fish are distinctive. Dr. Dauble will assist with this analysis. 
1-b. DNA extraction and PCR- Genomic DNA will be isolated from 5-10 mg of the fixed fin tissue, using the Puregene DNA Isolation Kit, Gentra Systems, Minneapolis, MN. A protocol for fixed solid tissues supplied by the vendor will be followed. The genomic DNA obtained will be stored in DNA Hydration Solution (Tris-EDTA buffer) at –80oC until used. Polymerase chain reactions (PCRs) will be performed with genomic DNA using reagents supplied in the Taq DNA Polymerase kit (#18038-018, GibcoBRL, Rockville, MD). There are two different primer sets for PCR available that amplifies male-specific DNA sequences in chinook salmon (9,17). Both OTY1 (9) and the salmon growth hormone primers, GH5 and GH6 (17,18), have been synthesized and tested in our laboratory. These PCR tests amplify discreet regions on the Y-chromosome and are therefore male specific (since female chinook salmon have two X sex chromosomes). Following PCR the DNA products will be electrophoresed under standard conditions in agarose gels containing ethidium bromide. The patterns of the ethidium bromide-stained DNA are visualized on an ultraviolet light table and digitally recorded on a computerized analysis system. This technique will permit the screening of each fish to determine the genetic sex, which will then be compared to the expressed phenotype of each individual. The advantage of using two different tests on each fish will reduce any possibility of a false positive. The detection of male-specific DNA (both tests positive) in a fish with a female phenotype will satisfy our hypothesis.

1-c. Reporting Results-This task will involve the data analysis, interpretation, and compilation of scientific information obtained. The results will be presented at appropriate regional and national meetings, and published in suitable peer-reviewed scientific journals for the most widespread dissemination of our findings.

2-a. Sample Collection- Genomic DNA from phenotypic males (50 from each sampling location each year) will be obtained from samples prepared and stored as part of Objective 1. 

2-b. YY Genotype Detection- A method, Southern blotting, will be used to detect the presence of males with two Y-chromosomes. Dr. Thorgaard has considerable experience with this method and will be assisting with its development. Briefly, the method involves first digesting the DNA with a restriction enzyme and separating the DNA fragments by electrophoresis on an agarose gel. The DNA fragments are capillary transferred to a nylon membrane and immobilized. The membrane containing the DNA is treated with a male-specific DNA probe that is labeled with digoxigenin (Boehringer Mannheim) so it can be detected. The two male-specific DNA probes available are the OTY1 and chinook salmon growth hormone pseudogene that will be amplified using PCR as described in Objective 1. Males with two Y-chromosomes will have twice as much complementary DNA and consequently produce twice the signal on the membrane. Such males will be identifiable when appropriate XX and XY controls are included on the same blot. The presence of males with twice the signal intensity, indicative of a YY genotype, will satisfy our hypothesis. This technique will permit the screening of each phenotypic male chinook salmon to determine how many have two Y-chromosomes, relative to those that have only one Y-chromosome. 

 
A second, complementary approach will also be used to identify YY males.  This will involve developing an X-chromosome specific PCR test using the amplified fixed length polymorphism  (AFLP) technique (19) currently in use in Dr. Thorgaard’s laboratory.  This technique permits a very large number of marker DNA bands to be compared among individual salmonids.  Individuals from a single-pair mating of chinook salmon will be sexed and AFLP patterns will be compared in the males and females from that mating.  DNA bands present in the males but not the females should be Y-chromosome specific.  Isolation and DNA sequencing of those DNA bands will allow isolation of additional Y markers.  Bands present in the females but not the males should be present on one of the two X-chromosomes.  Isolation and DNA sequencing of X-chromosome specific bands could allow the subsequent development of X-chromosome specific markers that will facilitate rapid screening for YY males.   Using a combination of Y- and X-chromosome specific PCR tests will allow screening for all three possible genoytpes (XX, XY and YY) to be done rapidly and efficiently. 
2-c. Breeding Studies- Each year breeding experiments will also be conducted to show the presence of wild male chinook salmon with YY genotypes in the populations sampled. Males with a YY genotype will produce all male offspring. Semen will be collected from wild, post-spawned males at the locations and times indicated in Objective 1. Eggs will be sampled from female chinook salmon captured on their return to the Priest Rapids Hatchery. We have previously shown that there is no evidence for male-specific DNA in females of hatchery origin (11). However, all females will be initially screened with our PCR tests described in Objective 1 to be certain they have an XX-genotype (i.e. test negative with the tests used in Objective 1). Single pair matings will be conducted with 1 ml of semen and groups of 200 eggs. The fertilized eggs will be raised under standard conditions in Heath-type incubators at the University of Idaho and/or Center for Reproductive Biology (CRB) Aquaculture Core Facility. At the time of swim-up 50 fish will be randomly sampled and fixed in 10% buffered formalin. Fish will be cut in cross-section and histologically prepared to examine the sex. The CRB Histology Core Facility will conduct all histological procedures. The prepared slides will be examined microscopically for evidence of ovaries (female) or testes (male). The presence of an all-male family, in any of the groups, will be evidence of a father with a YY genotype and satisfy our hypothesis.

