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Mitochondrial DNA Variation in Gila Trout, Oncorhkynchus gilae:
Implications for Management of an Endangered Species

BrETT R. RIDDLE, DAVID L. PROPST, AND TERRY L. YATES

Gila trout (Oncorhynchus gilae) is an endangered species restricted to relictual
populations in the Gila and San Fransisco River drainages of southwestern New
Mexico. We employed nucleotide sequences from the mitochondrial DNA (mtDNA)
control region and restriction sites from the whole mtDNA genome, to assess pop-
ulation-level variation and phylogenetic status of trout samples from southwestern
New Mexico. Our results indicate existence of a diagnosable Gila trout mtDNA
lineage in four relictual populations from the Gila River and San Fransisco River
drainages. Results support recognition of Gila and Apache trouts as a distinct evo-
lutionarily significant unit. Further, populations in the Gila River drainage are con-
nected historically through metapopulation dynamics and should be treated as a
separate management unit relative to the San Fransisco River drainage.

ATIVE fishes of southwestern North Amer-

ica have become vulnerable to extinction

over the past century because of numerous fac-
tors, including introductions of nonnative spe-
cies that have led to extreme population frag-
mentation (Minckley and Deacon, 1991). Ge-
netic studies provide wildlife managers with
methods to infer genetic and demographic con-
sequences of historical introductions of nonna-
tive species on native species (Wayne and Jenks,
1991; Dowling and Childs, 1992; Dowling and
DeMarais, 1993). Even without problems asso-
ciated with nonnative introductions, manage-
ment decisions should be based on genetically
grounded evolutionarily significant units
(ESUs). Although amount and kinds of data
necessary to delineate separate ESUs are debat-
ed (Waples, 1991; Moritz et al., 1995), we agree
with Moritz et al. (1995) and place emphasis on
recognition of phylogeographically structured,
reciprocally monophyletic clades that likely re-
sult from a history of allopatric divergence
among populations. The concept of manage-
ment units (MUs; Moritz, 1994) differs from
ESUs in utilizing interpopulation distribution of
gene and allele frequencies to understand eco-
logically relevant processes such as metapopu-
lation structure and patterns of gene flow. Thus,
only statistically significant differences in mito-
chondrial or nuclear gene frequencies are nec-
essary for recognition of separate MUs (Moritz
et al.,, 1995). ESUs and MUs are complementary
and equally important perspectives from which
to consider conservation of native North Amer-
ican fishes. ESU delineation could provide a
sound basis for identification of populations
that should be afforded legal protection under
the US Endangered Species Act (ESA), whereas
subsequent delineation of MUs could provide

an operational basis for implementing manage-
ment and recovery plans for a specified ESU.

The Gila River drainage of Arizona and New
Mexico supports two native species in the genus
Oncorhynchus (Fig. 1): Apache trout, O. apache
(Miller, 1972) and Gila trout, O. gilae (Miller,
1950). The taxonomic and conservation history
of O. gilae were reviewed recently (Propst et al.,
1992). Widespread introduction of other spe-
cies of Oncorhynchus, especially rainbow trout, O.
mykiss, and subsequent hybridization among
rainbows and natives resulted in large-scale
losses of formerly widespread populations of O.
gilae. As a consequence, O. gilae was listed as en-
dangered in 1967 under the Endangered Spe-
cies Protection Act and afforded protection un-
der the New Mexico Wildlife Conservation Act
of 1974. Currently O. gilae is restricted to four
relictual populations in small first- and second-
order streams (Fig. 1) and to six replicated pop-
ulations (Propst et al., 1992).

