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Introduction 

The need for aasesS1IIent and management of the herring stocks in the Gulf 
of Haine. Georges Bank and adjacent areas (ICNAF subareas 4:1, ST, 5% and 6, 
has become increasingly apparent in recent years. Increasing effort brought 
the bndings frem the area to a peak in 196B; subsequently. while high effort. 
levels were lUintained. the herring stocks in all sectiona of this area began 
to decline in abundance. Accurate asseaa_nts and optilllal manaBement require 
knowledge of the number and distribution of unit-stock!> or sub-populations in 
the area. The stock structure has been investigated by a variety of means 
including I distribution of spawning and eubsequent laTVse distribution and 
drift (Boyar et al., 1911) (Iles, 1911); and meristics (Anthony and Boyar, 1968) 
(Iles. 1910). 

Biochemical and 1mmuDogenetic methods also have shown prOlllise for 
distitl3llishing the unit-stock .tructure of fishes. The use of biochnlical 
methods for aepaTating stocks is based on the knowledge that the structure of 
proteins is undeT genetic control. Nearly all living species are highly 
variable for a variety of genetically controlled fot'\U of proteins including 
nUll.rous enzYllles. Differences in the frequenciea of occurreDce of these 
variant foms in groups of fish would provide evidence for reproductive isolations 
and the existence of separate atocks. We presented a paper sUllllllarizinR serological 
and biocbeaical studies on the herring in the Gulf of Haine and adjacent waters 
at The Special ~eeting on Biochemical and Serological Identification of Fish 
Stocks convened by ICES in 1969 (Ridgway et al., 1971). The results reported 
in that paper obtained with blood types. esterase t~es, and lact1c dehydrogenase 
types supported the conclusion that the stock of adult herring on Georges Bank 
was independent of the stocks of adult herring spawning in the southwestern 
Gulf of Maine and off southern Nova Scotia. The results presented in this 
report have been obtained with an additional pol}'1llOrphic enzytlle system phospho­
hexose-iscnarase. 

The enzyme phollphohexose 1SOlllerase, also known as phosphoglucose 
iBOIIIeraae. glucose phosphate isomerase. or D-glucose-6-phosphate ketol isomerase 
(EC 5.3.1.9) is found widely distributed in both plants snd animals. It catalyzes 
the reveraible conversion of fructo._6-phosphate to glucose-6-phoaphate. 
Electrophore.tic variants have been reported in mice (Carter and Parr. 1961), 
humans (Dettarer et al., 1968), and rabbits (Welch et a1.. 1910). 
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Thill papar is concerned with the electrophoretic variants of phospho­
bexose isoaerase (PBI) observed in adult herring and their distribution in 
hypothetical racial stocks ift the Gulf of Maine, Georges Bank and the Hid­
Atlantic Bight areas of tbe Northwest Atlantic. 

Materials and Methods 

All samples we'1"8 taken frOlll raa .. rcb cruises and coamercial veaaels 
between April 1910 and Hay 1971. The whole fiah were beld at -20·C. for no 
more than 2 months after which they were th.wed and age. sex. spawning condition 
and morphomet'1"ic data recorded. The heart and a .5 cc. cube of auletal muscle 
were reaoved from each fish and placed in 1 cc. plastic vials. Sample and 
vial were quick froEeD (iDDeraed) in liquid nitrogen and stored at -40·C. 
Satllples treated in this fashion showed no appreciable qualitative chanae after 
being stored for ODe y ... r. 

Equal pa.rts of semple IIDd distilled water vere placed in a _aU lIortar 
and ground with the aid of glus hOlllOgeniziDg beads. Th. hOlDOpDates were 
centrifuged at 20,000 g. for 30 a!Dutea. 

