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A b s t r a c t :  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 o f 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 o f 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 0 . aureus (3 male M, 2 female F, ND), 22 nonbrooding 0 . mossambicus (13M, 
9F, UZ), 110 . mossambicus females mouth brooding eggs (5) or wrigglers (6) (UZ), 12 
substratum brooding 7. rendalli (4M, 8F, ND), and two nonbrooding Taiwanese red 
tilapia o f unknown parentage (1M, IF, ND).

Specimens were measured (standard length (SL) in millimeters) and weighed (grams, 
g). Each o f 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 o f 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 0. mosambicus (1B) and 0 .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 o f 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 
note shape (Fig. la, b) or “area”-length changes (Figs 2, 3). Lengths and heights of 
several secondary gill filament lamellae (Fig. la, b) were measured but not used in “area’* 
calculations.

SELECTED GILL FILAMENT NUMBER/ARCH

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 (G W X 
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 alcohol. Speci- 
mens were then deposited at the University of North Carolina, Institute of Marine
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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.

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 but both 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.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.

SL (mm) Body
Weight (g)

Total filaments 
(4 arches)

Gill Arch Total 
Weight Eggs or Wrigglers

Speties/condition N
S
e
x

x Range x Range N
counted x Range x Range x Range X

Range
(9)

0. mossambicus 13 M 168 142-240 157 99-420 15150 1109 1029-1402 2.20 1.43-5.33

9 F 145 123-165 101 66-138 9836 1093 1012-1192 1.50 0.85-2.11

0. mossambicus with eggs 5 F 157 146-164 118 101-140 5796 1159 1018-1234 1.73 1.36-2.22 250 10-424* 2.28 0.2-4.2

with wrigglers 6 F 161 150-170 122 106-140 6926 1154 1106-1230 1.78 1.20-2.06 354 159-410** 3.56 2.3-6.0
10. aureus 3 M 160 157-206 191 128-282 3828 1279 1180-1382 2.78 1.77-4.43

2 F 160 144-175 129 93-165 2470 1235 1206-1264 1.90 1.43-2.37

T. rendalli 4 M 173 145-180 192 124-226 3854 964 948-976 1.68 1.01-1.81

0 F 148 115-199 117 53-240 7228 904 838-1026 0.97 0.41-2.12

¡Taiwanese red tilapia 1 M 212 323 - 1564 1564 5.98 -

1 F 227 401 - 1578 1578 4.70 -
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 o f 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 T. 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 1 012-1 192, Tab. 1, Fig. 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, 
F vs. F with 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 o f SL or W of fish (Fig. 5). Likewise highly significant
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SELECTED FILAMENTS (ocularmicrometer units/120:1 mm)

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 (middle row) 
or wrigglers (lower row).

G W X  N/SL relationships existed for fem ales 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 m ost eggs brooded by study fem ales was 424 yet the mean number of eggs , 
measuring 2.38 x 2.61 mm, remained about 250, regardless o f  female SL (Tab. 1). A bout 
354 wrigglers (range 159-410) measuring x = 8.24 mm (range 7 .13-8 .74 mm TL) usually  
com prised a brood. The sm allest w rigglers w ere carried by the largest fem ales 
(log y = 1.651 - 0 .336 9 log x , r = -0.222 7, N = 10).

O . aureus: O. aureus males and brooding fem ales possessed heavier and more g ill 
filam ents than O. m ossam bicus (Tab. 1, Fig. 4). Filament “area’M engths were very  
highly significant between sexes, f  = 374.80***. Filament a and p numbers were h ighly  
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. M ale O. aureus 
filam ents were shortest and highest on arch 4 (Fig. 3) and were longest betw een filaments 
70 and 160; fem ale filaments were longest on arches 1 and 2 (Fig. 3). O. aureus w as  
unique in that filam ents 70-160 o f  both sexes became broader at their m idpoint and tips, 
giving the filament a reversed deltoid shape (Fig. lb ).
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SL(mm)

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, T. 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. la). 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. IB).

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
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Taiwanese red tilapia. T. rendalli possessed the lowest number gill filaments and arch 
weights. No gill filament changes occurred in nonbrooding or brooding T. 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 (N ’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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Genetic evidence for allopatric and sympatrlc differentiation 
amonc morohs of a Lake Malawi cichlid fish

Abstract! Four sympatrlc color morphs of the cichlid fish 
Fse-udotronheus zebra were found to nave significant- differences 
in allelic frequencies at K 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 frequencies at 5 loci. The data support 
the view that rapid cichlid differentiation can be caused both 
by extrinsic geographic isolation of populations as well as 
by intrinsic behavioral factors which could lead to sympatrlc 

sneciatlon.
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The species flocks of clchlld fishes within the Great Lakes 
of Mast Africa are the most spectacular samples of speclatlon and 
of adaptive radiation within a single vertebrate family. vaoh of 
the three lakes. Malawi, Tanganyika and Victoria, contains more 
species of fish than any other lake in the world. Lake Malawi has 
about 300 described species of fish, 90* of which are clchllds and 
between 100-200 species still to be described or discovered (1 ). 
Other outstanding examples of fish speclatlon In lacustrine 
environments— the 18 endemic cottlds of Lake Baikal (2), the 18 

cyprinlds of lake Lanao (3) and the lb endemic cyprinodont species 
of the genus Orestlas of lake Titicaca (H)-show but l/20th of the 
species diversity of clchllds In lake Malawi. Thus, these clchlld 
fishes, exhibiting the most outstanding case of explosive evolution 
In modern vertebrates, offer extraordinary opportunities to study 
the factors that determine the evolution and speclatlon processes 
of a highly complex community of closely related animals.