2-d. Reporting Results- This task will involve the data analysis, interpretation, and compilation of scientific information obtained. The results will be presented at appropriate regional and national meetings, and published in suitable peer-reviewed scientific journals for the most widespread dissemination of our findings.

f. Facilities and equipment

University of Idaho- The principal investigator, Dr. James Nagler, has a 600-sq. ft. research laboratory located in Gibb Hall (Rm 235) on the Moscow campus. This laboratory has the following equipment: Micron cryostat, Zeiss Axioskop microscope and Zeiss SV-11 stereomicroscope, Thermolyne hybridization oven, Perkin-Elmer PCR thermal cycler, Beckman refrigerated centrifuge, BioRad submarine and vertical gel electrophoresis equipment, BioRad vacuum transfer apparatus, Nuaire Class II laminar flow hood, fume hood, NapCo CO2 incubator, Shimadzu UV spectrophotometer, Biomark PIT electronic tag reader, Denver micro and top-loading balances, Corning pH meter, 2 water baths, 2 personal microfuges and Rainin pipettors. There is desk space for two workers and a PC computer (with Internet access) available in this laboratory for word processing and data analysis. Common use equipment such as gel doc imager, ultracentrifuges, liquid scintillation and gamma counters, and speed vac concentrator are available within the Department of Biological Sciences. Next door, is a wet lab (Rm 236); it contains three living stream units and a variable temperature (8-15oC) walk-in coldroom. The coldroom has two eight‑tray Heath incubation units on a recirculating water supply. Dr. Nagler has a separate office in Life Sciences South (Rm 259; 150 sq. ft.) which is connected to Gibb Hall, with a PC computer and Internet access. Dr. Nagler (and Dr. Thorgaard, see below) are members of the Washington State University-University of Idaho Center for Reproductive Biology (CRB), an inter-university organization which formed between the two schools in 1996. Approximately 40 faculty from both universities participate in the CRB’s activities. Two Core Facilities (Aquaculture and Histology) are maintained by the CRB and would be utilized in this project. They both provide specialized services by trained personnel at competitive prices.  

Washington State University - The co-principal investigator, Dr. Gary Thorgaard, has office and laboratory space in Heald Hall (room 205 complex, 780-sq. ft.) on the Pullman campus (8 miles from Moscow, ID). The Heald Hall complex includes a complete molecular biology laboratory, with two Thermolyne thermal cyclers, two Robbins hybridization ovens, three Hoefer agarose gel units and two polyacrylamide gel units with power supplies, a Fotodyne UV transilluminator, a Fotodyne Polaroid camera for gel photography, three water baths, an IEC tabletop centrifuge, an IEC microcentrifuge, a pH meter, and electronic and manual balances.  Both Macintosh and PC computers are available in the laboratory for word processing and data analysis. Dr. Thorgaard is the Director of the CRB Aquaculture Core Facility located on the WSU campus in Pullman. This facility includes a trout hatchery located in Eastlick Hall (egg incubation rooms and juvenile rearing) and the Carver Aquaculture Center (rearing tanks for adult fish, >2,000 sq. ft.). Both juvenile and adult rearing systems are recirculating well-water systems on natural light cycles.

Battelle Pacific Northwest National Laboratory (PNNL)- The co-principal investigator, Dr. Dennis Dauble, has office and laboratory space in PNNL's Life Sciences Laboratory in Richland, Washington (180 miles from Moscow, ID). The 2500-sq. ft. aquatic laboratory is operated for the U.S. Department of Energy. Water from the Columbia River and a groundwater well is conditioned to meet specific research needs.  Temperature and lighting control are used to simulate seasonal and diurnal cycles.  Support activities include toxicity testing, fish behavior studies, fish physiology, and modeling of biological systems. Emergency back-up systems protect the water supply, electrical, and other critical life support systems to provide a secure, reliable research facility. The laboratory's life support system includes filtration, water chillers, steam and electrical heat exchangers, and an aerator basin. Continuous monitoring of critical utilities, such as electrical, steam, and air supplies, and water temperatures, pressures, and levels is provided through an automated paging system.  Laboratory wastewater may be discharged to an NPDES-permitted outfall or a process sewer and water treatment facility.
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Experience: Dr. Thorgaard has 25 years of experience in the field of fish genetics. He has been involved in studies on genetic mapping, cytogenetics and population genetics of salmonid fishes.  He also currently serves as Director of the School of Biological Sciences at Washington State University.   His laboratory conducts a wide range of molecular biology laboratory techniques that pertain to this investigation.  Currently, as Professor in the School of Biological Sciences at Washington State University, he teaches courses in Biology and Management of Fishes, General Genetics, Conservation Genetics, and Fish Genetics.   He will be a co-principal investigator for the proposed project. 
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