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Abstract: Gill filaments of non-brooding and egg or wriggler brooding Oreochromis
mossambicus, O. aureus, Tilapia rendalli, and non-brooding Taiwanese red tilapia cichlids
differed in filament number, size, and shape. Filament numbers increased significantly (< 60) in
female O. mossambicus brooding eggs or wrigglers. Filament shapes and lengths varied among
species and between sexes. Egg clutch size remained constant in O. mossambicus regardless of
brood fish size and small rather than large females brooded larger wrigglers. Filament configura-
tion may be useful in resolving parentage of Taiwanese red tilapia or other cichlids.

INTRODUCTION
Cichlids (family Cichlidae), a dynamic speciose group of fresh and brackish water
fishes, occupy myriads of habitats (Gaemers 1984, Greenwood 1991, Lowe-McConnell
1991, Nelson 1994). Their taxonomy has been subject to various interpretations (Green-
wood 1987, 1991, Ponyaud and Agnese 1995, Stassny 1991).

Historically, fishes placed in the genus Tilapia have been divided into several genera.
Trewavas (1982, 1983) divided the genera, based on type of breeding activity, into
substratum brooders (genus Tilapia) and biparental (Sarotherodon) or maternal mouth
brooders (Oreochromis) (Keenleyside 1991). Aquarists and aquaculturists still apply the
term tilapia to all genera.

Tilapiine fishes have been utilized throughout the world for food. In aquaculture,
hybridization efforts have produced fast growing spawners, non-reproductive unisex and
sex reversed specimens or species (Schwartz 1983). This study examines the effects of
brooding on the number, length, size, shape, and weight of gill filaments and arches of
male and female Oreochromis mossambicus, O. aureus, and Tilapia rendalli, noting
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especially how mouth brooding females cope with the presence of eggs or wrigglers
(free swimming fry, Keenleyside 1991) in their oral chambers during the spawning
season. The origin of Taiwanese red tilapia is also discussed.

METHODS

Fifty-two adult tilapiine cichlids were examined at the University of Zululand (UZ)
between late January and mid-February 1988. Thirty-three specimens were supplied by
the UZ Kwa Dlangezwa hatchery and 19 by the Natal Parks Board Nagel Dam hatchery
(ND) near Pietermaritzburg, both in Natal Province, South Africa. They included five
brooding O. aureus (3 male M, 2 female F, ND), 22 nonbrooding O. mossambicus (13M,
9F, UZ), 11 O. mossambicus females mouth brooding eggs (5) or wrigglers (6) (UZ), 12
substratum brooding 7. rendalli (4M, 8F, ND), and two nonbrooding Taiwanese red
tilapia of unknown parentage (1M, 1F, ND).

Specimens were measured (standard length (SL) in millimeters) and weighed (grams,
g). Each of the four left gill arches were excised and weighed (GW) intact. The anterior
(a) and posterior (p) hemibranch filaments were counted for each species’ gill arch. Total
lengths of gill filaments 10, 40, 70, 100, 110, 130, 160, and/or 190 were measured using
a Zeiss microscope (set at 10 x where 120 ocular Wild micrometer units = one milli-

Fig.1. Filament shapes O. mosambicus (1B) and O.aureus (1A), note secondary
lamellae crossing each filament.
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meter). Gill filament 110’s length and measurement was included as it was the longest
filament of each arch, regardless of brooding condition. Filament widths were measured
of each arch’s selected a and p filaments at their base (B), middle (M), and tip (T) to
aote shape (Fig. 1a, b) or “area”-length changes (Figs 2, 3). Lengths and heights of
several secondary gill filamentlamellae (Fig. 1a, b) were measured butnot used in “area”
calculations.
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Fig. 2. Mean lengths of male (A), nonbrooding female (B), females brooding eggs
(C) or wrigglers (D) O. mossambicus. (a) anterior (p) posterial filaments. Numbers
indicate area(s) under each arch a or p curve.

“Areas” under a and p filament length curve graphs were determined using a Calcomp

9 500 digitizer and Autocad program (Figs. 2, 3). Linear analyses of log y =a + b log x
defined the relationships: SL/body weight (BW), total arch weight/BW, total arch
filament number (N)/BW, total a and p (N)/SL, and total a filament length/total p
filament length. ANOVAs tested, by species, sex, and brooding condition: a and p(N)
differences, gill arch weight (GW)/N, and brooding female O. mossambicus (GWX
N)/SL and (G W X N)/BW relationships. Employing standard mathematical designa-
tions, significant results > 0.5 were denoted by an *, > 0.01 highly significant ** and

> 0.000 1 very highly significant ***. Each brooding female O. mossambicus egg mass
was weighed and the eggs counted and measured (length x width, mm). The total mass
of wrigglers occupying the oral cavity of a O. mossambicus was weighed and the
wrigglers counted and measured (total length, mm).

Following study, all specimens were preserved with their right holobranchs and
filaments intact in 10% formalin and later transferred to 70% isopropyl alcobol. Speci-
mens were then deposited at the University of North Carolina, Institute of Marine




Sciences, Morehead City, North Carolina, USA as: O. mossambicus UNC 17126 (in-
cludes “normal males and females”, brooding females and their eggs or wrigglers, and
Taiwanese red tilapia), O. aureus UNC 17127, and T. rendalli UNC 17128.
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Fig.3. Same depictions as in Fig. 2. for O. aureus (A), T. rendalli (B), and Taiwanese
red tilapia (C).

RESULTS

General: Gill filament number (N) and weight (W) of male (M) and female (F)
Taiwanese red tilapia were the highest and heaviest of all species studied (Total Male
(N) = 1564, 5.98 g; Female (N)=1578, 4.70 g, Table 1, Fig. 4). Filaments 40 through
160 were broadest at their bases and middles, while their tips were narrow and pointed
(Fig. 1A). Male and female O. aureus possessed the second highest gill filament N and
W (M(N) x = 1 279, F(N) x = 1 235, M(W) x = 2.20, F(W) x = 1.90, Tab. 1) even though
N and W differences were statistically non-significant (M vs. F(N) f = 0.32, M vs. F(W)
f=0.53). Female O. aureus gill filament N totals exceeded those of female O. mossambi-
cus butboth M and F O. aureus filament ranges fell within those noted for O. mossambi-
cus (Tab. 1, Fig. 4). Non-brooding male and female O. mossambicus gill filament N
totals were statistically highly different; males possessed more and heavier gill filaments
and archs than non-brooding females (M(N) f =5.57**, F(N) f = 6.28**, Tab. 1). Female
O. mossambicus brooding eggs or wrigglers possessed statistically more gill filaments
(66 and 61 respectively) than non-brooding females (Tab. 1). Brooding male and female
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T. rendalli total gill filament N and W differences were not significantly different (M vs.
F(N) f = 1.97, M or F(E) f = 0.85) even though female filament ranges exceeded those
of males (Tab. 1, Fig. 4). Both male and female T. rendalli possessed, of the species,
examined the lowest number of gill filaments (Tab. 1, Fig. 4).

Table 1. Number, sex, SL, body weights of various brooding on non-brooding cichlids studied
and numbers and ranges of gill filaments, gill arch total weights, and eggs and wrigglers
measured. See Figs. 2 and 3 for length of selected gill filaments/arch/species/brooding
condition.

Body Total filaments Gill Arch Total :
SL (mm) Weight (g) (4 arches) Weight Eggs or Wrigglers

N
counted

Species/condition Range | X | Range Range Range | X | Range Ra(nge

x o 0

0. mossambicus 142-240 99-420| 15150 [1109{1029-1402 2.20|1.43-5.33

123-165 66-138{ 9836 [1093[1012-11921.50}0.85-2.11

O. mossambicus with eggs 146-164 101-140| 5796 (1159(1018-1234[1.73]1.36-2.22 R50| 10-424* [2.28

with wrigglers 150-170 106-140| 6926 (1154|1106-1230[1.78(1.20-2.06 354(159-410**|3.56

0. aureus 157-206 128-282( 3828 [1279|1180-1382p.781.77-4.43

144-175 93-165 1235[1206-1264 {1.90|1.43-2.37

T. rendalli 145-180 124-226 964 948-976 [1.68{1.01-1.81

115199 53-240 904| 838-10260.7|0.41-2.12

Taiwanese red tilapia 1 - — 1564 1564 — 59| -

LT < e LN G Y < B L e 1 TN e Y I 4

1 - - 1578 — K70 —

Total 52 58230

* egg length x width (mm) x = 2.38 x 2.61, range 2.15-2.57 x 2.45-3.04
** wrigglers length (mm) x = 8.24 range 7.13-8.74

Each species’ gill arch’s a and p total number of filaments was the same/arch
regardless brooding condition. Gill arch 2 possessed the most filaments followed by
either arch 1 or 3 (depending on species or brooding condition) and arch 4 (Figs 2, 3).
Each species’ p filaments were usually longer than its a filaments (Figs 2, 3). This was
especially true for male O. aureus, Taiwanese red tilapia, arches 1,2, and 3 of 7. rendalli,
and arches 1 and 2 of O. mossambicus. Female arches 1 and 2 a and p filaments were
longer than those of arches 3 or 4 in “normal” O. mossambicus, O. aureus, and
T. rendalli, whereas O. mossambicus arches 1 and 3 filaments were longer in females
brooding eggs versus arches 1 and 2 in females brooding wrigglers (Fig. 2).

O. mossambicus: O. mossambicus specimens, other than the two Taiwanese red
tilapia, possessed more total gill filaments than did O. aureus or T. rendalli (M filament
(N) x =1 109, range 1 029-1 402, F(N) x = 1 093, range 1 012-1 1927 Tlab.81 SFig, 4)
Lengths and shapes of selected a filaments of males, non-brooding females, and brood-
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Fig. 4. Total gill filament variation, by size of male and female O.mossambicus (M)
and females brooding eggs (Me) or wrigglers (M1), O. aureus (A), T. rendalli (R), and
Taiwanese red tilapia (T).

ing females with eggs or wrigglers were usually longer in males than females, especially
in filaments 100 and 110 (Fig. 2). The selected filaments, regardless of sex or brooding

condition, also had wider bases and middles than tips (Fig. 5). Most importantly, the

number (and weight) of gill filaments increased in females brooding eggs by 66 or
wrigglers by 61 (Fig. 6). Filament number increases were greatest in females brooding
eggs, on arch 4 (12.5%) followed by arch 1 (9.6 %), arch 3 (5.5 %), and arch 2 (5.2 %).
In females brooding wrigglers, arch 4 (15.6%) reflected the greatest filament increase
followed by arch 2 (7.4 %), arch 1 (5.4 %), and no increase in arch 3. Note how increased
shape of the filaments was verified by a corresponding decrease in the total “area” under
each arch in female brooding eggs or wrigglers (Fig. 2).

O. mossambicus SL/W relationships were highly correlated (M, r=0.9322; F,
r = 0.915 8), in females brooding eggs r = 0.940 5 or wrigglers r = 0.9421. Male, non-
brooding female, and brooding female gill filament lengths varied by hemibranch and
brooding conditions, but length differences were non-significant (M vs. F, f = 0.0016,
Fvs. Fwith eggs f = 0.75, and F with wrigglers f = 1.00). Important very high significant
relationships were gill W x gill N for females brooding eggs f = 125.0*** or wrigglers
f=564.97***, regardless of SL or W of fish (Fig. 5). Likewise highly significant
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Fig. 5. Base (B), Middle (M), and Tip (T) shapes of O. mossambicus gill fila-
ments/arches 1-4 (left to right in each depiction) exhibited by males and nonbrooding
females (top row), and nonbrooding (-) and brooding (--) females with eggs (middie row)
or wrigglers (lower row).

G W X N/SL relationships existed for females brooding eggs f = 33.53** or wrigglers
f=46.82** and G W X N/BW (females with eggs f = 6.66**, wrigglers f = 10.70**).
The most eggs brooded by study females was 424 yet the mean number of eggs,

measuring 2.38 x 2.61 mm, remained about 250, regardless of female SL (Tab. 1). About
354 wrigglers (range 159-410) measuring x = 8.24 mm (range 7.13-8.74 mm TL) usually
comprised a brood. The smallest wrigglers were carried by the largest females
(log y = 1.651 - 0.336 9 log x, r =-0.222 7, N = 10).

O. aureus: O. aureus males and brooding females possessed heavier and more gill
filaments than O. mossambicus (Tab. 1, Fig. 4). Filament “area”-lengths were very
highly significant between sexes, f = 374.80***. Filament a and p numbers were highiv
significant f = 12.41** with the longest filaments on arch 2. Gill arches 1 and 2
contained the most filaments and arch 4 the least and shortest filaments. Male O. aureus
filaments were shortest and highest on arch 4 (Fig. 3) and were longestbetweenr filaments
70 and 160; female filaments were longest on arches 1 and 2 (Fig. 3). O. aureus was
unique in that filaments 70-160 of both sexes became broader at their midpointand tips,
giving the filament a reversed deltoid shape (Fig. 1b).
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Fig. 6. Ranges of gill arch weights x gill N/SL or BW in female O.mossambicus
brooding eggs or wrigglers.

T. rendalli: A substratum brooder, 7. rendalli had the smallest filaments and lightest
gill arches (Tab. 1, Fig. 3). The p filament lengths were longer than a lengths in both
sexes (Fig. 3). Filament lengths were significantly different between sexes (f = 5.30%)
and arch (f = 4.30*), but not between a and p lengths. Gill arch 2 and 3 filaments were
broadest at their base, and their tips were pointed (Fig. 1a). Females possessed heavier

filament arches than males (Tab. 1).

Taiwanese red tilapia: Filament lengths of the two Taiwanese red tilapias varied
widely (Fig. 3). No statistical differences existed between the sexes or a and p numbers
even though arch weights were highly significantly different (f = 15.73**). Arches 1
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and 2 had longer filaments in both sexes. On all arches filaments 100-130 were the
longest. Arch 4 was heavy and wide (Tab. 1). Filament shape varied from narrow at the
base to wide at midpoint to pointed at the tip.

