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ABSTRACT

Serum esterase, lactate dehydrogenase, and tetrazolium
oxidase variation is studied in eight species of the Clupeidae
(Aloss aestivalis, A. pseudoharengus, A. sapidissima, A. mediocris,
Brevoortia tyrannus, Clupea harengus, Dorosona ceped:anum and
D. petenense). Isozyme separation is performed by disc electro-
phoresis 1in acrylamide gels.

Serum esterases are compared in the four Alosa and Dorosoma
cepedianum. Five major esterase groups appear in all members
of the genus Alecsa. A polymorphic esterase locus is described
in A. sapidissima (Es-1). In A. gestivalis, gecographic varistion
in allele frequencies at the Es-2 locus is presented for the
Blackwater River, Delaware Fiver and six Chesapeake Bay rivers.
Allelic frequencies varied from .766 to .916; significant hetero-
genelity iz observed between sampled populations suggesting &
homing tendency in Alosa.

Tartate dehydrogenase (LDH) dlqplayu five isozymes in
gach of th& elont clupeids, with an apparent nonrandom assembly
ot A and B- typ. subunits into the tetrameric enzyme. No LDH
Ls0zyvimes unigue to any other tissues, such as the eye are cbserverd.
™

Thyee of the eight species are polymorphic at one or both LDH
loct (C. harengus; B. tyrannus, and D. cepedianum).

Tetrazolium oxidase exhibits polymorphisms in three
of eight species (B. tyrannus, D. cepedianum and D. petenense).
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SERIM E3TERASE, LACTATE DEHYDROGENASE, AND TETRRZOLIIM

OXIDASE POLYMORPHISMS 1N THE CLUFPEIDAE



INTRODUCTION

The purpose of this thesis is to describe gene-enzyme
variation within and among selected members of the telsost
family Clupeidae. The gene-enzyme systems investigated awve
the esterases, lactate dehydrogenases, and tetrazolium oxidase.

Eight members of the Clupeidae are studied; these are the

blueback herring Alosa aestivalis (Mitchill), alewife Alosa

pseudoharengus (Wilson), hickory shad Alosa mediccris (Mitchellj,

bmerican shad Alosa sapidissima (Wilson), BAtlantic herring

Clupea harengus harengus (Linnaeus), Atlantic menhaden Brevoortia

mus (Latrobe), gizzard. shad Dorosoma cepedisnum {Lesueur)

oY i

atrd threadfin shad Dorosoma petenense (Gunther).

Relatively few allozyme studies have been reported in the

Clupeidae. The Atlantic herring Clupea harengus has received

priority attention while other species, both of commercial

and noncommercial importance, have been ignored. Hopefully,
this thesis will provide some insight regarding electrcphoretic
variation within and between several members of this family

for three enzymes well described in other groups.



BACKGROUND AND PERTINENT LITERATURE

Among the eight-clupeid species investigated are repre-
sentatives of three subfamilies (Svetovidov, 1952). These

are the Clupeinae (Clupea h. harengus), the Alosinae (the

Alosa spp. and Brevoortia tyrannus) and the Dorosomatinae
(Dorosomna ).

Emphasis is placed on the anadromous genus Aloss, rather
than attempting to investigate all eight species in detail.
The biueback, alewife, hickory shad and American shad are all
indigenous to Atlantic drainages and coastal waters from the
Gulf of Saint Lawrence to the Saint Johns River in Florida.
The alewife has also established successful landlocked populations
in the Great Lakes drainages (Miller, 1957). For a discussion
of the tdaxonomy and life histories of all eight species one
cshould consulit Hildebrand and Miller (1963).

Morphometric and meristic studies in the blueback herring
and RAmerican shad suggest that a definite racial structure
exists between anadromous populations in these two species
over their entire ranges (Vladykov and Wallace, 1937; Reed, 1964).
Mayer and Roberts (1969) were unabie tc detect any chromosomal

hetercgensity in karyotypes of the alewife sampled from different



anadromous and- landlocked populations. Mairs and Sindermann
(1962) utilizing serological distances, reflected on the
phylogenetic positions of five of the eight clupeid species
studied in this thesis. Their findings were consistant with
more traditional taxonomy.

For years population genetists were hampered in their
abilities to monitor single genes in natural populations. The
description of any single Mendelian character required considerable
time and effort. Most studies were therefore limited to

Ypractical®™ organisms such as Drosophila and to perhaps a-

Tvpical polymorphisms as observed in snails and butterflies.
Electrophoretic separation of proteins has revolutionized popu-
lation genetics by allowing the rapid study of many gene-loci
in any organism.

Electrophoresis separates charged molecules, such as
charged pfcteins, by particle migraticon through a potentiai
gradient (paper, agar, starch, or acrylamide) conducting a
dirvect current. The relative mobility or distance migrated
by a given protein, will be a function of the net charge of
that protein (dependent upon the environmental pH), its
contiguration and molecular weight. BAll are reflective of
the primary amino acid sequence of that protein. Variant
protein molecules, presumably differ in their primary structure
as a result of different amino acid substitutions. These zve

ctable by electrophoretic separation, yet may be functicnally

%
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identical in most cases (Ingram, 1857). It dis assumed that



these amino acid substitutions reflect base-pair changes in
DNA and sre therefore by definition mutations (Shaw, 1965).

Multiple forms of enzymes, if the product of two or more
gene-loci, are termed "isozymes" or "iscenzymes" as in lactate
dehvydrogenase and malate dehydrogenase. Variant forms of enzymes
at single loci are termed "allozymes" (Prakash et al., 1969).

