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‘ ABSTRACT '
DIVERGENCE OF MITOCHONDRIAL DNA

* AMONG THE SUB-FAMILY SALMONINAE °

- e

WITH SPECIAL REFERENCE TO
. THE GENUS SALVELINUS

Peter Martin Grewe
A

Restriction.analysis of mitochondrial DNA was used to
identify differences among populations of the lake trout
Salvel inus namaycush. Mitochog@rial DNA was purified from 126
fish representing 9 broodrstocks along with an additronél 47 fish
fromld natural populations. Seventeen restriction endonucleases
were employed to'analyée all brood stock fish as well as 17 fish
from thg-Yukoﬁ Territory population. Two of these eniymes
{HindIIIl and BamHI) were used tdtexamine 21 fish from the‘Hare
Island (Lake_Superibr) and @ fish from the ‘North Knife Lake
populations.

The mi&ochondrial genome 6f the lake trout was found to be
16,800+200 base pairs in length. A single heteroplasmic ;i'
individual was discovered in one strain (Manito;). It contained
two ggpomés, one of which was less frequent and shorte?;by 20
base pairs than the other ones examined.

The 17 restriction enzymes ;;solved 13 mitochondrial clones
which fell into 3 major groups. These clonal groups, which caﬁ be
identified by their BamHI restriction phenotypes, have a specific

distribution: a western lakes group; a central lakes group; and

an eastern Great Lakes group.

j'v . . .‘f.|>



Tin,

‘Seven of the 13 mitochondrial clones were unique to a
particular strain. In addition there were dramatic shi{tslin the
relative proportions of the 6 remaining mitochondrial clones
among the brood stocks. Thegé results indicate that mt«DNA‘
markers have great pbtential.for the identification and
management of lak® trout strains.

Mitochondrial DNA was also isolated from two additional

members of the genus §alvg}inus (alpinus and gggsinalisj and

from the closely related taxon, Hucho hucho. Restriction sites
recognized by fourteen endonucleases were mapped for each of the:

Yy
species and percent sequence divergence was estimated between

analysis of mitocHondrial DNA, using Hucho as an outgroup, is

presented. In all respects this—phylogény supports the classical

- Finally, sequenée divergence data of the current study was
merged witg three other phblished salmonid mtDNA phylogeniqs'tn
produce a composite distance phenogram representiag the phylogeny
of the subfamily Salmoninae. Diyergqﬁte time estimates, for the
break points between the major taxa..of this group, indicate that
the Salmoninae genera are of recent origin, late Miocene to early
Pliocene, and that the present spgciea originated during the late

A
Pliocene to early Pleistocene. =

.
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PREFACE .

The f&llowing is' designed to introduce the reader to the
organization of‘this thesis..which consists of two interrelated,
yet, autonomoué_ghap&efs. fhe first chapter utilizes the
restriction analysi; of mitochondrial DNA-pmtDNA) to examine
variation among populations of the lake trout and® then eﬁpandé on
thgjapplication of this ;echniqﬁe as a fisheries management tboll
to assist lake trout rehabilitation effort in the ?re;>‘Lakes.
The second chépter again uses restriction dhalysis | tDNA,
however, as a systematic tool to infer re]étionahips ét a higher
taxonomic level. Both chapters have been written a§ separate
entities containing their own abstract, introduction, methods and
materials:§fesu1ts, and discussion sections, with a separate set
of tables and figures following each chapfér. The first chapter
also has an®additional section entitled "Management Implications
which deals with current and future uses of the restriction site

data set. Fihally there is a common bibliography and set of

appendices referenced py both chapters.

s

ix



-l’

TABLE OF CONTENTS
ABSTRACT v v vvvrinsnnnnn. L e e e iv
DEDICATION. . o et e e ve et ee e e eee e e et vi
ACKNOWLEDGMENTS . . oo v oo e e e vii
PREFACE. . ..... e e e ix
TLIST OF TABLES . .« o vouve e ee e, e xii
LIST OF FIGURES......... P [RTU S
LIST OF APPENDICES. .« «vuvvvnn e et eeeiieeeiinaanes, xvi

CHAPTER .

I. MITOCHONDRIAL DNA DIVERSITY AMONG BROOD STOCKS 4
OF THE LAKE TROUT SALVELINUS NAMAYCUSH

'Abstracf..a.;;.r..: .................. L. E"é ...... 2
Introdﬁction ......................................... 3
Materials and Methods. . ... ... ...ttt it ivernens 7
Results. . .. i i et i s i it e s e 11
Discussion. ... ...ttt it ie et e e e e 16
Management Imp]icatioﬁs ............................. 21
Tablés ............................................... 23
s e LU o 2 T...29

II. PHYLOGENETIC RELATIONSHIPS AMONG THE SALMONINAE
AS INFERRFD FROM MITOCHONDRIAL QNA DIVERGENCE

YT E B T 44
Intrd&udtion...; .................................... 45
Materials and Methods....... .. .. it ittt st nnnaas 48
Results....i .................................... v eeaD2
Discussion. .......ciiiiii ittt onanssns :, ....... ..56
0 o - 69
- D o L o - 74



TABLE OF CONTENTS {cont.)

APPENDIX T.outenteiete et ettt et et e et e e e 86
APPENDIX II.......c.ovueeenn.... (Trmta T s e e e 91
APPENDIX TIL...........ocven.., [ e .. .92
APPENDIX IV........ooiueiiinininnnennnn.. e, P 99
APPENDIXﬁV......:...h...; ................................ 100
APPENDIX VI......... S e..i...101
LITERATURE CITED. ...« roscuernnnannananeneaeanannn, v...102
VITA AUCTORIS..... e RERRTRRRIPNPPIN RS §
AN .
, .
[}
. x1



Table

LIST OF TABLES FOR CHAPTER 1

Lake trout strains used in this study............... 23

Restriction enzymes used and their recognition
=5 T o =X 24

Restriction phenotypes of the thirteen clones

resolved by the ten "polymorphic" restriction

enzymes, and their abundances among the‘'nine
brood stocks........ N e e ee e e e et it e s e 25

Clonal diversity amiong brood stocks of the
lake trout. . ..... ... i i e i e, V.)26

———
-

Data used to compute Nei's d for (a) Neci I

and (b) 6-base restriction endonucleases.

Values on the diagonal are number of restriction

sites per clone. Other numbers refer to the

number of restriction sites in common between

varlous Clones. ... ... ittt i it e e it e e e e 27

Length éf the mitochondrial DNA molecule in
fish species based on published data and results

of this study. ... ... ittt e et 28

J‘ . xii ‘



TABLE

LIST OF TABLES FOR CHAPTER 1II

Species used in the study and their origin.......... 69

Restriction enzymes used and their recognition
SeQUENCES . & v v vttt v s e et e e e e e e e e 70

Restriction site data used to compute Nei's

d. Values on the diagonal are the number

of restriction sites per clone, with the other

values referring to number of restriction sites

in common betw2en the various clones................ 71

Max1mum likelihood estimate of mtDNA sequencp

Length of the mitochondrial DNA molecule in fish
species based on published data and results from
this study. .. ... i i it it e et e e e 73

xiid



LIST OF FIGURES FOR CHAPTER I

FIGURE ‘ f\—.page

1

—

Origin of the lake trout brood stocks and
natural populations used in this study.............. 29

A |
Restriction fraygment patterns observed for the
17 restriction endonucleases employed in this

Restriction site map of the lake trout
mitoehoRdrial genome . o vttt it ettt e 37

UPGMA generated phenograms based on the maximum
likelihood estimate of the number of differences

per site (d) constructed for (a) Nci I and

(b) the 6-base enzyme site data..................... 38

Changes occuring in the lake trout mtDNA molecule
in order to move from the Bam HI "D" type to the
R O o T o T e e e e e 39

Phenogram producgd’by simple parsimony analysis /7
outlined in the method section.......... T, ...40

Proportions of the 13 mitochondrial clones foﬁnd
among the 9 brood stocks surveyed...... e 41

Distribution of the A,B, and C clonal groups,

based on a total sample size of 197 fish from
the 11 lake trout populations surveyed........ cee. .42

xiv



FIGURE

1

10

11

LIST OF FIGURES FOR CHAPTER I1

Page
Mitochondrial DNA cleavage map of the clones
examined by this study. The molecule has been
depicted linearly, opened at an arbitrary
Eco RI site........ ..., e e e i, T4

Location of Sst II sites, in relation to the
D- loop—fegion., based on the published sequences
of mouse (Bibb et al. 1981) and human {Anderson

et al., 1981) mitqrhondrial DNA. ... ... ... ...

Distance phenogram for the twelve clones examined -
by this study, based on the maximum likelihood
estimate of the number of nucleotide differences
Per site {(d) ... ... it et e e e e e e e e 76

Parsimony network of lake trout mitochondrial
clones based on 4-, 5-, and 6-base restriction
endonucleases (from Grewe and Hebert, 1987)

Parsimony network #1 dE}icting the relationships
between the species examined by this study:

a) drawn by PAUP as a dendrogram (branch lengths
to scale); and b) drawn as a Wagner tree with

slashes indicating a character state change........

Parsimony network #2 depicting the relatlionships

‘between the species examined by this study:

a) drawn by PAUP as a dendrogram (branch lengths
to scale); and b) drawn as a Wagner tree with

slashes indicating a character state change........

Native distribution of the lake trout in Rorth

America (from Scott and Crossman, 1973)............

e
Native distribution of the brook trout in North

America (from Scott and Crossman, 1973)............

Distribution of Arctic charr (from Johnson, 1980)...

Bistribution of particular species of

Hucho (from Holcik, 1982)...... C et 83

Distance phenograms from the three publlBth
salmonid phylogenies based on percentage sequence
divergence of mitochondrial DNA : _ , -
(a) from™Berg and Ferris, 1984;

"(b) from Thomas et al., 1986;
{c) from Gyllensten and Wilgon,'lQBT ..... ..........

Composite distance phenogram of the Salmoninae,

based on percent sequence divergence of mtDNA......

Xv



APPENDIX
APPENDIX
APPENDIX
APPENDIX

APPENDIX

APPENDIX

APPENDIX

IT

III

IV

VI

LIST OF APPENDICES

Mitochondrial DNA Techniques........

Restriction Fragment Sizes of Phage
Lambda and pBR322 Fragments Used as
Electrophoretic Size Standards......

Restriction site maps for the
mitochondrial genomes of the
salmonids examined by this study....

Dichotomous key for lake trout brood
stock identification, based on
restriction analysis of mtDNA.......

Restriction site Presence/Absence
i = TR o ol 1

xvi



CHAPTER I

MITOCHONDRIAL DNA DIVERSITY AMONG
BROOD STOCKS OF THE LAKE TROUT

SALVELINUS NAMAYCUSH

L
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ABSTRACT

Restrictlon analysis of mitochondrial DNA was used to *
identify differences among populations of the lake trout
Salvelinus namaycush. Mitochordrial DNA was purified from 126
fish representing nine brood stocks along with an additional 47
fish from four natural poﬁulations. Seventeen restriction
endonucleases were employed to analyse all brood stock fish as
well as 17 fish from the British Columbia and Yukon Territory
populations. Two of these enzymes (Hind III and Bam HI) were used
to examine the 30 fish from two additional natural populations
{Lake Superior and Manitoba) along with additional brood stock
samples from the Manitou (12 fish) and Seneca (13 fish) strains.

The mitochondrial genome of the lake trout was found to be
16,800+200 base pairs in length. A single heteroplasmic %
individual was discovered in the Manitou strain. It contained two
genomes: the less freguent of which was shorter by 20 base pairs

than the other.

The seventeen restriction enzymes resolved thirteen
mitochondrial clones which fell into three major groups. Tﬁese
clonal groups, which can be iaentified by their BamHl restrictionu
phenotypes, have a specific distribution: a western lakes group:
a. central lakes grouﬁ; and an eastern Gfeat Lakes group.

Seven mitochondrial clones were unique tola particular
_stock. In addition there were dramatic shifts in the relative
proportions of the six remaining mitochondrial clones among the
brood stocks. These results indicate that mt-DNA markers have
éreat potential for the identification and management of lake

trout strains.



INTRODUCTION

The lake trout fishé%y in the Great Lakes collapséd in the
mid-1940's as a result of ihe sea lamprey, pollution, and
overfishing {Eshenroder et al., 1984). Efforts to re-establish
self-sustaining populations from hatchery stocks have recently
intensified follcwiﬁg contrq; of thiblamprey. In most cases,
plantings include a variety of brooaﬂzkucks that originated from
different locations in the Great Lakes (Pycha and King, 1985;
G.L.F.C. internal rep., 1986). Members of the v;rinus stocks can
be differentially fin clipped to permit comparison of their
survival success, but this does not allow assessment of their
reproductive capability in the wild. Asses;ment of reproductive
success fequires the exi;tence of genetic mariers between brood
stocks which will ideally persist osgr many generatioﬁs.

During the {970'3 work on stock identification focused on
electrophoretic studies because variation in allozyme patterns
ordinarily has a simple genetic basis. Retent studies which have
surveyed as many as 40;50 locid have been more successful ( B. May
and C, Kruegef; pers.‘comm.) in revealing genetic differencés
among stocké than earlier  studies which were based on too few
loci. Yet even comprehenﬁive al}ozyme surveys of locli ha&e falled
t; reveal evidence of'significaﬁt genetié variation within some
species. For instance, perch populations in Lake Michigan {Leary
and Brook, 1882), ciscoes in Lake Superior (Todd, 1981) and lake
trout in Lake Superior (T. Todd, pers.—comm.) were found to be
nearly'ﬁonomorphic at the loci examined. Even in the most

, , 7
successful cases, differences among populations co-occurring in a

specific lake basin have been restricted to fairly minor shifts



in gene frequency. Such variation provides an indication of
pop&lation structure, but is not dramatic enough toc permit
“assignment of individual fish to a specific stock on anything
more fhan a prdbabilistic basis. Allozyme markers have proven

4

more useful in certain other contexfs. for example sthdying the

fate of introduced fish or the incidence of introgression. Yet,
even in these cases certain limitations exist. Allozymically
marked fish can be distinguished from residents for only one

v

generation and then only if a clear gene substitution exists.
Hybridization between the introduced apd native stocks and
segregation of variants make it difficult or impossible to

determine the fate of the introduced fish in later generations.