Horizontal starch-gel electrophoresis was -performed uaina: a discontinuous 
buffer aystl!1ll similar to that described by FergusOD and Wallace (1961). The 
gel buffer, pH g.l, cODtained 3.63 gr. Tris and 1.11 gr. citric acid per liter, 
and t.he alectrode buffer, pB 8.1, contained 1.4 gr. lithiUll hydrazide (LiOB) 
and 18.56 gr. boric acid par liter. A 12% starch-buffer solutioD _. heated 
to lOO"C •• cooled to 85·C., degassed. and poured into a 13x22x.63 CIIl. 1II01d 
which consisted of a .63 em. acryUc pI_tic frame aandwiched between 2 sheets 
of plate glass. 

After cooling for 1/2 bour at roem teaperature and 1 hour Ilt 4·C. the 
glus top and frame were reaoved aDd the gel severed 6 CIII. frOUl the cathodic 
end to allow iDl!lertion of SaMple wicks. Th~rty )I-litera of sample lJUpernatant 
were placad on 5 x 1 _. pieces of Beclal&D* ·#319329 paper rick. After insertion 
of sa.ple wicks the gel piec_ ware pushed together and held in position by 
placing 5 _. glasa rods at aach ead of the gel. Each rod was enchored by a 
rubber band running under the plate glass and looped over each end of the rod. 

Hori&ontal electrophoraaia vas perforaed ua:ing .lectrode trays and cloth 
wicke. the wicks ware placed on the surface of the gel with the ed.e of the 
cathode wick 11 cea.tiJIetera froa the s .. ple alit and the edge of the bode 
wick 3 centimeters frOlll the sample slit. The gel and wicks vere then covered 
with plastic film. Direct current waa &up1'11ed by a Heathkit regulated voltage 
power supply. Electrophoresis was performed at 4·C. for 30 minutes at 165 
volts acrollS the entire systa. The pieces of filter paper were then reaoved and 
electrophoresis was continued at eitber 350 or 110 volts until the borate-tris 
interface had migrated to the edge of the anode wick (4-4 1/2 or 16 hours respect­
ively. The electrode tray. were never rltVersed and the buffer vas replaced after 
about 8 ruu. 

Ullins glaas rods to control the depth of CIlt, gels were sliced with a 
stainless st_l razor band and stained for PHI activity with a 1IIodified fOrllUla 
described by Oetterer et al. (1968). Twenty-five Ill. of a 2% agar solution 
cooled to 55·C. was mUed with 25 Ill •• 6 K tris HCl solution (pH 8.0) containinl 
the following ingradiaatel 120 mg. Fruc:.tos_6-ph08phata (disodium), 10 mg. 
NADP {HicotiDUtida-adenine dineucleotide phosphate), 10 mg. HTT tetruol1U111, 
2 mg •• Phenozene methosulfate, and 12 units Glucos_6-phosphate dehydrogenase. 
The dry ingredients were mud with the buffer no 1IIOre than 5 minutes and the 
Glllcoa_6-pbospbata dehydrogaaae nO more tban 1 lI1aute before combining with 
Che agar. This milr.ture was poured over the leI before the sgar solution 
congealed and incubated at roOlll temperatura tmtU PHI bands appeared (5-10 min.). 

*Mention of trade names in this publication does not constitute an endorsement 
by the National Marine FisherieB Service 
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PHI Typea of Atlotic Berrill8 

Figu1'& 1 shova 15 of t.he 16 fHI variant.s whidt we have observed to dat.e. 
PHI-zytaOgrams of herring tiaaue extracts ehow at aut. a single dark staining 
"_jor" band, and two or more weaker CQllPOD8llta anodic to t.he \IIajor band. 
Individuals showing theae patteru are considered to be homozygous. Other PBI 
zY1llOgram patteru of herriftl contain three dark ad varying number. of lighter 
8taining ban4Jl; these are considered to be heterozysous. Thia situation. which 
is s1ll1lar to that found. in lI1ee (Carter and Part'. 1967). rabbita (Welch et al •• 
1970) aDd bllll&1l8 (Dett.ret et al., 1968) ill consistot with a dimeric atructure 
t.hat. is controlled by an autos0III81 locus. Those variants which we have observed 
can be aplained. .. 16 of the 21 po.-ible cOllbinatioM of aix codOlliuant. allelea 
(A t.hrOUSh p) inherited at auch a locus. 