Since the development of starch gel and polyacrylamide
gel electrophoresis and the incorporation of histochemical

taining techniques in the late fifties and early sixties

(Hunter and Markert, 1957; Markert and Moller, 1939; Smithies,
A259; Ornstein, 1964; Davis, 1964), @ wealth of literature has
acowsrnlated on the amount and extent of genetic variation at
nurerous loci governing the structure and arrangment of
selected enzymes and structural proteins (Shad., 1965; Manwell
and Baker, 1370).

hssuming that charge variation is a direct reflection of
the DNA arnd RNA translaﬁion and therefore may be representative
of the total genome, investigators have been able tc conserva-
tively estimate amounts of genic varjation within pepulations
and among closely related species (Hubby and Lewontin, 1966;
Lewontin and Hubby, 1966; Hérris, 1966 ; Frakash et al., 1969;
Selander and Yang, 1969; Selander et al., 1959, 1970, 1971;

Johnson and Selander, 1971). While these large and exbhaustive

studies in Drosophila, Mus, and the deermouse Peromyscus,

have involwad numerous enzyme systems totaling ten or more loci,
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the majority of electrophoretic publications to date have involved
single enzyme or blood protein groups coded by one or two gene-
loci.

Electrophoretic methods are currently applied to many
basic problems in population genetics and evolutionary biclogy.
These methods provide a valuable tool in the estimation of
population structure, selection, adaption, and other parameters
of population biology. Fisheries biclogists began immediately
applying these tcols in the appraisal and delineation of
commercial fish stocks. Most of this literature has been
adeguarely reviewed by Deligny (1969).

Most of the enzymes studied in Drosophila and the rodents

have been inadequately described in teleosts. With the exception
of hemoglobin and transferrin studies, most electrophoretic work
invelving fishes has concentrated on the esterases and lactate
dehvdrogenase (LDH). This attention is primarily due to the
reliability and constancy of presentelectrophoretic methods
and the reported high incidence of polymorphism in these two
enzymes. A third enzyme, "tetrazolium oxidase®, has recently
received attention in the literature and has appeared during
preliminacry examination of clupeids in our laboratory.

Bsterases are classified as non-specific enzymes active
on a variety of substances and are visualized by the .use of
artificial vather than natural substrates in the staining
procedure. Their actual role in bicchemical pathwavys 15 unknown.

In theory, substrates such as alpha-naphthyl acetate are



incubated wifh a diazonium salt; thenaphthol is released from
its ester linkage in the presence of the appropriate "esterase
and couples with the diazonium salt. This complex forms an
insoluble brown precipitate at the site of the enzyme (Shaw,
1965).

Esterases are notoriously polymorphic and have been studied
in rather divergent groups such as Drosphila (Beckman and
Johnson, 1964), the housefly (Asperen and Mazijk, 1965),
Anopheles (Narang and Kitzmiller, 1971), butterflies (Burns
and Johnsen, 1967, 1971), Mus (Petras, 1963; Selander et ail.,

188%) and Peromyscus (Rasmussen and Jensen, 1971). In teleosts,

popuiation studies have involved tuna (Funino and Kang, 1968;

McCabe and Dean, 1970), Ictiobus cyprinellus (Koehn and Johnson,

1871), Hetropis stramineus (XKoehn et al., 1971) and the genus

tostomus (Koehn and Rasmussen, 1967). In the family Clupeidae

only the Atlantic herring Clupea h. harengus has been studied

regarding esterase variation (Naevdal and Danielson, 1967;
Meevdal, 19695 Ridgeway et al., 1970).

There is a considerable volume of literature describing
lactate dehydrogenase. In higher vertebrates, especially
marwna s and birds, LDH exists in five principal isozymic forms.
These isozymes represent the random combination of two different
pelypeptide subunits, designated "A-type"™ and "B-type" (or "HY
ami "MY), in te five possible tetrameric forms, namely A,

AzB+ . AyBo, AlBB, and B (ApejTa and Markexrt, 1961; Keplarn,

L3843y, BRs defined, YA-type" subunits predominate in skeletal



cr anaerobic tissues while "B-type™ subunits predominate in
basically aerobic tissues such as those in the heart and brain.
Separation of tissue homogenates by ‘electrophoresis results in
the appearance of five bands representing each tetrameric
arrangement above (Shaw and Barto, 1963).

Production of these separate polypeptide subunits is
hypothesized as resulting from the action of two nonhomologous
gene-loci; both loci having originated out of an incidence
of gene duplication at some point early in vertebrate history
(Chno et al., 1967).

Early investigations of LDH isczymes in fishes present
iuteresting deviations from those observed in higher vertebrates.
Markert and Faulbauer (1965) demonstrated that most teleosts
»ussess fewer than the predicted five isozymes, cftsn showing
uique bands of IDH activity in orgens such as ths eye, brain
and liver. n theilr survey of thirty fishes, only three species
demonstrate the expected five bands, the remaindsr exhibiting
one, two or most frequently three bands. These results are
partially explained in the presumed loss of certain tetrameric
isozymes.

arrangements, probably the A.Bz, A3Bl, and R,B

1 2
Additional evidence of other duplicated IDH loci in fishes has
been presented by other authors (Massaro and Markert, 1968;
Odense et al., 1969; Whitt, 1969; Whitt and Booth, 1970;

Whitt and Horowitz, 1970; Whitt et al., 1971).



Noteworthy studies on the genetic control and genetic varia-
tion in LDH among fishes have involved the hagfish (Chno et al.,
1967), gadids (Odense et al., 1966, 1969), salmonids (Goldberg,
1965, 19663 Morrison and Wright, 1966; Clayton and Frazin, 1969;
Hodgins et al., 1969; Wright and Atherton, 1970), and cyprinids
(Clayton and Gee, 1969; Koehn et al., 1971). Within the Clupeidae,

only Clupea harengus has been investigated (Odense et al.,

1966 a, 1966 b; Naevdal, 1970).