_ It is now generally accepted that,-when one is dealing with

eithelr conspecific or closely related species, triction

ahalysis-nf mitochondr;al'DNA‘provides more detail information
on phylogenetic félationshipslthén do allozyme (Avise et
Aal., 1979a,b; Ferris et al. 1981; Lansman et al., 3; Avise
et al., 1984; Avise and Saunders, 1984; Avise et l z, 1986).
There are two major reasons for this. First, mitochbndrial
studies permit examinatiqn-of variation at the nucleotide level.
By contrast, allozyme studies involve detection of variatioh in
charge characteristics of gene products, and thus nucleotide
subti;utions which do not alter charge (app. 2/3) are overlooked.
Second, the resolution capability of mifochqndrial DNA studies is
enhanced by the fapt'tﬁat mitochondrial DNA evolves aé.ten times
the rate of the nuclear genome {Brown et al., 1979).

In the context of stock identification in fish,

mitochondrial DNA has the additional advantage of being a



maternally inherited asexual genome (Hutchinson et al., 1974:
Francisco et al., 1980: Lansmen et al., 1981). This has an

important effect on the anticipated level of gené??E divergence
between stocks. The extent of genetic divergence in any segment

of the genome is determined by the interaction between processes
which promote divergenée; and the process of gene exchange which
reduces divergence. When populations are large and selection
pressures weak (as is the case for allozyme variants), the amount_
of gehé’exchange is critical in determinihg the extent of
divergencé. For nuclear genes this exchangé can_be accompl ished
by the movement of individuals of either sex. In the case qhere
females are philopatric and males mate randomly, no divergence In
the nuclear aenome will occur. However, this same pattern of gene
exchange permits the divergence 5% the mitochondrial genome
because it is maternally inherited,

In summary, there‘are two main reasons to expect more
clearcut aivergence among stocks of fish in the mitochondrial
rather than the nuclear genome - the more rapid rate of evolution
of mitochondrial DNA and the failure of male exchange to reduce

[y

genetic.divargence among stocks. . h .
) Within thé past two years it haé become evident that studies
af mitoqhondrial DNA diversity offer excéptional promise'in the

'discrimination of fish stocks in a manner ‘useful to.fisheries
manégement. Specifically, thg stu&ies carried out so far (eg.
Avise %F ai:,.1984; Avise and Saunders,l1984; ; Berg and Ferris,

1984; Wilsdh et al., 1985; Avise et al., 1986; Billington and

Hebert, 1986; Thomas et al., SQEE: ) .have demonstrated the



occurence of abundant mitochondrial  DNA variation in a variety of
fish species.

" This project aimed to examine the value of mitochondrial
restriction fragment data in defining brood stocks of the lake
trout. The stud&'concentrated on nine brood stocks used in
restocking programs in both Canada and thF\quted States. Thé
lake trout is a bHilopatric species (Swanson, 19745 and thus has
a population structure favouring the development of genetically
isolated stocks. Yet, at£empts to distinguish these stocks on
* morphological and alloz?mic criteria have met with lf#ited
success. Natural reproduction is now occuring in Lake Ontario
(Krueger,.pers. comm. ), Lake Huron (R. Eshenroder, pers. comm.}),
and Lake Michigan (J.'Epifano, pers. comm.) in areas where lake
trout were planted. I%t is essential to identify tﬁese natural
'”recruits in order to deﬁermine which strains are reproducing

successfully in the wild.

wy



MATERIALS AND METHODS

The lake tro strains analyzed in this study were obtained

from hatchery Yrood stock, with the exception of the wild caught
Simcoe and Lewjs Lake fish (Table 1). The geographie origin of
each strain isyshown in Figure 1. In addition to the hatchery
strains, a limilted survey of mitochondrial diversity was also
carried out on akg trout from four natural popﬁlations (Figure
1) - Hare Island (Lake Superior), Atlin Lake (British _Columbia),
Lake LaBerge (Yukon Territory), and North Knife Lake (Manitoba).

Mitochondrial DNA (mt DNA) wés routinely extracted from
liver tissue, but immature ovaries énd mature testes proved to bhe
good sources as well. Fresh tissue was used exclusively as ylelds
of mt DNA from frozen tissue were_substantially_reduced {pers.
obs.). In some cases, fish were transported to tﬁe laboratory and
kept aiive’in 1400 litre aquaria, with their livers dissected
Just prior to extraction of the mt NDNA. Liver tissue, however,
may be kept on ice for at least 4 days (up to 10 days at 0°c)
withouf.a noticeable decline in mt DNA yield (pers:iobs.). Most
of the liver;samples used in this study (taken in conjunction
with disease culls) were, therefore, sent via couriér to the y
. laboratbry‘and processed withih.4 days of dissection.

Mitochondriai DNA was extracted and purified according.to
the protocol outlined in Appendix I. Yields of mtDNA were
approximately 1500-2000 ny per 3-5 é of liver tissue - enough DNA-
éb pefform approximately 300 restriction digests. -

Seventeen restriction endoﬁuq}eases {Table 2) were employed

to analyse all 126 brood stock and the 17 fish from Atlin Lake



- : ’ ~
and Lake LaBerge. Additional fish from the Manitou (n=12)‘and
Seneca (n=13) sfralns, along with the Hare Island and North Knife
Lake fish, were analysed using\éhly Bam HI and Hind III.

Two microlitres (5-10 ng.) of each sample were digested with
approximately 1 unit of a particular restriction endonuclease in
a total volume of 15 ulL using fhe buff%r system and incubation
temperatures specified by the supplier (Bethesda Research
Laboratories). Samples were.digested for one and a half hours and
then: end-labelled with 32p radio-labelled nucleotides, ﬁsing the

fill-in reaction of the large (Klenow) fragment of DNA polymerase

I (Maniatis,'lgez). Unincorporated nuclectides were then removed

and the samples dried (see Appendix I for details of sample
preparation}). The samples were then reconstituted in a buffer (8%
sucrose and 0.05% bromoéheﬂgl blue in TBE}, split into 7.5‘uLA
aliquots, and simultaneously electrophoresed utilizing agarose
and polyacrylamide gels }n a TBE (BémM Tris, 89mM Borig Acid, 2mM
EDTA pH 8.0) buffer gystem.VDNA fragments ranging in size from
20,000 t? ;pproxipately 500 b%se pairs were rgsolbed on 1'2%.
agarose gels, while fragments of between+1000 and 26 base pairs
were resolved on 4%'acrylamide gels (38:2 acrylamide : bis-
acryiémide)f |

Upon compleéion of electrophoresis, gels were dried onto a
filtér paper backing (3MM), and exposed overnight to X-ray (Fuji-
RX) film. Restrictibn fragmen{s were visualized as sharp black
bands on these autoradiograpii. Fragment sizesiﬁere estimated
firom the ;utoradiographs utilizing thé program DNAGEQ (Kiesér,
1982; modified by P. Grewe) run on an Apple II plus computer in

conjunction with a HIPAD (model DT 11A, Houston Instruments)

* -



digitizing pad. Restriction fragments of Lambda anﬁ'pBRazz were

L3

used as size standards (&ppendix 2) in these analyses.

Homologies of restriction sites were confirmed by conducting

apprupriate doubie digests and a preliminary restriction site map
of the lake trout mifochogdrial genome was determined. The
lengths of restriction fragments greater than 11 kb were
difficult to esfimate accurately from the high percentage agarose
'gels used. Therefore, lengths of thgse_fragments were obtained
from double digests which cut them into smallerrpieées that had
lJow errors associated wifh their size determination. The size of
the lake trout mitochondrial genome was then estimated by
‘comparing the sums of restriction fragments produéed by éhe
thirteen é—base enzyme digests. 4

Restriction patterns obtained for each endonuclease were
assigned a letter (ATE,C...etc.) in the order of their discpvéry
and the mitochondrial genotype of each fish was descfibed by a
set of 17 letters. Each uniéue 17 letter combination described
the iphenotype" of a specific mitochondrial clone and these wére
subdivided into three groups on the basis of their Ava 'I and Bam
HI restriction patterns. For example, a clone was labelled "A" if,
the Aval or BamHI "A" pattern was present. It Qas,labelled "B" If
the BamHI "B" pattern was present and "C" if tﬁe'BamHI ol
pattern was present. Justifi;ation for the recognition of these
three ;;;ﬁps‘is protiged later. -

TheueffeCtive number of clones in eaclr stock was calculated

using the inverse of Simpson's Index (Simﬁson,#1949; Parker

1979). The effective number of clones and actual number of clones
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detected in each brood stock were separately regressed against
sample size using the General Linear Models Procedﬁfe of SAS.

Tﬁe maximum likelihood estimates of the number of nucleotide
differences per site (d) were galculated using the method and
pragrdms of Nel et al. (1985). This entails comparing thé num?er
of restriction sites m and mY {for mt DNA molecules x and Yy,
fespectively) with mxy' the number of shared restriction sites.

It was impossible to determine mxylbétween thé restriction
éndonucleases Hinf I, Hpa II, and Tag I due to the“complexity of
their patterns (Fig. Zc-e). These results were therefore excluded‘
from this analysis. The values of d for the 5-base enzyme Nci I
and the 6-base enzymes were, however, used to construét- UPGMA
phylogenetic trees after the method of Nei et al., 1985. Arctic
charr mtDNA, isolated from fish taken in the Tarsuk Arm
(northwestern Baffin Island)., was used to root the é~base UPGMA
dt:ﬁlirt)grilam . |

'A.preliminary phenetic tree utilizing all restriction
.endonuclease ﬁatkerns was constructed by parsimony. Ciones with‘
the fewest restriction site cha;ges pétkeen them were conhecfed
together, assuming that parallel site gains and losses were
extremely rare or did not occur. For example,; to obtain the Bam

HI "C" restriction type from the Bam HI "A" restriction type, the

Bam HI "B" type was reguired as an intérmediate {see Figure 5{.



RESULTS

Lake Trout Mitochondrial Genome E

The lake trout mitochondrial genome is approximately
16,800+200 base pairs in length (concensus length obtained from
thirteen 6-base restriction digests). The mitochondrial genomes
of all fish examined were identical in length with one exception.
One fish.from_ the Lake Mgnitou strain was heteroplasmic,
containing fwo mitochondrial genomes of different size (confirmed
through double digests). The smaller (by 20 base palrs) genome
appeared less intense {app. 1/10) on autoradiographs and was only
detected with digeéts utilizing either Hind III or Hinf I. These
digests cut the two genomes int fragments which migrated to
positions on the gels affording re#oiutiun of the smallér
heteromorphic fragmgnt. The larger genome was labelled the A9
clone, Due to the errors involved in ffugment length
determination, it was not clear which, genome was identical in
size to the typical lake trout mitochondrial genome, However,
both long and short "A9" genomes were oharacte;ized by a Hing III
site gain. This aiscovery of heteroplasmy did not hamper ﬁﬁy
subsequent analysis, but it may prove useful as a diagnostic
character of the Man;tou strain. No other heteroplasmic
individpals were observed among the remaining 142 fish survé?ed
for the-entire 17. restriction enzymes.
Restriction pafterns

Seven restriction endonucleases (Bcl I, Eco RI, Pst 1T,
Pvu II, Sal I, Xba I, and Xho I) were monomorphic, i.e. they
produced identical restriction patterns for all fish surveyed

(Fig 2a). The ten remaining restriction endonucleases revealed

11
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"polymorphic" patterns (Fig 2a,b,c.,d,e} and permittea the
resolution of thirteen mitochondriallqlones ITable 3) wighin the
group of 126 broed stock fish examined. Eight of these clones
were resolved By 6-base restriction endonucleases, but the
balance could only be recognized by utilizing four- and five-base
restriction endonucleases. A preliminary restriction site map (6-
base égzyme data only) has been.included (Figure 3) detailing the
positions of the variable Bam HI sites relative to some of-thg
invariant.sites.
Phylogény of Mitochondrial DNA Types
Two approaches were‘uSSd to examine the phylogenetic
relationships between the 13 mitochondrial clones :¢ genetic
distance aéalyais after Neil et al. {1985); and pheneticlanalysis
by parsimony.‘Genetic distance analysis, based on 6-base enzymes
(Figure 4b), showed that the thirteen clones fell into three
major groups (A,B,and C), with groups "B" and "C" being more
closely related to each other than either was to group "A". The
average genefic distance between members of groups "B" and "C"
was ,0138, while the average distances between members of "A" and
the "B" and "C" groups were .0238 and .0245, respectively. The
five~base.enzyme data (Figure 4a) supported the distinctiveness
of group "A", but suggested that "B" and "C" were more closely
related.
The parsimony analysis shows the differences between the
mitochondrial clones and the mutational steps required to move

from one clone to the next. These results extend those gained

from the distance analysis. For example to move from "A" to "B"
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required a gain of a Bamd HI site, while moving from "A" to "é"
regquired the gain of both this site and an additional Bam HI site
(Figure 5). The parsimony analysis in combining all restriction
site data (Figure 6) clearly revealed that group "B" is
intermediate to groups "A" and "C". It wiass separated from members
of group "A" by a minimum of 6 restriction site differences and
from members of group "C" hy at least 4 site diffoerences. Thus, ai
minimum of 10 mutational steps were required to .move from the “A"
type to the "C" type. . .

