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Abstract . -

This thesis addresses the topic of molecular evolution at the genus, species, and
gene levels. DNA sequénce anaysis was used to resolvé taxonomic and systematiec
problems in the salmonid genus Oncorhynchué and to éxamine thé evolution of
duplicated genes. The evolution of Paciﬁc~sa|m_oh and trout has been intensively
studied using a variety of methods, but the early evolutionary history of the genus and
the relationships among sockeye, pink and chum salmon remained controversial. In’
this study, phylogenetic analyses of mitochondrial and nuclear genes providgd strong
evidence that pink and chum salmon are sister species, but the conflict regafding
deeper phylogeny was still unresolved. Tr'1e new phylogenetic data were combined
with previously generated character sets to yield a tree that suggests the ancestor of‘
the Asian:0. masou species complex was the first lineage to diverge. from the proto-
Oncorhynchus line, which then rapidly radiated to form the other Pacific saimon and
trout lineages.

The Asian salmon masu and amago were previously considered to be distinct
species. Here, DNA sequences from their mitochoqdrial genomes were found to be
almost identical, but considerable variation was detected in intron sequences of the
growth hormone type-2 (GH2) gene. Markedly different allele frequencies suggest that
that masu and amago are genetically distinct. The DNA evidence was found to be
consistent with a classification scheme placing masu and am.ago as O. masou
subspecies.

.The genome of the ancestral salmonid is believed to have been doubléd in size

sometime after it diverged from the related smelt family Osmeridae, producing two
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copies of each gene. The evolutionary history of the duplicated; non-allelic salmonid
grow_th hormone genes was examined using DNA sequence:s. GH1 and GH2 isoforms
hav\e’ been identified in all salmonine (salmon, trout, char) species, but thé GH genes c;f
whitefish (subfamily Coregoninae) could not be assigned to either category. Evidence
is presented. that the two gene pairs diverged independently. The most likely
explanation is_that disomic inhéritance of these genes had ndf yet been re-established

when the salmonine and coregonine lineages diverged.
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Chapter 1

i

General Introduction .

The family Salmonidae contains is made up of three subfamilies: Coregoninae
(whitefish, ciscos), Thymallinae (graylings) and Salmoninae (salmon, trout, char,
huchen). Each of these subfamilies is widely distn'bujed in the northern hemisphere
(Norden,1961; Vladykov;’, 1963). Salmonidae appears to have originated from a
freshyvater ance/s.tor tha.t ;cquired the ability to descend into the ocean, although a
marine origin has also been proposed for this family (See Tchernavin, 1939 for a
history of this disputed subjecﬁ). The presence of several exclusivély freshwater
ge;\era and complete absence of any entirely marine forms seem more consistent with
a freshwater ancestral species that subsequently adapted to a marine environment.

Although the exact relationships among the genera are not always clear, |r!1s
widely accepted that Coregoninae was the first to diverge from this Iineagé, and is a
sister taxon to the thymalline and salmonine groups (Stearley and Smith, i993). The
better known salmonine genera include Hucho (huchen), Salvelinus (char), Salmo
(Atlantic salmon, brown trout) and Oncorhychus (Pacific salmon and trout). Within
Oncorhynchus, there are eight extant species or species complexes and two fossil
species O. (Rhabdofario) lacustns, a trout-like fish, and O. (Smilodonichthys) rastrotus,

‘the “saber-toothed salmon” (Cope, 1870; Cavender and Miller, 1972; Stearley and

Smith, 1993).

Investigation of evolutionary relationships in Oncorhynchus
Evolutionary relationships among the Pacific salmon and trout have been the
subject of considerable debate. Rainbow and cutthroat trout were originally grouped

1
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together with Atlantic salmor; and brown trout in the genus Salmo. However, it hés
long been recognized 7that these trout were similar to the onchorhynchid species
(Regan, 1914, VIa@ykov, 1963). More recent work has led to the conclusion that
Salmo was a paraphyletic assémblage and that rainbow, cutthroat and allied trout are
actuallywpart of the >monophyletic Pacific salman and trout clade, Onc;orhynchus,(Smith

5nd Stearley, 1989; Stearley and Smith, 1993). Oncorhynchus is believed to have

- arisen from a single ancestral species derived from the Salmo evolutionary line.

Neave (1958) proposed that the common ancestor of rainbow and cutthroat trout was
the first to diverge from the proto-Oncorhynchus evolutionary line about one million
years ago, which went on to found the present-day Pacific salmon. However, the age
of modern Pacific salmon species has been estimated at least 6 million years based
on fossil evidence (Smith, 1992), which indicates that Neave's (1958) time scale for
the radiation of Oncorhynchus is a substantial underestimate. ‘
Oncorhynchus phylogenies have been reconstructed using a vdriety of methods
(Utter et al., 1973-and references therein; Berg and Ferris, 1984; Thomas et al., 1986;
Thomas and Beckenbach, 1989; Grewe et {al.z, 1990; McVeigh and Davidson,_1991;
Phillips and Pleyte, 1991; Shedlock et al., 1992, Devlin 1993; Murata et al. 1993,1996;

Takasaki et al. 1994; Oohara et al., 1997). A reasonable consensus has been

achievd for most species groups, such as (chinook, coho) and (rainbow, cutthroat)

. (Utter and Allendorf, 1994). However, the earlier evolutionary history of the genus and

the relationships among sockeye, pink and chum salmon remained controversial.
In Chapter 2, DNA sequences of the nuclear growth hormone type 2 (GH2) and
mitochondrial NADH Dehydrogenase Subunit 3 (ND3) genes were examined in an

effort to clarify the basal evolutionary branching order and resolve the relationships

2
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among sockeye, pink and chum. As with previous phylogenetic analyse§, the GH2
and ND3 gene trees agreed in terminal species grlupings, but differqd in their
inference of deepér phylogeny. To aadress this recurring problem in analysis of single
genes or small character sets, a combined and comparative analysis of all available’

data and phylogenetic information was used to infer a tree that better addressed

outstanding controversies in the systematics of Oncorhynchus.

Resolving systematic problems within the O. masou species complex

The taxonomy_of Oncorhynchus~ was also not fully resolved at the species-level.
Five types of salmon (sockeye, pink, chum, chinook and coho) occur on both sides of
the northern Pacific Ocean. Each of these salmon exhibité morphological and
ecological differences that have made it possible to assign unambiguous species
status. However, the status of the three types of salmon that occur only in Asia (masu, -
amago and biwa salmon) is less clear. Two competing schemes are in current use for
the classification of this complex: one assigns species status to masu (O. masou) and
groups amago and biwa together as O. rhodurus (Kato, 1985; 1991), while the other
groups masu (O. masou masou), amago (O. masou ishikawae) and biwa (O. masou.
spp.) as conspecific races (KimUra, 1990). | The geograbhic ranges and some
morphological chéracters distinguish each of the kinds of salmon, but overall similarity
in most morphological and meristic characters along-with vague aescriptions of the
original type specimens (Jordan and McGregor, 1925) have reiulted in considerable
confusion in their taxonomy and nomencle;ture (summarized in Table 3.1). In Chapter

3, I examine mitochondrial DNA sequence from the ND3 gene and the control (D-loop)

nregion, where both interspecific (Thomas and Beckenbach; 1989; Shedlock et al,

3



1992) and intraspecific (Beckenbach et al., 1990; Park et al.,, 1993) variation in

Oncorhynchus have previously been observed. Very littlte DNA sequence variation

- was detected among mitochondrial sequences of masu and amago, providing no

evidence for génetic differentiation beMeen the two. However, analysis of intronic
sequences of the nuclear growth hormone type-2 (GH2) gene revealed considerable
variation wi;hin and between types, providing evidence that masu and amago are
genetically distiﬁct, possibly at the subspecific level.
¥

Evolution of duplicated salmonid growth hormone genes

In addition to evolution at the species and generic levels, this thesis also
examines the evolution 6f particular genes. The proto-salmonid lineage that gave rise
to subfamilies Coregoninae (Coregonus, Prosopium, Stenodus) and Salmoninae
(Salvelinus, Salmo, Oncorhynchus, Hucho, Brachymystax, Salmothymus, Platysalmo,
Acantholingua) is believed to have undergone a genome-doubling event some 25-100
Million years ago (Ohno, 1970; Allendorf and Thorgaard, 1984). Based on
comparisons of genome size and chromosome numbers with related families
(Hinegardner, 1976; Simon, 1963; Hartley, 1987), the tetraploidization of the salmonid
genome must have occurred after Salmonidae diverged/‘from other salmoniform
Iineéges. After a genome is doubled, eventual re-establishment of disomic inheritance
can lead to divergence of duplicated genes, many of which are lost. This process is
well documented in"safmonids, which have lost duplicated copies of approximately
50% of their genes (Allendorf, 1978). In a newly formed tetraploid genome, many
multivalent pairing arrangements would be expected at meiosis (Ohno, 1970). These

structures are formed by the pairing of multiple sets of homeologous (duplicated and

"y
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diverged sets of homologous) chromosomes. The fact that a few multivalent
structures are still observed in)present-day salmonids indicates that the process of
diploidiz;\tion is not yet complete.

Many duplicated gene pairs still exist as functional, non-allelic isoforms. For
example, two isoforms of insulin (Kavsan et .aI., 1993), insulin-like growth factor (Wallis
and Devlin, 1993) and MyoD (Rescan and Gauvry, 1996) have been identified.
Ambng salmonine species, the growth hormone (GH) gene is also represented by non-
allelic isoforms: GH1 and GH2 (Agellon et al., 1988a, 1988b; Agellon and Chen, 1986;
Johahson et al., 1989; Male et al., 1992, Devlin, 1993; Du et al., 1993, Forbes et al.,
1994, McKay et al., 1996). Although selective constraints have caused this gene{pair
to remain very similar in protein-coding regions, divergence of intronic and flanking
DNA sequences indicates that the genes have been separate for a long time (Devlin‘,
1993). The accumulation of differences between GH1 and GH2 argues that the
chromosomes or chromosomal regions on which they reside have completed the
procesé of diploidization.

In Chapter 4, sequence analysis of GH intron D is used to examine the
evolutionary history of these duplicated genes in salmonid genera. Analysis of a
microsatellite locus nested within this intron (Chapter 3) revealed variation within and
among species in the GH2 gene of Oncorhynchus, but not in any On\é\orhynchus GH1
gene or in the GH genes of other salmonid genera. Further, new DNA sequences
from intron D of the GH genes in brown trout (Salmo trutta), mountain whitefish
(Prosopium williamsonii) and lake whitefish (Coregonus clupeaformis) were used to
examine the evolutionary history and patterns of change of>GH genes at the generic

level. The two GH genes identified in the whitefish species could not be assigned to

)



the categories represented by the salmonine GH1 and GH2 isoforms, which suggests
that the ancestral coregonine separated from the proto-salmonine lineage before the

divergence of the GH1 and GH2 genes.
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Chapter 2

Toward the Resolution of Pacific Salmon and Trout (Oncorhynchus)
Phylogeny '

Abstract:

The phylogeny of the genus Oncorhynchus has been studied previously using a .
variety of morppological and genetic characters. However, two unrespived systematic
problems remain: the position of the masu saimon lineage (O. masou) and the
relationships within the related group of species that contains sockeye (O. nerka), pink
(O. gorbuscha) and chum (O. keta) salkmon_ Relationshipé among eight Oncorhynchus
'species\ and Atlantic salmon (Salmo 5a/ar) were examined using the nuclear growth
hormone type-2 (GH2) and mitochondrial NADH dehydrogenase subunit 3 (ND3) DNA
sequences. Phylogenies inferred using cladistic, distance and maximum likelihood
approacheé were concordant.except wﬁere the branch leading to the Atlantic salmon
outgroup joined the tree. The sequence data generated in this study were also
combined with eight other morphological, allozyme and DNA character sets to perform
a “total evider;ce” maximum parsimony analysis. In addition, all available DNA
sequence data were combined in a maximum likelihood analysis. The same tree was ,,
inf’erred&by. bo;h approaches. Strong support is provided that pi;k and chum salmon
are sister species, and that the masu salmon lineage is distinct from thosé‘* of the other

Pacific salmon and trout, forming a sister taxon to the monophyletic North American

Pacific salmon and trout lineage.



Introduction:

»

H‘istorically, the presurﬁed relationships among the Pacific salmon and_ trout
(speciés designation listed in Table 2.1) have been the subject of considerable debate.
Rainbow and cutthroat trout were originally grouped together with. Atlantic salmon and
brown trout in the genus Salmo. More recent work has led to the reclassification of
rainbow and cutthroat trouf as Oncorhynchus species (Smith and Stearley, 1989).
The genus Oncorhynchus contains all Pacific salmon species, including masu and-
amago salmon, which are found only in Asia. Oncorhynchus is believed to have arisen
from a single ancestral species derived from the Salmo evolutionary line. Neave
(1958) propoéed that the common ancestor of rainbow and cutthroat trout was the first
to diverge from the proto-Oncorhynchus evolutionafy line, which then radiated to form
the seven extant Pacific salmon species.

Oncorhynchus phylogenies have been reconstructed from morphology,
physiology, ontogeny, DNA-DNA hybridization, protein electrophoretic mobility
variation, karyology, and DNA analysis' (Utter et al., 1973 and refe‘rences therein; Berg
and Ferris, 1984; Thomas et al., 1986; Thomas and Beckenbach, 1989; Grewe et al.,
1990, McVeigh and Davidson, 1991; Phillips and Pleyte, 1991; Shedliock et al., 1992,
Devlin 1993; Murata et al. 1993,1996, Takasaki et al. 1994; Domanico and Phillips,
1995; Oohara et al.,, 1997). However, ambiguities still exist regarding the origins of
masu salmon and, more generally, the branching order for the more basal lineages
such as the common ancestors of the (rainbow, cutthro*}at) and (chinook, coho) clades.

The relationships among sockeye, pink and chum salmon are also controversial.
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DNA sequences of the nuclear growth hormone type 2 (GH2) and mltochondr;al '

NADH Dehydrogenase Subunit 3 (ND3) genes have been examlned prthoust in
salmonid species (Table 2.1). In »this:-study, a portion of the GH2 locus and the

completeﬂ ND3 gene were sequenced from species where they had not been

 characterized, making it possible to 'examine the relationships among anadromous

Pacific trout and all extant salmon species. ‘vThé phylogenetic schemes inferred here
were related to those of other studies to address recurring problems in the systematics

of Oncorhynchus.

Materials and Methods:

Sample collections, DNA extraFtion and gene amplification

Species used in"ithis study are listed in Table 2.1. DNA 'extr»acted} from chum,
amago, masu and Atlantic s;lmon liver samples was used to obtain sequence from the
ND3 locus. GH2 sequences were amplified from cutthroat trout, chinook, coho, pink,
masu and amago salmon. DNA was extracted from liver tissue according to the
“method of Devlin (1991). The concentration of DNA samples was determined with a
Hoeffer DNA flourometer. The PCR and sequencing primers used (based on
consensus sequences of salmonid species) are fisted in Table 2.2 and their map
positions are shown in Figure 2.1. PCR amplifications were carried out in 25-100 pL
volumes containing 1X PCR buffer, (based on 'Medium' Buffer [Idaho Technologies]

but with 1.5% w/v Ficoll), 6 ng/uL template DNA, 0.025 units/uL Taqg polymerase

(Bethesda Research Laboratories), 200 uM each deoxynucleotide-triphosphate‘

(dNTPs), and approximately 1 pmol/uL of each amplification primer. Amplifications



Table 2.1. Species used in this study.

Species Common Name Origin® Locus Accession #

0. clarki cutthroat trout Coastal Cutthroat, GH2° Genbank U28156
Vancouver Island, ND3® NS

0. mykiss rainbow trout GH2°  Genbank J03797
ND3® NS

0. tshawytscha chinook Chilliwack Hatchery, GH2° Genbank 028157
B.C. ND3° NS

O. kisutch coho Chilliwack Hatchery, GH2? Genbank U28359
B.C. ND3® NS

O. nerka sockeye GH2¢ Genbank U14535
ND3® NS

0. gorbuscha pink Weaver Creek GH2®  Genbank U28360
Hatchery, B.C. ND3® NS
0. keta chum Weaver Creek GH2® NS

Hatchery, B.C. ND3? Genbank U28365

0. masou masu Hokadate, Japan GH2? Genbank U28361

masou ND3* Genbank U28364

0. masou amago Tamaki, Japan GH2®  Genbank U28362

ishikawae ND3*  Genbank U28363

Salmo salar Atlantic Cultured, Sea GH2! Genbank M21573

Spring Salmon Farm, ND3®  Genbank U28366

Chemainus, B.C.

Note: NS, taken from reference and not located in database search.

*This study

®Thomas and Beckenbach (1989)
‘Agellon et al. (1988)

‘Devlin (1993)

eX. Shen, Y. Wang, M. Wett, D.Liu, and F.C. Leung, unpublished data

'Johansen et al. (1989)
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were carried out primarily in a Perkin Elmer 9600 thermal cycler. Some arﬁpliﬂgations
(vere also carried out on Biometra and Idaho Technologies thermal cyblérs.

PCR amplifications were performed with 30 cycles. Denaturation, annealing and
extension times were varied according to the thermal cycler used and the siz; of the
expected amplification product.

Primers (GH45 and GH47), designed to speo‘%cally amplify the GH2 gene, were
based on conserved sequences from the promoter and terminator regions identified by
the alignment of all available GH sequence data from several salmonid species. Other
GH séquencing and PCR primers (Figure 2.1;Table 2.2) were designed based on
intron D and flanking sequences of sockeye salmon GH1 and GH2 and, in the case of
GH48-537, based on the alignment of all previously published GHZ2 intron D sequences. .

Multiple amplification products were often observed when using GH primers
with a genomic DNA template."To isolate GH2 sequences, a portion of the complete
GHZ PCR product (from GH45 and GH47) was réamp]iﬂed using internal primers GH7
and GH30, or GH7 and GH36. These reamplification produ“cts were compared to the
amplification products from a genomic DNA template us\ing agarose gel
electrophoresis. In each case, the GH30 or 36 and GH7 product amplified from GH2
had the same electrophoretic mobility as one of the genomic DNA amplification
products.  Wherever possible, the genomic (GH36/GH7 or GH30/GH7) DNA
amplification product corresponding to GH2 was isolated for cloning. In the case of
chinook salmon, where the GH2-specific product could not be unambiguously

distinguished from that of GH1 using agarose gel electrophoresis, the GH7/30 product

reamplified from the GH2 PCR product was cloned.

11



N\
A mitochondrial DNA fragment containing ND3 was amplified uéing primers

(ARG and GLY) based on conserved regions of the genes for tRNA**® and tRNA®Y,
which flank ND3 in verteprate mitochondrial genomes. To facilitate the sequencing of .
ND3 from Atlantic salmon, for which the ARG primer v!orked poorly, the internal
primers ND3A and ND3B, based on the alignment of all Oneorhynchus ND3

sequences, were subsequently designed (Table 2.2; Figure 2.1).

Table 2.2. PCR and sequencing primers used in this study

Primer Sequence (5'->3')
GH7 CTTATGCATGTCCTTCTTGAA
GH8 TGTGGCCTTCAAGTGAATTC
GH9 TATACAGAATCTGACTGCAG
GH16 TTGTTAATCTTTGTGAAAA
GH30 = TTTCTCTACGTCTACATTCT
GH36 GTCCTGAAGCTGCTCCG
GH45°2 GTACGCGGCCGCC(C/G)GAACTCATGGAAAAATTC
Notl
GH47? - GTACGCGGCCGCATGTACTAATCTAAAATGTC
No#
GH48 CAAT(G/T)ACCATTTGTGGT
GHA49 CA(C/T)YGCTCTACTACAGGTA
GH50 AC(A/G)CCTCAAAATA(A/C)GG(C/T)C
GH51 GTCAAGCTGATACAACTC
GH52 AGTGAAATACAACTATGC
GH53 ACAGAGAGAGATCGATGG
ARG?® ATGCGGATCCT(T/C)YTTGAGCCGAAATCA
am
GLY® ACGTGAATTCGTA(T/GYA/GHA/C)GTG(A/G)CTTCCAA
co
ND3A CAAAT(C/T)TC(C/T)CC(A/C)GACGCA )
ND3B CATTCTAAGCCTCCTTGGG

*The four nt at the 3' end plus the Nofl, BamH| and EcoR} restriction sites
(underlined) are not present in the template sequence

12
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Figure 2.1. Map of the locations of GH2 and mitochondrial ND3 gene amplification
and sequencing primers. Horizontal arrows represent the position of each primer.
Open, vertical arrows delimit sequenced regions. A) Growth hormone loci. E1-5 are
exons and lA-E are introns. Primers were designed from aligned GH1 and GH2
sequences, except for those marked with (*), which are GH2 specific. B)
Mitochondrial ND3 sequence primers.
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- DNA cloning and sequencing

PCR amplification products to be cloned were pﬁriﬁeg by electrophoresis in low
melting point agarose (Nusieve-GTG, FMC Biochemical), followed by isolation of DNA
from excised bands using the Magic or Wizard PCRprep kits (Promega). The ND3 and
GH2 amplification products were blunt-end cloned into pCRscript, a pBIUescript
derivative, using the pCRscript cloning kit (Stratagene)'.‘ Sequencing of the clones wa;s
performed on both strands using the single- and double-stranded methods describéd
in the Sequenase 2.0 sequencing kit (United States Biochemical Co.rp.). Various
combinations of the prime'rs described in Figure 2.1 and Table 2.2 were used in
sequencing reactions. To compensate for the inherent error rate of Taq polymerase
(Saiki et al., 1988; Tindall and Kunkel, 1988; Keohavang and Thilly, 1989) and
possible differences due to allelism in heterozygous individuals, a minimum of two
clones were sequenced for each species. Seduence differences between clones>
(usually single nucleotide differences) were encountered at a rate of about one per
520 bases. Ambiguities were resolved by direct sequencing of PCR products or by
se&uencing the region in question from a third cloné and accepting the consensus
between two of the three sequences. Raw sequence data were processed and
assembled using PC\Gene (Intelligenetics, Mountain View, CA). The final DNA
sequences have been submitted to Genbank (Accession numbers a‘re listed in Table
21)

Sequence and phylogenetic analysis of GH2 and ND3 .