The allelic "zonea" are easily ident.ified by their _igration distaacaa 
on the zymOlra. In our syetam the _jor boZ)'llll baud of individuals ha.ozygoua 
for allelaa A, B, C 01' D migrate about 34. 24, 14 or 2 _. respactively from 
the origin tovard tbe anode and thou homozygous for alleles E and F migrate 
12 and 22 _. respectively toward the cat.hode. H.taroZ1gous phenotypes ara 
identified. by tha location of tha upper aud lover ajor staining bands which 
always falla in ODe of theae ZOGU. TM nddle band, preaant in all hetaro­
ZYIOt.ea, often occura batweeD thue .. jar zon" as in the case wben adjacltllt 
alleles ara iIIvolvecl (AB. BC, etc.). In other beterollYlotes (BD, BF, CO, etc.) 
the middla band oceura at the s .. podUon as aD allel1c zone. 

Each iaoz,.. patten exhibita at leut 2 llinor bands situated anodally 
to tha ajor band. The .. ara eaaUy obsarved above the single major bad of 
tha h_Z1IOU11 pattarna and abova aU three _jor bands of the beteroQ'loua 
BE~ BF, and CF pattans. In tba othar heteroZYlous phenotypea only the 2 
llinor banda usocutad with tha uppar dark atainiDa component ara arideat aad 
the lower ODea an eithar partially or cOJlPletely ... ked by .. jor cOIIpoaantil 
of lliailar .obllity. Theaa mioor subb_ds are II frequent finding in isozyme 
studiu and ha.,. yet to be fully uplained. Dattarer et al., (1968) aug .. t 
that in thti case of h_n PHI thay .. y be due to confor.ational bOIlers. 

PBI acti.ity v .... detected in the liver, lilla, braiu, eye. gonads, 
kidney, akeletal IIWIcle. heart and iute.tine of adult herri.n&. Quancitati". 
differences batween U •• uea fro. tba .... fi.h _ra not detected. Howewr. 
tha activity varied considerably with the ar .. teat activity found in the akeletal 
lIWIc1a and. the leut in the eye. 

latra-area Comparison BetwHn Observed ad Expected Fr!9U1!Dcies of 
PHI Phenotxpes 

rables 1-5 show tbe diatrtbution of tha PHI patte1'U8 of 18 s_ples of 
adult berr1na froa HE Georges Bank, SW Nova Scotia, SW Gulf of Hains. Masaachu­
satta Bay and the Mid-Atlantic Bipt. respeetivaly. The expected dt.triboUOII8 of 
the types according to the Rardy-WeiDbel'g law of genotype dllltributiona iD large 
random -til1l populations are alao given. SeventeaD of t.he 18 aaaplea ravaaled 
no dsnif1c:ant differences betv_n tbe observed ad the expected &8IlOt.ype distri­
butiona, thus providing evidence for the validity of the propoead method of 
inheritance. SlIIIIpla DUlllber 4 from the SW Gulf of Heine wea the ooly slllllpla 
which deviated froa that expected from a random .. dug populatioD. rhia 
deviation could result frOID. II aallpling of two or IIOre sub-populationa, a typll 1 
stati.tical error, 01' BIOra likely, dtffarutial1lOrtality &IIODI older flah which 
wsre predominant in this sample. Analyeis r~aled that 42% were 7 or acre yeare 
of age and that the genotypes obaerved in theae older fi.h differed significantly 
trOll those a:pected frOID a r&Dd.oa .. ting population. The Senotypaa of fiah leu 
than 7 y .. rs of age did not differ dga1f1cantly. 
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The eiahteea amaples were initially piaeed into four areas on the 
basis of available life hbtory information (apswn!na are .. and lIinter 
fishery). The four areas were NE GeorRes Bank, SW Nova Scotia, SW Gulf of 
Maine (Provincetown, Mass. to Boothbay Harbor, Maine) and the Hid-Atlantic 
Bight (Cape Cod to Cape Hatteras). However, when the observed phenotypes of 
the 7 samples from SW Gulf of "'aine were pooled and compared ",1 tn those expec.ted 
from the Hardy-Weinberg equilibrium. tbey were algaifieantly dtfferall: (Pc:.OS). 
The decision was then made to separate the Provincetown and Stellwagen (\.lalther 
Herwig 6_25_70) aamples from the SW Gulf of Maine aru because bot.h had beaD 
taken at a time and place where IIlixing of Georges Bank and 51-/. Gulf of Maine 
stocks seemed reasonably likely. Each of the resulting five areas or groups 
then were tested for intra-area heterogeneity and no significant (P£:.05) differences 
were obtained (tables 1-5). 

