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Genetic variation at traditional and novel
allozyme loci, applied to interactions

between wild and reared Salmo salar 1.
(Atlantic salmon)

lAIN F. WILSON, ELIZABETH A. BOURKE & THOMAS F. CROSS*
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This study aimed to increase the number of allozyme loci which may be screened in the
Atlantic salmon, Salmo salar L, particularly for use in investigating interactions between wild
populations and reared strains. Three samples of wild salmon from Ireland, Scotland and
Spain and one from a farmed strain of Norwegian origin were used as index samples. Other
Irish samples were used in technique development. Ninety-one enzyme loci were resolved,
including 21 not previously screened in S. salar. Thirteen loci were found to be variable,
including three novel polymorphic loci (EST5*, FBALD3* and TPI3*). Two novel alleles
(sAAT1,2*13O and sAAT3*83) were also detected. Levels of variability were lowest in the
Spanish sample. The farmed strain had levels of H and P lower than those in the two other
wild samples. Mean levels of H and P were higher than those reported previously in studies
that used a smaller number of loci but confirm S. salar as one of the less variable salmonids.
Nine of the 13 variable loci showed significant population differentiation, the most discrim-
inatory being mMEP2*. The discriminatory power of the novel variable loci was in the middle
of the range of those of the other loci. D values reflected the relative geographical locations
from which the samples originated. There were significant dines in allele frequencies at
mMEP2* and TPI3*. Fourteen enzyme loci including six variable loci were resolved in
adipose fin.

Keywords: farmed line, genetic impact, geographical differentiation, novel allozymes, Salmo
salar, wild populations.

Introduction

Natural populations of the Atlantic salmon, Salmo
salar L., in western Europe are an important
resource for commercial exploitation, angling
tourism and as gene banks for the improvement of
fish farm stocks. Reared stocks of this species often
have reduced levels of genetic variability and often
differ in allele frequencies from their ancestral
populations (Cross, 1991). Natural populations of S.
salar therefore face the possibility of being geneti-
cally altered as a result of interbreeding with farmed
escapes or non-native fish planted in rivers for
purposes of stock enhancement and that ascend
rivers to spawn. Current discussions (Verspoor,
1988a; Maitland, 1989; Cross, 1991; Hindar et al.,
1991) are, however, largely speculative and based on

*Correspondence

inferences from a limited number of relevant studies
carried out on other species (for a review see Skaala
et aL, 1990). Informative studies of the genetic impli-
cations of population mixing in S. salar have been
precluded by the absence of suitable genetic markers
for distinguishing between native and non-native
individuals in the wild and in experimental situa-
tions. In addition, the lack of suitable variation has
also constrained the analysis of the extent of adap-
tive population differentiation (Ferguson, 1980).

Allozyme markers have already been identified
which can be used to distinguish between European
and North American S. salar (Stahl, 1987) and indi-
viduals have been assigned to continent of origin
with an error rate of less than 1 per cent (Verspoor
& Reddin, 1989). In addition, northern and southern
European groups have been identified (Verspoor,
1988b). These markers can also distinguish between
populations at the local level (e.g. Stahl, 1987). For

578 1995 The Genetical Society of Great Britain.



ALLOZYMES OF ATLANTtC SALMON 579

example, relative return rates of wild and non-native
salmon have been estimated by comparing allele
frequencies at mMEP2* in Spanish rivers stocked
with Scottish ova (Garcia de Leániz et aL, 1989), A
similar approach, using many polymorphic loci, is
also regularly applied to discriminate between popu-
lations of Pacific salmonids in north-west America
(e.g. Shaklee et a!., 1991).

By using a suite of buffer systems and by screen-
ing for enzyme variants regularly assayed in popula-
tions of Pacific salmon (J. B. Shaklee, personal
communication), we aimed to extend the number of
loci surveyed in S. salar and to investigate genetic
differences between farmed and wild populations of
this species. In addition, we investigated the poten-
tial of using nondestructive adipose fin tissue biop-
sies to detect enzyme variation in S. salar.

Materials and methods

Sample sites

Samples of S. salar parr to be used for technique
development were collected by electrofishing in the
summer of 1991 from the unstocked River Abhann
na Sceartán (N = 80) and from the stocked River
Brogeen (N = 12), two tributaries of the River
Blackwater, Co. Cork, Ireland. Brown trout (S.
trutta) parr were excluded on the basis of morpho-
logical characteristics. Any hybrids overlooked were
identified later by their GPI* genotypes (Vuorinen
& Piironen, 1984).

