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ABSTRACT

To investigate genetic relationships among spawning stocks ofAtlantic herring, Clupea harengus. in
the Gulfof Maine and Gulf ofSt. Lawrence, mitochondrial DNAs from ripe females at three localities
were examined by restriction endonuclease analysis. Using seven variable restriction enzymes.
mtDNAs from 69 completely characterized individuals produced 26 composite digestion patterns. The
majority of individuals (65%) possessed composites which were common to two or more spawning
localities; the other individuals displayed locality specific "unique" composites. Analysis of relation
ships among these unique composites suggested that some may have been derived from other areas.
These results are not consistent with the idea that separate genetic stocks of Atlantic herring exist
in the Gulf of Maine.

The relationships among discrete spawning
stocks of Atlantic herring, Clupea harengus, are
problematical. A large number of stocks and stock
complexes are recognized throughout the eastern
and western North Atlantic; these delineations
are based largely on meristic characters, spawn
ing time, and spawning location. Tagging studies
in the western North Atlantic have shown exten
sive migration and mixing of stocks during nonre
productive periods (Creaser et al. 1984). More
limited studies of spawning fish have demon
strated that some tagged individuals returned to
their spawning locations (Wheeler and Winters
1984). Recent work has advanced the hypothesis
that specific environmental attributes essential
for growth and survival of larval herring largely
determine where Atlantic herring will spawn
mes and Sinclair 1982). The notion that spawn
ing occurs near areas suitable for larval retention
could explain the discontinuous or patchy distri
bution of spawning areas. Similarly, the occur
rence of fall spawning and spring spawning At
lantic herring stocks may be a function of
completion of larvae growth and metamorphosis
constrained by resources within the larval reten
tion area (Sinclair and Temblay 1984). There is
thus a reasonable model to explain the existence
of geographically or temporally discrete spawn
ing stocks. However, the genetic structure among
these different spawning groups is unresolved.

Implicit in the Atlantic herring stock concept is
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the idea that individual fish belong to defined
groups by virtue ofreturning to specific spawning
sites. If this is the case, there should exist high
genetic continuity among individual Atlantic
herring within stocks and relatively lower conti
nuity among stocks. That is, genetic differences
should be observable among stocks. Unfortu
nately, meristic characters useful for stock defini
tion are under environmental influence and have
a complex genetic basis. Electrophoretic charac
terization of allozyme variation should poten
tially permit identification of genetic discontinu
ities among stocks. However, despite the
availability of a large number of polymorphic
markers and adequate sample sizes, significant
genetic heterogeneity among Atlantic herring
stocks has not been demonstrated (Anderson et
al. 1981; Kornfield et al. 1982; Grant 1984; Riv
iere et al. 19851. The inability of allozyme analy
sis to differentiate among herring stocks could
occur for two alternative reasons. Herring stocks
could have originated so recently that there has
been insufficient time for stock specific allozyme
variation to accumulate. Further, natural selec
tion may be acting to homogenize allele frequen
cies that may characterize stocks. Thus, standard
allozyme analyses may not be sufficiently sensi
tive to detect genetic variation which distin
guishes stocks. Alternatively, herring stocks
could be largely composed of individuals that do
not return to natal spawning sites. Under this
explanation, herring stocks would not represent
discrete genetic groups but rather random assem
blages of spawning individuals. Management of
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exploited herring stocks could differ dramatically
depending upon which alternative is correct
(MacLean and Evans 1981),

Restriction endonuclease analysis of mitochon
drial DNA (mtDNA) has, in recent years,
uncovered substantial genetic variation in natu
ral populations <Brown 19831. The technique is
potentially much more sensitive than conven
tional allozyme analysis for characterizing popu
lation structure and has been successfully ex
ploited to discriminate groups not detectable with
allozymes (e.g.. Avise et al. 1986; R. W. Chapman
unpubl. data). To further examine genetic rela
tionships among herring stocks, restrictive en
zyme digestion patterns of mtDNA were exam
ined in individuals from three spawning localities
in the northwestern Atlantic.