It is not vncommon for clear or achromatic regions to
appear on overstained gels in the tetrazolium dve system.
These bands, often termed tetrazolium oxidase or indophenol
oxidase (Johnson and Selander, 1971% were first described
and demonstrated to be polymorphoic in hwnans (Brewer, 1967).
This dimeric enzyme has appeared in many rather diverse groups
{Baur and;Schorr, 196%9; Selander and Yang, 1969; Selander et
al., 1969, 1971). It is speculated that this enzyme, while of
unknown function is associated with an electron transport
system (Yonetani, 1963). In teleosts, polymorphic tetrazolium
oxidase systems have been reported in Esox and salmonids
(Cascio, 1969; Utter, 1971; Massaro, 1972), centrarchid hybrids

(Wnitt et al., 1972) and Thunnus thynms (Edmunds and Sammons,

197%).



METHODS AND MATERIALS

Eight members of the family Clupeidae were collected

during wvarious times of the year (1971-1972). Alosa pseudo-

harengus and BAlosa aestivalis were collected by ¢gill net and

dip net during the spring spawning runs in Virginia rivers

(March 18 to May 27, 1971). Alosa aestivalis was also collected

from the Blackweter and Delaware drainages. The collecticy
sites and dates of collection are listed in Table 1. The
geogrs phic positions of the collection stations (A-L) are
dlluastrated in Figure 1. Approximately thirty individuals of
each ©f the two herring species were taken from what were, for
inditial purposes, supposedly indigenous river populations.

In addition, the BAmerican shad, Alosa sapidissima, and

hickory shad, Alosa mediocris, were collected in the upper

James and Mattaponi rivers (Stations B and E) using gill net.

During the month of August, 1971, specimens of the gizzard

shad, Dorgsoma cepedianum, and the threadfin shad, Dorosom:
petenensze, were taken during trawls on the upper James River
(Station L). The Atlantic herring, Clupea h. harengus, and

Atlantic wenhaden, Brevoortia tyrannus, were collected by trawl

and pound met in the York River (Staticn K) in February 1972.

Doragsomna cepedidarum was also taken in the Rappabannock River

(neagy Station J).

10
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At the site of collection, blood was removed from live
fish by cardiac puncture with a 5 ml disposable syringe and
21 gauge needle. The sample was then transferred to a vacutainer
vial and labeled. The corresponding whole fish was then liabeled
and iImmediately frozen on dry ice for transport and eventual
storage at ~14° C. Blood samples were transported on ice,
centrifuged the same day, and the separated serum stored at
~-14° C. Proper freezing and storage should not significantly
affect blood proteins or muscle enzymes (Numachi, 1970; Brewer,
1970); however care was taken to investigate any loss of
activity or precipitation of proteins with time. None was
noted.

Serwum Samples were separated by diséontinuous electro-
phorasis in 7%vpolyacrylamide gel tubes as described by bavis
(1964}, but without either sample or spacer gels. Five
microliter samples were simply layered on to the upper surfac
of the gel tube. Electrophoresis was carried cut at approximately
5 milliampere per tube for one hour at room temperature with the
apparatus cooled by flowing tap water.

After electrophoresis, the cylindfical gels were removed
from the glass tubes and incubated in the esterase staining
solution described by Burns and Jochnson {(1971). This solution
is comprised of 1.5 ml of alpha-naphthyl acetate (1% in acetone-
water, 1:1) and 40 mg Fast Blue RR salt in 100 ml of incubation
buffer. The buffer scdlution is composed of 50 ml of 0.2 M

P
NG B2

An??QA,,lG;ml wf 0.2M NagHPOgq, and 40 ml water (pH = 6.0).
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Staining required 10-30 minutes at 24° C.
To investigate lactate dehydrogenase and tetrazolium
oxidase, specific tissues were removed and appraised.
Individual tissues were homogenized in a Waring blender or
Pyrex glass hand grinder in a 0.2M sucrose solution. The
homogenate was then centrifuged for 10 minutes in a clinical
centrifuge at 5° C to separate cellular debris. The supernatant
was then pipetted on to the gels as with the serum samples.
Satisfactory separation was attained with 10 microliter samples
and a 5% rather than 7% gel concentration. Otherwise separation
was the ceme as for the serum samples.
To visualize the lactate dehydrogensse igozymes, the gels
were incubated at room temperature (24° C) in the dark for 10-20
mireztes. in the following solution (Nakano and Whitely, 1965):
iC0 ml of 0.2M Tris-HCL (pE = 8.0
0.5M sodium lactate
5 mg Phenazine methosulfate
15 mg NAD
20 mg Nitroblue tetrazolium
Tetrazoliun oxidase was visualized by incubation in the
light for 30-60 minutes in the following mixture adapted from
Brewer {1970):
100 m1 0.2M Tris-HCL (pH = 8.0)
S mg phenazine methosulfate
20 mg Nitroblue tetrazolium

0.01M MgCl,
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After staiming, the gels were removed from solution,
washed in tap water and stored in 7% acetic acid. Tetrazolium
stained gels tended to fade in time and were best stored in
the dark where they remained readable for several months.

Drawings of allozyme patterns were made from measured
gels and are illustrated in Figures 2-6. Mobilities of the
esterase bands (R, values) are relative to the bromophenol
dye marker; however, they refer to the fastest allozyme in the

lactate dehydrogenase and tetrazolium oxidase systems.