Three sites were then chosen as containing S.
salar representative of wild, native populations with
varying degrees of modification by stocking. In addi-
tion, a sample representative of the most common
strain of salmon farmed in Ireland and Scotland was
also chosen. These sources were as follows. (i)
Blackwater which supports large native populations
of S. salar. This river is stocked in the lower reaches
by native fish but the index sample was collected
farther upstream. (ii) Rio Esva (Asturias, Spain)
which supports wild Spanish populations but has
also been stocked with wild salmon from the River
Shin and from other Spanish rivers. (iii) Shin (Kyle
of Sutherland, Scotland) which supports wild Scot-
tish populations and which to our knowledge has not
been stocked with non-native fish. (iv) An Irish-
reared strain of Norwegian origin that is used by
many salmon farms in Ireland, Scotland and
Norway.

The three riverine samples of S. salar were
collected by electrofishing, and the farmed sample
was donated by a salmon farm in Co. Donegal,
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Ireland. Each sample comprised 50 individuals that
were dissected immediately on being killed and the
tissues stored at —70°C. Samples of the Spanish and
Scottish fish were delivered to Cork on dry ice.
Adipose fin tissue samples were dissected from the
salmon collected from the Blackwater tributaries
and were stored at — 70°C.

The shortest marine distances between the estu-
aries of rivers from which samples were collected
were estimated and the latitudes noted. The farmed
fish are known to have originated from several rivers
along the southern west coast of Norway near
Bergen.

Electrophoresis

Partially frozen tissue samples (approximately 250
mg) were mechanically homogenized in 0.25 mL of
the extractant buffer described by Aebersold et al.
(1987), centrifuged at 1500 g for 15 mm and subjec-
ted to horizontal electrophoresis using 12 per cent
starch gels (Starchart, P0 Box 268, Smithville, TX)
in 210 x 158 x 6 or 12 mm moulds. Gels were run
between upper and lower cooling plates in which
water circulated at 5°C.

The buffers that provided the clearest resolution
of the enzymes examined in the two samples used
for technique development were then used to screen
for enzyme variation in the four index samples. The
six different optimum buffer systems and the tissues
and stains used are reported in Table 1 along with
the relative activities of the loci screened in adipose
fin tissue. Loci are named according to Shaklee et a!.
(1990). sAAT1,2* and sAAT3* were interpreted
after Johnson (1984), sAAT4* (renumbered from
&AAT3* to sAAT4* by Johnson, 1984), IDDH1*,
IDDH2* (formerly Sdh-2 and Sdh-1, respectively)
and MDH3,4* following Cross & Ward (1980),
IDHP3* following Cross & Payne (1977), LDH4*
after Jordan (1990), mMEP2* after Cross et a!.
(1979) and PGM2* following Allendorf et a!.
(1982).

Statistical analysis

Allele frequencies were estimated from the genotype
frequencies calculated from observation of the allo-
zyme phenotypes on each gel. Allelic variants at
MDH3,4* and sAAT1,2* were allocated to MDH3*
and sAAT1*, respectively. Because of the small
number of expected genotypes in certain cases,
samples were tested for deviation from Hardy—
Weinberg expectation by using Fisher's exact test.
Analysis of gene frequencies was performed by using
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Table 1 EC number and subunit structure of the 91 enzyme loci investigated in Salmo salar

Locust EC no. Structure Buffe4 Tissue# VIM AFI!

mAAT1* 2.6.1.1 Dimer 2 M M —

mAAT2* 2 M M ++
&4AT1,2* 1 M,H V —

£4AT3* 1,2 E V ++
sAAT4* 1 L V —

ACP* 3.1.3.2 Unknown 6 L,PC,H n.s. n.t.
ADA 3.5.4.4 Monomer 2a M,L M n.t.
ADA -2 * 2a M,L,E,H M n.t.
ADH* 1.1.1.1 Dimer 5,1 L Mr —

