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Introduction

The need for as t and of the herring wtocks Iin the Gulf
of Maine, Georges Bank and adjacent areas (ICNAF subareas 4X, 5Y, 52 and 6,
has beccme increasmingly apparent in recent years. Increasing effort brought
the landings from the area to & peak in 196B; subsequenrly, while high effort
levels were maintained, the herring stocks in all sections of this area began
to decline In abundance. Acturate asaessments and optimal management reguire
knowledge of the number and disrribution of unlt-stocks er sub-populations in
the arsa. The stock atructure has been investigated by a varlety of means
ineluding: distribution of apawning and eubsequent larvae distribution and
drift (Boyar et al., 1971) (Iles, 1971); and meristics (Anthony and Boyar, 1968)
{Ilas, 1970).

Blochemical snd immmogenetic methods also have shown promisa for
distinguishing the unit-stock structure of fishes, The use of biochemical
methods for separating stocks is based on the knowledge that the structure of
proteing is under genetic control. Nearly all living species are highly
variable for a variety of genetically controlled forms of proteins including
nuserous enzymes, Differences in the frequencies of occurrence of thege
variant forms in groups of fish would provide evidence for reproductive igclations
and the existence of separate stocks. We presenced a paper summarizing serological
and biochemical studies on the herring in the Guif of Maine and adjacent waters
at The Special Meeting om Biochemical and Serological Identification of Fish
Stocks couvenad by ICES in 1969 (Ridgway et al,, 1971}, The results reported
in that paper obtained with blood types, esterase tyves, and lactic dehydrogenase
types supperted the conclusion that the stock of adult herring on Georges Bamk
wis independent of the stocks of adult herring spawning in the scuthwestemn
Gulf of Maine and off gouthern Nova Scotia. The rmsults presented in this
report have been obtained with an additional polymorphic emzyme system phospho=
hexose-isomerane,

The enzvms phosphohexose igomerase, also known as phosphogluccse
isomerase, glucose phesphate isomerase, or D-glucose-f-phosphate ketel ipomerase
(EC 5.3.1.9) is found widely distributed in both plants and animals. It catalyzes
the reversible conversion of fructose=-6=phosphate to glucose=-6-phosphate.
Electrophoretic variants have been reported in mice (Carter and Parr, 1967),
humang (Detterer et al,, 1968), and rabbits (Waleh et al., 19701,
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This paper is concerned with the electropharetic variants of phospho=
hexose isomerase (PHI) chserved in adult herring and their distribution inp
hypothetical racisl stocke ia the Gulf of Maine, Georges Bamk and the Mid-
Atlantic Bight areas of the Northwest Atlantic,

Materiala and Methods

411 samples were taken from Tassarch eruises and commercial vessels
between April 1970 and May 1971, The whole figh wara held at =20°C, for no
more than 2 months after which they wers thawed and age, sex, spawning condition
and morphometric data recorded. The heart and a .5 cc. cube of skeletal muscle
were removed from each fish and pleced in 1 cc. plastic vials, Sample and
vial were gquick froeen (immersed) in liquid nitrogen and atored at -40°C.
Semples treated in this fashion showed no appreciable gualitative changa after
being atored for one year,

Equal parts of semple and distilled water were placed in a small wortar
and ground with the aid of glaas homogenizing beads, Tha homogenates wera
cencrifuged ar 20,000 g, for 30 minoutes.

Horizontal starch-gel electrophoresis wag performed using a discoutinucus
buffer system gimilar to that described by Ferguson and Wallaca (1961). The
gel buffer, pH 8.1, containad 3.63 gr., Trie and 1,11 gr. citric &cid per liter,
and the electrode buffar, pH 8.1, contained 1.4 gr. lithium hydroxide (Li0H)}
and 18,56 gr. boric acid per ligter. A 127 atarch-buffer aclution was heated
to 106°C., cooled to 85°C., degassed, and poured into a 13x22x.63 cm. mold
which consiated of a .63 em. acrylic plastic frame sandwiched batween 2 sheets
of plate glass.