In addition to the sequences determined in this study, publishedﬁsequence data
from other species (Table 2.1) were incorporated into the GH2 and ND3 déta sets.

Sequences were manually aligned using the Eyeball Sequence Editor (ESEE v1.09d,
14 ’
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Cabot and Beckenbach 1989). The sequenced GH2 fragment contained intron D plus
100 nt of 5" and 3’ flanking exon sequence. The complete ND3 coding sequence was
determined.

Cladistic,’ distance and maximum likelihood approaches to phylogeny
reconstruction were used in this study to evaluate consistency among methods.
Maximum parsimony analysis was‘ performed using the DNAPARS program of the
PHYLIP v3.5 package (Felsenstein 1993). Bootstrap analyses (20C;0 replicates) were
éerformed with the taxon-input order randomized onvce for each replicéte. Neighbor-
joining bootstrap trees (Saitou and Nei, 1987) were constructed from Kimura 2-
parameter (Kimura, 1980) corrected distance-matrices using the NEIGHBOR program
in PHYLIP v3.5. Maximum likelihood analysis was performed with DNAML in, the
PHYLIP package. To search for the best tree, the global rearrangement option was
selected and the taxon-inpyt order was randagnized 10 times. To compare the
likelihood values of alternative tree topologies, the user defined free option was
selected. With this option, DNAML performs a statistical analysis to determine
whether the Iikelihc_>9d values of alternative trees are significantly worse than that of the

«w

best, or r;waximum likelihood tree (Kishino and Hasegawa, 1989).

Gaps introduced to maximize alignment of the GH2 intron sequence alignment
were reduced to one site. Normally, gap sites can be scored as a character state in
parsimony analysis but are ignored when calculating distance measures. In order to
ensure that exactly the same data were considered with all methods of phylogeny
reconstruction, each of the reduced gap sites was weighted equivalent to one

transitional (G<> A, or T<->C) change. The 100 nt of flanking 5' and 3' sequence

determined in this study was retained in the GH2 data set.

15



Other DNA data sets

Recently, much of the mitochondrial genome has been sequenced from the ’
nine species used in the present study. The complete mitochondrial control (D-loop)
region (Shedlock et al., 1992) and complete or partial sequences of the ATPase 6,
COIlll, ND4L, tRNARS and tRNASY.genes have been published (1;homas and
“ Béckenbach, 1989; Domanico and Phillips, 1995; Oohara et al., 1997). All but ﬁthe
tRNA genes, which were not sufficiently variable for phylogenetic analysis at this
7/ taxonomic level, were reanalyzed in the present study. Analyzing each sequence as
described above for ND3 and GH2 ensured consistency of methods. -

In order to evaluate the performance of individual-gene data sets, sequences
were used as reported except that distance-based and initial parsimony analyses were
performed on each gene or region individually, rather than treating the entire
contiguous region together as reported by Oohara et al. (1997). Sequence alignment
of the protein-coding mitochondrial genes was unambiguous. A few sites involved in
discrepancies discussed by Oohara et al. (1997) were removed. The D-loop sequence
reported by Shedlock et al., (1992) had many small gaps introduced to maximize the
alignment ana‘ was ambiguous in some regions. To avoid such ambiguities and
-comparison of non-homologous sites, all positions involved in insertions or deletions

were removed from the data set.

Total evidence and maximum likelihood analysis of combined data sets
The criteria for inclusion of each character set in combined analyses were 1)
availability of published data, 2) completeness (only character sets which included at

least six taxa were used), 3) relevance to the branching order of the (sockeye, pink,

16



chum) clade (only data sets with all three taxa represented were used). Total
evidence (Kluge 1.989) analysis was performed on a pooxled data set containing all
informative sites from the ND3 and GH2 sequences identified in this study, as well as
from morphologjcal data (Stearléy'and Smith, 1993), protein variations (Utter et al.,
1973; Tsuyuki and Roberts, 1963), DNA restriction site (Phillips et al., 1992) and
sequence data (Shedlock et al., 1992; Thomas and Beckenbach, 1989; Oohara et al.,

1997). All data were converted to the sa@e notation by encoding character states

e
——

from morpholbgicgllgaia/aé/ﬁ(‘i;é, 1=A, 2=T; presence/absence restriction site and
protein electrophoretic mobility variant data as “+" =G and “-" =A. For the single gene
(and D-loop) data sets, the DNA-based phylogenetic analysis (described above)
included only sites represented in all nine taxa. The DNA sequence of the full-length
GHZ genes of chinook and masu salmon were also determined (Appendix 1). The
sequence of the entire gene is also known for Atlantic, chu}n and sockeye salmon and
rainbow trout. (Table 2.1). The new GH2 data was added to the partial GH2
sequences for the remaining three species (with gap sites reduced as described
above). The expanded data set was used only in combined analyses. The total °
evidence phylogenthas inferred using parsimony analysis (DNAPARS) as ”described

above. DNAML was used to infer the maximum likelihood tree of the combined data

set (all DNA sequence data pooled) and to compare the likelihood values of different

-
-

trees using single gene data sets and various combined data sets.

17



~ Results:

Masu and amago are virtually identit;al'at the DNA sequence level

Masu a‘and amago salmon have been considered either distinct spécies (Kato, 1991) or
conspecific réces (Kimura, 1990). The surprising finding that their ND3 genes are
identical at the DNA sequence level (Figure 2.2), and that their GH intron D (GH2ID)
sequences (Figure 2.3) are almost so, is not compatible with a long separatien of
these two types of salmon. The relationship between masu and amago salmon is
discussed in chapter 3. For the purpose of the phylogenetic analyses presented here,

- the masu salmon DNA sequences were used to represent the (masu, amago) lineage.
’

Insertion/deletion pat-teqrns in GH intron D

The total aligned length of the GH2 sequence fragments used in this study was
1406 nt. Indivia‘ual sequences ranged from 635 to 1376 nt in lengfh due to numerous
insertion or.deletion sites (Figuré 2.3). GH1 and GH2 are duplicated, paralogous
genes, presumably resulting from the tetraploidization ‘of the ancestral salmonid
genome (Ohno, 1970; Alle‘ndorf and Thorgaard, 1984). The GH1 and GH2 lineages
are clearly distinct and the two genes display little evidence of recent intergenic
recombination after their divergence (Devlin 1993). This is consistent with the fact that
several deletion sites are common to all GH2 intron sequences of Oncorhynchus
specie’é examined here, but absent in the GH1 introns from chinook, Atlantic and
sockeye salmon (Figure 2.4).

Gaps revealed by sequence alignment of the intron show that such events are

common in the evolution of these sequences (Devlin, 1993).

18
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Table 2.3. Pair-wise Kimura 2-parameter distance comparisons (in percent) based
on sequence data. ND3 distances are above the diagonal, GH2 below. GH2
distances were calculated from sequence used in phylogenetic analysis: all gaps were
reduced to one site and weighted equivalent to one transition.

sock. chum pink chin. coho rain. cutt. masu amago Atla.
sockeye 13.5 9.2 10.9 12.3 11.3 10.9 11.6 11.6 20.5
chum 1.88 10.0 10.2 13.1 13.0 11.6 16.8 16.8 19.3
pink 2.23 1.36 8.6 13.1 12.7 12.0 15.0 15.0 19.0
chinook 1.71 2.93 3.28 6.3 7.6 6.9 11.7 11.7 18.0
coho 3.10 4.35 4.34 2.40 11.2 10.6 11.3 11.3 17.2
rainbow 2.40 3.63 3.98 2.05 3.81 5.7 11.3 11.3 18.8
cutthroat 1.88 3.10 3.45 1.53 2.92 1.86 10.6 10.6 18.1
masu 2.58 3.63 4.16 2.23 3.99 2.90 2.40 0 16.1
amago 2.23 3.28 3.81 1.88 3.63 2.55 2.05 0.68 16.1
Atlantic 4.90 5.99 5.98 4.72 6.36 5.25 5.07 5.81 5.44
Atlantic GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...TCTAAATGAG---TCACATTAAT. ..
sockeye GH2 ...AGTTGAAGTCA--GTCAATGARA...//...TCTAAATGAG---TCACATCAAT
chum GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...TCTAAATGAG---TCACATCAAT
pink GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...ACTAAATGAG---TCACATCAAT
chinook GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...TCTARATGAG---TCACATCAAT
coho GH2 ...AGTTGAAGTCA--GTCAATGARA...//...TCTAAATGAG---TCACATCAAT
rainbow GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...TCTAAATGAG---TCACATCAAT
cutthroat  GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...TCTARATGAG---TCACATCAAT
masu GH2 ...AGTTGAAGTCA--GTCAATGAAA...//...TCTAAATGAG---TCACATCAAT
chinook GH1 ...AGTTGAAGTCAAGGTCAATGAAA...//...ACTAAATGAGAAGTCACATCAAT
Atlantic GH1 ...AGTTGAAGTCAAAGTCAATGARA...//...ACTAAATGAGAAGTGACATCAAC
sockeye GH1 ...AGTTGAAGTCAAAGTCAATGARA...//...ACTAAATGAGAAGTCACATCAAT.
Figure 2.4. Insertion or deletion sites in GH1 and GH2 intron D sequences.

Dashes (-) represent gaps introduced to produce optimal sequence alignment.

The presence of gaps specific to the GH1 or GH2 isoforms reveals that the two
loci have been separate since before the divergence of Pacific and Atlantic

salmon.
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Shared, derived (synapomorphic) delet_ions of identical length and position ‘in‘volving
‘two or more but less than (n-2) taxa can be used as phylogenetically informative
character states. For example, pink and. chum salmon share gaps not present in other
taxa (nt posifions 343, 1011-1272), supporting a close relationship t’)etweten the two

species.

Phylogengsic inference using mitochondrial and nuclear sequences

To evaluate consistency among methods and between data sets, three
approaches to phylogeny reconstruction (maximurﬁ parsimony, maximum likelihood
and neighbor-joining distance analyses) were used. For each data set except NDA4L,
all three methods produced the same trees (Figure 2.5). With the exception of the
placement of the outgroup, there waé good agreement between gene trees except for
the D-loop and ND4L. Bootstrap testing was pérformed with 2000 replicates for both
the neighbor-joining and parsimony methods. The bootstrap confidence levels (BCLs),
shown at the nodes in phylogenetic trees, represent the percentage of replicates in
which that particular node or branch-point occurred. The BCL values tended to be
higher at terminal nodes, providing support for the species pairs (chinook, coho),
(masu, amago), (cutthroat, rainbow) and the group (sockeye, (pink, chum)). The
consistent monophyly observed with (rainbow, cutthroat) and (chinook, coho) clades is
also well supported by previous phylogenetic analysis (Table 2.4). The previously
controversial grouping (sockeye, (pink, chum)) (Table 2.4; Stearley and Smith, 1993) is

well supported by most inferred trees.
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Figure 2.5. Congruent Oncorhynchus trees from three methods of phylogenetic
inference. Arrowheads indicate the position where the branch leading to the outgroup
joins the tree. The outgroup was Atlantic salmon. Parsimony and neighbor-joining (in
parentheses) bootstrap confidence levels (BCLs) are given at the relevant nodes. A)
Individual genes. Except for ND4L, each data set produced identical neighbor-joining,
maximum parsimony and maximum likelihood trees. The NDA4L tree is the majority-
rule consensus of the three methods. B) The total evidence tree with BCL values.
The tree was produced by maximum parsimony analysis of 10 pooled character sets,
including the DNA sequences used to generate the other trees in this figure.
Maximum likelihood analysis of all DNA sequences in a pooled data set produced an
identical tree. Npte that the same tree (boxed) was recovered for ND3, COIlll and the
total evidence analysis. The nodes are numbered to facilitate discussion.
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Table 2.4. Phylogenetic studies of Oncorhynchus. Nodes refer to the total evidence
tree (Figure 2.5)

Node Supporting Conflicting

1 1,19 23,4567

2 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16 19

3 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,19

4 1,2,8,10,11,16,19,20 3,5,6,7,18,12,13,14,18
5 1,2,3,6,7,8,10,11,12,13,14,15,16 4

6 1,2,3,5,6,8,12,13,15 4

1, this study (ND3, COIN);, 2, this study (GH2), 3, Smith and Stearley (1989); 4, Stearley and Smith
(1993); 5, Shedlock et al. (1992); 6, Phillips and Pleyte (1991); 7, Hikita (1963); 8, Grewe et al. (1990); 9,
Tsuyuki and Roberts (1963); 10, Murata et al. (1993); 11, Thomas et al. (1986); 12, Thomas and
Beckenbach (1989); 13, Utter et al. (1973); 14, Tsuyuki and Roberts (1966); 15, Gorshkov and
Gorshkova (1981); 16, Murata et al., (1996); 17, McVeigh and Davidson (1991); 18, Simon (1963); 19,
Oohara et al. (1997); 20, Domanico and Phillips (1995)

Table 2.5. The contribution of each character set to the phylogenetic analysis.
Bootstrap confidence levels (BCLs) are shown for each node in the total evidence tree
(Figure 2.5). The effect of removing each character set from the combined parsimony
analysis can be seen by the change in the BCLs.

TOTAL  ND4L  ATPase COIII ND3 D-LOOP  GH2  OTHER®
FSites® 420 19 96 84 52 51 52 66
Node 1 83 85 56 64 59 93 83 99
Node 2 90 90 97 30 87 93 95 38¢
Node 3 100 100 100 100 100 100 100 100
Node 4 100 100 93 83 100 100 99 100
Node 5 100 100 100 100 100 100 100 100
Node 6 100 100 99 100 100 100 100 100

#This character set was assembled from morphological (Stearley and Smith, 1993), allozyme (Utter et al.,
1973; Tsuyuki and Roberts, 1963), Ribosomal DNA restriction site (Phillips et al., 1992), and SINE
repeat element insertion site data (Murata et al., 1993, 1996)

PRefers to the number of phylogenetically informative (synapomorphic) characters used by parsimony
analysis

“The indicated BCL refers to a node not included in the bootstrap consensus tree for this partial data set.
The tree recovered was identical to the ATPase 6 gene tree (Figure 2.5).
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To resolve the rooting of the Oncorhynchus phylogenetic tree and address
ambiguities in the systematics of the (séckeye, pink, chq(r)) group, data from other
studies were used in combination with the GH2 and ND3 data sets to consiruct a total
evidence estimate of the species phylogeny. The total evidence approach introduced
by Kluge (1989) uses all available informative characters pooled into a single data set
for maximum parsimony analysis. The total evidence character set was assembled
from the data generated in this and nine previously published\studies (Tsuyuki and
Roberts 1963; Utter et al. 1973; Thomas et al. 1986; Shedlock et al. 1992; Phillips et
al., 1992; Murata et al., 1993, 1996, Stearley and Smith, 1993; Oohara et al., 1997).
Except for the placement of the outgroup root, the ‘total evidence tree had the same
topology as most others shown in Figure 2.5. Similarly, maximum likelihood analysis
(Felsenstein, 1981) was performed on a combined data set assembled from all
available DNA sequence data. The maximum likelihood tree inferred by this approach
was identical to the tc')ﬁa\ evidence tree.

-
Contribution of each data set to total evidence analysis

The total evidence tree recovered by analyzing all available data 3vas identical
to the ND3 and COIll trees, except that the BCLs of most nodes were improved. To
assess the impact ofv different character sets on the combined analysis, each was
removed in turn and the change in bocetstrap confidence levels at each node was
observed (Table 2.5). The small, non-DNA-sequence character sets, composed of
morphological, biochemical, restriction site and SINE (short, interspersed, repetitive

element) insertion site data, were combined into a single set, referred to as “other”
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(Table 2.5). Overall, the impact of removing individual character sets wa.s minor in
%mterms of tree topology, with all but one of the subset trees recovered being identical.
Different genes had different influences on the BCks, with those of the deeper, more
controversial nodes being the most affected. Unlike other subsets, lthe DNA-oth
("other” characters removed) character set recovered a tree like that of the ATPase-6
gene. This combined with theeffect on BCLs caused by the remova|>of ATPase 6 from
the eubset data euggeéts that the phylogenetic signal from this gene dominates at that
noee in the absence of non-DNA characters. This is not surprising, as the ATPase 6
dafa set contributed more informative characters thanfany of the gfthers. The D-loop
and ND4L sequences produced trees quite differgnt than the others, but did not

appear to have a substantial confounding influence of the total evidence tree.

Max}wum I’ikelihood evaluation of inferred bhylogenetic trees
The tree inferred by total evidence and combined maximum likelihood
analyses and the individual gene trees were evaluated by comparing their
likelihood (L) values calculated from individual and pooled data sets (Figure 2.6;
Table 2.6; Ln L values listed in Appendix 2). To test alternative positions for
sockeye salmon, alternative branching orders for the (sockeye, (pink, chum))
~ clade were also tested for all trees except ND4L, which did nc:t have this clade
(Figure 2.5). Statistical é\ne!ysis of differences in Ln L can be used to reject trees
(hypotheses) whose L vaIu}as are significantly lower than of the best (highest L)
tree (Kishino and Hasegawa, 1989). Among the single gene data sets, only the
fCOlII and ATPase 6 data provided statistical arguments for rejecting most of the

alternative trees (Table 2.6). The pooled data set of all available DNA sequence
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data had sufficient resolving power to reject all aIterﬁatives to the maximum likelihood

tree except that of ATPase 6.

The contribution of each data set to the likelihood comparisons was evaluated

by removing each in turn from the combined data set.

effect on the resolving power of the data.
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As with the total evidence

analysis, the removal of the GH2, ATPase 6, COIlll and ND3 ‘'sequences had some

pink '
’_[E chum
| sockeye

— rainbow
L~ cutthroat

S ”E chinook
coho

masu
Atlantic

pink
__E‘E sockeye
chum

chinook
E coho

rainbow
Ecutthroat

masu
Atlantic

pink
__I"_Cchum
sockeye

rainbow
Ecutthroat

—i{chinookl
coho -

Atlantic |

Figure 2.6. Trees used to evaluate maximum likelihood differences. Branches
whose placement differs from tree 1 are shaded.

1 is the total evidence tree,
which is identical-to the COIll and ND3 trees (Figure 2.5). 2, 3, 4 and 5 are the

GH2, ATPase 6, D-loop and ND4L consensus trees, respectively. Trees 6-9 are
the same as Trees 1-4, except for the position of sockeye salmon.
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Removal of each of these data sets increased the relative L value of the modified D-
loop tree (tree 9, Figure 2.6), but still made it possible to reject most other trees (Table
2.6). The contribution of the D-loop and ND4L data sets was less substantial, as
removal of each of these data sets did not change the outcome relative to the

complete data set (Table 2.6)

Discussion:

In this study | have examined patterns of change in the DNA sequences of the

GH2 and ND3 genes, and used them in an effort to resolve systematic problems

among Oncorhynchus species. In order to address the recurring problem of conflicting
)

. gene trees, DNA sequence data and other character types from this and previous

studies were used in combined analysis with parsimony and maximum likelihood

~ approaches. The resulting tree resolves outstanding conflicts (i_n the phylogenetic

\
analysis of this genus.

Resblving the relationships among Oncorhynchus species

The phylogenetic relationships among members of the genus Oncorhynchus
have been the source of debate for a considerable period. Originally, the genus Salmo
encompassed salmonid species from both Pacific and Atlantic drainages. Due to
S|vmi|arities between Pacific trout and Atlantic salmon in characters such as the number
of anal fin rays and life histories, rainbow and cutthroat trout were retained in Salﬁvo
when the Pacific salmoh were classified as Oncorhynchus. However, increasing

resolution of systematic analysis brought about by' additional morphological and
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t;id"cﬁ;emical characters (reviewéd by Smith and Stearley 1989y suégested a closer
relationship to other Pacific salmonids, leading to the eventual placement of rainbow
and cutthroat trout in Oncorhynch&s.

| have examined the phylogeny of the genus Oncorhynchus by comparing the
génealogies of nuclear and mitochondrial loci. The rationale for examining a variety of
DNA sequence‘s was to perform independent phylogeneti&gﬁs to determine
whether the conclusions were complementary. Biases introduced by the examination
of sequence data from a single locus may cause inferred genealogies to djf‘fer among
loci (Friedlander et al.,, 1994). In fact, trees based on genes or contiguous blocks of
DNA sequence ;ampled from the mitochondrial genome often recover different trees
(Cummings et al., 1995). Confounding influences, such as 1) differing rates of change
9f separate loci, lineages or genomes, 2) introgression due to interspecific
hybridization and 3) homoplasy due to multiple substitutions at the same site, may play
larger ér smaller roles based on the dynamics of local evolution of a particular locus.
Another consideration is that the examination of only one representative frdm each
species may introduce a bias if there is considerable intraspecific variation-or if the
genotype of the sampled individual was a result of p;st introgressive'hybkidization
events. In this case, the recovery of several different trees from six dif‘fgrent DNA
sequences provides a strong empirical justification for conservative interpretation of
individual gene trees.

The use of different approaches to phylogenetic reconstruction reduces the
impact that biases inherent to particular methods can have upon the inferred

phylogeny. Although self-consistency within a data set will often support the same
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conclusions based on different approaches to phylogenetic analysis (as was observed
in this study), applying different methods of analysis to the same data may not
necessarily satisfy the condition of independence. However, concordance between
proposed trées based upon a/variety of systems and genetic loci using both clédistic
and d.i‘stance approaches can be taken as an intuitive measure of confidence in a tree
topology.

