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ABSTRACT 

INVESTIGATIONS N O  THE SELECTNE NEUTRALITY OF MITOCHONDRIAL 
DNA HAPLOTYPES LN HATCHERY STRAM BROOK CHARR (Salvelinus fontindis) 

Blair Donald Ashford 
University of Guelph, 1997 

Advisor: 
Dr. Roy G. Danntann 

This thesis investigates the neutrality of different mitochondnal DNA (mtDNA) 

haplotypes in the HiIls Lake Domestic (HLD) m i n  brook cham (Salvelinus fontindis). 

Two northern Ontario brook charr populations, derived fiom the HLD strain, were 

sampled, and the mtDNA distri'butions compared to the present HLD strain. Both 

populations had significantly more haplotype 1 fish than the HLD strain, suggesting 

differential survival of the mtDNA ha~loQqX!S. Two Algonquin Park Iakes were stockeci 

with HLD cbarr, and the survivors recaptured There were no significant changes in 

haplotype fkquencies over the summer. Thus, differential s d v a l  might occur in the 

vintertirne. 

An experimental overwintering period with HLD brook charr fond no evidence 

that fish with haplotype 1 have higher fitness than fish with other haplotypes. Fish with 

haplotype I had significantly greater condition factors at the start, but condition factors 

rapidly declined, so that on subsequent measuring dates there were no significant 

differences between haplotypes. 
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Selection occurs whenever individuals difftr in fitness, where fitness is a product 

of the individual's viability and fecundity. Selection can occur as the result of a 

polyrnorphism at a single gene locus, such as the change in fiequencies of the nomai 

gray allele and the melanistic black allele in the moth Biston 6etuZaria during the 

industrial revolution in England. Often the relative sekctive advantage of one altele is 

not independent of other alleles at different loci in its genome. Such interactions are 

called epistasis. As a result, a set of alleles at many loci may interact optirnally within 

one population, and this set of alleles is called a co-adapted gene pool (Dobzhansky, 

1955). A breakdown of co-adapted gene pools has been demonstrated by the lower 

viability and fecundity (i.e. fitness) of the F2 generation arising fiom crosses of different 

geographic populations of Drosophiia p~eudoobscura~ This effect occurs despite the FI 

generation having higher fitness than the original populations (Wallace and Vetukiv, 

1955). Phenotypes can have different fitness' caused not only by nuclear loci, but also 

through cytoplasmic loci (e.g. herbicide resistant chioroplast DNA in Arnurunthus 

hybridus; Hirschberg and Mclntosh, 1983). 

Mitochondnal DNA is a double stranded circular rnolecde. It is relativety small 

(averaging for animals about 16 500 base pairs, compared to three billion base pairs for 

the nuclear genome of humans), haploid (usually maternally inherited), and non- 

recombining. There is usually only one type (a haplotype) of mitochonârial DNA 

(mtDNA) in an organism, however multiple haplotypes do occur in one organism (e-g. 

Wallis, 1987). The mitochondrial genome contains 37 genes: two for ribusomal RN& 13 

genes for proteins, and 22 genes for transfer RNA. There is oniy one major non-coding 



region, the control region in vertebrates, and it contains the initiation sites for mtDNA 

replication and RNA transcription (Meyer, 1993). Usually, less than 10 base pairs 

separate mtDNA genes. The mitochondnal proteins ATPase, cytochrome oxidase and 

cytochrome b are constructed using protein sub-rmits coded by both mtDNA and nuclear 

DNA (Beale and Knowles, 1978). Duplicate sequences are rare in the mitochondnal 

genome, but examples are known (Wallis, 1987; Zouros et al,, 1992). Thus the modem 

mitochondrial genome is streamlined and nucleus dependent, probably as a result of 

transfer of genetic control to the nuclear genome (Meyer, 1993). 

The possibility exists that the holders of different mtDNA haplotypes vary in 

fitness. For example, MacRae and Anderson (1 988) forrned initial populations of 

Drosophila pseudoobscuru fiom a mixture of two populations with different mtDNA 

haplotypes, and obsewed changes of mtDNA haplotype frequencies through 20 

generations. In one case the change of fiequencies was remarkable (with a 46% increase 

in 3 generations), but replicate tests could not reliably recreate this result. They 

concluded that many factors, including hybrid male sterility, and nuclear and 

rnitochondrid genomic interactions are involved in the changes in mtDNA haplotype 

frequencies (Macke and Anderson, 1988). In contrast, Forbes and Allendorf (1991) 

found no correlation between mtDNA haplotypes and meristic traits and Auctuating 

asymmetry as phenotypic measures of fitness in cutthroat trout hybrids ( O n c o r ~ c h u r  

clurki fewisi and 0. c. bouveiri). Sunilarly, Zouros et al. (1992) found that differences in 

the length of the rntDNA genome in the deep sea scalIop (Placopecten magellaniczcs) 

were not correlated with shell length, a phenotypic measure of fitness in scallops. 



Since some mitochondrïal proteins are encodeci by both rnitochondrial and 

nuclear DNA, apparent fitness ciifferences among organisms with different rntDNA 

hapiotypes may be the result of interactions with the nuclear genome. Hence, Clark 

(1984) tested three cyto-nuclear models that codd possrbly selectively maintain a 

mtDNA polymorphisrn. He hypothesized that a di-allelic polymorphism at a nuclear 

locus that had an episîatic interaction with two cytoplasmic haplotypes might yield a 

stable polymorphism of the nuclear alleles and the cytoplasmic haplotypes. It was 

determiuisticaily shown in three models diffenng in the type of epistasis that a 

cytoplasmic po lyrnorphism cannot be selectively rnaintained (Clark 19841. Presurnably, 

however, if the two cytoplasmic types have the same fitness, then the cy-toplasrnic 

polyrnorphism codd exist until removed through stochasfic events, which could be offset 

by other evolutionay forces such as gene flow. 

Clark's (1984) mode1 allows for different popdations to develop a co-adapted 

cyto-nuckar gene pool, whereby the nuclear genome selectively adapts to the 

mitochondriai genome (or vice versa). Evidence for a co-adapted cyto-nuclear gene pool 

cornes from Fos et al. (1990), where the identity of haplotypes approaching fixation in 

Drosophih subobscura depended on the nuclear background Similarly, Nigro (1994) 

found in Drosophila sirnulam, that one haplotype was favored on its original nuclear 

background, while the another haplotype was selected for on its original nuclear 

background However, Nigro (1994) found that while there was an increase in the native 

mtDNA fiequency, the native haplotype did not reach fixation, but appeared to reach an 

asymptote. This asymptote is not necessarily evidence for a baianceci polymorphism, but 

may be the result of nuclear alleles with a deleterious epistatic interaction with non- 
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native haplotypes king removed from the population, resulting in a new co-adapted 

cyto-nuclear gene pool with two mtDNA haplotypes of qua1 selective advantage. Due to 

such cyto-nuclear interactions, it is ofien difficult to ascertain whether observed changes 

in mtDNA frequencies are due to intrinsic fiuictions of the mtDNA or fkom the nuclear 

background However, carefd controls can help clar@ to what extent each genome is 

responsible for the observed changes (e-g. Hutter and Ranci, 1995). 

Changes in mtDNA frequencies do not have to occur as the resdt of selective 

differences arnong the mtDNA haplotypes. Since mtDNA is matemally inherited, then 

matemal effects on slwivorship may appear to be a resdt of the mtDNA genome, 

especially if there is a strong disequilibrium between mtDNA haplotypes and females 

having higher mess caused by other mechanisms. Nigro and Prout (1990) attempted to 

recreate MacRae and Anderson's (1988) expenment on mtDNA selection in Drosuphilu 

pseudoobscura, and were able to adequately explain any observed selection on the 

mtDNA haplotypes by a differential, matemally inherited Rickettsia-mediated 

incompatibility system between the two tested populations. In a study of cyto-nuclear 

genetics in the hybtidization of two Gambusio species (G. @nis and G. holbrmki) 

Scribner and Avise (1994) found rapid evolution resuiting in the loss of G. @nis nuclear 

and mitochondrial genatypes. At six weeks, 92 to 100 percent of the FI hybrids had G. 

holbrooki mtDNA, even though G. @nis females mate randomly in regard to male 

genotype (i.e. breed with either G. amis  or G. ho!brooki males) while G. hoihooki 

females will preferentially mate with G. holbrooki males (Scribner and Avise, 1994). 

They were able to explain the apparent con.tradiction by the G. holbrooki females having 

larger young (Gambusia are live-bearers), which had better suMva.1 than G. a j jh is  
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young. While the larger sized young and greater suMva1 of G. holbrooki might be a 

result of a more efficient mtDNA genome or cyto-nuclear interaction, the most 

parsimonious explanation wouid be other maternal effects. Thus the survivaI of mtDNA 

haplotypes was dependent on other maternal amibutes, and to infer a selective (dis-) 

advantage to the rntDNA haplotype wodd be erroneous. 