After cooling for 1/2 hour at room tewparature and 1 hour at 4°C. the
glass ctop and frame were Temoved and the gel severad 6 cm. from the cathodic
ead to allow insertion of asample wicks., Thirty u~liters of sample supernatant
were placed on 5 % 7 wm, pleces of Beckman* #319329 paper wick, After insertion
of sample wicks the gel pleces ware pushed together and held in position by
placing 5 mm, glage rods at sach end of the gal, Each rod was anchored by a
rubber band running under the plate glass and looped over esch end of the rod,

Horizontal elactrophorasis was performad using elactrode trays and cloth
wicks; the wicks ware placed on the surface of the gel with the edge of the
cathode wick 1l centimeters from the sample slit and the edgs of the anode
wick 3 centimetere from the sampls alir. The gel and wicks were then coverad
with plastic film, Direct current was supplied by a Hasthkit regulated voltage
power supply. Electrophoresis was parformed at 4°C. for 30 minutes at 165
velta across the entire syatem. The pleces of filter paper were then ramoved and
electrophoresis was continued at efther 350 or 110 wolts until the borate~tris
interface had migrated to the edge of the anode wick (4-4 1/2 or 16 hours reapect-
ively. The electrode trays were never reversed and the buffer was replaced after
about 8 ruma,

Using glass rods to contral the depth of cut, gels were sliced with a
stainless steal razor band and atained for PHI activity with a modified formmla
described by Detterer et al. (1968). Twenty-five ml. of a 2% agar aolution
cooled to 55°C. was mized with 25 mi, .6 M tris HCl solution (pd 8.0) containing
the following ingredients: 120 mg. Pructose-&—-phosphata {disodiwm), 10 ng.

NAD? (Nigotinamide-adenine dineucleotide phosphate), 10 mg. MIT tecrazoiium,

2 mgs, Phenorens methosulfate, and 12 units Glucose=5-phosph dehydr: .
The dry ingradients were mixad with the buffer no more than 5 minutes and the
Glucose-G=phosphate dehydrognase no more than 1 miputa before combining with

the agar. This wmixture was poured over the gel before the agar golution
congealed and incubated at room temparaturs until PHI banda appeared (5~10 min.),

*Hentiom of trade names fn this publicarion does mot congtirute an andorsement
by the Kational Marine Pigheries Service
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Resulcs

PHL Types of Atlantic Herring

Figure 1 ghows 15 of the 16 PHI variants which we have observed to date.
PHl-zymograms of herring tissue extracts show at lsast a single dark ataining
"major" band, and two or more weaker components anodic to the major band,
Individuals showing these patterns are considered to be homozygows. Other PAIL
zymogram patferns of harring contain three dark and varying numbers of lighter
ataining bands; these are considerad to be heterozygous. This situarion, which
is aimilar to that found in mice (Carcer and Parr, 1967), rabbits (Welch at al,,
1570) and hmaps (Detterar et al,, 1968) is coneistent with a dimeric structure
that is controlled by an autocsomal locus, These varianta which we have obsarved
can be explained as 16 of the 21 possible combinations of six codominant allsles
{A through F) inherited at guch & locus,

The allelic "zonas" are 2asily identified by thelr migration distances
on the rymogram. In our systam the major imozyma band of irdividuals homozygous
for alleles A, B, € or D migrate about 34, 24, 14 or 2 wm. respactively from
the origin toward the anode and those homozygous for alileles E and F migrate
12 and 22 wm, respsctively toward the cathode, Hatarozygous phenotypes are
identified by the location of the upper and lower major ataining bands which
elvays falls in one of thege zonss. The middle band, present in all heterc-
tygotes, often occurs betwesn these major zomes as in the cass when adjacent
alleles ara involved (AB, EC, etc.). In other hateroxygotes (BD, BF, CD, etc.)
the middla band occurs at the seme pesition as an allelic zone.