LIBRARY

VIRGWNIA INSTITUTE
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RESULTS AND DISCUSSION

Approximately fifteen bands of esterase activity appear
in serum of members of the genus Alosa. The banding, relative
mobilities, and generalized relative activities of the esterase

groups in Alosa and Dorosoma cepedianum are schematically

presented in Figure 2. Esterase bands are classified into major

groupirgs -based upon their relative a0t1v1fles, tissue specili

ities, frequeneies of occurrence, and respective mobilities
relative ©o a bromophenol dye marker and the more consaipvat

esterdse bands (as Es-5). The general distribution of serun

o

esterase groups in selected Alosa tissues is pregented in Tabdle Z,
A11 of the esterase groups appear to be held in commbn

in the fouwr Alosa species. Two major esterase groups, Ls-1

and Bs-5, appear in all four Alosa species and Dorosona

i st el P e

capedianum (Fig. 2). Several other esterase bands of lzsser

agetivities and varying mobilities are observed but were not
investigated.
The parallelism of the esterase patterns in the studied

Alosa ds mather interesting considering the inability to

relate homelogwus esterase loci in interspecific studies

involving other vertebrates. Rasmussen and Jersen {(1%71)

14



)
o

in studying the genus Peromyscus, were unable to draw esteracse

-

‘homologies between any species. Johnson and Selander (1971

encountered a similar problem in the kangaroo rat, genus Dipodomys.
The nonspecific nature of the esterases, observed high indices
of polymorphism, and "null" or "silent™ alleles probably accouiit
for much of this difficulty.

It appears that there are at least two, and possibly
five loci, governing the production of esterase enzymes in
Blosa serwm. 'This is assuming that each of the major groups

represents a single gene-locus, as do the Es-1 and Es-2 regions

)

Variation is also present in the Es-3 and Es-4 groups, althcugh
confusing due to overlapping by adjacent groups and the
similarity of wvariant mobilities.

Ideally, genetic variation need be observed in each of
thaese groups to confirm this speculation. Breeding studies,
often desivable in such allozyme work, are currently impracuical
if not impossible in herring. Therefore, alli assumptions
cencerning the genetic control of observed esterase variavion
are inferred in relation to available population data.

Band Es-5 is found predominantly in skeletsl muscle and
serum. Jt was demonstrated to be completely moncmorphic in
all species studied.

The other major esterase group, Es-1l, is abundant in serum

but appears to be more specific to the liver. This asterase
was observasd o be polymorphic in beth Blosa mediocris and

8lose sapidissima. In the former, zamples were too small
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(N = 8) for speculation, however in the latter species observed
phenotypic ratios do not significantly deviate from those
expected for a single gene-locus bearing two co-dominant alleles
at Hardy-Weinberg equilibrium (Table 3). Samples from the
upper James and Mattaponi rivers are pooled. It appears that

both Alosa -gestivalis and Alosa pseudoharengus are monomorphic

for the Es-1 "b¥ allele.

The Es-2 esterase group appears to be represented in all
Alosa serum samples and may well be a function of another
esterase locus specific to this genus. Evidence is prasented

for the biueback, Alosa aestivalis (Table 4) that this esterase

s

deg polyiroephic within this anadromous herring. Population data
indicates that electrophoretic variation within this group

Hiwo bands) is the result of two co-dominant allieles at a single
docus . Observed and expected phenotypic ratios, allele frequencies,
standard errors, and chi square values for "goodness of fit"® in

all eight samples are presented in Table 4. In all copulations,

bt

chsevved values do not significantly deviate from those
expected al Hardy-Weinberg equilibrium. Geographic distribution
of the Es-2% allele is illustrated in Figure 7.
The [ra2aquency of the Es-22 sllele varies from .766 to .916
over the sample arsa (Fig. 7), exhibiting significant hetercgeneity

among samples {X‘g = 16.29, df = 7, 2 < .025). This heaterogenaity

suggests the ampllng of gereticallv distinct populaticns at
the Es--2 lecus. 3Small, yet significant differences in allele

frazooency betwesn samples suggests in come nases thea division
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of some regions into separate populations, not only between rivers,
but within some rivers which have previously been treated as
- large racial units (Reed, 1964).

While no jindividual samples exhibit significant deviation
from Hardy~-Weinberg equilibrium, the pooled sample displays
a rather significant heterozygote deficiency (X2 = 20.029,
df = 1, P < :005). Using the relationship, D = Ho-He/He
(Selander, 1970), where H, and He are the observed and expected
heterczygote frequencies at Hardy-Weinberg equilibrium, relative
hetevozygote excesses and deficiencies in the samples are
presented in Table 4. Five of the eight samples exhibil Jdefic-

iencies to varying degree. It is most interesting o note thet

blueback s collected at a distance from the propused

"" .l
,.-4
()
14}

spawrning areas and periodically over time (e.g. Mattaponi and
upper James) display the greater D-values (relative det loienciss ).
Saveral theories may be proposed to explain the observe
deficiency, perhaps the most attractive beirg the subdivisicn
of the sampled populations. In other words, samples
may have been actually taken from two or more populations and
treated as one. In theory, separate panmictic populations exhibiting
significaritly different gene frequencies, if pooled, should
display heterozygote deficiencies. This has been termed the
"Wahlund effect™ (see Yasuda, 1%68; Li, 1955) and seems most
probable in the case of the upper James and Mattaponi River

samplesz. Assuming anadromous herring do home with pracision,
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the subdivision into local demes above the sampling site and
temporal changes in the passing of migratory populations fits
this theory. Inbreeding might also account for the observed
discrepancy (Li, 1955); however, in consideration of the large
numbers of fish observed on spawning sites, the probable
effective population size is large, and therefore inbreeding
seems unlikely. Underdominance, or selection against the
heterozygote could lead to the apparent deficiency; however,
soch situvations are theoretically unstable and should lead to
the fixation of either allele, unless selection is very weak
and/or gene migration relatively strong. Both forces are
anknown.  Finally other mechanisms, such as linkage or inter-
locus interaction, could be involved, although both would prove

ather difficult to investigate. The most acceptable explanation

-

is the least complex, that being the subdivisicn of populations
or "Wahliund Effect”.

