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Abstract

Increases in the use of hatchery fish have raised interest in the genetics of
hatchery-reared fish. Four types of genetic concerns have been identified for hatchery
stock management: loss of stocks, domestication, loss of within and among-stock
genetic variability. Each has an impact on the quality of fish available. To address
these concerns, mitochondrial DNA, randomly amplified polymorphic DNA, and
microsatellite DNA loci were considered for their suitability for stock discrimination,
hatchery monitoring, and mixed-stock analysis of rehabilitated populations of lake
trout (Salvelinus namaycush).

Mitochondrial DNA variation was anélyzed to determine if it could be used in a
mixed-stock analysis. The accuracy of the estimates was low because one clone is
found at high frequencies in all lake trout stocks studied. Mitochondrial DNA
variation may have limited application in mixed stock analysis, but is well suited for
further studies of variation in the wild.

Randomly amplified polymorphic DNA (RAPD) loci were tested for Mendelian
inheritance in lake trout and the 13 variable loci amplified in the Xillala Lake hatchery
stock were inherited in a Mendelian fashion. Individual variation of RAPD markers in
lake trout hatchery stocks was large which made genetic stock identification and
mixed-stock analysis difficult.

Genetic relationships among hatchery stocks in Ontario were examined using
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microsatellite DNA loci. Heterologous primer sets designed for other salmonid species
could be used to amplify microsatellite loci in lake trout. The genetic relationships
observed among the hatchery stocks were similar to those observed in previous genetic
analyses using allozyme and mitochondrial DNA markers.

The results of a simulation study based on microsatellite DNA and allozyme
loci indicate that microsatellite DNA loci provide more accurate estimates than
allozyme loci in mixed stock analyses. Further comparisons of microsatellite DNA
loci to mitochondrial DNA and RAPD loci indicate that microsatellite loci are the
most useful for mixed-stock analysis. Nuclear markers in general are more useful than
mitochondrial markers because they provide data on the contributions of both sexes,
whereas mitochondrial DNA data only describes the contribution of females.

Comparisons of genetic variation in Ontario hatchery stocks of lake trout using
mitochondrial DNA, RAPD loci, and microsatellite DNA loci indicate that within-
stock variation is being maintained in most stocks. Small numbers of founders and
unequal sex ratios may be responsible for-any losses that have occurred. Among-stock
variation is similar to that observed in wild populations. The few changes observed
may be due to sampling errors of gametes used to found broodstocks or to provide

yearling lake trout for hatchery supplemented lakes such as Lake Simcoe.
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Preface
There are seven chapters in the thesis. The first chapter is a General
Introduction to the project and the seventh is a synthesis and set of recommendations.
The remaining chapters have been written as manuscripts for technical reports or for
submission to peer-reviewed journals. At the present time, chapter 3 has been
published. Information about the title, authors, and individual contribution to each of

the chapters is as follows:

Chapter 2: "Mitochondrial DNA variation in Ontario hatchery stocks of lake trout,
Salvelinus namaycush, and assessment of its use in a mixed-stock analysis."

Authors: W. Stott, Peter E. Ihssen, and Bradley N. White.

Contribution: Field work was performed in conjunction with the Ontario
Ministry of Natural Resources (OMNR). All Iaboratory and statistical analyses
were performed by the candidate. The research was conducted under the
guidance of P.E.I. and B.N.W.

Chapter 3: "Inheritance of RAPD molecular markers in lake trout, Salvelinus
namaycush."

Authors: W. Stott, Peter E. Ihssen, and Bradley N. White.

Reference: Molecular Ecology. 6:609-613.

Contribution: Experimental crosses were made by OMNR staff. Laboratory
and statistical analyses were performed by the candidate. The research was
conducted under the guidance of P.E.I. and B.N.W.

Chapter 4: "Variability of RAPD loci in eight hatchery and one wild stock of lake
trout, Salvelinus namaycush from Ontario and Manitoba.”

Authors: W. Stott, Peter E. Ihssen, and Bradley N. White.

Contribution: Field work was performed in conjunction with the OMNR. All
laboratory and statistical analyses were performed by the candidate. The
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research was conducted under the guidance of P.EI and B.N.W.

Chapter 5: "Microsatellite DNA variation in hatchery stocks of lake trout (Salvelinus
namaycush)."

Authors: W. Stott, Peter E. Ihssea, and Bradley N. White.

Contribution: Field work was performed in conjunction with the OMNR. All
laboratory and statistical analyses were performed by the candidate. The
research was conducted under the guidance of P.E.I. and BN.W.

Chapter 6: "Estimation of origins of mixed-stock samples of lake trout (Salvelinus
namaycush) using allozyme and microsatellite DNA data: a simulation
analysis.

Authors: W. Stott, Peter E. Thssen, and Bradley N. White.

Contribution: All the programming and statistical analyses were performed by
the candidate. The research was.conducted under the guidance of P.E.I. and
B.N.W.
Financial support for the project came from the following sources: a Natural

Science and Engineering Research Council of Canada grant to Brad White, the Stocks

Assessment and Genetics Unit of the OMNR, and the Management Board Secretariat

Internship Program Grant to Judi Orendorff and Peter Ihssen of OMNR.
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Chapter 1
General Infroduction
Genetics and Hatcheries

Fish reared in a hatchery are being employed in rehabilitation and management
more frequently. More restoration programs requiring planted fish are funded as
commercial and recreational demands for the resource increase. For example, in the
Columbia River basin, more than 90 state, provincial and federal hatcheries raise and
release over 190 million juvenile Pacific salmon (Oncorhynchus spp.) each year, and the
number will most likely increase (Busack and Currens 1995). Hatchery-reared fish have
been used in management programs since the 1800’s (Moring et al. 1995), and while
salmonids account for a large proportion of hatchery stocks, many other species are also
cultured. For example, a recent conference (Schramm and Piper 1995) on the uses of
cultured fish stocks in North America featured papers that mentioned more than 40

different cultured species and hybrids (Table 1.1).

Stocking programs that employ hatchery fish have three main goals: restoration,
rehabilitation, and enhancement of fish stocks. As part of restoration programs, self-
sustaining populations are reestablished in waters where they have been lost.
Rehabilitation programs focus on the recovery of depressed populations (Moring et al.
1995; Cuenco et al. 1993) and enhancement programs attempt to increase the production

of a fishery or establish a fishery where it did not exist previously (eg. a put-grow-take
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Table 1.1 Cultured fish species used in stocking programs discussed at American
Fisheries Society Symposium 15.

Common name

Scientific name

Reference

chinook salmon
rainbow trout
coho salmon
sockeye salmon
Apache trout
cutthroat trout
brook charr
lake trout

bull trout
Atlantic salmon
brown trout
Arctic graylirg
whitefish
American shad
razorback sucker

esocids

Oncorhynchus tshawytscha

O. mykiss

O. kisutch

O. neika

O. apache

O. clarki
Salvelinus fontinalis
S. namaycush

S. confluentus
Salmo salar

S. trutta
Thymallus arcticus
Coregonus spp.
Alosa sapidissima
Xyrauchen texanus

Esox spp.

Heard et al. 1995
Stone 1995

Lange et al. 1995
Flagg et al. 1995
Carmichael et al. 1995
Ludwig 1995
Stone 1995

Lange et al. 1995
Ludwig 1995
Moring et al. 1995
Lange et al. 1995
Stone 1995
Bartley et al. 1995
Hendricks 1995
Modde et al. 1995

Wahl et al. 1995




Table 1.1 continued.

Common name Scientific name Reference

walleye Stizostedion vitream Wahl er al. 1995

bass Micropterus spp. Forshage and Fries 1996

channel catfish Ictalurus punctatus Wabhl et al. 1995

sturgeon Acipenser spp., Huso huso Bartley et al. 1995

red drum Sciaenops ocellatus McEachron et al. 1995

Atlantic cod Gadus morhua Blankenship and Leber
1995

haddock Melanogrammus aeglefinus Blankenship and Leber
1995

pollock Pollachius virens Blankenship and Leber
1995

Atlantic mackerel Scomber scombrus Blankenship and Leber
1995

winter flounder Pleuronectes americanus Blankenship and Leber
1995

white seabass Atracscion nobilis Bartley et al. 1995

madai Pagrus major Blankenship and Leber
1995

striped mullet Mugil cephalus Blankenship and Leber

1995
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fishery). Several factors can affect the survival and performance of stocked fish in a new
environment. The ability of fish to adapt to new surroundings is influenced by genetic
variation within the population because particular alleles and allele combinations affect
chances of survival. The success of stocking programs is varizble because it is sometimes
difficult to choose donor stocks that are ‘well ‘matched to a new environment (Ludwig
1995) although some programs are successful. For example, hatchery chinook salmon (O.
tshawytscha) stocked to enhance the fishery in southeast Alaska have provided an
increased number of fish available for harvest. The larger fishery may provide some
protection for wild stocks (Heard et al. 1995). Analysis of trout stocking programs in
Wyoming indicates return rates are low overall. The most success occurs in heavily
fished areas located on smaller water bodies (Stone 1995). Atlzntic salmon (Salmo salar)
stocks are slowly being rehabilitated in r:vers in southern Maine using a non-native
hatchery stock (Moring et al. 1995). A program to restors lake trout (Salvelinus
namaycush) to Lake Ontario is starting to produce results after over 20 years of effort
(Marsden et al. 1993), while in other Ontario lakes the rates of reproduction and
recriitment among stocked -lake trout are very low (MacLean et al. 1981; Evans and
Willox 1991; Ludwig 1995). |

The genetic variation that characterizes a wild stock can be altered in a hatchery
by the methods used to establish and maintain stocks used in rehabilitation programs
(Wahl et al. 1995). The genetic effects of hatchery practices or the hatchery environment

can be grouped into four categories: loss of a stock, loss of within-population genetic
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variation, loss of among-population genéiic variation, and doﬁ%ﬁcaﬁon (Busack and
Currens 1995; Hard 1995). The first, the loss of a genetic stock, may be the result of an
accident in the hatchery (eg. a water flow problem) that causes the destruction of most
or all of a stock. Once the alleles that characterize a population are lost it is virtually
impossible to recreate them, therefore .allelic combinations that may be adapted to a
particular environment are gone.

The loss of within and/or among-population genetic variation can have several
effects. As within-population variability decreases there is a reduction in the number of
alleles and in the number of different allelic combinations. Two types of genetic change
can affect within-population diversity in a hatchery, inbreeding random genetic drift.
Inbreeding, or mating of closely related individuals, increases individual and overall
homozygosity because related fish are more likely to have the same alleles and allele
combinations than unrelated fish (reviewed in Wright 1969). Inbreeding is associated
with « decrease in fitness due to increased expression of deleterious recessive alleles or
due to a decrcase in the performance of phenotypes that are influenced by heterozygosity
(revie--ed in Gall 1987). The second type of genetic change, genetic drift, is a loss of
genetic variatic n due to sampling errors of gametes and can result in the loss of alleles
and a reduction in heterozygosity. Genetic drift occurs in all natural populations during
spawning, because not all gametes may be used. The rate of genetic drift is larger in
smaller populations (Kimura 1955), and is quantified using the concept of effective

population size. Effective population size (N,) is defined as the number of individuals
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in an idealized panmictic population that would result in the same sampling variance as
found in the population under consideration. Genetic drift has been identified as a
concern in hatcheries, and as the major force behind losses of variation or changes in
allele frequencies in hatchery populations of salmonids, and in particular, small parental
sample size is identified as the Ieading factor contributing to increased rates of genetic
drift (Allendorf and Phelps 1980; Ryman and Stihl 1980; Cross and King 1983; Stihl
1983; Vuorinen 1984; Waples and Teel 1990). Other factors that could reduce N.
include: unequal sex ratio, unequal family sizes (Crow and Kimura 1970), or spawning
practises, such as mixing sperm from several males (Withler 1988; Gile and Ferguson
1990). Recommendations for an appropriate sample size vary somewhat from SO males
and 50 females (N.=100) to 100 males and 100 females (N_.=200; Kincaid 1995).

Loss of genetic variation among hatchery populations can cause the differences
between populations to decrease. Among-population diversity is most affected by gene
flow. High levels of gene flow may result-in a loss of adaptability because new alleles
may be introduced that do not allow a population to perform as well in its native
environment. High levels of gene flow may also result in the disruption of co-adapted
allele complexes that may increase individual performance (Busack and Currens 1995).
In a hatchery, high rates of gene flow may be produced by mingling different stocks that
have different geographic origins. Hatchery stocks may be affected in different ways by
gene flow. Differences between wild populations may be magnified or, if stocks are

mixed, hybrid stocks may be created. However, there is little evidence to date to
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demonstrate changes in fitness due to hatchery x wild interactions due to difficulties in

measuring performance and obtaining appropriate sample sizes (Campton 1995).

. - Hatchcry-related selection pressures may_zlso decrease differences among stocks of

different geographic origins that are maintzined within the same hatchery.

The fourth genetic hazard, domesticat: +n, can be defined as changes in the quantity,
variety, or combinations of alleles within a captive populatior compared to its source
population as a result of selection in an artificial environment (Busack and Currens 1995).
Wild and hatchery stocks begin to diverge at a rate dependent on the rates of selection
in the two different environments and on the demographic characters of the populations
(Doyle et al. 1995). The traits most often affected relate to physiology, morphology, or
behaviour (PIy;les et al. 1981). Domestication is the. result of hatchery practises or of the
hatchery environment itself. Therefore, it is difficult to isolate and control the selective
forces behind domestication (Busack and Currens 1995). In many stocking programs, the
offspring from yearly collections of wild parents are released at an early life history stage
in order to minimize the time spent in a hatchery. However, an experiment by Doyle et
al. (1995) indicates that dorhestication can occur very soon after the transfer oti stock to
a hatchery environment. Doyle et al..(1995) used genetic data to demonstrate first
generation domestication in a hatchery stock of Atlantic cod (Gadus morhua).
Differences in the survival to yolk sac adsorption of seven groups of maternal half-sibs
indicated strong selective forces were acting at an early life history stage.

Genetic changes that occur in a hatchery, especially those that affect within and
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among-population variation, may apply most strongly to salmonid fishes because of their
biology (Hard 1995). The homing ability of some salmonids may result in more local
adaptation, their relatively limited capacity for Iarval and egg dispersal encourages more
population structuring. In addition, salmonids have a fairly complex life history that is
composed of several stages and each stage has a significant gcnetic component in some
species (Beacham 1988; Beacham and Murray 1988). Therefore it may be more
important to consider the genetic profiles of both donor and recipient stocks for stocking
programs that involve salmonids. In contrast, studies of marine fish like the white
seabass (Atractoscion nobilis) reveal less among-population variation than salmonid
populations (Gyllensten 1985; Bartley et al. 1995). White seabass also have a greater
potential for dispersal during all life history stages, therefore it is felt that the existing
populations would not be adversely affected by enhancement programs.

It has been recommended that hatchery broodstock and samples of planted fish be
screened genetically. In addition, programs to monitor wild and supplemented
popuiations are advised. Combining data sets from hatchery and wild samples would
provide information that may be used to determine the genetic changes due to hatchery
practi- es on, for example, disease resistance, life-stage specific survival and fecundity.
Resezrch to address the above issues is. strongly recommerded (Busack and Currens
1995), especially on the effects of domestication. Such research may now be possible
using molecular techniques that allow a variety of areas of the genome to be examined.

The first step is to describe variation in hatchery stocks. Descriptive data can then be
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used for several purpcses. The data will give managers insight on how well hatchery
practices maintain genetic diversity, will provide markers for studies of performance of
hatchery stocks once they are released, and will allow the effects of domestication to be
addressed.

Data on genetic variation in hatchery and wild stocks of fish species has been
gathered__ using a variety of genetic techniques. A short review of the more commonly

used methods is given below.

Cytogenetic analysis

Karyotype analyses have proven somewhat useful for stock and species
identification. Variation in both chromosome number and banding patterns have been
used to analyze fish species and populations. Variation in chromosome number in fish
usually results from Robertsonian translocations. Studies of salmonids in particular have
revealed Robertsonian translocations (Thorgaard 1983; reviewed in Phillips and Ihssen
1990) that have definite geographic patterns.

Chromosome banding. techniques involve the preparation and staining of metaphase
stage chromosemes. Tie four most common methods for banding chromosomes are Q-
banding, G-banding, R-banding, and C-banding. It is possible to detect structural changes
such as deletions in the banded chromosomes. For example, Q-banded chromosomes are
stained with quinacrine aydrochloride, which stains AT-rich regions most strongly and

chromomycin A; staining can be used to stain the nucleolar organizer region (Dowling
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et al. 1996). Population studies have bee: pe:formed on a variety of salmonid species

including the iwana (Salvelinus leucomaenis), the lake trout (S. namaycush), and the

Arctic charr (S. alpinus; Phillips and Thssen 1990).

Allozyme electrophoresis

Electrophoretic identification of allozymes has been used successfully for many
years in fish stock analysis. Electrophoreticaily detectable differences in the amino acid
compositions of enzyries with . common substrate are compared. Proteins from tissues
such as muscle or liver are separated on starch or cellulose acetate gels and a variety of
histochemical stains are used to visualize activity of the enzymes. Well over 100
enzymes can be analyzed in some species with reasonable effort and cost. In fish, blood
groups were analyzed initially, and then other proteins were analyzed as staining systems
and buffers were developed (see review by deLigny 1969).

In the past, allozyme variation has:bez:n the main tool used to analyze population
structure of fish species in many taxa (Avise and Smith 1974; Winans 1980; Andersson
et al. 1981; Grant et al. 1984; Gyllensten 1985; Grant et al. 1987; Stihl 1987; Ropson
et al. :990; Ramon and Castro 1997), and has been especially useful for identifying
stocks of salmonid species (Allendorf et al. 1976; Grant et al. 1980; Thssen ef al. 1988;
Ferguson et al. 1995). Allozyme variants have also been used for species identification
(Crabtree and Buth 1987; Van der Bank ¢r al. 1989), and for gene mapping (Allendorf

et al. 1994).



11
Mitochondrial DNA variation

While analysis of allozyme variation remains a highly useful technique to analyze
stock structure in many fish species, some drawbacks exist tk:at make the marker less
useful in some applications. Allozyme variation is low in soms species (eg. pike; Healy
1980), which makes analysis of population-ste=cture difficult. As well, the technique can
only examine coding regions of the genome, and since protein-coding loci evolve more
slowly than non-coding regions, recently developed genetic differentiation (less than
10,000 years) may not be detected. As an alternative method, or as a supplement to
allozyme data, analysis of mitochondrial DNA (mtDNA) has also become a widely used
technique. The mitochondrial genome in fish species is about 17,000 base pairs in length
(Ferris and Berg 1987) and evolves at a faste: rate than portions of the nuclear genome
(Brown et al. 1979). There is no recombination in the mitochondrial genome, and in
vertebrates, the molecule is inherited through the maternal lineage as a single circular unit
(Ferris and Berg 1987). The mitochondrial DNA molecule has an effective population
size that is one quarter that of nuclear loci because it is inherited clonally. Therefore
population dif:zrences may éccumulate at a faster rate (Nei and Li 1979).

MtDN.\ variatior: can be studied d_.ectly by sequencirg portions of the molecule
or by using res:riction :ndonucleases. Restriction endonuclease analysis has been used
widely for population studies of fish (Ward and Grewe 1995). Restriction endonucleases
are enzymes that cut DNA at specific sequences. The resulting DNA fragments are

separated electrophoretically and then visualized. Restriction fragment length
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polymorphism analysis (RFLP) reduces costs compared to sequence analysis, handling

time, and allows larger sample sizes to be examined, thus increasing statistical power.
As well, mtDNA can be extracted from muscle, blood, or eggs which can allow non-lethal
sampling techniques to be employed.

The properties of mtDNA make it sur-31bl: for both phylogenetic (Avise er al. 1987;
Grewe et al. 1990) and population studies (Gyllensten and Wilson 1987; Smith et al.
1989; Beckenbach 1991; Ovenden 1990; Vitic and Strobeck 1996). The results of
population studies usirg both allozymes and mtDNA variation often complement each
other (Avise 1985), however in some cases (Ferguson et al. 1991) different estimates of
population differentiation may be obtained. Differences in the inheritance of the molecule
and in its rate of evolution combined with the demographics of the population can

produce such dissimilar results.

Ribosomal DNA
The multi-gene family coding for 28S and 18S ribosomal RNA (rRNA) has been
analyred in fow fish speciés, mostly for phylogenetic analyses (Popodi et al. 198S;
Phil' ps and Pleyte 1991; Zhuo et al. 1994). An individual téNA unit has one copy of
each of the major genes (28S and 18S) which are separated 'from the next unit by an
intergenic spacer. The whole unit is tandemly repeated on several chromosomes. Both
the genes and the spacer unit can be analyzed for variation using DNA sequencing and

RFLP analysis.
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Microsatellite DNA

Microsatellite DNA loci are short (one to four nucleotides) repeats 100-300 base
pairs in length (Tautz 1989). The polymerase chain reaction (PCR) is used to analyze
microsatellite variation. PCR involves a series of denature-anneal-extension cycles to
amplify the DNA that lies between two:primer sequences (Suiki ef al. 1988). Primer
sequences for the PCR reaction are chosen from single-copy regions flanking the
microsatellite loci. PCR products are separated electrophoretically on a standard DNA
sequencing gel and then visualized. Initially the procedure may be complex and time
consuming, but improvements in the techniques, such as muitiplexing, reduce the effort
involved (O’Reilly er al. 1996). A potential drawback is that new primers may need to
be de /eloped for each species, which is technically demnd@g and time-consuming.
However, as more species are studied, more primers become available that can be used
in closely related species (eg. Angers and Bernatchez 1996). Preliminary analyses of
microsatellite DNA loci of fish species have been performed to document the loci (Morris
et al. 1996; Scribner et al. 1996), their inheritance patterns (Estoup et al. 1993; Colbourne
et al. 1996), and their organization within the genome (Brooker et al. 1994). Substantial
variz-ion has been observed in species that do not display much protein or allozyme
variation (eg. Miller and Kapuscinski 1996). The markers are now being used to analyze
population structure in several fish species (Angers et al. 1995; McConnell et al. 1995;

O’Reilly et al. 1996; Ruzzante et al. 1996).
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Randomly amplified polymorphic DNA

The development of PCR has allowed other genetic loci to be examined. The PCR
amplification of randomly amplified polymorphic DNA (RAPD) uses a randomly designed
primer pair to amplify a variety of sequences. Therefore, no prior knowledge of the
genome is required and a large number of fragments and samples may be analyzed
(Williams er al. 1990). The technique has been most useful in studies of commercial
plant species, but has had limited use in fish species so far. RAPD variation has been
used most often for identification of species (eg. Bardakci and Skibinski 1994), but some
population studies have been published (Bielawski and Pumo 1997) and several labs are
currently examining the RAPD variation in other species. Inheritance studies of RAPD
polymorphisms have produced inconsistent results; some studies find that RAPD loci can
be trexted as Mendelian markers while others report inconclusive or mixed results
(Williams et al. 1990; Riedy et al. 1992; Bucci and Menozzi 1993). In addition, RAPD
markers are usually inherited as dominant rather than co-dominzat markers and as a result
heterozygotes cannot be identified. The effect of inheritance patterns on stock analysis

has not yet been investigated in any detail.

