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Abstract.—This work addresses the application of a
new group of molecular markers, microsatellite loci, to
monitor genetic diversity in stocks used in fish enhance-
ment programs. To illustrate the potential use of these
markers, we examined the genetic variation associated
with the Connecticut River and Penobscot River popu-
lations of Atlantic salmon Salmo salar in the United
States. Both rivers are stocked annually with fry from
captive or cultured stocks that are one generation re-
moved from sea-run adults. We analyzed microsatellite
loci variation among sea-run adults and the derived cul-
tured stock for the Connecticut River in a given year,
along with two consecutive cohorts of cultured age-0
juveniles for the Penobscot River. Our results reveal
subtle differences in allele frequencies between the two
samples for each stock and some potential increases of
homozygotes. These results demonstrate the potential
value of microsatellite loci for routine genetic monitor-
ing of cultured Atlantic salmon populations associated
with restoration programs in the eastern United States.

Introduction

The Connecticut and the Penobscot rivers are
being systematically stocked with fry of Atlantic
salmon Salmo salar obtained from a cultured stock.
Artificial stocking is necessary to maintain desired
population sizes (Beland 1984; Rideout and Stolte
1989). The wild population of the Penobscot River
was seriously depleted during the 1950s and has
been the subject of a restoration program since
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1965 (Beland 1984). The Connecticut River pop-
ulation was extirpated 200 years ago and has been
under restoration during the last 30 years since
initial release of fry from other North American
rivers (Moffitt et al. 1982; Rideout and Stolte
1989). Sea-run adults returning to each river are
trapped and artificially spawned. The breeding
strategy for sea-run adults usually consists of fer-
tilizing eggs from one female with sperm from one
male. Crosses are not systematically planned. For
the Penobscot River population, males and females
ripening at the same time are mated at random
within size classes (i.e., large salmon with large
salmon, and recently small grilse with grilse). Sys-
tematic surveys of genetic variability for the two
river populations have not been conducted. It has
been assumed that the genetic variability in the
sea-run stocks will be maintained in the cultured
stocks through random selection and mating. Al-
though most of the fertilized eggs are used to pro-
duce young fish for restocking, some are retained
in hatcheries and raised to maturity for additional
fry production. Those fry are then used to restock
the river in larger numbers than would be possible
with only sea-run adults.

Routine surveys of genetic variability in other
cultured stocks have usually been carried out by
electrophoretic analysis at protein loci (Verspoor
1988; Davidson et al. 1989). Nevertheless, other
types of loci are potentially more powerful tools
to assess changes in genetic variability. For ex-
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ample, variable number of tandem repeat loci
(minisatellites and microsatellites) are highly
polymorphic (Bentzen et al. 1991; McConnell et
al. 1995) and are assumed to be neutral with re-
spect to natural selection. They are widely applied
for studies of population dynamics (Perez et al.
1997) and structure (Fontaine et al. 1997; Mc-
Connell et al. 1997), genetic stock identification
for the assessment of impacts of supportive breed-
ing (Galvin et al. 1995; Tessier et al. 1997), and
for historical studies of genetic changes to Atlantic
salmon populations over many decades (Nielsen
et al. 1997).

The aim of the work described here is two-fold.
First, we describe the application of a new group
of molecular markers, microsatellite loci, to mon-
itor genetic diversity of two stocks of Atlantic
salmon used in fish enhancement programs: the
Connecticut River and Penobscot River stocks.
Second, by comparing the genetic pattern at mi-
crosatellite loci of sea-run adults and the cultured
stocks we evaluate the effect of the present man-
agement strategy (crosses of returning sea-run
adults to yield cultured stocks for repopulating
tributaries) on genetic variability. We discuss the
preservation of genetic variability (e.g., similarity
of the Connecticut River domestic stock with the
sea-run adults from which it derives) and temporal
stability of the genetic composition of domestic
stocks (similarity of juveniles released in Penob-
scot River in two consecutive years).

Methods

Tissue samples were obtained in 1997 from ran-
domly sampled sea-run adults (age 3, N 5 41) at
the Whittemore Salmon Station (WSS) located on
the Connecticut River in Barkhamsted, Connect-
icut. Tissue samples of the cultured Connecticut
River stock from the Kensington State Salmon
Hatchery (KSSH, Berlin, Connecticut) were taken
in 1997 from randomly selected adults of the same
age and cohort (age 3, N 5 40) as the sea-run adults
at WSS. For the Penobscot River cultured stock,
reared at the Green Lake National Fish Hatchery
(Ellsworth, Maine), we analyzed tissue samples of
age-0 juveniles planned for release in the Penob-
scot River over two consecutive years, 1997 (N 5
41) and 1998 (N 5 58).