DISCUSSION

Fish gills are multi-functional organs that serve to transport oxygen and other ions to
or from the fish (Laurent and Perry 1991). Gray (1954) was one of the first to study fish
(marine) gill arches. During the subsequent 20 years, Hughes (1966, 1972, 1984),
Hughes and Morgan (1993), Palzenberger and Pohla (1989) described the development
and functions of fish gills, and ways to calculate their areas, based on total filament
length. Others related gill areas to fish size (Muir 1989; Santos et al. 1984) or body
weight (Ojha and Singh 1987).

Among cichlids Kuwamura et al. (1989) noted the number of young in mouth
brooding Sarotherodon markieri decreased with growth of their fry and brood size was
correlated with body weight of the female. Barel et al. (1991) found that total gill
filament number increased with fish size in Haplochromis hiatus and H. iris and
especially in H. iris inhabiting low oxygen content habitats. Hoogerhund et al. (1983)
commented that O. niloticus had 2750 filaments, and the gill area increase in fish
inhabiting hypoxic conditions may be due to food differences and feeding. Fernandes
and Rentin (1986) found that increased gill area was an adaptation to hypoxia as a way
of increasing the oxygen extraction from the surrounding water, and that filament N and
length increased with body weight. Balshine-Earn (1995) noted the high costs of weight
loss in male and female brooding Sarotherodon galilaeus. Keenleyside (1991) com-
mented on mouthing or churning (rolling the eggs or wrigglers) as a way to keep eggs
or wrigglers clean and aerated, as the bottom of the mouth cavity was an area of low
oxygen water. Lowe-McConnell (1959) noted that the number of gill rakers increased
as one progressed from bi-parental mouth brooders to maternal mouth brooder tilapias.

In this study, O. mossambicus male and female filament numbers were significantly
different and between non-brooding and egg or wriggler brooding individuals. Their
filament bases were usually ovate, except near the tips of arches 3 and 4 filaments, where
they were deltoidal. Differences noted in brooders were the result of filament N and W
increases, not length. This permitted increased water flow over the gills and eggs or
wrigglers. O. aureus had the most variable shaped gill filaments studied, varying from
deltoid to cordate. Filament tips were trunicated (Fig. 1B).

O. aureus is known to hybridize with O. mossambicus (N’gokaka 1983, Wohlfarth
et al. 1990) yet the low filament numbers observed rule out O. aureus a parent of the




Taiwanese red tilapia. 7. rendalli possessed the lowest number gill filaments and arch
weights. No gill filament changes occurred in nonbrooding or brooding 7. rendalli.

Taiwanese red tilapia: N’gokaka (1983) and Wohlfarth (1990) reviewed the inhab-
itance of red color and its hybrid origin in tilapias. Possessing a high gill filament
number, Taiwanese red tilapia may be a hybrid of O. mossambicus x O. niloticus. The
lineage of Taiwanese red tilapia is complicated (IN’gokaka 1993, Wohlfarth et al. 1990)
and resolution may be impossible for there is a dearth of information on gill filament
number and size within tilapiine fishes.

CONCLUSIONS

Gill filament shapes, sizes, numbers, and structure change during mouth brooding.
Brooding females adapt morphologically and physiologically by adding more and
heavier gill filaments. These features may be useful in determining the parentage of
hybrids.
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among morphs of a Lake MNalawl cichlid fish

Abstractt Four sympatric color morphs of the cichlid fish
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Pcoudotronheus zebra were found to have slgnificant dliferences

in allslic frequsncies at 4 polymorphic loci and to form two
distinct mating groups. Northern and southern populations of
the common Barred morph were also found to have significant
differences in allelic frequencles at 5 loci. The data support
the view that rapid cichlid differentiation can be caused both
by extrinsic geographic 1solatlon of populations as well as

by intrinsic behavioral fectors which could lead to sympatric

speclation.
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The specles flocks of cichlid fishes within the Great Lakes
of "ast Africa are the most spectacular =xamples of specliation and
of adaptive radiation within a single vertebrate famlly.  Pach of
the thres lakes, Nalawi,,Tanganyika and Victoria, contains moTe
specles of fish than any other lake in the world. I2ke NMalawi has
about 300 describad Speclss of fish, 90% of which are ¢ ichi¥id s ana
between 100-200 specles still to be described or discoverad i
Other outstanding examples of fish specilation in lacustrine
environmwents--the 18 endamic cottlids of Lake Baikal (20, tha 18
cyprinids of Lake Lanao (3) and the 14 endemlec cyprinodont species
of the genus QOrestias of Lake Titicaca (4)--show but 1/20th of the
Specles diversity of cichlids in Leke ﬁalawi. Thus, these cichlid
fishes, exhibiting the most outstanding case of explosive evolution
in modern Vertebrates, offer eXtraordinary opportunities to study
the factors that dstermine the evolution and speclation processes
of a highly complex community of closely related animals,

An important genetic study by Sage and Selander (B)has,

however, cast doubt as to whether or not the cichlid flocks are as

Specles rich as previously reported (6). They discovered that

cichlid morphs from lakes in the Cuatro Cilenegas region of Mexico,
which have been treated as an endemic SBpecies flock (7), cenld not
be distinguished electrophoretically and were thus a single
polymorphic species. These results suggaest that much of the trophic
radiation in the African clchlids also might have been achieved
through polymorphism. Sage and Selandar (5) suggest that much ot

the variation observed in the African cichlid floeks might not




Tepresent speclation, and emphagize the importance of a genetic
approach to the problem of whether adaptive radiation or speciation
came first. Thelr challenge of the classical view (8), that
trophlic radiation occurs aftesr spaciation, has 1lad othengi (o

to questlion whether pheretically defined cichlid specles are, in
Tact, cornspecific.

The conflicting views concerning the seguence of adaptive
radlation and speciation and the validity of many of these ecichlid
specles 18, in addition, interwoven into the controversy over
allopatric vs sympatric speciation in this family., Greenwood (8)
suggests that complete isolation of cichlids in separate bésins in
Lake Victoria led to allopatric differentiation beiween spacles,

-

Fryer (10) concludes that the diversity of cichlids in Lake Melawi
has arisen through microallopatric speciation., This view corresponds
wlth the hypothesis of others (11) who suggest that populations

of ancestral Lake Tanganylka cichlid specles were geogravhically
isolated and hence speciated allopatrical ly. Mayr (12) clifas

Fryer's work in dismissing the posslblity that sympatric speciation

might, in part, explaln the nﬁmber of. cichllds in these African

lakes, Fowever, the allopatric hypothesls has never been accepted

as an excluslve one by blologists concerned with cichlids (1210015,

or by those who find the evidence in support of sympatric speciation
highly suggestive (16). MNcKaye (14) sugcests from fileld evidence
that "1t seems 1likely that some cichlid specles have arisen

bacause of ethologlical differentiation of morphs in mating and

habltat preferences without a geographical barrier."




Recent ecologlcal and behavioral studies have suggestad that 4

common color morvhs of the Malawl cichlid, Esesudotropheus zebra, show

complete assortative mating, and form two distinct mating groups

The authors of these studies conclude, in contrast to Sage and

pools and that they diverged sympatrically. If true, this leads
the question of how assortative mating by sympatric morphs evolved,
These multiple controversies, the importance of the quastions
ralsed, and the continual discoveries of new cichlid taxa in these
African lakes (17) led us to test the Sage and Selander hypothesls
for African cichlids. We examined electromorph data collecved for
ealor mofphs of P. zebra from Nkhata Bay, Lake Nalawl., These morphs
are described in detall elsewhere (7,15) and will be referred to heras
as Rarred (BS=blue and black vertical bars), Oranze-RBlack (0OE=orange
with black spots), Blue (B=homogeneous blue) and White (W=predominantly
white) (Fig., 1). We sxamined =811 four morphs from Nkhata Bay in the
north central portion of lLake ¥alawl, In addition, to determlne
allopatric differentiation, we examined the common Barred morphs from
three other sites 1n different geographilec regions in the laket ‘two

sites from the southern region, Mumbo Island and Domxwe Island, and

one site further north at Chilumba., The Blue and White morphs are

known to occur only in‘fhe northern regions of ths lake whereas
Barred and Orange-Black morphs are found throughout the lake (7,15).

Proteln electromorphs were studied with standard horizontal
starch-gel electrophoresis and histochemical staining procedures (18),
Liver, musele, heart and eyes of adult fish were removed in the fleld
and stored frozen in 0,01 Tris-BECl, pH 7.0 (containing 5 mM

dithiothreitol and 0.5% polyvinylpyrollidone-360) at -196° C in




liquid nitrogen for 4-6 we=ks. he samples ware

freezer (-60° C) on return to the laboratory and remained there
3-8 months until analysis (19). Before beglinning data collectlon,
we surveyed 24 locl (20) to identify polymorphlc systems. We
oxamined intensively in our analysis 7 locil which we determlned
to be variable in our sSurvey.

There are two main results, First, the. allelic freguencles
of 4 polymorphic loci support the earlier view (15) that assortative
mating and two gene pools ére present within thls specles from
Nkhata Bay (Table 1). For Pep the frequency of the b allele was
78% for Barred and Orange-Black morphs and 1%:for the Blue and
Wwhite morphs. The results of Sdh, Pzi and Fst-3 also partition by
these breeding groups (Table 1). The genetic data, thus, are
consistent with the ecological evidence that Barred and Crange-3lack
mate assortatively with each other and that Blue and White do also.
However, although the data strongly suggsst separate gene pools
occur, we cannot conclusively state on the basls of genetic avidence
alone that these two sets of morphs are distinct specless,

Second, there are significant differences between the allellc
frequencies of both macro- and micro-allopatric Barred populations
(Table 2), For Pep, 88% and 68% of the alleles of the southern
populations, Mumbo and Domye, respectively, are a, whereas 80%

end 79% from the northern Chilumba and Nkhata Bay populatlons,

respectively, are b (G test, p<.01). There are also statistlcally

different allellic frequencies between the northern and southern

populations for Sdh, Got and ®st-1 in all cases (G test, p<.01).
Interestingly, for ®st-3 there are distinct differences between

Domnws Island and Mumbo Island populatlons. The frequency of the




D allele is 27% for ths Kumbo population and 0% for .DomWe: wherseas
the frequency of the d allele is 32% for Domwe and 0% for Numbo
(Table 2). ®xcept for thie, these two southern populations are
indistinguishable from each other at the léci examined, They,
however, do differ consistently from the two northern populations,
which ln fturn are similar to ezch other.

The results, thus, bear on the 2 issues raised shatigel el e o gl
specles richness of African cichlid flocks and the meachanism of
speciation. Unlike Sage and Selander's (5) initial study on Fexican
cichlid morphotypes, the morphs of P, zebra do form separate gene
pools and might be considerasd two separate species, as has baen
suggested by others (15). With regard to the process of differentiation
among cichlids, these data demonstrate macro-allopatric genetic
differences betwesen the northern and southern populations of this
variable specles, These populations, which are rock dwelling, are
separated by long sandy beaches in the central recion of Lake Malawi.
Over 95% of the shoreline between Nkhata Bay and the Nankumba

penlinsula, where Domwe and MNumbo Islands are located, 1s sand and

marsh (21). Between the northern populations at Chilumba and Nkhata

Bay there are long rocky stretches which should facllitate migration
and gene flow. Over 35% of the shoreline between these two populations
1s s0l11d rock substrate.,: Furthermore, the difference in the Tst-
locus for Domwe and Mumbo Islands may indicate relatively recent
1solation and thus lend support to Fryer‘'s micro-allopatric
specliation model.

How, then, can the evolution of assortative mating by sympatric
clchlid morphs be explained in the context of allopatric speclation

processes alone? Concelvably the Blue and White morphs were at one

’
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time geographically isolated from the Barred and Orénga—Black morphs.,
They began mating together in that isolatlon and then subsequently
became sympatric with the other morphs. This allopatric hypothesis
requires =2ither the extinction of the widespread Barred and Orange-
Black morphs in an area where the Blue and wWhite morphs occurred

or the colonization of a new area by the Blue or Whlte morpns where
the ubiquitous Barred and Orange~Black morphs were not present.

The alternate, sympatric model of Faynard-Smith (22) does not
require such past geographical isolation of populations. His model
instead requires that morphs assortatively mate and choose somewhat
different habitats., Futuyma and Mayer (23) claim that sslection of
different "niches" by sympatric morphs of a single specles has not
bean demonstrated, They conclude, therefore, that Maynard Smith's
model is unlikely to explaln speciation., But such niche dlfferentiation
among cichlid morphs has bsen observed (14,15, 24), and suggests
that Maynard Smith's model 18 plausible, Furthermore, If intrinslc
behavioral factors are important in speciation as predicted by
Maynard-Smith, we should expect that specles spllitting would be
more rapid than 1f extrinsic geographical barrlers are required to

occur and breakdown in order to isolate and rezsssociate populations.

Maynard Smith's hypothesis of sympatric speciation, therefore,

cannot yet be rejected for the family Cichlidae. The elements
necessary to make Naynard Smith's model a likely possibllity are
documented for several cichlid genera: 1) a high rate of speclatlon,
2) morphological polymorphisms, 3) gradations of assortative mating,
and 4) differential habitat selection by morphs. Cichlids are
highly polymorphic in tooth form and in coloration pattern (679,

Numerous authors have concluded that coloration 1is important in
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in. species recognition An the Ffamily Ciehlidee (5,9,14), In the
Cuatro Cienegas cichlid no assortative mating by morphotype 1is
evident (6). However, in lake Jiloa, Nicaragua, two color morphs,

gray and gold, of Cichlasoma citrinellum tend to mate assortatively

and morphs select different habitats in which to breed. This
situatlion could be a stage in the formation of a deep water gold
species and a shallow water gray one (14)., In Lake Malawi, Marsh

et al, (25) have concluded recently that what was previously thought

'to be a single Lake Malawi species, Petrotilaria tridentiger, can
be divided into at least 3 distinct specles on the basls of
assortative mating by color pattern and differential bathymetric
disitributiontby those colon pattenns. Yot the conebticidiffierences
between these forms (26) are not as great as those we obtserved here

in the Pseudotropheus zebra morphs (Table 1).