Lake trout biology and genetic diversity
The lake trout is an important commercial and sport fish in Ontario and has been
analyzed for genetic variation using several genetic markers (Krueger and Thssen 1995).

Lake trout have been stocked in North America for many years, :ind have been introduced
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in the southern United States, South America, New Zealand, and Europe (Martin and

Olver 1980). As with other fish species, the success of lake trout stocking programs has
been variable (MacLean er al. 1981; Evans and Willox 1991; Marsden et al. 1993;
Krueger and Ihssen 1995; Lange et al. 1995).

Lake trout are freshwater teleosts found from-Alaska tohe northern United States
and their east-west distribution extends from British Columbia to Labrador (Martin and
Olver 1980). Lake trout are usually the top predator in oligotrophic ecosystems.
However, their habitat and forage base varies. For example, planktivorous lake trout are
found in Lake Louisa, Algonquin Park, Canada and river-dwelling stocks are found in
British Columbia (Martin and Olver 1980). Different forms (usually called morphotypes
or morphs) of lake trout have been identificd based on variation of physical traits such
as pigmentation, morphology and life history traits. Differences are great enough that
some morphs, like the siscowet, were once given species or sub-species status. The
siscowet dwe:'s in large lake systems and is characterized by a higher body fat content
than the more common lean morph (Krueger and Ihssen 1995).

At one time lake trout were present in all five Great Lakes, but now they are
limited to two Lakes Huron and Superior) vith small rehabilitated populations in two
others (Lakes Ontario and Michigan; Krueger and Ihssen 1995). The disappearance of
lake trout from the Great Lakes can be attributed to: lamprey predation (Holey et al.
1995), environmental degradation, pollution (Dorr et al. 1981), overfishing, modification

of water levels for production of hydroelectric power, habitat alteration, and perhaps
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competition from the int.uduction of exotic species. The remaining forms (mostly lean
and some siscowet) may have been the most tolerant to the various pressures. Inland
populations have been affected to a lesser extent. The greatest pressure on inland
populations hzs been the loss of spawning habitat (Krueger and Ihssen 1995).

Rehabilitation or restoration efforts in the Great Lakes b.:ve included improvement
of spawning habitat, la-uprey control, and stocking programs. The success of stocking
programs in particular has been variable, perhaps due to loss of too much habitat or the
loss of appropriately adapted gene pools. For example, lake trout from Clearwater Lake
(Manitoba) stocked into Lake Ontario may not have been suitable for a deep water
environment. The ability to retain gases in the swimbladder (a character associated with
diving ability) is a heritable trait that differed between Manitoba lake trout and other
Great Lakes stocks (Ihssen and Tait 1974; Krueger and Ihsser; 1995).

in orde; to supp:y lake trout for management and rehabilitation programs in
Ontario, the Ontario Ministry of Natural Resources (OMNR) has created hatchery stocks
originating from a number of geographic areas. Hatchery stocks are maintained in two
ways. Gametes from lake trout caught in the wild are crossed in a hatchery, the offspring
are reared in a hatchery for up to a year, and are returned to thg lake of origin or are used
as a donor stock for planting. Af:ernatively, a broodstock is m;.;intained in a hatchery and
offspring are :sed in stocking programs. Broodstock fish spend all of their lives in the
hatchery environment. The most recent OMNR stocks catalogue lists eleven hatchery

stocks of lake trout and one more (Iroquois Bay, Lake Huron) is in the process of being
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developed (Table 1.2; Anonymous 1992).

The hatchery stocks represent lake trout adapted to a variety of different
environments and have different recommended uses. For example, the manager of an
inland system would be advised to choose Killala Lake or Lake Manitou over the Slate
Islands lake trout stocks, and then to select either Killala Lake ur Lake Manitou based on
environmental factors such as water hardness, spawning season and substrate. The types
of fishing pressures and goals of the rehabilitation program are also part of the decision
process. Of the twelve hatchery stocks, eight are recommended for places other than their
area of origin, and only five of those (Killala Lake, Lake Manitou, the Slate Islands,
Michipicoten Island, and Seneca Lake) are available to managers in large numbers. The
previous five stocks in particular have been used for many years with variable success
(Grewe er al. 1994; MacLean et al. 1981; Evans and Willox 1991).

Genetic analyses of lake trout have-been performed using four types of markers to
date. The genetic variation identified has.beer ‘used for phylog-netic studies of the genus
Salvelinus, to determine the post glacial colonization routes of the species, and to analyze
stock structure of hatchery and wild stocks of lake trout. Overall geographic patterns,
based on chromosome data, indicate that lake trout populations form three clusters; one

from the northern shores of Lakes Superior and Huron and inland lakes north of Superior,
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another cluster from the southern shore of Lake Superior, and a third from Lake Michigan
(Phillips et al. 1989). Using variable chromomycin A, bands, it was possible to
differentiate between two of the source populations for Ontario hatchery stocks
(Michipicoten Island and Lake Manitou; Phillips er al. 1989). In addition, the Q-bands
of seven wild and twc hatchery (Jenny-Luke and Marquet::) stocks were examined
(Phillips and Zajicek 1982). The hatchery stocks are not maintained in Ontario, but four
of the wild stocks (Kiltala Lake, Michipicoten Island, Lake Manitou, and Seneca Lake)
are sources for Ontario hatchery stocks.

The chromosomes of lake trout from other hatchery stocks have not been analyzed,
and while stock-specific markers have been detected for the stocks studied so far, the
techr:q-:e is not routinely used. In order to analyze chromosomes, actively dividing cells
are required. Living tissue is not always =vailable for many éopulation or management
studies and considerable time and expertise are required to score the sample sizes
necestary foi population studies. As a result the technique may have limited use for
management purposes.

An allozyme study of lake trout from Lake Superior revealed few differences
amc..v. samples ‘Dehring et al. 1981). However, the sample sizes were low and samples
were -aken from lake trout outside their spawning aggregatio&s, perhaps accounting for
the lack of differentiation (Krueger and Ihssen 1995). Differences did exist however,
between different lake trout forms (leans and siscowet) from Lake Superior (Dehring et

al. 1981), and between leans and siscowet (Krueger et al. 1989) from Lake Superior.
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More recent allozyme studies based on larger sample sizes collected from
hatcheries or spawning populations revealed allele frequency differences at four out of
five stocks in Lake Superior. The Lake Superior samples represented the western end
(Gull Island), the northwest shore (Keshkabuon Island and Hare Island), the centre of the
lake (the Slate Islands), and the northeast area (Michipicoten Island) of the lake.
Differences existed among all samples except those on the northwest shore which were
geographically more proximate to each other (<25km). On a larger geographic scale,
three genetic groups appear: the upper/northwest Great Lakes and Manitoba, the south-
east section of Ontario, and samples from the Haliburton area. Five alleles at five
different loci were found only in the northwest group and a phosphogluconate
dehydrogenase (PGDH*) allele was found only in the Haliburton (Pgd*®) lake trout
(Ihssen er al. 1988), but other stocks were not distinguished by private alleles. Genetic
distances calculated using allozyme data are similar to those calculated using karyotype
data (Phillips and Thssen 1990). Hatchery and transplanted s:>cks of lake trout retained
much of their original genetic. identity in compurison to their wild donor stocks. In
addition, among-stock variability was similar if wild and hatchery stocks are considered
(Ihssen et al. 1988).

Lake trout stocks used to rehabilitate Lake Ontario were also analyzed using
allozyme variation (Krueger et al. 1989). The dendrogram calculated from the data is
similar to that produced by Ihssen et al. (1988), but the genetic distances are 100-fold

larger, probably due to the fact that only polymorphic loci were analyzed, whereas Thssen



22

et al. (1988) scored both polymorphic and nionomorphic loci. Values of heterozygosity
are slightly higher in the study by Ihssen et al. (1988; Table 1.3) probably due to the fact
that several small inland lake populations with high levels of heterozygosity (the
Haliburton Highlands, for example) were incladed by Ihssen et al. (1988), but not by
Krueger ef ai. (1989). In additior, because the average (N,.) sample sizes were larger
(Nav=171 versus N,,=80 in Krueger et al. (1989)), rare heterozygotes were more likely
to be sampled.

Three of the Ontario hatchery populations, (Killala Lake, Manitoba and Lake
Manitou) were analyzed in both studies. Six polymorphic loci were scored in both studies
(sAAT-1,2*, GPI-1*, sMDH-3,4*, sMEP-1*, MUP*, and SOD-2*) and can be compared.
Signiti?ant (P<0.05) allele frequency differences in the samples were found at three loci
for tﬁe Killala Lake samples (sMDH-3,4*, sMEP-1¥, énd MUP*) and at two loci for the
Lake Manitou samples (SAAT-1,2* and GPI-1¥). The differences observed at the three
loci between the two studies are small overall. Sampling errors may account for the
dissimilarity between .stocks such as Lake Manitou and Killala Lake. Although the
samples for both studies weté acquired from the same lake, they came from different year
classes and different sp.awning shoals.

It is possible that genetic drift in the hatchery may have resulted in a divergence
from the wild samples if broodstock samples are compared-to samples from the source
population. For example, the Killala Lake samples in Krueger et al. (1989) were derived

from hatchery

e
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Table 1.3 Comparison of estimates of overall heterozygosity at allozyme loci in two
studies of lake trout stocks.

Stock
Reference Manitoba Killala L. L. Manitou
Krueger et al. 1989 3.4% 32% 2.7%
Ihssen et al. 1988 7.4%

5.3% 4.0%




24

samples, whereas Ihssen et al. (1988) obtained samples from the wild. Differences
between allelic frequencies were most pronounced in the Killala Lake fish when the two
studies were compared.

Analysis of mtDNA variation in lake trout, primarily through the use of RFLP’s
had revealed similar geographic structuring as the allozyme data (Grewe et al. 1993;
Wilson and Hebert 1996). Geographic variation of mtDNA reveals a western Great Lakes
group, a central Great Lakes group, and an eastern Great Lakes/Ontario group.
Haliburton lake trout do not have as distinctive mtDNA as allozyme profiles, and have
low levels (nucleon diversity, h=0) of variation. MtDNA variation is more sensitive to
reductions in population size (Bernatchez et al. 1989; Gyllensten and Wilson 1987).
Therefore, lower mtDNA variation in the Haliburton region may be the result of a past
restriction in population size during the period of time the ancestors of the present day
lake trout spent in the hypothesized glacial refuge or due to the fact that the Haliburton
lakes may have always supported small populations.

Five OMNR hatchery stocks (Lake Manitou, Parry Sound, Killala Lake, Lake
Simcoe, and Seneca Lake) have been analyzed previously for mtDNA variation (Grewe
. and.Hekert 1988; Grewe et al. 1993). Clonal lines unique to Lake Manitou and Seneca
Lake were observed (Grewe and Hebert 1988), and there were shifts in the frequencies
of other clonal lines in all the stocks. However, the sample sizes collected from some
stocks like Lake Simcoe and Parry Sound were small (10 or less). In the study by Grewe

et al. (1993) additional endonucleases were used which allowed discrimination between

.
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Killala Lake and other stocks, and significant differences were observed in the clonal

frequencies among the stocks. Big Rideau, Charleston Lake, Devil Lake, Lake
Mishibishu, the Slate.Islands, Michipicoten Island, and Iroquois Bay stocks have not been
analyzed.

Variation at tDNA loci has been examined in detail in only five sample stocks
(Gull Island, Lake Manitou, Seneca Lake, Lake Superior/Marquette and Jenny Lake; Zhuo
et al. 1994) which makes it difficult to compare to other data sets. Of the transcribed
spacer regions, only the intergenic spacer :IGS) region had any significant variation.
Restriction fragment analysis of the region revealed differences in band frequencies and
total number of bands per individual among the samples. The variation is in fact quite
high, making it difficult to perform population studies (Krueger and Ihssen 1995).
However, if the IGS region is restricted with the endonuclease Dral, it is cut close to the
28S -coding region and small bands that can be used to classify individuals to a specific
stock are produced (Phillips 1990). Four stocks (Jenny Lake, Seneca Lake, Lake
Superior/Marquette, and Gull Island) were classified using restriction fragment analysis.
The Lake Superior lake trout are characterized by a 0.4 to 0.8 kilobase difference between
fragments, and the other three stocks are distinguished by the number of bands present.
To date, not enough samples have been analyzed to discern patterns from the Great Lakes

region or to make comparisons of hatchery stocks from Ontario.
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Thesis Objectives

DNA variation analysis will be more useful for the management of rehabilitated and
hatchery populations because it should improve our ability to identify the origin of lake
trout using a mixed-stock analysis and will provide more variation for hatchery stock
monitoring programs. The use of DNA-mwokers wilt be examined in lake trout in two
ways:

1) to further assess genetic diversity of hatchery stocks of lake trout in
Ontario using mitochondrial and nuclear DNA markers,

2) to determine which of four different genetic markers provides the most
accurate estimates in mixed-stock analyses of lake trout stocks.

Hatchery stocks from Ontario and one from Manitobe; will be analyzed. The
geographic origins of the stocks are: Killala Lake, Michipicoten Island (Lake Superior),
the Slate Islands (Lake Superior), Lake Manitou (Lake Huron), Parry Sound/Big Bay,
Iroquois Bay (Lake Huron), Lake Simcoe, and Clearwater Lake (Manitoba). In addition,
lake trout from the Haliburton Highlands will be analyzed.

Three types of DNA markers will be used to generate the genetic data used to meet
the above otiectives. MtDNA variation wi!l be described in the lake trout stocks. The
existing mtDNA data‘oasé for hatchery stocks (Grc;we and Hebert 1988; Grewe et al.
1993) will be broadened by analyzing additional stocks, and mtDNA data will be used
in a mixed-stock analysis of hatchery lake trout. The inheritance patterns of RAPD

markers will be examined to determine if they are inherited in a Mendelian fashion, and
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then the markers will be used to describe RAPD variation in hatchery stocks.

Microsatellite DNA variation in hatchery stocks will also be described at six polymorphic
loci. The genetic data for microsatellite and allozyme loci will be used in a simulation
study to determine whether these techniques are useful in accurately determining the

proportional contribution of the stocks using a mixed-stock analysis.
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Abstract

Variation in mitochondrial DNA (mtDNA) of Ontario lake trout stocks was used
to produce genetic profiles of eight hatchery stocks and one wild stock of interest to
managers. The nucleon diversity was similar to that observed in other studies of
mitochondrial DNA variation in fake trout, and in other cold water species. The
geographic distribution of the clonal types in the nine stocks is similar to that observed
in other studies of mtDNA and allozyme variation in wild populations of lake trout in
Ontario.

The profiles of the Killala Lake, Lake Manitou, Slate Islands, and Haliburton
stocks were used to determine whether the origins of lake trout planted in two Ontario
lakes as sac fry could be identified using a mixed-stock analysis of mtDNA data alone.
Samples from two Ontario lakes (Kearney and Spring Lakes) stocked by the Stocks
Assessment and Genetics Unit of the Ontario Ministry of Natural Resources were
analyzed.” The overall difference between the actual and estimated values of the stock
contribution estimates was 14% in Spring Lake and 34% in Kearney Lake. Error is
introduced into the estimate by: a small sample size from Kearney Lake, one N
haplotype is found in 68% of the baseline samples, no variatiqn in Haliburton samples, “
and haplotypes that characterize the stocks are found at low frequencies and therefore -
provide little data for the estimator. Other stock combinations may have lower errors, .
and larger mixed-samples will also help to decrease the error. Only the contribution ]

of the maternal line can be estimated because mtDNA is a haploid marker inherited



through the maternal lineage. However, a-combination of mtDNA and nuclear

markers may make it possible to identify the paternity of future generations derived

from stocked fish.
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Introduction

Fisheries managers use fish stocking as part of restoration programs. A lake or
stream may be stocked to reestablish a wild fish population or to supplement a
remnant population. Measures of genetic variation can be used to assess the relative
survival of stocks planted into a lake or:stream:or to determine the reproductive
success of stocked fish. Allozyme markers have been used to track survival and
introgression of donor walleye (Stizostedion vitreum) into recipient walleye populations
(Schweigert et al. 1977, Murphy et al. 1983) and a combination of allozyme and
mitochondrial DNA markers have been used to monitor the survival and reproduction
of lake trout (Salvelinus namaycush) stocks planted into Lake Ontario (Grewe et al.
1994).

Analysis of restriction fragment length polymorphisms (RFLP’s) in
mitochondrial DNA (mtDNA) has been used to measure stock differentiation and to
genetically mark fish species (Allendorf and Utter 1979; Avise and Felley 1979; Pella
and Milner 1987; Ferris and Berg 1987; Ovenden 1990). MtDNA variation has
characteristics which make it a useful marker for population analyses: mtDNA
evolves at ten times the rate of the nuclear genome (Brown et al. 1979) and it is
- inherited clonally, through the maternal line. Therefore the mtDNA molecule has an
effective population size that is one quarter that of nuclear loci, and as a result,
population differences may accumulate at a faster rate, increasing the genetic

divergence among stocks (Ferris and Berg 1987).
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Genetic data can be used to monitor whether hatchery practices maintain levels
of variation close to those observed in the wild. In most stocking programs fish are
released after spending at least a year in the hatchery and are large enough to be
identified by physical marks such as fin clips or tags. However, no simple marking
system is available if fish are stocked as sac fry. Therefore, we wished to determine
whether or not mtDNA data could be used to accurately identify the stocks of origin
of lake trout used to plant lakes in Ontario as sac fry. Two study lakes near North
Bay, Ontario (Spring and Kearney Lake), were stocked with different hatchery stocks
of lake trout. Before mtDNA markers could be used to identify recaptured lake trout,
it was necessary to first describe the genetic profiles of donor stocks. Therefore, we
analyzed the mtDNA variation in one wild and eight hatchery lake trout stocks using
restriction length polymorphisms (RFLP).

The mtDNA variation of some Ontario lake trout stocks has been analyzed
previously.. Killala Lake, Lake Manitou,und .Clearwater Lake/Manitoba stocks were
sampled by Grewe and Hebert (1988) and by Grewe et al. (1993). Grewe and Hebert
(1988) also sampled lake trout from Parry Sound and Lake Simcoe, and Haliburton
lake trout were analyzed by Wilson and Hebert (1996). However, the number of lake
trout 2aalyzed from Parry Sound and Lake Simcoe may not have been sufficient to
detect stock-specific markers. Therefore, six (Lake Manitou, Lake Killala, Parry
Sound, the Slate Islands, and Michipicote;l Island) of the eight hatchery stocks used

for the majority of lake trout stocking programs throughout Ontario were analyzed for
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mtDNA variation (Table 2.1). In addition, other stocks of interest (Manitoba,

IroquoisBay, and Haliburton) were also examined.

" The Iroquois Bay hatchery stock has only been recently established. Iroquois
Bay lake trout are one of two remnant native Lake Huron stocks and are currently
threatened. Therefore, a broodstock was established to preserve the spawning group
and to provide another ecotype for the rehabilitation of other waters (eg. Killarney
Park lakes). MtDNA profiles of Iroquois Bay along with life history data, can be used
to determine the compatibility of the stock with other stocks.in other environments.
Habitat parameters, life history traits, and genetic data are catalogued for each
hatchery stock maintained by the Ontario Ministry of Natural Resources’ (OMNR)
Fish Culture Section. The data listed in the catalogue are used by managers to guide
them in their ct.loice of stock most suitable for stocking in a particular ecosystem.

The ninth stock is a sample of wild lake trout from three lakes in the Haliburton
Highiands region of Ontario (Table 2.1). The Haliburton stock was used in a matched
plant study as one of the test stocks, therefore background genetic information is
required in order to assess the results of the s-tudy. Haliburton lake trout are also of
interest from the perspective of conservation biology. The Haliburton Highlands may
have provided an interglacial ret;uge for lake trout and other fish species during the
last glaciation. The descendants of the lake trout that used th;: refuge may have
unique genetic characters and may therefore require special consideration for their

management (Krueger and Thssen 1995).
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Table 2.1 Hatchery and wild origins of lake trout samples used in mitochondrial DNA

analysis.