The homing Tendency is accepted in the American shad (Hollis,
1948 ; Nichols, 1967). As in salmonids, colfaction may well play

n dmportant role in the finer distinction of home streams by

€

arvadromcus herring (Thunberg, 1971). Logically, the return ta
favorable spawning sites and proven nursery areas will place

a selective premium on the homing behavior in anadromous fishes.
Thus, an assortive return to home populations could over time,
lead tc genetic divergence between these local demes. The
anount of divergence and size of the effective panmictic units

should be s function of the refinement in the homing inechanism.



Likewise, error in the homing mechanism would be a measure of
gene~flow.

Reed (1964) in a meristic study of the blueback herring
along the Atlantic coast felt that selection of specific spawning
sites had led to the development of intraspecific categories.
Within the sampled area considered in this thesis, Reed
recognized the Delaware, Rappahannock-James, York, and Albemarle
samples as representing four specific races. While he did not
present data for the Potomac or Chickahominy, he suggested that
similarity of up- and downstream specimens did not indicate

sundivision in the James River.

Blchough there are only small differences in Es-2 allele
frequencies between rivers, significant heterogeneity does
ggxistieuggmsting a sampiing of several genetically distinct
mopoiations. This finding provides support for the racial
structire proposed by Reed (1964).

1t should alsc be noted that insignificant differences
in allele frequencies at a single locus do not rule out the
potential existance of separate panmictic populations actually

bheing reprezented in similar samples. This fact actually

demonstrates the paradox that biases such studies towards a

P

nore consexvative estimate of actual hetercgeneity. This result
stems from the fact that genetic diversities differ by locus
and that adherence to Hardy-Weinberyg equilibrium can still he

reached in puoled samples of significantly different gene
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frequencies (Fujino, 1970). In other words, while significant
differences in allele frequencies certainly support the existenc
of separate populations, the lack of such differences or simple
fit to Hardy-Weinberg equilibrium within a sample does not rule
out the real possibility of separéte spatially and temporally
noninterbreeding populations existing between or even within
the studied samples. Ideally, other polymorphic loci need be
investigated. However, none were observed.in the blueback.

The possibility of noninterb@eeding, genetically distinct
races in the Delaware, Chesapeake, and Blackwater drainages

z likely, considering the gecgraphic distandes

Sesns quil

p

invodved and even a gross homing tendency in anadromous heriding.
The subdivision of the Chesapeake Bay into separate populations
also seems plausible as evidenced by differences in Reed's
merisiic characters (ventral scutes, dorsal fin rays, and anal
fin rays). Unfortunately, most meristic characters are poly-
gendie, having both genic and environmental components in the
cbserved variation (Hubbs, 19822; Bariow, 1561). It is
suggested that finer distinctions in population structure may
be better detected by the study of single polymorphic loci
(Pujine, 2970).

Indirvect evidence supporting the population subdivision
within the Chesapeake Bay is indicatad by studies in two other
teleost species, both semi-anadromous, displaying similar
patterns of differentiation over the study area. In both, the

striped bass Morone saxatilis (Raney, 1957; Morgan, 1971) and
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the white perch Morone americanus (Mansueti, 1961), significant

differences are noted in numerous characters between the upper
and lower bay.

It is postulated that post-pleistocene fluctuations in
sea level and the correlated changes in the position of the
estuarine salt wedge may have provided suitable barriers to
gene flow encouraging genetic divergence (Shattuck, 1906;
Morgan, 1971). In theory, the James River has been isolated
from the other Chesapeake drainages the longest due to its
position at the mouth of the Bay (Hack, 1857).

While the above changes may have provided suitable barriers
for racial differentiation in some species, the most effective

deterent to gene flow in anadromous species would certainly

Os

v effective homing behavior. Esterase allele frequencies of

tadult herring sampled on route or actually on spawning sites

in this study certainly suggest such a nonrandom return by the
chservad heterogeneity.
in other Alosa results are ambiguous at this locus.

It appears that Alosa pseudcharengus is monomorphic for the Es-2%

allele. Unfortunately, in the shad the Es-la band obscures the
Es-2b band making observation for this esterase locus difficult
for these two species. However, observations (Fig. 2) suggests

that Alcss savidissima is monomorphic for the Es-2D allele while

A. mediocris is probably monomorphic for the alternate allele.

Other esterase groups awe polymorphic, such as the Es-4

groap in A. psewndohapengus. Unfortunately in this group as

v
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in other esterase yroups, results were inconsistent and demon-
strated considerable quantitative variation in addition to genetic
variation between individuals. These remaining esterases were
not studied due to this difficulty.

It appears that of the eight clupeids investigated each
possesses five major lactate dehydrogenase isozymes. Comparative
mobilities of the LDH isozyme bands among the species are diagramed
in Figures 3 and 4. Visual interpretation of the relative
densities of the five bands suggests that the A-type and B-type
subunits are not associating randowmly; there is a predominance

Oit B,

-+

andg Eafhomnpolymers and the A2B2 hetevopolymer. The relative
elactrophoretic mobilities of the By and By isozymes are also
considered "normal'; that is, the A, isozyme is cathodal to the

P4 dsczyvme under basic (pH 8.9) experimental conditions. This

is generaily the rule in higher vertebrates, however a reversal

is common in teleosts (Markert and Faulbsuer, 1965).

The most anodal band, termed LDH~1, predominates in the
heart, brain, testis, eye, and liver. It is therefore assumed
that this band represents the By tetramer, since by definition,
the B-type subunits predominate or are differentially produced
in the above more aerobic tissues. Conversely, the more cathodsl
band, labeled LDUH-5, predominates in skelietal muscle only and
probably represents the hypothetical A, tetramer.