Despite elements of similarity, individual genes trees often disagreed on the
ydeeper phylogeny. To resolve such conflicts, total evidence and maximum likelihood
analyses of combined data sets were performed. Both methods recovered the same
tree, which is identical to the ND3 and COlIl trees (Figure 2.5). Under this hypothesis,
thé masu lineage is distinct from that of all other Pacific salmon and trout. This
conflicts with the previous consensus of Oncorhynchus phylogeny (Stearley and Smith,
1993; McKay et al., 1996), which placed the pacific trout basal to the masu lineage.
However, the total evidence and combined maximum likelihood analyses presented
here are based on much larger character sets.

This work has been preceded by a number of other molecular phylogenetic
studies of salmonid phylogeny based on mitochondrial DNA sequences (Thomas and
Beckenbach 1989; Shedlock et al. 1992, Domanico and Phillips,1995; Oohara and
Okazaki, 1997), growth hormone sequences (Devilin 1993), mitochondrial and nuclear
restriction site differences (Thomas et al. 1986; Grewe et al. 1990; Phillips and Pleyte
1991; Phillips et al., 1992), protein variations (Utter et al. 1973; Tsuyuki and Roberts
1963;1966)"’and insertion patterns of short interspersed repetitive elements (SINEs;

Takasaki et al. 1994, Murata et al. 1993,1996). The groupings of species produced by
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terminal '(more recent) and penultimate nodes in the consensus tree are all well
supported by such analyses (Table 2.4): (pink, chum, sockeye), (chinook, coho), and
(rainbow, cutthroat) are all robust CIades both in terms of BCLs and concordance with
trees inferred from other mblecular data. Except for the basal branching order, the
phylogenies reconstructed in this study were concordant not only between alternative
methods of phylogenetic inference, but also between different genes.

The ATPase 6 (Figure 2.5) has a reversed arrangement for the (rainbow,
cutthroat) and (chinook, coho) lineages. Although both the total evidence and
combined maximum likelihood evidence tree places the (rainbow, cutthroat) clade
more basally, the Kishino and Hasegawa (1989) test detects no significant difference in
the likelihood of either branching order (Table 2.6; Appendix 2). The monophyly of all
North American Pacific salmon with respect to masu and Pacific trout has not
previously been a source of disagreement between different phylogenetic hypotheses
(Table 2.4). The node in the total evidence tree that supports their monophyly is
moderately well supported by its BCL. However, BCL values are generally more
informative about the self-consistency of'a data set than as a test of a phylogenetic

hypothesis. This does not mean that the branching order of these two lineages is
irresolvable. Classical taxonomy is based on well-defined, presumably ir:eversible
cladistic characters ,that are common to members of the clade they define. The
presence or absence of inserted repeat eélements at orthologous loci in the nuclear
genome represents such a character. SINE repeats Hpa-341 (Murata et al., 1993) and

Hpa 391 (Murata et ak, 1996) are inserted at orthologous loci in all North American

Pacific salmon but not rainbow or cutthroat trout, which argues that these salmon are
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part of a monophyletic clade distinct from the (rainbow, cutthroat) lineage.

Uncertainty in the relationships among sockeye, pink and chum salmon.

Most phylogenetic trees inferred from DNA sequence data agree on the pairing
of pink and chum salmon as sister species. This is consistent with their similar Iifé
histories. Previously, the systematic consensus has been to group sockeye and pink
as sister species. This association is borne out by morphology (Smith 1992; Stearley
and Smith 1993), karyology (Simon 1963; Gorshkov and Gorshkova 1981), and other
éharacter types (Table 2.4). Smith (1992) asserted that the conflicting evidence
observed by Thomas et al. (1986) with restriction analysis of mitochondrial DNA, and
similarities in the life histories of pink and chum salmon can be explained by
introgression due to hybridization. However, this assertion was made based primarily
on only four morphological characters and in the absence of most cur?ently available
DNA sequence da.ta. The phylogenetic trees observed in this study strongly support
the branching order (sockeye, (pink, chum)).

Further synapomorphic cladistic characters as described above are represented
by deletions in the GH2 intron D. Two deletions were present in chum and pink but not
sockeye salmon, providing unambiguous evidence that the GH2 loci in these species
are more closely related than either is to sockeye GH2. A closer relationship between
these species has also been inferred by Murata et al. (1993; 1996_) based on
ampliﬂcation’of SINE repeat elements (However, see Takasaki et al. (1997) for an

alternative interpretation). Further evidence was provided by likelihood analyses; the

Ln L values calculated by DNAML for trees placing pink and sockeye as sister species
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were all significantly worse than that of the maximum likelihood tree (Table 2.6,
Appendix 2). Thus, the consensus of all available DNA evidence places pink and

chum as sister-species.

Phylogenetic signal of individual character sets

The ATPase 6 and COIll data sets appeared to have a strong phylogenetic
signal, as reflected by their provision of statistical érguments to reject most alternative
trees (Table 2.6)3. The GH2 and ND3 data sets were able to reject fewer alternative
trees, while almost all trees were equally supported by the D-loop and ND4L data. The
overall contribution of the dafa sets to the combined maximum likelihood and total
evidence analyses was measured by removing each from the combined character
sets. The removal of the ATPase and COIll genes had the strongest impact on the
BCL values of nodes in the total evidence tree (Table 2.5). The effect of removing the
GH2, ND3 and D-loop data was less substantial, while the ND4L. data made almost no
contribution. Although the number of informative sites contributed by each data set is .
also a factor in the total evidence analysis, the stronger contributions of ATPase 6 and
COlll to the final outcome parallel their relatively higher phylogenetic signal (Table 2.6).
For the combined maximum likelihood analysis, the ND4L and D-loop sequences had
almost no effect on the final outcome, which is consistent with the lack of phylogenetic
signal inferred by likelihood analysis of the individual data sets.

The ND4L and D-loop data sets each produced trees that differed substantially

from the consensus of other analyses. The large body of work on Oncorhynchus

phylogeny and the availability of several independent character sets makes it possible
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to evaluate the outcomes of phylogenetic analyses of individual genes. Although the
deeper phylogeny and/ relationships among sockeye, pink and chum salmon are
controversial, the consistent monophyly observed among the groups (sockeye, (pink,
chum)), (chinook, coho), (rainbow, cutthroat) and ((chinook, coho), (sockeye, (pink,
chum))) likely reflect the actual evolutionary history of the genus.

‘The goal of a comparative approach is not to reject data sets based soIeIS/ on
their non-conformance to the hypothesis being tested, rather it is to evaluate the
reliability of particular genes or character sets for phylogenetic analysis. Such
information would make it possible to avoid the use of unreliable genes or regions in
other groups of species where extensive data are not available. Used in relative
isolation, such data could result in a seriously flawed inference of phylogeny.

The ND4L data set provides very few informative sites (Table 2.5), and infers
very different trees with parsimony, neighbor-joining and maximum likelihood analyses
(not shown). Few of the well-supported clades in Oncorhynchus phylogeny (Table 2.4)
appear in the consensus of the ND4L trees. The impact of this gene on the total
evidence and combined maximum likelihood analyses was minimal (Tables 2.5; 2.6)
This is likely due in part to the small number of characters relative to the pooled data
set (228 aligned nucleotide positions). The weak or conflicting phylogenetic signal
evident from the lack of consistency between different methods of phylogenetic
inference for ND4L may be due to very different rates of sequence substitution in
different lineages. The rates of each lineage are compared by measuring their
divergence from the undisputed Atlantic salmon outgroup (see below for a discussion

of relative rate tests). The ND4L genes of Oncorhynchus species differed from the
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Atlantic salmon gene from between 6.9% and 11.9%. In contrast, most of the other
genes examined had divergence values that were much more similar to one another,
which is consistent with greater ljniformity in the rate at which particular lineages
accumulate mutations.

The departure of the D-loop tree from the phylogenetic consensus was less
substantial. This data set was more self-consistent, as reflected by the recovery of the
same tree with all three methods of phylogenetic inference. Since the other DNA data
sets were from protein-coding regions, the alignment of most sequences was not
ambiguous. However, in the case of the D-loop, the aligned sequences reported by
Shedlock et al. (1992) contained many small alignment gaps interspersed in the
sequence to maximize sequence identity. Such an gpproach may lead to ambiguities
that allow the comparison of non-homologous nucleotide positions. A more
conservative approach would be to realign the sequences allowing fewer gaps and
more nucleotide substitutions, or to remove all regions where unambiguous z;iiénment

is not easily accomplished.

Dating divergence events in Oncorhynchus evolution

Based on the analysis of fossil specimens found in Idaho (Smith, 1992), pink,
chum and sockeye éalmon have been separate and distinct species for at least six
million years. Using salmon growth hormone sequences, Devlin (1993) has estimated
that the establishment of disomy in Salmonidae occurred at least 27.2 million years
ago, which is consistent with dating of a proto-salmonid fossil (Eosalmo driftwoodensis)

to the middle Eocene (Wilson, 1977), and that Pacific and Atlantic salmonids diverged
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a minimum of 19.9 million years ago. Examination of the level of DNA sequence
divergence observed in this study makes it possible to estimate the rate of divergence
among Oncorhynchus species. Assuming a constant molecular clock within
Oncorhynchus, the accumulation rate of substitutions for ND3 was estimated as
(10/6)/2, or 0.83%/MY (percent per million years), based on 10% divergence between
pink and chum salmon and an approximate date of six million years ago (MYA) for the
node defining the (pink, chum) clade (Smith, 1992).. The mitochondrial genomes of
poikilotherms have been shown to evolve at a lower rate than theif homiothermic
counterparts (Martin and Palumbi 1993). A lower clock rate for salmon mitochondrial
DNA is consistent with similar observations from Perciformes spp. (Cantatore et al.
1994), and turtles (Avise et al. 1992). Moreover, lower rates observed 'in warm-
blooded vertebrates such as cetaceans (Hqélzel,et al. 1991) cast doubt on the concept
of a universal molecular clock rate for higher vertebrates. The pair-wise distance
betweén pink and chum using the GH2 sequence data is 1.4%, corresponding to a
divergence rate of 0.11 %/MY, approximately seven-fold lower than the ND3 rate.

All rate estimates must be accepted with the caveat that they are vuinerable to
violations of the assumption of a constant molecular clock. The validity of this
assumption can be tested with a relative rate test (Sarich and Wilson 1973, Li et al.
1987). Oncorhynchus species are monophyletif: with respect to Atlantic salmon. If the
clock rate is constant between lineages, all taxa should be approximately the -same
distance from this outgroup. Since the level of DNA sequencé d?ivergence between.
pink and chum was rused to calibrate the molecular clock, it isl impbrtanf to determine

whether the average mutation rate in this lineage is equal to those of the other
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Oncorhynchus épecies. For the ND3 sequence data (Table 2.3), the average pair-wise
distance betwéen the (pink, chum) clade and Atlanfic salmon is 19.2%, indicating that
these species have accumulated sequence differences 4.0% faster than the genus
average. This was calculated using the formula 100%-([average (pink, chum) species
rate/average rate]*100%). Similarly, the relative rate of this clade was +0.8% for
ATPase 6, +6.7% for COIIl, +8.1% for GH2, +12.0% for the D-loop and -22.2% for
ND4L. Applying an arbitrary cut-off value of +10%, and bearing in mind concerns
expressed above regarding their phylogenetic information content, the D-loop and
ND4L data sets were not used in the calculation of estimated times for evolutionary
branch points (discussed below).

In protein-coding sequences and functional non-coding sequences, selective
constraints Iéad to unequal rates of variation at some positions. For example, most
variation in coding sequence is at the degenerate first and third positions of codons.
Because of the high rate of change in mitochondrial DNA, such variable sites can
undergo undetected multiple substitutions, leading to an underestimation of the actual
. distance between related sequences. To minimize this effect for time estimates based
on mitochondrial DNA, only variable nucleotide positions were used to calculate
distance measures. Under these conditions, the Kimura 2-parameter correction
(Kimura, 1980) for unobserved multiple substitutions produced higher (presumably
more realistic) estimates of the degree of saturation. The time estimations based on
the GH2 sequence were uniformly higher than the mitochondrial DNA estimates. The
recalculation of distances using only variable sites in the m‘itochondrial DNA

substantially reduced the disparity between the nuclear and mitochondrial gene-based
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time estimates. )

Applying the molecular clock estimates discussed above, a crude time scale
was applied to the divergence or speciation events in Oncorhynchus phyl.ogeny (Figure
2.7). Time estimates were calculated with the formula d/2k, where d= _the pair-wise
distance between taxa (or average distance between clades) and k= molecular clock
- rate for that locus. The time estimates based on each of the sequences varied
considerably, as—is reflected in the large standard error of the mean values (Figure
2.7). The time estimates in this study are consistently higher than those observed by
Shedlock et al. (1992) with the D-loop sequence. However, it should be noted that
rather than calibrating their molecular clock with dated fossil evidence, they based their
time estimates on the mutation rate of the mammalian D-loop. Generally, tHe wide
range of time estimates for each node, particularly the divérgence, of Oncorhynchus
and Salmo, provides a compelling argument for cautious interpre’iation of time
estimates extrapolated using single-gene DNA sequence divergence.

Based on the mean of the divergence times calculated with four DNA sequence
data sets, | estimate that the minimum age of Oncorhynchus, or the time since it
diverge’d from the ancestor it shares with Salmo, is approximately 18;24'MY (Figu;e
27). Some nine million years later, the first in a rapid series of speciation or -
divergence events occurred, leading to the radiation of four main lineages, which in
| turn gave rise to the eight Pacific salmon and t_‘roath'species or species complexes. The
distance between the first, second and third int;zrnal nodes in the phylogenetic tree was
essentially zero (slightly exaggerated in Figuré 2.7 to show inferred branching order),

indicating that the radiation leading to the four main groups was extremely rapid on this
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time scale. The rapidity with which the first three divergence events occurred in the
tree is most likely the source of conflicting phylogenetic hypotheses. Despite the large
amount of attention paid to this group of species, poor agreement has been achieved

with regard to the deeper phylogeny of Oncorhynchus.
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Figure 2.7. The evolution of Oncorhynchus based on the inferred total evidence
phylogeny. The time of each branching point was extrapolated from the pink/chum
split (arrow), which has been dated through fossil evidence to at least 6 million years
ago (Smith, 1992). Horizontal bars represent the mean (+/- standard error) of time
estimates from the GH2, ND3, ATPase 6 and COIlll genes. The first three internal
branching points occurred at approximately the same time. These nodes are shifted
from their respective mean time estimates to prevent negative branch lengths.

It seems likely that the abundance of conflicting phylogenetic hypotheses can be
attributed to the nature of the evolutionary processes beiné studied. In terms of more

basal phylogeny, short internodal intervals would have allowed only minimal
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accumulation of phylogenetically info;'mative changes between lineages, which have
#ad approximately ten million years to become swamped by uninformative, apomorphic
changes. Based on the above time estimates, and accepting their limitations, the
masu lineage divzrged from the proto-Oncorhynchus line 9-12 MYA. Subsequent
divergence events in Oncorhynchus must have occurred over a very short time.
Evidence of a similar radiation of species has not been observed in the closely related
-

genus Salmo, which occupies a similar range in the Atlantic basin. This suggests that
geologic or climatic conditlons unique to the North Pacific basin opeﬁed up a new
series of écological niches, leading to the episodic bursts of speciation ot;sewed in the
inferred Oncorhynchus phylogeny. i

Smith (1981) observed that the fossil record of the late Cenozoic fishes west of
the North American continental divi;ie contains only about one quarter of the diversity
ofvcontemporaneous species as that of more eastern regions. The lower diversity Is
attributed to a much higher ra?e of extinction, which is consistent with geologic and
climactic instability in Pacific drainages. Other evidence of a distinction between the
Pac#ic and Atlantic basins comes from the Ocean Drilling Program (ODP), which has
revealed a paleoceanographic phenomenon termed the biogenic bloom. The biogenic
bloom hypothesis deals with a several-fold increase in surficial productivity, which is
believed to be related to phytoplankton abundance, measured from ODP holes in the
Indian and Equatorial and North Pacific Oceans (e.g. Dickens et al., 1996). Although
a link between Oncorhy‘ hys evolution and these general observations would be
conjectural at best, the Iak of a parallel radiation in the Atlantic genes Sa/mo could be

*

tied to the relative stasis of late Cenozoic Atlantic drainages.
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Chapter 3

Clarification of the genetic relationship between masu and amago
salmon of Japan through mitochondrial and nuclear DNA sequence
analysis. . *

Abstract:

Hiétorically, the taXonomy and nomenclature of Japanese salmon have been in
a state of confusion. Masu, amago and biwa salmon have been varifﬂsly classified as
distinct species, subspecies, or often conflicting or overlapping combinations of the
two. In particular, the taxonomy of n%asu and amago salmon is obscured by their
similarity in ecological and morphological traits. "‘Here, DNA sequence analysis of the’
nuclear and mitochondrial loci is applied to darify the genetic relationship between
masu and amago salmon. No type-specific variation was detected in the m;tochondrial
ND3 gene or control (D-loop) region. However, considerable variation was detected in
intronic sequences of the nuclear GH2 gene. Although no fixed differénces were
observed between masu and amago, the frequency of single nucleotide substitution
alleles in intron C and size variants at a microsatellite locus nested within intron D
differed markedly, pro{)iding genetib evidence to support a taxonomic distinction
between the two types. The genetic data were related to previous mitochondrial DNA
sequence analyses and alternative classification schemes for masu and amago
salmon. The best-supported scheme arranges masu and amago as subspecies

Oncorhynchus masou masou Brevoort (masu) and Oncorhynchus masou ishikawae

Jordan and McGregor (amago).
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Introduction:

The génus Oncorhynchus contains eight types of Pacific salmon and the
‘recently re-clrassiﬁed— -rainbow, cutthroat and allied trout species (Smit‘h and Stearley,
1989). Five types of salmon, sockeye, pink, chum, chinook and coho, occur on both
sides of the northern Pacific Ocean. Each of these types exhibits marked
morphological and ecological differences that have made it possible to assign
unambiguous species status. This group of salmon is believed to have descended
from a single common ancestor that diverged from other Pacific salmon and trout
lineages at least 10 million years ago (Chapter 2). Three types of salmon that occur
only in Asia represent the masu lineage: masu ('sakuramasu),,amago (satsukimasu)
and biwa (biwamasu) salmon. Two classification schemes are in current use for this
group of salmon. One assig’ns specific status to masu (O. masou) and groups amago
and biwa together as O. rhodurus (Kato, 1985; 1991), while the other groups masu (O.
masou masou), amago (O. masou ishikawae) and biwa (O. masou spp.) as conspecific

races (Kimura, 1990).

Table 3.1. Outline of the Oncorhynchus masou species complex.

Red spotsa
Type Life History Juvenile  Adult Synonymsb
sakuramasu anadromous absent absent  Salmo masou. O. masou, O. perryi, O. yessoensis,
yamame fluvial " absent absent S macrostoma, S. perryi, S. masou. O. kisutch,
O. macrostomus, O. ishikawae, O. m. masou
satsukimasu anadromous present present S masou, O. masou. S. perryi, O. ishikawae,
amago fluvial present present O macrostomus, Q. mitktschitsch, O. rhodurus,
O. r macrostomus, O. m. rhodurus, S.(0.) m. iwame.
O. ishikawar, O. m. ishikawae, S.(O.) m. méacrostomus
biwamasu lacustnine present absent S perryi, S. masou. O. masou. O. rhodurus,
S. (0.) m. macrostomus, Q. m. rhodurus, O. m. spp
O r rhodurus,

ared spots are a diagnostic character, generally used to distinguish between the different types.
A detalled examination of holotypes and chronoclogy of nomenclature are presented in Kimura (1990).
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The root of their names in the Japanese vernacular is “masu”, which means trout. Unlike the
North American Pacific salmon, this group ’has retained more primitive, trout-like life history
traits: sea-run formé, particularly satsukimasu, do not venture as far into-the Ocean, and
land-locked forms do not always die after spawning. The trout-like character of these fish is
consistent with their basal position in inferred phylogenetic trees for Oncorhynchus (Chapter
2; Stearley and Smith, 1993, Oohara et al., 1997). |

~ The geographic range of masu (Table 3.1, hereafter collectively referring to
sakuramasu and yamame) salmon stretches northward as far as the Kamchatka
Peninsula. Yamame, the Iand‘-locked form, occurs as far south és Taiwan and
_.w[‘-'ormosa. The distribution of amago (Table 3.1; collectively referring to the land-locked
r-form, amago and the anadrémous form, satsukimasu) and biwa salmon are more
restricted, with amago occurring primarily on the Pacific side of Southern Japan, and
the biwa salrrllon native only to lake Biwa and associated drainages. The range of biwa
salmon is completely within that of amago, but masu does not currently occur
' syrﬁpa‘.trically with either of the other types (Oshifna, 1957; Kimura, 1989). Historically,
mal"ked similarity in morphological and meristic characters and vague descriptions 6f
original type specimens (Jordan and McGregor, 1925) have led to confusion in their
taxénomy and nomenclature (Table 3.1). Differences in scale morphology and the
presence of red spots above and below the lateral line of juvenile and aduit fish are
diagnostic characters for distinguishing between the three types. DNA seduence
analysis of the mitochondrial genome demonstrated that the lacustrine biwa salmon is
‘

probably the oldest lineage of the O. masou species complex (Oohara and Okazaki,

1996). However, molecular differences between the masu and amago types are less
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pronounced; much of their mitochondrial genomes are nearly identical in sequence
(Oohara and Okazaki, 1996; McKay et al., 1996).

In this study, we examined additional mitochondrial DNA sequericé from the
ND3 gene and the control (D-loop) region, \‘Nhere both intefspeciﬁc (Thomas and
Beckenbach, 1989; Shedlock et al, 1992) and intraspecific (Beckenbach et al., 1990;
Park et al., 1993) variation in Oncorhynchus have previously been observed. Very little
DNA sequence variation was detected among mitochondrial sequences of masu and
amago. However, analysis of intronic sequences of the nuclear growth hormone type-
2 (GH2) gene revealed considerable variation within and between types, providing

evidence that masu and amago are genetically distinct.