This study 1s the flrst to document genetlc differences among
cichlid color morphs which suggest that morphs may be genetlcally
isolated or, if not yet completely lsolated, are mating asssortatively.

In addition this study demonstrates that both macrc- and micro-

allopatric differences between populatlions are clearly present,

A subset of the data, the differences between northern and southern
populations, lends support to the concept of macro-allopatric
differentiation of populations and possible eventual speclation (8,12).
Another subset of the data, the differences between the populations

of the southern islands of Mumbo and Domwe, suggest that micro-allopatric
diffierentintion (10) '1s also oceurring. 'In addlition, the final

subset of the data, the differences between assortatively mating

morphs within the population at Nkhata Bay, suzgest that sympatric

differantiztion (22) can also occur,
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Cleérly the gendtic data support the suggestion from field data
that the hypotheses of allopatric and sympatric speciation are not
necessarily mutually exclusive., Both sympatric and allopatric

speclation are most likely occurring simultaneously, and intrinsic

behavioral factors may be important in explaining the rapid rate

of cichlid speclation. Nore comparative data, however, on the
frequency of polymorphisms, assortative mating, habitat selection
by morphs, and survivorship of heteromorphic offspring are Tequired
before we can assess the relative importance of sympatric speciation
compared to that of the more predominant allopatric speciation mode.
The evidence suggests, in the case of the cichlids of the Rift
Valley Lakes of Africa, that there are more, rather than fewer,
specles present than are now dsscribed. Furthermore, they have
arisen and are continuing to arise throucgh a combination of sympatric
and both macro- and micro-allopatric processes of differsntiation
and speciation (27).
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1. Color morphs of Psadotropheaus Zobrai

Barrad, Blus, Whita

Orange-Black. Photos by K. R. McKaye and W. Sacco.
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Abstract., The protsin electromorphs of three taxas of Fatrotilapia

weTe eXamined with starch-gel electrophoresis. Thase taxa, raferresd
to 1in earlier work as sibling species, weres found to have no alternsate
fixed alleles at any of the 25 loel examined, However, hetarogensous

gene frequencies were found at 7 polymorphic loci. These results

suggest that these texa are isolated "sibling" specias which Tecently

diverged or they are "incipient" specles with rinimal gene flow between
morvhs. The genetic and field data lend support to the hypothesis
that sympatric splitting of morphs could be lmportant in the eXplosive

radiation of the Cichlidge,

KEY WORDSi1~-Tvolution, speclation, polymorphism, Eenetics, fish,
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INTRODUCTION

The Spccies flocks of cichlid fishes within the Rifit Valley
Lakes of Africa represent a classic case of exploslve speciation
(Fryer & Ilos, 19721 Greenwood, 1974). . Laka Nalawl, for example,
has almost 300 described cichlid spaciss (Farsh et 2l1,, 1981) with
many moTe awalting description and discovery (D. Tccles, D. Lewis,
Ae Marsh, M. Oliver, A, Ribbink personal communication; K. FcKaye
personal observation). Despite the overwhelming evidence of
diversity among cichlids of all three of the large great lakes
of Africa, a genetic study of g polymorphic Mexican cichlid (Saze &
Selander, 1975) has been usesd to cast doubt‘upon whethar o1 riot
the African cichlid flocks are really as sﬁ%ips rich 28 Teported
(Graves & Rosanblatt, 1980; Kizkpatlrick & Selander, 19790), eze &

Selander (1975) found that cichlid morphs from lakes in Cuatro

Cleneges region of Mexico, which have been treated as an sndemic

species flock (Kornfield & Koehn, 1975), could not be distinguished
electrophoretically. Their results suggest that the morphs Tepresent
a single polymorphic species. Sage & Sslander (1975), in addition,
propose that much of the wariation observed in the African cichlid
flocks may represent polymorphism rather than speclation, and
erphasize the importanc§ of genetic data to resolve such a question,
Recent_field studies of Lake Malawi cichlids have suggested,
in contrast, that species which were previously thouzht to be
polymorphlc may begroups of sibling species (Holzberg, 1978;
Schroder, 19803 Marsh et al., 1981), These studies on two of the

Lake Malawi cichlids, Pseudotrcphsus zebra and Fetrotilapia tridentiger,

suggest that sympatric morphs separate into different gene pools

on the basis of assortative mating by color morphs, Fetrotilavia




tridenticsr, which has been considerd.asingle polymorphic species

)

(Pryer, 1959), was divided into 3 sibling species, referrad to by
Varsh et al. (1981) as Big Blue (BB), Orange Cheek (0OC) and Orange
Lappet (OL). Field observations of noninterbreeding among color
morphs, underlie the suggestion by Marsh et al. (1381)

3 gre @istinct, sivling sp9cieé. This conclusion is reached
inspite of the taxa belng indistingulishable on the basls of
morphometrics.

Both the controversy over the actual diversity of cichlld
fishes in the great lakes and the importance of assortative mating
to theories concerning the speciation process (Maynard Smith, 1966;
McKaye, 1978; 1980) led us to examine electrophoretically enzyme

polymorphisms within these thres "sibling" specles of Pe tridentiser,

The two questions on which we focused weret 1) Are different
alternste allelas fixad at any testable locus for thas 3 taxa?

2) Are gene frequencies homogeneous or haterogeneous among taxa?

Reproductive isolation between specles would be demonstrated

unambiguously 4f alternate alleles are flxed at an isozyme locus
(Ayala & Powell, 1972). EHeterogensous gene frequencles among color
morphs would suggest that these taxa are not interbreeding randomly.
Eomogzenaous frequencies among color morphs would suggest elther:
1) a high decree of intérbreeding among the groups, or 2) parallel
variation at the loci tested,
MTTHODS

Protein electromorphs for the three taxa were examined with
standard horizontal starch-gel electrophoresis and histochemlcal
staining procedures (Selander et al., 1971)., The fish used were

captured by being herded into a fine mesh net in Monkey Bay




at the southern end of Lake Malawl, Alan Marsh (of the il i, B
Smith Institute of Ichthyology, Grahamstown, South Africas) caught
and identifisd all specimens for us. Semple slzas were: 17 males
and 2 females of Orange Chesk, 19 males and 1 female of Crange
Lappet, and 13 males and 9 females of Blg Blue,

Wel Temovied Sl mer i musioiliatiihaa n i andiicn s o g duili e Bdic naiiin
the :fisld and stored &hemifroZen in 0,01 Tris-HCI pH 7.0 (eontaining
5 m¥ dithelothretiol and 0.5% polyvinylpyrollidorna-360) at -196° C
in liquid nitrogen for 4-6 weeks. The samples were transfarred to
a freszer (-60° C) on Teturn to tha laboratory in tha U.S.A. and

remainad there 8 months until analysis.

BR=SULTS
Elghtean 0f the 25 1ocl 8id not vary in our surveyd Tst-U4,

Go=1,Gp=3, 6B6D, Slokdh, 'Hit, “1dh, Got, ME, Fdih, Idh, Adh, Pop=2, G6FPD,

Pei-1, Pgi-2, PGNM-1, and TO, Seven locl were found to be polymorphlc:

®st-1, Est=3, Pep-1, Pan-3, CK, PGV-3 and Sdh (Table 1).

Nens of the locl axeminad weras Fixed af 2ltarnates allslas,
Alleale fregquencies were heterogeneous emong taxXa for all polymorphic
loci that we examined. There wera significant diffarences from
rahdoln expectation in the fregusneless for all 7 docl (G t=sth,

Babile 1), For example for  CK, {he TfTaguenoy of the s allale was
.45 for Orange Chask, .38 for Orange Lappst and .00 for Big Blua,
Fop Fep~1 the fregucneyiiofi the a allele iwas .03 Tor belh Orence
Cheek and Big Blue, but .25 for Orengs Lappet (Table 1). 1In
addittdion, " no consistqnt parallel patterns in gens frequencles

among «different locl for specific pairs of taxa wers asvident (Tabla 1),
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DISCUSSION

The results of this study indicate that there are no fixed
alternate alleles at any of the loci we exzmined, Therefore, we
found no clear diagnostic electromorph character to separate and

1dentify these taxa., The resuits obtailnad are conslstent with

elther tha "sibling" specles hypothesis (larsh et al. 1981) or

the polymorvhic hypothesis (Fryer, 1959). Bacause electrophoretic
divergences are time dependent (Copri jccinl ot al s 10BN sibling
specles that have recently diverged may show little diffesrentiation
in elactromorphs (Kornfield, 1978).

We conclude, on the basis of both genetic and field evidencs,

that random mating among the three color morphs of B, tridentipem,

in Monkey Bay does not ocecur. If thess had besn randomly mating
morphs of one spscles, we would have expected to sea homogeneity

in gene frequencies zmong them (Sage & Selander, 1975). The
hetarogenelty observed in frequencies at all seven polymorphic

locl examined is consistent with either of two hypothases--that

these forms represents 1) isolated and differentiatad gene pools

or 2) "incipiant" specles with minimsl gene flow between morphs.
Whether or not these taxa aret 1) newly evolved totally differantiated
*sibling* gpecies, or 2) morphs that are in the process of becoming
lsolated we feel cannot yd:bé demonstrated unequivocally. Neveartheless,
the genetlc information is consistent with the flald observations

of assortative mating and at least partial differentiation among

color morphs. Narsh et al.'s (1981) study of P, tridentizar adds

further evidence that coloration is important in species recognition

or in mate selsction within a spacles (Teccles & Lewls, 19793 MrEKaye &




Barlow 1976, Noble & Curtis, 1939:. Fryer, 1959, 1977; Greenwood,
1974).

The genetic and field data lend support to the hypothesis that
sympatric splitting of morphs could be important in the explosive
radiation in the Cichlidae (Kosswig, 1947, 1963; lowe-lcConnell,

1959; Trewavas et al., 1972; Earlow and Funsey, 1976; Fciaye, g e
1980; Heczberg, 19783 Schrodsr, 1980). Tha haterozeneity in

allelic frequenclies demonstrated here among sympatric taxa parallels
other studies in suggesting intisl genestic isolation and differentiation
occurs without geographic isolation. For example, another

polychromatic Malawl cichlid, Fseudotropheus zebra, also has

sympatric color morphs that mate essortatively and that form two
1solated breeding groups (Holzberg, 1978). Flectrophoretic data
on the 4 sympatric color morphs of P. zebra show significant
differences in a2llelic frequenciss at 4 polymorphic loci (KcKaye
st al., ms) which are consistsnt with the mating groups determined
by Holzberg (1978). Holzbarg (1978) and Schroder (1980) both
spaculate that the differentiated forms of P. zabra could have
arisen sympatrically without geographilc isolation.,

Maynard Smith's (1966) model of sympatric speclation provides

ralavant testable predictions for these cases and, possibly for

cichlid specles flocks. in general. The model does not require

past geographlcal isolation of populations. The first stage of

Maynard Smith's model is the development of a stable polymorpnism,
Then, with some degree of diffarential habitat selectlon by morphs,

two Traproductively isolated populations can evolve. Testlng




speciation theories is difficult but, lifitha Moynard Smlth model

s correct we would expect to see gradations in the degree of
differentiation among morphs within a radisting family that lead
eventually to tsal isolatlion of some forms.

Comparative evidence from the Tapily Cichlidae ig consistent
with the developmental stages of the sympatric specilation modelt

(Szge & Selander, 1975);

2) incomplete assortative mating and ha2bitat seperation Dy
sympatric morphs (KcKaye & BaTrlow, 19763 NcKaye, 1960), end
3) complete assortative mating such that the morphs have
achieved specific status (Karsh et al., 1981 s« Narsh personal
communication). Furthermore, sympatrlc peclation, via an intrinsic
behavioral mechanism, should allow more rapid spocles splitting

than allopatric differentlation, via geographic sevaration and

reassoclation, doss. Sympatric differentiation, thus, may be the

most consistent and parsimonious hypothesis to explain some ol
the cichlid radiation in the Great Ilakes of Africa. - These and
further data from the African cichlids should lead, in addition,
to generallzations on alternative modes of speciation fulfilling
Bei Greenwood's,(1974) prediction: "In so. many respects, the
cichlid specles flogks are an pﬁolutionary microcosm repeating
on a small and appreciable scale the patterns and mechanlsms of

vartebrats evolution."
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The idea that different individuals within a biological species may
have radically different morphologies and distinct feeding modes has
commanded attention because of its profound implications fo; evolutionary
biology. If individuals from a panmitic population are recognized as
species by standard taxonomic criteria, organismal diversity in nature
may be more apparent than real. This concern is particularly germane
to the great diversity seen within assemblages of tropical freshwater
fishes as cyprinids and cichlids where endemic specializations are
extreme (Myers, 1960; Greenwood, 1974; Reid, 1980). Several examples
: of substantial dichotomous morphological divergencé have been reported

among sympatric collections of closely related fishes (Roberts, 1974;

Sage and Selander, 1975; Vrijenhoek, 1978; Turner and Grosse, 1980).

The cichlids of Cuatro Ciénegas, Mexico are particularly interesting
and their study by Sage and Selander set a precedent which has had a
significant impact on subsequent systematic studies (Kirkpatrick and
Selander, 1979; Graves and Rosenblatt, 1980).