AH1* 4.2.1.3 Monomer 2 H,B,E n.s. —

AH2* 2 H,B,M,L n.s. + +
AH3* 2 H,B,M,L n.s. + +
AH4* 2 L n.s. + +
AK1* 2.7.4.3 Monomer 3 M M + +
AK2* 3 M M ++
ALA T1* 2.6.1.2 Dimer 1 L n.s. n.t.
ALA T2* 1 M,H n.s. n.t.
CK1* 2.7.3.2 Dimer 1 M Mr —
CK2* 1 M M
CK3* 1,3 E M ++
DIA1* 1.8.1.4 Monomer 5,1 B,E M n.t.
DIA2* 5,1 L,M M n.t.
DIA3* 5,1 H n.s. n.t.
ENO1* 4.2.1.11 Dimer 2a M n.s.a n.t.ENO2* 2a H n.s.' n.t.EST1* 3.1.1.- Monomer 1 L M —
EST2* 1 L M —
EsT3* 1 L M —
EST4* 1 L M —
EST5* 1 L Vn —
FBALD1* 4.1.2,13 Tetramer 2a H M" —
FBALD2* 2a H,E,B M" + +FBALD3* 2 E,B V" —
FH1* 4.2.1.2 Tetramer 3 L,B,M,H,E M + + +FH2* 3 L,B,M,H M + + +bGALA1* 3.2.1.23 Unknown 5 L,M,E,PC n.s." n.t.bGALA2* 5 L,M;B n.s." n.t.GAPDH1* 1.2.1.12 Tetramer 2 E M + + +GDA* 3.5.4.3 Monomer 5 L n.s." n.t,bGLUA* 3.2.1.30 Unknown 5 H,M,L,PC n.s." n.t.G3PDH1* 1.1.1.8 Dimer 2 M Mr —
GPI1,2* 5.3.1.9 Dimer 1 M Mr + +GPl3* 1 L,M M'
GR* 1.6.4.2 Dimer 2 E n.s." n.t.
IDDH1,2* 1.1.1.14 Tetramer 4 L V —
IDHP1* 1.1.1.42 Dimer 3 M,H,E M +IDHP2* 3 L,E M +++ID HP-3 * 2,3 L,E V + + +LDH1* 1.1.1.27 Tetramer 1 M M —
LDH2* 1 M M —
LDH3* 1 H,M MLDH4* 1 L V +++LDH5* 1 E Mr —
LGL* 4.4.1.5 Dimer 2a M ME n.t.MDH1* 1.1.1.37 Dimer 2,3 L,H,B,E Mr + + +
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Locust EC no. Structure Buffert Tissue# V/M* AFIT

MDH2* 2,3 H,B,E M —

MDH3,4* 3 H,M V ++
mMEP1* 1.1.1.40 Tetramer 3 M M +
mMEP2* 3 M V +
sMEP1,2* 3 M M +
mME* 1.1.1.38 Tetramer 3 M Mr
MPI1* 5.3.1.8 Monomer 2 M n.s." n.t.
MPI2* 5 L,H,E,M M n.t.
NTP1* 3.6.1.19 Dimer 1 L,M,E,H,B M n.t.
NTP2* 1 L,M,E,H,B M" n.t.
NTP3* 1 PC M" n.t.
PEPA1* 3.4.-.- Dimer 1 L,M,E,H M n.t.
PEPA2* 1 E M n.t.
PEPB* Monomer 1 L,M,E,H M n.t.
PEPD* 3.4.13.9 Dimer 1 L,M,E,H M n.t.
PER* 1.11.1.7 Unknown 2 L fl.S.r n.t.
PGDH* 1.1.1.44 Dimer 3 M Mr + + +
PGK-1 * 2.7.2.3 Monomer 2 M n.s." n.t.
PGK2* 2 H,M,E,B M n.t.
PGK3* 2 H,M,E,B M n.t.
PGM1* 5.4.2.2 Monomer 2 L,M Mr + +
PGM2* 2 M,L V +++
PGM1r* 2 L M n.t.
PNP1* 2.4,2.1 Trimer 2 B,E M n.t.

PNP2* 2 B,E M" n.t.