Several studies have supported specific dis-
tinctiveness of O. gilae relative to other North
American Oncorhynchus (Beamish and Miller,
1977; Loudenslager et al., 1986; Dowling and
Childs, 1992). Miller (1950) proposed that O.
gilae was derived from an O. mykisstype ancestor
that had gained access to the lower Colorado
River and subsequently to the lower Gila River
during the late Pliocene or early Pleistocene.
Needham and Gard (1959) hypothesized that
O. gilae was derived from O. clarki (cutthroat
trout). Subsequently, Needham and Gard
(1964) proposed a hybrid origin (O. mykiss X O.
clarki), with subsequent divergence of O. gilae,
O. apache, O. chrysogaster (Mexican golden trout
of Pacific slope streams of the Sierra Madre,
Mexico), and O. aquabonita (golden trout of
Kern River basin, California). Loudenslager et
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Fig. 1. (A) Historic and current range of Gila (ver-
tical lines) and Apache trout (horizontal lines) in
New Mexico and Arizona. (B) Magnification of (A)
showing distribution of relictual populations of Gila
trout (1-5) and nonnative rainbow trout (6-9) in the
Gila and San Fransisco River drainges: 1 = Iron
Creek; 2 = McKenna Creek; 3 = Main Diamond
Creek; 4 = South Diamond Creek; 5 = Spruce Creek;
6 = Mineral Creek; 7 = Miller Spring Creek; 8 =
White Creek; 9 = Corral Canyon Creek.

al. (1986) used nuclear isozyme variation to
demonstrate close genetic similarity between O.
gilae and O. apache relative to O. mykiss, and an
affinity among these three species relative to O.
clarki. Dowling and Childs (1992) could not rep-
licate the isozyme differences between O. gilae
and O. apache reported by Loudenslager et al.
(1986) but did find diagnostic differences by us-
ing restriction fragment analysis of mtDNA in
O. apache and in exemplar specimens of O. clar-
ki, O. gilae, and O. mykiss.

In this study, we used nucleotide sequences
in the control region of mtDNA and restriction
site analysis of whole-genome mtDNA to further
characterize mtDNA of O. gilae relative to
mtDNA of O. apache, O. mykiss, and O. clarki. We
examined mtDNA diversity within and among
seven populations of Oncorhynchus from the Gila
River drainage (four representing relictual pop-
ulations of O. gilae), and two populations from
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the San Fransisco River drainage (one repre-
senting a relictual population of O. gilae). We
addressed the following questions: (1) are the
five relictual populations of O. gilae genetically
“pure” in mtDNA perspective, or have they
been contaminated by past introductions of
nonnative species? (2) can a discrete ESU, con-
sistent with the nominate species O. gilae, be
identified? and (3) at what geographic scale
should management of O. gilae populations be
conducted, i.e., as single or separate MUs?

MATERIALS AND METHODS

Sample sizes of species and populations ex-
amined are in Appendix 1 and Figure 1. DNA
was extracted from individuals by using one of
three methods. For most individuals, purified-
mtDNA was isolated from 0.5-1.5 gm of frozen
lateral muscle, liver, kidney, or heart tissue by
using CsCl-propidium-iodide gradient centrifu-
gation (Dowling et al., 1996). For other individ-
uals, total genomic DNA was isolated using ei-
ther a standard phenol-chloroform extraction
protocol (Hillis et al., 1996) or A.S.A.P. columns
and protocols (Boehringer-Mannheim Bio-
chemicals).

The complete control region of mtDNA was
PCR amplified in 100 L reactions by using
double-stranded PCR reaction conditions re-
ported for a previous study of variation in
mtDNA of Oncorhynchus (Bernatchez et al.,
1992). The light-strand primer was located in
proline tRNA (primer L19; Bernatchez et al,,
1992); the heavy-strand primer was in 12sRNA
(primer 12SB-H; Palumbi et al., 1991). About 45
kL of the PCR product was electrophoresed in
an agarose gel and visualized using ethidium
bromide. A gel slice containing the PCR frag-
ment was purified using Genclean (BIO 101)
kits. Eight wL of this product were used in DNA
sequencing reactions with either the L19 primer
or the S-phe primer (Nielsen et al., 1994) by
using a double-stranded “snap-freeze” protocol
(Palumbi et al., 1991) with Sequenase version
2.0 (US Biochemical). Sequence data for 45 in-
dividuals were generated for up to 377 base
pairs (bps) of the 5’ end (positions 1-377 num-
bered according to O. mykiss accession L29771
in GenBank) of the control region. For a rep-
resentative subset of 23 individuals, an addition-
al 170-196 base pairs of the 3’ end (positions
817-987) of the control region were examined
to increase potential number of variable char-
acters available for analyses and also to interpret
findings within the framework of known mt-
DNA control region sequence variation in west-
ern North American O. mykiss (Nielsen et al.,
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1994). Sequences are accessioned in GenBank
(AF013468-AF013480). For a representative
subset of 14 individuals, restriction endonucle-
ase digestions of wholegenome mtDNA were
performed using reaction conditions supplied
by the manufacturer. Following digestion, DNA
fragments were end-labeled with *?P-dNTPs and
electrophoresed through 1.2% agarose and
3.5% polyacrylamide vertical gels using a stan-
dard protocol (Dowling et al., 1996).