Tests lor Inter-Area Differences 

Tbe Hassachuaette Bay area was not compared with other ar_s be.cause 
the aample totals (140 iiab) were inadequate. Evidence for differeneeB SIIong 
the four rem.a.ining areas was sought by testing for inter-area differeneea in 
bot.h the phenotypes and the alleles. 

Table 8 show. tbe results of COll.paring tba fit of observed phenot.ypes 
wit.h thoae azpected from the Hardy-Wainberg law wben two different ar ... are 
paired. If tw diacrata populatiOlUl ara pooled tbair g"otypic distribution 
_y daviaee aip1fieaatlly fro. the axpected pheootypall calculated aecordtng to 
Hardy-Weinbera law. Two of the au poaaible compariaOlUl sbow considerable tbough 
not significant dev1atiOfl. Theae ara SW Nova ScoUa + SW Gulf of MaiDl! and 
SW Gulf of Kaine + Mid-Atlantic Bight comparisons. 

ContioaBDCY rable cgerarbDaS of Area Allele Nuabera 

Tabla 6 liata tha n~er of frequency of allelea observad for eeeh sample 
and area. A 2xS contitlgency t.able compariaon of cwo resiona and fiva allele8 
(B, C. 0, E, and p) for the six posatble compariaona did not reveal any signi­
ficant differencea. However. it is apparent in ~able S and Figure 2 that aeveral 
of the aUelea ahow very little diffarences between the populations yet itt the 
2rl contingency table each r.tribute8 a sinale dagree of freedom which raiae. 
thti aipificanc:a value of X and .. ska tha di£fe'E'8lIcu contributed by the 
differing allel... When the lenea are combined. into two sets (faat algratins 
ABC and slow DE') ad a 2x2 contingency table constructed (Table 7) two of tha 
aix compariaOlUl are aipifica'lltly differe'llt. Tbase pairs are WE G.or,e.-SW 
Nova ScoUa and SII Nova Scotia-Hid-Atlantic Bilht. The HE Georg .. -SW Nova Scotia 
cOllPariaon ah0W8 higbly aip1fieant (P.Ol) differanc ... 

Analysia ot Varianca of Allele Frequencies from Spawninl Areas 

Angular transformation of the allele frequencies were u8ed to compute 
the five allelea, two ar .. a~ tw seaaon factorial analyaea of variance shown in 
Table 9. S_p18S from t.ha three apawning areas were gtOl.lPed accordlDI to apriq 
and fall capturea with two replicatea for .. cb aeuol\. To provide equal nUllibera 
of replicatiOlla from each area whicb aimplifies the computations, and to use 
samples which were taken at a ti_ closer to the known apawning aea80n, ai1ll.ple 
number 3 frOll the SW Gulf of Maine waa excluded frol'll thue analyaes. 