Materials and methods:

DNA extraction, gene amplification and sequence analysis

Strains and sample origins are listed in Table 3.2. Samples of liver or fin tissue
from fish specimens were stored in 70% ethanol at ambient temperature until use.
DNA was isolated from tissue samples using Proteinase K digestion followed by
extraction with organic solvents és described previously (Devlin et al., 1991).
Polymerase chain reaction (PCR; Saiki et al., 1988) amplification was performed on
200-500 ng of genomic DNA template with either Ultratherm (Bio/Can Scientific) or Taq
(Bethesda Research Laboratories-BRL) DNA Polymerase using the reagents and
instructions provided by the manufacturer. Typically, the thermal profile of a PCR
consisted of 2-4 min. incubation at 94° C, followed by 30 cycles of 30 s at 94° 30 s at

55° 60 s at 72° followed by a 4 min. incubation at 72°. PCR amplification products
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were prepared for sequencing by purification with Wizard PCR-Prep or DNA Clean-Up
kits (Promega). Where necessary, multiple amplification products were separated by
electrophoresis in low-melting-point agarose using ~standérd methods (Sambrook et.
al., 1989). Amplification products were sequenced directly using either the Sequenase
v2.0 or Thermosequenase sequencing kits (Amefsham-United States Bioch}erriicals).
Sequencing,lelectrophoresis and autoradiography were performed according to the

* manufacturer’s instructions. N

PCR and seq‘uencing primers

A portion of the mitochondrial control region was amplified using the F+ (5'-TTC
CTG TCA AAC CCC TAA ACC AGG-3') and F- (5" CCA TCT TAA CAG CTT CAG-3)
primer pair described in Shedlock et al (19923. 185 nt of DNA sequence
corresponding torthe 3" end of the aligned sequence reported by Shedlock et al.
(1992), was obtained.

Two portions of the GH2 gene were amplified (Figure 3.1). Primers GH 41 (5'-
ATG GAA AAC CAA CGG CT-3') and GH28 (5'-GTC TGG CTA GGG TAC TCC CA-3)
were used to amplify a segment containing introns B, C and flanking regions. This
primer combination produced two amplification products corresponding to GH1 and
GH2. The GH2 product was identified by comparison with sequences from sockeye
salmon GH1 and GH2 genes (Devlin, 1993), from which primers GH41 and GH28 were
designed. The entire 451 nt intron C sequence was determined using primer GH28
and the opposing primer GH27 (5- ATATTC CTG CTG GAC TTC TG-3').

The second portion of the gene was obtained with primers GH57 (5'-GCT CAT
CAA GGT AAT GGT CA-3') and GH7 (5'-CTT ATG CAT GTC CTT CTT GAA-3'), which
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specifically amplify a segment of GH2 containing intron D and exon 5 (McKay et al.,
1997). The same segment plus the extreme 3' end of exon 4 was also amplified from
both the GH1 and GH2 genes using primers GH7 and GH56 (5-AAG CTC AGC GAC

CTC AAA GT-3)).

Table 3.2. The names and geographic origins of strains
used in this study. ) : :

Type Stran n Origin Istand
Amago AS 3 Hida-gawa, Gifu Prefecture? Honshu
Amago AP 3 Hida-gawa, Gifu Prefecture® Honshu
Amago AY 3 Fuji-gawa, Yamanshi Prefecture Honshu
Amago AE 3 Ehime Prefecture Shikoku
Amago AM 3 Miya-gawa, Mie Prefecture Honshu
Amago AU 26 Unknown®

Amago AMI 2 Maze, Mie Prefecture Honshu
Amago AT 2 Misugi, Gifu Prefecture Honshu
Masu MK 10 Shokanbetsu-gawa Hokkaido
Masu MS 10 Shiribetsu-gawa Hokkaido
Masu MKA 4 Kawauchi-gawa, Aomori Prefecture Honshu
Masu MO 3 Oohata-gawa, Aomori Prefecture Honshu
Masu MU 26 Unknown®

Masu MP 1 Unknown®

27th generation cultured strain of known parentage

°farmed or hatchery-reared strains, natal rivers unknown, National Research
Institute for Aquaculture, Gifu Prefecture, Honshu, Japan

“farmed or hatchery-reared strains, natal rivers unknown, Mori hatchery,
Hokkaido

“farmed or hatchery-reared strain, natal river unknown, Kunsan, Korea
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Figure 3.1. Map of Oncorhynchus growth hormone genes. The position and

orientation of PCR and sequencing primers are indicated by small arrows. Protein
coding sequence (exons) are represented as open boxes.
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Sequence from the 3’ end was obtained using primer GHS57 (GH2) or GH56 (GH1 and
GH2). In some cases, the opposite strand was read using primer GH7 or GH16 (5'-

TTGTTAATC TTT GTG AAA A-3').

Direct PCR sequencing of PCR products from heterozygous individuals

Direct sequencing of amplification products from individuals heterozygous at
variable positions in the GH2 gene produced sequence ambiguities (Figure 3.2A). Two
bands of equal intensity occurring at the same position in the sequence were
interpreted as having resulted from ampiiﬂcaiion of two alleles differing at that position.
Such ambiguities never involved more than two nucleotides at one position. The
possibility that the two-fold ambiguities were amplification artifacts resulting from
misincorporation of nucleotides by Taq DNA Polymerase was ruled out for two
reasons: 1) the site and type of virtually all observed sequence ambiguities was the
same in several inldividuals, each of which represented independent DNA extractions,
PCR amplifications, and sequencing experiments, and 2) in the case of intron D, two
independent PCR amplifications with different primer pairs (GH56/7 v_s_ GHS7/7) from
six fish produced identical sequences, including the position and nature of each
ambiguity.

A second type of heterozygote was observed in GH2 intron D (Figure 3.2B). A
four nt microsatellite repeat varied between three and five iterations (discussed below).
Direct PCR sequencing from heterozygous individuals produced clean sequence
upstream of the repeat region. The region immediately downstream bf the

heterozygous repeat produced two superimposed sequences, one being shifted out of
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C/C Homozygote T/T Homozygote | C/T Heterozygote
G A T C|IG A T CIGA T C
-’_i — — ~ : ' ~:———-_ - E
B
I I I I i
. .GATGAATCAATCAATC--~==~~~- ACTC. ..
.GATGAATCAATCAATCAATCAATCACTC. ..
s =5z
[+ o] [ nonn —
Figure 3.2. Direct PCR sequencing of heterozygous individuals. A) Single

nucleotide substitutions. The sequence shown corresponds to the complement of
positions 466-484 in the aligned GH2 sequences presented in Chapter 2. B) Variation
in number of repeat units at a microsatellite locus nested within GH2 intron D. The
sequence shown corresponds to the complement of positions 329-381 of the same
alignment as in panel A. Left-(GATT), homozygote, Right-(GATT) ./(GATT)s
heterozygote. Note that the run of five A's (boxed) is shifted out of register by 8 nt (two
repeat units) in the heterozygote.
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register by either four or eight nucleotides (one or two iterations of the repeat ‘unit).
Alleles were scored by counting the number of iterations of the repeat unit, then
observing thé diéplacement of easily identified sequence motifs downstream of the
repeat, such as the run of five A’'s shown in Figure 3.2B. Thé reliability of this scoring
method was confirmed by reproducing the results in some cases by sequencing both
strands, and in others by independent PCR reactions as described above. In addition, i
the genotypes scored by sequence analysis were confirmed in 24 individuals by

denathring polyacrylamide gel electrophoresis of full-length alpha-**P dATP-labelled

PCR products (not shown).

Results:
Mitochondrial DNA sequence analy‘sis
Overall, the ND3 gene has a relatively high substitution rate in salmonid fishes
(Thomas and Beckengfach, 1989; McKay et al., 1996). However, the complete
sequence of the ND3 gene (351 nt) was found to be identical between a masu
sampled in Hokkaido and an amago from southern Honshu. With the exception of a
silent substitution in one masu individual (Figure 3.3A), complete sequence identity in
the ND3 gene was also observed among an additional three masu and three amago
sampled from the same locations. Silent substitutions are changes in protein-coding
DNA sequence that do not affect the translated amino acid sequence. Two additional
haplotypes, reported by Oochara and Okazaki (1996), that differ by single silent
substitutions were not observed among the individuals sampled in this ‘study (Figure

3.3A).
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' Similar results were obtained with the mitochondrial control region. The 3’ end
of this region is highly variable among salmonid fishes (Shedlock et al., 1992), but very
little variation was detected. masu and amago individuéls. A 185 nt region was
sequepced from 14 amago r—:md 6 masu individuals (Figure 3.3B). Two haplotypes,
differing by a single, transitional substitution, were observed. The most common
haplotype was present ih all but one fish. The haplotypes observec; in this study differ
from the masu sequence reported by Shedlock et al., (1992) by a single nucleotide
substitution, as well as several single-nucleotide gaps. As was observed with the ND3

genes, the most commonly observed haplotypes were found in both masu and amago

salmon, providing no evidence for a genetic distinction between the two types.

Variation in intronic sequences of the GH2 gene

The complete DNA sequence of intron C from masu and amago individuals was
determined. A total of 16 fish were sampled, with two representatives from each of
four geographically isolated populations (Table 3.2) represented in each sample group.
To avoid confusion about geographic origin, only wild strains from known sampling
locations were analyzed. Considerable variation was observed in intron C, both within
and between the two types (Table 3.3). Seven nucleotide positions varied among
individuals. Comparison of variation within types revealed that the amago sample
group was more genetically heterogeneous, as reflected by the higher degree of
heterozygosity with respect to the masu sample group. Although no fixed differences
were observed between masu and amago, particular nucleotides at variable‘positions

tended to be more common within one type flan another. For example, an “A’

Doy

#
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occurred at position 269 with a frequency of 0.875 (14/16 haploid genomes) in masu,
but only 0.375 in the amago sample group. In addition, polymorphism at positions 140

and 182 were confined to masu and variation at position 425 was specific to amago.

These observations suggest that masu and amago are genetically distinct.

The sequence GH2 intron D from masu and amago salmon hés been reported
previously (McKay et al., 1996). In this study, analysis of the 5" end of intron D from 44
amago and 52 masu salmon revealed a variable microsatellite locus nested within the .
intron. A direct, tandem repeat of a &GAﬂ') sequence motif was found to vary between
three and five iterations. Genetic heterogeneity at this locus was high, with greatexr
than half of the individuals tested being heterozygous. Sequence of the same region
of the GH1 gene was also obtained from three masu and three amago. Similar
variation was not detected within this gene: the (GATT) core repeat sequence was
present in only two iterations in each of the six individuals tested.

In addition to variation in the number of (GATT) repeat units in GH2 intron D,
two (G<->A) transitional substitutions at positions 206 and 224 of the aligned intron
sequence reported by McKay et al. (1996) were found to vary within and among the
masu and amago sample groups. A “G" was observed rarely at position 206 (G*®),
with an overall frequency of 0.08 (14/188 haploid genomes). G** is likely physically
linked on the same chromosome as a (GATT), allele; 14/14 individuals with a G**°
allele also had at least one copy of the (GATT), variant, which was either homozygous,

or heterozygous with (GATT), or (GATT),. A “G" occurred more commonly at position

224, with a frequency of 0.28. G*** is almost certainly linked to the (GATT), variant.

184
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Figure 3.3. Mitochondrial DNA haplotypes. A) The ND3 gene. 1 is the sequence
of the haplotype from individuals MU1, MU2, MUB, AMI1, AMIA, AT1, ATA; 2 is the
haplotype of individual MUA, 3 and 4 are the haplotypes reported in Oohara and
Okazaki (1996). B) The 3’ end of the mitochondrial control region (D-loop). 1 is the
sequence reported in Shedlock et al. (1992), 2 is the haplotype of individual AE1, 3
is the haplotype observed in all other individuals examined.’

ATG AAC TTA ATT ACA ACA ATT ATC ACT ATT ACC ATC ACA CTA TCT GCA GTA 51
CTA GCC ACT ATT TCT TTC TGA TTA CCA CAA ATT TCT CCA GAC GCA GAG ARA 102
TTG TCC CCC TAC GAA TGT GGA TTT GAC CCT TTA GGA TCC GCC CGT CTA CCC 153
R D

TTC TCC TTA CGC TTC TTC CTA ATC GCC ATC CTG TTC CTT CTA TTT GAC TT% 204
GAA ATC GCC CTC CTT CTA CCC CTG CCT TGA GGA GAT CAA CTC AAC ACC CCC 255
GCC CTA ACA CTC GTC TGA TCC ACT GCT GTA CTT GCC CTC CTT ACT CTA GGC 306

TTA ATC TAT GAA TGA ACC CAA GGA GGC TTA GAA TGA GCC GAA TAG 351

BWNH BWNE BWRE BWNH SR BWNE .uwr\)»—->

TATATACATT AATGAACTTT TGATGTACTT TATTGCATTT GGCACCGACA GCGCTGT-AT 60

.....................................................
............................................................
............................................................

....................................................

WNH W W W w
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In 43/43 individuals with G***, the (GATT), variant was also present. In addition,
homozygous G**/ G*** individuals were always homozygous (GATT).,/(GATT),. A
causal relationship between these nucleotide substitutions and the number of repeat
iterations is unlikely, as the same locus (nested within GH2) in other Oncorhynchus
species varies from two to five iterations of the (GATT) repeat while having an “A” a.t

positions 206 and 224 (Figure 2.3).

Table 3.3. Variable positions within GH2 intron C of wild
masu and amago salmon. Strain designations are defined
in Table 3.2.

25 140 166 182 269 367 425

Amago

AM1 C A T G G C G
AY?2 C A T G G C/T G
AS2 C A T/C G G/A C/T G
AS1 C A T/C G G/A T G
AY1 C/A A T/C G G/A C/T G/A
AE1l C/A A T/C G G/A C/T G
AE2 c/Aa A T/C G G/A C/T G
AM2 C/A A T/C G G/A C/T G
Masu

MsS1 A A C G A T G
MOA A A C G A T G
MOB A A C G A T G
MKA2 A A C G/A A T G
MKA A A C G/A A T G
MK1 c/a A C G/A A T G
MKA1 C/A A T/C G G/A C/T G
MSA C A/G T/C G G/A C/T G
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Microsatellite allele frequencies differ between masu and amago saimon

As was obsérved with the single nucleotide substirtutions in GH2 intron C, the
distribution of the (GATT), alleles of the microsatellite locus within intron D are net
equal between masu and amago (Figure 3.4A). Taken overall, the (GATT), allele is
more common in masu, while the frequency of the (GATT), allele is more than two-fold
higher in amago (Figure 3.4B). The observed differences in total allele frequencies
were found to be statistically significant using chi-squared analysis (p=0.015).
Because salmon-in Japan Kave a history of being traﬁsplanted, and many of the
sampled individuals weré of uncehain parentage, the sample populations were divided
into two categories. Wild fish (or their descenaénts), taken from known geograpﬁic_:
locations, were analyzed separately from cultured or hatchery-reared ﬁ§h of unknown
geographic origin, hereafter referred to c:ollectively as “cultured”. By treating the two .
categories separately, it was revealed that the allele frequencies differ markedly
between wild and cultured fish (Figure 3.4). Among wild fish, the (GATT), allele is
clearly the most common in amago (n=19), and
the (GATT), alle;e was observed on‘ly in a single heterozygous individual. In wild masu
(n=26), the three allele frequencies are more similar, with (GATI'S4 siightly more
common than the others. The overall difference in allele frequencies between wild.
masu and ahago was significant (p<0.005).

In contrast, (GATT), was the least common variant émong the remaining masu
(n=24) samples (Figure 3.4). The (GATT), allele was the most common among both

P=3

cultured masu and cultured amago (n=25). Unlike the wild fish, the three alleles were

more equally represented among cultured amago. The ovsrall differences in allele
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Figure 3.4. Allele frequencies of the (GATT) microsatellite locus within GH2 intron D.
3X, 4X and 5X refer to (GATT),, (GATT), and (GATT),. A) Overall allele frequencies.
B) Allele frequencies in wild fish only. C) Allele frequencies in cultured or hatchery-
reared fish of unknown origin.
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frequencies between the two types of cultﬁred£ fish were not statistically significant.
Masu and amago are known to hybridize readily under hatchery conditionsv (Oshima,
1955), and produce viable'offspring. The markedly higher incidence of the (GATT),
allele among cultured vs. wild amago salmon suggests that that introgression of this

allele from masu to amago may have occurred among captive populations.

Discussion: | *

Because it tends to evolve relatively rapidly (Brown et al., 1979), analysis of the
mitochondrial genome is commonly used to study rela;ionships among conspeciﬁc'
populatioﬁs. Unfortunately, the initial confusion surrounding the taxonomy and
nomenclature of masu and amago salmon was not alleviate:d by analysis of
mitochondrial DNA sequence. It has been argued that these two types are simply'

s

morphs of the same species (Imanishi, 1951). A pronounced difference between biw@
salmon and the other types was supported by mitochondrial sequence data (Oohara

and Okazaki, 1996), but there is no convincing evidence from the mitochondrial

genome supporting a genetic distinction between masu and amago.

Variation in the GH2 gene supports a genetic distinction

Substantial variation was observed within intronic sequences from the GH2
gene among and between masu and amago salmon. None of the observed
differences were fixed between tybes, but masu and amago clearly differed.in patterns
of single nucleotide substitutions in intron C (Table 3.3) and in allele frequéncies at the

(GATT) microsatellite locus nested within intron D (Figure 3.4). While thé,overall
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frequency of the three observed microsatellite alleles were similar, the (GATT), allele
was much more common in amago salmon, while the (GATT), form was exfremely
rare in this type. These allele frequehpy differences provide evidence that the two
types are genetically distinct, and that recent interbreeding between wild masu and

amago salmon has likely not occurred.

Microsatellite allele frequencies differ between cultured and wild fish

Allele frequencies at the microsatellite locus were markedly different between
cultured a?a wild sample groups (Figure 3.4). Unlike the wild fish, the differences in
allele freauencies between cultured sample groups of each type were not‘found to be
statisticaﬂg/ significant. The (GATT), allele was very rare among wild amago but was
the most common among the cultured fish. The distribution Mitochondrial
haplotypes was also found to vary between wild and cultured sample groups (Oohara
and Okazaki, 1996), with cultured amago and masu more similar than wild amago and
masu. The differing frequencies could be the result of a founder effect in the population
or populations used to establish the cultured strains. This scenario is unlikely,
hbwever, as cultured strains of both types have probably been established from a
number of wild populations. Our observations and those of Oohara and Okazaki
(1996) are consistent with recent introgressive hybridization between cap-tive masu and

amago, but lack of information on the geographic origin and history of cultured strains

precludes resolution of this question.
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Recent history of the GH2 microsatellite locus

Although the three microsatellite alleles (F}gures 3.3, 3.4) were scored only by
" the number of iterations of the (GATT) repeat, there are at least five alleles if one
considers the (G<->A) substitutions at positions 206 and 224 of intron D. G°® was
alwgys associated with the (GATT), variant, but a (GATT), é‘llele was also observed
with an “A” at that position, which indicates there are at least two (GATT), alleles.
Similarly, G** was always associated with the (GATT), variant, but (GATT), was also
observed with an "A” at that position. The more conservative scorihg of alleles based
strictly on the number of repeat unit iterations was used for two reasons: 1) the
sequence of upstream region was not determined in all individuals for which the
microsatellite alleles were scored, and 2) with the exception of the two sequences
reported by McKay et al. (1996), direct, physical linkage between the (G<->A)
substitutions and pérticular (GATT), vgriants was not demonstrated by sequencing of
cloned alleles. . b

Nevertheless, a strong association was observed between G** and (GATT),,
and between ﬂGzz“ and (GATT),. This information can be used to infer patterns of

B
evolutionary change at the microsatellite locus. For example, G**-(GATT), is the more

common (GATT), allele. Since an association between a "G’ at position 224 and
(GATT), was not observed in the sampled population (n=94), recent expansion of G**-
(GATT), to G**-(GATT), ., s has probably not occurred. Likewise, evidence of
expansion of G*®-(GATT), to GZ(’é’-(GATT)5 was not observed. The rare A?*-(GATT),

allele could be the result of contraction of A?*-(GATT), ,, s but could also have resulted

from inter-allelic recombination between the two variable positions. Overall, it was
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possible to infer that the microsatellite alleles have probably not undergone recent
expansion from (GATT), to (GATT), ., s or from (GATT), to (GATT),, but recent

contraction of alleles by loss of one or more repeat iterations could not be ruled out.

Evaluation of alternative classification schemes

.In the classification scheme reviewed by Kato (1991), masu and amago are the .
distinct species O. masou and O. rhodurus, resp.ectively. This is consistent with the
fact that masu and amago have essentially non-overlapping geographic distributions,
consi;tent differences in coloration, and differing scale morphology. However, the
strong similarity in mitochondrial DNA sequences bétween masu and amago is unlike
observed differences between other closely-related pairs in Oncorhynchus. For
example, the smallest distance observed in the ND3 gene between species pairs was
that of rainbow and cutthroat trout, which differ by 5.7% (Chapter 2). These two
species also differ by 6.2% in the portion of the mitochondrial control region analyzed
in this study (Shedlock et al., 1992). Since other related pairs of species in
Oncorhynchus have accumulated measurable differences in the DNA of their
mitochondrial genomes, it would be reasonable to expect at least some differences
between the mitochondrial genomes of masu and amago if they were distinct species.
The observation of no type-specific sequence divergence in the ND3 gene and
mitochondrial control region argues that these two types diverged from each other
much later than any of the other salmon and trout that have undisputed species status.

On first inspection, failure to detect type-specific differences in the mitochondrial

genome, while considerable genetic heterogeneity was observed in a nuclear gene,
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appears contradictory. Similar results were also obtained when comparing‘ Aflantic
salmon (Salmo salar) populations in North Wales (O'Connell et al., 1996). However,
these seemingly contradictory findings are both consistent with Kimura’s (1990)
proposal that masu and amago salmon be recognized as distinct subspecies within an
O. masou complex. This arrangement allows for a close relationship between types
(as supported by the mitochondrial data), while having a clear, sub-specific distinction
of the types, which is consistent with the differing GH2 allele frequencies,
morphological characters, and geographic ranges.