Sequences were aligned by eye and sites num-
bered according to GenBank sequence 1.29771.
Sequence divergence among mtDNA haploty-
pes was calculated by using the proportion of
nucleotide sites that differed between two se-
quences [S. Kumar K. Ramura, and M. Neij,
MEGA (Molecular evolutionary genetics analy-
sis) vers. 1.01, 1993, unpubl.]. Restriction-site
maps for each restriction enzyme were gener-
ated by using MacVector v4.0 (International Bi-
otechnologies, Inc.) to generate a reference
map over the complete mtDNA genome of O.
mykiss (GenBank L29771). These maps were
used as a basis to infer restriction-site variation
from restriction fragment digests (Appendix 1).
For Mspl, a restriction enzyme recognizing a
four-base sequence, only variation among frag-
ments larger than 350 bps were used to map site
changes. Restriction sites were used to estimate
sequence divergence (J. C. Miller, RESTSITE
vers. 1.2, 1991, unpubl.) among composite re-
striction-site mtDNA haplotypes. A “‘total evi-
dence” matrix of all variable control-region se-
quence and whole-genome restriction-site char-
acters was used to construct maximum parsi-
mony trees (PAUP, vers. 3.1; Swofford, 1993) by
using six unordered characters states (A, C, G,
T, or gap; missing data were excluded only for
taxa where character state was unknown) for se-
quence data and presence or absence states for
restriction-site data. Oncorhynchus clarki was des-
ignated as outgroup.

RESULTS

Nucleotide variation across 377 bp at the 5’
end of the control region (n = 10) included 27
variable characters (27 total substitutions, 17
transitions, 10 transversions; Table 1). Nine of
the substitutions were phylogenetically infor-
mative, resulting in eight different haplotypes
(C5.1-Cb.8). Variation across 195 sites at the 3’
end (n = 16) included 27 variable characters
(24 total substitutions, 20 transitions, 5 transver-
sions, 3 insertion/deletion sites); six substitu-
tions and one insertion were phylogenetically
informative, resulting in 16 haplotypes (C3.1-
C3.16). An increase of approximately 300 bps at

TABLE 1. VARIABLE SITES IN 5'- AND 3'-ENDS OF MT-

DNA CoNTROL REGION. Insertion or deletion denoted

by “*.” Sites numbered according to GenBank

129771 sequence (designated here as haplotypes C5.1
and C3.10).

Variable sites

11111111222222233
5" end 11112345501577899112226647
801891974590314506891672335

Character number
111111111122222222
123456789012345678901234567
C5.1 CGCCACGATATTTCATTCTAGTTATGG
Cc52  —mmmeee——- A--mmmmmmm e -
Cc53 = e A---T--------- Cc--
C5.4 mmmmmmmmmmmmmmme—mmemoo- AA
C5.5 mmmmmmmmmmmmmmmemmee— o A-
C5.6 T-TA------ AC--=-=-=-=-=-=---- GC--
C5.7 T-TA------ A----mm oo GC--
C5.8 TA--TTATCTACCT-AAACTACCGC??