Studies of brook chan (Salvelinus fontindis) population structure suggest that 

fish with different mtDNA haplotypes may not have equd fitness. Danmiam and [hssen 

(1995) investigated mtDNA variation in brook charr populations from Algonquin Park, 

Ontario, and found pronounced geographical patteming, even though the park was 

heavily stocked fiom the 1940's. The main brook charr strain (Hills Lake Domestic 

(HLD)) used in stocking Algonquin Park lakes has a much different mtDNA composition 

(including haplotypes not fond in Ontario) than the native Algonquin Park brook cham 

These non-Ontarion haplotypes were vïvimially absent in the wild fish sampled (>99%), 

despite being in relatively high fiequency in the hatchery strain (36%)' suggesting poor 

survivorship of hatchery fish or female spawning success. However, fish populations 

fiom some stocked lakes in Algonquin Park exhibit an allozyrne allele composition more 

similar to the HLD strain, than to populations fiom unstocked Algonquin Park lakes (P. 

Thssen, unpublished data). m e r  stocked lakes have populations with an intermediate 

allele composition, showing some wild and hatchery alleles, while other stocked lakes' 

populations show an allozyrne allele composition comparable to an mstocked iake 

population (P. hsen,  unpublished data). These data suggest that there was interbreeding 

of hatchery and native fish, to a varying degee, in a number of Algonquin Park lakes. 

Therefore, the allozyme data (nissen, unpublished data), together with the mtDNA &ta 
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(Danzmann and Ihssen's, 1995) irnplies that there was interbreeding between hatchery 

and native fish, but that their was either seletion mst hatchery brook charr females, 

or fish with hatchery mtDNA haplotypes. 

There are two main explmations that codd result in the observed dichotomy 

between AIgonquin Park brook charr mtDNA and allozyme data, without invoking 

selection. The first explanation is genetic drift, while the second explanation is that since 

rntDNA is maternally inherited, then selection against stocked HLD femaies (or selection 

against HLD female progeny) may result in sefection agarnst HLD mtDNA haplotypes. 

There is a greater chance of rntDNA haplotypes to be Iost from a population than 

nuclear DNA through genetic drift. This is a result of mtDNA k ing  haploid, and 

maternally inherited, compared to the diploid bi-parental inherïtance of nuclear DNA. 

Hence, in a popdation of animals, with strict materna1 inheritance of mtDNA, and a 1 : I 

sex ratio, the ratio between nuclear effective population size (ZN,) and mitochondrial 

effective population size (Ne,) is 4 to I (Birky et al., 1983). However, this ratio will Vary 

between dose to zero in a female biased population, to 8 in a male biased population 

(Birky et al., 1983). The higher the ratio, the faster the mtDNA will be removed by 

genetic drift (relative to nuclear alleles). Fos et al. (1990) found in Drosophila that the 

fixation of one mtDNA haplotype was dependent on the number of females, even though 

they also found evidence for selection on the rntDNA haplotypes. Loss of mtDNA 

haplotypes (or nuclear alleles) through genetic drift is called stochastic lineage sorting 

(Avise et al. 1984). Assuming a Poisson distriiution of number of progeny from each 

female, and an average of one daughter for each female, then with population size N, two 

or more founding rntDNA haplotypes are unlikely to survive pst 4N generations. 
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A study simita. to Danzmann and Ihssen's (1995) work was done by Hayes et al. 

(1 996) with brook charr in the southern Appalachian Mountains, except that they did find 

hatchery mtDNA haplotypes extant in previousiy stocked populations. Moreover, the 

introgression of hatchery mtDNA and allozyme markers was positively correlated (Hayes 

et al., 1996). This study had the advantage over the Algonquin Park study since the 

hatchery and native populations had mutually exclusive mtDNA haplotypes. The HLD 

strain has six haplotypes, of which only two (haplotypes 3 and 4) are not found in the 

surveyed area. These two haplotyps are rare (haplotype 3) or absent (haplotype 4) fiom 

other surveyed populations in Ontario, and are presumed to have been introduced into the 

HLD strain through hatchery females imported from Pennsylvania hatcheries. Hence, 

there could be significant and undetected impacts of hatchery mtDNA haplotypes on 

stocked Algonquin Park lake populations by hatchery fish. However, this would require 

selection for fish with Ontarion mtDNA haplotypes. 

Circumstantiai evidence for selection on brook charr mtDNA can be found in the 

phylogeography of the mtDNA haplotypes. Danzmann et al. (in prep) found that brook 

cham rntDNA haplotypes could be placed into six main evolutionary clades or 

assernbIages (labeled A-E). Of these six clades, only three (A, B, and C) have been 

found in the pst-glacial area of North America, with the C clade being restricted to the 

southern regions of this area Danzmann et al. (in prep) found evidence for at least two 

gIacial refugia The putative Atiantic refugium population is composed of a majority of 

A clade haplotypes, wi th  a minority of B clade haplotypes (with haplotype 1 king the 

most common haplotype in the 5 clade). Haplotypes fiom the C clade are found in 

southern Ontario, implying that there were more refugia, possïbly in the Ohio andlor 
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Mississippian regions. Popdations along the Atlantic coast show a cline of hapIotype 

fiequencies. MoMng northward up the Atlantic coast from the putative refugium, the B 

clade haplotypes begin to predominate, eventdly fwng to clade B (and mostiy to one 

haplotype: haplotype 1) in the Canadian arctic (Danzmann et al., in prep). Similady, 

movirtg northward from a putative OhioMssissippian refugium population (which is 

cornposed of a majority of A clade haplotypes, with minority of B and C clade 

haplotypes), the B clade haplotypes predominate over the dirninishing A and C clade 

haplotypes (Danzmann et al., in prep). Thus, whiIe there was the opportunity for the A 

and C clade haplotype fish to reinvade pst-glacial North Amenca, they did not While 

selection for Ontarion mtDNA haplotypes in stocked Algonquin Park lakes is made 

pIausibk by the phylogeography of brook chan mtDNA haplotypes, this ne& to be 

tested more rigorously. 

In my thesis, 1 tested for selective differences between fish with different mtDNA 

haplotypes through stoclcing observations and through an overwintering experiment. In 

my stocking observations, I tested the nul1 hypothesis that there is no differential survivai 

of fish with different mtDNA haplotypes after stocking into both lakes without brook 

charr, and those with an established population. To test this hypothesis, 1 measured 

changes in mtDNA haplotype fkquencies and survival of HLD brook chan, both in the 

presence of competing native brook c h ,  and without native brmk chan: To test for 

rntDNA fiequency changes in the presence of competing brook charr, I stocked two 

Algonquin Park lakes with 1+ old HLD brook charr. I recaptured survivors in the falI, 

and compared original inferred frequencies (calculated by sub-sampling the fish that 

were stocked into the lakes) and final mtDNA haplotype fiequencies, testing for 
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differentia1 survivorship between the mtDNA haplotypes on a HLD nuctear background 

Since there is a native popdation of brwk charr in these Iakes there shoutd be more 

extreme selection pressures on the hatchery fish, due to increased cornpetition. With the 

faIl recapture, 1 also measured the effective population size of mtDNA compared to 

nuclear DNA- A higher male maturation bias would resuit in a greater than 4 1 nuclear 

DNA:mitwhondriaI DNA effective population size ratio. For similar reasons, HLD 

fernale spawning success was investigated by observing and netting around the spawning 

shoals for hatchay fish, and capturing yourtg of year in the subsequent spring to screen 

for EUD rntDNA haplotypes. 

To test for rntDNA fiequency changes without competing brook c h ,  two study 

ponds (with no native salmonids) were stocked with O+ old HLD brook charr, of known 

rntDNA haplotype frequencies. I then recaptured the survivors in the foIlowing spring, 

and compared original and final mtDNA haplotype fkquencies to test for differentid 

survivorship between- Finally, 1 investigated the r n W A  disutiutions of two lakes that 

originally did not have brmk charr populations, but now have self-sustaining brook chan 

populations derived fiom HLD fish. I compared present mtDNA distributions to the 

inferred original mtDNA distributions. These lakes, lacking any selection on the mtDNA 

genome of HLD sûain brook charr shouid have a similar distribution to that of the HLD 

main, since any selection against the hatchery fish or their eggs should be the same for 

al1 femdes in the population. 

In my stocking observations, 1 found that the two lakes with hatchery derived 

populations had a higher fiequency of haplotype 1 than is found in the HLD main. 

However, 1 did not find any change in hapIotype muenc ie s  over the summer in the two 
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lakes which 1 stocked with HLD fish in the spring. Hence, the winter period might be 

when there is a selective difference among fish with different haplotypes. Therefore, 1 

tested for fitness differences between the mtDNA haplotypes in the HLD strain fish in a 

simulated overwintering p e n d  in the laboratory. I hypothesized that haplotype 1 fish 

will have higher fitness, during an ovenvintering period To test this hypothesis, I 

investigated changes in body condition between the mtDNA hapIotypes throughout the 

experiment. Condition factor is correlateci to many fitness related traits in salmonids 

(such as overwinter -val: Reimers, 1963; timing of first reproduction: Vladykov, 

1956; McConnick and Naiman, 1984; Simpson, 1992; and timing between spawning 

intervals: Dutil, 1986). 