An important genetic study by Sage and Selander (5 ) has, 
however, cast doubt as to whether or not the clchlld flocks are as 
species rich as previously reported (6 ). They discovered that 
clchlld morphs from lakes In the Cuatro ciénegas region of Mexico, 
which have been treated as an. endemic species flock (7 ), could not 
be distinguished electrophoretlcally and were thus a single 
polymorphic species. These results suggest that much of the trophic 
radiation In the African clchllds also might have been achieved 
through polymorphism. Sage and Selander (5 ) suggest that much of 
the variation observed In the African clchlld flocks might not



represent spéciation, and emphasize the importance of a genetic 
approach to the problem of whether adaptive radiation or spéciation 
came first. Their challenge of the classical view (8), that 
trophic radiation occurs after spéciation, has led others (9), 
to question whether phenetically defined cichlid species are, in 
fact, conspacific.

The conflicting views concerning the sequence of adaptive 
radiation and spéciation and the validity of many of these cichlid 
species is, in addition, interwoven into the controversy over 
allopatric vs sympatric spéciation in this family. Greenwood (8) 
suggests that complete isolation of cichlids in separate basins in 
Lake Victoria led to allopatric differentiation between species. 
Fryor (10) concludes that the diversity of cichlids in Lake Malawi 
has arisen through mlcroallopatric spéciation. This view correspond 
with the hypothesis of others (1 1 ) who suggest that populations 
of ancestral Lake Tanganyika cichlid species were geographically 
isolated and hence speciated allopatrically. Kayr (1 2 ) cites 
Fryer’s work in dismissing the posslblity that sympatric spéciation

» in part, explain the number of cichlids in these African 
lakes. However, the allopatric hypothesis has never been accepted 
as an exclusive one by biologists concerned with cichlids (1 3,1^,1 5 ) 
or by those who find the evidence in support of sympatric spéciation 
highly suggestive (1 6 ). MbKaye (1*0 suggests from field evidence 
that **lt seems likely that some cichlid species have arisen 
because of ethologlcal differentiation of morphs in mating and 
habitat preferences without a geographical barrier.**



Recent ecological and behavioral studies have suggested that k 

common color morphs of the Malawi clchlld, Pseudotrooheus zebra, show 
complete assortatlvemating, and form two distinct mating groups (1 5 )* 
The authors of these studies conclude, in contrast to Sage and •
Selander (5)» that the morphs must be considered segregated gene 
pools and that they diverged sympatrically. If true, this leads to 
the question of how assortatlve mating by' sympa.tric morphs evolved. 

These multiple controversies, the importance of the questions 
raised, and the continual discoveries of new cichlid taxa in these 
African lakes (17) led us to test the Sage and Selander hypothesis 
for African cichlias. We examined electromorph data collected for 
color morphs of P. zebra from Nkhata Bay, lake Malawi. These morphs 
are described in detail elsewhere (7,1 5 ) and will be referred to her® 
as Barred (B3=blue and black vertical bars), Orange-Black (OB=orange 
with black spots), Blue (3=homogeneous blue) and White (W=predominantly 
white) (Fig. 1). We examined all four morphs from Nkhata Bay in th<=> 
north central portion of lake Malawi. In addition, to determine 
allopatric differentiation, we examined the common Barred morphs from 
three other sites in different geographic regions in the lake* two 
sites from the southern region, Mumbo Island and Domwe Island, and 
one site further north at Chilumba. The Blue and White morphs are 
known to occur only in the northern regions of the lake whereas 
Barred and Orange-Black morphs are found throughout the lak° (7,15)• 

Protein electromorphs were studied with standard horizontal 
starch-gel electrophoresis and histochemlcal staining procedures (1 8 ). 
Liver, muscle, heart and eyes of adult fish were removed in the field 
and stored frozen in 0.01 Tris-HCl, pH 7.0 (containing 5 
dlthiothreitol and 0.5% polyvinylpyrollidone-360) at -196° C in

r
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liquid nitrogen for 4-6 weeks. The samples were transferred to a 
freezer (-60° C) on return to the laboratory and remained there 
3-8 months until analysis (19). Before beginning data collection, 
we surveyed 24 loci (20) to Identify polymorphic systems. We 
examined intensively in our analysis 7 loci which we determined 
to be variable in our survey.

There are two main results. First, the allelic frequencies 
of 4 polymorphic loci support the earlier view (1 5 ) that assortative 
mating and two gene pools are present within this species from 
Nkhata 3ay (Table 1). For Pen the frequency of the b allele was 
78# for Barred and Orange-Black morphs and 1 # for the Blue and 
White morphs. The results of Sdh, Pgl and gst-3 also partition by 
these breeding groups (Table 1). The genetic data, thus, are 
consistent with the ecological evidence that Barred and Orange-Black 
mate assortatively with each other and that Blue and White do also. 
However, although the data strongly suggest separate gene pools 
occur, we cannot conclusively state on the basis of genetic evidence 
alone that these two sets of morphs are distinct species.