In contrast to that of the mitochondrion, the nuclear genome is inherited in a
diploid a;wd bi-parental manner, which allows more potential for polymorphism between
closely related individuals. Because the mitochondrial genome is hemizygous and
inherited only from the maternal parent, :its effective population size is only 4 that of
alleles of nuclear genes. This means that particular mitochondrial haplotypes have a
higher probability c;f’ drifting to fixation. If this process occurred in the common
ancestor of masu and amago, it is likely that most of the nuclear gene polymorphism
observed in this study predates the separation of masu and amago populations. |
propose that masu and amago salmon have diverged very recently on a macro-
~evolutionary time scale. A relatively recent divergence of the two types would have
allowed insufficient time for a substantial number of differences to accumulate between
the mitochondrial genomes. However, enough time has elapsed for genetic drift
between the reproductively isolated populations to have produced the dissimilar allele

frequencies observed for the GH2 gene and its nested microsatellite locus.

64



Chapter 4

Evolutionary behavior of duplicated growth hormone genes in
salmonid fishes

Abstract:

The proto-salmonid lineage is believed to have undergone a genome-doubling
event. In the process of re-diploidization of a genome, mutation of duplicated genes
sults in their divergence, of which the most extreme form is complete loss of one
co\ y of the gene. Present day salmonids have lost one copy of approximately 50% of
their duplicated genes, indicating that re-establishment of disomic inheritance is well
underway. Among salmonine species (salmon, trout, char), the growth hormone (GH)
gene is represented by two functional, non-allelic isoforms: GH1 and GH2, which
argues that each gene has re-established disomic inheritance. In this study, DNA
sequence analysis was used to examine the evolutionary history of GH genes in
salmonids. A microsatellite locus nested within the fourth intron of all GH genes was
invariant in most genera. However, this locus was found to vary both within and
among species in the GH2 of Oncorhynchus, suggesting it has undergone an
evolutionary process unique to this lineage. The overall history of GH genes in
Salmonidae was examined by comparing these genes between representative species
of the subfamilies Coregoninae (whitefish, ciscos) and Salmoninae. The two GH
genes identified in the whitefish species could not be assigned to the salmonine GH1
and GH2 categories, suggesting that the ancestral coregonine and salmonine lineages

diverged before the duplicated GH genes had established disomic inheritance.
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Introduction:

The proto-salmonid lineage that gave risé to subfamilies Cdregoninae
(Coregonus, Prosopium, Stenodus) and - Salmoninae (Salvelinus, Salmo,
Oncorhynchus, Brachymystax, Hucho, Salmothymus, Acantholingua) is believed to
have undergone a genome-doubling eyent some 25-100 Million years ago (Ohno,
1970; Allendorf and Thorgaard, 198:1). Based on comparisons of genome size and
chromosome numbers with the related but non-tetraploid smelt family Osmeridae
(Hinegardner, 1976; Simon, 1963; Hartley, 1987), the tetraploidization of the salmonid
lineage must have occurred after Salmonidae and Osmeridae diverged.
Autotetraploidization of a genome (doubling of endogenous chromosomes) produces
two identical copies of each gene. In the process of diploidization, or the re-
establishment of disomic inheritance, mutation of duplicated genes results in functional
or structural divergence. . Because newly duplicated genes are functionally redundant,
a relaxation in selective constraints can allow the complete loss of one copy of the
gene, most likely as a result of nonsense mutati.‘ons. Present day salmonids have lost
duplicated copies of approximatelly 50% of their genes (Allendorf, 1978), indicating that .
the process of diploidization of the ancestral tetraploid genome is well underway. In
the newly-formed tetraploid genome, many multivalent pairing arrangements would be
expected at meiosis (Ohno, 1970). These structures are formed by the pairing of
multiple sets of homeologous (duplicated sets of homologous) chromosomes. The fact
that a few multivalent structures are still observed in present-day salmonids indicates
that th‘e process of diploidization is not yet complete.

The chromosomes of the ancestral salmonid are believed to have been primarily
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acrocentric (referring to the subterminal position of the centromere), but the process of
Robertsonian fusion (Robertson, 1916) has created many metacentric chromosomes
(Ohno, 1970), which are a common feature in ‘present-day salmonid karyotypes. The
high frequency of this type of rearrangement is reflected by the degree of variation in
chromosome number among and.witr;in species. For example, closely related spécies ‘
such as pink and chum salmon have very different chromosome numbers angd
acrocentric/metacentric ratios (Simon, 1963). Chromosome fusions and other
rearrangements likely contribute to the process of genome diploidization by reducing
the pairing afﬂnit); of homeologous chromosomes. In the absence of rjneiotic pailring
between homeologues, the duplicated, paralogous genes are no longer homogenized
by intergenic recombination or gene conversion. This meahs that the duplica‘ted»genes

r.

are free to diverge by accumulating mutations. | SN

In salmonids, duplicated isozyme loci are a well documented phenomena-(e.g.
Lim and Bailey, 1977; Allendorf, 1978). In addition, duplicated, non-allelic forms of a
number of genes, such as insulin (Kavsan -et al., ‘1993), insulin-like growth factor
(Wallis and Devlin, 1993) and MyoD (Rescan and Gauvry, 1996) have been identiﬁéd.
Among salmonine species (salmon, trout, char), the growth hormone (GH) gene is also
represented by two funcfional, non-allelic isoform§: GH1 and GH2 (Ageilon et al,
1988a, 1988b; Agellon and Chen, 1986; Johanson et al.,, 1989; Male et a‘I., 1992,
Devlin, 1993: Du et al., 1993; Forbes et al., 1994, McKay et al., 1996). Altho'ugh
selective constraints have caused this gene pair to remain very simiIa.rA in brotein

coding regions, divergence of intronic and flanking DNA sequences indicatés that the

genes have been separate for a considerable period. The accumulated differen-ce's
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between these genes argue that the chromosomes or chromosomal regions on which’
they reside have completed the process of diploidization. The fourtty_\ intron (intrer?ﬂb),
the largest in salmonid GH genes, in particular has accumulated many species-specific
(McKay et al., 1997) and isoform-specific changes that shed some light on its
evolutionary hisfory within and among salmonine species (Devlin, 1993; McKay et al,
1996).

In this study, sequence analysis of GH intron D is used to examine the
evolutionary history of these” duplicated genes in salmonid genera. Anvalysisvof a
microsatellite locus nested within this intron (Chapter 3) revealed variation within and
among species in the GH2 gene of Oncorhynchus, but not in any Oncorhynchus GH1
gene or in the GH genes of other s'almohid genera. Further, new DNA sequenbe from
intron D of the GH genes in brown trout (Salmo trutta), mountain whitefish (Prosopium
williamsonii) and lake whitefish (Coregonus clupeaformis) was used to examine the
evolutionary history and patterns of change of GH genes at the generic level. The two
GH genes identified in the whitefish species could not be assigned to the categories
représented by the salmonine GH1 and GH2 isoforms, suggesting that the ancestral
coregonine separated from the proto-salmonine lineage before the divergence of its

GH1 and GH2 genes.

Materials and methods:

Species used in this study
The Pacific salmon- species masu, chinook, coho, sockeye, pink and chum, as

well as rainbow and coastal cutthroat trout were included in this study (species
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designations are listed in Table 2.1). The GH intron D sequences of many of these
species has_been reported previously (McKay et al., 1996 and references therein;
Blackhall, 1994). New sequence data were generated from the 3’ end of this intron for

at least four individuals from each of the Pacific salmon and trout species to assess

intraspecific variation. The sequence of the entire intron was also obtained for GH

genes of brown troui, mountain whitefish and lake whitefish.

DNA sequence analysis of GH intfon D
The region of GH genes that contained intron. D was amplified using the
polymerase chain reaction (Saiki et al., 1988) with primers GH56 and GH7 as
described in Chapter 3. An ancient GH2-like pseudogene is present on the Y-
chromosome of most Oncorhynchus species (Du et al., 1993; R.H. Devlin, unpublished
results). Amplification of the male-specific pseudogene was avoided by using female-
fish. In all Oncorhynchus species and brown trout, the two amplification products
corresponding to GH1 and GH2 differed in size. Amplification products were isolated
by electrophoresis in low-melting-temperature agarose using standard methods
(Sambrook et al., 1989), followed by purification using the Wizard PEﬁ-Prep kit
(Promega). Gel-purified amplification products were sequenced directly with the
Thermosequenase cjcle-sequencing kit (Amersham-United States Biochemicals).
In‘both lake and mountain whitefish, thg GH56 and GH7 primers produced
amplification products {;lat migrated as a single band using standard agarose gel
electrophoresis. The presence of two, co-migrating amplification products was

demonstrated by direct sequencing with the primer GH50 (Table 2.2). Two related
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sequenées,»differing by single nucleotide substitutions and an insertioh or deletion
(beyond which the sequence was not readable) were superimposed on the
autoradiogram. The single band observed by electrophoresis was purified as above,
and the amplification products were subsequently cloned using the péRScript cloning
kit (Stratagene).

Restriction endonuclease digestion with the enzyme cc;mbination Pst/ Sst/ and
Sstll (BRL Life Technologies) identified two classes of clones for the whitefish

amplification products. Sequence analysis of “the & end of the insert from

_repres-ntative clones with primer GH56 revealed that the two classes were different

N

forms of GH intron D. To compensate for the error rate of Taq DNA polymerase (Saiki
et al., 1988; Tindall and Kunkel, 1988; Keohavang and Thilly, 1989), two clones of
each class wére pooled in a 1:1 ratio for sequence analysis. For mountain whitefish, a

conflict at one nucleotide position was resolved by sequencing a third clone derived

from a different PCR experiment. In the case of lake whitefish, only two clones were

recovered, both correspondingA to the same GH isoform. A single conflict
corresponding to a (T<->C) transition remained unresolved because a third clone was
not available. This nucleotide position was treated as missing data.

Sequencing of clones or purified PCR products from all species was performed
using a strategy similar to that described in Chapter 2. This analysis differed in that
new .  primers, GH62 (5'-CATTATGCTTTCTAACTA-3)), GH63 (5'-
TATAATTTCCCAGTGTGC-3') and GH64 (5’-TTI'ACCCTAATACAGTGG-3‘) were
us;edl These primers were designed using an alignment of all known salmonid GH

intron D sequences at positions roughly corresponding to those of GH9, GH8 and
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GH16, respectively.. The latter three prirﬁers, which were. based on sockeye salmon
GH sequences (Devlin, 1993) did not work well for bron trout or whitefish. The
complete nucleotide sequence of intron D was determined for intron D of GH1 and
GH2 of brown trout, two GH genes (identity discussed below) of mountain whitefish,
and one GH gene from lake whitefish. To screen for jntraspecific variation in allele size
of the nested micrésateﬂite locus, partial sequences from the 5’ end of the intron were
generated for GH1 and GH2 of all Oncorhynchus species listed above using primér
GH56 or GH57. For each species, three or four fish were examined ;imultaneously by

pooling separate amplification products in equimolar ratios.

Results and Discussion:

A conserved microsatellite locus is nested within GH intron D

The salmonine growth hormone genes GH1 and GH2 are distinct, non-
recombining, paralogous loci (Devlin, 1993) and a tandem duplication of a (GATT),
tetra-nucleotide is present in the fourth intron of both genes (Figure 4.1). In each, the .
repeat tract i1s flanked by related tetra-nucleotide motifs that almost aIWays match the
core repeat in three of four positions. Overall, the nested microsatellite loci are in a
similar sequence context; the average sequence identity between the GH1 and GH2
introns is 91.2 + 0.2%. Despite their similar DNA sequence, the paralogous
microsatellite loci have met different evolutionary fates. While the GH1 form has a
constant GATT repeat number of two (Figure 4.1), the GH2 form varies both within and
among species. (GATT), is common to the GH2 genes of Atlantic salmon, brown trout,
lake trout (Salvelinus namaycush), the two whitefish GH loci and an ancient; GH2-
derived pseudoggpe (Du et al.,, 1993; McKay et al., 1996). 1t is likely that this form

represents the ancestral state for salmonids. The repeat region, sequenced from 3-6
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The structure of a (GATT), microsatellite locus nested within growth

Evolutionary branching of GH genealogies are based on

" hypothesized evolutionary relationships discussed in Chapter 2. Shaded characters

represent nucleotide substitutions within core repeat units. Lower case letters refer to

" sites that vary intraspecifically.

’
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(GATT)4 that are Iinked to these alleles had occurred, one would also expect to
‘obsrerve the A->G substitution associated with more than (GATT), size category.
- Except for chinook and coho, the number of repeats differs even between more closely
related species pairs. Intraspecific polymorphism was observed in only two species,
 but lower le\}gls of variation could have gone undétected due to the small number 6f
individuals ~e*amined. However, the lack of evidence for extensive variation within
most species suggests that the interspecific variation is due either to ancestral
vpolymorphism, Ac->r sporadic . mutation -of this locus occurring épisgdiéally over an
| evolutionary time scale. Such an interpretation is consistent with the observation that
repeats have been disrupted by nucleotide substitutions in some species. -

If a replication sli;;page model for microsétellite mutation applies to thesé loci, it
is likely that the observed nucleotide substitutions occurred after the repeat numbers
became ﬂ)sed. The (GATT),(CATT), form observed only in sockeye GH2 could be the
result of a G -> C mutation fpllowed by an expansion of the repeat l;nit, but this is not
consistent with simple rep|icatibn slippage. Comparison of orthologous cow and goat
micros.ateﬁite loci revealed that disrupfion of formerly perfect repeats by nucleotide
substitutions gréatly reduced the amount of observed variability (Pépin et él., 1994),
suggesting that .mismatches within short repeats inhibit rép|ication slippage. An
independent G->C transversion was observed in an analogous position in coho GH1,
indicating that such a substitution is not unlikely on this time scale. A G at that position
in two adjécent repeat units of the sockeye GH2 locus could be vycoincidental rather
than the result of amplification. Further evidence that mutations in repeat number
predate the observed nucleotide substitutions is provided by the cutthroat trout
sequences. Although the coastal (McKay et al., 1996), westslépe and Yellowstone
(Blackhall, 1994) varieties of cutthtoat trout all have four copies of the repeat unit, a (T- A
>G) substitution occurred in one of the repeats in the coastal form after they diverged

(Figure 4.1).
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Thé.sequehce alignment in Figure 4.1 shows the (GATT) répeat in the same 5'-
* 3" orientation as the host gene. First inspection of thé'"‘observed seq"uence‘s provides
no immediate indication :whether mutation is acting’ on the (GATT) repeat or its
complement, (AATC). |
Gviven the similar, sequence context and structure of the microsr—:utellite loci, it is
surprising that only the Oncorhynchus GHZ2 locus was observed to vary within and
among specigs. Messier et al. (1996) observed that a minimum of MQ tetra-nucleotide
repeats in thé pri-mate n-globin pseudogene are required for their expansion. Unlik"e
other closely related pairs of species, coho and chinook have the same GH2 form,
(GATT),. Assuming that (GATT), is the ancestral form for both GH1 and GHZ, a similar
+ loss of one repeat unit occurred in the antecedent of salmonine GH1 genes (Figure
4.1). The lack of observed variation in species with the (GATT), form suggests that at
least three repeat units represent the critical threshold for variation at these I;oc?. A
simple replication slippage model can be invoked to account for amplification of at least
two repeats, but it is not clear why a minimum of threé units were associated with size
variation in the salmonine GH genes.
Further, lake trout GH2 (McKay et al.,, 1996), Atlantic salmon and brown trout
GH1 and GH2, whitefish GHA and GHB all have three repeat'units, despitev having
been separate longer than the GH2 genes within Oncorhynchus. Although a minimum
of three répeat units may confer the potential for size variation, it seems poséible that
factors other than the number of repeat units in the Oncorhynchus GH2 locus may also
be involved. The fact that variation was only observed in Oncorhynchus species could

be due to an extrinsic factor specific to this genus, such as a mutation in one the
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components of a DNA repair mechanism or replication complex in the proto-

<

anqfhynchus line. If such an eXtriirnsic factor were involved, a more generalized effect
on the variability other microsatellite loci in this genus would be predicted. Tb account
for the lack of variability in GH1 under this model, it would be necessary to étip_;i;,late a
three repeat-unit minimum for re:plic:ation slippage to occur. However, such a mbdel is
-not supported by analysis of two other micrpsate:llité chi, where variation in
Oncorhynchus was no more extensive than in Salhw or’Salvél/nus species (Morris et
al., 1996).

It has recently been demonstrated in the yeast Saccharomyces cerivisiae that
mutation of a tri-nucleotide rhicrosatellite repeat is greatly influenced by its orientation
with rgspgct to the direction of DNA replicatidn (Freudenreich et al., 1997). When this
repeat is replicated in the direction of the lagging strand, the mutation rate is greatly
increased, presurhably due to the formation of hairpin loops in the Okazaki fragments
or‘vf“‘tbe lagging template strand. This model is not directly applicable to a GATT core
repeat, as its poor self-complementarity makes such secondary structures unlikely.
However, in the Oncorhynchus GH2 loci, a related tetra-nucleotide (Figure 4.1) at the
3’ end of the GATT repeat tract forms an interrupted, inverted repeat (GATtcATC) with
the adjacént GATT. Such an inverted repeat has thé potential to form a hairpin loop.
However, similar structures are also possible in thé Atlantic salmon GH1, brown trout’
GH1 and both whitefish GH isoform;, where no interspecific or intergenic size
differences were observed.

The lack of variabilty observed in GH1 and all other GH loci except

Oncorhynchus GH2 suggests that little or no variation in repeat number is the norm for
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these loci. If this is the case, the loss of one repeat unit from the antecedent of éll GH1» ,
Ioéi may not be responsible for its lack of variability. A trait that distinguishes the
Oncorhynchus GH2. locus from all other‘ GH types is that it was involved in a
chromosomal rearrangement that resulted in the duplication of GHé. Phylogenetic
analysis of a»Y-|in|;ed GH2 pseudogene indicates that it diverged from GH2 after the
separation of Oncorhynchus and Salmo but before Oncorhynchus radiated to form the
contemporary species (Du‘ et al., 1993). To account for the unusual behavior of the
. Oanrhynchus GH2 microsatellite locus, | probose a model that incorporates the
hairpin-mediated strand slippage of Freudenreich et al. (1997). The following
assumptions are req'ui‘red: 1) the GH2 gene in Oncorhynchus was involved in a
complex chromosome rearrangement and is inverted with respect to the other GH2
genes and GH paralogués, 2) the orientation of the inverted GH2 is such that the 5'-
(GATT),CATC-3' is the lagging strand template for DNA replication, 3) the hairpin-
mediated mutation process is directional, rgsﬁlting primarily in expansion of the locus
and, conversely, that deletion of repeét units occurs by a different mechanism. Under
this model, the Okazaki fragment would occasionally become dissociated from the
lagging strand template, allowing the formation of a hairpin loop that would result in
slippage by one rebeat unit when the fragment reassociates with the template and
primes DNA synthesis (Figure 4.2).

This would result in the addition of oné repeat unit to the 3 end of
complementary strand, such that the polarity of the expansion is opposite to the
orientation oflthe gene. If a hairpin loop were to form in'the template strand rather than

the Okazaki fragment, it would result in the deletion of one repeat unit and the adjacent
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CATC tetra-nucleotide, which was not observed in‘any of the GH loci. The loss of one
repeat unit in the (chinook, coho) lineage could account for the lack of variability
between these species. Messier et al.’s (1996) postulated two repeat-unit minimum f;)r
variation to occur may not be applicable under this model, as the proposed secondary
structure could be too unstable if only four nucleotides at the 3’ end of the loop were

available to anneal to the template and reprime DNA synthesis (Figure 4.2).

Figure 4.2. A model for expansion of the microsatellite locus by hairpin loop-
mediated replication slippage. The model is modified from that of Freudenreich et al.
(1997). It is based on the assumptions that the (5'-GATgaATC-3') inverted repeat can -
form a hairpin loop on the Okazaki fragment, and that the slippage process is more
likely to occur in lagging strand replication. Evidence for deletion: caused by the
formation of a#airpin-loop in the lagging strand template sequence was not observed.
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The GH1 and GH2 isoforms are not present in all salmonids

DNA sequence analysis of intron D from wHiteﬂsh and representative Salmo and
Oncorhynchus species s.uggests that the GH1 and GH2 isoforms common to the
salmonine lineages are not represented in Coregoninae. Full length nucleotide
sequences wére obtained for intron D of two GH isoforms of brown trout and mountain
whitefish (Figure 4.3). Sequence from an additional GH gene in lake whitefish was
also obtained. With the exception of a Y-linked, GH2-derived pseudogene in
Oncorhynchus (Du et al., 1993), only two isoforms have been identified in the
salmonine genera (Agellon et al., 1988a, 1988b; Agellon and Chen, 1986; Johanson et
al., 1989; Male et al., 1992, Qevlin, 1993; Du et al,, 1993; Forbes et al.; 1994, McKay
et al., 5996; Baxter et al., 1996). PCR amplification products produced with primers
GH56 and GH7, which anneal to the conserved coding regions that flank intron D,
produced two products for each salmonine species tested, which is consistent with
there being two growth hormone genes. Similarly, only two amplification products were
identified in lake and mountain Whiteﬁsh. The sequence of a full-length growth
hormone gene was obtained for the German lake whitefish Coregonus lavaretus (J.

Trautner, personal communication), but its relationship to the GH1 and GH2 genes is

not clear. Similarly, it was not possible to unambiguously assign either of the other - B

coregonine GH genes to the GH1 or GH2 categories.