I created up to cight full families of each of the haplotypes found in the HLD 

strain. I individually weighed, and measured a subset of each fmily, and then subjected 

them to an expenmental winter period. I hypothesize that fish with haplotype 1 in the 

HLD brook cham strain wiIl have a lower rate of condition factor toss, and subsequently 

have a better body condition at the end of an overwintering penod, than fish with 

mtDNA haplotypes other than haplotype 1. 



Mitochondnal DNA restriction Eragment length mlvmomhism analvsis 

Mitochondriai DNA was extracted fiom the liver samples using the method of 

Chapman and Powers (19û4) except for the addition of -25 M sucrose to the initial 

grinding bufFer (TEK; see Appendix 1 .). When either the liver was not large enough (te. 

young-of-year), or if the liver samples did not yield enough mtDNA, genomic DNA was 

extracted fiom muscle tissue according to the method of Bardakci and Skibinski (1994; 

see Appendix 2.). The resulting DNA (mitochondrial or genomic) was suspended in 100 

pl of T.E. (IOmM Tris, IrnM EDTA, pH 7.5) and sîored at 4OC (short term) or -20°C 

(long term). Five restriction endonucleases (Appendix 3) were used to discriminate 

between the six HLD haplotypes (haplotypes 1,2,3,4,6, and 7; h m  Danzmann et al., 

199 1 : Appendix 4). Five pI of the DNA (mitochondrial or genomic) solution was 

digested with each restriction endonuclease, for the time, temperature, and at the proper 

concentration, according to the supplier (Bethesda Research Laboratones, Boehringer- 

Mannheim, or Phannacia). The digestion was stopped by the addition of 5 pl of stop 

buffer (20% sucrose, 0.5% SDS, 0.1% EDTA, and 0.05 brornophenol blue). The samples 

were nui on a 0.8% agarose gel, with a 0SX TBE m i n g  b a e r  (diluted fiom 10X TBE: 

890 mM Tris, 890 m M  Boric acid, and 20 mM EDTA), for 12- 16 hours at 44 mV (see 

Appendix 8. for al1 electrophoresis buffers). 

After electrophoresis, the DNA in the gel was transferred to a nylon membrane 

(Hybond-N, fiom Amersham) using a vacuum blotter according to the manufacturer's 

specifications (Pharmacia LKB vacublotter). Denaturation and neutralization took 30 

min each, followed by a 60-90 min transfer of DNA with 20X SSC (see Appendix 8. for 
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denaturation and neutralization solutions). No depurination step was included The 

resultant nylon membrane was baked for 3-16 h at 80°C prÏor to hybridization. Random 

prïmed DIG labeled mtDNA probes (Hdtke et al., 1992: Appendix 5) were used in the 

hybn'dizations (Appendix 6), and were constructed with mtDNA isolated fiom brook 

chan ova. The DIG labeled blots were detected using the AMPPD-DIG 

cherniluminescent system (Boehnnger-Mannheim; Holtke et al., 1992: Appendix 7)' and 

exposed for 14-20 h to FUJI-RX X-ray film. 

The resulting mtDNA fragment patterns were scored according to Danzmann et 

al. ( 199 1 ) into the six haplotypes found in the KLD strain (Appendix 4.). 

Stocking observations 

Studv lakes 

Al1 study lakes are in northem Ontario. The two study lakes with native brook 

chan in Algonquin Park are Charles Lake (Lat 45O 54' Long: 78O 24'; 12.3 hectares) and 

Lake Nepawin (Lat: 4S0 47' Long :78O 28'; 34.9 hectares). nie two study ponds with no 

native salmonid population are Little Spaniel Lake (Lat: 48O 24' Long: 78O 58'; c. 2 

hectares) and Unnamed "Hidden7' Lake (Lat: 45" 26' Long: 79' 03'; c. 2 hectares). nie 

two lakes with self-sustaining populations derived fiom HLD fish are Banana Lake (Lat: 

47' 42' Long 8 3 O  37'; 3 1.5 hectares) and Snowbird Lake (Lat: 46O 37' Long: 8 3 O  07'; 

62.5 hectares). 

S toc king 

Both Charles and Nepawi-n lakeç were stocked with the HLD strain brook charr, 

aged 1+, fiom the hatchery production lot. The hatchery fish were fin clipped at the Hills 



Lake Fish Culture Station, in Engelha Ontario (adipose for Charles Lake, left pelvic for 

Lake Nepawin). M e r  the fish were clipped, a sub-sampIe ofthe fish were sacrificed 

using an overdose of MS-222 (100 of 1600 fish ftom Charles Lake, 202 of 3200 fiom 

Lake Nepawin. Liver tissue was removed from the fish and put into TEKS solution (50 

mM Tris, lOmM EDTA, 200mM potassium, 2SOmM sucrose), on ice, for transport back 

to the University of Guelph. The rernaining fish were then stocked into their respective 

lakes in June (June 1994 for Charles Lake and June 1995 for Lake Nepawin). 

The excess fish From the overwintering expriment were stocked into Little 

Spaniel and Hidden Lakes. The following haplotypes (number and percent of total) were 

stocked into each lake: haplotype 1: 16 (3.5%); haplotype 2: 17 13.7%); haplotype 3: 126 

(27.3%); haplotype 4: 87 (1 8.8%); haplotype 6: 147 (3 t -8%); haplotype 7:69 (1 4.9%). 

Fish with visible deformities (stunted growth, opercda, missing fins, bent spines 

etc.) were not stocked. 

Banana Lake was poisoned in 1959 to kit1 an introduced population of yellow 

perch (Per~afrave~scens). The lake was accidentally overdosed with a copper based 

poison (Cuppertox), and since the hke has minimal in- and outflows, the lake \vas still 

100% lethal to brook charr in 1965, and tolerable in 1966 at shallow depths (3 m) but 

still 100% lethal at deeper ievels (6 m). Twenty-two years later, in 197 1, the lake had 

recovered enough to permit successful stocking of brook chan and 1250 HLD charr were 

stocked, followed by 5600 HLD charr in 1974 and 5000 HLD charr in 1975. No M e r  

introductions were made, and since the lake Iacked habitable in- or outflows, the present 

self-sustaining population is derived fiom these 11 850 stocked HLD brook charr. 



Conversely, Snowbird Lake r;ever had any native population of salmonids due to 

a large waterfdI at the outlet of the Blue Fox lake system, of wfiich Snowbird is a feeder 

M e .  Snowbird was stocked four times with HU3 brook charr, ail times by fixed wing 

aircraft: 1950: 3000,1951: 3000, 1952: 3000, and 1960: 4800. No subsequent stockings 

were made, and since the entire lake system was devoid of salmonids, the present seIf- 

sustainhg popdation is denved fiom these 13800 HUI brook cham 

ColIections 

Adult brook c h m  were collected using giIl nets, trap nets and/or angling 

equipment. The fish were sacrificed by a blow to the top of the head, weighed, and totaI 

and fork lengths were measured. The sex and reproductive state were determined 

through dissection. The livers were removd and either placed in TEKS, on wet ice 

(CharIes and Nepawin Lakes), or placed directly on wet ice and then fiozen (Snowbird 

and Banana Lakes), for transport back to the University of Guelph The carcasses were 

put on wet ice, and then Frozen. 

Young of year brook chan (YOY) h m  Charles and Nepawin were collected 

using beach seine nets. The fish caught were sacrificed by a blow to the top of the head, 

weighed, and total Iength were measured They were eviscerated and placed in TEKS, 

on wet ice. 

In June, 1996, Little Spaniel and Hidden iakes were sampled using gilt nets. No 

fish were caught. 

Statistical analvsis 

The rntDNA hapIotype distributions tkom the six successfid population sub- 

sarnples (sub-sample of Charles Lake stockin& sub-sample of Lake Nepawin stocking, 
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recapture of stocked HLD fish fiom Charles Lake, Banana Lake 1994 and 1996, and 

Snowbird Lake) were each compared to the HLD mtDNA haphtype distnhtions given 

in Dananam and Ihssen (1995), and were tested for significant ciifferences using a X' 

Monte-Carlo bootstrapping algorithm, to accormt for small sampie sizes (Danmiam, 

1994). As well, the haplotype distributions of the sub-sample of stocked HLD from 

Charles Lake was compared to the recaptured stocked HLD fish from Charles. Banana 

Lake 1994 was compared to Banana Lake 1996, and Banana Lake collections were 

compared to Snowbird Lake. Banana Lake and Snowbird Lake collections were dl 

compared to the recaptured stocked HLD fish fiom Charles Lake 

For the recaptured stocked HLD fish fiom Charles Lake, the 2N,:Ne0 ratios were 

constructed as follows (hm Bir@ et al., 1983): 

NmNf 
Neo = 

a 2 ~ ,  +p21Vj 

where Neo is the effective population size of the organelle (or cytoplasmic) genome, N, is 

the number of breeding males, NJis the number of breeding females, a and f l  are the 

proportions of organelle genes donated from the fernale and male respectively (hence a + 

p= 1). Brook charr have been show to have no male transmission of mtDNA (May and 

Grewe, 1993), so a = 1 and f l= 0, and thus the above equation simplifies to N, = NI. 