No. Stock Sample Size ......Bitchery or Lake of Origin

1 Haliburton 12 Clean, Redstone, or MacDonald Lakes via
STAG Unit, OMNR, Maple, Ont.

2  Iroquois Bay 19 Sandfield Fish Culture Station

3 Killala Lake 24 Hill’s Lake Fish Culture Station

4  Lake Manitou 18 Lake Manitou, reared at STAG Unit, OMNR,
Maple, Ont.

5  Michipicoten Is. 2 Lake Michipicoten

14 Tarentorus Fish Culture Station

6  Parry Sound 13 Big Sound, Parry Sound, reared at STAG
Unit, OMNR, Ont.

7  Lake Simcoe 20 Chatsworth Fish Culture Station

8 _Slate Islands 20 Dorion Fish Culture Station

9 . Manitoba 12 Clearwater Lake Fish Culture Station via
Lake Simcoe

10 Kearney Lake 13 Kearney Lake, Ont.

11  Spring Lake 27 Spring Lake, Ont.

STAG- Stocks Assessment and Genetics Unit.
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The genetic profiies developed for four of the stocks (Haliburton, Killala Lake,

Lake Manitou, and the Slate Islands) were compared to those from previous studies of
lake trout and then used to perform a mixed-stock analysis of lake trout recaptured
from Spring and Kearney Lakes. The stock of origin of the recaptured fish could be
determined using allozyme markers that Hiad-been’ bred intothe lake trout stocks. The
system allowed us to test whether mtDNA alone can be used to give accurate
estimates in a mixed-stock analysis. Three stocks (Haliburton, Killala Lake, and Lake
Manitpu) were used by the Stocks Assessment and Genetics (STAG) Unit to stock
both lakes as part of an experiment to assess the relative survival from the sac-fry
stage cf the three stocks in a study of matched-stock plantings conducted by the
STAG Unit. Since the lake trout were stocked at an early stage of their life history
they could not be suppiied with 2 physical mark, such as a ﬁn clip, that would permit
their identification. Instead, combinations of allelic variants at several loci unique to
each stock had been bred to different frequencies in the stocks over several
generations at the STAG Unit research hatchery. For example, the Pgd** allele has
only been found in the wild in the Haliburton lake trout at a frequency of about 12%
(Ihssen et al. 1988) and other alleles at the loci sMDH-1,2* (malate dehydrogenase,
E.C. number 1.1.1.37) and MUP* (4-methyll;mbellifcryl phosphatase, E.C. number
3.1.3.2) were bred into.the stoci: .to allow the icientiﬁcation of each individual. Large
numbers of parents were used to maintain overall genetic variation at levels similar to

that observed in the hatchery stocks. The three lake trout stocks were planted onto the

My
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spawning shoals of each lake as sac fry.

The two lakes have different stocking histories. Spring Lake is believed to be
populated solely by lake trout stocked by the STAG Unit. Kearney Lake was also
stocked with the same stocks of lake trout from the STAG unit as Spring Lake, but
was also previously stocked with Killala Lake, Lake Manitou, .and Hill’s Lake lake
trout (D. Maraldo, North Bay District Biologist, OMNR, personal communication).
The allozyme markers and the age of the lake trout were used to determine to which

stock the recaptured lake trout telonged.

Materials and Methods

The origins of the lake trout used tc develop stock profiies are outlined in Table
2.1. Spring and Kearney Lakes were sampied with gill nets in August 1992 and 1993.
Samples were either processed immediately after sampling, or were preserved in TEKS
buffer (50-mM.Tris-HCl, 10 mM EDTA, 200 mM KCI and 250 mM sucrose, pH 7.5)
and then shipped to OMNR, Maple, Ontario, for mtDNA extraction. MtDNA was
isolated from lake trout for RFLP analysis using the protocol described by Chapman
and Pawers (1984), except that the initial grinding buffer (TEIQ contained 250 mM
SUCIGSe.

‘The lalé trout mtDNA samples we‘re digested with restriction endonucleases
(RE). The manufacturers’ instr;ctions were féllowed to determine the amounts of

enzyme and buffer needed. The reaction was terminated with a stop buffer (20%



37
sucrose, 0.5% SDS, 0.2% bromophenol blue). MtDNA fragments were separated on

1% Horizontal ‘agarose gels in a 0.5X TBE running buffer (89 mM Tris-HCl, 89 mM
boric acid, and 2 mM EDTA, pH 8.0). Gels were electrophoresed at 35 V for 12-16
hours and then placed in a solution of ethidium bromide (0.5 pg/mL) for 8 minutes,
and the mtDNA fragments visualized with ultra-violet light. Lambda DNA digested
with HindIll and with HindIll and EcoRI was included on each gel to act as size
standards.

The findings of previous studies (Grewe and Hebert 1988; M. Burnham-Curtis,
US Fish and Wildlife Service, personal communication) were used to choose sixteen
different restriction endonucleases for the analysis. The polymorphic restriction
patterns were labelled using the name of the RE and a letter for each variant (eg.
BamHIA vs. BamHIB) and monomorphic patterns were scored as having an A type.
Each lake trout was therefore assigned a series of letters for th-e mtDNA fragment
patterns observed for-each RE. Lake trou: with the same set of letters have the same
haplotype. The letters assigned to each pattern of restriction fragments for each
enzyme were the same as those used by Grewe and Hebert (1988).

Measures of genetic diversity were calculated in order tc compare genetic
relationships among and within the stocks. Genetic distances among different
haplotypes were calculated according to Nei and Tajima (1983) and then used in the
AMOVA software package (Excoffier et al. 1992) to calculate genetic distances

among the lake trout samples and to partition variance into within and among-stock
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components. The genetic distances between pairs of hatchery stocks were used to
construct a dendrogram using the Unweighted Pair Group of Arithmetic Means
(UPGMA) method.

Nucleon diversity was calculated in order to compare the amount of diversity in
the hatchery stocks to another study of katchery stocks, to studies of wild lake trout,
and to other coldwater fish species. The value of A, nucleon diversity was calculated
using:

h=1/n-1[n(1-Xx%)]
(Nei and Tajima 1981), where n is the number of samples and x; is the frequency of
the ith haplotype.

The donor stock profiles were use& in a mixed-stock analysis of the lake trout
recaptured from Spring.and Kearney LaI;es, Each recaptured iake trout was assigned
to a stock based on allozyme analysis of the genetic marks that were bred into each
stock. Then the results of the mixed-stock analysis were compared to the actual
proportions of the stocks planted in each lake which were calculated by determining
what-proportion of the total number of lake trout recaptured were from each of the
donor stocks. Therefore the actual value reftects the number of lake trout planted
from each stock that have survived to be recaptured. The estimator used for the
mixed-stock an;llysis was developed by Dempster et al. (1977), and has been used
previously (Grewe er al. 1994) to determine the origins of a mixed sample of fish.

For the analysis, the mtDNA data are treated as a single locus and each haplotype as

11
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an allele. The estimator uses a maximum likelihood function to calculate the joint
probability of genotypes occurring in both the baseline and mixed-stock samples. The

95% confidence interval was also calculated for each estimate.

Kesults

Six of the restriction endonucleases (BamHI, HindlIl, Smal, Aval, Asel, and
Eco0109]) produced variable restriction patterns (Figure 2.1). In total 20 (Table 2.2)
haplotypes wes= observed among 142 lake trout. Haplotype 1 was found in over half
(59.6%; Table 2.3) of the lake trout sampled. The next most common haplotype was
9 (19.1%). The remaining haplotypes are rarer; each was represented by fewer than
5% of the lake trout. In fact, twelve haplotypes were found in only one stock. For
example, four haplotypes (6, 13, 16, and 20) were seen in only the Slate Islands lake
trout (Table 2.~). Only one sample, Haliburton, was fixed for one haplotype (all type
1). Seventy-eight percent of the genetic variation occurs within a stock and 22% is
the result of'ax;long-stock variation. The dendrogram (Figure 2.2) depicting the
genetic distance among hatchery stocks shows that all but one of the six hatchery
stock™ originating from the Great Lakes region (Killala Lake. Lake Manitou, Iroquois
Bay, Parry .Sound, Michipicoten Island, and the Slate Islands) group together, and the
samples from Manitoba and the samples from inland populations (Haliburton lakes and
Lake Simcoe) are more distinct. Values of nucleon diversity range widely from O to

0.788 (Table 2.4).



Figure 2.1 Restriction fragment length polymorphisms of mitochondrial DNA
observed in lake trout using the restriction enzyme BamHI. Three BamHI variants are
labelled-A, B, and C. Lambda DNA digested with HindIIl anc with HindIII and
EcoRlI is labelled EHHA, and the fragment sizes (in kilobase puirs; kbp) of two of the
EHHA fragments are shown.
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Figure 2.2 UPGMA clustering of lake trout haplotypes. Genetic distances were
calculated according to Nei and Tajima (1983). The numbers on the dendrogram arms
represent the percent of 1000 permutations which produced the observed branch point.
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Table 2.4 Analysis of nucleon diversity and results of AMOVA analysis of genetic

diversity for lake trout stocks.

Stock Nucleon diversity (h)

Haliburton 0.000

Killala L. 0.637

L. Manitou 0.621

Slate Is. 0.689

Manitoba 0.788

Iroquois Bay 0.521

Parry Sound 0.698

Michipicoten Is. 0.242

L. Simcoe 0.568

Total 0.601

Variance component Variance % total P’
Among stocks 0.00118 22.11 <0.0099
Within stocks 0.00418 77.89 <0.0099

*Probability of more extreme random value from 1000 permutations.
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Forty lake trout recaptured from Spring and Kearney Lake were analyzed (Table
2.5). Twenty-seven lake trout were recaptured from Spring Lake. Thirteen lake trout
were recaptured from Kearney Lake.

Five of the Kearney Lake samples had fin clips and ages identifying them as
lake trout stocked by the North Bay District of the OMNR, not the STAG Unit. The
clipped lake trout samples were identified as Lake Manitou and Hill’s Lake lake trout
using stocking records. Hill’s Lake hatchery lake trout were used to stock Kearney
Lake in 1985 (D. Maraldo, OMNR, North Bay, personal communication), but the
stock has since been discontinued, therefore a larger sample could not be obtained for
mtDNA analysis. However, hatchery records indicate that the geographic origin of the
Hill’s Lake stock and the Slate Islands broodstocks from Dorion Fish Culture Station
may be similar. Both came from the northern portion of Lake Superior, near the Slate
Islands. Therefore, the profile generated for the Slate Islands was also included in the
mixed-stock-analysis of Kearney Lake. The remaining eight fish were unclipped and
too young to be from the District’s stocking, therefore they were naturally produced or
stocked by the STAG Unit as sac fry.

| The estimates of the contribution of each stock to the mixed-sample differed
from the actual value. The estimates varied from the actual percent composition by up
to 50% (Table 2.6). The contribution of the Lake Manitou stock is over-estimated by
over 20% (22% and 50%) in both lakes, and the estimates of the Haliburton stock are

also quite different than the actual values. The estimates generated for Killala Lake
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Table 2.5 Frequency of mtDNA haplotypes observed in lake trout recaptured from

Spring and Kearney Lakes.

Lake  Sample size Haplotype
1 2 8 9 11 13 18 19
Kearney Lake
FCS 5 0625 - - - - 0.125 0.125 0.125
STAG 8 0.600 - - - 0200 - - 0.200
Spring Lake 27 0.667 0.074 0.111 0.111 0.037 - - -

FCS-lake trout stocked by the OMNR’s Fish Culture Section
STAG-lake trout stocked by the STAG Unit, OMNR, Peterborough, Ont.
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Table 2.6 The actual proportions of lake trout stocked into Spring and Kearney Lakes
compared to values estimated using mixed-stock analysis. The 95% confidence
interval is in parentheses.

Spring Lake (27 samples)

Haliburton Lake Manitou Killala Lake
Actual 25.9% 33.4% 40.7%
Estimated 18.3% 55.9% 25.8%
CI (4.7%, 32.0%) (55.4%, 56.4%) (15.0%, 36.6%)

Kearney Lake (13 samples)

Haliburton Lake Manitou Killala Lake Slate Is.
Actual 60.0% 0.0% 20.0% 20.0%
Estimated 10.1% 47.9% 0.0% 42.0%
C1 (0.0%, 25.3%) (40.3%, 55.5%) (0.0%, 12.3%) (35.3%, 48.9%)

CI=95% confidence interval
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and the Slate Islands tended to be closer to the actual value, each differed by 20% or
less. On average, the actual and estimated value differed by 14% for Spring Lake and

by 34% for Kearney Lake.

Discussion

Levels of genetic diversity in the hatchery stocks of lake trout are similar to
those observed in wild stocks. One concern of hatchery managers is the maintenance
of genetic variation in hatchery broodstocks. A loss of variation due to a small
number of parents or unequal family sizes may lead to, for example, a loss of
adaptability to a new environment (Ryman 1991). The amount of genetic variation
due to among-stock differences (22%) is similar to that reported in an allozyme study
of wild and hatchery lake trout (21% and 18% respectively; Ihssen et al. 1988). The
overall nucleon diversity (h;=0.601) is similar to that reported in a study of wild lake
trout (h=0.594; Vitic and Strobeck 1996), and slightly higher than that observed by
Grewe and Hebert (1988) in their study of lake trout brood stocks. However, sample
sizes analyzed in the current study are larger for some stocks (Parry Sound and Lake
Simcoe), therefore more variation was detected. Values of nucleon diversity are also
comparable with other wild stocks of cold water species such as lake Yvhiteﬁsh,
Coregonus clupeaformis (h;=0.733; Bernatchez and Dodson 1990), and walleye,
Stizostedion vitreum (h;=0.594; Billington and Hebert 1988).

The geographic distribution of mtDNA variation observed in the present study

L4
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is similar to that observed by Grewe and Hebert (1988) and is further supported by the

addition of the Slate Islands, Michipicoten Island, and Iroquois Bay samples (Figure
2.3). Grewe and Hebert (1988) identified three clonal groups based on the restriction
patterns of the enzymes BamH]I and Aval. The type A (BamHIA or D and AvalA)
group was found in all areas, but was most common in the south-eastern portion of the
Great Lakes, whereas type C (BamHIC and AvalC or D) was limited to the western
portion of Ontario and in Manitoba. Type B (BamHIB and AvalB) lake trout were
most common in the eastern portion of the Great Lakes, and inland lakes of eastern
Ontario, and New York. The geographical distributions of the A, B, and C clonal
groups of Grewe and Hebert (1988) and the present study are also similar to
geographical shifts of allele frequency and chromosome banding patterns (Thssen ef al.
1988; Phillips and Ihssen 1986). Lake trout populations in the Great Lakes region
may have derived from three separate glacial refugia. The dominant clonal type A
may have originated from lake trout which spent the Pleistocene south of the ice
sheets. It is postulated that the B and C groups were derived from lake trout restricted
to-an eastern:and perhaps-western refuge respectively. An east-west split in fish from
the Great-Lakes region was alsc observed ir a study of walleye (Stizostedion vitreum)
mtDNA (Billington and Hebert 1988) suggesting that Great Lakes aquatic species
persisted in at least two refugia during the last glaciation.

The dendrogram topology also indicates that samples from southern Ontario

(Haliburton and Lake Simcoe) are separate from most of the Great Lakes samples. In



Figure 2.3 Geographic distribution of lake trout mtDNA clonal groups in Ontario.
The number on each pie refers to the stock numbers listed in Table 2.1.
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the Great Lakes the group of samples originating from the north-central shores of
Lakes Huron and Superior is separate from the Manitoba samples and the western
section of Lake Superior (Slate Islands).

The patterns observed at BamHI and Aval seem to account for most of the
variation among clonal groups. The use of several four-base cutters in Grewe and
Hebert (1988) did not improve the ability to distinguish among all major hatchery
stocks, when the results were compared to Grewe et al. (1993) who did not use as
many restriction enzymes (Table 2.7). However, the use of two endonucleases, Hinfl
and Tagql, did improve the ability to distinguish between two of the hatchery stocks
that had been stocked into Lake Ontario (Killala Lake and Lake Manitou).

Lake trout from the Haliburton region are genetically distinct. The Pgd** allele
is found at a high frequency only in Haliburton lake trout (Ihssen et al. 1988), and
they are morphologically and physiologically different from southeastern Ontario lake
trout stocks (Krueger and Ihssen 1995). However, no haplotypes unique to the
Haliburton fish were observed using five and six-base cutters, and a more detailed
analysis with four-base cutters did pot reveal more variation (Wilson and Hebert
1996). In previous studies,.Haliburton iake trout were fixed for the most common
haplotype. Mitochondrial DNA variation is more sensitive to shifts in population size
because it is inherited in an essentially haploid manner from only females (Nei and Li
1979). Allozyme data suggest that Haliburton lake trout are relics of the interglacial

period that may have survived in an interglacial river (Thssen er al. 1988). A



Table 2.7 A comparison of the restriction endonucleases used to examine mtDNA
variation in lake trout in three separate studies.
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Study

Restriction
endonuclease Grewe & Hebert 1988  Grewe et al. 1993  present study

Aval + + +
Asel - - +
BamHI + + +
BstEIl + - -
HindIIl + - +
Eco1091 - - +
Ncol + - -
Hinfl + + -
Smal + - +
Ncil + - -
Hpall + - -
Taql + + -

+restriction endonuclease used
-restriction endonuclease not used
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reduction in population size during the interglacial period may account for the low
variation in the Haliburton stocit versus all others which have on average four different
haplotypes. An alternative explanation is many small inland lakes in Ontario and
Quebec were founded by small numbers of individuals (Wilson and Hebert 1996).
Therefore, differences between the Haliburton region and other areas may be the result
of the genetic bottleneck created during colonization. In addition the Haliburton lakes
support smaller populations as compared to the Great Lakes stocks and the smaller
population size may have resulted in less mitochondrial DNA diversity.

MtDNA variation has the potential for monitoring lake trout broodstocks in
Ontario. Since egg samples can be analyzed to determine mtDNA profiles of mature
lake trout, valuable reproductive-age adults do not have to be sacrificed. The
technique of Chapman and Powers (1984) requires less sophisticated lab equipment
and although the mtDNA is not completely purified the results could still be scored
reliably. Additional mtDNA variation may be detected by amplifying specific regions
of the mitochondrial genome using lake trout specific primers for the polymerase chain
reaction (Vitic and Strobeck 1996). PCR analyses would also allow non-lethal
sampling techniques to be employed.

The presence of the Slate Islands haplotypes in young, unclipped lake trout may
be evidence of limited natural reproduction in Kearney Lake. Two of the eight lake
trout from Kearney Lake initially identified as STAG Unit fish had haplotypes that

were not observed in any of the lake trout stocks planted by the STAG Unit. The two
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unclipped lake trout could only be from the STAG Unit stocking, or from natural

reproduction because they were too young to have been among those stocked
previously. One of the two was a clone 13 fish, a haplotype that was only seen in the
Slate Islands which are probably similar to Hill’s Lake.

Sac fry plants may be used as a more cost effective technique to stock lakes in
Ontario (P. Ihssen, STAG Unit, OMNR, unpublished data), but a genetic marker
system will be required to distinguish among recaptured fish. In the current study it
was possible to create three stocks with allozyme markers for research purposes.
However, it may not be feasible for stocking operations that require larger production
rates, (such as the OMNR) because the space required to maintain the broodstock
necessary to create and maintain marked lines may not be available. In addition, there
are concerns about the effects selecting specific alleles may have on linked loci, or
chromosome segments.

Using mtDNA variation in a mixed-stock analysis it was not possible to
accurately assign the recaptured lake trout from Spring and Kearney Lakes to the three
donor stocks used in the preSent study. Estimates were especially poor for Haliburton
and Lake Manitou. The mtDNA profiles of Haliburton fish may reduce the accuracy
of estimates because the stock is fixed for the most common haplotype, and therefore
has no haplotypes that can be used to distinguish it from other stocks. As a result
Haliburton lake trout were assigned to other stocks in the mixed-stock analysis.

However, RFLP variation in mtDNA may be used alone to distinguish among certain
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stocks that are characterized by unique clonal lines, the Slate Islands and Killala Lake

for example.

There is another limitation to using mtDNA to determine the contributions of

- .stocked fish-to future generations. MtDNA is inherited through the female line as a

haploid marker, therefore if mating occurs among different planted stocks it will be
difficult to detect and it will also be difficult to detect differences in the survival of
males and females. Instead, it may be necessary to use other genetic markers to
improve the accuracy of mixed-stock analysis. For example, a simulation study of
walleye showed that the combination of three types of genetic markers; allozyme,
mtDNA, and randomly amplified polymorébic bNA variation greatly improved the
ability to distinguish among three donor stocks of walleye (Thssen et al. 1993).
Therefore, in order to determine the contributions of stocked fish to future generations
or to the fishery in a lake, other nuclear markers (such as microsatellite DNA loci)
should be investigated that could be used alone or in conjunction with mtDNA

variation.
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Abstract

Inheritance patterns of randomly amplified polymorphic DNA (RAPD) phenotypes
were tested in thirteen full-sib families of lake trout (Salvelinus namaycush). Single-
pair matings of parents with known phenotypes were made, and up to twenty progeny
of each mating were used to test inheritance patterns. Seven.RAPD primers amplified
thirteen polymorphic bands. With the exception of one family, expected segregation
ratios for dominant Mendelian genetic traits were observed. Our results support
previously reported findings that RAPD markers can be considered Mendelian traits

and therefore could be used for analysis of genetic population structure.
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Introduction

Randomly amplified polymorphic DNA (RAPD) has been used to examine a
variety of problems such as: determining parentage (Levitan and Grosberg 1993),
typing strains (Dweikat et al. 1993, Koller et al. 1993; Yang and Quiros 1993), and
examining intraspecific population structure (Russell et al. 1993; Liu and Furnier
1993; Gibbs er al. 1994). There are concerns, however, abourt the reproducibility of
RAPD phenotypes (Hadrys et al. 1992), and evidence that fragments generated by
RAPD primers are not always inherited in a Mendelian fashion (Riedy et al. 1992;
Reiter ez al. 1992; Carlson ez al. 1991). Breeding experiments are reported, but the
number of diploid offspring or families tested has been small (eg. Riedy et al. 1992;
Levitan and Grosberg 1993), or exact parentage of the progeny was not known (eg.

"Hadrys et al. 1993; Scott et al. 1992). Mendelian inheritance of RAPD loci has been
confirmed using DNA from haploid tissues (Bucci and Menozzi 1993) or organisms
(Hunt and Page 1992) and in plant species (Roy et al. 1992).

RAPD markers may be used to examine certain fisheries management problems.
Fewer allozyme polymorphisms have been reported in lake trout (Salvelinus
namaycush) than in other important freshwater game fish such as rainbow trout
(Oncorhynchuss mykiss; Thssen et al. 1988). Therefore, additional genetic markers are
needed to address questions related to the impact of stocking on wild populations.
Before RAPD markers can be applied however, their consistent amplification in

repeated reactions and their Mendelian inheritance need to be confirmed. In the
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present study, parents of known RAPD phenotypes of lake trout, were selected to

produce progény for several families. The observed phenotypes of the progeny and
the known phenotypes of their parents were used to examine the inheritance of RAPD

markers.