1

Clonal Distribution
V Clone group "A" was the most diﬁgrse of the three groups and
;ncluded 9 different clones, while groups "B" and "C" were
represented by one and three clones respectively. Clones Ai, A?,
Bl, and C1 domiﬁated (>13 fish per clone) the ¢lonal assemblage
with approximately 90 percent of the fish belonging toaone of
thes% clones (Table 3). The remaining nine clones were "rare",
each being represented by fewer than 5 fish. In fact seven of
these nine qlones were represented by only a single fish and were
unigue to a particular strain (Table 4). These clones were. found
in thelGreen Lake (A5), Lewis Lake {A4), Manitou (A8,A9),
Marquetté (A?,CS); and Seneca Lake (A6) strains.

The overall distribution of the mitochondrial clones among
the ﬁatchery st;ains, as reported in Table 4, is depicted
graphically in Figure 7 which shows that eéch strain has a unique
clonal assemblage. The Clearwater Lake and Marquette strains
contained the_same three common clones (Al,A2, and C1), but the
Cl clone was much more common in Clearwater Lake. The Lewis Lake

strain also contéined the Al and A2 clones, but- the Bl and C2
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clones were present, while the Cl cleone was absent. The Green
Lake strain alsc contained the Al clone, but there was high
praoportion of the otherwise rare A3 clone, and the B1 and "C"
clones were absent. All fish from the Big éay str?in were found
to possess the Al clone, while the Killala Lake strain contained
clones Al and Bl with the latter making up the majority of this
stock. Boeth the Simcoe and Seneca Lake strains contained high
proportions (>90%) of the Bl clone, but the two stocks possessed
d%fferent group "A" clones. The Manikou strain contained a high
proportion of the Bl clone (50%), together with two unique clones
(AB and A9) at high frequency.

Three clones were found in the Lake LaBerge and Atlin Lake
samples, " two of whicﬁ were ldentical to mifochondrialrclones
found in thé Great Lakes. Specifically, the Bl (14 fish) and C1
(2 fish) clones were identified, together with a single new clone
belonging to group "B;. Thi% cloﬁe (B2) differed from the Bl
clone by the loss of a Tag I site.

Fish from the two othe}_natural populations (Hare Island and
the North Knife Lake) were only analysed with Hind III and Bam HI
to permit the assignment of.these fish to one of the three major
clonal groups. Both populations contained all three clonal groups
with "A" composing 33% and 44% in the Hare Island and the North
Knife Lake samples respectively. Group "B" clones composed 19%A
and 22% of the populations, while group "C" made up 48% of the
Hare Island and 33% of thé North Knife Lake samples.

The distribution of the "A","B", and "C" clonal groups

exhibited a geographical pattern (Figure 8). Groﬁp "C" clones
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predominated 'in the northweétern section of the Great Lakes and
were. also common in Manitoba; They were also present but rare in
the Atlin Lake sample. Gr&up "B" clones showed a somewhat
disjunct distribution, being predominant in both the southeastern
Great Lakes and the Atlin Lake and Lake LaBerge samples. Group
"A" cloneé predominated in the ﬁentral Great Lakes/region and
were found .in every strain, with the exception of the samples

from British Columbia and the Yukon Territory.

Clonal Diversity

*

*

Analysis of the effective number of clones per»strain (Table

4) indicated that the Manitou, Lewis Lake, and Marquette strains

‘H;.shoﬁéé}the highest level of mitochondrial diversity with

approximately 3.0 clones per stock. The Green Lake, Killala, and
Clearwater Lake strains each contained 2.0 clones, while the Big
Bay, Simcoe, and Seneca strains 2ach contalned approximately 1.0
clone. The effective number of clones for the natural populations
of Lake TLaBerge, Atlin Lake, Hare Island, and North Knlfe Lake
.were 1.0, 1.6, 2.7, and 2.8 respectively. Analysis of variance,
of all populations sampled, indicated that there was a

signifiééht.direct relationship between the effective number of

clones and number of fish analyzed (p<.01, rl= 0.54). An even
stronger direct relationship was Indicated between the actual

number of clones detected and sample size (p<.001, r2_ 0.70}).
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DISCUSSION

The mitochondrial genome in vertebrates ranges from 15-20
kilobase pairs in length (Gray, 1981; Brown, 1983) with th;t of
most fish, including the lake trout, falling between 16.5 and
17.5 kilobases in length (Table 6). The lengths of the
mitochondrial molecules were invariant in all lake trout examiﬁed
with the exception of a single fish from the Manitou stock. This
fish.was also heteroplasmic, containing two populatigns of
mitochondrial molecules of different size. Heteroplasmy is
generally uncommon, but. it has been reported in holstein cows
(Hausworth et al., 1984), ), Cnemidophorus lizards (Densmore et
al., 1985), frogs (Monnerot et él., 1984; Berhingham et al.,
1986) , agd in two fish species - the bowfin (Bermingham et al.,
1986) and the white perch (R. Chapman, pers. comm.). Such length
heterogeneity is tﬁought to arise f;oh insertions/deletions near
the D-loop region which occur dd;ing replication of the
mitochondrial DNA molecule (Bfown, 1983). Birky (1982) has
suggested that heteroplasmy is ordinarily confined to germ cell
lines, and becoqgs evident in somafic tissue on1§ when more than
one mt DNA molecule becomes established in the somatic cell line
during differentiation of ‘the emﬁryb. Heteroplasmy was oﬁviously
not confined to the germ cell iine in the Manitou fish as liver
tissue was used for extraction. Both size variants in this fish
could be identified by an extra Hind III site which should allow
easy recognhnition of its siblings in the Manitou population and

further study of this case of somatic heteroplasmy.

“ .
The survey of mitochondrial DNA diversity revealed 13

mitochondrial_clohes among the brood stock fish examined and one

- 16
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additional clone in the Atlin Lake saﬁple from British Célumbia.
The analysis of mtDNA diversity within strains of the lake trout
using Parker's (1974} "effective number of clones" showed that
the Marqguette, Lewis, and Manitou stééins were the most diverse.
However, as sample size varied among stocks and was shown to have
a significant effect on the level of mitochondrial clonal
diversity, these apéarant differences among stocks must be
interpreted with caution. Thus, the high diversity seen in the
Marquette strain is likely, at least in part, a result of the
large number of fish sampled (n=38). However, it is noteworthy
that the Marquette strain originated from fish taken from three
different locations in Lake Superior (Krueger et al., 1983).
Similarily,.f&sh stockea into Lewis Lake were reared from eggs,
obtained from several different reefs in Lake Michigan, and the
original population was supplemented wﬂ;h fish of unknown origin?
It is uncertain whether these later fish made a significang
contribution to'the Lewis Lake population (Vischer, 1983), but
certainly opportunities existed for the Ilnclusion of a large
amount of mitochondrial diversity in this stock. The Manitou
strain also seems to have a high amount of mitocgondrial
diversity, but, only four fish were examined, and more énalyées
are required before drawing furthef conclusions. The Green Lake
strain containgd approximate1§ two mitochondrial clones despite
its confi{nement to hatcheries for at least three generations
(Krueger et al., 1983);and subjection.to several transfers with
associated high mortality {R. Eschenroeder, pers. comm.’). It'iq

int ng to note that thé three brood stocks {Big Bay, Simcoce,

Seneca) with the lowest mitochondrial diverstly (lie. one
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effective mgf;chondrial cf;ne) were each establiéhed'from single
small collecticons of females. Far example, only 17 females
founded the Seneca b;'ood stock, while the Big Bay and Simcoe
strains came from small origiﬁal populations (P. Ihssen, pers.
comm. ). The limited work on natural populations suggeéts that
they have levels of mt DNA diversity similar to those found in
the most diverse of the hatchery strains examined.

Analysis of the extent.of mitocheondrial diversity is a N
complex issue for the number of clones detected depends upon ones
sampling intensity of the mitochondrial gendme and the number of
individuals examlned. Clearly, two important questions need to be
answered in order to estimate the amount of mitochondrial DNA
variation in any local population or brood stock. First, how
many jndividu?ls must be analyzed to detect all the clones
present in a specific stock? Second, what proportion of the
mitochonqrial genome needs to bk surveyed in order to resolve all
mitochondrial variants? Currently, we are developing a method to
conduct such analysis which employs a combinatorial approach to
study the relationship between the number of clones_detected and
both'sample size and genome sampling Intensity. At this point it
is cbvious that thé present survey has not been extensive enough.
‘to detect all mi;ochondrial variants, but sufficient to make it
clear that there are - a small number of weli differentiated
mitochondrial lineages in the lake trout, whose frequencies vary
among brood'stocks and natural populatlions.

The analysis of genetic similarit# among the thirteen

mitochondrial genotypes indicated that they could be divided into
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éhree groups with clone groups "B" and "C" more clpsely related
to each other than to "A". Based on the accepted rate of
vertebrate mt DNA evolution {Brown et al., 1979), the "B" and "g"
lineages separated from the "A" lineage approximately 500,000
years ago, while the "B" and "C" lineages separated from each
other approximately 270,000 years ago. The arctic charr lineage
separated from the-lake trout about 1.67 million years ago.

My results suggest that lake trout populations ih the G}eat
Lakes derlve from three distinct lineages or from separate
glacial refugia which contained uniqug clonal groups. It is
significant that clone group "A", which is most common An the
Great Lakes, was present in the Manitoba sample and yet was
absent from the British Columbia and Yukon Territury.populatinns.
However, the presence of clones Bl and €1 in both the Great Lakes
and tﬁe Yukon Territory, suggests an exchange of#fish between
tﬁeSE'fﬁQ areas in recent times (during the last 15,000 years).
An alternative explanation would requiré_the mitochondrial genoﬁe
of these fish-tthave remain unchanged throughéut the Wisconsin
glaciation (100,000 years). This seems unlikely in view of the
rapid evolution of vertebrate mitochondrial DNA (Brown et al.,
i979). More ev;dence is required from natu;al pqpulations,

- particularily from northern Canada along post-glacial dispersiop
routes (Lindsey, 1964; Balley and Smith, 1981; Black, 1983),
before further conclusions can be drawn. However, 1t is
interesting to note that khe geographical distributions of the
"A", "B", and "C" mitochondrial clonal groups show some

similarities with patterns of gene frequency divergence at

allozyme loci (P. Ihssen, pers. comnm.) and chromosome banding
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patterns (Phillips and Ihssen, 1986) observed among lake trout
stocks.

In summary, the present study has shown that lake trout,
populations contain large amounts of mitochondrial DNA diversity.-
The level of mitochondrial diversity in some brood stocks appears
lower than that in natural populations, but other stocks have
maintained a normal level of diversity. In each brood stock there
are a small number of common clones aEd a few individuals with
closely similar genomes, which have apparently arisen as
mutational derivatives. The freduencies of the com%on clone
groups vary among brood stocks. In part this variation is likely
a consequence of founder effect during brood stock establishment,
but congruence in the mitochondrial characteristics of brood |
stost from specific sectors‘yf the Great Lakes suggests tha£ the
variation among strains also reflects historic distributional
patterns of mitochondrial variants. The mitochondrial variants .
are separablé into three groups which likely differentiated from
‘one another in glacial refuges and subsequently colonized the
Great Lakes. The dominant clone group (A) was pfobably carfied
into‘the lakes by‘fish which spent the Pieistocene south of the
ice sheets. The otﬁer two groups (B and C) abparently represent

groups which spent the Pleistocene in, eastern or western

u‘refuge(s). The congruence. of mitochondrial genomes between fish

L -

from the Great Lakes and the Yukon Territory suggests that gene

flow among lake trout populations has beeh more extensive than

pfeviously‘thought.

¥



MANAGEMENT IMPLICATIONS
Present

The mitechondrial clones identified in the present sufvey'
should provide a good indication of the mitochondrial
characteristics of_progeny produced by each brood stock. While
there may be some selection against unfit miclear genotypes in a
population, the mitochondrial genome does not experience this
same degree of selection (Brown, 1983). Thus progeny stocked or
produced in the wild should possess the original clonal
proportions of thelr parental stock «ven in the event|of strong
selection/elimination of certain nuclear genotypes. M:\pchondfial
mark::s will exist for many generations unaffected by | |
recombination and.be passed on to all offspring of that brood
stock.

- It is possible to.identify the 9 brood stocks in the
preseﬁt study based on variation in the relative frequencles of
dominant clones and'also_by thé appearance o}'unique or rare
clones. A simple dichotomous key is presented in Appendix 3 as an
aid to stock discrimination based on the mitochondrial genome.
The use of allozyme or other data sets should complement the
mitochondrial DNA data and aid in further confirming
identifications.

Future

When initiating new brood stock }ines. all females shquld be
typed (non-destructively) for their mitochondrial'phendﬁype and
marked for future identification. Progeny could be monitored

(non-~destructively) on a yearly basis to study bottlenecking in

hatcheries. It should alsc be possible, utilizing rapid

21 ' - "
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techniques,ato.type whole brood stocks and subdi&ide the females
into groups possessing specific mitochondrial clonés. The gene£ic
variability in the nuclear genome of these groups could be
maintained by utilizing a large number of genetically diverse
males for fertilization. Mitochendrial markers for each existing
brood stock coulé be produced in a siﬁilar manner. With the
fixation of a‘different mitochondrial clene in each stock,
identification of naturally produced progeny would then be
straightforward. For example,.it would be simple to restrict the
mitochondrial base of the Green Lake strain :o the rare A3 clone,
thus creating a mitdchondriall?’marked Green Lake brood stock.