Esch isozyna pattern exhibite st least 2 miner bands situated ancdally
to the major band. These ars easily observed above the single major band of
the homorygous patterns and abova all three major bands of the heterorygous
BE, BF, and CF pattarns. In the other heterorygous phanotypes only the 2
minor hands associsted with the upper dark staining component are svident and
the lower gues are eithar partially or complately masked by major components
of similar mobility. Thess minor subbands are s frequent finding in imozyme
studies and have yet to be fully explained. Dettarer st al., (1968) suggmst
that in tha case of human PHI they may be dues to conformational isomers,

PEI actiwity was detected in the liver, gills, brain, sye, gonads,
kidney, skeletal muscle, heart and intestins of aduit herring. Quantitative
differencas batween fissues from tha same fish wers not detected. Howevar,
the activity varied considerably with the greatest activity found in the skeletal
muscle and the least in the eye.

Jotra-area arison Betwssn Observed and Expected Fragyencies of
PHI Fhenotypes

Tablea 1-5 show the distribucion of the PHI patterns of 18 samples of
adule herring from NE Gaorges Bank, SW Nova Seotia, SW Gulf of Maine, Massachu-
sects Bay and the Mid-Atlantic Bight, respectivaely. The expected distributions of
the types according to the Rardy-Weinberg law of genotype distributioms in large
random mating populstiona are also givan. Seventesn of the 18 ssuples revasled
no significant differeuces batween the observad and the sxpected genotype digtri-
butions, thus providing evidence for the validity of the proposed mathod of
inheritance. Sampla mumber 4 from the SW Gulf of Maips was the ouly sample
which deviated from that expected from a random meting population. This
deviation could result from a sampling of two or mors sub-populations, a typa 1
statistical error, or mora likely, diffarential mortality smong older fish which
wara predorinant in this sample. Analysis revealed that 42X were 7 or mors years
of age and that the genotypes cbserved in thesa older fish differed significantly
from those expscted from a random mating population. The genotypus of fish less
than 7 years of age did not differ significantiy.
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The eighteen gamples were initially placed inte four areas on the
bagls of available life history information (apavning areas and winter
fishery). The four areas were NE Georges Bank, SW Nova Scotia, SW Culf of
Maine (Previncetown, Mass. to Boothbay Harbor, Maine) and che Mid=-Atlantic
Bight (Cape Cod to Cape Ratteras). However, when the observed phenotypes of
the 7 samples from SW Gulf of Maine were pooled and compared with those expected
from the Hardy~Weinberg equilibrimm, they were significantly different (P<.D5).
The decision was then made to separate the Provincetown and Stellwagen (Helther
Herwig 6-25-70) eamples from the SW Gulf of Maine ares baczuse both had beon
taken at a time and place where mixing of Georges Bank and SW Gulf of Maine
stocks seemed reasomably likely. EBach of the resulting five areas or groups
then were tested for intra-area heterogeneity and no significant (P<.G5) differences
were obtained (tables 1-3),

Tests for Inter-Area Differences

The Massachusetts Bay area was not comparad with other areag because
tha sample totale (140 Fish) wera inadequate, Evidence for differences among
the four remaining arsas was sought by testing for inter-ares differemees in
both the phenotypes and the alleles.

Table 8 shows the results of comparing tha fit of cbserved phenctypes
with those sxpactsd from the Hardy-Weinberg law when two different areas are
paired, If two discrete populations ara pooled their gemotypic distributienm
may daviate zignificantly from the expected phenotypes calculated accerding to
Hardy-Weinbarg law, Two of the six possible comparisons show considerable though
not gignificant deviation, These are SW Nova Scotia + SW Gulf of Maine and
SW Gulf of Maine + Mid-Atlantic Bight comparisons,

Contingency Tahla Compariscons of Avea Allels Nombers

Table 6 lista the numher of fraguency of allelea cbmerved for each sample
and area, A 2x5 contifigency table comparison of two regione and five alleles
(B, €y D, E, and F) for the six possible comparisons did not reveal asny signi-
ficant differsnces. However, it is apparent in Table 5 and Figure 2 that sevearal
of the alleles show very liztle diffarances between the populations yat in the
2x5 contingency table each ti‘onl:ﬂ.bul:et 4 single degree of freadom which raises
the aignificance value of X° and masks the differances contributed by the
differing alleles, When the genes are combined into twe sets {faat migrating
ABC and alow DEF) and a 2x2 contingency table constructed (Table 7} two of the
8ix comparisons are significantly different. These pairs are NE Geaorges=-5W
Kova Scotia and SW Wova Scoris-MideAtlantic Bight, The NE Ceorges=-SW Nova Scotia
comparicon shows highly significant (P.01l) differsnces.