Variable sites

1
888***888888999999999999990
3’ end 124***789999001344455666770
922***563469462903747039381

Character number
223333333333444444444455555
890123456789012345678901234
C3.10 CAA* **TGAAGTTCAATATCAAAGTAG
c3.01 0 - R AG----
c3.02 0 ------ C------ T-----=- AG----
C3.04 = —--mmmmmmm--- T--C---GAG----
C3.05 —mmmmmmmm—— - T--C---G*G----
C3.06 o —-----m--——- CT--C---G*G----
C3.07 = —emmmmmem———- T--C----AG----
C3.08 o —--mmmmmmo—- T--C----*G----
c3.11 —e-eee—e- A--T------- AG----
C3.12  —emeeeeee - T--C----*G----
C3.13  ———eeeee T--C---G*G----
(0% X1 T T-----== A----—-
C3.09 @ e T------- AG----
C3.14 ——-A---———- - To--mm-- AG--G-
C3.16 AGGGTA-AGGAC-TTGCCCTGAGAA-A

the 3’ end of the control region, identified via
restriction-site analysis (below) and via electro-
phoretic mobility of PCR-amplified fragments,
diagnosed all five individuals sampled from the
population in Spruce Creek. Thus, only bps
888-987 of the 3’ sequence from the population
in Spruce Creek were aligned and analyzed with
other sequences in this study. Combined 5’ and
3’ variation assessed across nine individuals re-
sulted in eight different haplotypes. Sequence
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TABLE 2. COMPOSITE HAPLOTYPES BASED ON SINGLE DIGESTIONS WITH 14 RESTRICTION ENDONUCLEASES. Restric-

tion site differences and total number of sites compared are given in lower matrix; sequence divergence

estimates are given in upper matrix. Divergence estimates for haplotypes R7 and R8 are unavailable because
of missing data.

H:&l:btyxe Composite haplotype? R1 R2 R3 R4 R5 R6 R7
R.1 EGAACAEAAABAAA — 0.0023 0.0206 0.0094 0.0159 0.0530
R.2 EEAACAEAAABAAA 2/49 — 0.0206 0.0120 0.0159 0.0530
R.3 DDAAAACACABAAB 17/49 17/49 — 0.0127 0.0166 0.0593
R4 CAAAAABAAABAAC 9/49 10/49 11/49 — 0.0189 0.0579
R.5 ACAAAAAAAAAAAD 14/49 14/49 13/49 15/49 — 0.0562
R.6 FFBBDBDADCCCA? 24/31 24/31 26/31 25/31 25/31 —
R.7 CGAAA?EA?DB??? 4/38 6/38 17/38 9/38 17/38 20/22 —
R.8 CGAAE?EA?DB??? 2/38 4/38 15/38 7/38 15/38 18/22 2/38

2 Letters represent restriction fragment patterns for Aval, Avall, BamHI, Bcll, Bglll, BstEIl, BstNI, EcoRl, Hindl, Hindlll, Kpnl, Sall, Xbal, and Mspl.

divergence among eight combined 5’ and 3’
haplotypes ranged from 0.18-9.46% (data avail-
able: www.nscee.edu:80/unlv/Colleges/College
of Science and Math/Biology/Riddle.html).

A total of 122 restriction sites were inferred
from digestion of whole-mtDNAs with 14 restric-
tion enzymes. Forty-nine restriction sites varied
across 14 individuals (Appendix 2), although
about half of these sites varied only among O.
clarki and the remaining taxa. Eight different
composite mtDNA haplotypes (Table 2) dif-
fered from one another by 2-26 restriction-site
changes. Estimates of sequence divergence
among haplotypes ranged from 0.23% (O. my-
kiss haplotypes R.1 and R.2) to an average of
5.59% (O. clarki haplotype R.6 and O. mykiss, O.
gilae, and O. apache haplotypes R.1-R.5).

A large fraction of the restriction-site varia-
tion was revealed by the enzyme BstNI. A total
of 19 BsiNI sites are present in the O. mykiss
L29771 mtDNA genome, compared with an av-
erage of 2.7 sites per enzyme for others (except
Mspl, which recognizes a four-base sequence)

0. mykiss (C5.1, C3.10, R.1)
0. mykiss (C5.1, C3.03, R.2)
Miller Spring (C5.4, C3.03, R:2)
White Creek (C5.2, C3.09, R.7)
McKenna Creek (C5.5, C3.09, R 4)
0. apache (C5.8, C3.14, R.3)
03 Q. gilae Gila (C5.6, C3.14, R.5)
_E 0. gilae Spruce Creek (C5.7, C3.15, R.5)