To supplement the existing mitochondrial dlver51ty it should’fﬂ
be possible to manipulate the mitochondrial genome through
insertion of novel DNA sequences’ into the non-coding (D-loop)
region of the molecule. With this technology, each hatchery
strain could be given its own "genetic tag". Such a tag would be

passed on-to offspring of the brood stock and would provide a

simple diagnostic character for many generations.

-t
<
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TABLE 1. Lake trout brood stock surveyed by the study of
Grewe and Hebert (1987).

Strain

origin of fish and

(abrev.) no. vear
class date obtained
Manitou (Man) 4 80" - Maple Research Station, Ontario,
May 85.
Big Bay (Big) 5 80" - Maple Research Statign, Ontario,
. ~May 85,
Simcoe {Sim} 10 unknown - collected from ice-fishermen on
Lake Simcoe and identified as
Simcoe stogk by personnel at.
Sibbald Point assessment unit,
Feb., 86,
Killala (Kil) 11 83" - Hatchery, Ontario, Aug. 85.
Seneca (Sen) 15 18" - Allegheny N.F.H., Nov. B4.
Green Lake (GL) 9. 75! - Jordan River N.F.H., Oct. 84.
{GLA) & 757 - Jordan River N.F.H., Oct. 85.
Lewls Lake (Lew) B8 82! - Jackson N.F.H., Aug. B85,
{Lou) 9 unknown - wild caught fish from Lewis Lake:
Sept. B85.
Clearwater (Cma) 11 82°' - Great Lakes Fish. Comm., June 85.-
Lake Manitoba -
Marquette (Sup) 10 75! - Jordan River N.F.H Nov. B4,
{domestic) 8 g1° - Jordan River N.F.H., Nov. 84.
{(JR) 20 il - Jordan River N.F.H., Nov. 85.
Hare Island (Har) 21 unknown - collected on the Hare Island
: reef ¥n Lake Superior by M.N.R
personnel in Thunder Bay,
Ontario, Aug. 86.
Atlin Lake (tin) 13 unknown ~ collected from Atlin‘Lake,
British Columbia by P. Etherton,
April 86.
Lake LaBerge {(Lab) 4 unknown - collected from Lake LaBerge,
' Yukon Territory by P. Etherton,
April 86.
North Knife (Nor) 9 unknown - collected from North Knife Lake,

Lake

e

Manitoba, August B6.
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' 6-BASE ENZYMES
~ Ava T C'TCGA,G, Bst EIIT G'GTGAC.C
C'CCGG, G . G'GTAAC,C
oo C'TCGG,G \ G'GTTAC.C
. C'CCGA,G : G'GTCAC,C
Bam HI G'GATC,C Pvu II CAG'CTG.
Bel I T'GATC, A Sal I - G'TCGA,C
Eco RI - G'AATT,.C Sma I cccrgee”
. - - [}
Hind ITI A'AGCT, T Xba I T'CTAG,A
Nco 1 C'CATG,G Xho I - C'TCGA,G .
\ .. ’ . )
Pst I- C,TGCA'G
. "'
5-BASE ENZYMES
Hinnﬁf G'AGT.C ’
' G'AAT,C .
G'ATT.C o
G'ACT,C
Nci I cC'C,GG o _
i CC'G, GG _ -
4-BASE ENZYMES ;
Hpa II . C'CG.G | #
Tag I T'CG,A '

TABLE_2. Restriction enzymes used and their recognition sites.

*»,¢#* _ auva I recognizes the sequences also reconized by Xho I and
Sma I respectively. Results of the latter two énzymes were
tg;{:§9re used only to define genetic markers and ignored fo
gehetlt distance analysis. )

° »'. 7
1
'
b d
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CLCNE_no. Ava Bam Bst Hind Nco Sma | Hinf Nci  Hpa  Taq

“obs. I HI EII  III I 1 ! I 1 11 1
A1 40 A A A A A A A A A A
A2 18 A A A A A A D A A n
A3 5 A A A A A A A c ¢ A
A4 ! A A , B A A A A A A A
AS 1 A . D A A A A D A e D
AB 1 A A A A A A Y D A A
A7 1 A A A A A A D A A A
A8 1 A A A A A A D A A E
A9 1 A A A B A A D’ A A D
B1 41 B 3 A A A . A B B B B
c1 13 ¢ c A A A A ¢ B B e

. - .
c2 2 D c “A A A B c B B c
€3 1 c c A A B _ A c B B c
TOTAL 126

TABLE 3. Restriction phenotypes of the thirteen clones resolved
by the ten "polymorphic” restriction enzymes, - and their |
abundances among the nine brood stocks.

* - an extra heteromorphic fragment of shorter {app. 20 base

pairs) length appears in the restriction pasterns of these
.+, enzymes.

**- a single restriction site gain is responsible for the Ava [ and
Sma I polymorphisms of the C2 clone as both enzymes recognize
the same sequence, CCCGGGC (see Table 2},
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N
Brood no. fish clones effective unigue
«Stock examined present number of clones
(no. found) clones" "
Manitou 4 A8 A% B1 2.7 A8 AS
{1y (1) (23 (1) (1)
Big Bay 5 Al 1.0
(5)
Simcoe 10 A3 B1 . 1.2
) (1) (9} <4
e T T T e e e e A e E e e e —— = - B e i
Kill=ia Lake 11 Al Bl 1.9,
(4) (7)
Seneca Lake 15 A6 Bl 1.1 A6
{1} (14} (1)
Green Lake(GL) 9 Al A3 1.9°
(6} (3)
- ‘
- . : (GLA} 6 Al A3° A5 ’ AS
! {4y (1) (1) - (1}
Lewls Lake 2.8"
{Lew) 8 Al A2 Bl
. 7 {1) (2} (5)
{Lou) 9 Al A2 A4 Bl C2 : A4
(1) (2) (1) (4) (1) . (1)
. Clearwater 11 Al A2 C1 2.
Lake Man. PR (3L (1) (7}
Marquette {dom.) A1 A2 AT C1 c2 €3] 3.1
75" (Sup) 107 (7) {3)
. 4 . C3
81' {(Sup) 8 (3} (3)° {1) (1) S &
75" (JR) 20 () (9} (1) (2) (1) A7
: . (1)
Atlin Lake 13 B1 B2 (o)) - 1.6 B2
{Lin) 10y (1) (2) ' (1)
Lake LaBerge 4 B1 ‘ 1.0
. {Lab} (4)

N R R = Em e T ey i e i A o A e -

ABLE 4. Clernal djversity among brood stocks of the lake trout.

*- aill fish from stock pooled for this estimate.
**- inverse of Simpson's index.

o
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(a}
A c D B
A 20 -~  —— -
] cC 19 19 -  --
D19 18 19 -
B 19 18 18 20
(b)
Al A4 A5 A9 Bl C1 C2 C3 CHARR
Al —— e ool Ll
A4 U
AS- M.l -
A9

40 - = - - -
Bl 39 39 a9 33 S - --
Cl 39 3% 39 39 41 43 - - -
C2 3% 39 39 39 41 43 44 - .

C3 39 38 39 38 40 42 42 42 ..

‘J//, . - CHARR 31 31 a2 31 31 31 31 31 as

TABLE_ 5. Data used to compute Nei's d for (a) Nci I and
' (b} 6~-BASE restriction endonucleases. Values on the
i ] diagonal are number of restriction sifes per clone.
' Other numbers refer to the number of restriction
. sites in common between various clones.
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based on published data and results from this study.

SPECIES

Salmo gairdneri
Salmo trutta

Salvelinus fontinalis
Scorpaena guttata

Sebastes melanostomus
Sebastes "mystinus

- . Scomber japonicus

Salmo salar
Oncorhynchus
Cncorhynchus

kisutch .
tschawvytscha

Cncorhyrichus
Oncorhynchus garbuscha
Oncorhynchus keta
Salmo gairdneri
Stizostedion vitreun
Stizostedion vitreunm
Stlzostedion canadense
Stizostedion lucigperca

nerka

SIZE

16,200
16,900
16,670
16,670
16,670
16,670
19,500
17,300
17,400
17,200
16,900
17,200
16,700

‘16,500
16,500
16,500
16,500
16,500
16,500
16,833
18,475
16,702
16,736
16,800

{bp)

|+ 1+ 1+ |+ 1+ 1+

14 14 [+ 14 1+ [+ 1+ ]+ o+ |+ 1+

300
400
400
400
400
400

500
500
500
500
500
500
233
300

259

2717
200
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FIGURE 2. Restriction fragment patterns observed for the 17
endoniicleases employed in this study,. Standard lanes of
both agarose and acrylamide gels typically contained a
Hind III and Hind III/Eco'RI digests of Lambda along
with a Hpall digest of pBR322. However, only the
pertinent standard lengths are labelled for convenience.

(a). Bcl I, Bst EII, Eco RI, Nco I, Pst I, Pvu II, Sal I, Sma I,
Xba I, and Xho I patterns. ‘
(b) Ava I, Bam HI, and Hind II1 patterns.

Note: fragments below the dashed line were resolved utilizing the
4.0% acrylamide gels.

(e} 1.2% agaro%e gels of.Hian restriction digests.
(f) 4.0% acryglamide gels of samples visualized in (e).
)

*- an extra heteromorphic fragment appears in these digests of
the Lake Manitou fish, Man2. .
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Hind IIX

" Bam HI

Hind III
Bst EII

FIGURE 3. Restrictlion site map of the lake trout mitochondrial

genome. Variable sites have been labeled inside the
circle : .
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Al, A2, A3
AS A7. A8

'3 . ‘ s Ay

Common ) AS
Ancesior . ‘ )

Ad

Arctic
Charr

- 1.70- 1.65 g.50 0.40 - 0.30 ©0.20 0.10 0.00

PERCENT SEQUENCE DIVERGENCE

-

FIGURE 4. UPGMA generated chenograms based on 'the maximum
likelihood estimate of the number of nucleotide
differences/site (d) constructed for (a) Nci I

: and (b) the 6 base enzyme data,

.- NOTE: (distance values plotted as _,1/?-9) i
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npAm LY L ; “pA" . A" .
‘ . il
"o" , .
Q Q
. ) . -B- ! ' "B"
"D" type | "A" type "B" type "C" type

FIGURE 5. Changes occuring in the lake frout mtDNA molecules
in order to move from the BamHI "D" type to the "C"

type. .
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CHAPTER TWO

1]

PUYLOGENETIC RELATIONSHIPS-AMONG THE SALMONINAE !

AS INFERRED FhOM-MITOCHONDRIAL DNA DIVERGENCE

'
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ABSTRACT

Mitochondrial DNA was isolated from three members of the

closely related taxon, Hucho huche. Restriction sites recognized

by fourteen endonucleases were mapped for each of the species and
percent sequence divergence was estimated between ecies pairs;
% phylogeny of Salvelinus based on re#triction analysis of
mitochondrial DNA. using Hucho as an outgroup, is presenteﬁ. In
all respects this phylogeny supports the classical taxonomy of
the genus Salvelinus.

. Finally. sequence divergence aata.of the current étudy was
merged with three other publiéhed salmonid mtDNA phylogenies to
produce a'composite distance phenogram representing the phylogeny
of the subfamily Salmoninae. Divergence time estimates, for théb
break pqints betweeﬁ the major taxa of th?s grouﬁ, indicate that
the salmonine genera are of recent origin, late Miocene to early

Pliocene, and that the present species originated duriﬁg the late
-z . -

Pliocene to early Pleistocene;

1
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. INTRODUCTION
The family Salmonidae consists of the three subfamilies,
Coregoninae, Thymallinae, and Salmoninae. Six genera are present
' )

in the ‘latter (Brachymystax, Hucho, Onchorynchus, Salmo,

salmonids is based on stﬁdies of morphology (Norden, 1961;
Vladykov, 1963; Behnke, 1965; Médvadeva and Savvaitova, 1980),
including analysis of meristics (Forester and Pritchard, 1935:
McPhail, 1961; Bghnke, 1972: Cévender, 1980) and colour patterns
(Rounsefell, 13862;: Behnke, 1979), supplemented by karyological
(Simon, 1963, 1964; Gold et al., 1972), and ontogenetic studies
(Balon, 13980; Pavlov, 1980): More recently allozyme

- ‘electrophoresis (Tsuyuki and Roberts, 1966; Utter et al., 1973;
Loudenslager and Gall, 1980; Milner et al., 1981), DNA-DNA
hybridization (Mednikov and Akhundov, 1975; Gharrett et al., 1977;
Hanhgﬁ and Smith, 1986; Mednikov et al., 1980; Schmidtke.and
Kandt, 1981), and chromosome'banding (Phillips and Ihssen, 1987)
studies have been used to further.resolve the phylogeny of
species belonging.to this group.

The taxonomy df the Salmoninae through examination of traits
encoded by the nuclear genome have proven difficult, especlally
-when differentiatiﬁg among Salvelinus congeners (Beﬂnke\.lgao;
Savvaitova’, 1980). These difficuities have been attributed to the

récenf‘origin and resulting limited degree of genetic divgrgence
h

— i e

or Pleistocene origin (Neave, 1958; Norden, 1961; Behnke, 1965).
Evidence of their recent specliation is demonstrated by the

viability of intergeneric and f?rtility of intrageneric hybrids

45
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(Buss and Wright, 1958). Discrimination of taxa at the specific /
level is also complicated by intraspecific phenotypic plasticity.
For example, eggs from a single arctic charr can give rise to

three distinct morphotypes {(Nordeng, 1983). More recent efforts,

”
.

which have attempted to use allozymes to resolve taxonomic
difficulties encountered by morphological studies, have been
complicated by the polyploid nature of the salmonid genome
(Allendorf et., al., 1979; Utter, 1381).