Analyais of Varimnce of Allele Frequencies from Spavning Azeas

Angular transformacion of the allele frequencias were used to compute
the five alleles, two areas, two season factorial analyses of variance shovn in
Table 9, Samplas from the three spavning areas were grouped sccording to sprimg
end fall captures with twe veplicates for each sesson. To provide squal nunbera
of replications from each area which simpliifies the computations, and to uze
aanples which were takan ar a2 time closer to the known apawning seggon, sample
muather 3 from the SW Gulf of Maine was excluded from these analyses,

As was expeacted, most of the variation in each of tha three comparisons
is due to the difference between alleles (P<,001), however interactishs in two
of the three compariscns are alsc signifieant, The interacrion of the alleles
and areas of the NE Ceorges=SW Gulf of Maina and NE Georges=5W Nova Scotia
analyses are significant and highly significant respectively, indicating considerable
genetic iasolation betwsen the stocks compared, Neither season mor any of its two
interactions ware significant sources of variation. However, the allale x season
componant of the NE Georges-SW Nova Scotia analvels is nearly significant (,05<P<,06).
This interaction suggests that non-randow genetic changes occurred among the herring
populations occupying these areas between the spring and fall of 1970-1971.

c3



Conclusions

The phomphohexcse isomerase phenotypes of adult herring observed to
date are 16 of a possible 21 combinations of six codominant alleles inherited
at an autosomal locus. The results of the anzlysim of adult herring PHI
laozymes supporta the life history information available from earlier studieg
that the thrae major spawning groups (SW Nova Scotia, NE Georges, and SW Gulf
of Haine) are discrete populations. Furthermore the overwintering fish in the
Hid-Atlantic Bight area conform to the Ceorges Bank stock, However, more
samples are neaded to detect possible mixding of stocks in the Mid-Atlantic
Bight area during winter,
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Table 9. The analysis of variance of PHL allele frequency data. 14

Source of Variarionm | Degrees of Freedom l Mean Squares Probabilicy

NE GEORGES BANK AND SW NOVA SCOTIA

Replications 1 0.2209 *k

Alleles 4 2,510,8565 Pes .00}

Area 1 2.1827 -+

Seaaon 1 0.2515 as

Alleles x Area 4 12,8462 »01=-,00%

Alleles x Season 4 7.1361 .05-,06 ==y

Area x Seagon 1 0.6033 | ] W I e

Alleles x Area x Season 4 1.8509 - BERE A s

Error 19 2,4875 ¢l |- I R EE e

£ [cwm=. E ] N
g | N N N ey
-
I L s N
NE_GEORGES AND SW GULF OF MAINE c ORIGIN p—
E E

Replications 1 0,2756 e x -

Allales & 2,688.1721 P<..001 —

Area 1 0.4040

Eeason 1 0.5108 - A B c c ) D ) 0 E E

Allales x Area 4 6.6421 .025-.05* ¢ g 2 3 E ,B= ‘é oD E F O E F E F

Alleles x Season 4 31,0694 # 10,20

Ares x Season 1 0,9859

. +05=,

:::::“ X Ares x Sesson 1; {1. gigg 3-.10 Figure 1. Phosphohexose lsomerage enzyme phenotypes obsetved
in adult herring from the N,W, Atlantic. {Since
this flgure was prepared the homozygote FF was

NOV SW OF
SW A SCOTIA AND SW GULF MAINE ocbmerved in N.E, Georges Bank sample No,. 5.)

Replications 1 0,2756 «

Alleles 4 2,460.1322 P=,001**

Ares 1 0.7076

Season 1 2,279

Alleles x Ares 4 3,7593 »10-.20

Alleles x Season 4 2,1814

Area x Sasson 1 0,0462

Allalaw x Area x Sasson 4 6,1413 +05-.10

Errer 19 2,1897
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