Materials and Methods

The lake trout used in the inheritance study originated from Killala Lake,
Ontario, via Hill’s Lake Fish Culture Station (Ontario Ministry of Natural Resources,
Englehart, Ontario, Canada). Liver or muscle samples were obtained from lake trout
used as parents. Families of lake trout were created by single pair artificial
fertilization. Eggs were incubated in Heath® incubation trays at 8°C, and after yolk
sac adsorption, each family was moved into a separate tank section. The fry were
reared to approximately 10 cm in length, and then 20 per family were sacrificed. The
caudal fin and the tip of the caudal peduncle were used for DNA extraction.

DNA was extracted using the method described by Saghai-Maroof et al. (1984).
DNA quality was checked by running lpg of each sample on a 1.4% agarose gel.
Gels were electrophoresed at 40 V for 6 hours. To visualize DNA fragments, the gel
was placed in a solution of ethidium bromide (0.5 pg/mL) for 8 minutes and then
viewed on an ultra violet (UV) light source. Samples with a smear of DNA along the
entire gel lane were discarded and a new sample was prepared. Low weight template

DNA used with RAPD primers may produce variable RAPD phenotypes (Williams ez



al. 1990).

Amplification reactions were performed in a volume of 10 pL containing 12.5
ng template DNA, 15 ng primer, 100 uM each of dATP, dCTP, dGTP, and dTTP, 0.25
U Taq polymerase, and the recommended amount of reaction buffer (Boehringer-
Mannheim). A layer of mineral oil was added to prevent evaporation. The thermat
cycler (Precision Instruments) was programmed for 20 cycles of 1 minute at 95°C, 1
minute at 36°C, and 2 minutes at 72°C and 20 cycles of I minute at 92°C, 1 minute at
36°C, and 2 minutes at 72°C. Amplification products were separated
electrophoretically in 1.4% agarose gels and were run at 70 V for 5-6 hours. Lambda
DNA digested with HindIIl was included as a size standard. Two control samples
were also included; one without template DNA as a negative control, and the DNA
from brown trout (Salmo trutta) as a positive control. To identify different
amplification products, each band was labelled with letters representing the
manufacturer and primer set number (eg. OPW), followed by the size of the DNA
fragment in base pairs (eg. OPW3*2300).

Parental samples were screened for variability using 84 ten base pair primers.
Primers were obtained from Operon Technologies (Alameda, CA., kit W and kit B), or
from the University of Guelph (UBC group, courtesy of R. Danzmann). The offspring
of parents that had different RAPD phenotypes were scored, and offspring from
several parents with identical RAPD phenotypes were also analyzed. Mendelian

inheritance of RAPD markers was tested using the Chi-square statistic with Yate’s
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correction for small samples to compare observed and expected RAPD phenotypes for

each family (Sokal and Rohlf 1969). In total, thirteen families of lake trout were
chosen to examine all three potential parental phenotypic combinations that occur with

a dominant marker system.

Results

No product was amplified with 31 of the 84 primers or the amplification was
not repeatable. Of the 53 primers that yielded repeatable results, polymorphism was
observed using OPW3, OPW4 (4 loci), OPW7, OPW17 (2 loci), UBCp43 (2 loci),
UBCp72 (2 loci), and UBCp97. A total of thirteen polymorphic loci were amplified
with the seven primers (Tables 3.1 and 3.2). Figure 3.1 is an example of observed
phenotypes for parents and offspring. The male has the dominant phenotype, the
female the recessive phenotype, and 10 of the 18 offspring have the dominant
phenotype. Hence we conclude that the male is heterozygous and the progeny have

the expected-one-to-one phenotypic distribution (Table 3.2, Cross #61, P=0.637).
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Figure 3.1 Phenotypes of parents and offspring from a cross using the primer UBC43.
The parents of each cross are in the lanes marked m and f. Another species, brown
trout (BN), and a size standard are also included.
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Three types of crosses were examined to analyze the inheritance of RAPD

markers. For the first type, (both parents possess the dominant phenotype) five
families were observed with progeny of both phenotypes (Table 3.1). Under the
assumptions of the genetic model both parents need to be heterozygous (ie. their
genotypes could be represented as + X +-, where "+" is the dominant allele, and "-"
the recessive allele). No significant deviation from the 3:1 expected segregation ratio
was observed. Two families had progeny with only the dominant phenotype. The
probability of both parents being heterozygous (ie. +- X +-) and all progeny having
the dominant phenotype was calculated. For both families the probability is low
(P<=0.001), therefore it is unlikely that both parents were heterozygous, and the model
with at most one heterozygous parent best fits the data.

For the second cross type, only one parent of the two had the dominant
phenotype. In 12 of 21 families both phenotypes were observed among the progeny
(Table 3.2). Under the assumptions of the genetic model, the appearance of the
recessive genotype (-—) among progeny implies that the parent with the dominant
phenotype is heterozygous (;I-~ genotype). and the expected phenotypic ratio in the
progeny should be 1:1. No significant deviation from the 1:1 ratio was observed for
all twelve families. Nine families had progeny with only the dominant phenotype.
The probability of one parent being +- and not seeing the recessive phenotype is very
low for all the crosses.

The final cross type examined, in which neither parent had the dominant
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phenotype (ie. - X ) was less common. Only six families were produced from

crosses of two recessive parents. If these markers segregate according to the genetic
model, none of the offspring should exhibit the dominant phenotype. Five of the six
families had the expected phenotypes, and in one family (cross #62, UBCp43, Table

3.1), four unexpected doruinant phenotypes:were observed.

Discussion

Not all of the DNA fragments generated by RAPD primers could be amplified
consistently. Of the 31 primers that were not used in the inheritance analysis four
(OPW9, OPW10, OPB13, and UBCp71) did not amplify the same phenotypes from
one run to the next. Reproducibility has been a concern in other studies (eg. Gibbs et
al. 1994), who found a wide range (33 to 100%) of phenotype reproducibility.
Inconsistencies in product amplification can be eliminated by not using unreliable
primers, or allowing for the error introduced into genetic diversity indices when
population surveys are performed. However, Gibbs et al. (1994) found that the
introduced error is actually Qery small. In the current study, only the most reliable

- fragments amplified.by-RAPD primers wer= considered because direct inheritance was

studied.

In all the cases analyzed (except cross #62, UBCp43, Table 3.1) the RAPD
markers exhibited Mendelian inheritance patterns for a dominant marker system. Four

fish from cross #62 had unexpected phenotypes and did not fit the genetic model.
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DNA from fish amplified with primer UBCp43 displayed a dominant phenotype that

should not have been present since both parents were homozygous recessive. Two
other non-parental bands were observed in family #119 using UBCp97 as a primer.
The extra fragment was not observed in any of the parental fish, but has been
observed in two of eleven individuals from another lake trout stock that we have
examined (unpublished data), and therefore it appears that the fragment may not be an
artifact. In total, six of the 530 amplification reactions using offspring DNA produced
non-parental bands. The proportion of non-parental DNA fragments (0.011) amplified
in the offspring is similar to that observed in a breeding study of beetles (0.017) and
strawberries (0.002) (Scott et al. 1992), and much lower than that reported by Riedy et
al. (1992). Riedy et al. (1992) reported an average of 4.4 and 2.7 non-parental bands
per generation amplified by five primers in baboons (N=10) and humans (N=14)
respectively, and another study, Reiter et al. (1992), reported that only 57% of the 397
polymorphic DNA fragments segregated in a Mendelian fashion in Arabidopsis.
Possible explanations for unexpected patterns are: mutation in the offspring
caused a conversion to the dominant phenotype, some offspring from another family
’strayed’ into either the tank or Heath tray in which the fish were raised, or RAPD
bands are inherited as something other than a dominant genetic marker. A high
mutation rate would be necessary to generate the number of non-parental bands
observed. High mutation rates are seen in some loci, a rate of 5% per locus per

gamete generation has been reported for the human microsatellite locus D1S7 (Jeffreys
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et al. 1988) for example, and may partially explain the results in the case where the
new amplification product was not present in any of the parents. Straying of fish is
also possible; embryos may be washed from one Heath® tray compartment to another
as they are moved. Straying does not occur at a very high rate, but given the large
number of fish reared and sampled in the study, it is possible. and has been observed
in family studies using allozymes when the fish are reared in a similar fashion (B.
Martin, personal communication, Ontario Ministry of Natural Resources).

Based on the results we conclude that the primers used in this study amplify
alleles that are inherited and could therefore be used to examine population structure

of lake trout.
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Abstract

Randomly amplified polymorphic DNA (RAPD) markers were used to generate
genetic profiles of nine stocks of lake trout. Thirteen primers were used to amplify 74
DNA fragments. Each primer amplified four to seven polymerase chain reaction
products which produced a range of four to 42:phenotypes. No two profiles were the
same for any of the 174 lake trout examined. The observed genetic variation is
partitioned within and among stocks in similar proportions to the variation detected
with allozymes and mitochondrial DNA. Differences in frequencies of some
fragments could be used to identify certain stocks such as Killala Lake and Lake
Simcoe, but no stock-specific markers were found.

The genetic variation observed indicates that, in general, hatchery practices are
maintaining variation, but some loss may have occurred over time in stocks that have
been in the hatchery system for longer periods of time. RAPD profiles were used to
determine if they could be used to give accurate estimates of stock composition in a
mixed-stock analysis. Estimates were more accurate than those obtained with
mitochondrial DNA markers, but were still low. On average the estimates of
proportional contributions differed from actual values by 67%. High individual
variation may account for the low accuracy. In addition, it would be difficult to use
RAPD markers to test naturalized populations of lake trout because of their dominant
inheritance. However, the technique could be used for mapping commercially

important quantitative traits.
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Introduction

The number of naturally reproducing stocks of lake trout (Salvelinus
namaycush) has been greatly reduced in Ontario, especially in the Great Lakes. Only
two of the five Great Lakes, Huron and Superior, have self-sustaining but threatened
populations (Krueger and thssen 1995). The decline of lake trout populations has been
attributed to predation by the sea lamprey and overfishing (Pycha and King 1975).
Loss of trout spawning habitat and food sources due to environmental degradation has
also contributed to the loss of native stocks (Dorr et al. 1981).

Current management strategies are designed to preserve the remaining lake trout
stocks and to rehabilitate lake trout habitat. In order to identify stocks that are most
appropriate for rehabilitation, information is required on possible genetic differences
among lake trout from different geographic areas. Physiological, morphological, and
behavioral differences have some genetic basis and are related to adaptation of lake
trout stocks to the local environment (STOCS 1981). Therefore, it is important to
match characteristics of a donor stock to those of the lake which is to be rehabilitated.

Previous studies using allozyme electrophoresis (Ihssen et al. 1988) and analysis
of-restriction fragment length polymorphisms in mitochondrial DNA (Grewe and
Hebert 1988) identified genetic differences on a large geographic scale, but the ability
to clearly distinguish among all Ontario hatchery stocks is limited. Genetic markers
have also been used to determine parentage of naturally produced lake trout in

rehabilitated areas (Grewe et al. 1994), but the accuracy of the analysis is affected by
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the limited amount of genetic variation that can be detected with allozyme
electrophoresis.

Randomly amplified polymorphic DNA (RAPD) variation is a relatively new
method for the analysis of population structure. The polymerase chain reaction (PCR)
is used to amplify short sequences that lie between an inverted single synthetic
oligonucleotide primer sequence. The sequence of the single primer is randomly
chosen, therefore no prior knowledge about the genome is needed (Williams et al.
1990). The RAPD system allows researchers to analyze many loci using small
amounts of DNA. To date, RAPD analysis has been used for genetic mapping (Torres
et al. 1993), for parentage studies (Levitan and Grosberg 1993; Hadrys et al. 1993),
for phylogenetic studies (Stammers et al. 1995), for species identification (Bardakci
and Skibinski 1994; Marsolais et al. 1993), as well as population structure analysis
(Russell er al. 1993; Huff et al. 1993; Gibbs et al. 1994). The RAPD technique may
provide more markers for the analysis of mixed stocks of lake trout and other fish
species. RAPD markers have had limited use in fisheries management to date, but
several laboratories are currently exploring the technique.

In the present study, RAPD variation in Ontario lake trout hatchery broodstocks
is examined as part of a study to compare the genetic variation observed using
different molecular markers. Data on the hatchery stocks is used to construct
population mixtures in order to test the accuracy of estimates obtained in a mixed-

stock analysis (MSA). MSA can be used to determine contributions of donor stocks to
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a recently stocked lake, a naturalized population, or to a commercial fishery (Pella and

Milner 1987).

Materials and Methods

Lake trout were sampled from hatchery and wild stocks. The samples represent
fish from eight Ontario Ministry of Natural Resources’ (OMNR) hatchery
supplemented stocks, hatchery broodstocks, and one wild lake population of interest to
OMNR managers (Table 4.1). The hatchery broodstocks used were: Killala Lake,
Parry Sound (also called Big Sound, Lake Huron), Michipicoten Island (Lake
Superior), and Slate Islands (Lake Superior). In order to maintain hatchery
supplemented stocks, gametes are taken from the wild, crossed and the progeny reared
to the yearling stage before they are released into Lake Manitou (on Manitoulin Island,
Lake Huron) and Lake Simcoe. Hatchery-reared lake trout supplement natural
recruitment in Lake Manitou but are the only source of lake trout in Lake Simcoe.
Lake trout from Iroquois Bay (Lake Huron) were also examined. Iroquois Bay lake
trout are currently being added to the Ontario Ministry Natural Resources’ pool of
broodstocks. A collection was also made from three lakes in the Haliburton region
(Clean, Redstone énd MacDonald Lakes). The ninth sample came from Clearwater
Lake, Manitoba. Lake trout from Clearwater Lake have been used to stock Ontario

waters in the past.

DNA was extracted from muscle, liver, or fin samples using a method similar to
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Table 4.1 Origins of samples for RAPD-PCR analysis.

Stock Sample Size Hatchery or Lake of Origin

Haliburton 20 Clean, Redstone, or MacDonald Lakes via
STAG Unit, OMNR, Maple, Ont.

Iroquois Bay 20 Sandfield Fish Culture Station

Killala Lake 20 Hill’s Lake Fish Culture Station

Lake Manitou 21 Lake Manitou, reared at STAG Unit, OMNR,

Maple, Ont.
Michipicoten Is. 2 Lake Michipicoten
17 Tarentorus Fish Culture Station

Parry Sound 20 Big Sound, Parry Sound, reared at STAG
Unit, OMNR, Ont.

Lake Simcoe 20 Chatsworth Fish Culture Station

Slate Is. 20 Dorion Fish Culture Station

Manitoba 14 Clearwater Lake Fish Culture Station via
Lake Simcoe

STAG-Stocks Assessment and Genetics Unit
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that of Saghai-Maroof et al. (1984); the lysis buffer used was different in the present

study. Tissues were incubated at 37°C in lysis buffer (1X buffer is 4 M urea, 0.2 M
NaCl, 0.5% n-laurylsarcosine, 10 mM CDTA (1,2-cyclohexanediamine), 0.1 M Tris-
HCI, pH 8.0), DNA was extracted twice with phenol and once with a chloroform and
isoamy! alconol mixture, and precipitated using ethanol. A pellet of DNA was
obtained by centrifuging and then drying the samples. The isolated DNA was
dissolved in TE buffer (10 mM Tris-HCI, 100 mM EDTA, pH 7.5). The concentration
of DNA was determined using a fluorometer (Hoefer TKO100). DNA was checked
by running lug of each sample on an agarose gel. Low weight template DNA used
with RAPD primers may produce variable RAPD phenotypes (Williams ez al. 1990).
If large smears appeared along the length of the gel, the sample was replaced and
tested again.

Amplification reactions were performed in a volume of 10 pL containing 12.5
ng template DNA, C.20 to 0.36 umol primer, 100 pM each of dATP, dCTP, dGTP,
and dTTP, 0.5 U Taq polymerase (Boehringer-Mannheim), buffered according to the
supplier’s instructions. A layer of mineral oil was added to prevent evaporation. The
thermal cycler (Precision Instruments) was programmed for 20 cycles of 1 minute at
95°C, 1 minute at 36°C, and 2 minutes at 72°C, followed by 20 cycles of 1 minute at
92°C, 1 minute at 36°C, and 2 minutes at 72°C. Amplification products were
separated electrophoretically in 1.4% agarose gels. Gels were electrophoresed at 70 V

for 5 to 6 hours. DNA fragments were stained in a solution of ethidium bromide (0.5
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g/mL) and were visualized under an uitra violet (UV) light source. Lambda DNA

digested with HindIIl was included on each gel to serve as a size standard. One
sample without template DNA was run as a negative control on each gel.

Fifty-three RAPD primers from Operon Technologies (Alameda, CA) and the
University of British Columbia (courtesy of R. Danzmann, University of Guelph) were
used. Seven of the 53 primers (OPW3, OPW4, OPW7, OPW |7, UBCp43, UBCp72,
and UBCp97) were previously used to conduct an inheritance study on fish from the
Killala stock (Stott et al. 1997; Chapter 3).

Shannon’s index of diversity (Ho=-X.nlogr, where = is the phenotypic
frequency) was used to estimate the amount of phenotypic diversity detected, and to
partition the variation in within and among-stock components. Genotypic variance
components were estimated with an Analysis of Molecular Variance (AMOVA;
Excoffier et al. 1992). The Euclidean metric is recommended to perform an AMOVA
of RAPD data (Huff et al. 1993) using only polymorphic RAPD markers. Therefore,
RAPD bands found in all lake trout analyzed were excluded and the number of band
differences between individuals was calculated. The AMOVA was performed on
various portions of the data set to compare how different primer and fragment
combinations affect estimates of genetic variation. Each primer was analyzed
separately using all the polymorphic fragments. Then the analysis was performed
using all primers but only the 13 polymorphic bands whose inheritance had been

confirmed were used and finally the analysis was rerun with all polymorphic bands
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generated by all the primers. The AMOVA was repeated in order to determine if
analyzing the 61 untested fragments would change the results of a genetic analysis if
they were not inherited in a Mendelian fashion. A cluster analysis of the distance
measures was performed using UPGMA (Unweighted Pair Group of Arithmetic
Means) to create a dendrogram of relationships among the stocks.

The frequency of the recessive (ie. no band produced) was not used to estimate
allele frequencies since it can result in an underestimate of heterozygosity and an
overestimate of genetic differences among populations. Other methods to obtain allele
frequency estimates do exist (eg. Lynch and Milligan 1994), but they require a large
number of assumptions about the data and sample sizes of at least 100. However, in
the current study and in studies of freshwater fish populations it is not always possible
to gather the required sample sizes.

The polymorphic RAPD fragments were also used in a MSA analysis. Four
different mixtures of lake trout were created. Two mixtures involved lake trout from
three stocks (Killala Lake, Lake Manitou, and Manitoba) and two involved lake trout
from five stocks (Killala Lake, Lake Manitou, Manitoba, the Slate Islands, and
Michipicoten Island). Therefore, the majority of the stocks that have been
recommended for inland and Great Lakes stocking programs were included (Table
4.2).

Mixed-samples of known proportions were constructed by randomly selecting

different numbers of individuals from the hatchery samples. The remaining lake trout
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Table 4.2 Stock mixtures used to test accuracy of RAPD data in a mixed-stock
analysis. Contributions of each donor stock to the mixed sample are given as a

proportion.

Mixture Killala L. L. Manitou NSI:;:f)ba Slate Is. Michipicoten Is.
1 0.334 0.333 0.333 0.00 0.00
2 0.400 0.400 0.200 0.00 0.00
3 0.200 0.200 0.200 0.200 0.200

4 0.350 0.350 0.100 0.100 0.100
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were used to construct genetic profiles for baseline populations. A mixed sample of
20 lake trout was used to reflect the sample size often obtained in a single survey of
an inland lake. An estimator described by Grant et al. 1980 was used to estimate the
contribution of each baseline stock to the mixed-sample. Calculations were performed
for each primer and then averaged over all primers. The phenotypic frequencies for
each primer were used since heterozygotes cannot be scored in a RAPD analysis. The
calculations were performed in the manner described by Grewe et al. 1994 in a similar
analysis of mitochondrial DNA. The accuracy of the results was examined by

comparing the estimated percentage contribution to the actual percentage contribution.

Results

Thirteen RAPD primers consistently amplified a total of 74 DNA fragments or
presumed loci in nine lake trout stocks (Table 4.3). Nine of the fragments were
present in all lake trout examined. Each primer generated 4 to 7 amplification
products and a range of 4 to 42 different phenotypes per primer. An example of the
phenotypes generated by one primer, OPW15 is presented in Figure 4.1. As in
previous studies of lake trout genetic variation, no fixed differences were observed that
could be used to identify the stocks. Several RAPD fragments appear at low
frequencies in some stocks, but not others. For example, OPW3, OPB7 and UBCp72
amplify bands that are not seen often in the Michipicoten Island lake trout, the Killala

Lake fish have a low frequency of an UBCp43 product, and a band amplified by



Table 4.3 The number of amplification products and phenotypes generated with
thirteen primers for the nine lake trout stocks.

Primer No. of amplification products No. of phenotypes
OPW3 6 6
OPW4 5 15
OPW5 5 15
OPW6 7 21
OPW7 5 4
OPW15 7 42
OPW16 5 11
OPW17 7 36
OPB7 4 8
UBCp43 6 10
UBCp72 6 16
UBCp75 6 30

UBCp97 5 4




Figure 4.1 PCR products amplified in lake trout using the RAPD primer OPW6.
Lambda DNA digested with HindIll is included as a size standard (HL).
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UBCp75 occurs at high frequencies in all stocks but Lake Manitou. The Haliburton,

Michipicoten Island, and Lake Manitou samples have the largest number of rarely
ébserved fragments and the greatest variety of phenotypes.

The AMOVA, based on the Euclidian distance matrix, indicates that 86% of the
variation occurs within stocks. Similar results are observed for the data set consisting
only of the inheritance tested fragments and for the entire set of 63 polymorphic
fragments (Table 4.4). Ten of the 13 primers produced similar variance partitions to
the total data set (Figure 4.2). The AMOVA analysis detected very high within-stock
diversity for three of the RAPD primers (OPW3, OPW15 and UBCp43). The
dendrogram of relationships among the stocks (Figure 4.3) is not consistent with the
geographic relationships among the source populations for the hatchery stocks. For
example, Great Lakes stocks do not group together by lake of origin.