Immediately after sampling, tissues were frozen
at 2208C until laboratory analyses were performed.
We studied samples variation at three microsatellite
loci: SSOSL311, SSOSL417, and SSOSL436 (Slettan
et al. 1995a, 1995b). Chelex-based DNA extraction
was performed according to Estoup et al. (1996);

polymerase chain reaction (PCR) amplifications
were carried out on reaction mixtures containing ap-
proximately 50 ng of extracted Atlantic salmon DNA
template, 10 mM tris-HCl (pH 8.8), 1.5 mM MgCl2,
50 mM KCl, 0.1% Triton X-100, 20 pmol of each
primer, 1 unit Dynazyme II DNA polymerase (Finn-
zymes Oy), and 250 mM of each dNTP in a final
volume of 20 mL. Amplifications were performed
with an initial denaturing step (5 min at 958C) fol-
lowed by 35 cycles of denaturation at 958C (20 s),
annealing at 528C for SSOSL417, 558C for
SSOSL311, and 548C for SSOSL416 (20 s), and ex-
tension at 728C (20 s), followed by a final extension
at 728C (7 min). The PCR products were separated
electrophoretically on denaturing polyacrylamide se-
quencing gels, and allele sizes were established by
comparison with a pUC sequence reaction (Martinez
et al. 1999) after DNA silver staining (Promega).

Statistical analyses were performed with the
Genepop 3.1b program, an updated version of Ray-
mond and Rousset (1995); the analyses include
exact P-values for testing conformation of geno-
types to Hardy–Weinberg proportions, exact P-
values for testing heterozygote deficits, and exact
P-values for allelic frequency homogeneity be-
tween stocks. Global tests across populations were
constructed by using Fisher’s method, provided the
microsatellite loci were independent (Slettan et al.
1997). Exact P-values were estimated by the Mar-
kov chain method (1,000 dememorization steps,
50 batches, 1,000 iterations/batch). Significance
probabilities were adjusted for the number of tests
performed simultaneously (i.e., number of loci) by
the Bonferroni method (Sokal and Rohlf 1995).

Results

The three loci revealed different amounts of ge-
netic variation (Table 1). All four samples revealed
low variation at the SSOSL311 locus (three or four
alleles). In contrast, all samples were much more
variable at the SSOSL417 and SSOSL436 loci,
where 6–13 and 15–18 alleles, respectively, were
observed. For the Connecticut River samples, dif-
ferences in allelic frequencies between WSS and
KSSH samples were statistically significant only
at the SSOSL436 locus (P , 0.001) but not when
all loci are considered together after a Bonferroni
correction. For the Penobscot River, allelic fre-
quencies differed between the juveniles sampled
in 1997 and 1998 at SSOSL417 (P , 0.001) and
SSOSL436 (P , 0.001) loci. These differences
were still significant after a Bonferroni correction
(P , 0.001).

Table 2 presents a summary of the genetic var-
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TABLE 1.—Genetic variation for three loci in samples from the Connecticut and Penobscot rivers. Results are presented
as allele frequencies. Abbreviations are as follows: Ho 5 observed heterozygosity, He 5 expected heterozygosity; H–
W 5 conformity with Hardy–Weinberg genotypic proportions; WSS 5 Whittemore; KSSH 5 Kensington; GL 5 Green
Lake. Number of individuals are in parentheses.

Locus/
allele

Connecticut River

WSS (41) KSSH (40)

Penobscot River

GL 97 (41) GL 98 (58)

SSOSL311
122
124
150
156
Ho–He
H–W

0.94
0.05

0.01
0.10–0.12

Yes

0.89
0.06

0.05
0.18–0.20

Yes

0.96
0.01

0.03
0.07–0.07

Yes

0.89
0.04
0.02
0.05

0.10–0.10
Yes

SSOSL417
159
163
167
171
173
175

0.17

0.06
0.15
0.07
0.30

0.11

0.03
0.20
0.07
0.43

0.18

0.14
0.24
0.32

0.15
0.01
0.03
0.04
0.08
0.41

179
183
185
191
193
195
197
203
205
207
211
Ho–He
H–W

0.07

0.02
0.03

0.07
0.04
0.02

0.92–0.84
Yes

0.04

0.03
0.03
0.06

0.71–0.76
Yes

0.05

0.07

0.62–0.79
Yes

0.02

0.01

0.10
0.01
0.03

0.08
0.04

0.66–0.79
No

(P , 0.001)
SSOSL436

152
154
156
158
160
164
166
168

0.03

0.03
0.09
0.04

0.01
0.06
0.01
0.07

0.20
0.04

0.04
0.03
0.07

0.04
0.12
0.04

0.07

0.13

0.09
170
172
174
176
178
180

0.10
0.04
0.01
0.08
0.04

0.01

0.07
0.17
0.03

0.03

0.05
0.18

0.10

0.02

0.10
182
184
186
188
190
192
194
196

0.03
0.03

0.04
0.14

0.07

0.03
0.07

0.17

0.01
0.03
0.07

0.04
0.07

0.05

0.04
0.03
0.1

0.11
0.08
0.02

198
200
202
204
206
210
212
Ho–He
H–W

0.07
0.08
0.03

0.05

0.85–0.93
Yes

0.03
0.03

0.61–0.89
No

(P , 0.001)

0.04
0.01

0.08
0.84–0.93

Yes

0.01

0.07
0.02

0.01
0.60–0.92

No
(P , 0.001)
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TABLE 2.—Genetic variability of populational parame-
ters of the analysed samples. Abbreviations are as follows:
H 5 mean heterozygosity; NA 5 mean number of alleles
per locus; H–W 5 conformity with Hardy–Weinberg; chi
5 chi-square goodness-of-fit to H–W genotypic propor-
tions; P 5 exact P–value (Markov chain).