Restriction analysis of mitochondrial DNA is é recogniéed
alternative, to stu&ies inveolving the nuclear genomé, for thp
assessment of phylogenetic felationships between cloéely relaéed
taxa. Adﬁantages of using this technique~*include maternal
inheritaﬁée (Avise et al., 1979), and elevated rate of mutation
(Broﬁn, 1979}. It has already proven useful for examining
conspecific relatiénships among a vaLiety'of taxa (Avise.et al.,
1379; Kessler and Avise, 1984; Avise et al., 1984; Crease, 1986).
Most mtDNA stuéies have dealt with aspects of population -
dynamicgi but others have utilized mtDNA data sets to infer
phylogenetic relationships at higher taxonomic levels in birds
{Kessler and'Avise, 1984), mammals (Ferris et al., 1981), and in
fish (Berg and Ferris, 1984; Gyllgnston and Wilson, 1987; Thomas
T et, al.{'1986; Billington and Heﬁért, 1986).

Two techniques are employed to infer phylogenies from
restriction site data. One uses parsimony analysis programs suc:
as PAUP (Swofford, 1985) orIPHYLIP (Felsentein, 1985) to
represent phylogenlies as a Wagner t;ees and séparates the: taxa by

the numbers ef character state changes required (ie. restriction

silte changes to move from one taxon to the next). The other uses
' ven
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est%mates of_percentage sequence divergence (Nel e€7‘a+1\\i3131\
followed by UPGMA analysis (Sneath and Sokal, 1973; Nei et. al>
1985) to represent the phylogenies as bifurcating trees oh which
the nodes represent the percent sequence divergence between taxa.
The approximate times of di;erggnce can also.be estimated from
sequence divergence data by using the wvalues calcula}ed for the
rate of primate mtDNA sequence divergence (Brown et al.,, 1979).
However, these estimates should be interpreted with caution
(Avise et al., 1987). While phylogenetic trees can be interpreted
Sy parsimony programs, such as PAUP (Swofford, 1985) or PHYLIP
(Felsenstein, 1985), divergence time estimates cannot be made
from thgse types of output.

This paper attempts to draw a phyloggny, utilizing both

sequence divergence estimates and parsimony analysis, for the

using Hucho hucho as the outgroup. Results of the two methods are

discussed relative to the accepted framework of classical’

taxonomy for the genus Salvelinus. A composite phylogeny for the

well as other published salmonid mitochondrial NNA phylogenies, is

'

also presented. \

-
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MATERIALS AND METHODS

The lake trout specimené analyzed in this study were
obtained from hatchery brood stock, with the exception of the
wild caught Lake Simcoe (Ontario),.Lewis Lake ({(Wyoming), Atlin
Lake (British Celumbia), and Lake LaBerge (Yukon Territory)‘fish
(Table 1). The geographic origin of.éach.strain is shown in
Figure 1. Arctic charr specimens were obtained from Tarsuk hém
{Baffin Island) and Lake Winaemere (Britain). The brook trout
specimens were obtained from Lake,Nipigon (On{:zjﬁ) andADickson
Lake (Ontario). The Hucho hgghg-specimen was obtained from the
Turiek River (Czechoslovakia). ‘

Mitochondrial DNA was p;epared from fresh liver tissué {for
e#traction ﬂetpil§ see Abpendix 1). The tissue'was homogeniied‘in
a sucrose buffer agg;?itochondria were 1sol$ted from this ‘VA
suspension by differential centrifugation. The.mifochondrial
bellet was fhen'resusbended in TE (10mM Tris éH.?.G, 1mM EDTA)
and the mitochondria lysed by the addition of sodium dodecyl
sulfate. Following lysis mitochondrial‘DNA was further purified
from contaminating nuclear DNA, RNA, and proteins by CsCl
isopycnic density ultracentrifugation (Lansman et al., 1981). The
mitochoﬁdrial DNA band was removed from the gradient tube by
bottom puncture and dialysed in a i/lq TE sclution. Samples were
then frozen or used immedlately for restriction analysis.

Fourteen réstriction endonucleases (Table 2) were employed

to analyze all 143 lake trout, 2 arctic charr, 2 brook trout, and

a single Hucho hucho. Digestions were conducted using the

buffer system and incubation temperatures specified by the

supplier (Bethesda Research Laboratories). Samples wererthen end-
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. labelled with 32P radio-labelled nucleotides, using the fill-in

reaction of the large (Klenow) frégment of DNA polymerase 1

(Maniatis, 1982). Unincorporated nucleotides were then removed
! .
and the samples dried (see Appendix I for details). The samples

‘were then reconstituted in a buffer.{8% sucrose and 0.05%

“bromophenol blue in TBE), split into 7.5 ul. aliquots, ipd

~ simultaneously electrophoresed utilifing agarcse and

pblyacrylamide gels in a TBE (égmM Tris, 89mM Boric Aclid, 2th
ED?A pH B.0) buffer system. DNA fragments:ranging iﬁ size from i
20,000 to appfoximately 500 base pairé wefe resolved on 1.2%
agarose gels, while fragments of between 1000 and 26 base pairs

»

were resolved on 4% acrylamide gels (38:2 acrylamide : bis-

o~

acrylamide).
Upon cempletion of . ‘electrophoresis, gels were dried onto a

filter paper backing (Whatman 3MM), and exposed overnijght to X-

ray {Fuji-RX) film. Sizes of the mtDNA fragments appearing on

these autoradiographs were estimated utilizing the program DNAGEL
(Ki?ser, 1982; modified‘bQ P. Grewe) run on an Apple 11 plus
computer,in conjunction with a HIPAD (model DT-IIA, Hous ton
Instrumepts) digitizing pad. Restriction frégments of Lambda and

pBR322 were used as size standards (Appendix 2) in these

“analyses. ~

—

Appropriate double digest were used‘to confirm homologies of
resfriction sites and to complete restriction site maps for the
mitochondrial dénomes of the fish involved. From these data a:
restriction site presencé/absence matrix was created (Appendix
3).

The lengths of restriction fragments greater than 11 kb were
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difficult to estimate accurately -on i.zx agafose . ’
gels. Lengths of these fragments were obtained from double
digests whifh cut them into smaller pieces that héd low errors
associated with tﬁeir size determination. The sizes of the
various mitochondrial genomes were then estimated by comﬁaring
the sums of reétrictio; fragments.produced by the fourteen S—base‘
enzyﬁe diéests. . |

The maximum likelihood.estimates of the number of nucleotide
differences per site (d) were calculated following Nei and Tajima .
{1983). Divergence estimates betweq; taxalwere reported as
percent seguence divergence ("gﬁ) while the diéténce phenogram,
constructed b& ﬁPGMA'(Sneath and Sokal, 1973); was plotted with
each linea being exéctfy half this value (1/2 "d") between
nelghbouring taxa (see Nei and Tajima, igaé)L Standard error
vaiues for the branching points of the distance phenogram were
,caléulated by the mgihod presented by Nel et al. {(1985).
Divergence times were estimétqd using the mitechondrial DNA
divergence clock for primates (2% séduence divergence per million
years) calibrated by Brown et al. (1979). In other words each ‘
lineage, 'on the distance phenogram, is evolving éway from its
neighbour at 1% per million years, with a combined sequence
divergénce rate of 2% per millioﬁ_years between nelighbouring
taxa. 4

~

A parsimony network or "Wagner Tree" was eétimated using

the branch and bound search routine of Hehdy and Eénny (1982), as
modified by Swofford (1985) for the PAUP'programﬁ§31l OTU's

{operational taxonomic units) were treated as uﬁordered and the-
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huchen (Hucho hucho hucho) was used as an outgroup;to root the

pafsimony network. Initially the A-BAM, A-HIND, C-NCO, and C-SMA
clones of $. namaycush were.eﬁempted ffom the analysis. These
clones differed from the majof cl?nes A«LAKE‘and C--LAKE by onlyi
single site substitutions. These subsfitﬁ s allowed plééement
of the clones at §:;erél positions on the-! ake_trout"-branch of
the trees when uéing the brénch nd bound method. Swaéping of
these branches did not affect overalllt¥ee length or consistency.
Therefore only thé mggg;.lake frogé clones were‘usedhin the
Initial aﬁalysis to take advantage of"thg fbranch and bound"
method which is guaranteed to find the?"most parsimoﬁious"
tree(s).'Additional information; obtained from four and five base
restriction enzymes (Grewe and Hebert, 1987), was utilized to
place ﬁ?ese clones on the final parsimony network. A final tree
length'and consistgncy index wdsrthén recalcuiated bf inputing
this tree topology back into PAUP usihg the "topology" optlon.
For details of the input file see Appendix 4. .

i
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RESULTS
R;strictiod Pqtt;rns
Twelve mitochondrial clones were found among the four -
spgcies of Salmoéinae examineg. The two brook trout examined hagd
identical restriction patterns.for'each endonucleasé used and
wilI\hencefo?th be referred to as a siﬁglé brook trout
mitochondrial clone. Sixty-eight restriction sites were

recognized. among thes; cloneé by *the suite of 14 endonucleases-
used and each site was'mappéd (Fiéure 1 and Appendix III).. T
Thirty-seven of fourty four restriction sites wépe conserved
among;the eight lake trout mitochondrial clones, while-thirty-
three of fourty éites were cqnserved between the charr from the
Canadian Arctic and the United Kingdom. By cont;asf. only twgnfy

eight-of fifty one sites were conserved among the three

Salvelinus congeners, and only twenfy three of these sites were

cohserved between Salvelinus and Huacho hucho. Single site

gains/losses'were regquired to move between patterns of the -

"Salvelinus mtDNA clones, while multiple site gains/losées'ﬁere

r

—_—_— -

required to move from any of the Salvelinus patterns to’ thuse ’

observed in fhe Hucho specimen. ARG

B 1

Mitochondrfal Genome Size
Double digests employing combinations of the enzymes Eco RI,
Sal I, and Sst II produced fragments of equal mebility in all

Salvelinus examined. Thus, the mitochondrial genomes of these

gstion profiles relative "to

those of the lake tréut, wRre. ' : ‘"d to.be approximately

16,800+200 base pairs in lengﬁh\$¢?:iﬂucho hucho mitochondrial . X
-gg?ome was, however, approximéfﬁiy Jod'base pairs longer than
: o . -t ) : '

{ . :

-
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those of-§§;ggiigg§. This increase in lesngth appears to be the
.result of 3 single ‘insertion which‘mapped into fhe area between
!
the conserved (for all species) Sma I and- Eco RI_restriction
sites (Figure 1 apd Appendixq}ll), |
Localization of the D-loop Reéion
It is possible, by oﬁserving the location of Sst iI

restriction sites, to locate the mtDNA D—loop‘feéibn or origin of
'heavy strand réplication of the salmonid spécies'eﬁamined in tﬁis
and ggggé mitﬁchondriél genomes éxamined (25ﬁ. 1750, and 14,800
bp). Two of these réstriction sites (S1 and S2, Figure 1) define
a 1750 bp fragment and‘odcur>in the 165 rRNA and 12S rRNA
ﬁmoleéule respectively. Thgse sites appe#r to be éonaerved in all
sequenced vertebrate mtDNA génomes {Berg and Ferris, 1984; H.
Hotz, C. Spolsky, and T. Uzzell, pers..comm.; Beckman Micro Genie_
‘data ‘files). The third Sst II site (53, Figure 1), located 250 bp
downstream of S2, was cohserved in all salmonids, but is not
p{esent égégthef vertebrates, which possess only two sﬁtes.
Howeve;, insﬁ@htion of sequence data for mice (Bibb et al., 1981)
and humans (Anderson et al., 1981} reveals.a sequence (CCTCGG),
located 253 and 252 bp (éigure 21;‘d9wnstream from the $2 Sst II
site, which differs by*one nucleotide from the Sst I; rggognition
“'sequen;e'(CCGCGG). This result.provideé additioﬂal evidence of
the homology of all three sites and permits ldcaiion of the D-
loap.regioﬁ. Specificaliy, the D-loop reéiona in mice and humans
begin‘aﬁproximately 500~700 bp upstreaﬁ of the S1 site and span a
region of'approximately 1000 bp. In the case of salmonids, this

would place the origin of the D-loop between the second conserved
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would‘place the origin of the D-loop between the second consefved‘
QEco R[Isite (E2, Figure 1) and the gcle'conserded Sma I site (M,
Figure 1). It s significant that there is a 5000 bp region
sttream of the E2.sit? which lacks any conserved sites.
Significantly, the proposed origin of the D-loop region is the
same area to which ‘the iﬂsertidn was mapped for the Hucho

mitochondrial genome (see Appendix IXI).

T

Ne%'s‘Estimate of Genetic Distance (UPGMA)

Table 3 lists the total number of restr;ction sites for each
disiinc% mitochondrial clone, and the number of sites i} shared
with other mituchdndrial clones. These data were usédrto

calculate the percent substitution (percént sequence divergence)

between the respective species pai;s.(Table 4). Estimates of ’

intraspecific sequence divergence ranged fpom 0.22 + 0.22 %,

be tween §; namaycush clones, to 1.68 + 0.70 %, between the two
clones'uf S. alpinus. Differences between taxa were considerably
larger than those withfn a taxon. Estimates between brook trout.
and the arctic charr Jinéage, and between lake trout ‘and the‘

lineage leading to brook traut/arctié char({ were 3.47 +# 0.70 and

»

3.94 + 0.70 %, respectively. The sequence divergence between

salvel inus and Hucho was estimated to be 8.00 + 1.60 %.