SOD1*
SOD2*
TPI1*
TPI2*
TPI3*
XDH*

1.15.1.1

5.3.1.1

1.1.1.204

Tetramer
Dimer
Dimer

Dimer

4,1
4,1
5
5
5

1,5

H
L

L,E,H,B
L,E,H,B
L,E,B

L

n.s.
Mr
M'
M'
V"
M

n.t.
+ +

+ + +
+ + +
+++

—

The buffer giving the best resolution and the tissue in which a locus was most highly expressed are listed. Whether or not
a locus was variable (VIM) in the four index samples is also reported, while those loci onlyscreened during technique
development are denoted by n.s. Tissues are listed in decreasing order of activity. Only four tissues (liver, heart, muscle
and eye) were assayed in the four index samples; better resolution was sometimes found in other tissues using theother

samples. Activity in adipose fin (AF) is also listed.
tEnzyme stains are all reported in Aebersold et a!. (1987) except for: mME*, Verspoor & Jordon (1994); PER*, Hillis &

Moritz (1990); XDH*, Morizot & Schmidt (1990).
1, the modified discontinuous buffer of Ridgway et a!. (1970) described in Morizot & Schmidt (1990); 2,the 0.01 M

EDTA continuous buffer of Clayton & Tretiak (1972) adjusted to p11 6.8; 2a, 1:10 dilution of gel buffer; 3, thecontinuous
buffer of Clayton & Tretiak (1972) adjusted to pH 6.1; 4, the discontinuous buffer no. 3 of Selander et a!. (1971); 5, the
modified continuous buffer of Holmes & Masters (1970) described in Shaklee & Keenan (1986); 6, the continuousbuffer

'a' of Schaal & Anderson (1974).
#L: Liver; M: muscle, E: eye; H: heart; B: brain; PC: pyloric caecae.
§V: variable; M: monomorphic; n: investigated here for the first time in S. salar; r, reported as variablein other studies

(see Discussion for references).
¶ —, no activity; +, faint activity; + +, some activity but not reliably scorable; + + +, strong activity, good resolution and

reliably scorable; n.t., not tested.

BIOSYS.1 (Swofford & Selander, 1981). Monomorphic
loci were excluded from the data analysis apart from
the calculation of overall levels of beterozygosity
(H) and polymorphism (P) in the four index
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samples: several loci were screened only in the four
index samples and not in those collected earlier. A
locus was considered polymorphic if the frequency
of the most common allele was 0.99 or less. Hetero-
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geneity among samples at each locus was estimated
from the F-statistics of Wright (1978) and tested by

= 2ATFST (Workman & Niswander, 1970) where
ZN is the total number of gametes tested; degrees of
freedom are (n —1) (s —1) where n =number of
alleles at a locus and s = number of samples.
Discrimination between pairs of samples and cluster
analysis (UPOMA) was performed using Nei's (1978)
unbiased genetic distance. The FORTRAN program of
Black & Krafsur (1985) was used to calculate two-
locus linkage disequilibrium coefficients from the
estimated gene frequencies.

Results

The six different buffer systems employed (Table 1)
included three (nos 2, 5 and 6) not previously used
in S. salar. Fifty-nine monomorphic and 13 variable
enzyme loci were assayed in the four index samples
(Table 1). A further 19 loci were successfully
resolved but found to be monomorphic in the
Brogeen sample; time did not allow for them to be
investigated in the four index samples. The 91 loci,
including 21 loci not previously screened in S. salar,
are listed in Table 1 along with the subunit structure
of each enzyme, the tissue specificity of each locus
and whether a locus was found to be variable in the
four index samples.

Variation at EST5* (*90) FBALD3* (*50) and
TPI3* (*103 and *97) was found for the first time
as a result of this study as described below.

Esterase. Five anodally migrating bands were
apparent in most liver samples but an extra band,
slightly slower than the most anodally migrating
band, was found in seven individuals from the Shin.
The scoring was consistent over several electropho-
retic runs, indicating that these two bands were not
the result of tissue degradation. The five-banded
pattern was presumed to be the product of five loci
and the variation detected at EST5* was considered
to be genetic. This locus had not previously been
reported in the literature, although it may corre-
spond to either the variable esterase Zone II or the
monomorphic Zone I reported by Khanna et a!.
(1975b).

Fructose-bisphosphate aldolase. The five-banded
pattern resolved in brain and eye tissue was
presumed to be the product of FBALD2*, FBALD-
3* and their heterotetramers. The presence of
15-banded, and occasional five-banded, individuals
with the same mobility of the least anodal band but
with lower mobility of the four other bands was

presumed to reflect diallelic polymorphism at
FBALD3*.

Triose-phosphate isomerase. A full description of
the three TPI loci expressed in S. salar and the
variation detected at TPI3* is given in Wilson et a!.
(1995).