MATERIAL AND METHODS

Samples offall spawning Atlantic herring were
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obtained from two discrete localities in the Gulfof
Maine: Jeffries Ledge, MA nat. 42°50'N, long.
66°30'W; 9 September 19841 and Trinity Ledge,
NB, Canada (lat. 45°20'N, long. 65°30'W, Sep
tember 1984; 30 August 1985). A sample of spring
spawning Atlantic herring was collected from off
Pt. Escuminac, Gulf of St. Lawrence, NB (lat.
47°01'N, long. 64°40'W; 12 May 1985) (Fig. 1), All
Atlantic herring were collected during peak re
production. Samples were frozen in the field and
stored at -80°C for up to 6 months prior to anal
ysis.

Lansman et al. (19811 provided a useful review
of the application of mtDNA to population stud
ies. mtDNA was prepared from egg tissue (11-15
g/female1 by the rapid phenol extraction proce
dure of Chapman and Powers (1984). After the
final chloroform extraction, mtDNA in the
aqueous phase was precipitated in 95% ethanol in
the presence of 3 M sodium acetate, dried under
vacuum and dissolved in 10 mM Tris. pH 7.5.

FIGURE I.-Collection localities for Atlantic herring.
11 I JefTries Ledge. MA: 121 Trinity Ledge, NB; (3) Point
Escuminac (St. Lawrencel, NB.
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Samples were digested with 16 six-base restric
tion endonucleases (Table 1) under conditions rec
ommended by suppliers (Bethesda Research
Labs, New England BiolabsJ. Just prior to addi
tion of restriction enzymes, samples were incu
bated with Ribonuclease A (RNase) at 60°C for 5
minutes and allowed to cool to 37°C. Restriction
fragments were separated by horizontal elec
trophoresis in 1% agarose gels. HindIII digests of
lambda DNA were used as molecular weight
standards on all gels. Gels were stained for 60
minutes with 0.5 g L-1 ethidium bromide and
destained for 30 minutes in 5 mM MgS04 prior to
photography. The relative mobilities of mtDNA
and lambda fragments were measured from pho
tographs with a stereomicroscope. Molecular
weights of restriction fragments were calculated
from least squares third order polynomial regres
sions oflog-transformed lambda fragment mobili
ties.

RESULTS

Restriction digests of mtDNAs prepared by the
rapid phenol extraction procedure well resolved,
repeatable digestion patterns (Fig. 2). Two en
zymes, Bam-H1 and SoLI did not digest the her
ring mtDNA molecule. Variant digestion pat
terns were noted for the majority of enzymes
examined (Table 1> and were common both within

FIGURE 2.-Ethidium bromide stained agarose gel of mtDNA
digestion patterns of Atlantic herring, Clupea harengus lIanes
2-8l. Samples were digested with BstEII (Janes 2, 3; phenotypes
B, Cl, EcoRI (lanes 4. 5; phenotypes A, Cl, and Bglll (Janes 6, 7;
phenotypes A, Bl. Standard (lanes 1, 81 is a HindIII digest of
lambda DNA.

TABLE I.-Digestion patterns of Atlantic herring mtDNA produced by six-base restriction endonucleases1• Superscripts denote homolo
gous fragments, measured independently.
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550b 1.160e 550b 1,340 1,990b 3,2308 l,27OC 3,25Qe
550b 550b l,270e 1,960b 1,970b

__ __ 1.220e __ 1.220e
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16,190 16.690 17,150 16,650
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900b 960d 3.450 2,450h 1,100 2,450h

900b 900b 960d 900b
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16,900 16.760 16.850 16,760 17,100
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2,5708 2.290b 3.010b
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lTwo additional enzymes, SamHI and Sail produced no (or one) cuts.
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'Letters (from left to right) are digestion patterns for Apal. BglII,
BstEII, EcoRI. EcoRV. Kpnl. and Xhol (Table 1).

TABLE 2.-Distribution of mlDNA composite digestion patterns in
samples of Atlantic herring.