Second, there are significant differences between the allelic 
frequencies of both macro- and micro-allopatric Barred populations 
(Table 2). For Pen. 88# and 68# of the alleles of the southern 
populations, Kumbo and Domwe, respectively, are a, whereas 80# 
and 79# from the northern C'nilumba and Nkhata Bay populations, 
respectively, are b (G test, p <.01). There are also statistically 
different allelic frequencies between the northern and southern 
populations for Sdh, Got and Fs t—1 in all cases (G test, p « 01) • 
Interestingly, for Fst-3 there are distinct differences between 
Domwe Island and Mumbo Island populations. The frequency of the

* <t
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b allele is 27%for the Kumbo population and for .Domwe » whereas 
the frequency of the d allele is 32^ for Domwe and 0% for Kumbo 
(Table 2 ). Fxcept for this, these two southern populations are 
indistinguishable from each other at the loci examined. They, 
however, do differ consistently from the two northern populations, 
which in turn are similar to each other.

The results, thus, bear on the 2 issues raised initially, the 
species richness of African cichlid flocks and the mechanism of 
spéciation. Unlike Sage and Selander's (5) initial study on Kexlcan 
cichlid morphotypes, the morphs of P, zebra do form separate gene 
pools and might be considered two separate species, as has been 
suggested by others (15)• With regard to the process of differentiation 
among clchlids, these data demonstrate macro-allopatric genetic 
differences between the northern and southern populations of this 
variable species. These populations, which are rock dwelling, ar<=> 
separated by long sandy beaches in the central region of Lake Malawi. 
Over 95^ of the shoreline between Nkhata Bay and the Nahkumba 
peninsula, where Domwe and Kumbo Islands are located, is sand and 
marsh (21). Between the northern populations at Chilumba and Nkhata 
Bay there are long rocky stretches which should facilitate migration 
and gene flow. Over 35^ of the shoreline between these two populations 
is solid rock substrate.': Furthermore, the difference in the vst-3 

locus for Domwe and Kumbo Islands may indicate relatively recent 
isolation and thus lend support to Fryer's micro-allopatric 
spéciation model.

How, then, can the evolution of assortative mating by sympatric 
cichlid morphs be explained in the context of allopatric spéciation 
processes alone? Conceivably the Blue and White morphs were at one
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time geographically isolated from the Barred and .Orange-Black■morphs. 
They began mating together in that isolation and then subsequently 
became sympatric with the other morphs. This allopatric hypothesis 
requires either the extinction of the widespread Barred and Orange- 
Black morphs in an area where the Blue and White morphs occurred 
or the colonization of a new area by the Blue or White morphs where 
the ubiquitous Barred and Orange-Black morphs were not present.

The alternate» sympatric model of Kaynard-Smlth (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 selection of 
different "niches" by sympatric morphs of a single species has not 
been demonstrated. They conclude, therefore, that Maynard Smith's 
model is unlikely to explain speciation. But such niche differentiation 
among cichlid morphs has been observed (1^,1 5 , 2*4-), and suggests 
that Maynard Smith's model is plausible. Furthermore, if intrinsic 
behavioral factors are important in speciation as predicted by 
Maynard-Smith, we should expect that species splitting would be 
more rapid than if extrinsic geographical barriers are required to 
occur and breakdown in order to isolate and reassociate populations.

Maynard Smith's hypothesis of sympatric speciation, therefore, 
cannot yet be rejected for the family Clchlidae. The elements 
necessary to make Kaynard Smith's model a likely possibility are 
documented for several cichlid genera« 1 ) a high rate of speciation,
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 (6,9). 
Numerous authors have concluded that coloration is important in
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in species recognition In the family Cichlidae (5»9»1^). In the 
Cuatro Cienegas cichlid no assortative mating by morphotype is 
evident (6). However, in Lake Jlloa, Nicaragua, two color morphs, 
gray and gold, of Clchlasoma cltrlnellum tend to mate assortatively 
and morphs select different habitats in which to breed. This 
situation could be a stage in the formation of a deep water gold 
species and a shallow water gray one (1^). In Lake Malawi, Karsh 
et al, (2 5) have concluded recently that what was previously thought 
to be a single Lake Malawi species, Petrotllarla trldentiger, can 
be divided into at least 3 distinct species on the basis of 
assortative mating by color pattern and differential bathymetric 
distribution by those color patterns. Yet the genetic differences 
"between these forms (26) are not as great as those we observed here 
in the Pseudotronheus zebra morphs (Table 1).

This study is the first to document genetic differences among 
cichlid color morphs which suggest that morphs may be genetically 
isolated or, if not yet completely isolated, are mating assortatively.
In addition this study demonstrates that both macro- and micro- 
allopatric differences between populations 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 spéciation (8,1 2 ). 
Another subset of the data, the differences between the populations 
of the southern islands of Mumbo and Domwe, suggest that micro-allopatrlc 
differentiation (10) is also occurring. In addition, the final 
subset of the data, the differences between assortatively mating 
morphs within the population at Nkhata Bay, suggest that sympatric 
differentiation (22) can also occur.