There were 14 other putative loci not previously
reported as being screened in S. salar and these
were found to be monomorphic (see Table 1).

A number of variant alleles at 10 other loci were
detected in the index populations, of which two
(sAAT1,2*130 in muscle and £4473*83 in eye)
appear to be reported here for the first time. Jordan
(1990) reported PGM1*120 and *140 variants and
it is likely that these are the same as the PGM2*
alleles reported here. (The numbering of these two
loci is here based on variation at the regulatory
locus, PGM1r*, in Oncorhynchus mykiss (Allendorf
et a!., 1982). A similar polymorphism is also present
in North American populations of S. salar
(Verspoor, 1988a) but in the more anodal of the two
bands. Thus this band is designated PGM1*
whereas the variation detected here was at the least
anodally migrating band, PGM2*.)

One individual from the Shin sample was found to
be a trout—salmon hybrid from its GPI* genotype
and was excluded from the analysis. Out of 36 tests
for deviation from Hardy—Weinberg expectation the
following were significant: farmed strain, IDDH2*
(P.<0.05; excess of heterozygotes) and IDHP3*
(P <0.01; excess of rare homozygotes); Shin, IDDH-
1 * (P<0.05; excess of rare homozygotes). Given the
number of tests, two samples would be expected to
show significant deviation from random mating at
the 0.05 level. In addition, when the level of signifi-
cance was reset by using the Bonferroni technique
for multiple tests (see Weir, 1990) the samples
conformed to Hardy—Weinberg expectation.

Allele frequencies at the thirteen variable loci in
the four index samples, the mean number of alleles
(fla) across these loci and the mean levels of P and
H over the 72 loci screened in the four index
samples are shown in Table 2 together with allele
frequencies reported in the literature for the same
locations. Variants at two of the novel loci (FBALD-
3* and TPI3*) were present in all four index
samples whereas EST5*90 was only found in the
Shin sample. The novel variant alleles at previously
reported loci were restricted to the Blackwater
(sAAT1,2*130) and Shin (sAAT3*83). The allele
LDH4*75 may be the same as LDH4*68 reported
by Jordan (1990) for Scottish populations of S.
salar.

The Genetica! Society of Great Britain, Heredity, 75, 578—588.
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The level of P was highest in the Shin sample and
lowest in the Esva sample. The level of H was also
lowest in the Esva sample but was highest in the
Blackwater sample. The sample from the farme
strain was at the lower end of the ranges of P and H
among the wild, native samples.

Wright's F-statistics (1978) were used to estimate
levels of differentiation at each variable locus in the
four index samples. In the absence of natural selec-
tion FST values should be similar at each locus
(Lewontin & Krakauer, 1973). All of these values
were below 0.080 except that at mMEP2* which was
almost three times higher than the next highest
value (Table 2). There was a significant amount of
population differentiation shown by nine of the 13
loci.

Discrimination between pairs of samples was
achieved by using Nei's (1978) unbiased genetic
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distance. Mean genetic distances (ifl) showed that
the farmed strain was more closely related to the
sample from the Shin and that both of these were
more closely related to the sample from the Black-
water than they were to that from the Esva (Fig. la),
conforming to their geographical locations. In addi-
tion, there was a highly significant regression of D
against geographical distance (Fig. ib; Fi, = 27.42;
P<0.01). However, this association is heavily
dependent upon the frequency distribution of alleles
at mMEP2*. When this locus was excluded from the
analysis the slope coefficient was smaller than that
for the thirteen loci, and the regression was, just, not
significant (Fig. ib; F1 = 6.94; P = 0.06).

Of the 13 variable loci, mMEP2* and TP13*
showed a highly significant north—south dine in
allele frequency (Fig. ic; F1,2 = 181.6; P <0.01 and
F1,2 = 144.0; P <0.01, respectively), the latter being

Table 2 Frequencies of the less common alleles and FST values at 13 variable enzyme loci among the four index samples of
Salmo salar

Samples (latitude)

Esva Blackwater Shin Farmed

Locus FSTt Allele

(43°N) (52°N)

1992 3

(58°N)

1992 4

(60°N)

1992 51992 1 2

mMEP2* 0.223***
N
125

50
0.07 n.t. n.t.