The results of an analysis using Shannon’s diversity index, a measure of
phenotypic variation are presented in Table 4.5. The most diversity was detected in
the samples from Michipicoten Island. If individual primers are considered, OPW15
reveals the most variation in the Lake Manitou samples, and OPW17 detects the most
in the Slate Islands rather than the Michipicoten Island samples. H,, measures the
average phenotypic diversity within stocks. The most diversity is detected with
OPW 15, and the least with OPW7. The relative proportion of diversity present within
(H,,/H,,) and among (H,-H_,/H,,) stocks indicates that a higher level of diversity is

observed within stocks for all primers.



9'v8 9L'L

S91

$91

sojdures unpim
sojdures Suowry

sjuswgely orgdrowAjod |1y
sopdwes unpIp
so[dures Suoury

sjuowSery payso) soueLIAYUY

p's1 500'0> 0s'Y 16V
66'8 LT
101 500'0> ST'p 00'6
1210, % d onel asw

Jp

UoneLIEA JO 90IN0OS

yuouodwod Yoo Aq painqmuod (w0,
%) 3oueLIEA [210) 9 Jo SFeusorad oy (QSIN) SUOEIASp parenbs uesw apnjour SONSHEIS ‘SjuswSely pajsa) doueILIYuUl
g1 Joj pue syusweyy orydiowAjod yre oy ‘sxounid qdvy Suisn 1non oxey 1oy oueLEA Jo sasf[eue re[nod[ol p'p djqel



Figure 4.2 Pie charts for individual RAPD primers showing partitioning of genetic
variation within and among stocks. The pie in the centre is the result for all 13
primers. Within stock values are black and.among stock values are white.
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Al Radad

Figure 4.3 Dendrogram showing UPGMA clustering of lake trout stocks. Distances
were calculated using the Euclidean distance metric (Huff et al. 1993). The numbers
on the dendrogram arms represent the percent of 1000 permutations which produced
the observed branch point.
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Mixed-stock analyses were performed on four different stock mixtures. The
estimated values and percent accuracy for the mixed stock analysis are presented in
Table 4.6. Values of accuracy ranged from 57% to 73% and were on average, 67%.
Elever of the calculations for individual primers did not converge on an estimate even
after 500 iterations of the calculation. The eleven values wexe not included in the
accuracy analysis, but would reduce the accuracy since a lack -of convergence means

“that any mixture of baseline stocks is equally likely.

Discussion

The findings presented here represent one of the few population studies using
RAPD loci on a fish species. If each band amplified by a primer can be considered a
separate locus then sixty-three variable loci were observed in the lake trout samples, or
about 85% of the loci analyzed were polymorphic. A higher percentage of the loci
" ‘analyzed werepolymeorphic as compar= t. an allozyme study of lake trout in Ontario
(46% polymorphic; Ihssen ez al. 1988). An increased number of polymorphisms is
also observed in other studies that compared RAPD loci and allozyme variation (Liu
-~-andFurnier 1993; Torres et al. 1993; Yang and Quiros 1993). It is not unexpected
that more polymorphic characters are observed because the RAPD technique measures
variation at the DNA-level, whereas aliozyme analys:s of protein-coding loci is one
step removed from the DNA-level.

Results from the AMOVA analysis were similar for the entire data set and for a



Table 4.6 Estimated values and per cent accuracy for mixed-stock analysis of lake
trout in four mixtures.

95

Mixture

0.266
0.326
0.218

0.375

0.266

0.261

0.297

0.180

Stock

0.468

0413

0.221

0.173

0.000

0.000

0.169

0.128

0.000

0.000

0.095

0.144

73

57

73

66

Killala L.. L. Manitou Manitoba _Slate Is. Michipicoten Is. % accuracy
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smaller data set based only on fragments that have been tested for Mendelian

inheritance (Stott et al. 1997; Chapter 3). One concern about the use of the RAPD

" technique is the heritability of the amplified fragments and it has been suggested that
the inkteritance of fragments should be tested whenever possible (Dowling et al. 1996).
Although not all the fragments used in the current study have been tested, the
comparison of AMOVA data suggests that the untested fragments are segregating
within the populations in the same way as the 13 confirmed loci. The single primer
analysis showed that the majority of the primers have a similar distribution of genetic
variation as the entire data set. Of the five primers that were different, three have
very high levels of within stock diversity (over 90%). Huff et al. 1993 suggest that
primers which reveal different partitions of genetic variation may be used for different
purposes. For example, a culturist interested in pedigree analysis may prefer primers
that are very polymorphic in individuals, whereas stock identification requires primers
" that have less variation within stocks and more among them.- No stock-specific
markers were observed in the current study, but some have been observed in studies of
plant species (Huff er al. 1993).

I three different genetic markers located in different areas of the genome are
compared, levels of genetic diversity are similar. The markers are: RAPD loci, which
analyze variation at the DNA level, allozyme variation or the variation in protein-
coding genetic loci, and mitochondrial DNA variation (mtDNA), which is inherited

maternally. Within-stock genetic variation observed in a study of protein coding loci

L]
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of hatchery stocks in Ontario was 82% (Thssen et al. 1988). About 85% of the total

genetic variation observed is due to variation among the sample stocks for RAPD loci,
which measure variation at the DNA level of coding and non-coding regions. Most of
. the pherotypic diversity in RAPD data, measured by Shannon’s Index, was also
detected within the samples (74%). A similar tesult is also:ahkserved in a study of
restriction fragment length polymorphisms of mtDNA using H'e same samples as were
analyzed in the current study (78%; Chapter 2). The results may indicate that
demographic processes have acted on the mitochondrial and nuclear genomes in a
similar fashion. The processes may include genetic drift, migration, inbreeding, and
selection. The demographic processes may be a result of hatchery practices or may
reflect the variation in the wild if hatchery practises have maintained genetic variation.
In contrast to the present study,-extremely divergent estimates of genetic diversity
‘were obtained for populations of brook:charr (S. fontinalis) from the south eastern
"= coast of Newfoundland 1 Ferguson ¢r ai 1994 ;. |

The RAPD profiles of each individual lake trout are unique, as might be
expected in an outbred'popdlation, or a hatchery population with a good genetic base
and a reeding program design to maintain levels of genetic variation. In contrast,
low levels of within-stock variation were observed in hatchery- stocks of tilapia |
(Oreochromis spp.) that were founded from small numbers of individuals (Bardakci
and Skibinski 1994). ngh within-stock x;'ariation is observed in other studies of

natural populations (eg. Chapco et al. 1992), while studies of some plant species report
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lower within-stock variation (Russell ef al. 1993; Koller ef al. 1993; Yang and Quiros
1993). Severai of the RAPD analyses of plants have been performed on species of

-.commercial interest that have been part of breeding programs that may have involved
selection within lines. Any breeding program that is designed to produce a consistent
product will usually reduce individual variation, therefore any differences detected at
RAPD loci will be magnified... For example, cultivar-specific markers were observed
in celery (Yang and Quiros '1993) and apples (Koller ef al. 1993).

Genetic variation within the hatchery stocks is being maintained at levels that
might be expected of a captive population with an adequate effective population size.
Stocks with lower levels of diversity have been founded with small numbers of
individuals (eg. Iroquois Bay; founder size was less than SO (Anonymous 1992); Table
4.5). In contrast, the Michipicoten Island stock was created using larger samples of
lake trout, has been maintained using rota*:onal line crossing, and has relatively larger
~ values of diversity=One excepfion is the Killala Lake stock broodstock which was
founded with relatively large numbers of fish, but the stock has a low value of genetic
diversity. - The low levels of diversity may be a reflection of diversity that existed in
the wild. Small inland populations of fish such as the Killala Lake stock will have
less variation when compared to stocks from larger areas such as Michipicoten Island.

The dendrogram (Figure 4.3) produced using RAPD data has a different
branching pattern compared to that observed using allozyme or mitochondrial DNA

data (Ihssen ef al. 1988; Grewe and Hebert 1988; Chapter 2). Allozyme and
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mitochondrial DNA data reveal clusters of lake trout from north-western Ontario and
Manitoba, from the lower Great Lakes, and from south-eastern Ontario. Also, the
allozyme data indicate.that Haliburton lake trout are quite distinct. In contrast, the
RAPD analysis did not group the stocks by lake of origin, or by geographic location.
Little geographic clustering of any type is.observed. The discrepancy could be due to

the different inheritance mode of allozymes:and mitochondaai DNA versus RAPD’s,

" - high within-stock variation observed at RAPD loci, or the method of analysis. The

high within-stock variation observed at RAPD loci may obscure among-stock structure
patterns. In order to generate genetic distances among samples, correlations between
random RAI;D p-rofiles w1th1n a group of populations are calculated (called PHI;).
Some of the values of PHIg; generated with the current data are negative. Small
negative values of PHIg; would suggest that lake trout from different stocks are more
closely related to each other than to lake trout in the s;ime stock (Excoffier et al.

- 1992). - The majority-of negative values.ocou. among stocks that originated from Lake
Superior, Manitoba and Lake Simcoe, indicating that the lake trout from these stocks
in particular.are as closely related, or more similar to lake troﬁt from another stock
than to other lake trout in the same stock. Lake Simcoe has been stocked with
Manitoba lake trout in the past (Anonymous 1992). If Manitoba lake trout from Lake
Simcoe were recaptured and accidently classified as Lake Simcoe lake trout they
would appear to be more similar to each other than might be ;expccted. If stocks with

negative correlations are grouped together, then the analysis shows that the set of Lake
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Superior stocks, Manitoba, and Lake Sirﬁcoe groups with Lake Manitou, Parry Sound

and Iroquois an. Consequently, tﬁe iniand Killala Lake and Haliburton samples are
on distinct branches. This arrangement is more similar to that of previous genetic
studies of lake trout.

Although differences existed in the frequencies of the RAPD markers, no stock
specific markers were observed. In a study of 32 polymorphic RAPD markers in
striped bass, one stock specific marker was observed (Bielawski and Pumo 1997).
However, the marker could only be used to identify some samples since it was
observed at a low frequency (19%) in one of five sample sites. Killala Lake and Lake
Simcoe lake ttoﬁt could be identified in a similar fashion with markers amplified by
OPW3. OPWS5, and UBCp43.

RAPD loci may not be an effective marker system for mixeci—stock analysis. In
the mixed-stock analysis the average percent accuracy was under 70% for RAPD data
which is lower than the values obtained in a simulation of chinook salmon
{Oncorhynchus tshawytscha) mixed-stock data (Pella and Milner 1987), and in a study
of sockeye salmon (O. nerka) data (Grant et al. 1980) using allozyme variation. It
would also be difficult to use RAPD loci to monitor relative reproduction success of
different donor stocks since the algorithm most often used requires data on frequency
of heterozygotes (Marsden et al. 1989) and heterozygotes cannrot be scored directly

with RAPD loci since they are inherited in a- dominant fashior:.
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Abstract

Microsatellite DNA variation was assessed in nine stocks of lake trout
(Salvelinus namaycush) using eight heterologous primer pairs. Six of the primers
amplified polymorphic loci. No departures from Hardy-Weinberg expectations were
observed at any of the loci in any of the stocks. The number of alleles per Iocus
ranged from four to 27, which is larger than the number observed in studies of
allozyme variation. The observed heterozygosity ranged from 30% to 88% which is
similar to that observed at microsatellite loci in other salmonid species and higher than
that observed in studies of allozymes. Comparisons of allozyme and microsatellite
DNA data reveal that stocks with higher levels of allozyme heterozygosity also have
higher levels of microsatellite DNA heterozygosity. A comparison of levels of
heterozygosity among stocks indicates differences that may be the result of hatchery
practices and the age of the hatchery stocks. Analyses of patterns of geographic
variation show that samples group by lake of origin, with the exception of the Lake
Simcoe and Manitoba samples. Since Manitoba lake trout have been introduced into
Lake Simcoe, similarity between Lake Simcoe and Manitoba samples may be the
result of an accidental introgression of Manitoba alleles into Lake Simcoe broodstock
over time. Samples from the Haliburton Highlands were also quite distinct, supporting
the idea that lake trout from the Haliburton region may be descendants of lake trout
from a glacial refuge. The results indicate that microsatellite loci will provide

sufficient genetic markers to monitor hatchery stocks and to accurately analyze the



108

contribution of stocks in mixed stock analysis.
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Introduction

Analysis of microsatellite DNA variation is a relatively new approach for the
investigation of genetic differences among populations. Microsatellite DNA loci have
been used to examine the genetic diversity of a variety of species (eg. Atlantic salmon,
Salmo salar; O’Reilly et al. 1996; birds, Ellegren 1992; black bears, Ursus
americanus; Paetkau and Strobeck 1994; brook charr, Salvelinus fontinalis; Angers et
al. 1995; cattle, Bos taurus and goats, Capra hircus; Pepin et al. 1995; white-tailed
deer, Odocoileus virginianus; DeWoody et al. 1995; and wombats, Lasiorhinus krefftii;
Taylor et al. 1994). Variable microsatellite DNA loci have also been observed in
species which displayed little variation at other loci, such as allozyme loci (Hughes
and Queller 1993; Miller and Kapuscinski 1996).

Microsatellite loci are characterized by DNA sequences that consist of short,
tandemly repeated motifs one to five nucleotides in length. Polymorphism occurs as
the result of variation in the number of times the motif is repeated (reviewed in
Dowling et al. 1996). Pairs of primers flanking microsatellite DNA loci are used in
the polymerase chain reaction (PCR), and the PCR product is separated on a standard
acrylamide sequencing gel. A potential drawback of the technique is that
microsatellite loci are identified by primers whose sequence is determined from a
cloned region isolated from a genomic library. Therefore, if the species of interest has
not been previously studied, time, technical expertise, and a considerable budget may

be required. However, studies have shown that primers produced for one species may
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also be applied to another, closely related species (Moore et al. 1991; Angers and
Bernatchez 1996; Pepin et ai 1995).

The purpose of this paper is to investigate the use of heterologous primers to
describe microsatellite DNA variation in Ontario hatchery stocks of lake trout (S.
namaycush). Primers from two other salmonid species, brook charr (Angers et al.
1995) and Atlantic salmon (McConnell et al. 1995; O’Reilly et al. 1996) were used to
assess microsatellite DNA variation in nine stocks of lake trout. Genetic markers that
distinguish among the various Ontario hatchery stocks would be useful for
rehabilitation programs. Markers could be used to monitor the relative survival of
various stocks planted into a lake, especially the origin of naturally produced lake
trout. Such information would be useful to provincial resource managers since close
to 20% of the lake trout lakes in Ontario have been stocked with lake trout of non-
native origin (Evans and Willox 1991). The necessary variation required to perform
accurate mixed stock analyses has not been detected in all Ontario hatchery stocks
using allozymes or molecular markers such as mitochondrial DNA or RAPD loci

(Chapters 2 and 4).

Materials and Methods
Nine stocks of lake trout were sampled for the study, including six Ontario
hatchery stocks and a sample of lake trout from Clearwater Lake, Manitoba. The

Manitoba lake trout were introduced into Lake Simcoe and recaptured as adults. The
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Iroquois Bay (Lake Huron) sample represents a broodstock that is currently under
development. The ninth sample was from two lakes in the Haliburton region (Table
5.1, Figure 5.1). Lake trout from the Haliburton region are believed to represent fish
from an interglacial refuge (thssen er al. 1988). Previous studies indicate that
Haliburton lake trout have a unique genetic profile, and may require special
consideration by Ontario Ministry of Natural Resources (OMNR) managers.

DNA was extracted from liver or muscle samples using the technique outlined
in Saghai-Maroof et al. (1984), except that a different lysis buffer (1X buffer is 4 M
urea, 0.2 M NaCl, 0.5% n-laurylsarcosine, 10 mM CDTA (1,2-cyclohexanediamine),
0.1 M Tris-HCI, pH 8.0) was used to incubate the tissues. Tissues were incubated for
2 hrs at 37°C, then the lysate was extracted twice with phenol and once with a
chloroform and isoamyl alcohol mixture, and DNA was precipitated out of solution
using ethanol. A pellet of DNA was obtained by centrifuging and then drying the
samples. The isolated DNA was dissolved in TE buffer (10 mM Tris-HCI, 100 mM
EDTA, pH 7.5). The concentration of DNA was determined using a fluorometer
(Hoefer TKO100).

Eight primers were tested on lake trout samples; five designed for brook charr
(Sfo8, 11, 12, 18, 23; Angers et al. 1995; Angers and Bernatchez 1996) and three
designed for Atlantic salmon (Ssa289; McConnell et al. 1995 and Ssa85, 197;
O’Reilly et al. 1996; Table 5.2). One primer (20 pmol) from each pair was end-

labelled with [y-**P] ATP using T4 polynucleotide kinase according to manufacturer’s
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Table 5.1 Origins of samples for microsatellite DNA analysis.

Stock Sample Size Hatchery or Lake of Origin

Haliburton 20 Redstone and MacDonald Lakes via Stocks
Assessment and Genetics Unit, OMNR,
Maple, Ont.

Iroquois Bay 19 Sandfield Fish Culture Station

Killala Lake 24 Hill’s Lake Fish Culture Station

Lake Manitou 21 Lake Manitou, reared at STAG Unit, OMNR,
Maple, Ont.

Michipicoten Is. 2 Lake Michipicoten

17 Tarentorus Fish Culture Station

Parry Sound 20 Big Sound, Parry Sound, reared at STAG
Unit, OMNR, Ont.

Lake Simcoe 20 Chatsworth Fish Culture Station

Slate Is. 20 Dorion Fish Culture Station

Manitoba 14 Clearwater Lake, Manitoba via Lake Simcoe

STAG-Stocks Assessment and Genetics Unit
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Figure 5.1 Geographic origins of lake trout analyzed in the study.
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instructions (New England Biolabs). The PCR reaction took place in a volume of 10
uL containing 10 pmol of each primer, 2 pM of each ANTP, 0.25 U Taq polymerase
(Boehringer-Mannheim) and the manufacturer’s buffer. Thirty-five cycles of DNA
amplification were performed, consisting of: 50 seconds at 94°C, 60 seconds at the
annealing temperature (Table 5.2) and 50 seconds at 72°C. After a formamide loading
buffer was added, PCR products were heated at 92°C for 10 minutes, separated on 8%
acrylamide sequencing gels, and visualized by autoradiography (Figure 5.2). An M13
sequencing reaction (Boehringer Mannheim) was also run to provide a size standard.
Tests for conformation to Hardy-Weinberg expectations were performed using
the method of Guo and Thompson (1992). Tests of allele frequency heterogeneity
were performed for all the microsatellite loci using the computer package Genpop
(version 1.2; Raymond and Rousset 1995). Probability values were adjusted for
multiple tests using the Bonferroni correction (Rice 1989). Genetic distances among
samples were calculated using the method of Nei (1972) and the Unweighted Pair
Group of Arithmetic Means (UPGMA) method was used to create a dendrogram

showing the relationships axhong the lake trout samples.

Results
Primer sequences developed for brook charr and Atlantic salmon could be used
to amplify microsatellite loci in lake trout. Repeatable DNA amplification of

microsatellite loci was obtained with six of the primers (Sfo8, 12, 18, 23, Ssal97, and
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Figure 5.2 Autoradiograph of lake trout DNA samples amplified with the primer set
for the microsatellite locus Sfol8. An M13 sequencing reaction is also shown as a
size standard (lanes 7 to 10, labelled ACGT), and two alleles measuring 182 and 172

base pairs are labelled.
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289), and all six were polymorphic. Two of the primers Sfoll and Ssa85 could not
be scored (Table 5.2), either because no product was amplified (Ssa85) or the
amplifications were not repeatable (Sfoll). The number of alleles per locus ranged
from 4 to 27. Six of the alleles observed at Sfol8 are shown in Figure 5.2. Values of
heterozygosity varied for each locus scored. The observed heterozygosity at each
locus varied from 30% (Sfol2) to 88% (Ssal97; Table 5.3). "The observed
heterozygosity over all loci in each stock.ranged from a low of 60% in Killala Lake to
a high of 71% in Iroquois Bay and Manitoba, and was 66% on average (Table 5.3).
No significant departures from Hardy-Weinberg expectations were observed at a=0.05
(with the Bonferroni correction for multiple tests).

The UPGMA dendrogram depicting genetic distances among the stocks (Figure
5.3) shows that the samples from the Great Lakes group by lake of origin. The Killala
Lake samples are closer to Great Lakes samples than the other inland lake samples.
Manitoba and Lake Smncoe samples are. greuped, and the samples from the Haliburton
region are quite distinct. Comparisons over all stocks revealed significant differences
in allelic frequencies. Comparisons between pairs of populations for individual loci
were also made (Table 5.4). The most significant differences were observed at Sfo23
(31; Table 5.4) and the fewest at Sfo8 and Sfol2 (both with 6; Table 54). Only one
pair of populations (Parry Sound and Iroquois Bay) had no differences between them

at any locus.
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Figure 5.3 Dendrogram showing the genetic similarity among the lake trout stocks
analyzed for microsatellite DNA variation. The dendrogram is based on Nei’s (1972)
genetic distance and obtained by UPGMA cluster analysis, the standard error of the
distance at each branch point is included on the dendrogram arms.
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Discussion

The results show that primer sets created for other salmonid species can be
used to amplify microsatellite DNA loci in lake trout. Six of the primer sets tested
amplified polymorphic loci with only slight changes in the annealing temperature
(Table 5.2). The Sfo-series primers have also been used on other Salvelinus species
(Angers and Bernatchez 1996). The allele sizes for lake trout observed in the eight
fish examined by Angers and Bernatchez (1996) overlap with those observed in the
present study (Table 5.2). The allele sizes reported by Angers and Bernatchez (1996)
were similar to those reported in the current study. For example, a difference of one
base pair between allele sizes at the locus Sfol2 was observed. The difference is
probably due to slight differences in the mobility of the M13 sequencing ladder under
different laboratory conditions.