For the purpose of this discussion, the mountain whitefish GH genes and their
| corresponding orthologues from the lake whitefish species were named GHA and GHB
Sequence analysis of GH intron sequences has previously revealed that certain

deletions or insertions are characteristic of a particular isoform, and can be used as
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Figure 4.3. The complete nucleotide sequence of GH intron D from representative
salmonid species. Sequence identity is indicated by (.). Alignment gaps are
represented by (-). The sequences were aligned manuaily. Species names are as
follows: Ss-Salmo salar, St-Salmo trutta, Ot-Oncorhynchus tshawytscha, On-
Oncorhynchus nerka, Pw-Prosopium williamsonii, Cl-Coregonus lavaretus, Cc-
Coregonus clupeaformis. CI-GHA is from J. Trautner (Personal communication). The
St, Pw and Cc sequences were generated in this study. Sources for other sequences
are listed in Chapter 2.

53~GH1 GTAAAG--AAAGGAGGGAGAACAATGACCATTTGTGGTGCCACACTTTGTGCACTGTARACCCCAAGGCATTTTTAACTCAAATACTTCTAGTAAGTTGA 100
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Figure 4.3. (Cont’d)
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Whitefish GHA GTTTACAGTGTGGTTTTTATCTTCCACTGACATGAAAGT
Wwhitefish GHB GTTTACAGTGTGGTTTATATCTTCCACTGACATGAAAGT

Atlantic GH1l|l GTTTACAGTG--~---~~~-~~--=---=—-== ACATGAAAGT <& -
Brown GH1| GTTTACAGTG------~~-~~--=-c----= ACATGAAAGT ~ .
Chinook - GH1l] GTTTACAGTG-~~-=--~----—-=-=====~- ACATGAAAGG &
Sockeye GHl} GTTTGCAGTG-~---~~~~~~--=—-=-—--== ACATGAAAGG S
Atlantic GH2 GTTTACAGTGTGGTTATTATCTTCCACTGACATGAAAGT

Brown GH2 GTTTACAGTGTGGTTATTATCTTCCACTGACATGAAAGT

Chinook GH2 GTTTACAATGTGGTTATTAACTTCCACTGACATGAAAGT
Sockeye GH2 GTTTACAATGTGGTTATTATCTTCCACTGACATGAAAGT

Whitefish GHA ACTAAATAAGAAGTCACATCAAC
Whitefish GHB ACTAAATGAGAAGTCACATCAAC
Atlantic GH1 ACTAAATGAGAAGTGACATCAAC
Brown GH1 ACTAAATGAGAAGTCACATCAAC
Chinook GH1 ACTAAATGAGAAGTCACATCAAT
Sockeye GH1 ACTAAATGAGAAGTCACATCAAT
Atlantic GH2[ TCTAAATGAG-~--TCACATTAAT
Brown GH2| TCTAAATGAG---TCACATTAAT
Chinook GH2| TCTAAATGAG---TCACATCAAT
Sockeye GH2| TCTAAATGAG---TCACATCAAT

Whitefish GHA] ATTAAAGGAC-----------==---—-«-=cc=-~ ATTAATGCATG
Whitefish GHB] ATGAAAGGAC-~----cm~--~----mmomemme - ATTTATGCATG
Atlantic GH1 ATTCAATGACTGAATATCAGCCCATTCAAGGATATTTATGCATG
Brown GH1 ATTCAATGACTGAATATCGGCCCATTCAAGGATATTTATGCATG
Chinook GH1 ATTCAATGACTGAATATCGCCCCATTCAAGGACATTTATCCATG
Sockeye GH1 ATTCAATGACTGAATATCGCCCCATTCAAGGACATTTATGCATG
Atlantic GH2 ATTCAATGACTGAATATTGTCCCATTCAAGGACATCTATGCAT-

Brown < GH2 ATTCAATGACTGAATATTGTCCCATTCAAGGACATTTATGCATG
Chinook ‘ GH2 ATTCAATGACTGAATATTGGCCCATTCAATGACATTTATGCATG

Sockey@  GH2 —-==-mmemomemm e eecoeeeooo ATGCATG

Figure 4.4 ~ Characteristic insertions or deletions in duplicated growth hormone
genes. The boxed sequence names refer to genes for which each feature is
characteristic.
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diagnostic features (Devlin, 1993; McKay et al, 1996). Aligned salmonine and
coregonine sequences indicate that such features can not be used to assign the more
distantly-related whitefish GH genes as GH1 or GH2 (Figure 4.4), as the whitefish
introns possessed features of both. Pair-wise distance measures do nothing to clarify
the relationship (Table 4.1): the average whitefish GHA-GH1distance (8.1 +0.5%) is
the same as the GHA-GH2 distance (7.9 £0.3%). Similar distances were obtained for
whitefish GHB (7.9 £0.5% vs. 7.6 £0.3%). A surprising finding was that the GHA and
GHB introns differ by only 3.1%, which is three-fold less than the average GH1-GH2
distance of 8.8 £0.2%. This difference is not consistent with each of the paralogous
gene pairs having diverged at the same time, as would be expected if diploid
inheritance of these genes had been established before the coregonine and salmonine
Table 4.1 Pair-wise Kimura 2-parameter distance comparisons (in percent) based on

growth hormone intron D sequence data. To consider only sequences common to all
genes, sites containing alignment gaps were deleted.

STGH1 OTGH1 ONGH1 SSGH2 STGH2 OTGH2 ONGH2 PWGHA PWGHB

SSGH1 2.13 6.49 6.33 7.66 7.65 8.70 8.68 7.07 6.78
STGH1 7.36 6.76 7.80 7.78 8.84 8.82 7.49 7.36
OTGH1 3.08 9.04 9.02 10.25 9.94 9.17 8.73
ONGH1 8.70 8.69 9.91 9.89 8.69 8.56
SSGH2 1.32 3.64 3.78 7.48 7.20
STGH2 3.22 3.36 7.33 6.90
OTGH2 1.05 8.37 8.10
ONGH2 8.52 8.24
PWGHA 3.08

lineages diverged. Assuming that divergence between isoforms occurred only after
homologous or homeologous exchange due to recombination or gene conversion
ceased, the greater degree of similarity between GHA and GHB may indicate that

recombination or genes conversion between these isoforms stopped occurring more
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 recently than it did between GH1 and GH2.
Phylogenetic analyses u‘sing the neighbor-joining, maximum parsimony, and
maximum likelihood methods all produced the same tree (Figure 4.5). The inferred

relationships between the genes indicates that GHA and GHB have a much stronger

14 .

100 (100) chinook GH1
100 (99) sockeye GH1
100 (100 Atlantic GH1
brown GH1
100 (100) chinook GH2
100 (100) _E sockeye GH2

10004y [— Atlantic GH2

L— brown GH2

L— whitefish GH

Figure 4.5. Inferred genealogical tree for duplicated growth hormone genes. The tree
represents a consensus phenogram generated by maximum parsimony, neighbor-
- joining and maximum likelihood analyses. Numbers at nodes represent parsimony and
neighbor-joining (in parentheses) bootstrap confidence levels for 2000 replicates. All
gap sites in the sequence alignment were removed for phylogenetic analysis.

phylogenetic affinity for each other than for GH1 or GH2, which form monophyletic
clades distinct from the GHA and GHB. This finding was very unambiguous, as
indicated by universally high bootstrap confidence levels, and by statistical analysis of

maximum likelihood ratios (Table 4.2; Kishino and Hasegawa, 1989).
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Table 4.2.  Statistical evaluation of branching order in growth hormone genealogies.
The Ln Likelihood (L) values of trees 1-3 were compared using the Kishino and
Hasegawa (1989) test in the program DNAML v3.57c (Felsenstein, 1993). Tree 1
places the whitefish GH genes in a separate lineage distinct from those of GH1 or
GHZ2; trees 2 and 3 test alternative arrangements that separate whitefish GHA and
GHB in the GH1 or GH2 clades. 4

1 il [— PWGHA 2 [————————— PWGHEB 3 ———————— PWGHA

OTGH?

ONGH 1

SSGH2

— pwens SSGH1 ssont ¥
SSGH1 STGH1 STGH
STGH1 OTGHY QTGH1

ONGH1 ONGH1

PWCHB
SSGH2

—
SSGH2
| STGH2 STOH2 STGH2
0oTGH2 OTGH2 0TGH2
ONGH2 ONGH2 X ONGH2

Tree In L Diff. Ln L St. Dev. Significantly worse?
1 -2112.78208 <--=--- best
2 -2152.48488 -39:70280 13.7797 Yes
3 -2152.48715 ~39.70508 13.7729 Yes

The most parsimonious explanation for these findings is that diploid inheritance

of the duplicated GH gene had not been established when the Coregoninae diverged

from the salmonid evolutionary line. There are several alternative models to explain

these observations. The implicit assumptionbf each is that disomic inheritance of the
GH paralogues had been established before thé radiation of Salmonidae, and that
there are only two ancestral GH genes for all extant salmonids. Alternative
explanations can be discounted as follows. In the first model, there was a slowdown in
the rate of fixation of mutations in the coregonine lineage (GHA vs. GHB), resulting in a
greater similarity to the ancestral GH sequence and less divergence between fhese-»

L

paralogues. Because a non-salmonid GH outgroup was not\éailame, the relative
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rates of GHA/B vs. GH1/2'»cc.*)‘uldb not be est:;blish d. However, the assumption that
disomiF inheritance predates the coregonine/sa}mgine split means some divergence
must already have occurred between the GH ba’ra!ogues. This argument can not
account for the complete lack of phylogenetic affinity of GHA and GHB for either GH1
or GH2. A rate sIowdowﬁ in the coregonine lineage would have resulted in less
homoplaéy, thus less noise to swamp out whatever phylogenetic signal was present
before it diverged from the salmonine line. This conflicts with the observed tree. A
second explanation is that one of the original coregonipe GH genes was lost, and the
remai‘ning oﬁe was subsequently duplicated. This three-step scenario is less -
parsimonious. Since it is assumed that thére were only two ancestral salmonid GH
genes, the more‘recently duplicated gene pair would have to be closer to either GH1 or
GH2, which conflicts with-the observed distances. Under’a third model, there are more
than two GH genes in coregonine species and GH1 and GH2\ have not yet been
identified. There is ample precedence from salmonine species that only two functional,
GH genes ar% present (Agellon et al., 1988a, 1988b; Agellon and Chen, 1986; °
Johanson et al., 1989; Male et al., 1992, Devlin, 1993; Du et al., 1993; Forbes et al.,
1994, Baxter et al.,, 1996). Moreover, GHA and GHB were detectedr using PCR
primers designed based on the conserved coding regions of GH1 and GH2 genes. It
seems mo;e likely that GH1 and GH2 would be detected more easily than less closely
related, non-orthologous genes. waever, it should be noted that preliminary results
indicate that this conserved primer pair produces at least three ampliﬂéation products

in arctic grayling (subfamily Thymallinae, Thymallus arcticus), which provides some

impetus for a more rigorous examination of this question.
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Based on the high degree of variability in chromosome number and structure,
and the fact that multivalent figures can still be observed at meiosis, it can be argued
that the process of diploidization of the salmonid genome is ongoing. It seems likely
that many loci were inherited tetrasomically when the subfamily Coregoninae split from
the salmonid lineage. From the evidence presented here, it is likely that the duplicated
growth hormone gene had not completely established disomic inheritance at this point.
The inferred growth hormone genealogy and DNA sequence divergence data suggest
that the chromosomes containing these genes only became fully diploidized after the

two lineages diverged.

1 kb 1.6 kb

vy
!

Coregoninae =~ Prosopium |- mountain whitefish
Wy
Salmonidae Thymallinag =——=———— Thymallus ,éé arctic grayling
Salvelinus lake trout
Salmoninae Atlantic salmon
Salmo =
A brown trout
— chinook salmon
— Oncorhynchus -
- sockeye salmon
. . blank (-
Family Subfamily Genus 0

migration

Figure 4.7. PCR amplification of GH intron D from representative salmonid species.
Intron D plus flanking exon sequences was amplified using primers GH 56 and GH7
(Chapter 3). Two amplification products were identified for all species except arctic
grayling (Thymallus arcticus), which produced three (small arrows).
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Chapter 5

General Conclusion

The objective of this thesis was to resolve "evolutionary relationships among
N

Pacific salmon and trout}of the genus Oncorhynchus. Through the course of genus-
| level phylogenetic analysis (Chapter 2), the unexpecﬁed findings that masu and amago
salmon are probably not distinct species, and that the duplicated growth hormone
genes have behaved diﬁeren{ly in other salmonid genera, gave rise the investigations
des:crib'ed in Chapters 3 and 4. The end prdduct is a downward prog.ression from
genus to species tQ individual genes. The underlying theme is thﬂe use of' DNA

sequence analysis to uncover patterns of variation in present-day species, and to infer

evolutionary relationships therefrom.

Gene trees vs. phylogeny

Although some species in Oncorhynchus had bee"n analyzed at the DNA
sequence level, not all were represented in molecular phylogenetic analysis. | used
the sequence of a nuclear gene (GH2) and a mitochondrial gene (ND3) to study the
phylogeny of all Pacific salmon and representative trout species. The use of one gene
from each genome was intended to assess the degree to which the two data sets
agreed, as agreement between independent anaiyses lends some intuitive measure of
confidence to particular conclusions. In this case, the history of disagreement between
independent studies persisted; each of the genes inferred different trees. Moreover,

as additional data sets were assembled from other mitochondrial genes, it became
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apparent that even genes from the same region of the mitochondrial genome couid not
agree on the deepe‘r evolutionary branching order.

As was shown for the ND4L and D-loop data séts; some DNA sequences are
less reliable as indicators of species phylogeny due to Iargg rate variations among
lineages or alignment ambiguities. However, the failure of COIll and ND3 to agree with
the tree inferred by ATPase 6 is troublesome. These three genes are all from the
same contiguous stretch of DNA in the mitochondrial genome (Thomas and
Beckenbach, 1989; Oohara et al.,, 1997). It is very unlikely that their evolutionary
histories differ. Although the phylogeny inferréd using the DNA sequence of a single

gene may coincide with the species phylogeny, deciding which is the true tree is

problematic.

Is a star phylogeny resolvable?

From the estimated divergencé times (Figure 2.7), it can be seen that the first
three branches in the inferred Oncorhynchus phylogenetic tree occurred over a very
short interval. This could account for the poor resolution of the exact branching order.
The rhost conservative approach would be to interpret the tree as a star phylogeny,
with the controversial nodes collapsed to a basal polytomy. Rather than reflecting an
evolutionary reality, however, this would likely attest to the poor resolving power of
phylogenetic inference based only on extant species. This is not a general limitation,
rather it refers specifically to the case where a weak phylogenetic signal is built-up
during a rapid succession of speciation events.

Over the relatively long interval between the ancient radiation of lineages and
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the sampling of extant species, a weak signal would be obscured by the accumulation
of uninformative changes. In this case, the ideal gene for phylogenetic analysis would
have to have been rapidly evolving when the species radiated but, paradoxically, would
have to be evolving slowly enough that few ﬁninformative changes could have
accumulated since that time. Although slowdowns in the rate at which mutations are
accumulated are possible, it seems improbable that they could occur independently in
each of the new lineages created by a burst of speciation.

In this study, | tried to resolve the phylogeny of Oncorhynchus using a combined
approach that involved pooling all available data into one large character set. The
rationale for such an approach is as follows. | assume that each data set contains
some signal from the true phylogeny. In many cases the stochastic accumulation of
noise such as homoplasy due to multiple substitutions or convergent evolution of other
- characters may obscure this signal. In cases where the tree.inferred from a particular
data set does not represent the actual phylogeny, the signal has been swamped oﬁt:
Bécause many analyses have produced discordan‘t trees that usually disagree in more
basal branching order, the underlying signal for controversial nodes must be generally
weak relative to the accumulated noise. Assuming minimal confounding factors such
as introgressive hybridization or non-venereal (horizontal) gene transfer, the
phylogenetic signal should carry tﬁe same information for each data set, whereas the
accumulation of noise is arguably random.

It follows that in pooled data sets, the signal accumulates additively, while the
random background noise would tend not to be reinforced in the same way. The

advantage of such an approach is that it can take a weak signal into account even in
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data sets that do not recover the correct tree when treated in isolation. This effect is
quantifiable. The BCL values at basal nodes in the total evidence tree exceeded those
of any individual data set (Figure 2:5). Although BCLs are a better indicator of seif-
consistency than as a test of confidence in a phylogenetic hypothesis, it is clear that a
signal that does not dominatein all individual character sets is reinforced when all data
are considered together. Whether the reinforced signal is that of the true phylogeny is
debatable. However, it is interesting that max'imum likelihood analysis of the pooled
sequence data converged on precisely the same tree. These two approaches are at
least partially independent, as maximum likelihood estimation uses all nucleotide
positions (Table 2.6), while parsimony considers only synapomorphic characters (Table

2.5).

The taxonomic status of masu and amago salmon

Two -competing classification schemes are in current usage for masu and
amago salmon. They are either considered separate species (Kato, 1991), or races
(Kimura, 1990). The initial finding that their ND3 genes and a portion of the D-loop
regions were virtually identical, combined with a more extensive analysis of a large
portion of the mitochondrial DNA (Oohara and Okazaki, 1996), implies that they can
not be distinguished based on fixed differences in this genome. The seemingly
paradoxical finding that their nuclear GH2 geneu is more variable also fails to provide a
clear distinction of the type associated with separate species. For example, no other
pairs of related species in Oncorhynchus have such similar ND3 or GH2 genes. The

allelic variation of GH2 appears to predate the separation of masu and amago, as
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' almoet all alleles are present in both. The fact that the allele frequencies differ
substantially between the types does provide a gehetic basis for a distinction, but the
overall morphological, meristic and mitochondrial DNA similarities argue against a
classification scheme that assigns species status to these salmon. Because the fate at
which mutations are accumulated can vary even among closely related groups, a
species definition based on DNA sequence divergence is difficult to apply.
Nevertheless, the most reasonable explanation for virtu";ﬁlly identical mitochondrial
genomes is that masu and amago share a very recent common ancestor. Whether
this is due to recent divergence or to coalescence of two iineages by introgressive
hybridization is not clear. The fact that the two types hybridize readily when brought
together (Oshima, 19585) is consistent with the genetic homogeﬁzation observed
between cuitured populations of both varieties (Figure 3.4).

I is possible that the larger degree of variation observed in the nuclear genome
indicates that masu and amago were once distinct lineages, and that the mitochondrial
genome of one‘was introgressed into the other. Because of the broad geographic :
range of sampling sites, such an exchange would have to have predated the spread of
masu throughout Japan. An alternative e;(planatien is that the two lineages have only
recently diverged. The higher degree of variability in the GH2 is not necessarily
inconsistent with this idea. With an effective population size ' that of the nuclear
genome, it is possible that the lack of type-specific variation in the mitochondrial
genome is the result of fixation by random drifE in a recent common ancestor of both
types. The fact that the (GATT), allele appears to drifting toward fixation in amago but

not In masu argues that substantial gene-flow between contemporary wild populations
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of the two typeé has not occurred (Figufe 3.4). Regardles§ of their recent evolutiopary
history, the observed overall similarity between masu and amago is more consistent
"with the classification scheme (reviewed by Kimura, 1990), whi‘ch treats masu and
amago as conspecific races.
Evolution of duplicated growth hormone g’enes
" In Chapter 4, eviden‘ce is presented Cthaf coregonine fishes have growth
i?ormone genes that do not fall into the categories defined by GH1 and GH2, the two

functional growth hormone genes of salmonine fishes. This has led to a re-evaluation

kr

of the idea that the two GH giervnes in the ancestral salmonid had established disomic
inheritance and started to diverge before the radiation of Salmonidae (Devlin, 1993).
The two GH genes isolated from whitefish are more similar to one another than GH1 is
to GH2, and are equally dissimilar from both GH1 and» GH2. This implies that the
qvolutionary history of coregonine GH genes differs from those of Salmoninae. The
most parsimohious explanaﬁon is that GHA and GHB in whitefish share' a more refé%‘nt
common ancestor than GH2. This i,mplies that GH1 and GH2 lost the ability to be
homogenized by homologous or homeologous pairing and recombination earlier in
their history.

Another possible explanation is that there are (or were) more than two GH
genes in the coregonine lineage. Under this scenario, one of the GH genes was
dﬁp|icated, resulting in GHA and GHB. The failure to detect another coregonine GH
gene with conserved PCR primers ifnplies that it has been lost or has diverged in its

protein coding sequences. There is a sizeable body of evidence that salmonines have
t
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s g
_pnly two functioﬁal GH genes (Agellon et al., 1988a, 1988b; Agéllon and Chen, 1986;
Johanson et al.,, 1989; Male et al., 1992, Devlin, 1993; Du et al., 1993; Forbes ét al.,.
1994; Baxter et al.,, 1996). Further, evidence from a genomic Southern blot u,sing a
probé from the conserved GH cdding region indicates that there are: oﬁly two GH
genes in Corégonus lavaretus, a German relative of lake and mountain whitefish (J.
Trautner, personal communication). Assuming that the ancestral GH genes diverged
before the subfamilies Coregoninae and Salmoninae and that the whitefish GH genes
are the result of a more recent duplication, the whitefish GHA and GHB should both
resemblé one of the salmonine isoforms more closely.” That fact that they do not
suggests that they are not the result of a rc;*cent duplication. It is possible that a more
ancient duplication occurred when the ance;tral GH paralogues were still very similar
to one another, but the passage of time since that event would have allowed
substantial accumulation of differences between GHA and GHB. This conflicts with the
relatively high degree of sequence identity observed in the intron sequences of these
genes. |

Although the DNA sequence analysis reveals patterns that argue against
GHA and GHB having resulted form an independent duplication event, there is
insufficient evidence to entirely discount the possible existence of more than two GH
genes in some salmonid lineages. For example, GH2 is known to have been
duplicated early in the history of Oncorhynchus (Du et aI.,'1993). Conserved PCR
primers from the foﬁrth and fifth exons of GH genes; designed to amplify across intron

D (Figure 3.1), recover two amplification products from whitefish, salmon, char and

trout (Figure 4.7). However, arctic grayling, which represents the salmonid subfamily
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Thymallinae, produced three amplification products. This suggests that there may be
at least three conserved GH genes in this lineage. The assertion that there are only

two GH genes in all salmonid lineages probably requires further investigation.