P

The values from Table 4 are represented as a distance

~

phenbgram in Figure 3. There are no significant branching péints
among the eight lake trout mtDNA clones. The lake trout

mitochondrial clones and two arctic charr specimens form two

.cohesive groups, significantly different from each other, and;the

- +

brook trout lineage. At present, arctic charr and bfooﬁ trout

appear most closely allied on.the'distance pheriogram. 'The break
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points défining.the relationships between these three species,
e .
however, .are not significant to + one st?ndard error and

they represent an‘unresolved trichotomy. Conversely, the break

point between Salvelinus and Hucho was significant at 1"énq

standard error.

P;rsimony Analysis’ : . .
The "branch and bound" ("BANDB") algorithm of PAUP revealed

two equally parsimonicus trees, wit;\simildr (onsistvnuy indexes |

In_contrast te t -ﬂdAatapce phenogram, both parsimony networks

piaced the BLAI 1@‘

rather than on the llneage leadlng to the ALAKE clone. The first

Sne on "the lineage leading to the CLAKE clone

péfsimuny network (Figure 5) was most~similar to the distancg
phenoéram, placing brook trout iﬁtermediate to the arctic charr
clones. The second éarsimény network {(Figure 6) placed the brook
trout.clone branching off {hé iiﬁeage that lead to British charr,
twicgcgs far from the lake trout lineage as the Baffin charr
clene. Tﬁis is in-étark contrast to the distance phenogram '
qﬁ%ained by UPQMA; -

- After the initial analysis, the extra lake trout clones were
added onto the parsimony network utilizing additional” 4~ ‘and 5-
_base enzyme data obtained by Grewe and Hebert :(1987). The number
of steps'réQUired and the consistency -indexes, for each of the

parsimony networks (Figure 5 and 6), were 57 and 0.846

respectively..
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The length of "the mitochondrial genome ‘in-both Salvelinus

L4 4

16,800 + 200 base pairs {Grewe and Hebert, 1987). The wvalue
concurs well with other length estimates for salmonid
mitochondrial genomes listed .in Table 5 (Berg and Ferris, 1984;

Birt et all., 1986; and Thomas et al., 1986) and is similar to

those for other fish species. However, the mitochondrial genome

"of Hucho hucho was approximately 700 bp. longer. Such size’

v

. . _ . . . "
increases are not unusual even within a single taxon. For

t

example, in a sample of Great Lake's walleye (Stizostedlion

vitreum), a 1700 base pair insertion was found within the

' ’ . .
mitochondrial genome of two individuals (Billington and Hebert,
1986) . Bérmingham et al. (1986) report that the mtDNA of bowfin

(Amia calva) varied by as much as 900 base pairs overall and by

700 base palrs within a single river system. The size inserts

ordinarily map to the boundry of the. D-loop region., Similarily,
in the present case,hthe”iength Insert in ggggg.mapped to the
vicinity of‘the.D—foop region. ° - .

Before considéring the phylogeny,‘which was lnffrred from
the ﬁtDNA analysis, it is necgssar§ to discus?'the taxoﬂomic‘

relationships r?cognized on the basis of previous studies.

Classical taxonomy now recognizes the lake trout, brook trout,

" and arcti¢ charr as representatives of the three subgenera of

Salvelinus : S. (Cristivomer) namaycush, S. (Baione) fontinalis,

and S. (Salvelinﬁs) alﬁinus, respéctively (Behnke, 1965 and
. » ‘. . "
references cited therein).

S. namaycush, the sole meeyer of the subgenus Cristlivomer,

56
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is endemic to North America with a distribution closely matching
the maximum exXtent of Wisconsin ice sheets (Figure 7). Within
this %énge many -diverse populations can be found. The lack of

- speciation has been attributed to its deepwater existerce,
resulting in less exposure to cosmic radiation and a lower
mutation rate (Rounsefell, 1962; Kahn and Qadri, 1971).
Alternatively, Behnke {(1972) suggested, that the spepiali;ation
of the lake trout as a deepwater lacustrine pfedétor with narrow
" environmental tolerances, has prevented it from.adapting tc new .
nicheé. Grewe and Heberf (1987) suggest, based on mitochondrial
data, that lake trout are derived from small refuglial populations
{briefly isoiéted éuring the Pleiétocene glacial advances), which
have ekbanded their range to cover portions of the North American
continen£ with suitable habitats. In areas of secondary contact,
such as in the Great Lakes, the once unique populations have
introgressed to varying degrees thereby creating “the various
forms and mMMDNA c¢lonal combinations found today. The mtDNA data
{Grewe and Hebert, 1987) proyide no evidence that mutation rate
of the lake trout mitochondrial genome is lower than that of
Fther vertebrates, in contradiction to ﬁounsefell's hypothesis
{Rounsefell, 1962)., Therefore, Behnkeis.(1972) hypothesis ségms
more'reaso;able in explaining the lack of speciation in this
subgenus. .Desplte the lack of apparent spgciation { perhaps due to

introgression and/or narrow niche requirements),  two subspecies

of lake trout are recognized. These are the ‘lean or typical lake

trout S. namaycush namaycush and the siscowet or the "fat"" lake

D)

trout S.’gémaycush siscowet. The two forms are apparently

" . ‘_0 -
reproductively isolated and occur sympatrically in Lake Superior,
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with the giscowet explolting the deeper porfions of the lake
{>100m). Perhaps Lake Superior is the only dﬁig/gody of water
with enough environmental heterogeneity to allow for speciation
of phe lake trout to occur.

Salvelinus fontinalis, the brook trout, is the single
representative 6f.the subgenus Balone. The brook trout is
endemic to northeastern North America, but, has now been widely

introduced outside of its native range (Figure 8). The aurora

trout, S. timagamiensis (Henn and‘Rikenbach, 1925), was initially

described as a separate species in this subgenus, but; it has

since been relegated to subspecific status, S. fontinalis

ggﬁggggigg§1§ {Sale, 1967; Qadri, 1968; Behnke, 1980). Behnke
({1972) sugyests S. agassizi, the "silver charr", was a second
memb;r of the subgenus Baione, but, is now likely extinct.
According to'Behgke (1980}, ”virtuélly all of the problems
regarding determination, of relationsﬁibs and recognifion of taxa
o
within the genus Salvel}ﬁus concern the widely distributed-

(Figure 9) Salvelinus élpinus complex, which includesdall of the

subgenus Salvelinus except for S. lggggz%ggi§". Two major species
are recognized in the "alpinus" complex,.S. alpinus (arctic
charr) and §. malma (dolly varden trout). Two other minor species

are also recognized, S. confluentus (bull trout), a species

broadly distributed in western North American, and S. profundus,
a species restricted to one or a few lakes in Europe. Three

additional, albeit "tentative" species, also belong to the

: . 7’
subgenus Salvelinus. These are S. drjagini (the deepwater charr
7~ |

N

of Lake Taimyr),'g. taimyricus, and the stone charr of Kamchatka
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L

(Behnke, 1980; Savvaitova, 1980).
In North America and Asia (particularly in Kamchatkaf5
confusion may arise when assigning some charr populations'§o N
either S. malma or S. alpinus. This has led ...;.~? U
Savvaitova (ref. cited in Behnke, 1372) to conclude tha%.kéi. ifﬂ

malma is only a polymorphic form of S. alpinus and that‘s. m lgg'

should be considered a synonym of §.lgiginus" (for arguments see.
L Y.
Behnke, 1972; Behnke, 1980; Savvaitova, .1980): It is clﬂar

however, that 5. malma and S. a_ginus occurlng sympatrically inff: 1
Alaskan lakes, represent two- valid schies {DeLacy and Murton, -

- ; . o,
1943; McPhail, 1961; Caveder, 1980) SRS SRR I

Several subspecies (the number of which fluctuates}qu S.
glﬁiggg have been described, but, in this paper discussdgn will - .

be confined to S. alpinus inhabiting North America and Euyope.

Mpreover, due to the taxonomic confusion surrounding the‘validl'

- F ’

‘of the spe01f1c/subspecific status of various forms’ of arctir

charr found thruughout the range of the "a_Einus" complex (Figure

4

9), the outllne of taxa and nqmenclature provided by Bnhnke hﬁJ f?ﬁ

'\

{1980) will be used to describe-thg.relationships between thﬁ‘?  ¥]

forms of arctic charr relevent to this study. FER

1 . N

Arctic charr were first described from Swedish Lapland hy

Linnaeus. Charrs of northern Sweden, chdracterized by -';A  ﬁﬁT‘

approximately, 21 - 27 gill rakers, are hence recqgnized aqq§;5=:7*f

L

~alpinus alpinus. These include the sympatric freshwater réélﬂéni?* -

gt LR

dwarf, and anadromous forms, which have been shown to be membens

:- v '
o’

of a single gene pool (Nordeng ,1983) Charrs of- this type arq
'_also found Iin the waters of the Kola Peninaula,.xarelia,'and

Norway. T
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Behnke (1980) suggests that most arctic charr inhabiting
??;éat Britain and Ireland belong to the nominate subspecies. In
some: localities, such as Lake Windemere, two popul;tions occur

"which are meristically identical, yet, differ with respect to
spawning season anci their allele frequency at two a;[lozyme loci
(Child, 1984). These sympatric populations. typical of British
charr, show only slight meristical differences from the Sw?dish
charr (Behnke 1972) and have been classified as S. alpinus
alpinus. Tﬂe charr from Lake Coomarsaharn in Ireland are,
however, characterized by high gill raker number {26 - 32), 1L
typical of charr from the Alpine Lakes of Europe and charr from
the Taimyr Peninsula. Moreover, the presence of ciscoe, similar
to égggggggg autumnalis {(arctic ciscoe), in some’ Irish lakes

:f(including Lake Coomarsaharn) is evidence of a westward movement
of fishes from the Arctic Ocean to the British Isles via the sea
during postglacial times (Behhke, 1980). Thus, the charr of Lake
Coomarsaharn are more likely to represent S. alpinus derived from‘
the area of the Taimyr Peninsuié which'gre fecognized by-Behnke

{1980) as S. alpinus erythrinus.

Charr found in the alpine lakes of Europe exhibit a simiiar

diadromous life history as S$. alpinus alpinus of Sweden (Behnke,

1980). Sympatric stocks of "alpine" charr are characterized by a
normal predatory form and a dwarf form. These forms differ from
typical S. alpinus alpinus by their higher meristic counts and

Y

are recogniéed by Behnke (1980) as a unique subspecies, S.

Y

<. alpinus salvelinus: These "alpine" charr céexist in the Bodensee

]

3  1LakéaC6nstance) with the highly divergent charr, S. profundus,

. - tan -
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which diverged from the S. alpinus lineage "no later than early
to mid-Pleistocene” (Behnke, 1980).
In North Ameriga, the eastern Arctic §. alpinus, which

occurs from the MacKenzie River to Hudson Bay, bears a close

resemblance to S. alpinus erythrinus of the Taimyr Peninsula.
Behnke (1980), however, has suggested the temporary use of S.
alpinus stagnalis for these fish, reserving this name until the
taxonomic status of Greenland arctic chaprr has been determiﬁ;d.
Relict populations of S. gigi;gg in eastern North America,

» occuring at the southern-most range of S. alpinus, include the
Quebec Red Trout, and the Blueback and Sunapee of Malne. These
populations, which have beep egam;ned morphologically and
allozymically (Kircheis, 1980), appear to be. more closely related
to each other than to other subspecies of S. alplnhus and are
recognized as a distinct subspecies, S. alpinus oguassa. Behnke
(1980) also refers to another ﬁorm of Argti; charr from Labrador,

which appears to be the rgsuit of hybridization between the

eastern Arctic and eastern North American forms ($S. alpinus

oguassa and S. alpinus stagnalis respectivq&y). However, a

subspecific name has not been designated for these char{.
Members of tho'arctic charr subspecies (stagnalis and
alpinus) were included in this study. In future, studies should
—aim to compare mtDMA"of the other putative subapeéies.of the 3.
alpinus complex.
Thg genus Hucho was also examined by this séudy. The huchens
are broadly distributed across Euraqla (Figure 10) and are

restricted to fresh water, with the exception of Hucho perryi.

Formerly, they were placed in either the genus Salmo or
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Salvelinus, but, most authors now agree with its independent
generic status. The genus Hucho is the most closely allied to
Salvelinus of ali the Salmoninae genera (Behnke, 1965; Holcik,

14982). It can be broken inteo two subgenera, Hucho and Parahucho,

respectively. The latter contains only one species H. (Parahucho)

perryi, while the former contains H. (Hucho) bleekerii, (Chinese

huchen) H. {Hucho) ishikawai (Korean huchen}, H. (Hucho) hucho

hucho (Danubian huchen), and H. (Hucho) hugho taimen (the

taimen). The specimen examined by this - stu was the Danubian
,/'

huchen. ///

The distance phenogram clearly distirg:iipaﬁgxhe three
AY

subgenera (Salvelinus, Baione, and Cristi r) Af the genus
4

—r
Salvelinus (Figure 3). Based on 2% sequence divergence per
million years (Brown et al., 1979), S. namaycush mtDNA clones

have been diverging from each other since the mid Pleistocene

(450,000 ybp) ¢o the Holocene (last 10,000 'years). British (S.

alpinus alpinus}) and Baffin (S. alpinus stagnalis) charr last
shared a common ancestof approXimately 850,000 ybp (early
Pleistocene). The three subgenera of Salvelinus last shared a
common ancestor approximately 1.5 - 2.5 million ybp. when they
simultaneously diverged from each other. This valué\égrees with
the divergence time;'"lafe Pliocene to early Pleistocene",

hypothesized for the separation of these groups from a common

4

from the proto- hucho/salvelinus ancestor approximately 4 million

ybp {(middle to late Pliocene). A fuller account of the
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systematics of Hucho's affinities to Salmo/Salvelinus are

-provided by Holcik (1982).