The amount of genetic variation detected using microsatellite loci is greater
than that detected using allozyme variation. A relatively small number of loci (six)
were analyzed, but all were polymorphic. Average heterozygosity (H=66%, over all
loci), is higher than that observed in studies of allozyme variation of lake trout
(H=4.7%; Thssen et al. 1988). The observed heterozygosity is similar to that reported
in analyses of microsatellite DNA variation of other salmonid species (Table 5.5). A
study of Atlantic cod (Gadus morhua) also revealed high levels of variation (H=86%;
Bentzen et al. 1996). Lower levels of variation are often reported in marine species as

compared to freshwater species (Gyllenste: 1985) due to larger population sizes and
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Table 5.5 Values of overall observed heterozygosity at microsatellite foci for various

fish species.

Species Hys Reference

Atlantic salmon 86% O’Reilly et al. 1996
Atlantic salmon 53% McConnell et al. 1995
brook charr 41% Angers et al. 1995
brown trout 48% Estoup et al. 1993
bluegill sunfish 53% Colbourne et al. 1996
(Lepomis macrochirus)

northern pike 21% Miller and Kapuscinski 1996
(Esox lucius)

Atlantic cod 86% Bentzen et al. 1996
lake trout 66% present study
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the lack of geographic barriers to migration observed in a marine environment.

The levels of average heterozygosity per locus for each stock are correlated in
studies of both allozyme and microsatellite DNA variation of lake trout. That is,
stocks with higher levels of allozyme heterozygosity, also have higher levels of
microsatellite heterozygosity. Manitoba and Haliburton lake trout have the highest
levels of heterozygosity for both allozyme (7.4% and 6.7% respectively; Ihssen et al.
1988) and microsatellite DNA data (Table 5.3), and Lake Manitou and Lake Simcoe
are among’stocks-with:ihe lowest levels (4.0% .xad 2.7% respectively; Ihssen et al.
1988). In both studies the highest levels of heterozygosity are observed in stocks that
come directly from the wild, while the stocks with the lowest levels come from
hatchery stocks. Some erosion of genetic variation may have resulted due to a
reduction of population size or as a result of hatchery practices. The rate of loss of
heterozygosity per generation depends on the size and average age of the breeding
population (Lande and Barrowclough 1987). The Lake Manitou stock is one of the
oldest stocks of lake trout maintained by the OMNR. Since 1947, the native
population in Lake Manitou has been supplemented by annual stocking of hatchery-
reared lake trout (Anonymous 1992). One million eggs have been collected each year
since 1959 to produce lake trout for the OMNR’s stocking program, and although lake
trout have been stocked back into Lake Manitou the number of individuals used to
found each new generation may not have been sufficient to maintain levels of

heterozygosity. A similar situatiod is observed in Lake Simcoe, which has also been
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supplemented with hatchery-reared lake trout since the 1950°s (Anonymous 1992). In
contrast, the hatchery stock from the Slate Islands has higher levels of heterozygosity.
The Slate Islands stock was founded more recently (1980) and is maintained within
two hatcheries as a broodstock, rather than in the wild, and is periodically
supplemented by wild stock. Higher levels of heterozygosity may be observed
currently because not enough time has elapsed for any reduction in population size to
have affected heterozygosity, or current hatchery practices used to maintain the Slate
Islands stock (ie. a hatchery-maintained broodstock) may be more effective in
maintaining levels of heterozygosity. Alternatively, lower levels of variation may have
always existed in Laice Simcoe and Lake Manitou compared to the Slate Islands. Less
genetic variability was observed in stocks from small lakes (eg. Lake Manitou and
Lake Simcoe) compared with stocks from larger lakes (the Slate Islands are in Lake
Superior) in a study of allozyme variation (Ihssen et al. 1988). Larger lakes may have
larger populations of lake trout than smaller lakes, and may have larger gene pools
which results in a higher level of heterozygosity. A periodic assessment of hatchery
stocks may help to determine if indeed genetic variation is lost in the future.

Genetic distances observed among hatchery stocks at microsatellite loci are
closer to those reported in an allozyme study by Krueger et al. (1989) than to those
reported by Ihssen et al. (1988). The calculations for genetic distance for
microsatellite loci and in Krueger et al. (1989) were based only on data for

polymorphic loci, while in Ihssen er al. (1988) 11 monomorphic loci were also
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considered, which would decrease the distances.

Allozyme and mtDNA variation have been used to examine the phylogenetic
“origins of.lake trout.- Changes:ir. allelc and haplotype frequencies from the northwest
to the southeast of Ontario may be a reflection of the colonization history of lake trout
in the Great Lakes region. Lake trout sampled in previous studies (Ihssen er al. 1988;
Grewe and Hebert 1988; Wilson and Hebert 1996) fall into three geographic
groupings, northwestern Ontario and Manitoba, the upper Great Lakes, and
southeastern Ontario. - Microsatellite variat:on indicates that samples group by lake of
origin (Figure 5.2); sympatric stocks are more similar than allopatric stocks. The
groups generated using microsatellite data may be a reflection of more recent
demographic events (fe. sampling of wild stocks in order to establish a hatchery
broodstock) since microsatellite loci evolve at a faster rate than both allozyme loci and
mtDNA (Wright and Bentzen 1995).

Lake trout from the Haliburton regios are distinct for allozyme (Thssen et al.
1988) and microsatellite DNA variatior: . Haliburton lake trout also display differences
in morphology and life histdry traits (Krueger and Thssen 1995) making them a unique
stock that may require special considerations for their management. Haliburton lake
trout are believed to be the descendants of lake trout that survived in the Haliburton
Highlands during an interglacial period, and genetic differences may have been
magnified by more recent demographic processes, like genetic drift.

Lake Simcoe and Manitoba samples are closely grouped in the dendrogram
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based on microsatellite data (Figure 5.2). The relatively small genetic distance

between the two stocks is not observed in other studies. The results of earlier

-+ - allozyme:(Thssen- et"al.73988):ard mtDN A studies (Chapter 2) show that the Manitoba

lake trout are more similar to samples from the upper Great Lakes than to Lake
Simcoe samples, whereas another mtDNA study (Grewe and Hebert 1988) and the
current study observed a closer grouping of the two stocks. Since the 1950°s the Lake
Simcoe lake trout population has been maintained by planting the lake with hatchery-
reared fish that are marked with fin clips before they are stocked. Each new
generation of Lake Simcoe lake trout is created from recaptured fish that are identified
as Lake Simco; lake trout usmé the fin clips. Spawn is taken from the recaptured
Simcoe lake trout and used to make crosses which are reared in a hatchery and then
released into Lake Simcoe. Also, lake trout from Manitoba (Clearwater Lake) were
stocked into Lake Simcoe for a period of about ten years starting in 1974. The close
grouping of Manitoba and Lake Simcoe-lake- trbut may be the ;'esult of an
introgression of Manitoba alleles into the Zake Simcoe stock which may have occurred
through natural reproductionv. Manitoba lake trout have been observed on spawning
shoals in-Lake Simcoe, but there is little direct evidence of natural reproduction
(MacLean et al. 1981; Evans and Willox 1991). Alternatively, the fin clips of wild
caught Manitoba fish in Lake Simcoe may have been misread or may have
regenerated, causing Manitoba lake trout to be mistaken for Lake Simcoe lake trout

and consequently used in the spawn collection, cr as samples for genetic studies. It is
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interesting to note that the dendrogram pairings have changed over time. The
allozyme samples were taken in 198 1,. :1982-, anci 1983 (Ihssen et al. 1988) and one set
of samples for the studv of mtDNA variation were collected in 1981 and 1982
(Chapter 2). In both studies, the Manitoba lake trout are more similar to samples from
the upper Great Lakes than to Lake Simcoe samples. Grewe and Hebert (1988)
observed a closer grouping of the two stocks using samples collected in 1986, and the
samples for the present study came from the Chatsworth Fish Culture Station in 1991.
Contamination of the Lake Simcoe hatchery stock has also been observed in recent
allozyme surveys of hatchery fish (B. Martin, STAG Unit, Ontario Ministry of Natural
Resources, personal communication). Over time, the gradual addition of Manitoba
lake trout to the population may have caused a change in allele frequencies.

Both mtDNA and allozyme data have been employed to identify recaptured and
naturalized lake trout (Grewe et al. 1994). Such analyses are limited to just a few
stocks however, such as the Lake Superior.l=ke trout which are characterized by high
frequencies of two mtDNA haplotypes (Grewe et al. 1993). MtDNA variation alone
has been used to identify reéaptured lake trout (Chapter 2) of Killala Lake, Lake
Manitou, and Haliburtcn origin with a high error rate. In addition, mtDNA variation
used alone will identify only the maternal contribution to the next generation, since the
molecule is only passed on by females in most vertebrates. It is important to be able
to track the success of both sexes in rehabilitation programs. For example, a study of

Algonquin Park brook charr (P. Ihssen, OMNR, unpublished data) shows that there are
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differences in survival of stocked males vs. stocked female brdok charr.

The genetic markers observed in the present study may prove useful for the
mixed-stock analysis of naturaliz=d lake traut in rehabilitated areas using a mixed-
stock analysis. Additional microsatellite loci could be assessed by developing lake
trout-specific microsatellite primers or by testing primers designed for other salmonid
species, such as rainbow trout (Oncorhynchus mykiss). One advantage of
microsatellite DNA analysis, or any PCR-based technique is that non-lethal sampling
techniques may be used to analyze recaptured samples. Microsatellite DNA markers
will also be useful for further phylogenetic studies of wild lake trout in North
America. Unlike RAPD loci (Chapter 4), the geographic relationships observed
among lake trout stocks using microsatellite loci are similar to those calculated using

mtDNA or allozymes.
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Chapter 6

Estimation of origins of mixed-stock samples of lake trout (Salvelinus namaycush)
using allozyme and microsatellite DNA data: a simulation analysis.

Wendylee Stott'?, Peter E. Thssen', and Bradley N. White?

1 Aquatic Ecosystems Science Section
Ontario Ministry of Natural Resources
c/o Trent University

Box 4840

Peterborough, Ontario

CANADA

K9J 8N8

2 Department of Biology
McMaster University
1280 Main St. West
Hamilton, Ontario
CANADA LS8S 4K1

145



146
Abstract

Simulated data were used to compare estimated and actual values obtained from
a maximum likelihood estimator employed in mixed-stock analysis of lake trout.
Allele frequency data for allozyme and microsatellite DNA loci from five lake trout
hatchery stocks were used to simulate genotype frequencies in a sample of mixed
batchery origin under five different stocking regimes. Several factors were examined
for their effects on the difference between predicted and actual values. The factors
were: mixed-stock sample size, genetic differentiation among stocks, number of loci,
and the number of alleles (and therefore genotypes).

Larger mixed-sample sizes decreased the variance of the estimates, as might be
expected, but did not always increase the accuracy. The number and frequency of
genotypes and the number of baseline stocks had the greatest effect on the accuracy of
the estimate. Loci with more than three alleles, like the microsatellite DNA loci, gave
better estimates, since there were more genotypes to characterize a hatchery stock. If
a locus in the baseline stock had rare alleles (5% or less) in one or more of the
baseline stocks, the accuracy was reduced. Loci with few alleles, like the allozyme
loci, gave accurate estimates if the locus was fixed for the most common allele in
most of the baseline stocks. An increased number of baseline stocks reduced the
accuracy, because an increase in the number of baseline stocks means that each
contributes a smaller proportion and the estimator becomes less accurate as actual

proportions approach zero.
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The maximum likelihood estimator will be a valuable tool for analyzing the
success of Ontario lake trout rehabilitation programs but loci must be chosen carefully
to ensure that estimates of proportional contributions of donor stocks are as accurate as
possible. The current study indicates that overall, microsatellite loci produced better
estimates than mitochondrial DNA, allozymes, and RAPD loci because more alleles
per locus are detected with the technique. Compared to microsatellite DNA loci, stock
composition estimates generated with allozyme loci are less accurate because few
alleles (three or less) are detected at the allozyme loci screened to date in lake trout

hatchery stocks.



148
Introduction

A variety of methods are used to rehabilitate fish populations. A species may
be restored to an area by stocking multiple hatchery strains in the hope that at least
one will survive. For example, six different hatchery stocks of lake trout (Salvelinus
namaycush; Clearwater Lake, Jenny Lake, Killala Lake, Lake Manitou, Seneca Lake,
and Lake Superior) have been stocked into Lake Ontario since 1973 as part of a
cooperative effort between Canada and the United States to restore lake trout (Marsden
et al. 1993). The relative survival of each hatchery strain may be monitored by
examining fin clips, coded wire tags, or genetic data. Genetic markers have several
advantages over other marking techniques.. They are not altered by environmental
conditions, therefore standards do not need to be readjusted on a regular basis. In
contrast to physical tags or marks, genetic markers occur naturally in both wild and
hatchery samples and cannot be removed or changed. Genetic markers can be
measured at all stages of a fish’s life cycle, and the frequencies of the markers are
fairly stable over time (Fournier ef al. 1984). Relative reproductive success can only
be evaluated using genetic characters to discriminate among strains which contribute
as parents to fry production.

Mixed stock analysis (MSA) of genetic data is used to determine the hatchery
origins of individuals in a sample that contains fish from two or more hatchery stocks.
Some stocks may be characterized by allele .and genotype frequencies, but since many

genotypes are common to all stocks, not all fish can be classified with absolute
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certainty. However, for many managemént purposes it is not necessary to identify
every single individual (Pella and Milner 1987). MSA has become a standard
technique to determine the proportions of fish stocks that contribute to, for example,
commercial harvests of sockeye salmon (Oncorhynchus nerka; Millar 1990; Grant et
al. 1980).

One statistical procedure used to determine the proportion of stocks contributing
to a mixed sample is a maximum likelihood estimator (MLE) designed for genetic data
(Millar 1987). The estimator maximizes an algorithm that describes the probability of
a genotype occurring in both a baseline (eg. hatchery) stock and in a mixed-sample of
fish that is assumed to contain individuals from each of the baseline stocks. The MLE
procedure allocates genotypes from the mixed-sample to a baseline stock in
proportions similar to the probability that each genotype originated from the baseline
stock. In other words, the estimate of the contribution of each stock is based on the
joint probability of genotypes occurring in both the mixed-sample and baseline stocks.
The EM algorithm of Dempster et al. (1977) was used to estimate 0, the proportion of
fish in a mixed-stock sample:

g _ YiXii6,
G‘FEi (Z,gY.) (zjnxijej),

where g is the number of genotypes, n is the number of baseline stocks (eg. spawning
areas or hatchery stocks), Y; is the number of fish in a mixed-stock sample having the

ith genotype, X;; is an estimate of the ith genotype in the jth baseline stock. To start
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the calculation, ©; is set equal for all baseline stocks and the 9’j of the result is inserted
into the equation and the equation is solved again. The iteration is continued until the
values of 8 differ by less than some value (eg. 0.001).

Past studies have shown that the MLE performs better than other types of
estimators (Millar 1990), but several factors may introduce error. The amount of
genetic divergence among the potentially contributing stocks and whether or not all
baseline stocks are known can bias an estimate. The actual composition of the
mixture and reliability of the estimates of genotypes in the mixed-stock and the
contributing hatchery stocks can also affect estimates. In a study of sockeye salmon
from three rivers in Cook Inlet, Alaska the. classification accuracy was 93% for the
Kasilof River, 93% for the Kenai River, and 33% for the Susitna River (Grant et al.
1980). However, contributions from stocks that were rare or did not contribute were
overestimated, unless sample sizes were ver: large. Suggestions were made to help
correct bias after analyses were performed. but no guidelines for selecting genetic
markers a priori were given (Pella and Milner 1987).

The estimator has also been used to analyze naturalized lake trout samples
captured from Lake Ontario (Marsden et al. 1989; Grewe et al. 1994a; Grewe et al.
1994b), but sample sizes were smaller (N=80 on average; Grewe et al. 1994a; Grewe
et al. 1994b; Krueger et al. 1989) than those used in previous analyses using the MLE
(eg. N=130 on average; Grant et al. 1980). In general, sample sizes used in studies of

landlocked species tend to be lower because the samples available for baseline
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frequency calculations and the sizes of the mixed samples tend to be smaller,
especially if the recaptured fish are part of a recently established population. For
example, three stocks of walleye were used to rehabilitate Nipigon Bay, Lake
Superior, and to date very few naturally produced walleye (N<10) have been captured
(Ihssen et al. 1993; Ihssen, unpublished data).

In addition, sometimes the loci available for a MSA analysis are not very
variable. For example, eight of the loci: ACP-1* (acid phosphatase, E.C. No.
3.1.3.2), G3PDH-1* (glycerol-3-phosphate dehydrogenase, E.C. No. 1.1.1.8), LDH-4*
(L-lactate dehydrogenase, E.C. No. 1.1.1.27), sMDH-3,4* (malate dehydrogenase, E.C.
No. 1.1.1.37), mMEP-2* (malic enzyme, E.C. No. 1.1.1.40), PGK-1*
(phosphoglycerate kinase, E.C. No. 2.7.2.3), PGM-2* (phosphoglucomutase, E.C. No.
5.4.2.2), and SOD* (superoxide dismutase, E.C. No. 1.15.1.1), used to generate
estimates of O'J- in studies of naturalized lake trout (Marsden et al. 1989; Grewe et al.
1994a; Grewe et al. 1994b) are either fixed for the most common allele in one or
more of the hatchery stocks, or the rare allele occurs at a very low frequency (5% or
less; Grewe et al. 1994a; Gfewe et al. 1994b; Krueger et al. 1989). The extent to
which allele frequency data affect estimates of contributions of baseline stocks to a
mixed sample is not clear.

It has been suggested that genetic data be tested to determine if they are
sufficient to produce useful estimates before they are used in a MSA (Pella and Milner

1987). Baseline data may be tested using simulated mixed-stock samples. Therefore,
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in the current study, we examine the effectg of mixed-stock sample size, number of
loci, number of genotypes and genetic divergence on the MLE for 9',-. Baseline
sample size and the estimator of variance were not assessed, since they have been
discussed in detail elsewhere (Pella and Milner 1987; Millar 1987). Simulation results
based on allozyme data (Ihssen et al. 1988) and microsatellite DNA data (Chapter 4)
for Ontario lake trout hatchery stocks are used to assess the estimator. In addition,
data reported in studies of naturalized lake trout from Lake Ontario provide allele
frequency estimates and stocking proportions (Grewe et al. 1994a & b; Krueger et al.

1989).

Materials and Methods

Five sets of data were simulated to represent the allele frequencies at allozyme
and microsatellite DNA loci in a sample of lake trout of different hatchery origins.
The MLE described above was used to estumate 87, Calculations were iterated until
values of 8" differed by less than 0.001. Convergence was verified, since it does not
always occur. In test runs it took 70 to 90 iterations of the estimation procedure for
the estimates to converge at one value. If the estimate did not converge at a value
then the simulation was not included in the calculation-of averages. Values of 6';
were set as equal to start the iterations.

The baseline data for the first four simulations were taken from genetic data for

hatchery stocks from Ontario Ministry of Natural Resource (OMNR) hatcheries (Lake
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Manitou, Killala Lake, the Slate Islands, Michipicoten Island, and Clearwater Lake,

Manitoba). Allele frequency data from seven allozyme (Thssen et al. 1988; AAT-1,2*
(aspartate aminotransferase, E.C. No. 2.6.1.1), GPI-1* (glucose-6-phosphate isomerase,
E.C. No. 5.3.1.9), LDH-4*, MDH-3,4*, MEP-1*, MUP* (4-methylumbelliferyl
phosphatase, E.C. No. 3.1.3.2), and SOD*) and six microsatellite DNA loci (Chapter
5; Sfo8, Sfol2, Sfol8, Sfo23, Ssal97, and Ssa289) were used to simulate the allele
frequencies that would be observed in a mixed-sample of lake trout. The allele
frequencies in each baseline stock and the actual proportional contribution of each
stock were used as probabilities to determine how many fish of each genotype were in
the mixed-sample. The simulation program allows the proportional contribution of
each baseline stock to be altered. Three sets of proportions were used to determine
how the estimator performs as proportions move away from equality (Table 6.1). For
each simulation it was assumed that all the stocks contributing to the mixed-sample
were known.

The effect of mixed-sample size on accuracy was examined by altering the
number of fish in the mixed-stock sample. In the first three sets of simulations, three
different sample sizes were used (N=20, N=60, and N=100; Table 6.1). The three
stocks chosen as baseline stocks are actually used in rehabilitation programs. Lake
Manitou and Killala Lake hatchery lake trout are most often stocked in Ontario by
OMNR and the Clearwater Lake, Manitoba stock was used regularly in the past. The

Clearwater Lake stock was used in order to study the effect of genetic distance. The



154

Table 6.1 Actual values of the proportional contribution of each stock for simulations
performed in the study using Ontario hatchery stocks and stocks of fish stocked into

Lake Ontario.
Simulation number Stocks used
Killala L. L. Manitou Clearwater L.
1 0.333 0.333 0.333
2 0.425 0.425 0.150
3 0.600 0.300 0.100

Killala L. L. Manitou Clearwater L. Slate Is. Michipicoten Is.