The 4 (effective population size of  nuclear alleles) was calculated according to 

the following equation: 



Cold water overwintering emriment 

Collections, mating. and incubation 

On October 6, 1994, gametes fiom 94 females (approximately 300 eggs per 

fernale), and one male of the HLD domestic strain brook trout were collected at Hilis 

Lake F.C.S. The gametes were transported on wet ice back to the University of Guelph. 

There the sperm of the male was added dong with sperm activator (9.0 g sodium 

chloride, 1 -2 1 g Tris citrate, 1 -5 g glycine in 1 1 of water) separately to each femaie's 

eggs. The resultant zygotes were incubated at 4OC (maintained by using an aquachiller 

unit) in Heath incubation trays. Each fmi ly  went into a separate cornpartment in the 

incubation trays; each tmy had 32 sections, divided by plastic walls. The bottom of the 

tray was black mesh, so that the zygotes had a continuous flow of water. The trays were 

kept in darkness, and the mortalities were removed daiiy. 

RearÎng 

A sub-sample of ernbryos, fiee embryos, or juveniles (depending on family size) 

from each family were sacnficed, to determine the family mtDNA haplotype. For each 

of the six HLD strain haplotypes (1,2,3,4,6, and 7), a maximum of eight families were 

kept, the rest of the families were destroyed The remaining fiee embryos were moved to 

tanks (39 cm 1 x 24 cm w x 30 cm h) and raceways (232 cm I x 29 cm w x 23 cm h), and 

fed twice daily, at approximateiy 9:00 and 16:OO. The following is the resulting number 

of families: haplotype 1 : 2; haplotype 2: 1 ; haplotype 3: 8; haplotype 4: 7; haplotype 6: 8; 

haplotype 7: 8. The tanks and raceways had continuously-flowing well water at ambient 

temperatures (8 OC4 2T), were flushed daily of waste, and thoroughly cleaned once a 

week. When the fish were approximately 2 cm in total length, they were thinned to 50 
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fish per family, and again at approximately 3 cm to 20 fish per Fmily (with the 

remainder k ing  stocked into Little Spaniel and Hidden Lakes), to reduce density effects. 

ExPenmental design 

Of the rernaining 20 fish from each family, 5 fish were chosen randomly 

(excluding fish with visible deformities, i.e. stunted growth, opercula, missing 

fins, bent spines etc.). They were anesthetized using 2-phenoxy ethanol, weighed, and 

total and fork lengths were measured Then a PlT (Passive Integrated Transponder) tag 

was inserted into the dorsal musculature. The fish were alIowed to recover in aerated 

buckets of fresh well water at the arnbient temperature, and then were moved into a 

holding tank. The remaining fish were sacrificed with an overdose of 2-phenoq ethanol. 

On November 27,1995, the tagged fish were transferred to the OMNR research 

station at Maple, Ontario. There, they were put into a circular tank (190 cm diameter x 

77 cm high) filled with arnbient well water. The water r e m  was psitioned to create a 

constant circular flow in the tank, so that al1 fish were swimming in a comparable 

cumnt. Then, starting on November 29,1995, and over a 3 week period, the water was 

cooled to 4OC. The water was held at that temperature for 23 weeks. On A p d  9, 1996, 

the fish were anesthetized with MS-222, the PIT tag codes was recorded, dong with 

weights, and total and fork lengths. The fish were allowed to recover in aerated buckets 

of well water at 4OC, and then returned to the experimental tank. On May 3 1, 1996, the 

fish again were anesthetized with MS-222, the PIT tag codes was recorded, aIong with 

weights, and total and fork lengths. The fish were ailowed to recover in aerated buckets 

of well water at 4"C, and then returned to the experimental tank. Then, sîarting on June 

3, 1996, and over 4 weeks, the water was warmed gradua1ly to ambient temperature 
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(SOC). On Jdy 19,1996, the fish were sacrificd using an overdose of MS-222, the PIT 

tag codes was recordeci, along with weights, and total and fork lengths. 

Statistical analvsis 

Each Ftsh's condition factor (K) was calculated at each measurement as 

K = (wet weight g) /(fork length mm)'' 

The fork length was used in this caicuiation to account for possible damage to the caudal 

fin tips, that might not be repaired due to the fish's poor condition. Other observations 

have found K to be unreIiabIe as an indicator of a fish's acîual condition (e.g. Gardiner 

and Geddes, 1989). However, there are three important caveats in using K Polger and 

Connolly, l989), that when accounted for make K a robust rneasure. The First is that K 

often declines as a fish's fength increaes. For this experiment, al1 fish are of a similar 

tength, Secondly, K assumes growth is isometcic. There was no significant change in 

length over this experimental period. Thirdly, K will tend to have a hi& kurtosis, 

indicating that standard errors cm be measured incorrectty, To overcome this, kurtosis 

will be monitored in the statistical analysis to ensure that no basic assumptions of the 

statistical analyses are viotated One last problem occurs when measuring K and 

assurning that it is correlateci to body condition and lipid levels, is that when lipid levels 

decrease, there is a cornpensatory increase in water levels, which results in a higher 

estimation of condition than is warranted. In this experiment, al1 fish are compared only 

within the measuring day, to minimize discrepancies of waterlipid ratios between fish. 

Hence, K measurements will be relevant between fish at a measurement date, but 

probably not between rneasurement dates. 



The fish were not measured on the first &y of the cold water experiment 

( 1  1/29/96; day O), so the condition factors constnicted fiom the tagging measurements 

were used for day 0. The remaining 3 dates had condition hctors calcuiated h m  the 3 

subsequent rneasurements: day 134 (4/9/96), day 186 (SB 1/96), and day 235 (7/ 19/96). 

For each fish, a linear and quadratic mode1 were fitted to the condition factor 

response over time, using a mixed analysis of variance. The quadratic mode1 was found 

to have a better fit (at an a = 0.20 level of  significance). Hence, the following quadratic 

was used: 

Kk(day) = Aijk + Bijkfdûy + cijk*daY2 

where &(dry) is the condition factor of the kth fish at day, and where: 

Aijk = + ai + F(a)j(il + Elijk 

BP = PB ' Pi + F(B)j<i, + E2ijk 

Cijk = k + Xi + F(~)j(i) E3ijk 

where Ai$ is the kth fish of thejth family of haplotype i. is the variation of 

haplotype i fish around CLA> and is the fixed effect F(alj@ is the variation of the/th 

fmily  nested within the ~h haplotype, while qi,t is the variation between fish within the 

/th family of the nh haplotype. 

For each haplotype, a least squares mean regression parameter was calculated. 

Since I hypothesized that haplotype 1 would perform better than the other haplotypes in 

an ovenvintering experiment, 1 perfonned three planned contrasts (one each for Ai, Bi, 

Ci), comparing each coefficient of haplotype 1 to the mean value of the coefficients of 

the remaining five haplotypes. 



Since fitting a quadratic requires a minimum of 3 data points (and the 

overwintering experiment has 4 measurement dates), almost al1 fish in the experiment 

were used in fitting the above rnodel, including those fish that were not measured for one 

of the 4 dates (rnostly the last date when some of the smaller fish were missing, and 

presumed dead). Three data points, fiom three different fish were removed fiom the data 

set due to aberrant condition factors. The aberrant measurements are presumed to be 

caused by incorrect measurements or transcription, since notes were made at al1 

measurements regarding general condition of the fish (ie. eroded fins, sexual maturation, 

extremes in body condition, canniklistic, etc.), and these 3 fish were not noted as being 

thin or obese. 



RESULTS 

Stocking observations 

Stockina lakes without native brook chan 

The mtDNA frequency distnïution in brook charr from both Banana and 

Snowbird Lakes were significantly different than that in Hills Lake Domestic strain as 

presented by Danniam and ihssen (1995; Table 2.). Haplotype 1 was the predominant 

haptotype in both lakes, k ing  found in 63.2% of Banana Lake fish in 1994,40.6% in 

1996, and in 76.9% of Snowbird Lake fish, compared to 17.8% of HLD fish (Table 1 .). 

Both Banana and Snowbird Lakes contain a mtDNA haplotype (haplotype 4) not found in 

native Ontario brook charr, but found in HLD brook cham These populations also 

contain other mtDNA haplotypes that are found in HLD brook charr, and occasionaliy in 

native Ontario brook chan (Le. haplotypes 2 , 6 ,  and 7; see Table t .), Both of these facts 

indicate that these populations are det-ived from HLD fish. The Banana Lake mtDNA 

distrïïution did not differ significantly between 1994 and 1996. 