Toward a model for microsatellite evolution

A model fo explain the evolution of the (GATT), microsatellite locus in
Oncorhynchus GH2 is proposed in Chapter 4. This model seeks to explain the finding
that this locus is variable only within Oncorhynchus GH2. Although some sequence
differences exist between the GH1 and GH2 loci, no unique sequence element of the
locus or flanking regions can explaih why it has been amplified in GH2 of
Oncorhynchus, but not Salmo (Atlantic salmon and brown trout), Salvelinus (char), or
in GHA or B of Coregonus ‘and Prosopium (whitefish). Although the paralogous GH1
microsatellite locus in Onca‘fhynchus has contracted by one repeat unit, no variation
was observed within or among species. A simple replication slippage model with a
three-iteration minimum for variation can not satisfactorily explain why no variation was
observed in similar sequences from the GH genes of four other genera, all of which
also have three repeat units. The single known feature which distinguished
Oncorhynchus GH2 from all others is that it was involved in a chromosome
rearrangement early in its history (Du et al., 1993).

It has recently been demonstrated that a yeast microsatellite locus capable of
forming hairpin-loops is much more variable in a particular orientation with respect to

the direction of DNA replication (Freudenreich et al., 1997). | have proposed a similar

a model for evolution of the GH2 locus that is based on several assumptions: 1) GH2

t
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in Oncorhynchus has been inverted with respect to the direction of DNA replrication, ’
and to the orientation of h‘all other 'salmonid G}:I genes, 2) a hairpin loop formed at the
3' end of the GATT repeat is sufficiently stable to occasionally mediate replication
_slippage, resulting in the addition of one repeat unit, 3) a minimum of three repeaAts is

required for this to occur and 4) contraction of the locus occurs by a more general

-

-

“replication slippage mechanism, and reduction to two repeat iterations precludes

N\
\

further variation. \i

Although assumptions 3 and 4 are con§isteni with the observed sequence
variation, assumptions \1 and 2 are untested. Barring the abilitylto test these
assumptions, the model must remain conjectural. Knowledge of éalmonid k:aryology IS
not sufficiently detailed to evaluate the orientation of the GH2 locus, so direct
verification of dssumption 1 is not currently possible. However>, it is conceivable that
both assumptions could be tested in vitro. The region in question could be placed in
alternative orientations in a genetic 'construct, such as a yeast artificial chromosome,
and be tested for variability after passage through many generations in cultured yeast.
1f an orientation-dependent, hairpin-mediated slippage mechanism does apply, the

short life-span and concomitant high frequency of DNA replication could result in

variation in one orientation but not the other.

Application of DNA sequence data to fisheries research
Understanding the evolutionary relationships among salmonid species has
direct and indirect implications for conservation and fisheries genetics. A secondary

i N
motive existed for generating new DNA sequence data for the nuclear/GHZ gene. By

’
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obtairiing sequence information for all salmon and trout species that occur in British '
Columbia, it was possible to design a simple, PCR-bésed method of sﬁpécies
identification. Appendix 3 describes a series of experiments directed toward<this goal.
Although a descriptive report of this nature does not fall within the parameters defined
by the theme of this thesis, Appendix 3 is included té demonstrate the practical
application of information used in a mdre theoretical approach.

The work described in Appendix 3 also served to address a theoretical
consideration raised in chapter two, namely the effect of intraépeciﬁc variation on
phylogenies inferred from individual species representatives. Delefions are important
source of variation in GH introns}‘(Devlin, 1993). Intron D, the subjecf of much of this
thesis, is particularly vari;able in this regard (McKay et al., 1996). With the possible
éxception of chum salmon, the evaluation of representatives of several populations for
each Onéorhynchus species described in Appendix 3 demonstrated that no detectable

changes in intron size or restriction sites are present in the GH2 gene of any of the

species used in this thesis.

Py

ncorhynchus Phylogeny: Where to go from here?

The economic and recreational importance of salmon and trout species mgkes
them a much loved, and consequently much studied group of fish. Apart from the
intellectual appeal of solving long-standing problems regarding their taxonomy and
nomenclature, there are modern issues that render an understanding of evolutionary

relationships among these fish more than just an academic question. Although the

B

= .

focus of the phylogenetic analysis described in this thesis is more on the genus and

species levels, it bears at least indirectly upon challenges facing the increasingly

96



manéged salmon and trout-populations.” Knowledge about the nature and relationships
of species lays the foundation for the emerging field of conservation genetics; a field

whose robust growth is inversely correlated to the health of endangered étocks.

~,

AN
« 4 . ~ .
The synthetic treatment of salmon phylogeny described in Chapter 2 provides

-good evidence that pink and chum salmon clade is monophyletic', which has been the
source of disagreement in the past. Other e,lements of the total evidence"tree, such as
the monophyl;/ of all Nortﬁ American pacific saimon group and the (rainbow, cutthroat)
clade aré convincing given the phylogenetic consensus in these areas. A certain
measure of caution must be used in accepting the relative branching order of the
Asiatic salmon and Pacific trout groups (nodes 1 and 2 in the total evidence tree). A |
previous total evidence analysis using less mitochondrial DNA sequence (McKay et al.,
1996) found the positions of nodes 1 and two to be reversed, which agreed with the
phylogenetic consensus at that time.

Since the speciation events that created these nodes were estimated to have
occurred at or about the same time (Figure 2.7), the résolution of their exact order may
require further analysis. Considering only sequences represented in all nine taxa, the
majority of the data are from the mitochondrial genome. If there were a bias imposed
by the preponderance of one data type, then the statistical support provided by the
analysis presented herey could be a reflection of the mitochondriat genome tree, which
could differ from the species tree. If the true mitochondrial ‘and nuclear trees agree
with each other and the actual phylogeny of Oncorhynchus, then inclusion of more

nuclear DNA sequence data in a combined analysis would only serve to increase the

confidence in the conclusions regarding the order of the first two nodes. If the true

97



Kl

nuclear and mitochondrial trees were to disagree, an expanded nuclear component of
the combined data set would cause a reduction in support for the basal branching
order inferred in this study, in which case a basal tritomy in the tree would likgly better

reflect evolutionary reality.
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Appendix 1

Aligned DNA sequence of complete the GH2 genes used in phylogenetic analysis
.(Chapter 2). The chinook and masu sequences were generated in this study. Dots (.)
indicate identical sequence. Alignment gaps are indicated by (-). Exon sequences are
shaded.
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Appendix 2

The likelihood values of nine alternative trees (Figure 2.6) were compared using
DNAML in the PHYLIP package (Felsenstein, 1993). The model for DNA sequence
evolution used by this program is outlined in Felsenstein (1991) and updated as
described in the program documentation. DNAML calculates the likelihood of
recovering the observed sequence data given a particular tree under the above model.
Statistical significance of differences in observed Ln likelihood values were determined
using the method of Kishino and Hasegawa (1989), which is included in the DNAML
program. The values in tables A.2.1 to A.2.6 were- calculated using single gene
sequence data sets. The values in tables A.2.7 to A.2.15 were calculated using all
available sequence data (5353 aligned nucleotide positions).minus the single-gene
data set shown in the table caption.

Table A.2.1. GH2

Tree Ln L Diff. Ln L St. Dev. Significantly worse?

1 -4970.00240 <------ best

2 -4975.32670 -5.32431 8.0300 No
3 -4971.08712 -1.08472 10.0621 ‘No
4 -4997.83946 ~27.83706 12.6139 Yes
5 -5043.37331 -73.37091 19.9136 : ‘Yes
6 -4988.28324 -18.28084 10.2720 No
7 --4993.46700 -23.46460 12.9485 No
8 -4989.31460 ~-19.31221 14.2748 No
9 -4979.85456 -9.85217 7.6029 No

Table A.2.2. ATPase 6

Tree In L Diff. Ln L St. Dev. Significantly worse?
1 -2366.30976 -4.81858 4.2000 No

2 -2372.25154 -10.76036 10.9861 No

3 -2361.49118 <------ best

4 -2419.03369 -57.54251 16.0198 Yes

5 -2403.22411 -41.73293 15.2012 Yes

6 -2409.06213 -47.57094 14.3446 Yes

7 -2414.07721 -52.58603 17.3783 Yes

8 -2404.65541 -43.16423 13.9448 Yes

9 -2376.20302 -14.71184 8.4625 No

k3
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Table A.2.3. COIll
Tree Ln L Diff. Ln St. Dev. Significantly worse?
1 -2426.16055 <=—~--- best
2 -2434.53419 -8.37363 8.7410 No
3 -2430.36009 -4.19953 7.5817 No
4 -2484.29664 -58.13608 16.6239 Yes
5 -2469.79229 -43.63173 18.9724 Yes
6 -2474.02125 -47.86070 13.9713 Yes
7 -2479.58406 -53.42350 15.8286 Yes
8 -2480.53054 -54.36998 15.6351 Yes
9 -2437.80383 -11.64327 9.3843 No
I
Table A.2.4. ND3
Tree Ln L Diff. Ln St. Dev. Significantly worse?
1 -1322.36086 <-=----- best
2 =1333.89755 -11.53669 7.4901 No
3 -1325.77232 ~-3.4114¢6 3.4611 No
4 -1340.04917 -17.68831 9.2069 No
5 =-1358.067170 -36.31084 12.5743 Yes
6 -1323.39763 -1.03677 6.2652 No
7 -1334.58901 -12.22815 9.7421 No
8 —132&. 37471 -5.01385 7.3258 No
9 -133AMN09831 -14.73745 ©6.9954 Yes
Table A.2.5. ND4L
Tree  Ln L Diff. Ln St. Dev. Significantly worse?
1 -682.43950 -5.03112 12.3819 No
2 -684.09193 -6.68355 12.3260 No
3 -082.54642 -5.13804 12.3871 No
4 -686.19697 -8.78859 10.2559 . No
5 -677.40838 <------ best :
6 -686.29482 -8.88644 13.30006 No .
7 -687.01318 -9.60480 13.8776 No
8 -686.060760 -9.19922 13.2406 «~No
9 -682.08091 -4.67253 0 9.4370 No
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Table A.2.6. D-LOOP

&

Tree Ln L Diff. Ln.L St. Dev. Significantly worse?
1 -2443.52970 -21.85309 11.9651 7 “No
2+ -2443.91730 -22.24069 12.1941 ’ .No
3 -2441.32531 -19.64870 12.2422 No
4 -2421.67661 <------ best
5 -2474.80448 -53.12787 19.2472 Yes:

B 6 -2433.34927 -11.67266 7.8293 No

77 -2433.78125° -12.10464. 8.1971 No
'8 -2430.93818 -9.26157 - 8.1419 No
9 -2430.59999 -8.92338 8.8844 No

Table A.2.7. All sequence data

Tree & Ln L Diff. Ln L St. Dev. Significantly worse?

1 -14479.80932 <------ best

2 -14519.31149 -39.50218 17.5540 Yes

3 -14482.16984 -2.36052 12.6675 No

4 -14623.71178 -143.90247 30.8342 Yes

5 -14699.15303 -219.34371 37.4617 Yes

‘6 -14587.05359 -107.24428 24.9784 Yes

7 -14617.10367 -137.29435 30.1926 Yes

8 -14590.95513 -111.14581 28.0379 Yes

9 -14517.48240 -37.67308 18.2557 Yes

Table A.2.8. NO GH2

Trea Ln L Diff. Ln L St. Dev. Significantly worse?

1 -9350.11367 <--—--- best

2 -9382.28412 -32.17044 14.8654 Yes

3 -9350.85508 -0.74141 8.7843 No

4 -9467.70778 -117.59411 27.5403 Yes

5 -9497.04755 -146.93387 31.6405 Yes

6 -9440.48838  -90.37471 22.5928 ' Yes

7 -9462.45583 -112.34216 26.7657 Yes

8 -9442.72818 -92.01451 24.3597 Yes

9 -9378.14807 -28.03440 15.7210 No
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Table A.2.9. NO ATPase 6

Tree Ln L Diff. Ln L St. Dev. Significantly worse?
1 -12035.79024 <-~---- best

2 -12066.43085 -30.64061 15.2897 Yes

3 -12047.71217 -11.92192 12.6072 . No

4 -12127.52866 -91.73842 26.0264 "~ Yes

5 -12220.64862 -184.85838 35.5799 Yes

6 .-™097.70315 -61.81291 20.2069 Yes

7 -12122.34051 -86.55027 25.0855 Yes

8 -12110.23154 -74.44130 23.7444 Yes

9 -12064.65105 -28.86081 16.4705 No

Table A.2.10. No COlll

Tree Ln L Diff. Ln L St. Dev. Significantly worse?
1 -12027.86452 -2.72755 10.3794 No

2 -12058.16079 -33.02382 16.3993 Yes

3 -12025.13697 <------ best

4 -12112.02514 -86.88817 26.2210 Yes

5 -12202.94958 -177.81261 33.6467 Yes

6 -12084.61744 -59.48047 23.4200 Yes

7 -12109.79220 -84.65523 26.5662 Yes

8 -12083.02954 -57.89258 21.2838 Yes

9 -12054.14558 -29.00861 15.9431 No

Table A.2.11. No ND3

Tree ILn L Diff. Ln L St. Dev. Significantly worse?
1 -13105.54687 -4.43103 12.4789 No

2 ~13131.40725 -30.29141 17.1265 . No

3 -13101.11584 <------ best

4 -13225.07463 -123.93879 29.8194 Yes

5 -13283.95383 -182.83799 36.1895 Yes

6 -13211.41198 -110.29613 27.3782 Yes

7 -13228.25562 -127.1397 29.6801 Yes

8 -13208.16819 -107.05235 25.0054 Yes

9 -13122.68126 -21.56541 16.8588 No
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Table A.2.12. No ND4L : 3

}
Tree Ln L Diff. Ln L St. Dev. Significantly'worse?
1 -13787.18067 <------ best ‘
2 -13823.65629 -36.47563 17.2414 Yes ¥
3 -13789.62273 -2.44207 12.7688 ‘ No
4 -13925.49110 -138.31043 30.0640 Yes
5 -14010.70990 -223.5292% 35.7123 Yes
6 -13888.76655 -101.58588 24.5630 Yes
7 -13917.43026 -130.24959 . 29.6462 Yes
8 -13892.01972 -104.83905 27.6948 Yes
9 -13825.40702 -38.22636 17.4673 Yes
Table A.2.13. No D-loop
N Tree Ln L Diff. Ln L St. Dev. Significantly worse?
1 -12009.31094 <------ best
2 -12048.51372  -39.20278 17.6374 Yes
3 -12013.60570 -4.29476 12.0598 No
4 -12176.87493 -167.56399 ©29.1518 Yes
5 -12198.03337 -188.72243 34.3201 Yes
6 -12040.74636 -31.43542 12.4009- Yes
7 -12129.04076 -119.72982 23.8460 Yes
8 -12160.20491 -150.833¢7 29.3679 Yes
9 -12136.06227 -126.75133 26.7448 Yes
10 -12057.89885 -48.58791 17.1282 Yes
Table A.2.14. No D-loop or ND4L
Tree Ln L Diff. Ln L St. Dev. Significantly worse?
1 -11318.53461 <------ best
2 -11354.55376 -36.01915 17.3106 Yes , .
3 -11322.83141 -4.29680 - 12.1643 i No
4 -11480.44767 -161.91306 28.3251 Yes
5 -11510.38903 -191.85442 32.6518 Yes
6 -11432.77311 -114.23850 23.3644 Yes
7 -11462.42439 -143.88978 28.17722 . Yes
8 -11439.03040 -120.49579 26.3384 Yes
9 -11367.20424 -48.66963 16.2930 Yes
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Appendix 3

Polymerase chain reaction-based species identification of salmon
and coastal trout in British Columbia.

Abstract:

The west coast of North America has seven native species of anadromous salmon and
trout (Oncorhynchus’spp.), introduced brown trout (Sa/mo trutta), and low numbers of
Atlaritic salmon (S. salar) that have presumably escaped from fish farms. Species
identification based on morphology of intact juvenile or adult specimens is not usually
difficult, but in cases where only anonymous tissue samples, larvae, or suspected
hybrids are examined, molecular methods of identification are often required. Current
molecular species identification techniques involve electrophoresis of proteins, and
restriction mapping or sequence analysis of mitochondrial or genomic DNA. Here, the
development of a new, DNA-based Epecies identification method using the polymerase
chain reaction to amplify a portion of the growth hormone type-2 gene is described. No
intraspecific variation was detected when this species identification method for
Oncorhynchus and Salmo speciés was tested on representatives of 31 different
populations collected from 19 locations on the west coast of North America. The test
was also applied to anonymous samples, interspecific hybrids, suspected feral Atlantic
salmon larvae, and to commercially prepared fresh, previously frozen, and smoked fish

samples.
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Introduction:

The genus Oncorhynchus is believed to have arisen from a common ancestor
‘that divefged from the Atlantic salmon lineage 18-20 million yéars ago (Devlin, 1993;
McKay et al., 1996; Figure A.3.1). On the Pacific coast of North America,
Oncorhynchus is represented by native populations of chinook (O. tshawytscha), coho
(O. kisutch), sockeye/kokanee (O. nerka), pink (O. gorbuscha) and chum (O. keta)
salmon, and has recently been expanded to include steelhead/rainbow (O. mykiss)/and
cutthroat trout (O. clarki) (Smith and Stearley, 1989; Stearley and Smith, 1993). Masu

(0. masou) and amago (O. rhodurus) salmon do not occur outside of Asia. The more

distantly related Salmo species are not native to Pacific drainages.

Pink
-Chum
-Sockeye

I:Chinook i

Coho
Rainbow

‘{‘ l: Cutthroat

Masu .
Atlantic

Figure A.3.1 Evolutionary relationships among Pacific salmon
and trout. The phylogenetic tree was inferred using total
evidence cladistic analysis of a number of morphologicai and
molecular character sets (Chapter 2). ‘

Introduced brown trout (Salmo trutta) have become established in some British
Columbia water systems, but early attempts to establish Atlantic salmon (Salmo salar)

in local rivers faiied (McKinnel et al., 1996). Thousands of Atlantic salmon escape
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yearly -from dam'aged sea pens but have yet to es't.ablish feral populations, suggesting
that the species is not well suited to life in tﬁe Northern Pacific basin. Although there is
ample evidence that domesticated salmonids tend to be less successful when i direct
competition with their wiid counterparts (Bams, 1976; Reisenbirchler and Macintyre,
1977; Fraser, 1981; Mac‘:Lean et al., 1981; Chilcote et al., 1986; Skaala et al. 1990;
1991), the perceived threat of the establishment of Atlantic salmon in local rivers
persists (for a thorough discussion of this subject, see RAcKinneI et al., 1996).

Each of the anadromous salmon and trout species has clear morphological,
meristic, and behavioral characters that norméllll make species identification of intact
‘adult or juvenile specimens relatively straightforward (Carl et al., 1977; Scott and
Crossman, 1973; McPhail and Carveth, 1993). However, circumstances sometimes
arise where a clear ide:ntiﬁcation‘ is not always possible: larvae, anonymous orv
processed tissue samples and exceptional individuals, such as interspecific hybrids,
are less amenable to easy identification (Wilkins et al., 1994). In such cases, tests
based upon molecular rather than macroscopic characters can be employed.

In fish, molecular species identification has been carried out by detecting protein
variation with starch gel electrophoresis, peptide mapping of the myosin heavy chain
(Rehbein, 1992), liquid chromatography or high performance liquid chromatography
(Osman, et al., 1987; Armstrong et al., 1992) and isoelectric focusing of water-soluble
sarcoplasmic proteins (Lundstrom, 1979;1983; Durand and Landrein, 1982; Neti and
Rehbein, 1988; Rehbein, 1990; Rehbein et al., 1995). DNA-based analyses, such as
PCR (Polymerase Chain Reaction)-single stranded conformational polymorphism

(Hara et al., 1994), random amplified ponTorphic DNA (RAPD) analysis (Bardakci and
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Skibinski, 1994), and DNA seduence or restriction enzyme site analysis of
mitochondrial (Bartlett and Davidson, 1991; Woodley et al., 1994) and nuclear loci
(Silberman and Walsh, 1992) also have been used. In Pacific salmon and trout, DNA-
based species identification has peen accomplished by Southern or PCR analysis of
nuclear growth hormone and insulin-like growth factor genes (R.H. Devlin,
unpublished; Wallis and Devlin, 1993) and Atlantic and brown trout and their hybrids
have been studied by DNA sequence analysis of mitochondriai loci (McGowan and
Davidson, 1992: Youngson et al., 1992, Pendas et al., 1995). For most Oncorhynchus
species and Atlantic salmon, DNA sequence or restriction site data are available for
the mitochondrial D-loop (Shedlock et al., 1992), mitochondrial NADH Dehydrogenase
Subunit 3 (ND3) and nuclear growth hormone type-2 (GH2) genes (McKay et al.,
1996), SINE repeat elements (Murata et al., 1993; Takasaki et al., 1994), and nuclear
ribosomal DNA (Phillips et al., 1992). However, the applicability of these methods for
species diagnosis has not been testéd for most salmonid species.

Thi: paper describes the development and application of a molecular species
identiﬁcafion method designed to distinguish all native and exotic anadromous salmon
and trout species from the west coast of North Ameriga. The test, based on PCR
technology (Saiki et al., 1988), is designed to improve the ease of specigs
identification, and to éX'pand the range of species and sample types that can be

analyzed.