;  (r
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Clearly the genetic data support the suggestion from field data
that the hypotheses of allopatric and sympatric spéciation are not
necessarily mutually exclusive. Both sympatric and allopatric
spéciation are most likely occurring simultaneously, and Intrinsic
behavioral factors may be important in explaining the rapid rate
of cichlld spéciation. More comparative data, however, on the
frequency of polymorphisms, assortatlve mating, habitat selection
by morphs, and survivorship of heteromorphic offspring are required
before we can assess the relative importance of sympatric spéciation
compared to that of the more predominant allopatric spéciation mode.
The evidence suggests, in the case of the cichlids of the Rift
Valley Lakes of Africa, that there are more, rather than fewer,
species present than are now described. Furthermore, they have
arisen and are continuing to arise through a combination of sympatric
and both macro- and micro-allopatric processes of differentiation
and spéciation (2 7).
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N
(aliólos) Hoterocranol ty 

G

BB 3V 0.21 O.79
03 34 0*23 0.77
g 44 1.00
W 34 O.97 O.03

BB 34 O.30 0.70
OB 34 O.27 O.73
B 46 0.04 0.96
W 36 O.03 0.97

BB 3^ 0.06 0.82
03 32 0. 94
B 48 1.00
W 36 1.00

BB 34 0*23 0.71
03 3̂ 0.: 06 O.7I
B 44 0.04 0.14
W 36 0.06

1 1 1 . 6 (3)**

Sdh

18.9 (3)**

Fgl-l
0.12

0-06 15.8 (6 )*

'Pst-.3 
0. 06

0.06 0.18 110.6 (12)«-* 
0.50 0.42

0.36 0.47 0.11



H p ' l  2. ^1 “ctromorph froquoncios of B3 morohs at various localities
In Lak® Malawi,' Africa. * v «C.05, 01 (G t°st)
Location N

(alleles)
Allele Heterogeneity 

G (d7f.)a b c d
W m

Mumbo I. 3^ 0.88 0.12

Domwo I, 34 0.68 0.32 58.5 ( 3 ) * *
Nkhata Bay 3*+. 0.21 0.79

Chilumba 5^ 0.20 0.80

Sdh
Mumbo I. 34 1.00

Domwe I, . 3^ 1.00 24.4 (3)**
Nkhata Bay 34 0.29 0. 71

Chilumba 50 0.12 0.88

Got
Mumbo I. 3^ 0.41 0.59
Domwa I. 34 0.29 0.71 18.0 (3)**
Nkhata Eay 34 0.03 0.97
Chilumba 5^ 0.18 0.82

*st-l
Mumbo I. 34 1.00

Domwa I. 32 OO
m |
H •• 23.2 (6)**

Nkhata Bay 3^ 0.85 0.15

Chilumba 5^ 0.76 0.22 0.02

wst-3

Mumbo I. 34 0.18 0.27 O.56

Domwa I. 32 0.12 O.56 O.32 50.6 (9)**
Nkhata Bay 34 0.23 0.71 0.06

Chilumba 54 0.02 0.06 0.81 0.11
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Fig, 1 . Color morphs of Psedotrophous z°brai Barred, Blu«, Whit* 
and Orange-Black. Photos by K. R. McKaya and W. Sacco.
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Genetlc analysis of a sympatric sibling speciescomplex of 
Potrotilapla Trewavas (Cichlidae, lake halawi)

3 4
K. R. KcKaye1. T. Kocher2, P. Reinthal , I. Kornfield and R.

1Duke University Karine Laboratory, Beaufort, N. C. 28516, U.S 
2Biology Dept., University of Colorado, Boulder, Co., U.S.A. 
^Biology Dept., Yale University, New Haven, Conn., 065U. U.S. 
^Zoology Dept., University of Kaine, Orono, Ka U.S.A.

Running title« Genetic analysis of Petrotllapia

Harrison

.A .

A.



fv ♦ Lit 4 ■ o i' i -+y ® ¿l 
•s

Abstract. The protein electromorphs of three taxa of P»trotilah1 a ' 
were examined with starch-gel electrophoresis. These 3 taxa, referr^d 
to in earlier work as sibling species, were found to have no alternate 
fixed alleles at any of the 25 loci examined. However, heterogeneous 
gene frequencies were found at 7 polymorphic loci. These results 
suggest that these taxa are isolated "sibling" species which recently 

diverged or they are "incipient" species with minimal gene flow between 
morphs. The genetic and field data lend support to the hypothesis
that sympatric splitting of morphs could be important in the explosive 
radiation of the Cichlidae.

KEY WORDS.-evolution, speciation, polymorphism, genetics, fish, 
electrophoresis, mate selection, cichlid
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INTRODUCTION
The species flocks of cichlid fishes within the Rift Valley 

Lakes of Africa represent a classic case of explosive speciatlon 
(Fryer & lies, 1972? Greenwood, 197*0. Lake Malawi, for example, 
has almost 300 described cichlid species (Karsh et al., 1981) with 
many more awaiting description and discovery (D. teclas, D. Lewis,
A. Karsh, K, Oliver, A. Ribbink personal communication; K. KcKaye 
personal observation). Despite the overwhelming evidence of 
diversity among cichlids of all three of the large great lakes 
of Africa, a genetic study of a polymorphic Mexican cichlid (Sage & 
Selander, 1975) has been used to cast doubt upon whether or not 
the African cichlid flocks are really as spiles rich as reported 
(Graves & Rosenblatt, 1930; Kirkpatrick & Selander, 1979). Sage & 
Selander (19 7 5) found that cichlid morphs from lakes in Cuatro 
Ciénegas region of Mexico, which have been treated as an endemic 
species flock (Kornfield & Koehn, 1975)» could not be distinguished 
electrophoretically. Their results suggest that the morphs represent 
a single polymorphic species. Sage & Selander (1975). in addition, 
propose that much of the variation observed in the African cichlid 
flocks may represent polymorphism rather than speciatlon, and 
emphasize the importance of genetic data to resolve such a question.