By any phenetic criteria, the extreme distinctiveness of sympatric
cichlids in Cuatro Cienegas suggests the presence of two discrete species.
A "small tooth" form with papilliform pharyngeal dentition feeds on plant
material and possesses a relatively narrow head, slender pharyngeal jaw,
and long intestine. A¥“1arge tooth" form with molariform pharyngeal
teeth feeds on snails and has a wider head, relatively stouter jaw, and
short intestine. The morphological and trophic differentiation between
these two forms exceeds that observed among many closely related
biological species and pfecise]y mimics the differences which define

numerous cichlids in the African Great Lakes (Fryer and Iles, 1972).




Further, it is this type of variation that might be associated with

incipient macroevolution (Greenwood, 1979). The magnitude of differences
between these forms has thus historically caused them to be treated as two
distinct species (Taylor and Minckley, 1966; Minckley, 1969; LaBounty,
1974; Kornfield and Koehn, 1975). Alternatively, on the basis of the
segregation of both types within wild caught broods, complete electro-
phoretic similarity, and concordant patterns of allozymic variation
betweén forms, Sage and Selander (1975) suggested that both forms
belong to a single polymorphic species. However, this evidence did not
provide a definitive test of the twd species hypothesis (Hutchinson, 1978).
We present in this article the results of comb]ementary studies of
genetics and reproductive biology initiated to resolve the biological
status of these fishes. Our allozyme data and observations of mating
in natural populations verify the insight of Sage and Selander and attest
fo their accurate electrophoretic evaluation of conspecificity. This
demonstration of substantial morphological variation within a sing]ek
species has significant implications for ecology and conventional

taxonomic characterization.




MATERIAL AND METHODS

Collections of specimens and observations were made in Laguna El
Mojarral, Cuatro Ciénegas, Mexico in June - July 1979, 198d and 1981.
Broods of freeswimming offspring and their female guards were collected
simultaneously during daylight hours with fine mesh handnets and spear
guns. Adult fish for general electrophoretic studies were collected
with coarse mesh handnets two hours after sunset when inactive fish
rest on the substrate of the laguna.

For electrophoresis, eyes of adult fish were removed and stored

frozen in 0.01 M Tris-HC1 pH 7.0 (containing 5 mM dithiothreitol and

0.5% polyvinylpyrollidone-360); cichlid fry were frozen whole in bufferi
Material was stored for up to three weeks in a conventional %reezer
(-6°C) while in Mexico, then transferred to an ultracold freezer (-90°C)
upon return to the United States. Starch gel electrophoresis was
performed as previously described (Kornfield and Koehn, 1975; Sage and
Selander, 1975).

Since the morphological identity of reproducing fish could not be
established by underwater observation while they were free swimming, it
was necessary to capture individuals to determine trophic morphology.
Unfortunately, spawning male cichlids were particularly sensitive to
the presence of observérs in close proximity to breeding areas and fled °
when approached. To collect actively mating pairs, we designed a remotely
operated trap which, when activated, securely captured both male and female
fish (Smith et al., 1981). Traps were set out in eco]ogica]]y'uniform
habitats where substantial breeding activity had been previously observed.

Additional pairs of breeding fish were collected with the use of spear




guns. The pharyngeal dentition of captured fish was detérmined in the

field with an otoscope.
RESULTS AND DISCUSSION

Information bearing on the extent of genetic control over trophic
morphology is limited. Both discrete morphological types developed in
laboratory reared fish captured as fry from maternally guarded broods
(Sage and Selander, 1975). However, it is questionable whether all fry
within single groups are sibs; both.New and 01d World cichlids may
protect unrelated offspring (Ribbink et al., 1980;.McKaye, 1979 .iadTo
evaluate this possibility, isolated groups of free swimming fry and
their guarding mothers were examined for genetic compatibility at five
polymorphic allozyme loci. Of seventeen broods examined, three contained
individuals whose electrophoretic phenotypes indicated that they were
either unrelated to the females who guarded them or that they had

different fathers than other individuals in their broods (Table 1).

This assessment of the magnitude of foster parentage is clearly

conservative since some unrelated juveniles may be electrophoretically
equivalent (see Hanken and Sherman, 1981). Given the allele frequencies
characteristic of cichlids at E1 Mojarral, over one third of all fish at
that locality are indigtinguishab]e from the normal offspring of broods
GY50 and GY51 for the loci examined. While it is most probable that
foreign fry become incorporated into broods by passive mixing (Lewis,
1980), it is also possible that some individuals with paternally
incompatible phenotypes were produced by multiple fertilization (Gross

and Charnov, 1980; McKaye, 1980). Regardless, it is clear that




inheritance studies based on field-collected offspring can not effectively

resolve the systematic problem of the Cuatro Ciénegas cichlids.

Electrophoretic Characterizations

In the absence of breeding information, accurate recognition of
separate gene pools can be achieved when sympatric groups exhibit evidence
of independent genetic evolution. In the cichlids of Cuatro Ciénegas,
estimates of genetic distance are similar to those typical of conspecific
populations and do not differentiate the two forms (Kornfield and Koehn,
1975; Sage and Selander, 1975). HoWever, since electrophoretic divergence
is probably a time dependent process (Corruccini_ég4gl., 1980), very
recently evolved species may be expected to be almost indistinguishable.
In fish, several studies have demonstrated extreme genetic sihi]arities
between valid biological species (Avise et al., 1975; Johnson, 1975);
African cichlids in particular exhibit these extremes (Kornfield, 1978;
Kornfield et al. ., 1979).

A more convincing assessment of reproductive isolation involves
geographic or temporal comparisons of gene frequencies. Because gene
pools of reproductively isolated species respond independently to
populational and environmental processes, dissimilar gene frequencies
are to be expected (Futuyma and Mayer, 1980). However, frequency
differentiation need nbt be indicative of genetic isolation. For
example, significant intraspecific heterogeneity has been reported
among age classes in fish (Williams et al., 1973 Koehn and Wisidaans,
1978) and lizards (Tinkle and Selander, 1975). Nevertheless, homogeneity
of gene frequencies should generally be characteristic of single species

samples regardless of the manner in which individuals are grouped for




comparison. Exploiting this approach, Sage and Selander (1975) demonstrated

concordant geographic variation of gene frequencies at several allozyme loci

for the two Cuatro Ciénegas cichlids. These observations thus implied the

existence of a single gene pool.

We reexamined the frequency of four ofkthese loci previously studied
by Sage and Selander in fish from Laguna E1 Mojarral. At Eesterase, Lactate
dehydrogenase-3, Phosphoglucoisomerase-1, and Phosphog lucoisomerase-2,
genotypic proportions were homogenous among the small tooth and large
tooth forms. A1l individual genotypic ratios fit Hardy-Weinberg-Castle
expectations. However, allele frquencies were not temporally stable.
Between 1974 and 1980, a significant change in freﬁuency was observed
at PGr-2 (Table 2).

Patterns of coordinated geographic and temporal frequency variation
argue against the two species hypothesis. However, it is possible to
remain skeptical of this conclusion because of the lack of direct
evidence for reproductive isolation. In particular, species may have
coﬁcordant patterns of allozyme variation in response to common selection
pressures (Borowsky, 1977). At single loci, identical patterns of geo-
graphic variation in gene frequency have been observed among sympatric .
populations of reproductively isolated fishes (Johnson, 1974) and
molluscs (Koehn and Mitton, 1972; Koehn et al., 1980). It is improbable,
of course, that such péra]]e] selective responses occur simultaneously at
numerous loci. But if reproductively isolated taxa are of very recent
origin, differences in allozyme frequencies may be very limited. Thus,
it is essential to examine reproduction under natural conditions to

directly test the hypothesis of two biological species.




Reproductive Observations

Isolated gene pools evolve independently only if significant gene
flow does not occur between them (Crow énd Kimura, 1970; Jackson and
Pounds, 1979). A limited amount of interspecific gene excﬁange can be
tolerated and still maintain reproductive isolation if selection is
relatively strong. In general, though, the number of interspecific
matings in sympatric populations should approach zero.

In Cuatro Ciénegas, actively reproducing male-female cichlid pairs
were identified by observing standard behaviors of spawning and nest

guarding (Baerends and Baerends-Van Roon, 1950). A sample of 33 repro-

ductively active pairs was collected in Laguna E1 Mojarral during 1979,

1980 and 1981. If the two forms were completely isolated reproductive]y;
we would have expected to see no matings between forms. Examination of
the pharyngeal jaws revealed that 19 mating pairs (57%) involved fish
with unlike trophic morphologies (Table 3). Further, given the relative
proportion of the small tooth cichlid in this population, the observed
number of homotypic matings was much lTess than that expected under
reproductive isolation. Mixed morphological matings were also observed
at three additional localities: Pozo de la Becerra, Laguna Churince,
and Rio Mesquites. Clearly these observations force rejection of the
two species hypothesis.

Although the dat& presented did not deviate from random mating
expectations (G = 0.244, df = 1, p > .5), the sample size does not
preclude limited assortative mating by morphotype. In fact, if almost
20% of all matings were completely assortative, we would have been
unable to demonstrate this given the small sample size. However,

assortative mating is unlikely. First, our field observations of




natural reproduction did not reveal any obvious habitat segregation.
Matings in Lagunga E1 Mojarral occurred on an ecologically monotonous
substrate in close proximity to one another. Second, males who
sequentially fertilized the eggs of separate females and siﬁu]taneous]y
guarded two nests exhibited no mating fidelity to fish of their own
trophic type. . Two of five males who maintained distinct nests were

mated to both small tooth and large tooth females concurrently.

Implications

The confirmed existence of a trophically dichotomous biological

species impacts on two distinct areas of evolutionary biology. First,
the variation observed between cichlid morphs, and that recently noted
in goodeids by Turner and Grosse (1980), forces a critical apbraisa] of
the concept of adaptive radiation; trophic polymorphism may represent a
viable alternative evolutionary strategy. The factors controlling the
origin of such a system remain unclear. Anatomical flexibility (Liem, 1980)
and/or competition and resource availability may constrain the formation
of trophic polymorphisms. Need we reevaluate the niche concept to
accomodate such species (Hutchinson, 1978)? Sure]y their ecological
behavior differs significantly from conventional taxa. For example,
simple -.communities composed of trophically polymorphic species may be
more responsive to enyfronmenta] and biotic perturbations than standard
communities.

Second, the range of dichotomous morphological variation between
cichlid morphs has profound systematic implications. Numerous species
exhibit morphological modifications of the pharyngeal dentition and

apophysis mirroring the type observed in Cuatro Ciénegas (Greenwood,




1974, 1979; Hoogerhohd and Barel, 1978). If species deffnitions are
primarily based on such phenetic differences, morphology by itself may

be generally inappropriate to delimit biological taxa or index actual
species diversity. It is of considerable importance that éich]id
systematists have begun to emphasize bréeding coloration (Barel et al.,
19775 Greenwood and Barel, 1978). Cichlid species generally appear to

be distinguished by unique coloration (Greenwood, 1974) and assortative
mating by color has recently been described for a number of taxa formerly
thought to be color morphs of single species (Holzberg, 1978; Schroder,
1980; Marsh et ol iga iy, Howevef, color differences, 1like morphological
differences, may not be sufficient to recognize réproductive]y isolated
taxa. In Lake Malawi, trophically equivalent cichlids which differ
significantly in breeding coloration and body shape were statistically
indistinguishable in allele frequency at three polymorphic isozyme loci
(Kornfield, 1974). Clearly resolution of such systematic problems will
require direct observations of reproductive isolation or more sophisticated
probes for genetic continuity (e.g. Avise et al., 1979). Regardless,

differentiation without speciation has received only limited attention by

taxonomists. Since this situation exists in fish, it is not unreasonable

to suggest that it may occur in additional vertebrate groups.
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SUMMARY

Two discrete cichlid fishes endemic to Cuatro Ciénegas, Mexico
differ significantly in several morphological characters asséciated with
feeding specializations. Conventional taxonomic treatment would suggest
the presence of two distinct species, but Sage and Selander (1975)
forcefully argued for the presence of a single polymorphic biological
species. Biochemical comparisons and observations of reproductive

in situ were conducted in 1979, 1980 and 1981 to reevaluate the two

species hypothesis.

Electrophoresis of juvenile cichlids and their brooding mothers

revealed individuals with parentally incompatible phenotypes.v Fhus ¢ the
inheritance of morphology inferred from segregation of individuals within
wild caught broods is questionable. Electrophoretic examination of four

polymorphic loci revealed gene and genotypic homogeneity between the two

types of fishes. A significant change in allele frequency at PGI-2 which
occurred between 1974 and 1980 was observed in both forms. This temporal
concordance in gene frequency between forms inferentially argued against

the two species hypothesis.

To directly examine reproductive isolation, cichlid pairs were
collected in the process of mating. Few matings between the two forms
were expected under the:two species hypothesis. O0f 33 reproductive pairs
examined, 57% involved matings between forms. These observations
unequivocally suggest the existence of a single Mendelian population.

Confirmation of a trophically polymorphic biological species has
significant ecological and systematic implications. Trophic polymorphism
may represent an alternative strategy to adaptive radiation and may inflate

estimates of species diversity based solely on phenetically defined taxa.
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Table 1. Foreign phenotypes of fry in guarded cichlid broods.

Number
Family of fry Phenotype LDH-1  LDH-2  LDH-3 PGI-1 PGI-2

Mother FE EE S

GY50 145 ~Offspring FE FE 55
. Foreign Fry No. FIE 7

Foreign Fry No. BE Sk

Mother FlF SIS
Offspring FIF SS
Foreign Fry No. v FIF SE

Mother d O e - -

Offspring S e 55 ' FFE SE
Foreien hny o, @1 i 55 oF Sk Sk
Foreign FryiNo. 2 « SF SS FIF Sk

Phenotypes of fry in bold type are parentally incompatible. Relative allele
mobilities in Sage and Selander (1975).