Q. clarki (C5.8, C3.16, R.6)

Fig. 2. Phylogenetic analysis of mtDNA haplo-
types. Total evidence, branch-and-bound, maximum-
parsimony tree from combined sequence and restric-
tion-site haplotypes; numbers on branches are values
resulting from 1000 bootstrap replicates.

used in this study. Although the relatively large
number of restriction sites that differentiate O.
gilae and O. apache mtDNA seems surprising giv-
en the absence of control region sequence vari-
ation between the two species, nearly half of
those differences represent variation at the
common sequence CC*GG recognized by
BsiNIL

Length variation was detected in haplotype
R.5 from the population in Spruce Creek. R.5
differed from all other haplotypes in this study
by a 300 base-pair increase in length that was
inferred to occur at the 3’ end of the control
region (between bps 618 and 1048) through
mapping of fragment size variation generated
by enzymes Aval, Avall, Bglll, Hindl, Hindlll,
Sall, and Xbal. This length mutation is consis-
tent with control region sequence results de-
scribed above.

Maximum-parsimony analysis of combined
control region sequence and restriction-site
variation (Fig. 2) generated a tree 42 steps long
(CI = 0.714, RI = 0.789). Strong bootstrap sup-
port was found for a separate clade of O. gilae
and O. apache haplotypes that is basal to known
and putative O. mykiss haplotypes.

The 5 end of the control region was se-
quenced in a total of 41 individuals represent-
ing seven populations in the Gila drainage and
two populations in the San Francisco drainage
(Appendix 1). Seventeen individuals from pop-
ulations in Main Diamond, South Diamond,
and Iron Creeks had haplotype Cb.6, whereas
five individuals from the population in Spruce
Creek had haplotype C5.7. In the population
from McKenna Creek, three individuals had
haplotype C5.5 and three had C5.6. The popu-
lations from Corral, Mineral, White, and Miller
Spring Creeks contained one or more of the
haplotypes C5.1, C5.2, C5.3, and C5.4.
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DiscussiION

Evolutionary divergence of Gila trout mtDNA.—
Both controlregion sequence and whole-mt-
DNA restriction-site datasets uncovered mtDNA
haplotypes that distinguish relictual populations
of O. gilae and O. apacherelative to O. mykiss and
O. clarki, whereas restriction-site data distin-
guished O. gilae from O. apache. Evidence that
O. gilae and O. apache share a common ancestor
relative to O. mykiss corroborates results of pre-
vious genetic studies (Loudenslager et al., 1986;
Dowling and Childs, 1992). Both methods re-
vealed similar levels of interspecific sequence di-
vergence between O. gilae/O. apache relative to
O. mykiss haplotypes. Haplotypes of O. gilae, O.
apache, and O. mykiss form a distinct and diver-
gent clade relative to those of O. clarki, sup-
porting results of previous studies (Dowling and
Childs, 1992).

The generally equivalent numbers of haplo-
types and levels of divergence between O. gilae,
O. apache, and O. mykiss mtDNA are comparable
to intraspecific mtDNA variation revealed by
both sequencing and restriction-site approaches
in other salmonids (Bernatchez and Danzmann,
1993). For example, control-region sequence di-
vergence ranged from 0.96-1.44% for 640 bp in
Salmo trutta (Bernatchez et al., 1992). Addition-
ally, restriction-site divergence is similar to val-
ues reported by Wilson et al. (1985) among
populations of O. mykiss from the northwest
coast and by Gyllensten and Wilson (1987) be-
tween Arlee and Eagle Lake strains of rainbow.
Furthermore, control-region sequence and re-
striction-site values parallel one another in lev-
els of divergence, similar to results reported for
S. trutta (Bernatchez et al., 1992; Giuffra et al.,
1994). Divergence of O. gilaeand O. apachefrom
O. mykiss is not appreciably greater than maxi-
mum intraspecific divergence values within O.
mykiss. Regardless, the two species form a clade
with multiple apomorphic character states and
share a biogeographic history in distinct south-
western North American drainages.