Recent field studies of Lake Malawi cichlids have suggested, 
in contrast, that species which were previously thought to be 
polymorphic may begroups of sibling species (Holzberg, 1978;
Schroder, 1980; Karsh et al,, 19 8 1). These studies on two of the 
Lake Malawi cichlids, Pseudotropheus zebra and Petrotllapla trldentlger. 
suggest that sympatric morphs separate into different gene pools 
on the basis of assortative mating by color morphs. Petrotllapla

if  * (
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trident i e'er, which has b?®n consideieda single polymorphic species 
(Fryer, 1959)» was divided, into 3 sibling spoci*s, referred to oy 
Marsh et al. (1981) as Big Blue (BB), Orange Cheek (OC) and Orange 
lappet (OL). Field, observations of noninterbreeding among color 
morphs, underlie the suggestion by Karsh et al. (1981) that the 
3 are distinct, sibling species. This conclusion is reached 
inspite of the taxa being indistinguishable on the basis of 

morphometries.
Both the controversy over the actual diversity of cic'nlid 

fishes in the great lakes and the importance of assortative mating 
to theories concerning the speciation process (Maynard Smith, 1956; 
McKaye, 1978; 1980) led us to examine electrophoretically enzyme 
polymorphisms within these three ''siblingM species of P. trid^n11 gpr. 
The two questions on which we focused were« 1) Are different 
alternate alleles fixed at any testable locus for the 3 taxa?
2) Are gene frequencies homogeneous or heterogeneous among taxa?
Beproductive isolation between species would be demonstrated 
unambiguously -if alternate alleles are fixed at an isozyme locus 
(Ayala & Powell* 1972). Heterogeneous gene frequencies among color 
morohs would suggest that these taxa are not interbreeding randomly. 
Homogeneous frequencies among color morphs would suggest either«
1) a high degree of interbreeding among the groups, or 2) parallel 

variation at the loci tested.
METHODS

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

/ * - »
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at th<> southern and of Lake Malawi. Alan Karsh (of th® J, L. 3.
Smith Institute of Ichthyology, Grahamstown, South Africa) caught 
and identified all specimens for us. Sample sizes were« 17 males 
and 2 females of Orange Cheek, 19 males and 1 female of Orange 
lappet, and 13 males and 9 females of Big Blue.

We removed liver, muscle, heart and eyas of adult fish in 
the field, and stored them frozen in 0.01 Tris-HCl pH'7.0 (containing 
5 mK ditheiothretiol and 0.5^ polyvinylpyrollldone-360) at -19o° C 
in liquid nitrogen for ¿(—6 weeks. The samples were transferred to 
a freezer (-60° C) on return to the laboratory in the U.S.A. and 
remained there 8 months until analysis.

RESULTS
Eighteen of the 25 loci did not vary in our survey« ?st-^,

Go-1, Go-3. 6PGP, exGPah, Hk, Idh, Got, KE, Kah, Ldh, Adh, Peo-2. G6PD, 
Pgl-1, pgl-2, PGK-1, and TO. Seven loci were found to be polymorphic« 
■frs't-l. Est-3. Peo-1. Peo — 3, CK, PGM-3 and Sdh (Table 1 ).

None of the loci examined were fixed at alternate alleles.
Allele frequencies were heterogeneous among : taxa for all polymorphic 
loci that we examined. There were significant differences from 
random expectation in the frequencies for all 7 loci (G test,
Table 1). For example ;for CK. the frequency of the a allele was 
.if-5 for Orange Cheek, .38 for Orange Lappet and .00 for Big Blue.
For ?<=>r-l the frequency of the & allele was .03 for both Orange 
Cheek and Big Blue, but .25 for Orange Lappet (Table 1). In 
addition, no consistent parallel patterns in gene frequencies 
among different loci for specific pairs of taxa were evident (Table T ),

‘ t



K. R, NcKay*» 7

DISCUSSION

The results of this study Indicate that there are no fixed 
alternate alleles at any of the loci we examined. Therefore, we 
found no clear diagnostic electromorph character to separate and 
identify these taxa. The results obtained are consistent with 
either the "sibling" species hypothesis (Karsh et al.5 1981) or 
the polymorphic hypothesis (Fryer, 1959). Because electrophoretic 
divergences are time dependent (Corrq^ccini et al. 1980), sibling 
species that have recently diverged may show little differentiation 
in electromorphs (Kornfleld, 1978).

We conclude, on the basis of both genetic and field evidence, 
that random mating among the three color morphs of P. trld*ntig°r, 
in Konkey Bay does not occur. If these had bean randomly mating 
morphs of one species, we would have expected to see homogeneity 
in gene frequencies among them (Sage & Selander, 1975). The 
heterogeneity observed in frequencies at all seven polymorphic 
loci examined is consistent with either of two hypotheses— that 
these forms represent 1 1 ) isolated and differentiated gene pools 
o t  2 )  incipient" species with minimal gene flow between morohs. 
Whether or not these taxa aret 1 ) newly evolved totally differentiated 
"sibling" species, or 2.) morphs that are in the process of becoming 
isolated we feel cannot yet be demonstrated unequivocally. Nevertheless, 
the genetic information is consistent with the field observations 
of assortative mating and at least partial differentiation among 
color morphs. Karsh et al.'s (1981) study of P. trident!ger adds 
further evidence that coloration is important in species recognition 
or in mate selection within a species (Pccles à Lewis, 1979? NcEaye &
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Barlow 19?6, Noble & Curtis, 1939; Fryer, 1959, 197?; Greenwood,