No stocked HLD brook charr were recovered in the spring of 1996 from either 

Little Spaniel or Hidden Lakes. 

Stocking lakes with native brook charr uo~ulations 

The mtDNA haplotype composition of the 30 fish re-captured in the faIl of 1996 

fiom Charles Lake (Table 1 .) was not significantly diflerent f h n  either the stocking s u b  

sample or published HLD haplotype compositions (Dammam and ihssen, 1995; Table 

2 )  However, the rntDNA haplotype composition of the two sub-sainples of the HLD 

strain brook charr stocked into Charles Lake (n = 99) and Lake Nepawin (n = 1851, were 



significantly different than documentai mtDNA haplotype composition of the HLD m i n  

(Danzmann and Ihssen, 1995). 

There was a lower than expected effective population size of mtDNA compareci 

to nuclear DNA in the 30 recaputured fish fiom Charles Lake- This occurs even though 

there were more females (20) than males (9; in 1 fish sex could not be determineci; Table 

3.) in the recaptured fish, since there were more mature males (9 of 9) than mature 

femates (5 of 20). Assurning an equal sex ratio, and using the maturation percentages 

(25% of females and 100% males) then the 2Ne: Ne, ratio is 6.4: 1. However, since an 

equal sex ratio can be rejected (x' = 4.18; x19s 1 df = 3-84), using the raw data (NI= 5, 

N,,, = 9) yields a 2Ne: Ne, ratio of 5.14:1. 

Even though sexualIy mature stocked fish were caught in Charles Lake, no 

stocked fish were found on or around the spawning shoals, either by inspection and 

videotape, or by trap nets set by the spawning areas. Of the 5 1 young of year brook charr 

caught in Charles Lake in the spring of 95, al1 were mtDNA haplotype 1, the haplotype 

with the highest fiequency in native Charles Lake brook chan (haplotype 1: 2 1, haplotype 

7: 2; Danzmann and Ihssen, 1995). 

No stocked HLD brook chan were recovered in the spring of 1996 in Lake 

Nepawin, nor were any young of year captured. 

Cold water oveminterine; experiment 

At the beginning of the overwintering experiment, fish with haplotype 1 had a 

significantly greater condition factor than fish with other haplotypes (the contrast for A;, 

values found haplotype 1 fish were significantly different at an a = 0.05 level, p < 0.01). 

However, fish with haplotype 1 also had the greatest initial rate of decrease in condition 
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factor (the contrast for Bi values found haplotype I fish were significant1y different at an 

a = 0.05 level, p < 0.05; the contrast for Ci values was not significantly different: p = 

0.3027; see Table 4.). Thus at the time of tagging, fish with haplotype I had a 

significantly greater condition factor than fish with other haplotypes, but by the second 

measurement interval, the condition factors for fish with haplotype 1 were not 

significantly different. Again, at the third and forth measurements, there were no 

significant differences arnong the haplotypes (see Figure 1 .; Table S.). This decrease in 

condition factor can be caused by either a decrease in weight, or an increase in length. 

There were no significant differences in the change ofbody lengths observed between 

haplotype classes (data not show). Thus, fish from haplotype one did not grow more 

than fish from other haplotypes, but lost more weight relative to their length. 





Table 2. Monte-Carlo bootstrapping probabilities for pairwise cornparisons among 
sampled populations. 

Hills Lake Domestic * I  - +*' **' **L *** 
Charles Lake: Stocking - N N N N 
Charles Lake: Recapture N *** *** * 
Lake Nepawin: Stocking N N N 
Banana Lake: 1994 - * 
Banana M e :  1996 ** 
Snowbird Lake 

1 Monte-Carlo simulations were not required, p values constnicted using the Chi-squared 
method 
-, non significant; * p < 0.05; ** p < 0.01;*** p < 0.00 1; N not compared 



Table 3. MtDNA haplotype, spawning condition, wet weight, and condition factor 
$weip,ht)/ (total length)3*10s) of recaptured fish fiom Charles Lake. 

mtDNA immature/ total length weight (g) condition 
haplotype would have (mm) factor 

spawned 
Females 

3 h m  186 55 0.855 
1 
6 
4 
7 
7 
3 
1 
1 
4 
6 
3 
3 
6 
6 
1 
4 
S 
3 
3 

Males 

Imrn 
Imm 
Irnm 
Imm 
h m  
Irnm 
h m  
Irnm 
Irnm 
Imm 
Irnm 
h m  
h m  
Imm 
WHS 
WHS 
WHS 
WHS 
WHS 

4 WHS 212 100 1.050 
4 WHS 204 90 1.060 
1 W S  215 II5 1.157 
3 WHS 190 80 1.166 
4 WHS 178 70 1.24 1 
1 WHS 185 80 1.263 
3 WHS 222 140 1.280 
6 WHS 1 82 80 1.327 
1 W S  175 75 1.399 



Table 4. Least squares mean regression parameter for Ai, Bi and Ci, for eac h 
ha~lolme i. (see text for details). 

Ai B~ (xIo-~) Cr (X 1 O") 
Haplotype 1 1.223 +/- 0.227 -2.552 +/- 0,0454 3.038 +/- I ,  194 
Haplotype 2 1,076 +/- 0,308 -2.01 1 +/- 0.0624 3.024 +/- 1.602 
Haplotype 3 1 .O88 +/- O. 109 -1.862 +/- 0.0216 1,747 +/- 0.559 
Haplotype 4 t.127+/-0,119 -1,767 +/- 0.0238 1.684 +/- 0.6 14 
Haplotype 6 1,109 +/- O. 110 - 1.665 +/- 0,022 1 1-080 +/- 0.566 
Haplotype 7 1 . 1 1 1  +/-0,114 - 1,673 +/- 0.0228 1.053 +/- 0.597 



Table 5. Adjusted mean condition factor at rlays 0, 134, 186, and 235. 
O 134 186 235 

Haplotype 1 1.22 0.94 0-85 0.79 
Haplotype 2 1 .O8 O. 86 0.81 0.77 
Haplotype 3 1 .O9 0.87 0.80 0.75 
Haplotype 4 1.13 0.92 0.86 0.8 1 
Haplotype 6 1-11 0.90 0.84 0.78 
Haplotype 7 1.11 0.9 1 0.84 0.78 



Figure 1. Response curves of condition factor by haplotype in a simulated overwintering period (haplotype 1 :  diamond, haplotype 2: 
square, haplotype 3: triangle, haplotype 4: "x", haplotype 6 and 7: circle). 



S toc king observations 

Stocking iakes without native brook charr 

The distributions of mtDNA hapIotypes in the fish captured from Banana and 

Snowbird Lakes are not representative of HLD, In prticular, the fiequencies of 

haplotype 1 in both Banana and Snowbird Lakes are considerably higher than any sample 

of HLD fish (Danzmann and kssen, 1995; Charles Lake: stocking; Lake Nepawin: 

stocking; see Table 1 .). Ifjust one lake been found with a self-sustaining population 

derived fiom HLD strain brook charr, then an argument of some histone matemal effect 

(i.e. a year class dominated by offspring of an unusually large female) or a founder efFect 

causing more haplotype 1 fish to be present in the population wouId be plausible. 

However, since haplotype 1 fish are presently a minority in HLD, the chance of haplotype 

1 fish having randomly increased in fiequency seems uniikely. Therefore, these results 

suggest that fish with haplotype 1 have greater s u ~ v a l  than fish with other hapIotypes. 

The hypothesis of selection on fish fiom Banana and Siiowbird Lakes assumes 

that present HLD frequencies are representative of p s t  HLD generations. However, 

temporal changes between year classes have been observed @anzrnann and Ihssen, 

1995). Furthemore, both sub-samples of the fish used to stock Charles Lake and Lake 

Nepawin were significantly different from the HLD main (Table 2.). Still, the HLD 

strain has never undergone a severe bottleneck in its history, so atthough the exact 

frequencies may change, there is no reason to expect a different complement of 

haplotypes to be found between sampling times. 



The fact that stocked HLD fish did mate a sel'sustaining population in 

Snowbird and Banana Lakes contradicts Fraser's ( 1  981; 1989) studies of HLD 

survivonhip and natural reproduction. He found that the HLD strain had poor survival 

and no natural reproduction (when HLD was the only strain in the lake), and was only 

able to create a naturalized population fiom survivon of the Nipigon d n ,  Dic kson 

Lake wild strai-n and hybrid stockings (Fraser 198 1 ; 1989). Therefore, the mtDNA 

haplotype Frequencies in fish from Fraser's study Iakes would be similar to the haplotype 

Frequencies in either the Nipigon strain (haplotype 1 - 91 -9%; haplotype 8 - 9.1 %) or in 

Dickson Lake (haplotype 1 - 5 1.1%;6 - 30.2%; 10 - 2.3%; 1 1 - 2.3%; 12 - 4.7%; 15 - 

9.3%; Damann and Ihssen, 1 995). Dari~nann and lhssen (1 995) surveyed three of 

Fraser's (1981;1989) study Iakes (Mykiss, Ch ipmd,  and Little Mimow). Chipmunk (n 

= 36) and Little Minnow (n = 1 1) were fond  to be fixed for haplotype 1 .  while Mykiss 

(n = 1 8) had five haplotypes present (haplotype 1 - 6 1.1%; 7 - 5.6%; 8 - 5.6%; 9 - 16.7%; 

10 - 1 1 .1 ) .  Since the relative fiequencies of the two most common Dickson mtDNA 

haplotypes (haplotype 1 and 6) are high (51% and 30%). and considering the number of 

years the crosses where made (five years: Fraser, 1981), it is reasonable to assume that 

one of the three lakes sampled wouid possess at lest  some fish with the second most 

common haploîype. However, haplotype 6 is absent fiom al1 t h e .  Thus, there appears 

to be selection on the mtDNA genome of the fish stocked into Fraser's study laices, with 

fis h possessing mtDNA haplotype 1 having the highest survivorship. 