2R. W. Chapman. Chesapeake Bay Institute, The Johns Hop
kins University. Shandy Side. MD 20764. pers. commun. De
cember 1985.

and among population samples. For polymorphic
restriction enzymes, all digestion profiles of vari
ants were consistent with the hypothesis of single
nucleotide substitutions. No mtDNA size vari
ants, resulting from additions or deletions of
DNA, and recently found in a number of fish
groups (Bermingham et al. 1986; R. W. Chap
man2), were observed.

The mean mtDNA genome size, found by aver
aging the sums of all digestion patterns (Table 1>,
was 16,990 bp (base pairs) ± 620 bp (SDL In
quantifying molecular size from ethidium bro
mide stained agarose gels, two constraints must
be noted. First, variation associated with mea
surement of fragment mobilities is inevitable.
Because of the nonlinear relationship between
fragment mobility and molecular size. slight
measurement errors can produce large variations
in estimated sizes, particularly for fragments
with low mobilities. As a consequence, ho
mologous cleavage fragments (those which con
sistently exhibit the same mobility on a single

DISCUSSION

agarose gel) may yield different molecular size
estimates, e.g., ApaI fragment "a", Table 1. Sec
ond, mtDNA cleavage fragments less than 500 bp
could not be routinely scored on ethidium bro
mide gels because of their low absolute staining
intensities and fluorescent background in this re
gion (Fig. 2). Regardless of the above constraints,
individual cleavage fragment phenotypes could
be consistently determined.

Seven polymorphic restriction endonucleases
(ApaI, BglII, BstEII, EcoRI, EcoRV, Pvull, and
Xholl were used to generate composite digestion
patterns for individual Atlantic herring. Twenty
six unique composite digestion patterns were ob
served in 69 completely characterized individual
Atlantic herring. The distribution of these com
posites with respect to spawning locality is given
in Table 2; five common composites (nos. 1-5)
were observed to occur at all three spawning lo
calities.

Shared fragment similarity was calculated
pairwise for all composites and was used to
generate estimates of p, percent sequence diver
gence IUpholt 1977). Estimated sequence diver
gence among composites varied considerably,
mean = 1.66% +/- 0.91 (SDI, range 0.19% 
4.37% (Table 31. Phenetic relationships among
composites were examined by UPGMA (Un
weighted Pair Group Method of Arithmetic aver
aging) clustering (Sneath and Soka11973) of se
quence divergence (Fig. 3). Two major clusters
were noted: one involving three composites (5, 17.
26) and the other including all other composites.
Composites from both clusters were present in all
spawning populations.

A network of relationships among composites
was constructed by connecting composites in in
crements of single site gains or losses to minimize
the total number of restriction site changes re
quired (Fig. 4). Sixteen equally parsimonious net
works requiring 29 steps were generated. Com
posite number 1 can be considered central
because it is the most common pattern observed
and also occurs in the Eastern Atlantic (S. M.
Bogdanowicz unpubl. datal.

Based on the occurrence of geographically dis
junct spawning groups and homing of some
tagged individuals, it has been tacitly accepted
that Atlantic herring stocks are reproductively
isolated. The basic analytical premise of this
study was that restriction endonuclease analysis

2
1
1
1
1

5
6
6
1
1

26

51.
Lawrence

1
1
1
1
1
1
1
1

-..1
22

-
8

2
2 2

3
3
2

Trinity Ledge

1984 1985

Composite
mtDNA

Composite digestion Jeffries
designation pattern' Ledge

1 AAAAMA 5
2 MBAAAA 2
3 BMAAAA 2
4 MBAMB 1
5 ABMBM 1
6 BABAAAA 1
7 MBACM
8 AAAADAB
9 IMAAAA

10 DMAAAA
11 CAAAABA
12 BAEAAAA
13 HABAAAA
14 AAAAABB
15 CMAAAA
16 BABAMB
17 ABABBM
18 ABBACM
19 AMCCM
20 IABAAAA
21 MCAAAA
22 BADAAAA
23 CABAAAA
24 MDMM
25 ACDAAAA
26 ADDABAA

13
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

234

0.42 0.42 0.91
0.87 0.42

1.40

TABLE 3.-Estimated percent sequence divergence among mlDNA composites in Atlantic herring.