Material and Methods:

Sample collection

Liver or fin tissue was collected from wild or native, hatchery-reared fish from 19
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different locations in coastal north America (Figure A.3.2; Tz;ble A.3;.1): with the
exception of the New Zealand domestic chinook salmon, whi.ch are derived from a
Sacramento River strain transported there in 1905. Upon collection in the ﬂeId,A tissue
samples were placed on dry ice or in 70% ethanol. .In qddition, commercial fish
products’ (origin of fish unknown) representing all species examined in this study
except cutthroat trout were purchased from retailers in the Vancouver, Canada area.
Fresh, previously frozen and smoked fish samples purchased at retail séafood outlets
were transported to the Iaborétory at ambient temperature in the original packaging.
For long-term storage, all tissue samples were either stored in 70% ethanol at ambient

temperature or frozen at -80°C.

DNA preparation and PCR amplification of DNA samples

DNA extraction was performed by Proteinase K digestion and organic extraction
as described (Devlin et al., 1991). DNA quantity was estimated using a Hoeffer DNA
Flourometer and/or Agarose-gel electrophoresis with Ethidium Bromide staining. PCR
primers were designed to amplify a portion of the type-2 salmon growth hormone gene

(GH2) containing all (fgr Pacific salmon/trout) or a portion (for Atlantic salmon) of the

o

=5

fourth intron and ’ﬂfth exon (Figure A.3.xA). The primers GHS7 (5'-
TGCTCATCAAGGTAATGGTCA-3') and GH58 (5'-TGTTTTTGCATGTACTATTTG-3))
were designed based on the aligned DNA sequence of GH2 from Atlantic salmon and
all anadromous Pacific salmon and trout occurring in British Columbia (McKay et al.,

1996 and references therein). GH7 (5’-CTTATGCATGTCCTTCTTGAA-3’)’was
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Table A.3.1.

Populations tested in this study. Except where indicated, two individuals

were sampled from each location and place names refer to rivers.

Species

Sampling location

sockeye/kokanee (O. nerka)

chum (O. keta)

pink (O. gorbuscha)

chinoock (O. tshawytscha)

coho (O. kisutch)

rainbow/steelhead (O. mykiss)
coastal cutthroat (0. clarki)

Atlantic (S. salar)

Henderson Lake, Weaver Creek, Williston Lake

Big Qualicum, Chilliwack (1), Inch Creek (1),
Nitinat lake(l), Snootli, Weaver Creek

Puntledge, Weaver Creek, Henderson Lake

Big Qualicum, Chilliwack, Chehalis, Coquitlam,
Nimpkish, Puntledge, Quinsam, Sacremento+

Big Qualicum, Capilano, Chilliwack, Inch Creek (1),
Skeena, Alsea* (1)

Abbotsford Trout Hatchery, Chilliwack, Pennask lake
Chehalis, Fraser, Taylor, Upper Quinsam

Domestic (McConnel strain)

+California, via transplanted New Zealand stock, *Oregon
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Figure A.3.2. Canada's West Coast. Numbers represent sampling locations: 1)
Skeena River, 2) Snootli River, 3) Nimpkish River, 4) Quinsam River, 5) Puntledge
River, 6) Taylor River, 7) Big Qualicum River, 8) Henderson Lake, 9) Nitinat Lake, 10)
Capilano River, 11) Fraser River, 12) Inch Creek, 13) Chehalis River, 14) Weaver
Creek, 15) Chilliwack River, 16) Pennask lake, 17) Williston Lake. Samples were also
taken from the Alsea (Oregon) and Sacramento (California) rivers (not shown on map).
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designed based on the aligned sequences of the sockeye salmon GH1 and GH2
genes (Devlin, 1993). GH 57 spans the 5’ boundary of the’fourth intron, GH58 is near
the 5’ end of;he same intron, and GH7 anneals to a site within the fifth exon,
immediately déwnstream of the fourth intron. The combinations of GH57/7 and
GH58/7 §pecifica|ly amplify a GH2 fragment from Pacific salmon/trout and Atlantfc
.
salmon, respectively, and produce no amplification -product for brown trout. For
samples of unknown identity, all three primers were used together. Typically, PCR
reactions were performed in 50-100 pl volumes, with 6 ng/ul template DNA, 1X PCR
Buffer (éethesda Research Laboratories-Life Technologies), 0.2 mM of each of the
four deoxynucleotide—tri-phospﬁates, 1.5 mM MgCI%, 0.5 pmol/ul of each primer, 0.025
/U/pl of Tag DNA Polymerase (BRL-Life Technologies). Reactions were carried out in
thin walled 200 pul tubes (ABI-Perkin Elmer or Fisher Scientific) for 5 cycles of 30s at
95°C, 30s at 58°C, and 60s at 72°C, then 25 cycles of 30s at 95°C, 30s at 55°C, and
60s at 72°C in an MJ-Research “DNA Engine” Twin-Block thermal cycler using a
heated lid with no mineral oil overlay. The initial five cycles with a higher annealing
temperature were used to eliminate competing amplification products occasionally
observed when the reacti;ns were carried out at lower stringency. Occasionally, PCR
reactions were performed in thick-walled 600 pl tubes (Eppendorf) with a mineral oil
overlay using a Perkin-Elmer-Cetus 480 thermal cycler with the above incubations

times doubled. The' ND3 gene was PCR amplified and sequenced as described in

McKay et al. (1996).
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Restriction endonuclease digestion of PCR amplification prodtfcts

The expected length and restriction maps of PCR products (Table A.3.2) were
prédicted from GH2 sequences for each species (McKay et al., 1996 and references
therein) using the program PC\GENE (Intelligenetics, Mountainview, CA). PCR

products were digested with the restriction endonucleases Alul/ and Hpall »(BRL,-,VLi‘fé‘

<4

Technologies). In cases where pink and chum salmon samples were analyzed, a

Y

éeparate aliquot was also digested with HinFl. PCR products were digested by dilutiné’;
a 5-20 ul aliquot 4-fold in 1X REact 1 or REact 2 Buffer (BRL) with 1-5 U of each
restriction e‘nzyme, and incubating at least two hours at 37°C. Digestion products were
electrophoresed using 1XTBE (89 mM Tris, 89 mM Boric Acid, 1 mM EDTA) running

buffer and 2.5% (Alul/Hpall) or 4% (Hinfl) MetaPhor Agarose (FMC Biochemicals).

Results Qa‘md Discussion:

A molecular test for species jdentiﬁcation:

For molecular species identification, the need for relatively large amounts of
high-quality starting material or certain types of tissue can be a limitation in situations
where appropriate collection or storage is not possible. To avoid these problems, PCR
was used to amplify minute quantities of DNA extracted from a variety of tissue types.
The use of PCR analysis coupled with agarose gel electrophoresis is a relatively
simple approach that can be carried out with a minimum of equipment. A nuclear,
rather than a mitochondrial, gene was chosen for amplification due to the higher

degree of variation observed in mitochondrial genomes (Brown et al., 1979) and
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Table A.3.2. GH 57/58 and 7 PCR-amplification products and predicted fragments
resulting from restriction endonuclease digestion™.

Restriction sites

Species PCR product HpaIl Alul Digestion Products
(nt) (nt)

sockeye/kokanee 1122 - 2 467, 437, 218
chum 1019 - 2 439, 361, 219
pink 1007 - 2 428, 361, 218
chinook 1266 1 2 619, 352, 218, 77
coho 1243 1 2 813, 221, 131, 78
rainbow/steelhead 1273 - 2 618, 437, 218
coastal cutthroat 10066 1 1 629, 360, 77
Atlantic salmon 1064 1 2 619, 250, 117, 78

\
*Based on the GH2 DNA sequentes reported by McKay et al. (1996)
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Figure A.3.3. Species-specific profiles generated by amplification of a portion of the
GH2 locus. A) Unrestricted GH57/7 PCR products. Lane 1) chinook, 2) coho, 3)
sockeye, 4) pink, 5) chum, 6) rainbow, 7) cutthroat, M BRL 1 kb molecular size marker
B) Alul/Hpall-digested GH57/7 and 58/7 PCR products. Lane M) BRL 1 kb molécular
size marker, 1) Atlantic, 2) chinook, 3) coho, 4) sockeye, 5) pink, 6) chum, 7) rainbow,
8) cutthroat C) diagnostic bands: Hinfl-digested GH57/7 PCR products. Lane 1) pink,
2) chum, M) BRL 1 kb molecular size marker.
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. H
because nuclear Ioicil can be used to.identify hybrids. The higher variability in
mitochondrial DNA makes it more useful for the study of allopatric or. sympatric
populati,ons‘ at an infraspecific level (e.g. Birt et al., 1991; Cronin et al., 1993; Park et

al., 1993; Ward et al., 1994; Bickham et al., 1995). In this study, primers based on the

GH2 séquences of 11 salmon and trout species (McKay et al., 1996 and references -

therein) were used to amplify of a portion of the GH2 gene from Paqiﬂc sélmon and
trout as well as Atlantic salmon DNA. DNA sequéqce consér;/ation in this gene is high
enough fo allow ampliﬁcatio'n with the same primer sef for all species within
Oncorhynchus,’ but variation in the sequence is sufﬁcier)t’ to produce easily detectable
differences am01ng indivi‘dual species. |

A major trend in the evolution of the GHZ locus is a reduction ih overail size by
deletion events in the non-coding intron sequences (Devlin, 1993). Certain species,
particularly masu, pink and chum galmon, have lost rﬁuch of the four‘(h,,intron (McKay
et al., 1996). Differing patter}ts of inserjtion or deletjon‘ events result in three size
categories of PCR ampli%ication products containing this intron (Taple A 3.2, Figure
A.3.3A). The combination of ‘primers‘GH57, 58 ar::c; 7 produces an arﬁbliﬂcation
>product from the DNA of all anadromous salmonids of the west doast except brown
trout. Amptification products of the primer combination!GH57/7 vary from 1007-1273 nt
in length, with chinook, coho and steelhead/rainbow all having larger products of
similar size, sockeye and coastal cutthroat intermediatg, and pink and chum forming
the smallest size category. GH57 does not proc{uce an am;lification product from

Atlantic salmon but the GH58/7 produces an amplification product specific to this

species. Neither GH57 nor GH58 produced an amplification product from the DNA of
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individuals sampled from the British :Columbia strain of introduced brown trout tested in
this study; the presence of ampliﬁable DNA in the sample was verified with the primer
pair G.H30 (McKay et al., 1996) and GH7, which a}mpliﬁes the same gene fragment
plus the entire fourth exon from both GH loci in all Oncorhynchus, Sa/mo,» z;md
Sa/\)e/inus species tested (not shown). By high resolution electrophoresis of the PCR
hproducts, it is possible to distinguish between products of similar sizes, except for
coastal cutthrdat and Atléntic salmon. The sm;allf size differences between some
species renders direct 'cor;wparison of product mobility on the same agarose gel a
necessity, and this becomes quite laborious for large numbers of samples or in cases
where no a prori information on the species of the sample (expected size of
amplification product) is available. In order to reduce ambiguity and further meet the
criterion of improved ease of species identification, an additional step was added to the
analysis. |

There are two Alul and one Hpall restriction endonuclease sites in the
consensus sequence of the predicted amplification products. When the products are
digested with both of these enzymes, the resulting fragments vary considerably in size
and number due to deletions and nucleotide substitutions affecting the restriction sites
(Table A.3.2; Figure A.3.3B). For example, the Hpall site (CCGG) is destroyed by
single transitional sui)stitutions in steelhead/rainbow trout (G- ~A, position 4) and In
sockeye, pink, and chum salmon (C->T, position 2). One of the Alul sites is
completely deleted in coastal cutthroat trout and coho salmon. Thus, the number and
size of bands observed using agarose gel electrophoresis of restriction enzyme-

digested GH57/58/7 amplification products form profiles unique to each species. The
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profiles are sufficiently different to allow unambiguous identification in most cases
without direct, side-by-side compa;ison to reference standards run on the same gel.
The pink and chum GH2 DNA sequences are very closely related (McKay et al.,
1996), and their profiles on}y differ by 11 nt and 1 nt in the top and bottom bands,
respectively’ (Table A.3.2; Figure A.3.3B). Although the size difference in the top band
is resolvable with agarose gel electrophoresis, direct comparison among samples run
on the same gel is necessary to unambiguously distinguish between these two species
when Alul and Hpall argﬁ used (see hybrid analysis below and Figure A.3.4). This can
be accomplished by re-running suspected pink or chum samples adjacent to known
standards, or, alternatively, by digesting tr;e suspected pink or chum amplification
products with Hinfl. This enzyme produces aaclear distinction between pink and chum
samples by producing diagnostic bands in the 130-140 nucleotide size range that are
easily distinguished with a high-resolution agarose gel (Figure A.3.3C). The species
identification method requires only minimal quantities of starting material and can be

performed rapidly, usually in a single long day or over two days without difficulty.

Intraspecific variation in GH2 sequences

Intraspecific size or sequence differences in the portion of GH2 used in thifsn
study could potentially pose a problem by affecting diagnostic species profiles.
Sequence changes could destroy or create restriction sites, or change the size of
restriction fragments. The GH2 intron examined in this study does not appear to be
evolving very quickly in terms of sequence composition, but does tend to accumulate

insertions and deletion, detected by aligning the sequences of different species. There
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is some evidence that a large deletion observed in the fourth intron of coastal cutthroat
GH2 is recently acquired (McKay et al., 1996). Sequences obtained fram the same
locus in two inland races of O. clarki, \;vestslope and Yellowstone cutthroat, lack this
deletion and have an overall structure similar to the rainbow trout GH2 (Blackhall,
1994). Although, their banding pattern would differ from that of coastal cutthroat, the
Hpall site absent from rainbow trout is present in the inland cutthroat races, which
would make it possible to resolve them. However, these stocks are not anadromous
and do not occur in coastal river systems.

Although the chum salmon sampled in this study had identical profiles, and the
predicted digestion products for Alul/Hpall digestion did not differ in size from those
observed, the chum GH2 (Shen et al.,, 1993 unpublished Genbank submission)
sequence used in McKay et al. (1996) did not predict the actual Hinfl restriction pattern
for this species. Based on the observed fragment sizes, a site lost by a G->A transition
in the chum sampled by Shen et al. (1993) is intact in ali of the chum salmon
individuals tested in this study (Table A.3.2).

Two lines of evidence suggest that there is insufficient intraspecific variation in
the GH2 gene to confound this method among anadromous salmonid stocks in
western Canada: 1) A total of 31 populations were sampled from 19 locations ranging
from Northern British Columbia as far south as Northern California (Figure A.3.2; Table
A.3.1). No intraspecific variation was observed between sampled individuals of any of
the seven indigenous Pacific salmon and trout species tested. Between three and
eight populations were sampled for each species (Table A.3.1). Coho, sockeye and

kokanee (landlocked sockeye) samples were taken from either side of a North/South
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phylogeograph,ic break, presumably resulting from recolonization from the northern
Beringia and southern Columbia refugia at the end of the most recent glaciation
(Lindsey and McPhail, 1986; McPhail and Lindsey, 1970;1986), observed in
populations of many Northern Pacific marine faima (Bickham et al., 1995; Gharret et
al., 1987; Wilson et al., 1987; Cronin et al., 1993; Burg, pers. comm.; Arndt, pers.
comm.). 2) Allopatric subspecies of both O. nerka and O. mykiss show no detectable
variation in diagnostic species profiles. Anadromous sockeye and steelhead
populati\ons were compared to kokanee and rainbow populations located as far inland
in Wil'liston and Pennask lakes, réspectively (Figure A.3.2). These populations have
likely been reproductively isolated for a considerable period. Assuming that these lakes
were reinvaded by land-locked forms shortly after the end of the last glaciation, they

%

may have been isolated as long as 10,000 years.

Application of the species identification strategy to énalysis of interspecific
hybrids and unknown wild fish.

The species identification test has also been applied to address local fisheries
management issues. Repeated sightings of escaped Atlantic salmon in-coastal waters
and river systems have caused some concerns that local salmon stocks could be
endangered (McKinnel et-al., 1996). Suspected feral Atlantic salmon larvae recovered
from the location of one such sighting were found to be chinook salmon when tested
with our method.

In cases where entire fish specimens are available, species-identification based

on gross morphology and coloration is usually possible. Hybridization between
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sympatric salmonid species may render identification less clear-cut, as morphological
and meristic characters may be characteristic of one or the other parent, or may be
intermediate between the two (Wilkins et al.,, 1994). Numerous cases of interspecific
and intergeneric hybridization have been observed between members of the subfamily
Salmoninae. For an extensive bibliography of hybrid studies, see Dangel et al., 1973,;
Chevassus, 1979; 1983. We have examined some experimental hybrids produced
under hatchery conditions to determine whether the test described above could resolve
the identity of both parent species. Chinook/coho, chinook/sockeye, and pink/chum
hybrids were all tested, and in each case showed diagnostic bands from both parent
species (Figure.A.3.4), demonstrating that this test is suitable for hybrid identification.
In order to attempt to identify species in cases where the sample origin was not
immediately obvious, the method was tested on commercially processed samples.
Seven fresh, two previously frozen and six smoked fish samples were purchased at
various locations in the Vancouver, Car_1ada area. In most cases, the species was
clearly identified on the packaging. The species of all the fresh and previously frozen,
as well as three of the smoked samples were successfully identified. Some of the
smoked salmon samples yielded degraded DNA. In our hands, it was not possible to
amplify the GH2 fragment used in this study from these éamples. Of the successfully
tested samples, all but one were confirmed as the species indicated on the label or at
rthe vendors’ establishment. One of the smoked salmon samples labeled as sockeye

PESSY

was clearly identified as chum salmon by our test.

b
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Figure A.3.4. Species analysis of experimentally produced hybrids. Lane 1) chinook,
2,3) chinook/coho hybrids, 4) coho, 5) chinook, 6,7) chinook/sockeye hybrids, 8)
sockeye, 9) pink, 10,11) pink/chum hybrids, 12) chum, M) BRL 1 kb molecular size
marker. Note the tight doublet band present in the pink/chum hybrids (lanes 10, 11).
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Confirmation of species identification using mitochondrial DNA sequence
analysis

Sequencing of salmonid mitochondrial DNA fragments has been demonstrated
as an alternative approach to species identification (Bartlett and Davidson, 1991). This
approach has not heretofore been widely applied to all the species represented in this
study, but could be used as an alternative means of species identification (when:it is
not possible to obtain good-quality nuclear DNA). DNA sequences from the
mitochondrial control region (Shedlock et al., 1992) and the ND3 gene (McKay et al.,
1996) have been reported for most of the species examined in this studyf ““Some
analysis of intraspecific variation of ihe mitochondrial contro! region in chum salmon
(Park et al., 1993) and a portion of the mitochondrial genome containing ND3 in
rainbow trout (Beckenbaéh et al., 1990) has also been pgen‘ormed, but neither locus
has yet been tested for intraspecific variatior in all anadromous salmonids. In this

study,

we used sequence from the ND3 gene to resolve a conflict regarding the identification
of trout samples. Each of the anadromous salmonid species examined in this study
has numerous unique nucleotide substitutions in the ND3 gene (Figure A.3.5).
Because the degree of intraspecific variation has not been fully characterized for all
species, it is not known whether the changes are diagnostic for a particular species,
‘but a close match with all or most of the variable sites of one species makes it possible
to identify the species of an unknown sample with reasonable certainty. For exarhple,

four liver samples received on the same date were indicated to be taken from coastal
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cutthroat. However, one of the samples produced a rainbow trout profile using the
PCR method, with no cutthroat trout bands present. To determine whether this
individual was actually a rainbow trout, the NDB gene (331 nt) was PCR amplified and
sequenced. The ND3 sequence obtained from the aberranf fish matched the rainbow
trout sequence at 19 of the 20 nucledtides that differ between rainbow and coastal
cutthroat trout (r;ot shown) including all of the unique sites shown in Figure A.3.5. The
only difference observed was a silent change in the third position of the stop codon.

In conjunction with the PCR species identification test results, such a close
match indicates that the fish in gquestion was a rainbow trout and that the hatchery
population from which these fish were sampled contained both rainbow and cutthroat
trout.

The DNA sequence of the ND3 gene of brown trout used in the comparison
described above can also be used to confirm identification of this species when no
amplification is observed with primers GH 57 or 58 and GH7. In contentious cases,
where samples are misidentified or an ambiguods result is observed, a combination of
the two approaches wouid be appropriate.

The development of a new, nuclear DNA-based species identification test has
increased the ease with which an unambiguous species identification of anonymous
tissue samples can be performed, and the ra'nge of species that it is possible to‘
identify. In addition to testing the samples listed in Table A.3.1, the use of this method
for identification of anonymous samples was evaluated in a blind test. Eleven
randomly selected DNA samples were provided by an individual not involved in this

study. These samples were processed as described in the materials and methods by
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one of the authors. The results were analyzed by MO individuals with no prior
knowledge of the sample origins. Each individual was able to identify all samples

correctly.

11111111111111222222333333333
1111246778901124566788899112579022333344
670278756587384738358203425696037017034628

sockeye CTGTCATCTAACCCCAACCATCCCCCGTTCGATTAAACTAAA

chum DAL TTG...CCT....AC.TA........ G..
pink LCAL LG .Gl a e CC..... ACC.A......... ..
chinook T A CC..... AC..A. ... .......
coho AL T CC....AAC..AG..........
rainbow T.AC. .o i CC...T.AC..A..... . G
cutthroat ..A............... TCC.T...AC..A......... G.
atlantcic ..A.T..GC..G....C..CC..T..ACA.A.C.GG..CT..
brown CALLLCLL L LATL L TLCCL L L ACG.A..C..GTC...

Figure A.3.5. Nucleotide positions in the NDé gene that show ap;omorphic (unigue)
substitutions in the eight anadromous salmonid species examined. Numbers refer to
nucleotide positions (1-351). Dots represent identity with the sockeye sequence.

The applicability of the test to widely separated North American stocks indicates
that the test shows promise for more giobal application. However, confirmation of
these results with particular populations of interest that do not fall within geographical
areas covered in this study is recommended before large-scale application. The use of
this method in the analysis of hybrids, commercial samples, and randomly selected
unknown samples has demonstrated the reliability of the test in a variety of contexts.

Potential applications for this test include forensics and fisheries enforcement, further

analysis of hybrids, and identification of embryas, alevins and fry.
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