Mo additional isozymes, unique to other tissues are noted

in any members of the family investigated in this study.
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The results for lactate dehydrogenase cliosely resemble those:
reported by Markert and Faulbauer (1965); they alsoc observed

five isozymes in Clupea harengus and Alosa sapidissima in addition

to the apparent deviation from a binomial distribution in the
combining subunits. They reported a "minor" isozyme in both
species, but did not specify the specific tissuves involved.
Such a "minor"™ form is not observed in aﬁy of the tissues studied
here.

The absence of & specific eye (E) isczyme in the species
studied here is of particular significance. There appears to
be & discrepancy as to the existence of an "E" locus in clupeids.
‘Whitt and Hovowitz (1970) reported an "E™ disozyme in members
of the order Clupeiformes, but did not specify the species or
families. In an earvlier study, Klose et al. (19£8) reported no
such enzyme In herring. Whitt (personal communication) states
that most work supports the apparent absence of this isozyme in

the clupeids, with the exception of the alewife, Ziosa nseudo-

harengus. In that species, the "E" isozyme was observed to
have an electrophoretic mobility somewhere betwean the A1Bz and
B hands (Whitt, 1970). In this study, polyacrylamide gels do
exaibiv o rather diffuse region near and/or overlapping the
band in the eye and ovarian tissue of the blueback, but
not other species. Furthermore, no such band is revealed in

brain tissue where its presence would be expected. Perhaps

there is a duplicated "£' locus in the Clupeidae, which is not
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detectable because of rather insignificant divergence in charge
or the methods utilized are inadequate. However, these resulfs
suggest no such locus is active in the Clupeidae.

It is apparent that the clupeids possess at least the two
major LDH loci reported in other teleosts. However, unlike
more advanced fishes, as in the order Perciformes, there is a
definite propensity to produce all five isozymic forms, although
random combination of subunits was not observed. This suggests
that in primnitive fishes as the Clupeidae and Cyprinidae (Whitt
aind Maeda, 1270) thgmduplicated~LDH loci have not divergad to
the same degree as in higher teleosts. Thus the two subunits
still possess the tendency to form all five tetrameric polymers
(Whitt, 1971).

With the exception of the A4 isczyme in Clupea harengus

which disappeared soon after storage, LDH activity remained

high in alil tissues stored at -~14°C up until the end of

the study (ten months). This loss was previously reported in

the same spacies by Odense et al. (1%Gea). There was a definite
tendency to lose the AlB3 an"AgBl heteropolymers-in homogenizead
samples stored at -14° C. Rosenberg (1971) related the nonrandom
nature of LDH subunit assembly in fishes to the instability of
particular tetrameric arrangements vather than & lack of
producticn of the heteropolymers. The differential stability

of cervain isozymes in homogenized samples during storage provides

support for this hypothesis.



Genetic variation at these two loci is exhibited as
varying bands of differing mobility and is observed in three
of the eight species, or at five of the combined 16 loci
represented. Phenotypes at either locus are easily recognized;
heterozygotes displaying nine to ten bands. Although this number
is a deviation from the hypothetical 15 bands expected, these
results are not surprising considering the previously described
lack of certain tetrameric arrangements in these species.

In the gizzard shad Dorcsoma cepedianum, variant LDH iso-

zymes wera somewhat more similar in mobility although distinctive

o

and .500). As a result there was some overlapping

o]
o

¢

“pri

x

of isozyme hands in heterozygotes (Fig. 3).

Alleiic variation at the noted polymorphic ILDH loci is
presented in Tables 5, 6, 7, and 8, along with goodness of fit
of observed to expected phenotypic values under Hardy-Weinberg
equilibrium. It appears that there is no significant discrepancy
betwean these values at any locus, assuming random segregation
of two codominant alleles in each case.

An interspecific summary of allelic variation at both LDH
loci ds presented in Table 9.

All feur Alosa are monomorphic and display identical elec-
trophovetic patterns. It seems plausible that all four Alosa
species carry the same IDH alleles fixed at both loci. Perhaps
the precursor to this genus was originally fixed for these two
alleles and polyrorphism is not tolevated against the genetic

background -of this locus within this genus.
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The Atlantic menhaden Brevoortia tyrannus demonstrates a

polymorphism at the LDH-~B locus represented by two codominant

alleles. The R, isozyme, while polymorphic, appears to bhe

4
electrophoreticly identical to the same fixed isozwme in the
Alosa, while the rare (.03) "fast" allele at the LDH-B locus
also displays an identical mobility to its homologous form fixed
in the same neighbor. The geographic distribution of the B
alleles could prove interesting. Unfortunately, samples werve
collected only from the York River.

The Atlantic herring Clupea h. harengus, taken by pound net
in the York River, offers polymorphisms at both loci, expressad
as twoe codominant alleles in each case. Although different
methods are utilized (starch vs. polyacrylamide), these results
exhibit a remarkable similarity to those reported by Odense et
al. {1966 a, b) and Naevdal (1970) for the same species in Canadien

and Norwegian waters. The A' allele in those studies was very
rare ( p <« .01), while more common in the York sample ( p =
.053). This rare or "fast™ A' allele in the Atlantic herring
appears to have an identical mobility with the fixed homologous

allele in Alosa and Brevoortia tyrannus. Likewise, the common

or B allele appears to have a common mobility with the homolegous
Yslow® allozyme in B. tyrannus, although the rare alleles are
not held in common in the two species.

Dorosoms petenense is monomorphic at both LDH loci. Both

aliozynes are held in common with those in the polymerphic
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congener Dorosoma eepedianum.