The data fiom Banana and Snowbird Lakes, dong with data from Fraser's lakes, 

indicate that fish with haplotype I might have higher fimess than fish with other 

haplotypes. This can be explained by differences in the intrinsic function of the mtDNA 
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itself, or through an improved cyto-nuclear interaction (Le. Fos et al., 1990; Nigro, 1994). 

Since both the HLD strain and fish fiom Fraser's lakes are created using brook charr 

fiom different populations, and if each source population had a different co-adapted cyto- 

nuclear gene pool, then there could be strong cyto-nuclear interactions in these strains 

that coutd result in selection on both the mitochondnal and nuclear genomes. Since 

haplotype 1 is widespread (Ferguson et al., 1991 ; Danniam et al., 199 1 ; Danztnann and 

Ehssen, 1995; Jones et al., 1996; Dannann et al., in prep), and possibly ancestral 

@anniann et al., in prep), it mi& interact best across a heterogeneous nuclear DNA 

background Hence, fish with hapIotype 1 might have improved fitness in a strain 

created h m  an admixture of different populations (e-g. HLD fish from Snowbird and 

Banana Lakes, and hybrid fish h m  Fraser's lakes). 

Stockina Lakes with native brook charr uooulations 

The recaphtred brook chan in the faIl of 1996 from Charles Lake do not provide 

evidence for seledon acting upon the mtDNA frequencies. Not only were there no 

significant changes in haplotype frequency between stocking and a fa11 recapture in 

Charles Lake, but fish with the non-Ontarion haplotypes 3 and 4 were the majority of the 

sexuatly mature females (four of €ive fish). 

The recaptured stocked fish fiom Charles lake yielded higher 2Ne: N,, ratios than 

expected (raw data: 5.14: 1; assuming equal sex ratio: 6.4:1; expected: 4: 1). These ratios 

occur even though tbere were significantiy more females îhan males, since al1 males were 

sexually mature, compared to onIy 25% of females. The higher male mortality rate over 

the summer (assuming equal sex ratio at stocking) might be the result of the high male 

maturation rate. Pnor to stocking, hatchery brook chan might decide whether to mature 
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that year based on their body condition in May (which is the case for m i e  Atlantic 

salmon p a r  Rowe et al., t 99 1). Hence, if al1 hatchery males decided to mature that 

year, then they would d l  need energy for gonadai tissue. Not ail fish wouid be equally 

successhl at adapting to the new lacustrine environment, and this may have lefi many 

males in a net energetic Ioss, resulting in poor condition and death. Since Lemale 

salmonids have to pre-pay a greater portion of the energy requîred to reproduce (Jonsson 

et al., 199 1) femaie brook charr might have a higher maturation decision threshold in the 

spring (in the hatchery) or decide later in the season (aller stocking, and the use of some 

lipid reserves). Thus not al1 females would decide to spawn, and hence have more 

reserve energy to draw upon for survival, resulting in higher survival, but lower 

maturation rates. 

The estimates of the 2Ne: Ne-, ratio are probably smal1er than the true ratio, since 

the numbers of spawuing males and females are based on the dissection of the recaptured 

stocked Fish, which is not tmly indicative of the fish's chance of reproduction. While 

these fish would have been physioIogicalIy able to produce gametes, other hatchery 

salmonids have k e n  found to have poor spawning success in the wild (Atlantic salmon, 

Salmo sahr. Webb et al., 1991; coho salmon, Oncorhynchus kifustek Fleming and 

Gross, 1992; steelhead trout, 0. mykiss: Chilcote et al., 1986). Moreover, the spawning 

success between escaped hatchety male and female saimonids has k n  found to be 

unequal, with the males showing greater explorative behavior than females (Webb et al., 

199 1). Hence, stocked female brook charr, lacking appropriate irnprinting cues might 

not be able to Iocate suitable spawaing locations, while stocked male brook cham might 

wander into the appropriate spawning area, and successfully interbreed with native 
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Femaies (resulting in a lower NI, and a correspondingly higher ZN,: N,, ratio). Since 

appropriate spawning areas in Precambrian shield laices are Iimited (Fraser, 1985), this 

might explain why there was only introgression of hatchery dlozyme alleles in 

Algonquin Park brook charr populations (Danzmann and km, 1995; P. assen, 

unpublished data), while introgression ofboth hatchery allozyrne alleles and mtDNA 

haplotypes occurred in stocked Appalachian mountain streams (Hayes et al., 1996). 

Thus, while the data fiom Snowbird and Banana Lakes indicate that fish with 

haplotype 1 might have higher fitness than fish with other haplotypes, the data fiom 

Charles Lake did not find any changes in mtDNA haplotype frequencies. However, in 

both Charles Lake and Lake Nepawin, no hatchery fish were recaptured in the spring, 

which indicates that the overwintering perhd is a time of high mortality. 

Cold water ovenvintenn~ emriment 

Hills Lake Dornestic (HLD) strain brook chan with mtDNA haplotype I had 

significantly greater initial condition factors in an ovemintering experiment, than did 

fish with the other haplotypes. However, haplotype I fish had a significantly greater rate 

in decrease of their condition factor than the rest of the haplotypes, so that by the end of 

the overwintering experiment, their condition factor was comparable to fish of other 

haplotypes. It is intriguing that, as  hypothesized, fish with haplotype 1 were the only fish 

Found to have significantly different responses, yet not (apparendy) to their advantage (as 

hypothesized), but to their disadvantage. 

One of the reasons for using condition Factor in this experiment as a measure of 

fitness, was its correlation to time of first reproduction in salmonids (Viadykov, 1956; 

McCormick and Naiman, 1984; Simpson, 1992). However, many other factors, which 
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are often correlated, have a h  been found to be important, Which of these 

rneasurements is the tme indicator ofien can not be determineci (wet weight, not growth 

rate: McCormick and Naiman, 1984; Iength only: Myers et al., 1986; growth rates andor 

fat reserves: Simpson, 1992; length and mild winters: Prévost et al., 1992; condition 

factor not length: Bohlin et al., 1994). Rowe and Thorpe (1 990) found that maturing 

male Atlantic salmon males tended to be larger in January. Maturing males had lower 

condition factors in March, but their condition factor increased faster in Apd, so that by 

May, their condition factor was greater than non maturing males (Rowe and Thorpe, 

1990). Rowe et al. (199 1) found that I+ Atlantic sahon parr that showed a pst-winter 

increase of total lipids in April, followed by an increase in mesenterial lipids in May, 

matured in the summer, whiie nonmaturing Parr did not increase total lipids until May, 

and mesentenal lipids did not increase lmtil June. In Baltic hemng (Clupea harengus 

membras), mesenterial lipids and gonad weight are inversely correlated, impiying that 

mesenterial lipids are used preferentially for gonad development (Rajasiha, 1992). 

Hence, salmonids rnight decide on whether to mature or not in the early summer, 

depending on mesentenal lipid reserves. This i s  demonstrated by 1+ Atlantic smolts 

which will still mature, even if they experience a very low (or negative) growth rate 

through June, and have a poor condition factor at the end of June (Berglund, 1995). 

Hence, condition factor might not be a good indicator of possible maturation, when used 

in the late winter months (March and April), which is the case in this experiment 

Studies have suggested that higher fall condition factors result in higher 

overwinter sumival (Reimers, 1963). Most of the o v e d t e r  mortality occmed during 

the late wintedearty sprïng when nsing temperatures increased the activity of the Bout, 
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resulting in higher energetic costs. However, given that haplotype I fish had greater 

condition factors at the start of the experiment, it would be erroneous to assume that 

haplotype I fish would have higher overwinter survivaI. There was no significant 

differences in the condition factors between fish with different haplotypes at the end of 

the experiment, in the spring, indicating that at the time of observed mortality, that 

haplotype 1 fish would be as likely to die as fish with other haplotypes. Thus, despite the 

initial higher condition factors in fish with haplotype 1, there is no evidence ta accept a 

hypothesis of higher fimess in haplotype 1 fish. 