Table 2. Frequency estimates of PGI-2 (1.00) in samples of cichlids
from Laguna E1 Mojarral. :

Small tooth Large tooth Total
N P s, N g s e, N e,

1974 20 0. /B=2072 155 0.5/+.090 by 0.63+.047

1980 30 0.417+.064 28  0.428+.066 58 0.422+.046

Population estimates of allele frequency differ significantly between
years (t = 2.20, p < .05). Data from 1974 from Sage and Selander (1975).




Table 3. Observed association of trophic morphology in breeding pairs
of Mexican cichlids.

Papilliform Molariform

Papilliform 113 10
(11285) (11.15)
Female

Molariform 5 6
(5. 15 aa (4.85)

. Expected number of pairs under the random mating hypothesis in parentheses.
Note the difference in the relative frequencies of the tooth types between
sexes.
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ABSTRACT

Progeny from single pair crosses of Atlantic herring were examined to
determine the heritability of genetic variation at seven polymorphic
allozyme loci. Mendelian inheritance of codominant autosomal alleles was
established for IDH-2, LDH-1, LDH-2, ME-2, PGM-1, PGM-2, and PGI-2. This

demonstration of Mendelian inheritance is essential for accurate inter-

pretaion of allozymic variation among natural populations of this pelagic

species.




INTRODUCTION

Formal genetic studies of allozyme variation in pelagic fishes are
infrequent because of technical problems associated with live capture and
artificial culture ofbreproductive1y mature fish and progeny. However,
such studies are‘centraT to correct interpretation of allozyme variation
in natural populations, On the basis of electrophoretic patterns and
statistical fits to Hardy-Weinberg-Castle expectations, variation is
typically assumed to be inherited in a simple Mendelian manner. But

this assumption can be wrong (Spiess, 1977; Fairbairn and Roff, 1980);

a variety of nongenetic factors may alter electrophoretic patterns or

phenotypic frequenpies of populations,

Before completing electrophoretic studies designed to discriminate
stock composition among Atlantic herring (Clupea harengus harengus), we
performed single pair artificial matings and reared progeny in laboratory
culture to determine the inheritance of allozymes. These findings signi-
ficantly enhance our ability to interpret accurately allozyme differences

in this species.
MATERIAL AND METHODS

Reproductive}y mature adult herring were selected from freshly purse-
seined fish on 15 October 1980, east of Plum Island, Massachusetts (42°24'N;
71°30'W). In vitro single pair fertilizations were performed following
methods outlined by Blaxter (1968). Larvae from 41 individual crosses
were maintained at 15°C fbr 14 days in constantly aerated synthetic

seawater (salinity 27 ppt).




Liver and muscle tissues dissected from parents were buffered with an

equal volume of 0.0IM Tris-HC1 pH 7.0 (containing 5mM dithiothreitol and

0.5% polyvinylpyrollidone-360) and frozen in liquid nitrogen. Larvae and

adult tissues were subject to horizontal starch gel electrophoresis using
methods described by May et aZ. (1979). Enzymes assayed, adult tissue
distributions, and electrophoretic buffer systems are presented in Table I.
For each locus, the most frequent anodal allele in natural populations was
assigned a relative mobility of 100. Observed and expected genotypes were
tested for homogeneity by G-test with Yates' correction (Sokal and Rohlf,
1969).

RESULTS AND DISCUSSION

With the exception of PGM-2, polymorphism has been previously observed
at all other Toci in populations of Atlantic herring. Observed genotypes
and Mendelian expectations for crosses involving seven allozyme loci are
presented in Tables II and III. Many crosses involved repetitive examination
of matings between parents with identical genotypes, The results shown here
encompass all genotypes involved and present those crosses which exhibited
maximum deviation from Mendelian expectations. Progeny from at least one
additional mating were examined for each type of cross shown. Because
fertilizations were initiafed without knowledge of parental genotypes, only
homozygote x homozygote crosses could be assayed for 4AT, EST, ME-1, PGI-1,
.S0D. For these loci, electrophoresis of progeny from all crosses revealed
only expected homozygous genotypes. The data of Tables II and III and the
presence of multibanded heterozygote genotypes in both sexes for all

polymorphic enzyme loci indicate that the observed variants are autosomal




codominants and are inherited in a simple Mendelian manner.l

Electrophoretic patterns of some dimeric and tetrameric enzymes
exhibited a reduced number of isozymes between loci. The absence of
interlocus heteromeric isozymes for malic enzyme (ME-1 and ME-2) and
isocitrate dehydrogenase (IDH-1 and IDH-2) may indicate substantial
evolutionary divergence in structure or composition of component Tloci.

Only a single interlocus heterotetrameric isozyme was observed between

LDH-1 and LDH-2 homozygotes. However, heterozygotes at each locus exhibited
typical 5 banded phenotypes. The absence of two additional isozymes expected
to form between these loci has been observed in other fishes and may result
from restricted subunit assembly (Whitt and Horowitz, 1970).

A variety of independent factors may contribute to nongenetic a]teratioh
of electrophoretic mobility. The most common type of change is post-
translational and involves covalent modifications of peptide bonds,
terminal groups, and side chains (Harris and Hopkinson, 1976; Uy and Wold,
v1980). Many such examples of posttranslational alteration have been
established. When this type of modification is controlled by a polymorphic
regulatory Tocus, alleles at affected enzyme loci may not be expressed in
a codominant manner (Cochrane and Richmond, 1979). Changes in electrophoretic
patterns can also be generated for many Toci by storage of tissues for
prolonged periods. Oxidation of sulfhydryl groups can occur spontaneously
to affect the formation of:disu1fide bridges (Uy and Wold, 1977).

Additional nongenetic modification of electrophoretic phenotypes has been
associated with physiological variation (Oki et qZ., 1966) and parasitism

(Vrijenhoek, 1975). The results of our inheritance tests indicate that

none of these factors influenced phenotypes in our material.

Significant errors in the interpretation of allozyme variation




observed in natural populations can be produced when simp]elgenetic modeTs
are uncritically accepted. Entirely spurious hypotheses of population
structure may be generated as a result of an inappropriate model (Fairbairn
and Roff, 1980). Since conc]uSions from electrophoretic studies can
significantly affect management decisions for commerical fisheries, formal
genetic analyses are essential. The Mendelian inheritance of allozyme
variation in Atlantic herring presented here will enable us to address

more accurately problems of population structure in this important commercial

- species.
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Table I.
Enzyme systems studied in Clupea harengus

No. of Subunit Adult Buffer

Enzyme (E.C. number) Abbreviation loci structure tissue system?!s?

Aspartate aminotransferase (2.6.1.1) AAT ii dimeric muscle I

Esterdse (Bl 11 ; EST 1 monomeric Tiver I
isocitrate dehydrogenase (1.1.1.41) IDH dimeric muscle Bl
Lactate dehydrogenasgt(i.l.1.27) LDH . tetrameric muscle ! I
Malic enzyme (1.1.1.40) ME tetrameric muscle i
Phosphoglucoisomerase (5.3.1.9) dimeric muscle 1
Phosphoglucomutase (2.7.5.1) / monomevric liver

Superoxide dismutase (1.15.1.1) dimeric liver

Buffer system I (Ridgway et al., 1970); II (Clayton and Tretiak, 1972)

ATT stained according to Johnson et al. (1972); all other enzymes used histochemical stains from Shaw
and Prasad (1970) with an agar overlay (Brewer, 1970).

Add MgCl1, to staining mixture, omit MnCl,
Add 1 mg glucose-1, 6-diphosphate to staining mixture

Stains incidentally with PGM




Table II.
Inheritance of diallelic allozyme loci in Clupea harengus

Relative allele Cross Parental Number of  Observed genotypes Expected genotypes
mobility number genotype progeny AA AB BB AA AB BB

100 19 AA x AA ot 85 5
113 35 AA x AB 46 25 233

100 L AA x AA 54 54 54
12 28 AA x AB o/ 26 49,

38 AA x AA 52 52 52
sl AA x AB 57 3k 28.

21 AA x AA 54 54 54
1 AA x AB 85 8l 2

]2 AA x AA b3 53 53
33 AA x AB 49 22 24.




fable 111.
Inheritance of triallelic allozyme loci in Clupea harengus

Relative allele Cross Parental Number of Genotypes!
Locus mobility number genotype progeny BB AC BC

PGI-2 A =100 il AA x AA 51
B = 150
C =-75

AA x AC 54

AB x AC 48 : 10
i

80 % BC 8/ 2y
28,5

BB 1 B b5 - 30
- 25

AG x BE §2 15 12
13 13

RB. CAE0 49 23 26 -
28.5 24,5 .~

! Observed genotypes listed above expected for each cross
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Ripe Atlantic herring were sampled from seven discrete spawning grounds
in the Gulf of Maine and Gulf of St. Lawrence over a period of three years.
Genetic polymorphisms were observed at 13 enzyme loci by starch gel electro-
phoresis. Five highly polymorphic loci were used to assess population structure
of herring stocks by contingency analysis of log-likelihood differences in gene
frequencies. Significant heterogeneity was observed within both spring spawning
and fall spawning populations for particular years, but was not significant for
either season after adjusting for temporal instability. By contrast, overall
heterogeneity between spring and fall spawning populations was highly signi-
ficant. These results indicate genetic isolation of spring spawning populations
in the Gulf of St. Lawrence from fall spawning aggregates in the Bulf of SC.
Lawrence and Gulf of Maine. The low levels of genetic heterogeneity and
absence of temporal stability of gene frequencies in fall spawning stocks are
not consistent with the existence of more than a single genetic population of

fall spawning herring in the northwest Atlantic.

Key words: Clupea harengus harengus, population genetics, biochemical genetic

variation, stock differentiation.




Atlantic herring (Clupea harengus harengus L.) are a significant resource
along the eastern coast of Canada and the United States. The species has been
continuously exploited since pre-colonial times when prodigious populations
were commonly observed in coastal communities (Bigelow and Schroeder 1953).

More recent biomass fluctuations, possibly resulting from intense multinational
fishing efforts, have created a need for accurate information on the population
biology of this species. More specifically, information on the extent of repro-
ductive isolation among spawning groups and the extent of population mixing
during non-reproductive periods is essential for species management.

Major features of the biology and life cycle of Atlantic herring have
been established (Blaxter and Holliday 1963), but detailed Tlife history char-
acteristics are poorly understood. In the western North Atlantic, reproduction
is restricted to two 1nfensive bouts, one in the fall (September-November) and
one in the spring (April-May). At these times, large numbers of mature adults
spawn at relatively discrete geographic locations (Boyar et al. 1973). Along
the northeast coast of North America, spring spawning aggregations are currently
restricted to localities in and around the Gulf of St. Lawrence, whereas fall
spawning occurs in numerous areas, particu]ar]y the Gulf of Maine and the Gulf

of St. Lawrence. Individual spawning aggregations have historically been con-

sidered by fisheries managers to be distinct entities, i.e. stocks. Fish

tagged in the Gulf of Mainé, Georges Bank and Nova Scotia mix during non-
spawning migratory periods (Spiers 1977; Stobo 1976). However, the actual
extent and duration of popq]ation mixing during various stages of the life
cycle of herring is unknown and has been the point of repeated speculation
(Anon. 1978; Vernberg 1977). While adults annually concentrate at specific

Tocations to spawn, the fidelity of particular stocks to a specific spawning




area is unknown. If, as has been widely assumed, fidelity of returning
adult fish to spawning sites is essentially absolute, individual stocks
wou 1d represent discrete reproductively isolated populations.

Central to this problem is the historical fisheries biology concept of
a fish "stock" as an exploitable unit, which may or may not include members
of different genetic populations (Larkin 1972). Yet, efficient exploitation
of multiple stocks by a common fishery is based upon the assumption that
stocks are reproductively isolated (Paulik et al. 1967}, i.e. a stock is a
genetic population. The problem of population definition and gene flow must
be therefore approached from a strictly genetic veiwpoint. The only period
in the Tife history of the herring where it is possible to examine repro-
ductive isolation is during spawning. Because of mixing at other 1ife
history stages, geographic comparisons during non-spawning periods are of
no value in delimiting populations (Williams et al. 1973). To define popu-
lations, it is critical that only spawning fishes be examined.

Fisheries scientists have attempted to use a variety of techniques to
discriminate populations including internal and external morphology, biological
tags, and protein variants. Meristic characters have been employed with
varying success. Otoliths have been used to convincingly demonstrate sig-
nificant differences between spring and fall spawning populations in the
Gulf of St. Lawrence (COté et al. 1980). Despite successful characterization

of stocks by these methods, variation in morphological characters may have a

dominant environmental component. High degrees of morphometric similarity

between spawning aggregations may result if environmental conditions influ-
encing these characters are similar; conclusive evidence of biological
isolation among populations requires demonstration of genetic differences

(Messieh and Tibbo 1971).




For over twenty years, biologists have studied biochemical variation

in Atlantic herring in attempts to define population structure. Because
it provides genetic identification without confounding environmental
influences, biochemical variation as assayed by electrophoresis is a powerful
tool for population discrimination and identification. Previous studies have
identified a portion of the biochemica] genetic variation in Atlantic herring
(Mairs and Sindermann 1960; Sindermann and Honey 1963; Odense et al. 1966;
Wilkins and Iles 1966; Lush 1969; Naevdal 1969a,b; Simonarson and Watts 1969;
Ridgway et al. 1970; Wolf et al. 1970; Engel et al. 1971; DelLigny 1972; Lewis
and Ridgway 1972; Odense et al. 1973; Odense 1980). However, these studies
are of limited value in assessing population structure because they did not
meet two essential criteria: 1) the genetic basis (i.e. heritability) of
observed variation must be established by breeding experiments (Fairbairn
and Roff 1980), and 2) 6n1y sexually mature fish in spawning condition
must be sampled from discrete spawning grounds.