0f the two equally barsimonious networks found by PAUP,
netwo?k 1l represents a phylobeny agreeing with clgssical taxenomy
and the mtDNA distance data, which propose that the phylogenies
of.thé three Salvelinus subéenera are equidistant from a common
-ancestor. The alternative phylogeny of network 2 proposed that
brook trout, almost twice as d;stant from lake trout (25 steps)
as‘Baffin charr (only 14 steps), are at the same distance from
lake trout as the genus Hucho (28 steps). It also indicates that
Baffin charr are an &ntermedi;te form between lake trout and
brook trout with the 'latter species sharing a closerx relationship
with British charr than Baffin charr. ~If such disthneEEthuly
existed between brook trout and its congeners, as are represented
by the parsimony network 2 (Figure 297, they sure1§ would have
maéifesﬁed themse}ves merphologically allowing for easy iaxénomic
distinction between these species. Chromosome data (R. Phillips
pers. comm.) and production of the fertile hybrid‘"splake"
indicate a closer relationship between brook and lake trout,
further supporting the parsimohy network 1 (Figure 1),\mtDNA
distance data, and classical taxonomy of Salvelinus. Perhaps .
further information on interspecific hybrids between these three
species will clarify thé situation. Meanwhile the ﬁhylogenetic
netwolk presented in Figure 1 must be assumed to be the‘most’

plausiple one. It is interesting to not¢\that this phylogeny

Hucho closer to S. alpinus than S. namaycush (27 vs. 30

steps respectively), although, these values may not be
siZ:

ificantly different from each other.

L (L\
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In a broader taxonomic sense, it is possible to create a
phylogeny for the genera of the subfémily Salmoﬁihae, excluding
Brachymystax and Salmothymus., by combining the results of this \
study together with prior mtDNA s?udies {Berg and Ferris, 1984:
Thomas et al., 1986; Gyllensten 'ﬁﬁ Wilson, 1987). The studies of
Berg & Ferris (1984) and tbat’éf Gyllensten and Wilson (1987)

both examined Salmo (Salmo) -trutta (brown trout), Salmo = . v

ol ‘ .
(Parasalmo) gairdneri (rainbow trout), and Salvelinus fontiniﬂgg
(brook trout), finding.approximately 10 and 12 percent seguence

divergence (respectively) between the Salvelinus line and the

lineage leading to §§;gg and Parasalmo. It sgould also be noted
that Onchorychus split off from the subgenus gggggglgg.after the
lattér had split off from the lineage leading to the subgenus
Salmg (Be/rg and Ferris, 1984; Thomas et al., 1986). From these
the rest of the Salmoninae approximately five to six million ybp.
Hucho diverged from the §glggiigg§ lineage just after this'bréak
point, approximately three to four million ybp’(a.b + 1.6%
sequence divergence). By superimposing these values, and
utilizing percent sequence divergence data of salmonid species
obtained in the present study along with those examined by Berg‘/f:;:
and Ferris #1984) , Thomas et. al. (1986}, and Gyllensten and
Wilson (1987), a composite distance pheﬁogram can be created to
approximate the phylogeny of the-subfamily Salﬁoninae, based on
restriétion-analysis of mitochondrial DNA (Figure il)., However,

caution should be exercised when interpreting these results,

because comparing these four studies to create a composite
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phencgram is akin to superimpoq{hgrphotogyaphs of the same object
all taken from different angles.

H 031ng the mtDNA clock calibrated by Brown et al,. .(1979), one

\¥ gan obtaln a relative measure of the age of the Salmoninae.
Estimates of "true“ divergence times for the phylogeéenetic break
e points between the(major taxa, However, are difficult due to the
paucity of fossil remains. This lack of physiual wvidence is
pdssip&§ due to éither a lack of interest among paleonto]ogjsts
with fishes of the late Tertiary or to thé preferred habitat of
"\—-\wsalmonid fishes, not being conducive to‘fossilization‘(Noraen,
”1§6b}. Thus, it was not possible to iglibrate a salmunid'mtﬁNA
clock. | .

Assuming, that Balmonid ?tDNA is'evolving at the same rate
as the primate mtDNA, a minimum age of'the.Salmoniﬁae can be
estimated by observing the Qalue of-pergént seduepce divergence
between the most divergent taxa (ie. the breakpoint when all the

3 Salmoninae genera last shared a common ancestor). This value
(about 1$.0% sequence divergence) converts to aéproximater 6
million ybp, which is more recent thén those estimated using the
few fragmentary fossil‘%emains avallable for dating thé origin of
these fish. Behnke (1965) suggested that the Salmoninae had

: diverged from the ancestral Salmonidae lineage by the Miocene'
(12~25 million ybp), while Cavender (1980) states that evidence
frpmlyevadg_represents the oldest {at” least 10 million years)
known fossil Sg;ggliggg. It should be(qoted that the seguence
aivergence values, reported between fﬁe respective Salmoninae

lineages, are well within the linear portion (linear:for values

<15%) of the sequénce divergence (vs. time of divergence). curve

-
»
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estimated by Brown et al. (M79) and are hence not underestimates
of the true amount of divergence present among these taxa.
Relativély speaking, the genera of .the Salmoninae are of recent

origin diverging from a common ancestor wifhin the last 5 - 6

.

million years (late Miocene tu early Pliocene}!, with most of the

respective species appearing only recently, during the last 1.5
. ) ]
million years {late Pliocene to early Plelstocene). This latter
- Iy . ) -
‘statement is in agreement with the classical notions regarding

" the time frame during which speciation of the major Salmoninae .

.

genera occured (Norden,'1961; Behnke, 1965; Behnke, 1980 and

references cited thgfeln). -

In conclusion, regtrﬁction analysis of mitochondrial DNA
> ‘

appears to be a valuable systematic tool for examining the

.difficult and often times confusing—-issue of Salmonid taxonomy,
. particularly with régards to the' S. alpinus complex. Moreover,

dué to the asexual natyre of the mitochondrial genome, ’

.

bhylogenetic &1§tories of cloéély.related‘taka will not be marred

by introgression. Some of,fhe taxonomic problems examined gy this

study, however, are still unresclved such as the relationship
2 S

- L

between the three subgenera of Salvelinus. Examination of more,

broock trout and arctic charr populations should enable a betéer

estimate of intraspecific variation by indlcatlng how well eéﬁh'

t

specimen represents each of the species lineages. Finally,

-

although intuitively'obvious, the use of additional,restrig{loh
endonucleases, should lpnd more resolution to this issue. - %
' » ' " .o

-‘-.O
f .t <

d ‘o . . . ' .
Regardless, the use of mtDNA analysis has -brought an .. -
exciting semblance of order to a once confusing issue. #n

v . .
- N * »

!
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attempt should now be made to complete restriction analysis of

the remaining Salmaninae genera, Brachymystax and Salm lmothvymus.

Next, the valid species of Salvelinus such $. malma, S.

conf luentus, S. profundus and S. lggcQEagglg should be examined

along with their recognized subspecies such as S. alpinus

oguassa, S. namaycush siscowet, and §. fontinalis timagam

I agree with Behnke (1980) that a cooperative effort
required in order tc analyze the various forms of arctic chiarr of
the S. alpinus complex. Along these same lines, 'agreepent must be

reached as to what degree of sequencé divergence 14 necessary to
constitute separation and identification of a valid éubspeciés.
P@fhaps sequence divergence estimates between é&%fﬁn'and British
chérr may be used as a.guide;ine.'It will be Interesting to
compare these values to those obtained between British/Baffin

charr aﬁd S. grofundus (characterized by Behnke as a definite
‘spgcies-and estimated to have diverged frcm‘glpiggg during :
Pleistocene times). sp?cific nomenclature should also be
d?veloped to idén{ifY'stocks being dealt with by various
researchers. Witﬂ regards‘to m}DNA analysis, the use of certaln
key restrictdonIEnzymgg ang mabping rgferénce points should be
standérdiééd in oider to provide direct and unambiguous |
'rcomparison between vFr}ous research groups. The ?hoice of
regtriction enzymes may be arbitrary,.but, restriction maps_ could

be aligned using th%pcogserved Sst II restriction sites.

-As a finﬁl-note, it should be possible to extract mtDNA from

[

small tissue samples of museum Specisens using the techniques of

" Barker et al. (1986). With this hnology specimens, used by the.

various. authors (Behnke,")eo. Saavaitova,; 1980, Cavender, 1980)

“ o s '
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to make their taxonomic decisions, could be examined for
comparison of their mtDNA patterﬁs. Taxonomic status of extinct
species such as 'the, "silver charr”, §. (Baione) agassizi, could
also be ascertained’ Hope%ully future research utilizing
restriction'analysis of mitochondrial DNA for phylogenetic
reconstruction, will lead to a better understanding of the

taxoncmic relationships among the members of the Salmoninae.
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T

origin of fish and
date obtained ‘

SPECIES ' no. year
class

Hucho hucho 1 unkﬁown
5. alpinus 1 unknown
S. alpinus - 1 unkﬁqwn
S iggzinglig 2 unknown
S. namaycush (by strain)
Manitou 4 80"
Big Bay 5 8O
Simcoe 10 unknown
Killaia 11 83!
Seneca 15 78!
Green Lake 9 75"

6 75" °
Lewis Lake 8 B2

9 unknown
Clearwater 11 g2'"
Lake Manitoba
Marquette 10, 75"
{domestic) 8 81!

20 1!
Atlin Lakew P8 unknown

Rl

o ) ‘;’-‘"

Lake LaBerge ' 4. unknown

Turiek Hatchery, Bratislava,
Czechoslovakia, by Jurek Holcik,
May 87.

collected from the Tarsuk Arm,
Baffin Island, N.W.T. by Brent
Glynn, Aug. 85.

collected from Lake Windemere,
Lake District, Britain, by Netl
Billington, Dec., 85. :

Maple Research Station, Ontario,
July 86,

Maple Research Station, Ontario,
May 85. .

Maple Reseérch Station, Ontario,
85.

cuollected from ice-fishermen on
Lake Simcoe and identified as
Simcoe stock ‘by personnel at
Sibbald Point assessment unit,
Feb. 86.

Hatchery, Ontario, Aug. B5.

Allegheny N.F.H., Nov. B84.

.Jordan River N.F.H., 0Oct. 84.

Jordan River N.F.H., QOct. 85,

Jackson N.F.H., Aug. 85.
wild caught fish from Lewlis Iake
Sept, 85.

4

R

.Great Lakes Fish. Comm., June B85.

Jordan River N.F.H., Nov. B4.
Jordan River N.F.H., Nov. Bd4.

-Jordan River N.F.H., Nov. 85.

collected from Atlin Lake, = '
British Columbia by P. Etherton,

4

collected from Lake LaBerge,

_Yukon Territory by P. Etherton,

April 86



Bgl II

Bst EII

Eco R

Hind III

Nco 1
Pst 1

Pvu I1I

Xba I

Xho I

G'GATC.C

T'GATC.A

A'GATC,T

G'GTGAC,C

‘G'GTAAC,C

G'GTTAC,C
G'GTCAC,C

G'AATT.C
A'AGCT, T
CfCATG;G
C,TGCA'G
CAG'CTG

G'TCGA,C
CCC' GGG

CC,GC'GG
T'CTAG, A

C'TCGA, G

Restricticon
sites.

.
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"TABLE_5. Length of the mitochondrial DNA molecule: in fish species
based on published data and results from this study.

SFECIES

Lepomis macrochirus
Katsuwonus pelamis.
Oncorhynchus tshawyts#ha
Salmo gairdneri

Salmo trutta

Salvelinus fontinalis
Scorpaena guttata
Sebastes atrovirens
Sebastes caurinus

Sebastes melanostomus’

Sebastes mystinus
Scomber japonicus
Amia calva

Salmo salar )
Oncorhynchus kisutch
Oncorhynchus tschawytscha
Oncorhynchus nerka
Oncorhynchus garbuscha
Oncorhynchus keta

Salmo gairdneri -
Stizostedion vitreum
Stizostedion vitreum
Stizostedion canadense
Stizostedion lucioperca
Salvelinus namaycush

* 8. fontinalis

S..alpinus alpinus
S. alpinus stagnalis
Hucho huche hucho

"16,800

SIZE (bp)
16,200
16,900
16,670
16,670
16,670
16,670
19,500
17,300
17,400
17,200
16,900
17,200
16,000

to 16,

[+ 14 1+ 1+ 1+ 1+

16,700
16,500
16,500
16,500
16,500
16,500
16,500
16,833
18,475
16,702
16,7386
16,800

L IEIESE S SE TN EE

16,800
16,800

I+ 1+ 1+t

17,500

300
400
400
400
400
400

900

" Avise et al.

REFERENCE

{1984}
Graves et al. (1984)
Berg & Ferris (1984}

Beckwitt & Petruska
{1985)

Bermingham &
Avise (1986)
t .

Birt et al. (1986}

‘Thomas et al. (1986)

Billington and Hebert
{(1986)

Grewe & Hebert {1987)

Present Study

1] -4
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PIGURE 8. Native distribution of the brook trout in ¥Worth America.

(from Scott and Croseman, 1973)
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Anadromous Arctic
charr populations

. ‘e Specific Locationa
W », of Arctic charr
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PIGURE 9.

.appropriate investigations. (from Johnach, 1980}

Distribution of Arctic charr. The abesence of marking in the Paclific
Basin does not necessarily indicate that 3. slpinus does not occur
there, but ite exact distribution must be determined by the
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FIGURE 11. Distance phenograms from the three published salmonid
phylogenies based on percentage sequence divergence of
mitochondrial DNA restriction analysis .:

(a) from Berg and Ferris, 1984;

{({b) from Thomas et al., 1986;

(c) from Gyllensten and Wilson, 1987.
Scales are in percent sequence divergence.