As was expected. moat of tbe variat.ion in each of the threa cOlllparia0fl8 
is due t.o the diffarence between alleles (!<.aOl), however intaracttm in two 
of the tbree cOlllparillOlls are also significant. The interaction of the allelea 
and areas of the NE Georles-SW Gulf of Maine and WE Georgea-SW Nova Scotia 
analy8es are aipificant and highly sianificant respectively, indicating considerable 
genetic isolation between the stocks cOlipared. Neitber 8ea80n nor any of its two 
interactiOfls were significant sources of variation. However, the allale x seaao'Q 
component of tha HE Georgea-SW Nova Scotia analysis ia nearly significant (.OS<p<.06). 
This int.eraction sugC.ats that. non-randOlll genetic changes occurred 8IIIODg rhe herring 
populat.iODa occupying these areas between thi. spring and fall of 1970-1971. 
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Conclusions 

The phoaphohexose iSOJIleraae phenotypes of adult herring observed to 
date are 16 of a possible 21 combinations of six codominant alleles inherited 
at an autolOlllal locus. The results of the anslysi8 of adult. herring PHI 
180zyaea supports the life hilltcny fDfonaatioD available from earlier studies 
that. the three lII&j01' spawning groups (SW Nova Scotia, NE Georges. aDd SW Gulf 
of Maine) are discrete populations. Furthermore the aventintering fish in the 
lUd-Atlantic 8ight area confonll to the Georges Bank stock. However, morll 
s811!plea are needed to detect. possible 1II1x1ng of atocks in the Mid-Atlantic 
Bight area during winter. 
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Table 9. The analysis of variance of PHI allele frequency data. 

Sourc:e of Variation 

Repl1cationa 
Alleles 
Area 
SeaaOD 
Allelell x Area 
Alleles x Se480D 
Area x SeaBon 
Allelea x Area x Season 
Error 

Repl1catioQl 
Allalae 
Area 
S.aSOQ 
AUelea x Area 
Allel_ x S •• son. 
Are. x Seuon 
Allelaa x Are. x 
Error 

RepUcationa 
Allele. 
Area 
Sea.OD 
Alleles :II: Area 
Allele. :II: Season 
Are. II Saason 
Allel •• x Are. x 
Error 

o 
a! 

Sauon 

' ... on 

De2reea of Freedom Mean Squares 

ME GEORGES BANK AND SW NOVA SCOTIA 

I 

I 

1 
4 
1 
1 
4 
4 
1 
4 

19 

0.2209 
2,510.8565 

2.1827 
0.2515 

12.8462 
7.1361 
0.6033 
1.8509 
2.4875 

NE GEORGES AND SW GULP OF MAINE 

1 0.2756 
4 2,688.1721 
1 0.4040 
1 0.5108 
4 6.6421 
4 3.0694 
1 0.9859 
4 4.8928 

19 1.9158 

SW NOVA SCOTIA AND SW GULF OF MAINE 

1 0.2756 
4 2.460.1322 
1 0.7076 
1 2.2279 
4 3.7593 
4 2.1814 
1 0.0462 
4 6.1413 

19 2.1897 

Probabilit 

P ... 001** 

" .01-.005 
.05-.06 

P,,-.OOl** 

,025-.05* 
.10-.20 

.05-.10 

P..:...OOl .... 

.1D-.20 

.05-.10 

14 

+ --- --- --- --- - _ '§,{i'.~'t 

!II= ------- ----- -- -- -- --- -- --:-~ 
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r--- ORIGI N 
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Figure 1. 

B 
C 

--- -- ----- -- -- ------- -- ------ -- ----- - -- - - --
B B B C C C C 0 0 0 E E 
o E F C 0 E F 0 E F E F 

Phosphobexose lao.erase enz)'lI:e phenotypes observed 

in adult herring from the N.W. Atlantic. (Since 

this figure vaa prepared the homozygote PF was 

observed in N.!. Georsea B.ank __ pIe No.5.) 
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