This paper presents the results of an intensive study to characterize
the genetic variation within and among geographically distinct samb1es of
Atlantic herring. A large number of proteins were resolved from which
thirteen polymorphic loci were extensively examined in reproducing adults
at specific spring and fall spawning localities over a three year period.
We feel that this study represents a rigorous examination of northwest
Atlantic herring popu]atidn structure because: 1) the Mendelian heritabi]ipy
of the polymorphic loci employed was established through breeding experiments
(Kornfield et al. 1981); 2) only sexually competent fish from known spawning
aggregates were sampled; and 3) the temporal stability of gene frequencies at
all spawning/sampling sites was tested over two (in some cases, three) consec-

utive years.




MATERIAL AND METHODS

Samples of Atlantic herring were collected in conjunction with
commercial fisheries at seven spawning locations in the Gulf of Maine and
Gulf of St. Lawrence (Fig. 1; Table 1). Two locations were sampled only
in 1979, three in 1979 and 1980, and two in 1978, 1979, and 1980.
Collections were made during the peak of reproduction at discrete
spawning areas; all fish were ripe. Samples of liver and muscle tissue were
removed from individuals directly after capture and frozen in liquid
nitrogen. Tissues were later transferred to an ultracold freezer (-80°C)
and stored for up to six months prior to electrophoresis. Samples of
Pacific herring (C.h. pallasi) in non-spawning condition were obtained

from Puget Sound.

Tissues were homogenized in an equal volume of cold 10 mM Tris-HCI

pH 7.0 (containing 5 mM dithiothreitol and 0.5% polyvinylpyrrolidone-360)
and centrifuged at 2000 X g for five minutes. Horizontal starch gel
electrophoresis of supernatants followed the procedure outlined by May
et al. (1979). For most proteins, histochemical staining followed the
methods of Shaw and Prasad (1970) and Harris and Hopkinson (1977).
Aspartate aminotransferase was visualized by the method of Johnson et al.
(1972). Of 38 proteins initially screened, 29 enzymes (Table 2) were
examined for biochemica]zvariants.

Designation of isozymes and genotypes follows the uniform nomenclature
suggested by Allendorf and Utter (1979). For statistical interpretation
of observed genetic variation, we employed contingency analysis of the
log-Tikelihood procedure (Smouse and Ward 1978) adjusting the significance

of probability tests for individual Toci (Grant and Utter 1980; Grant 1981).




Estimates of genetic similarities among sampled populations were calculated

with the formulae of Nei (1972).




RESULTS

We electrophoretically resolved 42 gene loci encoding 29 proteins.

A1l of these loci were initially examined in a sample of 100 individuals
from a single population (Jefferies Ledge) to characterize polymorphisms
for subsequent population screening. Of the 20 proteins that exhibited
monomorphic loci in this sample, eleven were electrophoretically compared
with samples of Pacific herring. In this subsequent comparison, 9 of these
11 proteins exhibited divergent alleles at a minimum of one locus per
protein. Thus, we are confident that our techniques were capable of
detecting a significant proportion of electrophoretic variation that

might have been present in our initial screening.

Electrophoretic variants were observed at 13 loci encoding 9 enzymes
(Fig. 2). However, variation was rare ay many of these loci. Allelic
frequencies for the most informative loci, i.e. those where the frequency
of most common allele < .95, are presented in Tables 3 and 4. Allelic
frequencies for all other variable 10;1 are provided in the Appendix.

A brief characterization of each polymorphic system follows.

ACON -- ACON is encoded by two anodal loci of which the more anodal, ACON-2,
was polymorphic and possessed five alleles. Two-banded heterozygotes
implied monomeric structure of the active isozyme. Care must be taken

in staining because the Tinking enzyme in the stain is very sensitive to :
heat denaturation; ACON itself is quite labile. Variation for ACON has

not been previously reporfed in Atlantic herring.

AAT -- A single anodal locus segregating for three alleles was observed.

1:2:1 staining intensities observed in the three-banded heterozygote

phenotypes imply that the locus is dimeric. Crosses among AAT homozygotes




produced only homozygous offspring (Kornfield et al. 1981).‘.Variation

at this Tocus has been previously reported in Atlantic herring from

eastern North America and Western Europe (Odense.et al. /1966 ,19787,

EST -- Esterase is coded for by several loci, only the most anodal of which
was interpretable. This fast locus was polymorphic with six alleles observed.
The presence of two-banded heterozygotes implied a functional monomer.
Crosses among EST homozygotes produced only homozygous progeny (Kornfield

et al. 1981). Variation of esterase in Atlantic herring has previously

been reported (Naevdal 1969; Simonarson and Watts 1969; Ridgway et al.

1970; Odense et al. 1973).

IDH -- Two anodal polymorphic loci were observed. We have demonstrated
Mendelian inheritance of allelic variation for IDH-2 (Kornfield et al.
1981). Variation at IDH in Atlantic herring has been reported by Wolf

et al. (1970). -

LDH -- Three loci were observed, however only two of these (LDH-1 and LDH-2)
were scored in all populations. Mendelian inheritance of alleles has been
demonstrated for both of these loci (Kornfield et al. 1981). At LDH-1,

the common allele is situated on the origin of the gel and is assigned
mobility 0. Variation at LDH in the Atlantic subspecies has been previously

reported (Odense et al. 1966, 1973).

ME -- Allelic variants were observed at two anodal Toci. Mendelian inheri-

tance has been estab]ishea for ME-2 (Kornfield et al. 1981). Tetrameric
structure is consistent with the observed heterozygote phenotype. A rare
variant of ME-2 (55) was gduiva]ent in mobility to the common 100 allele at
ME-1 (Figure 2). Variation at these loci has not been previously reported
in Atlantic herring.

PGI -- One polymorphic anodal locus (PGI-2) and one monomorphic cathodal




locus (PGI-1) were studied. Allelic variation at PGI-2 is fhherited in

a Mendelian manner (Kornfield et al. 1981). The single PGI-1 allele was
equivalent in mobility to the -75 allele of PGI-2. No heterodimers occur
between loci. PGI-2 was highly polymorphic exhibiting a total of 14 anodal
and cathodal alleles throughout the range studied. Many of these alleles
were rare variants restricted to single Tocalities. Two null alleles were
encountered in herring sampled from Miscou. Compared to the 1:2:1 staining
intensities of normal three-banded heterozygotes, null heterozygotes were
recognized as phenotypes which exhibited two bands of equal staining
intensity representing the normal/normal homodimer and the normal/null
heterodimer. Mobilities of null alleles were calculated as twice the
distance between the normal homodimer and the normal/null heterodimer;
null homodimers are represented by dotted lines in Figure 2. Variation

at PGI-2 in Atlantic herring has been previously described (Lewis and
Ridgway 1972; Odense et al. 1973).

PGM -- Two polymorphic anodal loci were studied. Both loci exhibited
Mendelian inheritance of allelic variants (Kornfield et al. 1981).
Variation in PGM-2 has been described in western European samples of
Atlantic herring (Lush 1969).

S0D -- A single anodal Tocus polymorphic for 4 alleles was studied.
Crosses among SOD homozygotes produced only homozygous progeny (Kornfield

et al. 1981). Variation for SOD has not been previously reported.

Among the twelve samples, the average proportion of loci heterozygous

per individual was 0.048 and average proportions of loci polymorphic per
sample were 0.109 and 0.213 for the 95% and 99% polymorphism criteria,
respectively (Table 1). With only a single exception, all samples were

in Hardy-Weinberg-Castle equilibrium for all polymorphic loci. Observed




genotypes for EST in the 1980 herring sample from Jefferies”Ledge deviated
significantly from equilibrium expectations (pooling alleles 102 and 104,
w2 =.11.58,df = 3, /p = 0.01)

Allele frequencies were examined to estimate the magnitude of differ-
entiation among herring populations. Heterogeneity among samples was tested
by the log-Tikelihood procedure in a hierarchical manner for the five loci
polymorphic under the 95% criterion (ACON-2, EST, LDH-2, PGI-2, and PGM-2).
Tests associated with individual Toci were summed and examined for overall
significance. We examined variation at each locus (1) within years for
spring and fall samples separately, (2) between spring and fall for specific
years, and (3) between spring and fall among years. Results are summarized

in Table 5.

Significant heterogeneity within spring spawning populations was

only observed in 1980 for PGM-2 (p < 0.01) and for the likelihood SUM
over all Toci (p < 0.05). Heterogeneity among fall spawning samples was
observed for one locus in 1978 (Acon-2, p < 0.05; SUM, p < 0.05) and a
different locus in 1979 (PGI-2, p < 0.05; SUM, p < 0.001). Heterogeneity
between spring and fall spawning samples was observed in both 1979 (Acon-2,
pr<0.01; SEM, p < 0.001).and 1980 (EeM-2,p < 0.05: SUM, p < 0.001}.
Overall heterogeneity between spring and fall spawning populations was
highly significant (p < Q.OOl) for the Tocus SUM and was significant at
three of the five po]ymorbhic loci examined. (AGON-2-p < 0.01; EST, D <
0.08: Poi~2.'h < :0.01).

J'tiliis noit appropria?é to interpret the significant difference between
spring and fall samples without correcting for the variation which occurred
within seasons. To characterize this difference, we generated'an approx-

imate F test as the ratio of (1) likelihood / degrees of freedom for the




sum of all loci for all samples divided by (2) the pooled 1ike1ihood
estimate / pooled degrees of freedom for the sum of all loci among spring
spawning and among fall spawning samples. A highly significant overall
difference between spring and fall spawning areas was revealed by this
test (F = 5.54; df = 10, 30; p < 0.001). In a similar manner we separately
tested the total temporal variation among spring spawning popu]ations‘and
among fall spawning populations correcting for variation within years; both
of these F tests were non-significant.

Genetic similarities among samples calculated on the basis of the 13
variable loci all exceeded IN = 0.994. To provide better characterization
of intersample identity, we recalculated similarities based only on the

highly polymorphic loci (ACON-2, EST, PGM-2, and PGI-2). Similarities

were again very high ranging from 0.969 to 0.998 (Table 6). In this

restricted set of loci, average similarities within spring and fall
samples were marginally higher (0.9927 and 0.9911) than similarities
between seasons (0.9899). However, some similarities between particular

spring-fall pairs were extremely high.




DISCUSSION

Attempts to define populations of Atlantic herring have had a long
and controversial history. While several workers have considered spring
and fall spawning herring to represent a single population (Jean 1956;
Tibbo and Graham 1963), a large number of fishery biologists have supported
the idea of separate stocks (Prince 1907; Tibbo 1957; Day 1957; Messieh and
Tibbo 1971; Messieh 1975; Cote et al. 1980). Biologists have been less
certain about the genetic uniqueness of individual spawning aggregations,
but a few authors have suggested that genetic isolation exists between
stocks (Ridgway et al. 1970; Lewis and Ridgway 1972; Zenkin 1978). However,
because non-spawning fish were examined in many of these studies and char-
acters which could potentially be environmentally influenced wefe employed,
it is difficultito expiicity make a test for genetic isolation. Our exam-
ination of inherited biochemical variation in spawning herring aggregations
circumvents these weaknesses.

It is clear from the likelihood analysis of genetic variation (Table
5) that spring spawning herring are genetically differentiated from fall
spawners. They thus possess isolated gene pools which can respond inde-
. pendent]y,to ecological variation or fishing pressure. However, the mag-
nitude of differentiation between these groups is small and implies that
they are probably of re]afive1y recent common origin. More importantly,

statistically significant differences between seasonal spawners do not

provide suitable biochemical markers for accurate discrimination of

individual fish. Statistical separation also does not preclude 1limited
gene flow between populations spawning in different seasons. For example,

while morphological discriminate functions convincingly separated fall and




spring spawning herring examined by Cote et al. (1980), approximately 5%

of spawning individuals were misclassified. Such an error could indicate
the magnitude of gene flow between seasonal isolates, though other factors
Tikely contribute to incorrect identification. The absence of consistent
heterozygote deficiencies at polymorphic loci within spring spawning samples
also suggests extremely little interseasonal gene exchange. Nevertheless,
the extent of gene flow must be very small or genetic differences could

not persist (Aspinwall 1974).

The existence of additional genetically isolated or semi-isolated
populations within spring or fall spawning groups is less clear. Yearly
variation in gene frequencies at specific sampling sites tends to mask
differences that might exist among separate spawning localities. The
magnitude of this annual variation is of considerable importance. Temporal
stability of gene frequencies is one of the essential prerequisites for
realistic use of electrophoretic variation in defining populations
(Allendorf and Utter 1979; Utter et al. 1980). Had we only sampled in
1978 or 1979, we would have incorrectly interpreted the significant diff-
erence observed among separate fall spawning localities as indicative of
several genetically-isolated populations. However, because of frequency
homogeneity among samples collected from the same spawning localities in
1980, it is clear that significant heterogeneity among sample localities
is temporally unstable ana may represent stochastic sampling error.

On the basis of gene frequency differences at EST and PGI-2 in
non-spawning herring, Ridgway et al. (1970) and Lewis and Ridgway (1972)
suggested the existence of separate herring subpopulations in the Gulf of
Maine. It is of interest that PGI-2 is one of several polymorphic loci

of herring (including AAT, IDH-2, LDH-1 and LDH-2) which exhibit no




significant frequency differences between western Europe and eastern

North America (Wolf et al. 1970; Odense et al. 1973). Given such oceanic
homogeneity and the errors associated with comparing non-spawning herring
from a single year, this conclusion of genetic isolation seems unjustified.
Previously, Anthony and Boyar (1968) noted significant differences in pectoral
ray and vertebral number among samples of Atlantic herring from the northwest
Atlantic. They concluded that two general complexes of herring exist within
the Gulf of Maine. Meristic differences observed by them between the two
years sampled were interpreted as indicating a change in the distribution

of herring. However, variation in meristic characters may be induced by
different thermal regimes during development (Day 1957; Ali and Lindsey

1974; Dentry and Lindséy 1978). We suggest that the absence of temporal
consistency in meristic data does not support a multipopulation hode].