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

1.40 0.86 0.91 0.97 0.73 0.87 0.91 0.87 0.14 0.97 0.73 1.40 2.04 1.40 0.97 1.19 0.59 0.91 1.19 0.45 0.97 2.47
1.54 0.69 0.42 1.49 0.87 1.33 1.40 1.68 0.27 1.49 0.87 1.19 1.78 0.87 1.49 0.69 0.42 0.73 0.40 0.29 0.77 2.62
1.92 0.40 1.40 1.49 0.56 0.40 1.40 0.40 0.56 1.49 0.87 0.87 2.62 1.92 1.49 1.00 1.06 0.42 1.32 0.91 1.49 3.09
2.62 0.87 0.91 0.97 1.40 1.92 2.47 1.92 0.73 0.97 1.78 0.42 3.47 1.40 1.74 1.19 0.91 1.63 0.87 1.12 1.74 3.46

2.90 2.62 1.49 2.32 2.90 3.09 2.90 1.92 3.31 2.32 3.76 0.42 1.54 1.89 3.38 2.62 3.61 2.90 2.47 2.80 0.73
0.56 2.04 0.69 0.82 1.92 1.13 1.00 2.04 1.32 0.40 3.24 1.33 2.04 0.53 0.87 0.56 0.82 1.06 1.63 3.76

1.74 1.40 1.92 2.04 1.92 0.73 2.17 1.40 1.40 2.47 0.42 0.97 1.19 0.91 1.63 0.87 1.12 1.74 3.47
1.89 2.04 2.64 2.04 1.49 0.32 1.49 1.49 2.64 2.32 1.42 2.47 1.74 2.17 2.04 1.58 2.32 3.16

0.40 1.06 1.00 1.19 1.89 0.87 1.19 3.09 1.92 1.89 0.13 1.40 1.06 1.00 1.26 1.89 3.61
1.19 1.13 1.33 2.04 1.00 1.33 3.24 2.46 1.63 0.53 1.19 0.56 1.13 1.06 1.63 3.24

2.32 1.78 1.34 0.42 3.09 3.47 2.62 2.17 1.92 1.63 2.04 0.87 1.49 2.17 4.04
1.33 2.47 1.33 1.33 3.24 2.46 2.04 1.46 1.19 0.87 1.81 1.40 2.04 3.76

1.49 0.87. 1,19 3.09 1.19 1.49 1.00 0.73 1.40 0.69 0.91 1.49 3.09
1.49 1.12 3.73 1.89 2.32 2.47 1.74 2.17 2.04 1.58 2.32 4.37

1.54 2.18 1.92 1.49 1.33 1.06 1.40 0.40 0.91 1.49 3.09
3.09 1.92 2.80 1.00 1.40 1.06 1.33 1.63 2.32 4.19

2.18 2.64 4.33 3.47 4.04 3.76 3.89 3.73 1.26
1.49 1.68 1.40 2.18 1.33 1.63 1.89 1.78

2.47 1.74 2.17 2.04 1.58 2.32 3.16
1.54 1.19 0.82 1.40 2.04 3.76

1.26 0.87 0.77 1.34 2.95
1.54 0.45 0.97 2.47

1.06 1.63 3.24
0.47 1.89

1.73
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FIGURE 3.-Phenetic relationships among mtDNA composite cleavage
patterns of Atlantic herring. Estimates of sequence divergence were
clustered by UPGMA.