Delineation of ESUs and MUs.—Although the is-
sue of using genetic characters to define species
boundaries has been controversial (Dowling et
al., 1992; Wayne, 1992), the more important is-
sue from a conservation perspective is whether
a population or group of populations share a
history of evolutionary divergence relative to
other populations (Waples, 1991; Moritz et al,,
1995). Under the criteria of phylogeographic
structuring of a monophyletic set of haplotypes,
our mtDNA data support recognition of O. gilae
and O. apache as an ESU relative to other pop-

ulations within the O. mykiss clade. Notably, the
two share a unique haplotype at the 3’ end of
the control region distinct from the large sam-
ple of natural and hatchery O. mykiss sampled
by Nielsen et al. (1994). Previous morphological
diagnosis of an O. gilaelike population (now ex-
tinct) as far west as the Verde River in west-cen-
tral Arizona (Miller, 1950), and extinction of
many populations of native trout in the San
Francisco and Gila drainages, prevent a realistic
assessment of whether extant populations of O.
gilae and O. apache each comprise a separate
ESU. Biogeographic proximity and a likely
shared biogeographic history would support the
more conservative approach of considering
both species as a single ESU, pending future
analyses of highly variable components of the
genome. Additional support for recognition of
an O. gilae/O. apache ESU comes from congru-
ence across multiple independent datasets that
include morphology (Miller, 1950; David, 1976),
isozymes (Loudenslager et al. 1986), and mt-
DNA (this study; Dowling and Childs, 1992).

We found no evidence for presence of a na-
tive O. gilae or O. apache mtDNA in populations
from Miller Spring, Mineral, White, or Corral
Canyon Creeks. All known haplotypes from
these populations are closely related to known
haplotypes of O. mykiss and likely .derived
through historic releases of hatchery-raised
trout. Several haplotypes are present in Mineral
and White Creeks and could indicate stocking
from a variety of rainbow strains or of polymor-
phism within strains (Dowling and Childs,
1992). That no mtDNA polymorphism was dis-
covered among 17 individuals from three puta-
tive populations of O. gilae in the Gila River
drainage is consistent with the hypothesis that
these populations were formerly connected. A
wildfire in 1989 demonstrated the vulnerability
of relictual populations in South Diamond and
Main Diamond Creeks to extinction or extreme
decreases in population size (Propst et al,
1992). Over time frames of tens to hundreds of
years, we might anticipate similarly extreme per-
turbations to impact any one of the headwater
streams where relictual populations currently
exist.

Given the absence of mtDNA variation
among populations in the Gila drainage, occur-
rence of two haplotypes among six individuals
in McKenna Creek is of interest. One of the
haplotypes in McKenna Creek has greater phy-
logenetic affinities with O. mykiss than with O.
gilae/O. apache. We suggest this haplotype rep-
resents a recent introduction of rainbow trout.
First, the maternally inherited mtDNA genome
is subject to rapid fixation in small populations
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through genetic drift. Census surveys indicate
that McKenna Creek supports a small number
of breeding individuals compared with other re-
lictual populations (Propst et al., 1992). Thus,
maintenance of ancestral mtDNA polymor-
phism in McKenna Creek and fixation of a sin-
gle haplotype in all others would be surprising
from the perspective of population-level lineage
sorting. Second, if these two haplotypes coexist-
ed in a former Gila drainage metapopulation,
then random genetic drift (under a model of
selective neutrality) would dictate that the prob-
ability of fixation of the same haplotype in each
of three currently isolated relictual populations
would be only 0.125. Finally, although we can-
not entirely rule against retained ancestral poly-
morphism to explain a unique haplotype in Mc-
Kenna Creek, the fact that it is more divergent
from the common O. gilae form than is the O.
gilae haplotype in Spruce Creek (San Fransisco
drainage) or that in O. apache also argues for a
recent introduction of O. mykiss mtDNA.

The fixation of a unique haplotype with a di-
agnostic 300-bp length increase in the popula-
tion from Spruce Creek suggests that the San
Fransisco and Gila drainages were isolated his-
torically. Although previous isozyme analyses
(Loixdenslager et al., 1986) did not indicate di-
vergence in allele frequencies between popula-
tions in Spruce Creek and other relictual pop-
ulations of Gila trout, available evidence weakly
supports recognition of Gila and San Fransisco
drainages as separate MUs. Investigations of
rapidly evolving elements in the nuclear DNA
(e.g., microsatellites) may further refine and im-
prove conservation strategies.
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APPENDIX 1. DISTRIBUTION OF MTDNA HAPLOTYPES AMONG INDIVIDUALS. Sample designation was based on mor-
phological identification of taxon. Parentheses indicate individuals assayed with a subset of five enzymes. As-
terisk indicates length variation, described in text.