197*0.
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, 19^7» 1963; Lowe-KcConnell,
1959; Trewavas et al. , 1972; Barlow and Nunsey, 1976; KcHaye, 1978,
1980; Hezberg, 1978; Schroder, 1980), The heterogeneity in 
allelic frequencies demonstrated here among sympatric taxa parallels 
other studies in suggesting intial genetic Isolation and differentiation 
occurs without geographic isolation. For example, another 
polychromatic Malawi cichlid, Pseudotrooheus zebra, also has 
sympatric colbr morphs that mate assortatively and that form two 
isolated breeding groups (Holzberg, 1978). electrophoretic data 
on the 4 sympatric color morphs of P. zebra show significant 
differences in allelic frequencies at polymorphic loci (KcEaye 
et al., ms) which are consistent with the mating groups determined 
by Holzberg (1978), Holzberg (1978) and Schroder (1980) both 
speculate that the differentiated forms of P. zebra could have 
arisen sympatrically without geographic isolation,

Maynard Smith's (1966) model of sympatric speciation provides 
relevant testable predictions for these cases and, possibly for 
cichlid species flocksvin general. The model does not require 
past geographical Isolation of populations. The first stage of 
Maynard Smith's model is the development of a stable polymorphism.
Then, with some degree of differential habitat selection by morphs, 
two reproductively isolated populations can evolve. Testing
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spéciation theories is difficult but, if the Kaynard Smith model 
is correct we would expect to see gradations in the degree of
differentiation among morphs within a radiating family that lead 
eventually to t<5âl isolation of 'some forms.

Comparative evidence from the family Cichlidae is consistent 
with the developmental stages of the sympatric spéciation model»
1) polymorphisms withoutassortative mating (Sage & Selander, 1975)?
2) incomplete assortative mating and habitat separation Dy 
sympatric morphs (KcKaye & Barlow, 1976; McKaye, 1930), and
3) complete assortative mating such that the morphs have 
achieved specific status (Karsh et al., 1981; Karsh personal 
communication). Furthermore, sympatric spéciation, via an intrinsic 
behavioral mechanism, should allow more rapid species splitting 
than allopatric differentiation,via geographic separation and 
reassociation, does. Sympatric differentiation, thus* may be th* 
most consistent and parsimonious hypothesis to explain some of
the cichlid radiation in the Great Lakes of Africa. These and 
further data from the African cichlids should lead, in addition, 
to Eeneralizations on alternative modes of spéciation fulfilling 
P. H. Greenwood's (197*0 prediction« "In so many respects, the 
cichlid species flocks are an evolutionary microcosm repeating 
on a small and appreciable scale the patterns and mechanisms of 

v^rtebrat** ©volution« M
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Tabl® 1. ^l^ctromorph fr»quonci®E for polymorphic loci of Potrotllapla
taxa at Konkay Bay, Laka Malawi. Africa. * p<,OS, ** r^.Ql (G tost)____
Taxa N A11 © 1=> Hoy Q>ro2»r.®i ry

(allpies) ______________ ______ ___________  G (d." f. )
a b c d e f

W B m

Orange Cheak 38 0.03 0.97
Crange Lappet 40 0.25 0.75
Big Blu® 3 6 0.03 0.97

Orang» Chaek 38 1.00
Orange lappet 4o 0.10 0.9C
Big BlUa 36 0.25 0. 75

Orange Cheek 38 0.45 0.55
Orange Lappet 40 0.38 0.62

Big Blue 38 1.00

Orange Cheek 28 0.43 0.54

Orange Lappet 36 0.06 0.89

Big Blue 28 0.25 0.75

Orange Chaok 38 1.00

Orange Lappet 40 •P.85 0.15

Big Blue 38 0.95 0.05

Orange Cheek 38
Orange Lappet 38
Big Blue 36

1 3.1** (2)

F«p-3

14.4** (2) 

ÇK

H *  ^

PGK-3
0.04
0.06 1 3. 0* (4)

Sdh

7.3* (2)

~st-l
0.53 0.47

0 .11 0.53 0.37

0.75 0.25
13.2* (4)
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The idea that d iffe ren t ind iv idua ls  w ith in a b io log ica l species may 

have ra d ic a lly  d iffe ren t morphologies and d is t in c t  feeding modes has 

commanded attention because o f i t s  profound im p lications fo r  evolutionary 

b io logy. I f  ind iv idua ls  from a panmitic population are recognized as 

species by standard taxonomic c r it e r ia ,  organismal d iv e rs ity  in  nature 

may be more apparent than rea l. This concern is  p a rt ic u la r ly  germane 

to the great d iv e rs ity  seen w ith in  assemblages of trop ica l freshwater 

fishes as cyprin ids and c ic h lid s  where endemic sp e c ia liza tio n s  are 

extreme (Myers, 1960; Greenwood, 1974; Reid, 1980). Several examples 

of substantia l dichotomous morphological divergence have been reported 

among sympatric co lle c tio n s  of c lo se ly  related fishes (Roberts, 1974;

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

The c ic h lid s  of Cuatro Ciénegas, Mexico are p a rt ic u la r ly  in te resting  

and th e ir  study by Sage and Selander set a precedent which has had a 

s ig n if ic a n t  impact on subsequent systematic studies (K irkpa tr ick  and 

Selander, 1979; Graves and Rosenblatt, 1980).