The. deviations from Hardy-Weinberg equilibrium at both loci

in quosoma‘cepedianum taken from the James River are not
surprising since the samples are pooled and.most likely do not
represent & pammictic unit (upper James + Chickahominy). Samples
from the Rappahannock show no significant deviation.

The IDH-A-%66

allele is apparently held in common in all
studied clupeids.

Tetrazoiiun oxidase, recognizable as clear or achromatic
bands, appear on gels incubated only in the phenazine methosuli-~
fate-tetwazolium solution and exposed te light. These bands
always occour singly or in groups of three evenly spaced bands.
This sort of appearance in phenotypic classes is suggestive of
a dimeric quarternary structure for this enzyme. The three
bapd individuwals are heterozygotes, the middle band being a
hybrid molecule of the two variant subunits. Orher regions
of lesser tetrazollium oxidase activity are cobserved hut were
not investigated because of their faintness.

Tetrazolium oxidase activity is present in most tissues
investigated, but predominates in the heart. Activity is still
quite prewvalent in the liver, eye, hrain, and skeletal muscle.
Little or mo activity is noted in the serum.

The peltztive mobilities of the majer achromatic bands are
iilustrated in Figures 5 and 6.

Poiymorphic systems for this single gene-locus appear

in three of the eight clupeid species. Fhenotypie and allelic
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frequencies for each polymorphic instance are presented in

Tables 10, 11, .and 12. With the exception of Dorosoma cepedianum,

all observed phenotypic values fit those expected for random
segregation of two or more (D. petenense) alleles at a single
gene-locus.

An interspecific comparison of allelic variation at the
tetrazolium oxidase locus is presented in Table 13.

As is seen in LDH, there appears to be considerable
amounit of allelic identity within the family Clupeidae for the
allozymes of tetrazolium oxidase (Table 11). There appear to
ba two oomnon alleles withih the family, held by six of the
eight species. However, both B. tyrannus and D.. petenense possess
unique allozymes.

With the apparent identical electrophoretic mobilities of
some allozvmes hetween species, there is a tendency €O assume
common dllelic identity or homology in each situation. This
observation 1s suggestive that certain allozymic forms persist
within the family Clupeidae, perhaps reflective of the common
phylogeny and the similar genetic backgrounds. Unfortunately,
this assumption may not be valid. Electrophoresis reveals but
a fraction of the potential genetic variation at a locus.

Due to the degeneracy of the genetic code and the inability of
most aminc acid substitutions to affect net charge, only a
frzetion {approximately 28% of all real variation may be
revealed by electrophoretic separation (Shaw, 1865). In

acdition, counvargence in net charge of variant molecules could
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bias results. For example, while cytéchrOme~c has undergone
considerable amino acid change (70%), there has been no change
in net charge. This is suggestive of some critical role of
charge in the function of the cytochrome molecule (Smith, 1962;
Margoliash, 1963). Perhaps net charge has a somewhat similar
effect in other enzymes. At best, assuming similar allelic

homology may be appropriate only between closely related species.



SUMMARY

Gene-enzyme variation is observed in eight members of

the teleost family Clupeidae (Alosa aestivalis, A. pseudo-

harengus, A.:mediocris, A. sapidissima, Clupea harengus,

Brevoortia tyrannus, Dorosoma cepedianum, and D. petenense).

Serum esterases, lactate dehydrogenase (IDH), and tetrazelium
oxidase enzymes are studied by disc electrophoresis in acry-
Jamide gels.

Yolymerphisms or allozyme variation is cbserved in all

Three enzvmes, but not in all species investigated.

Dasic electrophoretic patterns of the serum esterases
demonstrated five major esterase groupings common to the
serum of the four members of the genus Alosa. These five

esterase groups are probably the function of five gena-

|5
-
~

doci. Four of theéese esterase loci display polymorphisms

sre or more Alosa species.

Al

The blueback herring displays allozymic variationr at tii
defined Es-2 locus, with allele frequencies from the
Blackwater River, Delaware River and Chesapeake Bay rivers
varying between .916 to .766. Significant heterogeneity
(x2 = 16.29, df = 7, P <« .025) among samples at this locus

suggests the sampling of separate panmictic populations.
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‘An observed deficiency of heterozygotes in five of the

eight samples: suggests further subdivision above the
sampling sites or with time.

The observed heterogeneity at the Es-=2 locus in the blueback
provides support for the homing tendency in anadromous
herring.

All eight clupeid species exhibit five isozymic forms of
lactate dehydrogenase, although the combination of A and B-
type svbunits is apparently nonrandcm. No LDH jsozymes
unique to other tissues such as the eye are observed. All
four Aivsa are monomorphic and possess identical LDH
patterns. Polymorphisms are recorded in three of the eight

clupeid species or five of the total sixteen observed loci.

. Tétrazolium oxidase appear as achromatic in all eight

"clupeids. As reported in other vertebrates, the enzyme

appears to be a dimer coded by a single gene-locus.
Polymorphisms are observed in the Atlantic menhaden, gizzard
shad, and threadfin shad. The last species possesses 3
cedominant alleles at Hardy-Weinberg equilibrium.

In both 1DH and tetrazolium oxidase, common allelic

idantivy is noted between most clupeids.
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Table 1

Collection sites and dates of the sampled Clupeids.

Collection Station Dates Species

Blackwater R. A 5/3/71 blueback

Upper James R. B 4/13/71 blueback, alewife,

Am. shad, hick. shad

4/15/71 same

Chickahominy R. C 3/18/71 alewife, few gizzard
4/28/ 71 blueback

-Pamunkey R. D 4/20/71 alewife, blueback, hick.