Both Banana and Snowbird Lakes haâ higher ftequency of haplotype I fish than 

is found in the present HLD However, stockhg and subsequent recapture of HLD 

strain fish in Charles and Nepawin takes did not finci any significant changes in mtDNA 

fiequencies. This led to a selection hypthesis, where haplotype I wodd have higher 

fitness during an ovewintering period, which was tested in an experirnental 

overwintering period. No evidence favonng the hypothesis was found However, 

hap lom I fish did start the experiment with a significantly higher condition factor than 

fish with other haplotypes. This indicates that îhere might have k e n  a selective 

advantage, that was not detected (or could not be detected) using the methods employed. 

Thus, it wodd be useful to reconstruct the overwintering experiment (or one similar to 

it), and use other rneasures of fitness. 
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APPENDIX 2. Mitochondrial DNA extraction (after Chapman and Powen, 1984). 

NOTE: Construction of al1 solutîons is detailed in Appendix 8. 

Either fiesh liver tissue or fresh. unhardened salmonid eggs can be used as a 

source of mtDNA for this methd  Livers should be imediately dissected and 

stored in cold TEKS buf'fer. Eggs should be stored at 4'C in slight'y open 

containers, to allow for air movement, 

Liver: Between 0.5-5.0 g of liver tissue is used from each sample. Samples with 

less tban 1 g of tissue can be processed with 10 ml of TEKS in 15 ml centrifuge 

tubes; larger tissue sizes are processed with 40 ml of TEKS in 50 ml centrifuge 

tubes. Homogmke tissue with a motor-dn'ven Teflon p d e  that has k e n  sanded 

to allow sorne clearance when grinding (lysing the ce11 but not the mitochondria). 

Eggs: 30 ml ofeggs are used fiom each sample, with the addition of 10 ml of 

TEKS buffer. The eggs are burst in a hand mortar and pestle, and processed in 50 

ml centrifuge tubes. Add TEKS only at grinhg time, to prevent water hardening 

from occurring. 

Pour homogenate into centrifige (stBuning egg homogenate), and balance pairs of 

tubes by weight. 

Place balanced hibes opposite each other in centrifuge rotor, and spin for 10 min 

at 1 O00 rpm at 4OC to pellet debris. 

Pour supernatant into fiesh centrifuge tube, and discard pelleted debris. 

With a stede Pasteur pipette, mderlayer each sample with t ml (1 5 ml centrifuge 

tube) or 2-3 ml (50 ml centrifuge tube) of 25% swxose TEKS. 



Place balanced tubes opposite each other in centrifuge rotor, and spin for 10 min 

at 2 O00 rpm at 4°C. 

Pour supernatant into fiesh centrifuge tube. Place baIanced tubes opposite each 

other in centrifuge rotor, and spin for 30-60 min at 12 000 rpm at 4"C, to pellet 

mitochondria 

Remove tubes fiom centrifuge rotor as soon as it stops spinning, and immediately 

pour off, and discard, supernatant Do not disIodge the pellet from the side of the 

centrifuge tube. 

Resuspend the pellet in fiesh TEKS in 0.75-3.0 ml of TEKS, depending on the 

size of the pellet, Transfer suspension into f -5 ml eppendorf tubes (1 

mVeppendorF tube). 

Add 150 pl of 10% non-iDET to suspension. Mix samples by inversion, and 

incubate at room temperature for 10 min. M e r  which, the suspension should be 

clear. If not, add another 100 pl of 10% non-DET, and mix again. 

Spin in microfige at 24 000 rpm for 10 min a? 4"C, to pellet debris. 

Aliquot 750 pl of the samples into fresh eppendorf tubes and add 750 pi of buffer 

saturated phenol. Mix samples well and then centrifuge at 14 000 rpm for 10 

min. Extract top aqueous layer to a clean eppendorf tube, not disturbing debris at 

sarnple-phenol interface. Repeat step. 

Add 750 pl of chloroform:isoamyi alcohol(24:1). Mix samples well and then 

centrifuge at 14 000 rpm for 10 min. Extract top aqueous layer to a clean 

eppendorf tube. 



14. To precipitate the DNA, add 1 ml of icecold 100% ethanol to each sample tube. 

Mix sample, and store ovemight at -20°C. 

15. Spin samples for IO min at 14 000 tpm, and drain off ethanol. Dry pelleted DNA 

at 37°C for 15-20 min, or until dl ethano1 has evaporated 

16. Suspend pelleted DNA in 150 pi of 1 X TE buffer. Leave sample ovemight at 

4°C. Store DNA sample at least at -20°C . 



LWPENDLX 2. Genomic DNA extraction (afler Bardakci and Skibinski, 1994). 

NOTE- Construction of al1 solutions is detaiied in Appendix 8. 

Cut 50 mg of tissue into srnall pieces, and suspend in 500 p1 S E ,  in 1.5 ml 

eppendorf tubes. 

Add 15 pl of 20% SDS and 30 pi of proteinase K (10 mglml). Incubate sample at 

50°C for 1 h, or until tissue has been fully digested Invert sarnples every 10 min 

during incubation to speed up digestion. 

When the samples are digesteci, add 500 pl of buffer saturated phenol. Mix 

samples well for 3-5 min and then centrifuge at 14 000 rpm for 10 min. Extract 

top aqueous layer to a clean eppendorf tube, not disturbing debris at sample- 

phenol interface. Repeat step. 

Add 500 pl of pheno1:chloroform:isoamyl alcohol(25:24: 1 ). Mix samples well 

for 3-5 min and then centrifuge at 14 000 rpm for 10 min. Extract top aqueous 

layer to a clean eppendorf tube. 

Add 500 pI of chIoroform:isoamy\ alcohol(24:1). Mix samples well for 3-5 min 

and then cenirifuge at 14 000 rpm for 10 min. Extract top aqueous layer to a 

clean eppendorf tube. 

To precipitate the DNA, add 1 ml of ice-cold 100% ethanol to each sample tube. 

Mix sample, and pulse sample for approximately 30 s in a centrifiige at 14 000 

rpm. Immediately pour off ethanol. 

Re~eat step 6. with 70% ethanol. Use pipette to remove remaining ethanol. Dry 

peleted DNA at 37°C for 15-20 min, or until al1 ethanol has evaporatd 



8. Suspend pelleted DNA in 150 pi of IX TE buffer. Leave sample ovemight at 

4°C. Store DNA sample at Ieast at -20°C . 



APPENDIX 3. Fragment sizes (kbp) for the five restriction enzymes used in this study. 

(fiorn Danzmann et al., 199 1 ) 

ACC I A =  
B =  

Hind ïïï A =  
B =  

Nco I A =  
B =  

Nsi 1 A =  
B =  

Pst I A =  
B =  



APPENDK 4. Mitochondnal DNA haplotypes descnîed using restriction enzyme 

tiagment sizes (see Appendix 3.). (fiom Danzmann et al., 199 1) 

Clone Acc I Hind Ili Nco I Nsi 1 Pst 1 



APPENDIX S. Constnicting random primed DiG labeled mtDNA probes ( d e r  Holtke 

et al., 1992). 

NOTE: Construction of all solutions is detailed in Appendix 8. 

Starting mtDNA should be pure from contaminants, Le. nuclear DNA. mtDNA 

extraçted from eggs is pure enough. 

Cleave mtDNA into a range of srnall fragments by digestion with one or more 

restriction enzyme(s). Remove RNA by the use of RNAse during digestion. 

Clean up resultant product using the GENECLEAN protocol. Resuspend cleaned 

pellet in a small amount of sterile distilled water. 

Adjust concentration of mtDNA to 1 -0-3.0 pg/13pl. Aliquot 13 pl of mtDNA 

solution into 1.5 ml eppendorftube and place in a boiling water bath for 10 min 

to denature DNA. 

Cool on ice and ethanoi for 3 min, pulse in centrifùge, and add: 

2 pl of hexanucieotide mix 

4 pl of 5X dNTP mix 

1-2 pl of Klenow enzyme 

Mix well, pulse in centrifuge, and incubate overnight at 37°C. 

Remove from incubator, pulse in centrifuge, and add: 

2 pl of 0.2M EDTA, pH 8.0 

2.5 pl of4M lithium chloride 

75 pl of 100% ethanol 

Mix well and store overnight at -20°C. 



9. Centrifiige at 14 000 rpm for 10 min. 

10. Pour off 100% ettianol, and nnse with70% ethanol. 

1 1. Dry pelleted DNA at 37"' for 15-20 min, or until al1 ethanol has evaporated. 

12. Suspend pelleted DNA in 50 pl of O. lX  TE buffer. Store probe at -20°C . 



APPENDIX 6. Hybridiition of random primed DIG labeled mtDNA probe to mtDNA 

Southern transferred to nylon membranes. 

NOTE: Construction of al1 solutions is detailed in Appendix 8. 

1. Put nylon membranes in hybridization tubes, DNA side away fiom glass. 

2. Add 8 ml of Hybridization Buffer and 2 ml of Blocking Stock per membrane. 

3. Wet tube lid with clean distilled water, close lid, and roll tube to wet the 

membraneCs). Open lid & roll out any bubbles with a large giass pipette. Wet lid, 

close, and put tube in oven at 65OC. 