50
0.44 0.45

49
0.60 0.61

50
0.68 0.61

IDDH1* QQ79*** 28 0.27 0.02 0.01 0.09 0.05 0.03 0.00 0.08 n.t.
IDHP3* 0.073*** 116 0.00 0.02 0.00 0.17 0.17 0.02 0.02 0.06 n.t.
4474* 0.072*** 50

25
0.27
0.00

0.11
0.00

0.12
0.00

0.35 0.33
0.01 0.00

0.14 0.08
0.02 0.05

0.03 0.06
0.07 0.01

EST5* 0.055*** 90 0.00 n.t. n.t. 0.00 0.00 0.07 n.t. 0.00 n.t.
IDDH2* 0.052*** —72 0.27 0.04 0.03 0.32 0.42 0.25 0.21 0.52 0.53

FBALD3* QQ44*** 50 0.29 n.t. n.t. 0.10 n.t. 0.16 n.t. 0.10 n.t.
TPI3* 0.037** 103 0.05 n.t. n.t. 0.16 n.t. 0.20 n.t. 0.24 n.t.
LDH4* 0.023* 75 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00

MDH3* 0.019 80
75

0.04
0.01

0.06
0.00

0.10
0.00

0.00 0.00
0.00 0.01

0.00 0.00
0.01 0.00

0.00 0.00
0.04 0.01

sAAT1* 0.008 130 0.00 n.t. n.t. 0.01 0.00 0.00 n.t. 0.00 0.00

4473* 0.008 83 0.00 n.t. n.t. 0.00 n.t. 0.01 n.t. 0.00 n.t.

PGM2* 0.006 —120
—140
a
P
H

0.00
0.00
1.6
0.097
0.027

n.t.
n.t.

n.t.
n.t.

0.01 0.00
0.00 0.00
1.8

0.125
0.034

0.00 0.00
0.01 0.00
2.0

0.167
0.030

0.00 0.00
0.00 0.00
1.7

0.111
0.029

Latitudes of sites are given in parentheses. Loci are listed in order of decreasing values of FST. In addition, samplesize

(N) and measures of allozyme variability represented by mean number of alleles per locus (fla) across the 13 variable loci
and mean levels of polymorphism (P) and heterozygosity (H) across 72 loci among the four index samples are also

reported.
1 P<0.05, P<0.005, P<0.001.
* 1 and 2, Sanchez et a!. (1991); 3, Cross & Ward (1980); 4, Jordan (1990); 5,Stahl (1987); n.t., not tested.
§ Sanchez eta!. (1991) referred to this asAat-2 and Blanco et al. (1992) referred to it asAat3.
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Genetic distance

0.04 0.03 0.02
I I -(a)

(b)

R. Esva

There was no evidence of two-locus linkage
0.01 0.0 disequilibrium between different alleles at the 13

polymorphic loci tested here.
Farmed line The relative activities of 58 enzyme loci that were

R Shin
screened in adipose fin are reported in Table 1.
Strong activity was found in this tissue at 14 loci,

R. Blackwater four of which were found to be variable in this study
(IDHP3*, LDH4*, PGM2* and TPI3*). Notably,
these four loci were also expressed in liver, in which
nine of the 13 variable loci were detected. Twenty-
two of 27 loci known to be variable in at least one
population from throughout the range of S. salar
and screened in this study were investigated in
adipose fin, and six of these were well resolved.
Nondestructive screening for genetic variation by
using adipose fin would therefore provide about
one-quarter of the information obtainable from
muscle, liver and eye tissues.
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Fig. 1 (a) UPGMA dendrogram based on Nei's (1978)
unbiased genetic distance from allele frequencies at 13
variable enzyme loci among the four index samples of
Salmo solar. (b) Regression of genetic distance, based on
13 loci (open circles) and 12 loci excluding mMEP2*
(crosses), against geographical distance between all
possible pairs of the four index samples. (c) Regression of
frequency of mMEP2*1OO and TPI3*1OO against latitude.

less pronounced than the former. There were
nonsignificant latitudinal dines in the frequencies of
IDDH1*28 (P<0.10) and sAAT4*25 (P>0.20).
Other loci showed no evidence of north—south dines
in allele frequency.