Haplotypes
Control region .
Reference sample Hatchery, reference, Restriction
Sample designation or population r drainage 5 3 site
18228 cutthroat O. clarkii Indian Creek, NM C5.8 C3.16 R.6
129771 rainbow O. mykiss C5.1 C3.10 R.1
18182 rainbow O. mykiss Lost Lake, ID C5.1 C3.03 R.2
18279 rainbow O. mykiss Symes Creek, CA C5.1 C3.03 —
STO01 rainbow O. mykiss Nielsen et al. (1994) — C3.01 —
ST02 rainbow O. mykiss Nielsen et al. (1994) — C3.02 —
STO03 rainbow O. mykiss Nielsen et al. (1994) — C3.03 —
ST04 rainbow O. mykiss Nielsen et al. (1994) — C3.04 —
STO05 rainbow O. mykiss Nielsen et al. (1994) — C3.05 —
ST06 rainbow O. mykiss Nielsen et al. (1994) — C3.06 —
ST07 rainbow O. mykiss Nielsen et al. (1994) — C3.07 —
STO08 rainbow O. mykiss Nielsen et al. (1994) — C3.08 —
ST09 rainbow O. mykiss Nielsen et al. (1994) — C3.09 —
ST10 rainbow O. mykiss Nielsen et al. (1994) — C3.10 —
ST11 rainbow O. mykiss Nielsen et al. (1994) — C3.11 —
ST12 rainbow O. mykiss Nielsen et al. (1994) — C3.12 -
ST13 rainbow O. mykiss Nielsen et al. (1994) — C3.13 —
18090 apache White River E. Fork White River C5.6 C3.14 R3
18307 rainbow Miller Spring Gila C5.1 — —
18309 rainbow Miller Spring Gila C5.1 C3.03 —
18310 rainbow Miller Spring Gila C5.1 — (R.2)
18314 rainbow Miller Spring Gila C5.1 — —
18315 rainbow Miller Spring Gila C5.4 C3.03 (R2)
18291 rainbow Mineral San Francisco C5.1 C3.03 —
18298 rainbow Mineral San Francisco C5.2 C3.9 —
18300 rainbow Mineral San Francisco C5.3 — —
18245 rainbow White Gila C5.2 C3.09 R.7
18249 rainbow White Gila C5.4 — (R2)
18257 rainbow White Gila C5.1 — —
18258 rainbow White Gila — C3.09 R.8
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APPENDIX 1. CONTINUED

Haplotypes
Control region i
Reference sample Hatchery, reference, Restriction
Sample designation or population or drainage 5 3 site
18003 gila McKenna Gila C5.5 C3.09 —
18008 gila McKenna Gila C5.6 C3.14 —
18020 gila McKenna Gila C5.5 C3.09 —
18023 gila McKenna Gila C5.6 — —
18027 gila McKenna Gila C5.5 C3.09 R4
18028 gila McKenna Gila C5.6 C3.14 —
18031 gila Spruce San Francisco C5.7 C3.15 —
18038 gila Spruce San Francisco C5.7 C3.15 R.5*
18039 gila Spruce San Francisco C5.7 C3.15 —
18044 gila Spruce San Francisco C5.7 — —
18045 gila Spruce San Francisco C5.7 — —
11403 rainbow Corral Canyon Gila C5.1 C3.03 —
11404 rainbow Corral Canyon Gila C5.1 C3.03 (R.2)
18066 gila Iron Gila C5.6 — —
18075 gila Iron Gila C5.6 — —
18077 gila Iron Gila C5.6 C3.14 R5
18080 gila Iron Gila C5.6 — —
18081 gila Iron Gila C5.6 — —
18082 gila Iron Gila C5.6 — —
18084 gila Iron Gila C5.6 — —
18122 gila South Diamond Gila C5.6 — —
18123 gila South Diamond Gila C5.6 C3.14 R5
18125 gila South Diamond Gila C5.6 — —
18135 gila South Diamond Gila C5.6 — —
18143 gila South Diamond Gila C5.6 — —
18151 gila Main Diamond Gila C5.6 — —
18157 gila Main Diamond Gila C5.6 — —
18159 gila Main Diamond Gila C5.6 C3.14 R5
18167 gila Main Diamond Gila C5.6 — —