By any phenetic c r it e r ia ,  the extreme d is tin ctiveness of sympatric 

c ic h lid s  in Cuatro Ciénegas suggests the presence of two d iscre te  species 

A "small tooth" form with p ap illifo rm  pharyngeal den tition  feeds on plant 

material and possesses a re la t iv e ly  narrow head, slender pharyngeal jaw, 

and long in tes tin e . A "large tooth" form with molariform pharyngeal 

teeth feeds on sna ils  and has a wider head, re la t iv e ly  stouter jaw, and 

short in tes tin e . The morphological and troph ic d iffe re n t ia t io n  between 

these two forms exceeds that observed among many c lo se ly  re lated 

b io log ica l species and p rec ise ly  mimics the d ifferences which define 

numerous c ic h lid s  in the A frican  Great Lakes (Fryer and l ie s ,  1972).
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Further, i t  is  th is  type of va ria tion  that might be associated with 

in c ip ien t macroevolution (Greenwood, 1979). The magnitude of d ifferences 

between these forms has thus h is to r ic a lly  caused them to be treated as two 

d is t in c t  species (Taylor and M inckley, 1966; M inckley, 1969; LaBounty,

1974; Korn fie ld  and Koehn, 1975). A lte rn a t iv e ly , on the basis of the 

segregation o f ' both types w ith in  w ild caught broods, complete e le c tro ­

phoretic s im ila r ity ,  and concordant patterns of a llozym ic va ria tion  

between forms, Sage and Selander (1975) suggested that both forms 

belong to a s ing le  polymorphic species. However, th is  evidence did not 

provide a d e f in it iv e  tes t of the two' species hypothesis (Hutchinson, 1978).

We present in th is  a r t ic le  the resu lts  of complementary studies o f 

genetics and reproductive b iology in it ia te d  to resolve the b io log ica l 

status of these fishes . Our allozyme data and observations of mating 

in natural populations v e r ify  the in s igh t of Sage and Selander and a ttes t 

to th e ir  accurate e lectrophoretic  evaluation o f con spe c if ic ity . This 

demonstration of substantia l morphological va ria tion  w ith in a sing le  

species has s ig n if ic a n t  im p lications fo r ecology and conventional 

taxonomic characteriza tion .
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MATERIAL AND METHODS

Co llections o f specimens and observations were made in Laguna El 

■Mojarra!, Cuatro Ciénegas, Mexico in June - Ju ly  1979, 1980 and 1981. 

Broods of freeswimming o ffspring  and th e ir  female guards were co llected  

simultaneously during day light hours with f in e  mesh handnets and spear 

guns. Adult f is h  fo r general e lectrophoretic  studies were co llected  

with coarse mesh handnets two hours a fte r sunset when inactive  f ish  

rest on the substrate of the laguna.

For e lectrophoresis, eyes of adu lt f is h  were removed and stored 

frozen in 0.01 M Tris-HCl pH 7.0 (containing 5 mM d ith io th re ito l and 

0.5% po lyv iny lpyro llidone-360); c ic h lid  fry  were frozen whole in buffer. 

Material was stored fo r up to three weeks in a conventional freezer 

(-6°C) while in Mexico, then transferred to an u ltraco ld  freezer (-90°C) 

upon return to the United States. Starch gel e lectrophoresis was 

performed as previously described (Kornfie ld  and Koehn, 1975; Sage and 

Selander, 1975).

Since the morphological id en t ity  of reproducing f ish  could not be 

established by underwater observation while they were free swimming, i t  

was necessary to capture ind iv idua ls  to determine troph ic morphology. 

Unfortunately, spawning male c ic h iid s  were p a rt ic u la r ly  sen s it ive  to 

the presence of observers in close proxim ity to breeding areas and fled  ' 

when approached. To c o lle c t  a c t ive ly  mating p a irs , we designed a remotely 

operated trap which, when activa ted , securely captured both male and female 

f is h  (Smith et a K , 1981). Traps were set out in e co log ica lly  uniform 

habitats where substantia l breeding a c t iv ity  had been previously observed. 

Additional pairs of breeding f is h  were co llected  with the use of spear
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guns. The pharyngeal den tition  of captured f is h  was determined in  the 

f ie ld  with an otoscope.

RESULTS AND DISCUSSION

Information bearing on the extent of genetic control over trophic 

morphology is  lim ited . Both d iscrete  morphological types developed in 

laboratory reared f is h  captured as fry  from maternally guarded broods 

(Sage and Selander, 1975). However, i t  is  questionable whether a l l  fry  

w ith in s ing le  groups are s ibs; both New and Old World c ic h lid s  may 

protect unrelated o ffspring  (Ribbink et a l . , 1980; McKaye, 1979). To 

evaluate th is  p o s s ib i l it y ,  iso la ted  groups of free swimming fry  and 

th e ir  guarding mothers were examined fo r genetic com patib ility  at f iv e  

polymorphic allozyme lo c i.  Of seventeen broods examined, three contained 

ind iv idua ls  whose e lectrophoretic  phenotypes indicated that they were 

e ith e r unrelated to the females who guarded them or that they had 

d iffe ren t fathers than other ind iv idua ls  in th e ir  broods (Table 1).