FIGURE4.-CladiRtic relationships of26 composite cleavage pat
terns of Atlantic herring mtDNA. Composites are connected
parsimoniously to minimize the number of restriction site
changes required. Shaded numbers refer to composites observed
at all three spawning locations. Crossbars on connecting lines
indicate minimum number of site changes required to connect
adjacent composites; arrows indicate direction ofsite losses. Lo
cality symbols: square - Trinity Ledge; triangle - Jeffries Ledge:
diamond - St. Lawrence.
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ofmtDNA should have been able to differentiate
among such reproductively isolated populations.
However, the spawning groups studied were not
fully distinguishable by composite mtDNA diges
tion patterns generated by six-base restriction en
donucleases; no absolute stock markers were
present. Six of the twenty-six composite designa
tions, representing more than 65% of all individu
als, were shared by at least two geographically
distinct spawing groups.

The occurrence of common composites in all
spawning populations could occur for at least two
reasons: First, commonality could reflect recent
and/or ongoing gene exchange among popula
tions. Consistent with this idea, there is no associ
ation between frequencies of common composites
(nos. 1-5) and spawning locality (G = 6.29, p 0.5,
Sokal and Rohlf 19811. As is generally acknowl
edged, small numbers of individuals migrating
among populations are sufficient to homogenize
different groups (Allendorf 1983). The absence of
two common composites 1.1 and 31 in the 1984
Trinity Ledge sample might be due to the stochas
tic effect of small sample size, though this obser
vation could also imply some element of temporal
instability in composition. Second. and alterna
tively, these common composites could represent
ancestral mtDNAs which were widespread prior
to any genetic isolation of populations. That is,
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the occurrence of common composites need not
imply current gene exchange (Avise et al. 1984;
Neigel and Avise 1986); population sizes are suffi
ciently large to support the co-occurrence of com
mon ancestral composites and their derivatives.

The presence of 20 composites which were
specific to spawning groups suggests that there
may be some degree of genetic isolation among
stocks. Given the limited number of individuals
sampled, it is difficult to know whether "unique"
composites are actually restricted to specific
stocks. For example. rather than increasing the
abundance of previously observed unique com
posites. the second sample from Trinity Ledge
generated additional composites. There is thus
little indication that "unique" composites may be
useful in defining stocks. The great composite di
versity displayed in the samples of Atlantic her
ring most probably reflects the very large popula
tion sizes involved.

In the absence of gene flow among spawning
populations, we would expect a unique composite
to be found in the same population as its most
probable precursor. In three out of seven in
stances, precursors of unique composites occurred
in different spawning populations (this result
holds for all other equally parsimonious net
works>. For example, composite 9, which only oc
curs in the St. Lawrence sample. is the immediate
ancestor of composite 20 from Trinity Ledge. In
addition, the two unique composites which were
maximally divergent (12 steps) occurred in the
same population (Trinity Ledge 1985). These con
siderations, as well as the absence of any consis
tent geographic pattern of unique composites are
consistent with the idea of gene flow.

Evidence for the ability of mtDNA analysis to
detect subtle population differentiation is com
pelling (Avise et al. 1979; Lansman et al. 1981;
Wilson et al. 1985; Bermingham-and Avise 1986).
However, since differentiation of mtDNA restric
tion patterns is a time dependent process (Kessler
and Avise 1985), it is possible that there has been
insufficient time to accumulate population
specific differences in Atlantic herring (Grant
1984,1985>. Atlantic herring stocks, as they cur
rently exist, can not predate the origin of the Gulf
of Maine following glacial withdrawal 18,000
years ago (Kellogg 1980). In addition, since the
effective population sizes of Atlantic herring
stocks are very large, they would be expected to
diverge only very slowly by lineage sorting
(Neigel and Avise 1986>.

Consistent, significant genetic differences

among spawning groups of Atlantic herring is a
sufficient, but not a necessary, condition to regard
populations as discrete stocks. Our results do not
support the hypothesis that discrete Atlantic her
ring stocks exist throughout the Gulf of Maine;
however. the absence of such differences does not
allow us to rigorously conclude that there is gene
flow among the populations in question. More
comprehensive sampling of mtDNA composites
within and among populations in the western
North Atlantic may better allow resolution ofthis
problem. Regardless, for the sake of preserving
variability, resources like the Atlantic herring
should be managed under the assumption that
every spawning group is a semi-discrete genetic
entity.
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