NOTE: Distance values plotted as d.
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APPENDIX I: MITOCHONDRIAL DNA TECHNIQUES

Isolation of Mitochondrial DNA

Bgtween 2-5 grams of chopped liver were homogenized in 30
.mLs o sucfose grinding buffer (.25M sucrose, 10mM Tris pH 7.5,
lmM EDTA pH 8.0, 10mM NaCl) using a teflon homogenizer attached
# . -

to an electric drill. The homogenate was transferred to 50 ml

-

sorvall centrifuge tubes and cehtrifuged 3 times for 5 min. at

750 x G at 4°c, discarding the pellet each éime. These 3 spins
efchtively}répoved cellular debris and most nuclei. The
supernatant was finally span for 20 min. at 18,706 x G at 4°C to
pellet mitochondria. Mitochondria were then resuspendea (app. 4
%L/gram mitochondria) in TE (10mM Tris pH 7.6, 1mM EDTA). SDS was
" then added {final conc. 1%) to lyse the mitochondria..When the
lysate had cle;red. a saturated CsCl solution‘was added {1/6 of
- the "total volume). This solutlion was placed for a minimqm of . one
hour at 4°c o precipitate proteins; SDS, some nuclear DNA, and
RNA. At this point samples could be‘held for periods g? up to two
months, but, they were usually kept for only 1-2 weeks.

Furfher purification of the Qitochondrial DNA was
accomplished by isopycnic density centrifugafion. For this step,
~ the precipitafed lysate.solutioh waqrcentfifuged for 20 min. at
20,500 x G at 4°C. One and a half ﬁLs of the supernatant were
removed and 0.5 mLs of‘proﬁidium iodfée {2 mg/ﬁL) was added to
it. (?ropidium iodide differentially intercalates into the
structures of mitochondrial and nuclear'DNAlureating slight
differences in their rélative buoyancies. This dye also causes

. L .
nucleic acids to fluoresce under U-V illumination allowing for
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diréft visualization of the DNA). After addition of the dye, the
density_waébadﬁusted to 1.57 g/mL with the additiog of solid -
CsCl. A density gradient was established after 48-60 hours of
centrifugation at 36,000 r.p.m. at 20°C in a Beckman L5-65
centrifuge using an SﬁGO-Ti rotor. After centrifugation samples ‘'
were visualized under U-V illumination. The mitochondrial DNA
band appeared 5 mm. under the_ngc}ear/nicked—circular DNA band
(Lansman et al. 1981) and was removed by bottom puncture. .
Approximaiely 400-500 ulL of solution were withdrawn from each:
tube and the propidium lodide was then removed using n-butanol
{saturated with NaCl and water). §amples were susequently
dialysed for 24 hours in.dialysis sclution I (1M NaCl, 10mM Tris-
Hcl pH 8.0, 1mM EDTA pH 8.0} followed by two twel;e hour washes
in dialysis 1I (oﬁe—tenth TE). When purified‘in this manner, mt
DNA can be kept indefinitely at -20°C until required for

) restriction analysis. ‘

Restriction Analysis _ -

Two microlitres of each sample were digested (totsl vel. 15
ulk) with one of the rgstriction endonucleases (Table 2) in the
appropriate bﬁffeé system according to the supplier (Bethesda
Research Laboratories). Samples were digested for one and a half

32p radio-labelled nuclectides

hours and then end-labelled with
(usually oﬁly dCTP and dATP were used) using the fiﬁl in reaction
of the_large‘(Klenow) fragmenf of DNA Polymerase I (Maniatis,
i982). Samples were then precipitated at ~70°C for one hour by
adding 300 ul. of a yeast tRNA carrier mix {1 ug yeast tRNA, .3M

. Na-Acetate) and 1 mL of 100% ethanol. Samples were then

centrifuged, in an.Eppendorf centrifuge, for 20 minutes to pellet

Mt 4
f
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ghe labelled DNA. The ethanol was then removed. This first wash

effectively removed most of the unincorporated nucleotides. One
, Y

millilitre of 70% ethanol ("2900) was added to the sample, mixed
gently, and re-centrifuged for 10 minutes. The supernatant was
again decanted, removing more unincorporated nucleotides and any
remaining salt. The pellets were then lyophilized and rpquspende e;#
in 15 ul 0; loading dye (8% sucrose, 0. o5x bromophenol blue, ﬁn
1X*TBE). The samples were then ready to be electrophoresed.

Samples were split intec 7.5 ul iqqots and simultaneously

. electrophoresed utilizing abarose"nd'poiyacrylamide gels in a
TBE (89mM Tris, 89mM Baric Acid, 2mM EDTA pH 8.0) buffe; system.
Agarose gels {(1.2%) allowed for the resolution of DNA fragments
from 20 000 to app. 500 base pairs, while acrylamide gels (4%)
allowed for the resolution from 1000 to app. 26 base pairs,.

Upon completion of electrophoresis, gels were dried to a 3MM
filter paper backing and then exposed to X-ray (Fuji-RX) fillm
overnight. The reskriction fragments appeared as sharp black
bands (see Fig. 2) on these autoradiographs. Fragment sizes were
estimated from the autoradiographs utilizing a program developed
by Kelser (1982: modified by P: Grewe) and run on an Apple II
plus computer in conjunction .with a HIPAd-(model DT-11A, Houston
Instruments) dig;fizing pad. Three classes 6f restriction
endonucleéses (4,5, and 6 ‘base) E’reiemployed in this study. Six
base enzymes have 6 base palirs in their palindromic recognition
‘sequence and thus. recognize few:f sifgs than do 4 and 5 base

_endonucleases The latter two classes of endonucleases, by

reccgnizing many more sites, make it possible to sample a Jlarger
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percentage of the mitochondrial genome with fewer digests’ than is
’ . . ‘ ™
possible with thefe base endonucleases. Most 6 base enzymes

produced patterns which could be resolved by agarose gels alone.

— -

-Agarose did not.allow enough resolution of small fragmpnts to

.

-

distinguish all phenotypasJéroduced by 4— §nd 5-base enzymes as
well as some 6-base enzymes and in these dases aérylamide gelks

wepe invaluable. The usé of acrylamide gels also saved time *
Lompluting dlgest?/nf 6~base enzymes "With acrylaﬁide gels
affording the resolution of all restriction fragments, double
digests could be preformed on e2ach sample, effectively cutting in
half the time to do each 6-base endonuclease.

Determining restrlction site homeolegy of 4 and 5 base
enzfmes was nearly imposslble. This wés gquite easily done,
however, for the 6 base. endonucleases through simple double s
digests. Once homology was confirmed, the ?ata could be used in
calculating Nel's d fo¥ phylogenetic analyéis.

Visuallization of Restriction Fragments:
Three different methods afe commonly used to visualize g?

restriction fragmenté upon completion of electrophoresis : 1)

- staining of the gel with an intercalating dye such as ethidium

bromide or propidium iodide which cauggs DNA to flug{esce upon
Ug.v. illumination : 2) endlabelling restriction fragments ﬁrior
to eléctrophoresis, followgd by aﬁtoradiograé@y and 3) probing of
southern-blofs with radiolabelled mtDNA followed by ' -{
autoradiogréphy.

The use ofﬂ;n intercalating dye or end-labelling of

fragments both rékﬁire mtDNA $amples which are free of

contaminating nuclear DNA. This usually entails purification via
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many hours of ﬁltra—centrifugation. The number of samples which
can bé processed per centrifuge run lis limited to six an
ultracentrifugation ordinarily serves as the .rate limiting step.
Use of an intercalgting dye reguires much larger gquantities of
DNA, than does autoradiography to visualize restriction fragmbnté
and small fragments are not easily observed. However, using the
technique of probing, large amounts of nuclearfDNA‘jspxamination‘
can be tolerated and ultracentrifugétion is not required.
Detection of minute'quantitigs of mtDNA is possible with ﬁrobing%-
but it is difficult to dgtect restriction fragment?.whicb are
less than 500 base pairs long with this techniQue. Some of the
fragments produced by & baée‘eniymes and most fragﬁents from 4
and 5 base enzymes fall below this 500 base pair_limit. End- '
labelling alloys the detection of minute guantities of DNA as
well as resolution (ﬁhen acrylamide gels a}é used) of fragments
down to 26 base pairs. Although pure samples of mt DNA are
required, the é%traQresolutioﬁ,afforded by {his technique made it

the method of choice -for this initial study of the lake’ trout.

. s .
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APPENDIX II: STANDARD FRAGMENT LENGTHS

Lambda ' Lambda Lambda pBR 322
cut by cut by . cut by cut by
Hind III : Hind III Hind III Hpa II
/ Ecb RI / Eco RI
+

Hind III - .

23.130 21.226 23.130 o -t .622

9.416 . 5.148 21.226 .527

6.561 4.911 9.4186 _ ©.404

4.357 4.268 6.561 - . 309
2.322 3.529 5.148 . .242 -

2.027 2.027 4.9717 ‘ . .238

.564 1.904 4.357 217 :
.125 1.584 4.268 .201 ?

1.275 3.529 .190

L9471 2.322 .180

.827 2.027 160

.064 - 1.904 .147

.125 ©1.584 . .122

1.375 .110

.947 . 090

.8217 . .076

. .564 ' 067

.125 ".034

' .026

.015

. 009

a

Various standards used to determine restriction
fragment sizes, Lambda phage and pBR322 were purchased

» frgm Bethesda Research Laboratories. Fragment sizes
(Kilobase palrs) are as reported by the BRL Catalogue
and Reference Guide (1985). ‘
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APPENDIX III: RESTRICTION SITE MAPS FOR THE SAEMONID _
‘ MITOCHONDRIAL GENOMES EXAMINED BY THIS STUDY"

-

a) lake trout Salvelinus namaycush

b) Baffin charr Salvelinus alpi éggggglig

c) British charr Salvelihué alpinus éﬁpinus

d) brook trout Salvelinus fontinalis

. *e) sltes conserved among species of Salvelinus

—_—_——

examined -

& £) huchen Hucho hucho

"-” - -.. i
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Dichotomous Key For Lake Trout Brood Stock Ident:ification
Eased on Restriction Phenotypes of Mitochondrial DNA

1. A) presence of A8 and/or A9 clones - MANITOU
B) both A8 and A9. absent - 2.
2. A) proportion of Bl clone > 80% — - 3.
B) Bl clone < 80%, Al or A2 present - 4.
3. A) A3 clone present, A6 clone absent - SIMCOE
B) A3 clone absent, A6 clone present - SENECA
4, A) Al clone present, A2 absent - 5.
B) Al, A2, and "C" clones present’ - 7.
5. A) Bl clone present - KILLALA
B) Bl clone absent ' -"6.
6. A) A5 clone present, A3 common - GREEN LAKE
- . e
B) Al clone present and > 90% of sample - BIG BAY
7. A) Bl clone present - LEWIS LAKE ,
B} Bl clone absent - 8.
8. A) C2 and C3 absent - JCLEARWATER LAKE

B) C2 and C3 present ' - MARQUETTE

Assumptions: 1) current frequencies reflect actual brood stock
, frequencies. '
2) frequencies of sampled populations reflect input
variation from stocked strains.

*- At presenmt only the Al clone has been found in the Big Bay
strain. Hopefully other clones will be discovered which can
further identify and confirm the presence of this strain in a

ample of fish. -
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APPENDIX VI. PAUP input file. «
i
. -
. ' PISHY.PAU .§ | ' {
o ALL TROUT CLONES AND SPECIﬁS‘DATA FOR PAUP e
* trout clones baffin brit broo7/HUCHO
. ! DATA PAGE 1 X DATA PAGE 2 x" DATA PAGE 3 *

* BLC PVU ECO SAL BST XHO PST HIND BAM BGL SMA XBA SST NCO

* v

. teot ' ! oo ! Lyt '

PARAM NOTU=12 NCHAR=68 ROOT=0OUTGROUP ;

DATA (A6,A1,6811);

HUCHC '11110011001111010011010110110100111000001001100100100011111110011101
ALAKE 00111011110011101011001011110110111010000000010110001011111111000011
BLAKE 00111011110011101011001011110110111010010000010710001011111111000011
CLAKE 00111011110011101011001011110110111011010000010110001011111111000011
BAFFN _00111010110011101011100011010100111000001011111100000011011101000011
BRITT 0C11101111C0111010111000110111001110010010011101060000011011111100011
BROOK 00111111110011101111000011011101111011000111010100010111011111000001
A-BST 00111011110011111011001011110110111010000000010110001011111111000011-
A—-BAM 00111011110011101011001011110110111010100000010110001011111111000011
AHIND 00111011110011101011001011110110111110000000010110001011111111000011
CNCO 00111011110011101011001011110110111011010000010110001011111101000011
CSMA 0011101111001110101100101111011011101101000001011100101111111100G011

UNORDERED 1-8 ;

DELETE 3.4,7.13,14,19,20,25,28,30,33,34,35,48,55,56,58,59,60,68;
INTERACT: ) :

* CHECK TOPOLOGY #1

TOPOLOGY (1(({{(2(9,10))(3(4(11,12))))8}7)(5,6))} )

GO/ ROOT=OUTGROUP BEEP; :

INTERACT ‘

*+ CHECK TOPOLOGY #2

TOPOLOGY (1((8((2(9,10)})(3(4(11,12)))})(5(6,7)))) :
GO/ ROOT=QUTGROUP BEEF;

INTERACT:

GO/BANDB ROOT=0UTGROUP BEEP ;
END;
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