4. Prepare sdmon sperm DNA: 

a. Have one watertight eppendorf tube per hybridization tube. 

b. tnto each eppendorftube put 50 pl of sterile distilled water and 12 pl of 

salmon sperrn per membrane 

c. Float eppendorf tube(s) in boiling water for 10 minutes 

d. Remove eppendorf tube fiom boiling water, and put on wet ice for 

approximateIy one minute 

5. Put cooled salmon sperm DNA fiom the eppendorf tube(s) into hybridization 

tube(s), wet lid, close and put glass tube in oven for 3 hours, at 65OC. 

6. Prepare random primed DIG labeled mtDNA probe: 

Preparation of new probe: 

a. Have one watertight eppendorf tube per hybridization tube. 

b. into each eppendorf tube put 50 pl of sterile distilled water, and 2 pl of 

probe and 6 pl of salmon spem DNA per blot 



c. Float eppendorf tube(s) in boiling water for 10 minutes. 

ci Remove eppendorf tube fiom boiling water, and put on ethanol and ice for 

approximately one minute. 

Preparation of old probe: 

a Place large falcon tube of old probe into boiling water for 10 minutes. 

7. Remove a hybridization tube fiom the oven, and the large falcon tube fiom the 

boiling water. 

8. If necessary, top up the used probe falcon tube with the hybridization fluid h m  

the hybridization tube so there is 5 ml of fluid in the Falcon tube per blot. Drain 

the remainder of the hybridization fluid h m  the hybridization tube. 

9- Into the hybridization tube add 5 ml of old probe, and the contents of one 

eppendorf tube, wet lid, close and put in oven at 65°C. Repeat for each 

hybridization tube. 

I O. Leave hybridization tube(s) in oven overnight (1 6 houts). 

1 1. Drain off probe into used probe Falcon tube. 

12. Add 25 ml of Stingency Wash 1 per membrane into hybridization tube. Roll 

hybridization tubes for 5 minutes at room temperature. Drain, and repeat again 

with Stringency Wash 1. 

1 3. Add 25 ml of Stringency Wash 2 per membrane into hyb tidization tube. Roll 

hybndization tubes15 minutes in oven at 65°C. Drain, and repeat again with 

Stringency Wash 2. 

14. Remove membranes from hybridization tubes, pIace in dish, and rime witb 

Washing BuKer (enough buffer to cover blots, approximately 100 ml), and drain. 



15. Either dry membranes with filter paper and wrap with Saran wrap (for later 

detection), or detect at once. 



APPENDM 7. Cherniluminescent detection of hybridized D E  labeled nylon 

membranes (after Hdtke et ai., 1 992). 

iV0TE:Consûuction of ail solutions is detailed in Appenda 8. 

0 

1. 

2. 

3 
3. 

4. 

5 .  

6.  

7. 

8. 

9. 

IO. 

11. 

t 2, 

13. 

14. 

If the hybridized nylon membranes were wrapped in Saran wrap, remove 

membmnes from the wrap, place in a dish, finse in washing b a e r  (enough b&er 

to cover blots, approximately 100 ml), and drain. 

Make 100 ml of B&er 2, and rnk on low heat hot plate 

Pour B&er 2 into the dish containing bybridized nylon membranes and shake for 

30 minutes, 

Add 1 pi anti-DlG per 15 ml of Buffer 2 (approximately 6 pl for 100 ml) 

Shake for 15 min, flip membranes, shake for 15 min more. 

Drain Buffer 3, 

Pour 100 ml washing buffer into dish, shake for 15 minutes, and dmin, repeating 

once. 

Pour 100 ml of Buffer 3 into dish, shake for 5 minutes, and drain. 

Mix 1 ml Bufkr 3 and 1 pl AMPPD per membrane in AMPPD dedicated dish. 

Place membranes DNA-side up, one at a time into AMPPD wash 

Thoroughly rime membrane with AMPPD wash (with 1000 ml Gilson pipette). 

Take membrane out of AMPPD dish and pat dry with filter paper. 

Wrap membrane with Saran wrap 

Place wrapped membranes in 37°C oven for 20 to 30 minutes 

Put warmed membranes into X-ray cartridge and detect using FUJI-RX Xiay film 

for 14-20 h, 



APPENDM 8, Solutions. 

mtDNA Extraction BufFers and Reagents 

100 ml 
TEKS (see below) 90 ml 
non-iDET P-40 IO ml 

Store at room temperature. 

25% Sucrose TEKS 

500 ml 1 1  
TEKS (see below) 4 17.5 ml 8 3 G  
sucrose 82.5 g 165.0 g 

Store at 4OC. 

Tris 
EDTA 

Autoclave, and store ai 4°C. 



TEKS 

1 1  - 4 1 
Tris 6.055 g 2G 
EDTA 3.722 g 14.9 g 
KCI 15.0 g 60.0 g 
distilled water 914.5 ml 3658 ml 

pH to 7.50 

Autoclave before adding: 

Sucrose 85.5 g 342.0 g 

Store at 4°C. 

Genomic DNA Extraction Buffers 

I I  - 
NaCl 5.844 g 
Tris 6.057 g 
EDTA 3.722 g 
distilleci water to make 1 1 

Store at 4OC. 

DNA Electoro~horesis Buffers and Reagents 

OSM EDTA 

I I  
EDTA 186_1 
chsrillexi water to make 1 1 

pH 8.5 to solubilize 



IOX TBE 

1 1  4 1 
Tris IOG g 43.0 g 
b r i c  acid 55.0 g 220.0 g 
0.5M EDTA 40-0 ml 160.0 ml 
(see above) 

Store at 4OC. 

100 ml 500 ml 
sucrose 20.0 g 
0SM EDTA 537 pl 2685 pl 
(see above) 
SDS 0.5 g 2.5 g 
bromophenol blue 0.05 g 0.25 g 

Store at room temperature. 

Solutions for Southern Transfercing 

I I  4 1 
NaOH 2F0 g 86% g 
NaCI 87.66 g 350.64 g 
distilled water to make 1 I to make 4 1 

Store at room temperature. 



Tris 
NaCl 87.66 g 350.64 g 
disti lled water tomaket1 tomake41 

Autoclave, and store at 4°C. 

1 1  4 1 
NaCZ 1 7 3  700.0~ 
Nacitrate 88.2 g 352.8 g 
disîilled water to make 1 1 to make 4 1 

NaCitrate = Citric acid trisodium salt di hydrate 

Autoclave, and store at 4°C. 

Hvbridization and Detection Buffers and Reagents 

I l  - 4 1 
NaCl 8.77 g 3r08 08g 
maleic Acid 11-61 g 46.43 g 
distilled water to make 1 1 to make 4 1 

pH to 7.50 with NaOH 

When solution approaches pH 7.5, use dilute NaOH. 

If sohtion exceeds pH 7.5, use small amounts of maieic acid to bring pH dom,  

Autoclave solution, and store at room temperature. 



100 ml 
skim milk powder 2.0 g 
B d e r  1 98.0 mi 

Do not autoclave. 

Make up as required; do not store for more than a few hours. 

t 1 
Tris 1Gl 
NaCI 5.84 g 
distilled water 900 ml 

pH to 9.5 with NaOH before adding: 

MgCl 10.165 g 

If necessary, adjust pH to 9.5, and add enough distilled water to make 1 1. 

Do not autoclave. 

Store at room temperature. 

I I 4 1 
Buffer l 997ml 3988m1 
Tween 20 3 ml 12 ml 

Do not autoclave. 

Store at room temperature. 



Stringenq Wash 1 (LX SSC; O. 1% SDS) 

1 I 41 
20 X SSC i0Knl 400 ml 
20% SDS 5 ml 20 ml 
distiiled water 895 ml 3590 mi 

Do not autoclave. 

Store at room temperature. 

StrÏngency Wmh 2 (O. IX SSC; O. I% SDS) 

1 1  4 1 
20 x ssc 5 ml 20ml 
20% SDS 5 ml 20 ml 
distilled water 990 ml 3840 ml 

Do not autoclave. 

Store at room temperature. 

800 ml 
20 X SSC 250 ml 
N-Iauroyl sarcosine 1.0 g 
SDS 0.2 g 
distilIed water 550 ml 

Do not autoclave. 

Store at room temperature. 



Blocking Stock 

I I - 4 1 
Blochg Reagent 5.0 g 5 0 y  
Buffer 1 45.0 ml 450 mi 

Ensure pH of Buffer 1 is 7.5, and that it contains no acid except MaIeic acid Hydrogen 

ions will cause the blocking reagent to precipitate. 

Autoclave to dissolve Blocking Reagent 

Refigerate, and use quickly. Spoiled Blocking Stock will result in high background 



TEST TARGET (QA-3) 

APPLIED 4 IMAGE. lnc 

O 1993, I\pp(led Image. lm. Pl1 Righis RaseNed 