0.300 0.300 0.150 0.100 0.150

Seneca L. Manitou Jenny L. Killala L. Clearwater L. L. Superim"

0.140 0.110 0.030 0.150 0.150 0.420
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genetic distance between Clearwater Lake and each of the other stocks is relatively
large compared to the distances between the two other hatchery stocks (Ihssen et al.
1988; Chapter 5). The fourth type of simulation was performed using five stocks
(Lake Manitou, Killala Lake, Clearwater Lake, the Slate Islands, and Michipicoten
Island; N=60) to determine how the accuracy of the estimator is affected as more
baseline stocks contribute to the mixed-sample (Table 6.1). The Slate Islands and
Michipicoten Island stocks are most often used in Lake Superior stocking programs.
Therefore, the fourth simulation is based on data that represent the bulk of the lake
trout stocks found in OMNR’s Fish Culture Stations. The fifth simulation was based
on allozyme data recorded in studies of naturally produced lake trout in Lake Ontario
(Grewe et al. 1994a; Grewe et al. 1994b; Krueger et al. 1989). The baseline allele
frequencies for 13 loci (sAAT-1,2*%, ACP-1*, FH-1,2* (fumarate hydratase, E.C. No.
4.2.1.2), G3PDH-1*, GPI-1*, LDH-4*, sMDH-3,4*, mMEP-2*, PEPD-1,2* (proline
dipeptidase E.C. No. 2.4.13.9), PGK-1*, and PGM-2%*) from six hatchery stocks were
used to simulate allele frequencies in a mixed-sample. The proportional contribution
of each stock was equivaleni: to the proportion of each stock planted into Lake Ontario"
(Marsden et al. 1993, their Figure 4; Grewe et al. 1994a, their Table 1). Stocking
densities may not be a direct indicator of the relative survival of each stock, but give a
starting point for the simulation study that has a realistic base. The sample size taken
(N=80) for the mixed stock sample is similar to that used in the studies of naturally

produced lake trout in Lake Ontario.
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Each of the above simulations was run 100 times for each locus, the average
and standard deviation of each set of 100 simulations were calculated for each locus,
each genetic marker, and over all loci. The difference between the actual and
estimated value for all the donor stocks was used as a measure of the accuracy of the
estimate. The standard deviation of the average of the 100 simulations is used to

measure how much variation was associated with the estimate for each set of

conditions.

Results

In total, 3900 simulations were run for each of the first three sets of simulation
conditions, 1300 for the fourth, and 1300 for the Lake Ontario data set (simulation #5,
Table 6.1). Convergence of estimates occurred at all loci except Sfo23 in simulation
#4, therefore the average estimate in that simulation is based on only the repetitions of
the simulation conditions that did produce an estimate. Differences between the actual
and estimated values vary widely for each locus and set of simulation conditions
(Tables 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, and 6.8). The standard deviations of each set of
100 simulations tend to decrease with a larger sample size, but the percent estimate
correct does not always increase as sample size increases and, in general, the
microsatellite DNA loci tend to give more accurate estimates at all sample sizes
(Tables 6.2 to 6.9). Estimates of proportional contribution averaged over all allozyme

loci, all microsatellite DNA loci, and over all loci were also calculated. The accuracy
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Table 6.2 The average estimates (AV) and standard deviations (SD) of 8"; over 100 replicates of
simulation #1 for three stocks of lake trout.

Stock (actual contribution)
Killala L. (0.333) L. Manitou (0.333) Clearwater L. (0.333)

Locus Sample size AV SD AV SD AV SD
SAAT-I,2* 20 0.080 0.023 0.781 0.077 0.139 0.031
60 0.030 0.003 0.904 0.017 0.066 0.009
100 0.030 0.002 0.901 0.009 0.069 0.004
GPI-1* 20 0.529 0.005 0427 0.001 0.044 0.011
60 0.533 0.001 0.431 0.000 0.036 0.002
100 0.530 0.001 0.430 0.000 0.040 0.001
LDH-4* 20 0.326 0.042 0.293 0.021 0.381 0.121
60 0.318 0.018 0.307 0.010 0.375 0.054
100 0.335 0.013 0.325 0.006 0.340 0.036
sMDH-3.4* 20 0.143 0.028 0.704 0.139 0.153 0.042
60 0.117 0.012 0.778 0.050 0.105 0.012
100 0.359 0.013 0.303 0.038 0.338 0.007
MEP-1* 20 0.320 0.025 0.315 0.138 0.365 0.046
60 0.343 0.013 0.333 0.067 0.324 0.024
100 0.33t1 0.008 0.324 0.044 0.345 0.015
MUP* 20 0.278 0.015 0.319 0.079 0.403 0.077
60 0.329 0.005 0.237 0.030 0.434 0.032
100 0.337 0.004 0.256 0.020 0.407 0.020
SOD* 20 0.311 0.024 0.264 0.027 0.425 0.075
60 0.338 0.010 0.267 0.009 0.395 0.030
100 0.342 0.006 0.262 0.005 0.396 0.017
TOTAL 20 0.287 0.040 0.436 0.105 0.277 0.079
60 0.287 0.032 0.462 0.088 0.248 0.048

100 0.324 0.025 0.400 0.062 0.276 0.035
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Table 6.3 Average estimates (AV) and standard deviations (SD) over 100 replicates of the simulation
for each of the loci scored in three stocks of lake trout. Results are for simulation #2.

Stock (actual contribution)
Killala L. (0.425) L. Manitou (0.425) Clearwater L. (0.425)
Locus Sample size AV SD AV SD AV SD
SAAT-1,2* 20 0.031 0.039 0.906 0013 0.063 0.006
60 0.067 0.018 0817 0.064 0.116 0.028
100 0.030 0.002 0912 0.006 0.058 0.002
GPI-1* 20 0.559 0.000 0441 0.000 0.000 0.000
60 0.559 0.000 0.441 0.000 0.000 0.000
100 0.552 0.000 0439 0.000 0.009 0.000
LDH-4* 20 0.467 0.027 0.387 0.012 0.146 0.075
60 0430 0.012 0.381 0.004 0.189 0.031
100 0.442 0.007 0.391 0.002 0.167 0.018
sMDH-3,4* 20 0.140 0.027 0711 0.134 0.149 0.040
60 0.101 0.011 0.809 0.043 0.090 0.011
100 0324 0.018 0371 0.053 0.305 0.010
MEP-1#* 20 0.301 0.028 0.357 0.153 0.342 0.050
60 0.28% 0.011 0425 0.059 0.289 0.019
100 0315 0.008 0.363 0.042 0.322 0.014
MUP* 20 T 0.264 0.015 0425 0.084 0.311 0.064
60 0331 0.004 0.363 0.029 0.306 0.020
100 0340 0.003 0.383 0.018 0.277 0.010
SOD* 20 0.359 0.029 0453 0.064 0.188 0.034
60 0422 0.007 0.378 0.016 0.200 0.017
100 0.445 0.004 0.385 0.006 0.170 0.007
TOTAL 20 0.308 0.046 0.513 0.100 0.179 0.053
60 0314 0.036 0.521 0.066 0.165 0.026

100 0.350 0.029 0.463 0.052 0.187 0.021
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Table 6.4 The average (AV) and standard deviations (SD) of 100 runs of simulation #3 for each of the
allozyme loci.

Stock (actual contribution)
Killala L. (0.600) L. Manitou (0.300) Clearwater L. (0.100)

Locus Sample size AV SD AV SD AV SD
SsAAT-1,2* 20 0.077 0.024 0.790 0.073 0.133 0.028
60 0.044 0.006 0.880 0.012 0.076 0.004
100 0.053 0.005 0.851 0.017 0.096 0.005
GPI-1* 20 0.556 0.000 0.440 0.000 0.004 0.000
60 0.558 0.000 0.440 0.000 0.002 0.000
100 0.557 0.000 0.440 0.000 0.003 0.000
LDH-4* 20 0.510 0.014 0416 0.005 0.074 0.036
60 0.480 0.009 0407 0.002 0.113 0.020
100 0481 0.005 0410 0.001 0.109 0.010
MDH-3,4* 20 0.359 0.056 0.377 0.119 0.264 0.020
60 0.387 0.026 0.288 0.060 0.325 0.010
100 0392 0.015 0.258 0.035 0.350 0.005
MEP-1* 20 0342 0.023 0.262 0.126 0.396 0.042
60 0.342 0.010 0.289 0.059 0.369 0.021
100 0.339 0.007 0.305 0.038 0.356 0.013
MUP* 20 0.273 0.016 0.329 0.080 0.398 0.071
60 0.341 0.004 0.267 0.027 0.392 0.024
100 0.339 0.003 0.292 0.021 0.369 0.018
SOD* 20 0.360 0.029 0.446 0.066 0.194 0.036
60 0.432 0.008 0412 0.016 0.156 0.015
100 0.440 0.006 0418 0.013 0.142 0.009
TOTAL 20 0354 0.044 0437 0.091 0.209 0.053
60 0.369 0.032 0426 0.064 0.205 0.034

100 0.371 0.028 0.425 0.052 0.204 0.028
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Table 6.5 Average estimates (AV) and standard deviations (SD) for @ over 100 replicates of the
simulation for each of the microsatellite DNA Ioci and the totals for all 13 scored in three stocks of lake
trout. Results are for simulation #1.

Stock (actual contribution)

Killala L. (0-333) L. Manitou (0.333) Clearwater L. (0.333)

Locus Sample size AV SD AV ) AV SD
Sfo8 20 0376  0.058 0255 0.026 0.369 0.033
60 0.418 0.008 0243 0.007 0.339 0.007
100 0422  0.005 0.243 0.004 0335 0.005
Sfol2 20 0000  0.000 0.000 0.000 1.000 0.000
60 0327  0.039 0.621 0.042 0.052 0.005
100 0.308 0.026 0.657 0.027 0.035 0.002
Sfol8 20 0630  0.022 0.138 0.018 0.232 0.027
60 0.579 0.008 0.179 0.009 0.242 0.027
100 0.578 0005  0.168 0.006 0254  0.007
Sfo23 20 0530 0022 0234 0011 0.236 0.009
60 0.533 0.006 0240  0.004 0227 0.003
100 0.539 0.003 0.239 0.027 0222  0.001
Ssal97 20 0280  0.022 0.419 0.026 0301 0.013
60 0300  0.006 0.408 0.007 0.292 0.004
100 0332 0007 0.478 0.008 0.190 0.008
Ssa289 20 0.293 0.022 0402  0.024 0.305 0.018
60 0302  0.006 0404  0.007 0294 0.005
100 0312 0004 0.382 0.004 0.306 0.003
TOTAL 20 0.352 0.066 0.241 0.039 0.407 0.094
60 0.403 0.027 0.349 0.036 0.248 0.014
100 0415  0.002 0.361 0.038 0224 0.014
ALL LOCI 20 0.320 0.053 0.339 0.086 0341 0.089
60 0345  0.033 0407  0.068 0248 0.032

100 0.370 0.025 0.380 0.052 0.250 0.026
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Table 6.6 Average estimates (AV) and standard deviations (SD) over 100 replicates of simulation #2 for
six microsatellite DNA loci and the totals (TOTAL, ALL LOCI) for all 13 scored in three stocks of lake

trout.

Stock (actual contribution)

Killala L. (0.425) L. Manitou (0.425) Clearwater L. (0.425)

Locus Sample size AV SD_ AV SD AV SD
Sfo8 20 0471 0.047 0344 0.030 0.185 0.027
60 0495 0.01¢ 0.329 0.008 0.176 0.007
100 0.497 0.007 0.335 0.004 0.168 0.004
Sfoi2 20 0.000 0.000 0.000 0.000 1.600 0.000
60 0.000 0.000 0.000 0.000 1.000 0.000
100 0.000 0.000 0.000 0.000 1.000 0.000
Sfol8 20 0.666 0.025 0.200 0.018 0.134 0.025
60 0.670 0.007 0213 0.007 0.117 0.009
100 0.672 0.004 0.214 0.004 0.114 0.005
Sfo23 20 0.599 0.014 0.350 0.011 0.051 0.003
60 0.588 0.006 0.353 0.006 0.059 0.002
100 0.581 0.003 0.357 0.002 0.062 0.001
Ssal97 20 0.357 0.028 0.532 0.021 0.111 0.007
60 0.37¢ 0.007 0.523 0.007 0.107 0.002
100 0.389 0.006 0.513 0.005 0.107 0.001
Ssa289 20 0.428 0.017 0.431 0.016 0.141 0.001
60 0435 0.006 0433 0.009 0.132 0.004
100 0432 0.004 0.433 0.005 0.135 0.002
TOTAL 20 0.420 0.069 0.309 0.044 0.271 0.124
60 0.426 0.053 0.308 0.034 0.266 0.113
100 0.427 0.051 0.308 0.031 0.265 0.112
ALL LOCI 20 0.364 0.148 0411 0.152 0.225 0.079
60 0.370 0.047 0415 0.063 0.215 0.069

100 0.389 0.040 0.386 0.049 0.225 0.065
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Table 6.7 Average estimates (AV) and standard deviations (SD) for @ over 100 replicates of the
simulation for each of the microsatellite DNA loci and the totals for all 13 loci used in simulation #3.

Stock (actual contribution)
Killala L. (0.600) L. Manitou (0.300) Clearwater L. (0.100)
Locus Sample size AV SD AV SD AV SD
Sfo8 20 0.631 0.049 0223 0.025 0.146 0.021
60 0.657 0.015 0.228 0.008 0.115 0.006
100 0.642 0.011 0.300 0.005 0.128 0.006
Sfol2 20 0.513 0.169 0.477 0.170 0.010 0.001
60 0.567 0.067 0432 0.068 0.001 0.000
100 0.597 0.034 0.401 0.035 0.002 0.000
Sfol8 20 0.823 0.011 0.102 0.010 0.075 0.010
60 0.821 0.003 0.115 0.004 0.064 0.004
100 0.809 0.003 0.135 0.003 0.056 0.002
Sfo23 20 0.713 0014 0.190 0.012 0.097 0.003
60 0.726 0.005 0.185 0.004 0.089 0.001
100 0.715 0.004 0.193 0.002 0.092 0.000
Ssal97 20 0.519 0.037 0423 0.037 0.058 0.003
60 0.517 0.010 0417 0.009 0.066 0.001
100 0.531 0.006 0.403 0.006 0.066 0.001
Ssa289 20 0.615 0.024 0.301 0.026 0.084 0.008
60 0.606 0.006 0.309 0.006 0.085 0.002
100 0.608 0.003 0.305 0.003 0.087 0.002
TOTAL 20 0.636 0.104 0.286 0.060 0.078 0.009
60 0.649 0.030 0.281 0.030 0.070 0.004
100 0.650 0.020 0.290 0.019 0.060 0.003
ALL LOCI 20 0495 0.081 0.362 0.088 0.143 0.038
60 0.509 0.049 0.354 0.054 0.137 0.025

100 0.511 0.042 0.358 0.042 0.131 0.022
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Table 6.8 Average estimates (AV) and standard deviations (SD) for 8 over 100 replicates of simulation
#4. Totals over all allozyme (ALLO), microsatellite DNA (MICROS), and all (ALL LOCI) loci are
also included.

Stock
Killala L. L. Manitou Clearwater L. Slate Is. Michipicoten Is.
Actual 6 0.300 0.300 0.150 0.100 0.150
Locus AV SD AV __ SD AV SD AV___ SD AV SD

SAAT-1,2* 0049 0015 0683 0.104 0096 0019 0065 0019 0.107 0.027
GPI-1* 0403 0.005 0336 0.001 0003 0.000 0.194 0002 0.037 0.004
LDH-4* 0267 0.013 0239 0006 0.148 0.008 0200 0002 0.146 0012
MDH-3,4* 0249 0030 0.195 0014 0.197 0.008 0.193 0012 0.166 0.002

MEP-1* 0222 0.021 0.182 0.008 0212 0016 0224 0.026 0.160 0.003

MUP* 0.040 0.001 0.007 0001 0.164 0.024 0.775 0.032 0.014 0.000
SOD* 0.244 0.002 0218 0003 0.131 0.007 0.173 0004 0234 0.004
Sfo8 0321 00t4 0223 0011 0156 0.009 0.102 0.008 0.198 0.007
Sfol2 0.338 0.037 0326 0.057 001+ 0001 0.010 0001 0312 0.027
Sfol8 0483 0006 0.183 0.010..0208 0013 0043 0.002 0.083 0.004
Sfo23 0426 0.007 0.170 0.004 0.154 0001 0.108 0003 0.142 0.003
Ssal97 0250 0006 0359 0012 0.090 0004 0.164 0006 0.137 0.006
Ssa289 0302 0006 0271 0.012 0.102 0004 0.198 0009 0.127 0.004
ALLO 0211 0.021 0266 0054 0.140 0012 0260 0030 0.123 0.057

MICROS 0353 0.020 0255 0023 0.121 0009 0.104 0009 0.167 0.014

ALLLOCI 0282 0.029 0261 0039 0.!131 0011 0.182 0023 0.144 0.040
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Table 6.9 Accuracy of maximum likelihood estimates for simulations 1 to 3 with three

sample sizes.

Type of data Sample size Percent of estimate correct
allozyme data 20 69.1
60 68.4
100 75.3
microsatellite DNA 20 827
data 60 83.2
100 81.6
All loci 20 854
60 84.0
83.6

100
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of the estimate does not always increase as more loci are considered (Table 6.9). Six
loci (AAT-1,2*, GPI-1¥, MDH-3,4*, SOD*, Sfol2, and Sfol8) give consistently poor
results in all simulation conditions (Tables 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, and 6.8). The
relatively smaller genetic distances between two of the stocks, Lake Manitou and
Killala Lake, do not seem to affect the accuracy of the estimates. However, the actual
values of 8°; have some effect on the accuracy of the MLE. The accuracy is reduced
the further away from equality the actual 87;’s are, and the loss of accuracy is more
pronounced for the allozyme data than for the microsatellite DNA data (Table 6.10;
simulations 1 to 3). The percent of the estimate correct over all loci is reduced
slightly with the addition of two stocks (Table 6.10; simulation 4).

The results of the Lake Ontario simulations (Table 6.11) show that the error rate
is quite high for each locus and high over all loci. The percent of the estimate correct
was 58.6% over 13 loci, and only four had values that were over 5% (LDH-4*, 6.3%;

PEPD-1,2%*, 35.5%; PGK-1%*, 29.0%; PGM-2*, 35.2%).

Discussion
Several factors may affect estimates of the MLE: the size of the mixed-stock
sample, the accuracy of the estimates of baseline allele frequencies, the genetic
differentiation among stocks at each locus. the number of loci analyzed, the number of
alleles and therefore genotypes analyzed, the similarity among genotypic frequencies in

baseline stocks, the number of baseline stocks, and the actual values of the estimator.
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Table 6.10 Accuracy of maximum likelihood estimates over each technique and all
loci for the first four simulations, for all sample sizes.

Simulation Type of data Sample size Percent of estimate correct
1 allozyme 20 79.5
60 737
10G 86.7
1 microsatellite 20 81.5
60 82.9
100 78.2
1 All loci 20 95.8
60 82.9
100 83.8
2 allozyme 20 76.6
60 77.8
100 85.0
2 microsatellite 20 75.8
60 76.6
100 76.6
2 All loci 20 82.5
60 87.0
100 85.0
3 allozyme 20 S1.1
60 53.8
100 54.2
3 microsatellite 20 83.2
60 90.2

100 90.0
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Table 6.10 continued.
Simulation Type of data Sample size Percent of estimate correct
3 All loci 20 78.0
60 82.2
100 82.5
4 allozyme 60 48.0
4 microsatellite 60 85.2

4 All loci 60 83.6
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Table 6.11 continued.

Stock (actual contribution)

Sen (0.14)  Mani (0.11) Jen (0.03) Kill (0.15) Clear (0.15) Sup (0.42)
Locus AV SD AV ___SD AV SD AV __SD AV SD AV___SD
PEPD-1,2* 0030 0001 0111 0013 0002 0000 0302 0006 0319 0021 0227 0004
PGK-1* 0207 0000 0.199 0000 0192 0000 0.87 0000 0008 0000 0207 0.000
PGM-I* 0,054 0.000 0200 0.000 0193 0000 0188 0000 0.84 0000 0181 0.000
PGM-2* 0374 0044 0423 0047 0041 0002 0042 0001 0030 0001 0090 0004
SOD* 0.058 0.008 0447 0048  0.118 0008 0057 0013 0290 0027 0030 0.004
TOTAL 0162 0017 0168 0027 0.178 0033 0.180 0014 0.198 0035 0114 0023
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In the current study, the sample size of the mixed-stock saméle, the number of loci,
and the number of alleles and therefore genotypes were examined.

The sample size of baseline stocks, although not tested here, will also have an
effect. Any loss in accuracy of estimates of baseline allele frequencies will degrade
the accuracy of the MLE since estimates of 9; are the result of the product of the
probabilities of both the baseline and mixed-stock sample.

The variance of the estimate decreases as more fish are sampled, as might be
expected. The reductiun of the standard deviation is not linear however, it is larger
between N=20 and N=60 than between N=60 and N=100 in most of the simulations
and the average estimate of 0.; and its standard deviation is often similar for both
N=60 and N=100. Increases in accuracy with sample size were observed, but are not
consistent over all simulations. It is important to balance the sample size used against
the cost per sample and the information gained. In the present study, the cost and
effort involved in adding 40 more fish 1o the sample may not add to the information
content. In addition, the number of fish available for sampling may be limited if the
species is rare or exists in small populations. The inconsistent effect of sample size
points to other factors, such as number of genotypes per locus, as having a larger
effect on the estimator. Sample size has some effect that may interact with other
factors or is modified by other factors.

The microsatellite DNA loci give better estimates than allozyme data because

more alleles (and genotypes) are detected at microsatellite loci (2 alleles on average
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for allozyme loci vs. 14 for microsatellite loci) in the three hatchery stocks. The

majority of the allozyme loci have a maximum of three genotypes which is equal to or
less than the number of baseline stocks in each of the simulations. As the number of
genotypes in the mixed sample and the number of baseline stocks become similar
there is a higher probability of getting identical genotypic frequencies in the mixed-
sample from different baseline mixtures (Fella and Milner 1987). Therefore the
number of genotypes per locus should exceed the number of baseline stocks. The
minimum difference between the number of genotypes and baseline stocks required to
get an accurate estimate will also depend upon the distribution of genotypic
frequencies among the baseline stocks. As baseline stocks become more distinct from
each other the difference between the number of genotypes and number of baseline
stocks will be reduced. The four microsatellite loci that consistently produced more
accurate estimates were characterized by -everal (more than three) alleles. Over 60%
of the alleles at these loci were found at frequencies of 5% or more in at least one of
the baseline stocks.

In general, allozyme loci produced less accurate estimates. They tended to have
fewer (usually two) alleles and observed genotypes (usually two) and the allozyme loci
that produced the more accurate estimates usually did so because only one of the
baseline stocks was variable (eg. LDH-4*, MEP-1%*). Therefore, any genotypes other
than the most common one, observed in the mixed-sample would be immediately

assigned with a high probability to the correct stock. The estimates produced using
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microsatellite DNA loci were also better than those produced using mitochondrial
DNA variation or another nuclear marker; RAPD loci. One reason for the lower
accuracy of mitochondrial DNA is that clones characterizing the stocks are found at
low frequencies and therefore provide little data for the estimator (Chapter 2).
Analyses of RAPD data indicate estimates of proportional contribution are less
accurate (67% of estimates correct on average:; Chapter 4) than those obtained with
microsatellite DNA and allozyme loci, but more accurate than those obtained using
mitochondrial DNA. Higher individual variation may also account for the low
accuracy.