18170 gila Main Diamond Gila C5.6 — —
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APPENDIX 2. VARIABLE RESTRICTION SITES (SITE POSITION BASED ON GENBANK 129771 SEQUENCE) ACROSS COM-
POSITE RESTRICTION-SITE HAPLOTYPES BASED ON 14 RESTRICTION-ENDONUCLEASE ENZYMES.

Restriction Haplowype
Site Position enzyme R1 R2 R3 R4 R.5 R.6 R7 R38
1 1231 Aval 0 0 0 0 0 1 0 0
2 5664 Avadl 0 0 1 1 0 0 1 1
3 6304 Aval 1 1 1 1 1 0 1 1
4 14434 Aval 1 1 0 1 1 0 1 1
5 15184 Avdl 0 0 0 0 1 0 0 0
6 15674 Avdl 0 0 0 0 0 1 0 0
7 3647 Avall 1 0 0 1 0 ? 1 1
8 4012 Avall 0 0 0 0 1 ? 0 0
9 6541 Avall 0 0 1 1 0 ? 0 0
10 12591 Avdll 1 1 0 1 0 ? 1 1
11 14636 Avdll 0 1 0 0 0 ? 0 0
12 10836 BamHI 0 0 0 0 0 1 0 0
13 12021 BamHI 1 1 1 1 1 0 1 1
14 9529 Bcll 1 1 1 1 1 0 1 1
15 10204 Bcll 0 0 0 0 0 1 0 0
16 10454 Bcll 0 0 0 0 0 1 0 0
17 618 Bglll 1 1 1 1 1 1 0 1
18 6273 Bgill 0 0 0 0 0 1 0 0
19 8773 Bgill 1 1 0 0 0 1 1 1
20 16059 Bgill 1 1 1 1 1 1 0 1
21 577 BstEIl 0 0 0 0 0 1 ? ?
22 8134 BsiEIl 0 0 0 0 0 1 ? ?
23 13134 BstEIl 0 0 0 0 0 1 ? ?
24 1419 BsiNI 1 1 0 0 1 ? 1 1
25 1554 BsiNI 1 1 0 1 1 ? 1 1
26 5626 BsiNI 0 0 1 1 1 ? 0 0
27 7071 BsiNI 1 1 0 1 0 ? 1 1
28 7213 BsiNI 1 1 0 1 0 ? 1 1
29 8569 BsiNI 1 1 0 0 0 ? 1 1
30 10196 BsiNI 0 0 0 0 1 ? 0 0
31 11637 BsiNI 1 1 0 1 0 ? 1 1
32 15094 BsiNI 0 0 0 0 1 ? 0 0
33 15714 BsiNI 1 1 0 0 1 ? 1 1
34 16669 BsiNI 0 0 1 0 0 ? 0 0
35 1411 HindI 0 0 0 0 0 1 ? ?
36 5418 Hindl 1 1 1 1 1 0 ? ?
37 6995 Hindl 0 0 0 0 0 1 ? ?
38 15888 Hindl 1 1 0 1 1 1 ? ?
39 4631 Hindlll 0 0 0 0 0 0 1 1
40 5335 Hindlll 0 0 0 0 0 1 0 0
41 6823 Kpnl 1 1 1 1 0 0 1 1
42 8823 Kpnl 1 1 1 1 1 0 1 1
43 9972 Kpnl 1 1 1 1 1 0 1 1
44 10163 Kpnl 1 1 1 1 1 0 1 1
45 11782 Kpnl 1 1 1 1 1 0 1 1
46 5416 Sall 1 1 1 1 1 0 ? ?
47 15433 Sall 1 1 1 1 1 0 ? ?
48 15069 Mspl 1 1 1 0 1 ? ? ?
49 16484 Mspl 1 1 0 1 0 ? ? ?
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