Connecticut River

Whittemore Kensington

Penobscot River

Green Lake
(1997)

Green Lake
(1998)

H
NA
H–W
Chi
P

0.636
10.7
Yes
10.4
0.11

0.486
9.3
No

Infinity
,0.001

0.496
9

Yes
5.5

0.487

0.439
11
No

Infinity
,0.001

iability found for the four samples at the three
analyzed loci. Although the Connecticut River
samples were not statistically different with re-
spect to allelic frequencies, differences between
WSS and KSSH with respect to genetic variability
were evident. Genotypes for the WSS sample did
not significantly depart from Hardy–Weinberg pro-
portions when all three analyzed loci are combined
(chi-square 10.4, P 5 0.110), whereas genotypes
for the KSSH sample deviated significantly (P ,
0.001), presenting many more homozygotes than
expected at many alleles for all three loci. In ad-
dition, both mean number of alleles (9.3) and mean
heterozygosity (0.49) were lower for the KSSH
sample than for the WSS sample (10.7 and 0.64,
respectively).

Mean heterozygosities of the two samples of the
Penobscot River cultured stock (0.50 in 1997 and
0.44 in 1998) were in the same range as the cul-
tured Connecticut River stock (0.49). Both Pe-
nobscot samples exhibited significantly higher
number of homozygotes than expected (P , 0.001,
for heterozygote deficit in both cases). When com-
bining all the loci to test conformity with Hardy–
Weinberg, the 1997 sample was at Hardy–Wein-
berg equilibrium (chi-square 5 5.5, P 5 0.49),
whereas the 1998 sample clearly was not (P ,
0.001). Both domestic stocks (KSSH and Green
Lake) deviated significantly from Hardy–Wein-
berg equilibrium due to increased proportion of
homozygotes, in spite of their very different ge-
netic compositions.

Discussion

Use of hypervariable loci such as microsatellites
is encouraged for managers in routine surveys be-
cause it has been shown here to be a very useful
tool for monitoring genetic variability of popula-
tions or stocks. We found two important results

that can be directly related to management. One
was the loss of heterozygosity observed in the do-
mestic stock of the Connecticut River compared
with sea-run adults. This observed trend for the
Connecticut River stock is similar to the findings
of Verspoor (1988) for Canadian hatchery stocks.
However, the cultured fish (KSSH) had a higher
heterozygosity (0.18) at SSOSL311 than did the
sea-run fish (WSS; 0.10). This suggests the ob-
served differences reflect random variation rather
than nonrandom mating or reduced effective pop-
ulation size.

The second important result was the discovery
of significant differences in allele frequencies be-
tween year-classes in the Penobscot River stock.
As previously indicated, the Green Lake domestic
stock is annually created from sea-run crosses
within size-classes (probably age-classes); by mat-
ing individuals from the same cohorts, overlap
among generations is precluded. Because the Pe-
nobscot River population restoration was based on
introductions from different Canadian egg sources
in different years (Beland 1984), it is possible that
a complete mixture of the different founder stocks
into a single common gene pool has still not been
achieved and that the Penobscot River population
consists of several sub-populations not fully over-
lapping in time. Alternatively, another explanation
could lie in the exaggerated influence of a small
group of individuals or even a single individual
on the composition of the 1998 Green Lake stock,
a likely occurrence in cultured stocks. This seems
unlikely, however, because of the relatively large
number of parents used for the Green Lake stock:
199 males and 199 females in 1997 and 639 males
and 639 females in 1998. In any case, interbreed-
ing different age-classes could help to homogenize
the gene pool among years and would decrease
substantially the likelihood of mating closely re-
lated individuals (e.g., full siblings). This inter-
breeding could be accomplished by mating indi-
viduals from different cohorts and using mature
parr and reconditioning kelts.

Utter (1991) emphasized the relevance of con-
tinued genetic studies on Atlantic salmon for stock
identification and enhancement programs. Our re-
sults of two such enhancement programs suggest
that genetic monitoring is still necessary. Careful
attention should be given to mating strategies, ge-
netic typing of returning adults, and to maximizing
genetic variability in the F1 cultured stock to avoid
drastic changes in the genetic pattern of popula-
tions undergoing restoration. Genetic monitoring
of cultured stocks is especially important in res-



289COMMUNICATIONS

toration programs when these stocks are being em-
ployed to enhance wild populations and will con-
stitute a large part of the future wild sea runs.
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