Our results are nbt consistent with the existence of more than a single
population of fall-spawning herring in the Gulf of Maine. This finding
contrasts with that in the more polymorphic Pacific subspecies where sig-
nificant geographic heterogeneity has been identified (Grant 1981). While
it is possible that spawning aggregations of Atlantic herring are repro-
ductively isolated within a particular season, the genetic differences

among populations must be extremely small. We suggest that more sophis-

ticated biochemical techniques, e.g. Ramshaw et al. 1979, Smith et al.

1981, will be of little value to detect such differences among populations,

if in fact these differences exist.




ACKNOWLEDGMENTS

The Stinson Canning Co., Peacock Canning Co., and Atlantic Herring
Fisheries Marketing Cooperative generously provided shiptime and herring
specimens for analysis. We thank Dave Smith, Bruce Cyr, Chuck Jagoe, and
Matt Schardt for assistance in field collections. Howard Powles (Environ-
ment Canada) and V. Chaison kindly supplied us with much information and
Togistical support in addition to valuable discussion. In the course of
this work, we benefitted from conversations with Guy Marsheasseault,
Vaughn Anthony, George Ridgway, Ken Honey, and Dick Hennemuth. Stew Grant
kindly provided samples of Pacific herring. Jon Stanley critically

commented on a draft of this manuscript. Our work was supported by NOAA

Sea Grant no. NA 80AAD00034, NSF grant DEB 78-24074, and a grant from the

Maine Sardine Council.




LITERATURE CITED

Ali, M.Y. and C.C. Lindsey. 1974. Heritable and temperature-induced meristic
variation. in the medaka, Oryazas latipes. Can. J. Zool. 52:959-976.
Allendorf, F.W. and F.M. Utter. 1979. Population genetics of fish, p. 407-454,
In W.5: Hoar, D.S5. Randall, and J.R. Brett (ed.) Fish Physiology. Vol. 8.

Academic Press, New York.

Anonymous. 1977. Report on the biological and economic analysis in support of
herring fisheries management program development. New England Regional
Eish. sManag. Coun. Res. BDoe! 1977 HE 12,1. 83 pp.

Aspinwall, N. 1974. Genetic analysis of North American populations of the
pink salmon, Oncorhynchus gorbascha, possible evidence for the neutral
mutation-random drift hypothesis. Evolution 28:295-305. .

Ayallian S IR S Va]enfine, L.G. Barr, and G.S. Zumwalt. 1974. Genetic
variability in a temperate intertidal phoronid, Phoronopsis viridis.
Biochem. Genet. 11:413-427.

Beverley-Burton, M., 0.L. Nyman, and J.H.C. Pippy. 1977. The morphology and
some observations on the population genetics of Anisakis simplex larvae
(Nematode: Ascaridata) from fishes of the North Atlantic. J. Fish. Res.
Board Can. 34:1056-112.

Bigelow, H.R., and W.C. S;hroeder. 1953. Fishes of the Gulf of Maine. Fish.
Bu]]. USRS h N11d.;Serv. 585/ i

Blaxter, J.H.S. and F.G.T. Holliday. 1963. The behavior and physiology of

herring and other clupeids. Adv. mar. Biol. 1:261-393.

Boyag s HEETERERIEMapa ke BB Peeldins st dnd s RYATEEiiififord . il 973 S easonall
distribution and growth of larval herring (Clupea harengus L.) in

the Georges Bank - Gulf of Maine area from 1962 to 1970. J. Cons.




Iint Expllor e 3586 =518

Clayton, J.W., and D.N. Tretiak. 1972. Amine-citrate buffers for pH control
in starch gel electrophoresis. J. Fish. Res. Board Can. 29:1169-1172.

coté, G., P. Lamoureux, J. Boulva, and G. Lacroix. 1980. Séparation des
populations de hareng de 1'Atlantique (Clupea harengus harengus) de
1'estuaire du Saint-Laurent et de la péninsule gaspésienne. Can. J.
Fish. Aquat. Sci. 37:66-71. '

Day, L.R. 1957. Vertebral numbers and first year growth of Canadian Atlantic
herring (Clupea harengus L.) in relation to water temperature. Bull.
Fish, “Res. Bd. Can, 111:165-176.

DelLigny, W. 1972. Myoglobin polymorphism in herring. Anim. Bld. Grps.

Biochem. Genet. 3 (suppl.):61

Dentry, W. and C.C. Lindsey. 1978. Vertebral variation in zebrafish

(Brachydanio rerio) related to the prefertilization temperature
history of their parents. Can. J. Zool. 56:280-283.

Engel, W., J. Op't Hof, and U. Wolf. 1971. Genduplikation durch polyploide
Evolution: die Isoenzyme der Sorbitdehydrogenase bei herings-und
lachsartigen Fischen (Isospondyli). Humangenetik 9:157-163.

Fairbairn, D.J. and D.A. Roff. 1980. Testing genetic models of isozyme
variability without breeding data: can we depend on the x?? Can.

Yo FlShe Aeiew, Se1. 37:1149—1159.

Grant, W.S. 1981. Biochemiéa] genetic structure of Pacific herring (Clupea
harengus pallast). Submitted to Can. J. Fish. Aqu. Sci.

Grant, =W ST G Bt eMilinev, P; Krasnowski, and F.M. Utter. 1980. Use of
biochemical genetic variants for identification of sockeye salmon
(Oncorhynchus nerka) stocks in Cook Inlet, Alaska. Can. J. Fish.

Aquat. Sci. 37:1236-1247.




Harris, H. and D. Hopkinson. 1976. Handbook of Enzyme E]etroﬁhoresis in
Human Genetics. American Elsevier, New York.

Jean, Y. 1956. A study of spring and fall spawning herring (Clupea harengus L.)
at Grande-Riviere, Bay of Chaleur, Quebec. Dept. Fish. Que. Contrib.
49:76 p.

Johnson, A.G., F.M, Utter, and K. Niggal. 1972. Electrophoretic variants of
aspartate aminotransferase and adductor muscle proteins in the native
oyster (Ostrea lurida). Anim. Blood Groups Biochem. Genet. 3:109-113.

Kornfield, I.; P.S. Gagnon, and B.D. Sidell. 1981.‘Inheritance of allozymes
in Atlantic herring (Clupea harengus harengus). Can. J. Genet. C&to].
in press.

Larkin, P.A. 1972. The stock concept and management of Pacific salmon.

p. 11-15. In P.A. Larkin and R.C. Simon (ed.). The stock concept in
Pacific salmon. Inst. Fish. Univ. British Columbia, Vancouver.

Lush, 1.E. 1969. Polymorphism of a phosphoglucomutase isoenzyme in the
herring (Clupea harengus). Comp. Biochem. Physiol. 30:391-395.

Mairs, D.F,«and C.J. Sindermann.. 1960 Intraspecies variability in electro-
phoretic patteras of fishiserum. - Anat: Rec. 137>377-373.

Markert, (€.l andel . Faulhaber.: 1965: Lactate dehydrogenase isozyme patterns
of. Tish..Jd. Exp.sZaol. 159:319-332,

May, B., J.E. Wright, and M. Stoneking. 1979. Joint segregation of biochemical

loci in Salmonidae: results from experiments with Salvelinus and review

of the literature on other species. J. Fish. Res. Board Can. 36:1114-
1128 |

Messieh, S.N. 1972. Use of otoliths in identifying herring stocks in the
southern GQ]f of St. Lawrence and adjacent waters. J. Fish. Res. Bd.

Can. 29:1113-1118,




Messieh, S.N. 1975. Delineating spring and autumn herring pobu]ations in
the southern Gulf of St. Lawrence by discriminant function analysis.
J. Eish.«Res iBd. €an. -32:471-477,

Messieh, S.N. and S.N. Tibbo. 1971. Discreteness of Atlantic herring (Clupea
harengus harengus) populations in spring and autumn fisheries in the
southern Gulf of St. Lawrence. :J. Fish. Res. Bd. Can. 28:1009-1014.

Naevdal, G. 1969a.‘Stud1es on blood proteins in herring. Fisk Dir. Skr.
Ser. HavUnders. 15:128-135.

Naevdal, G. 1969b. Studies on serum esterase in herring and sprat. Fisk
Dir. Skr. HavUnders. 15:83-90.

Nei, M. 1972. Genetic distance between populations. Amer. Natur. 106:283-292.

Odense, P.H. 1980. Herring isoenzymes and population. Anim. B1d. Groups

Biochem. Genet. 11 (suppl.):66.

Odense, P.H., T.M. Allen, and T.C. Leung. 1966. Multiple forms of lactate

dehydrogenase and aspartate aminotransferase in herring (Clupea harengus
harengus L.). Can. J. Biochem. 44:1319-1326.

Paulik, G.T.. A.S. Hourston, and P:A. larkin. 1967, Exploitation of multiple
stocks ' by-a common: fishery. dJd. Fish. Res. Bd. Can. 24:2527-253]7.

Prince, E.E. 1907. The eggs and early life-history of the herring, gaspereau,
shad and other clupeoids. Contrib. Can. Biol. 1902-05:95-110.

Ramshaw, J.A.M., J.A. Coyne, and R.C. Lewontin. 1979. The sensitivity of
gel electrophoresis aé a detector of genetic variation. Genetics 93:
1019-1037.

Ridgway s GES T ST Sherburne, and R.D. Lewis. 1970. Polymorphism in the
esterases of Atlantic herring. Trans. Am. Fish. Soc. 99:147-151.

Sharp, G.D. 1977. Requirements for rigorous evaluation of the genetic

structure of mobile marine populations. Anim. Bld. Grps. Bioch,




Genet. 8 (suppl. 1):38-39.

Shaw, C.R., and R. Prasad. 1970. Starch gel electrophoresis of enzymes:
a compilation of recipes. Biochem. Genet. 4:297-320.

Simonarson, B. and D.C. Watts. 1969. Some fish muscle esterases and their
variation in stocks of the herring (Clupea harengus L.). The nature
of esterase variation. Comp. Biochem. Physiol. 31:309-318.

Sindermann, C.J., and K.A. Honey. 1963. Electrophoretic analysis of the
hemoglobins of Atlantic clupeoid fishes. Copeia 1963:534-537.

Smith, S.C., R.R. Racine, and. C.H. Langley. 1981. Lack of ‘genic variation
in the abundant proteins of human kidney. Genetics 96:967-974.

Smouse, P.E., And R.H. Ward. 1978. A comparison of the genetic infra-
structure of the Ye'cuana and the Yanomana: a likelihood analysis of
genotypic variation among populations. Genetics: 88:611-631.

Speirs, G.D. 1977. Herring tagging in western Gulf of Maine. ICNAF Res.
Doc. 6:50:

SEObOLEWSTINET 9761 Moveménts of herring tagged in the Bay of Fundy. ICNAF
Res. Doc. 6:48.

Tibbo, S.N. 1957. Herring in the Chaleur Bay area. Fish. Res. Board Can.
Bulls: 111:85-102.

Tibbo, S.N., and T.R. Graham. 1963. Biological changes in herring stocks

following an epizootjc. J. Fish. Res. Board Can. 20:435-439.

Utter s F.M. . D. Camplon, S; Grant, G. Milner, J. Seeb, and L. Wishard. 1980.

Population structures of indigenous salmonid species of the Pacific
Northwest, p. 285—304: In W.J. McNeil and D.C. Himsworth (ed.)
Proceedings of symposium "Salmonid ecosystems of the North Pacific."

Oregon St. Univ. Press, Corvallis.




Vernberg, J. 1977. A short analysis of stock enhancement poséibi]ities for

certain commercially important marine species. In Working papers
establishing a 200-mile fisheries zone. Office of Technology Assessment,
Washington.

wilkins, N.P. and T.D. Iles. 1966. Hemoglobin polymorphism and its ontogeny
in herring. Comp. Biochem. Physiol. 17:1141-1158.

Wolf, U., W. Engel, and J. Faust. 1970. Zum Mechanismus der Diploidisierung
in der Wirbeltierevolution: Koexistinz von tetrasomen und disomen
Genloci der Isocitrat-Dehydrogenasen bei der Regenbogenforelle (Saimo
irideus). Humangenetik 9:150-156.

Zenkin, B.S. 19/8. On the identity of "C" and "A" erythrocyte antigens in
Atlantic herring and the analysis of blood groups distributjon in
Georges Bank herring. Trudy Bses. Nauchno-issled. Inst. Morsk. Rybn.

Khoz. Okeanog. 85:95-102.




Table 1. Collection localities and estimates of genetic variability in samples of Atlantic herring.

Proportion of loci
Average no. Polymorphic Heterozygous
individuals per per
Geographic location Date Collected per locus popu]ationa individual

SPRING SPAWNING LOCALITIES

Carleton, N.S. 48°10'N;66°00'W 14 May 1979 C79 43. 0148
6 May 1980 €80 8. 01095

I1e Verte, Que. 432 00N =698 0l 13 May 1979 IV79 66. .095

; 5 May 1980 I1V80 98. .095

FALL SPAWNING LOCALITEES

Jefferies Ledge, MA 42°40'N;70°20'W October 1978 JL78 79.

2 095
lelctaber 1970 Sl g9 4 102,

<

1

)
Sl
.095
:085
+L19
110
g
glld
095

October 1980 JL80 98.
September 1978 LS78 74.

4 Qctober 1979  LS79 90.
12 October 1980 LS80 94,

Miscou, Que. : 22 September 1979 M79 a7,
Priince  Edwanrdl Esiad PSE [ : 25 September 1979 PEI79  96.
Stonehaven, N.B. ; 22 September 1979 S79 40.
4 Qctober 1980 S80 95.