Discussion

This paper reports the largest number of enzyme
loci yet screened in a single study of S. salar. In
addition to the 91 loci resolved here a further 19 loci
have been screened by other workers: ADA2*
(liver; Cross & Ward, 1980), AK3* (muscle; Stahl,
1981), ESTD* (Kazakov & Titov, 1991), FDP1*, 2*
(muscle; McElligott, 1987), GDH* (liver; Stahl,
1981), GA PD H2* (eye; Cross & Ward, 1980),
G3PDH2* (eye; Stahl, 1981), 3* (liver; Cross &
Ward, 1980), 4* (liver; McElligott, 1987), G6PDH*
(liver and eye; McElligott, 1987), bGUS* (liver;
Stahl, 1981), HK1*, 2* (liver; Stahl, 1981), ODH*
(liver; Cross & Ward, 1980), TF* (serum; Payne et
a!., 1971) and TRP1*, 2* and 3* (pyloric caecae;
Torrissen, 1987). This brings to 110 the number of
enzyme loci that have now been screened in S. salar,
approaching the number screened in Pacific salmo-
nids (J. B. Shaklee, personal communication).

In addition to the 13 variable loci reported here
variants have been reported at 19 other loci (assum-
ing that the variation is present at only one of the
two loci in each isolocus): mAAT1,2* (Elo et a!.,
1994); ADA2* and LGL* (Cross & Ward, 1980);
ADH*, G3PDH*, GPI1,2*, GPI3*, MDH1*,
PGDH*, PGM1* and SOD2* (reviewed in Jordan,
1990); CK1* and PGM1r* (Verspoor, 1988a);
ESTD* and PER* (Kazakov & Titov, 1991);
LDH5* (Khanna et a!., 1975a); mME* (Verspoor &
Jordan, 1994); TF* (Payne et a!., 1971); TRP2*
(Torrissen, 1987). This brings to 32 the total number
of variable enzyme loci reported in S. salar, exclud-
ing the seven esterase zones investigated by Khanna
et a!. (1975b). Therefore, about 29 per cent of allo-
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zyme loci have been found to be variable in at least
one population from throughout the range of this
species.

Parents in the crosses used to confirm the
Mendelian inheritance of variation at TPI3*
(Wilson et al., 1995) were invariant at EST5* and
neither parental eye nor brain tissue was available so
that the variation at FBALD3* could not be investi-
gated further. However, genotype frequencies at
these two loci in the four index samples conformed
to Hardy—Weinberg expectations.

Levels of H across 72 loci were similar in the four
index samples. However, the sample from the Shin
segregated at between 33 and 72 per cent more loci
and had between 11 and 25 per cent more alleles
than the other samples. The mean level of P across
the 72 loci screened in the four index samples was
within the range reported by StAhl (1987) from a
smaller number of loci whereas the mean level of H
was slightly higher than his estimate. In the present
study as many loci as possible were screened and,
therefore, the estimated mean levels of P (0.130)
and H (0.030) among the three wild populations are
probably more representative of the actual levels in
S. salar than those reported by StAhl (1987;
P = 0.093 and H = 0.026) for 29 natural populations
of this species from the western and eastern North
Atlantic and the Baltic Sea. These values neverthe-
less confirm Atlantic salmon as one of the less vari-
able salmonid species (reviewed in Johnson, 1984).

Allele frequencies were compared with those for
each of the source populations reported in the
literature (see Table 2). The farmed strain was
compared with the southernmost Norwegian riverine
sample reported by StAhl (1987) as the majority of
the broodstock used in the farming industry are
derived from individuals originating from this
region. For the Blackwater, Shin and farmed
samples the most striking feature is the similarity of
the allele frequencies. This indicates not only that
different laboratories have obtained similar resolu-
tions of alleles at many loci but also that the esti-
mates of allele frequencies are similar over as much
as 10 years between sample collections. However,
allele frequencies at three loci (IDDH1*, ,4,474*
and IDDH2*) in the Esva samples are different
from those reported by Sanchez et a!. (1991) which
were used by Blanco et a!. (1992) for a comparison
of allele frequencies among European populations.
When D values were calculated using the same four
loci (sAAT4*, IDDH1*, IDHP3* and MDH3*)
used by Blanco et a!. (1992) there was a nonsignifi-
cant positive regression of D on geographical
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distance (slope coefficient = 0.07 x iO; F1,4 = 2.19;
P>0.20), the slope coefficient being smaller than
that reported by Blanco et a!. (1992; coeffi-
cient = 2.3 x 10-i; P <0.001). This difference prob-
ably partly resulted from some of the allele
frequencies reported by Blanco et a!. (1992) being
slightly inaccurate; the frequency of the common
allele at Mdh-3 is different from that reported by
Cross & Ward (1980), from which the former was
taken, and the frequencies of the common alleles at
Aat-3 and Mdh-3 reported by Blanco et al. (1992)
are different from the original data of Sanchez et a!.
(1991).