Mattaponi R. E 4/8/71 alewife, blueback, &Am.
4/14/71 same
4/20/71 same

Peumonsend Ck. J 4/27/71 alewife

Massaponax Ck. F 5/17/71 blueback

Dogue Creek I 4/29/71 alewife

Anacostia R. G 4/27/71 " blueback

Delaware R. H 4/19/71 blueback

Lower York R. X 1/29/72 menhaden, Atl. herr.

Upper James L 2/4/72 gizzard shad

39



Table 2
Relative occurrence of esterase groups among

selected Alosa tissues.

TISSUE Es-1 Es~2 Es-3 Es-4 Es-5 Es-6
liver 4+ o 0 0 + 0
si. muscle 0 C 0 0 ++ 0
heart +7? ? (+) 0 +4+ (+)
brain® ++ 0 0 0 + 0
eye™ (+) 0 0 0 + 0
serum +++.h ++ -t -+ +++ ++

O = probably absent
(+) = slight presence

+ = obviously present
+4+ = abundant

+4++ = very abundant

* There is a high mobility esterase specific and common to

both the brain and eye.

- 40



Table 3

Occurrence of Es-1 phenotypes and allele frequencies

in a sample of the American shad (Alosa sapidissima).

PHENOTYPES: Es-laa Es-1ab Es-1bb
observed 12 4 o Total = 16
expected® 12.19 3.61 .26 Es-1%(p)=.875

2
X = .305, 4af = 1, .75 < P «.90

* Estimated from Levene's unbiased formula

(Li, 1955).

for small samples
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Table 5
The distribution of LDH-B phenotypes among juvenile Atlantic

menhaden, Brevoortia tyrannus, taken from the York River on

Feb. 14, 1972.

Phenotype: p-758/p-758  p.758,p-910  p. 910 5. 910

observed 46 2 O Tetal

expected® 49. 00 1. 98 . 0099

758

Allele frequency: B’ = 0.979 + .0141 SE

~

X< = .1838, one degree freedom, .50 <P < .75

* Bstimated from Levene's (1949) unbiased formula fow small
samples.

a4



Table 6
The distribution of ILDH-A and LDH—B-phenotypesuamong Atlantic

herring, Clupea harengus harengus, caught by pound net in the

York River, February 13, 1972.

Phenotype: A.395/A.395 A'395/A‘466 A.466/A.466
Observed 35 3 0 Total = 38
Expected® 35.04 2.92 .04

7% freq. = .947 + .0244 SE

X2 = .0421, one degree freedom .75< P < .9

Phenotype: p- 758 5. 758 B+ 758 /5. 680 p- 680 /p- 680

Observed 34 4 0 Total = 38
Expected® 34.08 3.84 .08

B* 738 a11ele freq. = .9605+ .02 SE

X2 = .0867, one degree freedom, .75 <P < .9

*  Estimated from Levene's (1949) unbiased formula for small
samples.
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Table 7
The distribution of LDH-A and LDH-B phenotypes among pooled

samples of Dorosoma cepedianum taken from the James (Aug. 28,

1971) and Chickahominy rivers (March 28, 1971).

Phenotype: A'466/A-466 A'466/A'500 A.SOO/A.SOO
Observed 2 2 5  Total = 9
Expected® 0. 999 3.99 3.999
229 a1iele freq. = .666 + .11  SE
x? = 2,310, one degree freedom, .10 <P < .25

Phenotype: g+ 840 /. 840 g+ 840 51 00 gl 00 ,51.00
Obhserved 3 0 6 Total = 9
Expected® 3. 999 3.998 . 999
5100 s11ele freq. = .666 + .11 SE

¥
X“ = 7.1155, one degree freedom, .005 < P < .010 *¥%%
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Table 8
The distribution of LDH-A phenotypes among young Dorosoma

cepedianum taken in the Rappahannock River (February 7, 1972).

Observed 1 9 15 Total = 25
Expected 1.21 8.58 15.21
. 500 - .
A allele freq. = .780 + .059 SE
X4 = .0597, one degree freedom, .75 <P <.90
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Table 10
The distribution of tetrazolium oxidase phenotypes among

young Brevoortia tyrannus taken in the York River (Jan.

1972).
¥ 1
lpnenotype: 1.0.2/7.0.P T.0.2/7.0. € T.0.¢ /T.0.¢"
Observed 24 18 5 Total = 47
Expected 23.162 19. 646 4.164

T.0.0 allele freg. = .702 + 0047

X° = . 32300, one degree freedom, .50 <P < .75
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Table 12
The distribution and comparison of tetrazolium oxidase pheno-

types among Dorosoma cepedianum from the Rappahannock River

(Jan., 1972) and pooled James-Chickahominy rivers.

Phenotype:  T.0.°/T.0.®  T.0.P/T.0.©  T.0.¢/T.0.€ X2
Rappahannock
Observed 20 4 8]
Expected™ . 20.128 3. 745 .128 . 1475
James-Chick.

,Observed 5 4 0

1l 3

Expected 5.352 3.29% . 352 . 5260

0.7 allele freq.

Rappahannock River = .917 + .040 SE

i

James-Chickahominy .777 + .09 SE

Calculated from Levene's (1949) unbiased formula for small
sample sizes.

2.50 <P <.75
, af =1
3 .010 <P < .025 ®%



Table 13
Frequency occurrence of tetrazolium oxidase allozymes in

eight clupeid species

Allozyme: R,- 600 Rm.790 Rpl- 00 Rpl- 06
Alosa aestivalis - - 1.00 -
gl_pseudohareﬁgus 1.00

A. sapidissima 1.00

A. mediocris - 1.00 -
Hrevoortia tyranﬁus . 702 . 298
Clupea harengus - 1.00

Dorosoma cepedianum® - . 917 .083

D. petenense - 533 <233 .233

* Rappahannock River only.
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