Analyzing more loci would increase the number of genotypes surveyed, but the
data collected here indicate that an increase in the number of loci does not guarantee
an increase in accuracy. Some loci (SAAT-1,2*, GPI-1*, MDH-3,4*, SOD*, Sfol2,
and Sfol8) give consistently poor estimates -of 8; and detract, rather than add to the
overall accuracy (Table 6.9). Therefore, it is important to consider the allele
frequencies and number of genotypes at each locus. For example, if the estimate of
6'j is recalculated for simulation #1 (N=60) using only the seven loci that are
consistently more accurate (LDH-4*, MEP-1*, MUP*, Sfo8, Sfo23, Ssal97, and
Ssa289) then the overall accuracy of the estimate rises from 82.9% to 95.2%.

The actual contributions of each baseline stock had an effect on the accuracy of
the allozyme data. Errors are less obvious in simulation #1 (in which the actual

contributions are the same for each donor stock) since there is a greater probability of
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assigning a fish correctly by chance. As the differences among the actual proportions
of each stock become greater (simulations #2 and #3), the allozyme data have fewer
genotypes that would increase the joint probability of the observed genotype in the
mixed sample and baseline stock, therefore the percent estimate correct declines.
Microsatellite DNA loci on the other hand are characterized by a greater number of
unique genotypes and therefore the accuracy is relatively unaffected as the actual
values of 8°; move away from equality (Tables 6.3, 6.5, 6.7, and 6.10).

The accuracy of the estimator is also reduced when values of 6; are close to
zero. One condition on the estimator is that >0, and as 8", approaches zero, bias is
introduced because the estimate falls near, or out of the space defined by the
likelihood function (Pella and Milner 1987). Ten percent seems to be the lowest
proportion based on the present data set. In simulation #4 and #5 the stocks with an
actual 6; of 10% to 15% are rarely estimated accurately, even if the stock is fairly
distinct genetically from the other baseline stocks (eg. Clearwater Lake).

The number of baseline stocks involved may have an effect on the accuracy.
As more stocks are added the actual value of 6; decreases since the total of all
estimates must sum to one. As discussed above the accuracy of the estimator is
reduced as the actual value of 8; approaches zero and as the number of baseline
stocks becomes closer to the number of genotypes in the mixed sample.

A small genetic distance between two of the hatchery stocks (Lake Manitou and

Killala Lake, D=0.001 for allozyme data, Ihssen et al. 1988; D=0.101 for
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microsatellite DNA data; Chapter 5) does not seem to affect the accuracy of the
estimate. In order to get an accurate estimate of 8”;, baseline stocks must have
characteristic allele frequencies or private alleles. Bias will be introduced when stocks
that are similar differ in abundance and similarities among stocks can produce errors
not affected by sample size (Beacham er al. 1985), but there are no generalizations to
determine how similar is too similar (Pella and Milner 1987). It has bcén suggested
that some bias could be removed by combining stocks that are similar using measures
of genetic distance and correlations of estimates of covariance between stocks as a
guide. Millar (1987) suggests that stocks with strong negative correlations could be
combined, but only if the combinations can still give practical information. For
example, one might combine the genetic data for a number of tributaries in a river that
may contribute to a mixed-sample or data from hatchery stocks of similar origin (eg.
the Lake Superior stocks, the Slate Islands .ar-d Michipicoten Island). However,
combining hatchery-s-.k data<-.ay ot be practical if the contribution of individual
hatchery stocks is the parameter of interest.

The estimates generated using the Lake Ontario data set (simulation #5) had a
small variance, (standard deviation is often 0.001 or less), suggesting that sample sizes
are adequate, but they did not accurately estimate the true proportion of the baseline
stocks in the mixed sample. Estimates are especially poor for the Jenny Lake stock
which contributed 3% to the total. It has been noted previously that it is difficult to

get an accurate estimate if the actual contribution is low. Low levels of accuracy may
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occur because most loci examined have only two alleles, one of which occurs at a
high frequency. Therefore, very few of the stocks are characterized by unique
genotypes.

Researchers studying naturalized lake trout in Lake Ontario also used
mitochondrial DNA (mtDNA) variation in their analyses (Marsden et al. 1989; Grewe
et al. 1994a; Marsden et al. 1993) which would improve the accuracy by adding one
locus with seven alleles, or the equivalent cf seven additional genotypes (where the
genotypes are equivalent to the number of mitochondrial haplotypes). However, the
results from the mtDNA data do not give complete information, because the
mitochondrial molecule is inherited in a clonal fashion through the maternal lineage
(Brown et al. 1979). The clonal inheritance means that only the contribution of
females is measured. If the contribution rate is different between males and females
then mtDNA markers will add another scarce of bias. Studies of another salmonid,
brook charr (8. fontinalis), indicate that.differcnces in survival and genetic
contributions to future generations do exist between the sexes (P. IThssen, OMNR,
unpublished data). MDNA data may prove useful, but perhaps should be considered
separately. Comparisons of nuclear and mitochondrial markers in naturalized fish
populations will provide insight on differences in reproductive rates between male and
females.

MSA may also be applied to studies of naturalized fish to determine what

proportion of a sample of naturally-produced fish is derived from mating among and
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within the hatchery stocks. To perform the analysis, baseline genotypic frequencies
for crosses among stocks are estimated by taking the product of the genotypic
frequencies in the hatchery stocks. Such an approach can be used to give an idea of
the mating structure of a rehabilitated population (eg. Grewe et al. 1994a), but the
estimates will most likely have a fairly large error attached to them. To consider all
possible crosses among donor stocks will increase the number of baseline samples
considerably and, as pointed out above, the :.turacy of the estimate decreases as more
baseline stocks are considered, and as the number of baseline stocks and genotypes
become more similar.

Based on the results of the current study we conclude that the MLE used
currently in many management practises can provide a fairly accurate estimate (greater
than 75%) of an individual stock’s contributioh to a mixed-stock sample for Ontario
hatchery stocks. Such a conclusion is nct new (Grant et al. 1980; Pella and Milner
1987), but this-study demonstiates = nesd-toconsider sample size and especially the
number and distribution of genotypes among the baseline stocks, because these two
seem to have the greatest effects on the accuracy of the MLE.

Before performing MLE on a mixed-stock, the choice of genetic techniques and
loci used should be considered carefully. Allelic frequencies in baseline data sets
should be examined to determine whether genotype frequencies are sufficiently unique.
For example, if a locus has two alleles and one occurs at a frequency of less than 5%

in more than one of the baseline stocks, an accurate estimate will not be obtained.
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Such a restriction may preclude the use of allozyme loci in some species. Therefore
other markers, such as microsatellite DNA loci should be considered, since they often
detect more alleles per locus than allozyme electrophoresis. Using Ontario lake trout
hatch: ;v data, good estimates of G'j could be obtained using the microsatellite loci
Sfo8, Sfo23, Ssal97, and Ssa289, and the allozyme loci LDH-4*, MEP-1*, and
MUP*. All the loci can be scored using a sample of muscle which could be obtained
using non-lethal sampling techniques. Therefor: the newly rehabilitated population
can be sampled without destroying fish.

Multi-strain stocking is one of a variety of rehabilitation strategies employed by
fisheries managers. In order to optimize the chance of success of a rehabilitation
program more than one strategy should be employed (Marsden ef al. 1993). For
example, improving the environment of the stocked lake may be as important as
choosing the most appropriate stock for r;:?,!ahil-itation (Marsden et al. 1993). Multi-
‘strain stockingand “parental strain compositio:: :;malysis can then be used to choose the
most appropriate stocks. As -a rehabilitation program proceeds the strains used for
stocking can be altered so that only the most successful in a particular area are used.
Large budgets are devoted to rehabilitation programs, therefore it is very important to
evaluate mixed-stock data very carefully and to ensure that markers are used that give
- the best estimates possible so that well in*orrned decisions can be made in order to

most efficiently achieve rehabilitation ta-zets
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Chapter 7
General Discussion
Broodstock variation and genetic concerns in the hatchery

Hatchery managers try to maintain distinctions among lake trout hatchery stocks
so that gene complexes or allele combinations that improve survival or adaptability in
a particular ecosystem are preserved. If-ali <he genetic data about Ontario lake trout
hatchery stocks are considered, observations and conclusions may be made about
levels of genetic variation within and among the stocks.

Distinct lake trout stocks are being maintained within the OMNR’s fish culture
system. Dendrogram topologies derived from three of the genetic markers described
in the preceding chapters are similar to each other indicating that both nuclear and
mitochondrial genomes are being affected in a similar fashion in the hatchery. In
addition, they are similar to dendrograms produced in earlier studies of wild and
hatchery lake trout (Thssen et al. 1988; Wilson and Hebert 1996; Chapters 2 and 5).
For example, inland lake populations such as Haliburton are quite distinct for
microsatellite DNA and allozyme loci. In general, samples from different parts of
each of the Great Lakes are more similar to each other than to samples from inland
populations (Chapters 2 and 5). However, exceptions to the-above are worth
mentioning. First, the similarity of Lake Simcoe and Manitoba lake trout observed

with both microsatellite DNA data (Chapter 5) and recent allozyme data (Bill Martin,
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STAG Unit, OMNR, personal communication) indicates that among-stock differences
are being lost. This change may be the result of the management practice employed to
maintain the Lake Simcoe stock, and seems to have occurred recently (Chapter 5).

Based on microsatellite DNA data (Chapter 5), it appears that samples from the
Great Lakes are more similar to each otherthan to samples from inland populations.
Allozyme data on earlier hatchery samples (Ihssen et al. 1988; Grewe and Hebert
1988) indicate that samples fron: the northwest areas of the province are more similar
to each other. However, the genetic distances are small (for example largest D=0.0600
in Thssen et al. 1988) in all studies and could be a result of sampling errors among
different year classes or sample sites. Similarly, allele frequency differences were
obset . -d between Killala Lake samples derived from the hatchery and the wild
(Krueger et al. 1989; Ihssen et al. 1988). Repeating the genetic analyses with one or
more year classes would help to determine 1f differences are the result of sampling
" error (due to sample size or temporal changes in allele frequency) during the studies or
a result of changes in allele frequency within the hatchery.

The genetic analysis 6f hatchery stocks indicates that within-stock genetic
variation is being maintained. The levels of within-stock genetic diversity observed in
eight hatchery and one wild stock was similar for both mtDNA variation and RAPD-
PCR and similar to that reported in a stud; of allozyme variation (Ihssen et al. 1988).
The three different techniques (mtDNA variation, RAPD-PCR, and allozymes) measure

diversity in different parts of the genome (nuclear versus mitochondrial) and at
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different levels of resolution (fe. DNA versus protein products). Within-stock genetic
variation is affected by the number of parents, sex ratio, and variation in relative
family size. It is very important to maintain within-stock variation in order to avoid,
for example, the effects of inbreeding. Although levels of variation are currently
being maintained some effort should be made to monitor within-stock variation in
hatchery stocks because genetic variation will be lost over time within the hatchery at
a rate that is affected by effective population size and original heterozygosity (Lande
and Barrowclough 1987). Therefore, stocks that are based on small founding numbers
of parents may experience loss of genetic variation in the future. Two of the lake
trout stocks maintained within the hatchery (Parry Sound, Iroquois Bay) were founded
with s:aialler samples than is recommended, while the Slate Islands and Killala Lake
were founded with more than 200 individuals. Michipicoten Island was founded using
rotational line crossing between three year classes in order to maintain or increase the
amount of genetic variation. The number ©:- inales and females captured in each of
the three founding years was 38, 24 and 14 respectively. It is interesting to note that
if allozyme, RAPD, and microsatellite DNA data are considered, the Slate Islands are
generally the_most variable stock, followed by Killala Lake, Michipicoten Island, Parry
Sound, and Iroquois Bay (the latter stock was started with a very small sample of wild
fish).

Sex ratio may also have scime effect on within-stock variation. Sex ratios were

equalized in only the Michipicoten Island and Parry Sound stocks, and only the
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Michipicoten Island stock had families that were reared separately (Anonymous 1992).

While levels of variation in the nuclear genome are in the middle to low range for
Killala Lake, levels of mtDNA variation are relatively high. Founding parents for the
Killala Lake stock included twice the number of females as males (600 males and
1200 females; Anonymous 1992), therefore more of the mitochondrial DNA variation
in the wild was captured as compared to the nuclear DNA variation. A similar finding
is observed for the Slate Islands stock which was founded with twice as many females
as males. In contrast, the Michipicoten Island hatchery stock was founded with
relatively fewer female fish than Killala Lake and the Slate Islands and it has less
mtDNA variation.

No data are available to indicate the number of parents, sex ratio, or relative
family sizes used in the two stocks that are maintained in the wild (Lake Manitou and
Lake Simcoe). Lake Manitou and Lake Simcoe stocks are maintained by collecting
and fertilizing eggs-froin the wild cac:. year, rearing the progeny, and then releasing
them back into the lake as yearlings. The Lake Simcoe and Lake Manitou stocks are
the Ieast variable stocks for each type of genetic analysis if they are compared to the
two other stocks that originated from smaller inland lakes (Haliburton and Clearwater
Lake, Manitoba). Lake Simcoe has no natural recruitment and the population is
maintained only by hatchery fish (MacLea;: ..t al. 1981), whereas natural reproduction
does occur in Lake Manitou.

Lake trout from Clearwater Lake, Manitoba have the highest levels of within-
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population variation of all the stocks. A similar observation is made in a study of lake
trout from Manitoba, Saskatchewan, and Alberta that also included samples from
Clearwater Lake (Vitic and Strobeck 1996). Clearwater Lake has an endemic
population of lake trout with natural recruitment. Genetically, it is characterized by
variants that are found in both eastern and western Canada, aud may have been
successfully colonized by fish from more than one area.

The final genetic concern, domesticztion, cannot be fuily assessed yet because
records on performanc: traits for the individual families are not kept in the hatchery.
Only one stock, Michipicoten Island, is reared in a fashion (individually-reared
families) that vould allow the effects of domestication to be analyzed. Yearly
allozyme analysis of hatchery stocks reveal few changes in allele frequencies in the
stocks (Bill Martin, STAG Unit, OMNR, personal communication). However, gene
complexes that may not be link—d to alloz:yme loci could have an affect on
performance traits"and may be changing ix ==iection within the hatchery is occurring.
It is possible for genetic markers in different areas of the genome to exhibit different
levels of genetic variation within a stock. A continuation of the current hatchery
monitoring program and more detailed record keeping for the‘}hatchery broodstocks
would provide the information necessary to address concerns about domestication.
The genetic variation detected at microsateilite DNA and RAPD loci may provide

sufficient markers to study domestication.
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Comparison of genetic data obtained using different marker systems

A number of similarities and differences can be identified when the results from
the genetic analyses of lake trout are compared. Estimates of the proportion of within
versus among-population variability are similar in Iake trout regardless of the
technique or method of analysis used to generate the data (Table 7.1).

Values range from 73% to 82% for -~ithin-population diversity and from 15% to
21% for among-population diversity. The similarity of the estimates may mean that
the nuclear markers are in the sume region of the genome, or much of the nuclear
genome has been affected the same way by past and/or current demographic processes.
The similarity between nuclear and mitochondrial DNA data may indicate that
demographic processes have affected males and females in the same manner. A
similar result was observed in a study of the American horseshoe crab (Limulus
polyphemus) populations from the east coast of North American (Avise 1985). Both
the mtDNA "and allozyme data-mdicated n.-=-populations were split into north and
south groups. However, other studies of salmonids indicate that there are differences
in the population structure of nuclear and mitochondrial genomes. For example, brook
charr from rivers in Newfoundland were compared (Ferguson et al. 1991) and while
the mtDNA data indicated that there was little difference between rivers, allozyme data
revealed significant structuring. Similar res:its were observed when mtDNA and
microsatellite DNA loci were analyzed i brook charr from Quebec (Angers et al.

1995). Allozyme and mtDNA studies of rainbow (O. mykiss) and cutthroat trout
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species (O. clarki bouvieri) also reported different degrees of genetic relatedness

(Gyllensten and Wilson 1987). Allozyme data indicated that there was a closer
relationship between Westslope cutthroat trout and rainbow trout than there was
betwern rainbow trout and Yellowstone cutthroat trout and rainbow trout whereas the
mtDNA data indicated that the cutthroat species were more similar to each other. In
the wild, differences in male/female migration rates or in the survival of hybrids may
account for incongruent >stimates. Since the haploid inheritance of the mitochondrial
DNA molecule makes it more sensitive to population bottlenecks (Nei and Li 1979),
fish species living in inland freshwater lakes and streams (eg. brook charr and some
lake trout) which have small effective population sizes will tend to display more
differences in population structure detected by nuclear and mitochondrial DNA than a
species found in larger populations. For example, lake trout from the Great Lakes or
other fish species that are not physicallv separated such as marine species will have
larger population sizes than lake-wrout from--=iland lakes or other freshwater species.
Genetic relationships among lake trout stocks observed in the current study have
features that are similar to those generated in previous studies of lake trout from the
Great Lakes regions (Ihssen ef al. 1988; Phillips ez al. 1989). The dendrograms
generated using microsatellite DNA and mtDNA data show that all Great Lake
samples are more similar to each other than any samples taken from inland
populations such as Killala Lake. Allozyme and karyotype data show that northern

Lake Superior stocks such as the Slate Islands are more similar to Killala Lake
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samples than to samples from the south shores of Lakes Superior and Huron (Thssen e
al. 1988; Phillips et al. 1989). However, while geographic trends are fairly similar for
- chromosome,:&i° )zyme, mtDNA, and microsatellite DNA data, those observed using
RAPD loci are not (Chapter 4). Incongruent results may be due to differences in the
area and amount of the genome screened. For example, PCR-based markers such as
RAPD loci or microsatellite DNA variation <ill screen a larger genomic sample size
than allozymes and RFLP analyses performec with small numbers of restriction
enzymes (Dowling et al 1996). Allozymes reflect diversity in the nuclear coding
regions as does an RFLP analysxs of a large portion of the mtDNA molecule. It is not
clear what proportion of the DNA amplified with RAPD or microsatellite DNA
primers are located in functional or non-functional regions. Recent research suggests
that some RAPD markers may be located near coding regions (reviewed in Dowling et
al. '1996; Torres et al. 1993). -Genetic mappiﬁg of microsatellites in brown trout (S.
‘trutta; Estoup et al**1%'5) indicate thafm&aasateilite- DNA loci are clustered at a high
density, but no linkage groups with allozyme markers were established.

Genetic relationships estimated using different nuclear markers are not always in
agreement, but no one marker system gives consistently different results. Comparisons
of population differentiation observed with different nuclear markers, such as RAPD
and allozyme loci are not common, often because complete data sets are not usually
available. To date, the RAPD smarkers h=v< been analyzed in species that have not

been studied previously or in species for which preliminary investigations revealed
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little variation at other loci. When comparisons have been made, they are usually
among species. For example, the genetic relationship among three tilapia species
(Oreochromis aureus, O. niloticus, and O. mossambicus) calculated with RAPD
markers was different from that estimated using allozyme data. In addition, mtDNA
data suggested that O. niloticus is more closely related to a fourth Oreochromis
species (Bardakci and Skibinski 1994). A phylogenetic analysis of whitefish species
of the subfamily Coregoninae revealed simil::r relationships among species for RAPD
~ and allozyme Jata, butihcy were different when compared to mtDNA, karyological,
and morphological data (Elo 1996). Liu and Furnier (1993) compared levels of
variation detected in two species of aspen using allozymes, RFLP’s of nuclear DNA
loci, and RAPD’s. The RFLP’s and allozyme loci had similar levels of variation
(measured as percent loci polymorphic) and the RAPD variation was higher. They
had expected that the two nuclear markers :: uld be similar, and also noted that
RAPD markers provided fewer species-spes ific markers than allozyme loci or RFLP’s.
Finally, they expressed concerns over the utility of RAPD markers for estimates of
population differentiation because of their inheritance pattern. Similar concerns were
raised in the current study. While RAPD variation is much greater than allozyme
variation and will be useful for genetic mapping and pedigree analysis, its use for

mixed-stock analysis will be somewhat limited (Chapter 4).
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Conclusions

The majority of lake trout stocks used in Ontario have now been analyzed with
a variety of genetic techniques, and we have found that nuclear DNA markers detect
more variability than allozyme markers, as was expected. Nine stocks of lake trout
were analyzed with three different techniques and the results were compared. Analysis
of mtDNA detects variation at a reasonabl= cost but may not e suitable for mixed-
stock analysis. Instead, it may have more pctential for further studies on geographic
origins of the species or may.b: used as a genetic marking sy-tem in breeding
programs (Chapter 2). RAPD-PCR markers are inberited as Mendelian genetic
markefs in lake trout (Chapter 3), are highly variable, and may be most useful for
gene mapping, fingerprint analysis, or analyzing quantitative traits (Chapter 4).
Microsatellite DNA primers from other salmonid species can be used to describe
substantial variation in lake trout (Chapter 5).' Mi&osatellite DNA loci provide the
-most accurate estimates in-a-miced-stockezralysis (Chapter 6). Microsatellite DNA
loci will be a useful tool for monitoring the variation of broodstocks in a hatchery
program, and should be added to the genetic analysis of lake trout in Ontario.

, All techniques indicated that genetic diversity is being maintained within most
stocks in the hatchery system. Genetic relationships among the stocks are also being
maintained with the exception of the Lake Simcoe stock which may have been
contaminated with Manitoba genotypes Genetic data combined with improvements in

record keeping will allow genetic concemns such as domestication to be examined in
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the future.

Rehabilitation  pr~grams thar involve hatchery stocks such as lake trout are
becoming more common as improvements in habitat allow reintroductions to be
attempted. Genetic marker systems should be used in more rehabilitation programs

because they can provide data on the success or failure of rerabilitation efforts.
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