Across a maximum possible distance by water of
about 250 km between sample sites Elo et a!. (1994)
found no association between 7J over eight loci and
geographical distance. However, a significant regres-
sion of D against geographical distance was found
across the much larger distance investigated here.

The usefulness of particular enzyme loci in
discriminating between populations was specific to
each situation. As Shin salmon have been used for
stocking the Esva (Moran et a!., 1994) the following
six loci, listed in decreasing order of value of single-
locus genetic distance (D), would be of use in
discriminating between them: mMEP2*, IDDH1*,
TPI3*, FBALD3*, £4474* and EST5*. The
farmed strain can be distinguished from at least one
wild population at eight loci. One likely interaction
is between farmed salmon derived from the strain
screened here and wild salmon in the Blackwater. In
that situation the following five loci, listed in
decreasing order of D, would be useful genetic
markers: &4AT4*, mMEP2*, IDDH2*, IDHP3*
and TPI3*. In addition, IDDH2* and, to a much
lesser extent, &4AT4*, mMEP2* and EST5*
discriminated between the farmed strain and the
wild salmon from the Shin.

It should be noted that a locus which was useful in
distinguishing between one pair of samples was not
necessarily discriminatory between all pairs of
samples. The most consistently useful loci for
discriminating between wild and farmed salmon
were, in decreasing order of lowest D between any
pair of wild and farmed samples: IDDH2*, £44T4*
and mMEP2*.

The novel enzyme markers developed during this
research were more discriminatory, using D for all
possible pairwise comparisons of the index samples,
than five of the loci commonly screened in S. salar
(i.e. sAAT1*, SAAT3*, LDH4*, MDH3* and
PGM2*) but were not as discriminatory as sAAT4*,
IDDH1*, IDDH2*, IDHP3* and mMEP2*.
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The use of genetic markers in population studies
depends on the assumption that they are not influ-
enced by natural selection that may alter frequen-
cies. However, there is evidence from other studies
that alleles at mMEP2* are selected differentially
between areas of different mean July water tempera-
tures (Verspoor & Jordan, 1989). If the north—south
dine in allele frequencies at mMEP2* (Fig. lc) was
produced by stochastic factors then similar patterns
should be discernible at other enzyme loci. Although
there is a north—south dine in the frequency of
TPI3*1OO, the FST values at this and the other loci
were at least 65 per cent less than that at mMEP2*.
Therefore caution should be exercised in the use of
mMEP2* as a genetic marker. Nevertheless, if selec-
tion is weak then the use of this locus is justifiable in
most situations as changes in allele frequencies
between generations will be very slight. The dine in
allele frequencies at TPI3* requires further inves-
tigation as to whether it too may be maintained by
natural selection.

A comparison was made between the UPGMA
dendrogram obtained by including the three novel
loci (Fig. la) and that obtained from the traditional
loci only (not shown). D values between the samples
were slightly smaller when the novel loci were
included, reflecting the fact that variants at FBALD-
3* and TPI3* were _present in each sample.
However, estimates of D among samples are likely
to be more accurate when the novel loci are
included. In addition, increasing the number of poly-
mophic loci reduced the variance in the estimates
of D and thus will increase the accuracy of analysis
of mixed fisheries (Pella & Milner, 1987) and
hybrids (Campton, 1987).

Moffett & Crozier (1991) screened adipose fin
tissue for expression of 10 polymorphic enzyme loci,
finding SOD2*, unlike in the present study, to be
well resolved. However, we were also able to resolve
IDHP3* and PGM2* as well as LDH4*, MDH1*
and TPI3*. A total of 59 loci (including G3PDH2*
from Moffett & Crozier, 1991), i.e. half the total
number of loci screened using destructive methods
have now been screened in this tissue and seven
polymorphic loci (including SOD2*) have been
resolved.

The three novel polymorphic loci discovered as a
result of this study make it possible to estimate more
accurately genetic differences between populations
of S. salar. This should enable monitoring pro-
grammes to estimate with more confidence the
origin of particular samples and the proportion of
farmed escapes, their reproductive success in the
wild and their genetic impact.
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