Lurcher Shoals, N.S. AR5 O NGBS NRIIES2

IO MN O UIN O G 00 0
() (@) (@) (@) (&) () (@) o) (@) (&)
(@) (D) (o) o) () (@) ©) (@) (@ &)

2 A locus s considered polymorphic if the frequency of the most common allele is < 0.95.




Table 2. Proteins resolved and electrophoretic methods for Clupea harengus.

Number

Protein of loci Tissue Buffer?

Aconitase (4con; E.C.4.2.1.3)
Aspartate amino transferase (44T; E.C.2.6.1.1)
Alcohol dehydrogenase (4pH; E.C.1.1.1.1)

Alphaglycerophosphate dehydrogenase (46P; E.C.1.1.1.8)

Creatine kinase ‘(gPK; £.€6.4,2.1.11)
Esterase (Fo7: F.C3.1 . 1.1)
Fumerase (FuM; E.C.4.2.1.2)
Fructose diphosphatase (FpP; E.C.3.1.3.11)
Glucoaminidase (GA)
Glutamine dehydrogenase (GDH; E.C. 1.4.1.2)
Glyceraldehyde-phosphate

dehydrogease (gdp; E.C. 1.2.1.12)
Glutamic-pyruvate transaminase (GPr; E.C.2.6.1.2)
Hexokinase (#ax, E.C.2.7.1.1)
Isocitrate dehydrogenase (1pH; E.C.1.1.1.41)
Lactate dehydrogenase (zZp#; E.C.1.1.1.27)
Leucine dehydrogenase (LeuDH)
Monoamine oxidase (M0; E.C.1.4.3.4)
Malic enzyme (ME; E.C.1.1.1.40)
Methylumbelliferyl phosphatase (MuP;E.C.3.1.3.2)
Nonspecific garget stain (WNSG)
Peptidase (PEP;E.C.3.4.11)

Phosphoglucose isomerase (PGr; E.C.5.3.1.8)
Phosphoglucomutase (PGM; E.C.2.7,5.1) °
Phosphomannose isomerase (PMI; E.C.5.3.1.8)
6-Phosphogluconate dehydrogenase (6PG; E.C.1.1.1.44)
Superoxide dismutase (sop; E.C.1.15.1.1) ‘
Sorbitol dehydrogenase (SpH; E.C. 1.1.1.14)

Triose phosphate isomerase (7Pr; E.C.5.3.1.1)
Xanthine dehydrogenase (XDH; E.C.1.2.1.37)

=N = N WO N

P PP PR RRRENDRERPRERFRNDNDENDND N NN

Liver

Muscle
Liver

Muscle
Muscle
Liver

Muscle
Muscle

Liver/Muscle

Muscle

Liver/Muscle
Muscle
Liver/Muscle
Liver/Muscle
Muscle
Muscle
Muscle
Muscle
Liver/Muscle
Muscle
Muscle
Muscle
Muscle
Liver
Muscle
Liver
Muscle
Liver
Liver

WHFMNWHF WN W W

NN RN WHSMNDESDN NN WN

g Electrophoretic buffers:  “(1). 150H, pR 8.1 (Ridaway et al. 197015 (2) N-(3-
aminopropy1)-morpholine, pH 6.1 (Clayton and Tretiak 1972); (3) Tris-borate-

EDTA, pH 8.7 (Markert and Faulhaber 1965); (4) Tris-citrate-EDTA, pH 7.0
(Ayala et al. 1974). Electrode buffer 4 was diluted 1:15 for gel buffer.




Table 3. Allele

frequencies of four polymorphic loci in Atlantic herring.

Sample

ACON-2

96 86 105

Spring spawners

Carleton

ITe Verte

Fall spawners

Jefferies Ledge
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Prince Edward
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Table 4. Allelic frequencies of Phosphoglucose isomerase-2 in Atlantic herring.

: 140
Spring spawners 200 . tnull) w58 w118

Carleton
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Table 5. Likelihood analysis of allelic frequencies in Atlantic herring.
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Genetic similarities (Iy) between samples of Atlantic herring for ACON-2, EST, PGI-2, and PGM-2.
Sample abbreviations in Table 1. '
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Appendix. Allelic frequencies at marginally polymorphic loci in Atlantic herring.
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Figure 1. Sampling locations of Atlantic herring from the Gulf of

St. Lawrence and the Gulf of Maine,

Figure 2. Observed electrophoretic phenotypes for all variable loci

in Atlantic herring. See text for explanation.
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UNI\/ERS[TV OF MAINE 4 0rono

Department of Zoology Murray Hall
Orono, Maine 04469
207/581-7941

September 21, 1981

Dr. Robert Behnke

Department of Fisheries and
Wildlife Biology

Colorado State University

EentiColil insLilC0l = 80523

Dear Bab

I am being considered for tenure this year at the University - it
will be my fifth year as an assistant professor. The review committee
requests that I solicit Tetters from professional colleagues who can
evaluate my work and my potential. It's a large favor to ask, but I'd
very much appreciate it if you could write a letter in my behalf. I
feel that you are familiar with some of my research and the field in
general so that you could accurately appraise my contributions and
future potential. In addition to the work with which you are familiar,
I've enclosed copies of my other publications.

I've continued my cichlid work which I presented last year in my
seminar at CSU, and have recently had a manuscript on some of the
results accepted by Evolution. The story of the Cuatro Cienegas
cichlids is still evolving, however, and the breeding experiments now
underway will prove to be crucial.

I sincerely appreciate your effort in writing a letter of
evaluation for me. Please submit it directly to:

Dr. William Valleau, Chairman
Department of Zoology

100 Murray Hall

University of Maine

Orono, ME 04469

LS A

In the event that you do not feel qualified to compose such an
evaluation or if you believe that you would not be able to write the
letter in the very near future, please also communicate that directly to
Dr. Valleau. Again, thanks very much for your continued assistance.

Best regards,

Irv Kornfield
Assistant Professor

IK/pab
encl.
THE LAND GRANT UNIVERSITY and SEA GRANT COLLEGE OF MAINE




Evolution, 33(1), 1979, pp. 1-14

BIOCHEMICAL AND CYTOLOGICAL DIFFERENTIATION AMONG
CICHLID FISHES OF THE SEA OF GALILEE

I. L. KorNFIELD', U. RITTE, C. RICHLER, AND J. WAHRMAN
Department of Genetics, The Hebrew University of Jerusalem, Israel

Received December 8, 1977.

Among vertebrates, fishes of the family
Cichlidae stand out as an evolutionary
success. Cichlids are diverse ecologically
and dominate the ichthyofauna of Africa
and tropical America. Some species with
broad ecological tolerances are widely dis-
tributed, while other more specialized
forms have very restricted distributions.
Members of endemic species flocks may
exhibit complex taxonomic relationships
because of multiple episodes of ecological
convergence. In the great lakes of Africa,
high rates of speciation are characteristic
of some genera within species flocks
(Greenwood, 1974; Kornfield, 1978). Al-
though novel modes of speciation have
been repeatedly postulated to explain this
apparent diversity (see Fryer and Iles,
1972; Fryer, 1977), the genetic changes
associated with cladogenesis have not
been studied in a systematic manner.

Descriptive cytological studies have in-
dicated that there is limited variation in
chromosome number and morphology
among Old World species (Jakowska,
1950; Jalabert et al., 1971; Natarajan and
Subrahmanyam, 1968; Post, 1965;
Thompson, 1976). Similarly, little inter-

" Present address: Department of Zoology, Uni-
versity of Maine, Orono, ME 04469.

Revised June 9, 1978

specific variation has been noted for quan-
titative estimates of nuclear DNA (Hine-
gardner and Rosen, 1972). However, in
order to appreciate the evolutionary sig-
nificance of apparently limited genetic
modification, the data must be evaluated
against a rigid systematic framework.
Only then can genetic modifications as-
sociated with speciation be distinguishable
from continuous phyletic change.

To characterize evolutionary changes in
the Cichlidae, we have investigated fishes
at the northern limit of the family’s Old
World range in Israel. The six native cich-
lids are sympatric in the Sea of Galilee.
An additional species in coastal rivers,
Sarotherodon niloticus, was recently
eliminated by pollution (Goren, 1974).
Previous studies of the Israeli cichlid fau-
na have considered morphology, ecology,
reproductive biology, and zoogeography
(see references in Steinitz, 1954; Werner,
1976). Three of the extant species are
widespread over Nerth Africa. Saro-
therodon aurveus (Steindachner, 1864)
ranges from Nigeria into Israel, S. gali-
laeus (Artedi, 1757) ranges from Liberia
and Senegal, and Tilapia zill:ii (Gervais,
1848) ranges south to Uganda. Two ad-
ditional species belong to an endemic Mid-
dle Eastern genus: Tristramella simonis
(Glnther, 1864) occurs in the Sea of Gal-
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Likely pre-Suez occurrence of a Red Sea
fish Aphanius dispar in the Mediterranean

THE construction of artificial waterways connecting dif-
ferent faunal provinces provides biologists with an
opportunity to observe ecological, biogeographic and evolu-
tionary changes. But recognition of change requires a
thorough knowledge of conditions before construction. The
opening of the Suez Canal in 1857 is a case in point. More
than thirty species of Red Sea fishes have been recorded as
colonising the Mediterranean since the opening of the
canal', but because no reliable systematic ichthyological
collections were made in the eastern Mediterranean before
1857, these new records must be judged with caution. We
report here comparative electrophoretic evidence which sug-
gests that the Red Sea cyprinodontid, A4 phanius dispar, first
reported along the Israeli coast in 1947 (ref. 2) and there-
fore considered a Suez migrant, has been a permanent
Mediterranean resident for a long time.

A. dispar (Riippell) is a small, littoral, euryhaline fish
widely distributed in the Indian Ocean, which also occurs
along both coasts of the Sinai Peninsula and in the Suez
Canal. In the Mediterranean, it was reported at Port Said®
and subsequently along the Israeli coast from Atlit, Tel
Aviv, and Caesarea®*. In addition, several subspecifically
distinct populations (A. dispar richardsoni (Boulenger))
occur as isolates in freshwater pools along the periphery
of the Dead Sea. These Dead Sea fishes
"__isolation since the early Pleistocene’ and differ from con-
specifics in male breeding coloration®. But all populations of
the species have the same gross karyotype, cross freely in
aquaria and are morphologically indistinguishable®".

We collected population samples of A. dispar at five
localities from the Mediterranean, Red Sea and Dead Sea
(Fig. 1). All specimens were examined for genetic vari-
ability at nineteen putative isoenzyme loci by standard
methods of starch gel electrophoresis® (Table 1). Genetic
similarity between all possible pairs of these populations
was calculated by means of Rogers’ coefficient (Sg); the
values are provided in Table 2.

In general, excluding comparisons between subspecies
and karyotypically differentiated populations (which could
easily be regarded as sibling species), virtually all intra-
specific estimates of genetic similarity (Sg) in a wide variety
of organisms have been greater than 0.75'"". As expected,
both population pairs within the Red Sea and Dead Sea
exhibit a very high degree of similarity. The estimates of
similarity for A. dispar between the Mediterranean, Red
Sea and Dead Sea are in sharp contrast, however (Table 2).
Because A. dispar was presumed to have.entered the Medi-
terranean only recently through the Suez Canal®'?, it was

ave been living in

MEDITERRANEAN SEA

Ein Fashkha
Ein Auai

DEAD SEA

Suez Canal

Ras Muhammad

RED SEA {

Fig. 1 Sampling localities of Aphanius dispar in Israel. The scale
equals 100 km.

expected that this population sample would approximate the
level of divergence observed among Red Sea samples.
Instead, the degree of difference between Mediterranean and
Red Sea samples is as large as that between either sample
and the Dead Sea isolates, whose last conspecific contact
was during the early Pleistocene. Such genetic differences
are of the order normally associated with interspecific com-
parisons, where long periods of isolation are indicated".
We conclude therefore that A phanius dispar was extant in
the Mediterranean before the construction of the Suez
Canal.

Our conclusion reinforces speculations about the pre-Suez
occurrence of 4. dispar in the Mediterranean. This species
has previously''"* been considered a likely candidate for pre-
Suez migration because of its wide salinity tolerance and
the high probability of early interoceanic contact facilitated
by ancient channelling'® and eustatic fluctuations.

At least two alternative explanations for our observa-
tions, consistent with the idea of recent Suez migration,
merit attention. First, stochastic events associated with
colonisation may have reduced the level of variability and
provided a biased sample of founding Red Sea genes.
Although a normal level of heterozygosity could easily be-
come re-established if population size increased rapidly, the

Table 1 Genetic variation at 19 loci in five populations of A. dispar

Sample area Locality

Mediterranean Atlit

Red Sea Nabq

Red Sea Ras Muhammad
Dead Sea Ein Fashkha
Dead Sea Ein el Ghuweir

Heterozygosity*

Average no. of alleles
per locus

Unique allelest

6
8

6

Thirty individuals were examined from each locality. With the exception of the assay for lactate dehydrogenase (LDH), all proteins were examined
from whole-body homogenates diluted 1:1 with deionised water. LDH was examined from individual homogenates of eye. Elcctrophoretic
procedures and histochemical staining were similar to those described before®. Specimens were examined for the following proteins (number of
presumed loci in parentheses): esterase (2), LDH (3), malate dehydrogenase (2), phosphoglucomutase (3), isocitrate dehydrogenase (1), general
protein (2), a-glycerophosphate dehydrogenase (1), 6-phosphogluconate dehydrogenase (1), phosphoglucose isomerase (2), aldolase (1), and
amino peptidase (1).

*Heterozygosity was calculated as the average observed number of heterozygotes per locus, expressed ( x 100).

tUnique alleles are those alleles which were observed in only one out of the three sample areas.