This assessment o f the magnitude of fo s te r parentage is  c le a r ly  

conservative since some unrelated juven iles may be e le c tro pho re tica lly  

equivalent (see Hanken and Sherman, 1981). Given the a l le le  frequencies 

cha ra c te r is t ic  of c ic h lid s  at El M o ja rra l, over one th ird  of a l l  f is h  at 

that lo c a lit y  are ind istingu ishab le  from the normal o ffspring  of broods 

GY50 and GY51 fo r the lo c i examined. While i t  is  most probable that 

foreign fry  become incorporated in to broods by passive mixing (Lewis, 

1980), i t  is  also possible that some ind iv idua ls  with paterna lly  

incompatible phenotypes were produced by m u ltip le  f e r t i l iz a t io n  (Gross 

and Charnov, 1980; McKaye, 1980). Regardless, i t  is  c lea r that
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inheritance studies based on f ie ld -co lle c te d  o ffsp ring  can not e ffe c t iv e ly  

resolve the systematic problem of the Cuatro Ciénegas c ich i ids.

E lectrophoretic  Characterizations

In the absence o f breeding information, accurate recognition of 

separate gene pools can be achieved when sympatric groups exh ib it evidence 

o f independent genetic evo lution. In the c ich i ids of Cuatro Ciénegas, 

estimates of genetic distance are s im ila r  to those typ ica l of conspecific  

populations and do not d iffe re n t ia te  the two forms (Korn fie ld  and Koehn, 

1975; Sage and Selander, 1975). However, since e lectrophoretic  divergence 

is  probably a time dependent process (Corruccin i ert al_., 1980), very 

recently evolved species may be expected to be almost ind istingu ishab le .

In f is h ,  several studies have demonstrated extreme genetic s im ila r it ie s  

between va lid  b io log ica l species (Avise et al_., 1975; Johnson, 1975); 

A frican c ic h lid s  in p a rt icu la r e xh ib it these extremes (Korn fie ld , 1978; 

Kornfie ld  _et aJL , 1979).

A more convincing assessment o f reproductive iso la t io n  involves 

geographic or temporal comparisons of gene frequencies. Because gene 

pools of reproductively iso la ted  species respond independently to 

populational and environmental processes, d is s im ila r  gene frequencies 

are to be expected (Futuyma and Mayer, 1980). However, frequency 

d if fe re n t ia t io n  need not be in d ica tive  of genetic iso la t io n . For 

example, s ig n if ic a n t  in tra sp e c if ic  heterogeneity has been reported 

among age classes in f is h  (W illiams j i t ' a j _ i 1973; Koehn and W illiam s,

1978) and liza rd s  (T inkle and Selander, 1975). Nevertheless, homogeneity 

of gene frequencies should genera lly be ch a ra c te r is t ic  of s ing le  species 

samples regardless of the manner in which ind iv idua ls  are grouped fo r
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comparison. Exp lo iting  th is  approach, Sage and Selander (1975) demonstrated 

concordant geographic va ria tion  of gene frequencies at several allozyme lo c i 

fo r the two Cuatro Cienegas c ic h lid s .  These observations thus implied the 

existence of a s ing le  gene pool.

We reexamined the frequency of four o f these lo c i previously studied 

by Sage and Selander in f is h  from Laguna El M o ja rra l. At 

dehydrogenase-3y P h o s p h o g l u c o i s o m e r a s e - l i and

genotypic proportions were homogenous among the small tooth and large 

tooth forms. A ll ind iv idua l genotypic ra tio s  f i t  Hardy-Weinberg-Castle 

expectations. However, a l le le  frequencies were not temporally stab le . 

Between 1974 and 1980, a s ig n if ic a n t change in frequency was observed 

at PGI-2(Table 2).

Patterns of coordinated geographic and temporal frequency varia tion  

argue against the two species hypothesis. However, i t  is  possible to 

remain skeptica l o f th is  conclusion because of the lack of d ire c t 

evidence fo r reproductive iso la t io n . In p a rt ic u la r , species may have 

concordant patterns of allozyme va ria tion  in response to common se lection  

pressures (Borowsky, 1977). At s ing le  lo c i ,  id en tica l patterns of geo­

graphic varia tion  in gene frequency have been observed among sympaitric • 

populations of reproductively iso la ted  fishes (Johnson, 1974) and 

molluscs (Koehn and M itton, 1972; Koehn et a V ,  1980). I t  is  improbable, 

of course, that such p a ra lle l se le c tive  responses occur simultaneously at' 

numerous lo c i.  But i f  reproductively iso la ted  taxa are of very recent 

o r ig in , d ifferences in allozyme frequencies may be very lim ited . Thus, 

i t  is  essentia l to examine reproduction under natural conditions to 

d ire c t ly  tes t the hypothesis of two b io log ica l species.



Reproductive Observations

Isolated gene pools evolve independently only i f  s ig n if ic a n t gene 

flow does not occur between them (Crow and Kimura, 1970; Jackson and 

Pounds, 1979). A lim ited  amount of in te rsp e c if ic  gene exchange can be 

to lerated  and s t i l l  maintain reproductive iso la t io n  i f  se lection  is  

re la t iv e ly  s trong .' In genera l, though, the number of in te rsp e c if ic  

matings in sympatric populations should approach zero.

In Cuatro Ciénegas, a c t ive ly  reproducing male-female c ic h lid  pa irs 

were id e n t if ie d  by observing standard behaviors of spawning and nest 

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

ductive ly  active  pa irs was co llected  in Laguna El Mojarral during 1979, 

1980 and 1981. I f  the two forms were completely iso la ted  ^ productive ly , 

we would have expected to see no matings between forms. Examination of 

the pharyngeal jaws revealed that 19 mating pairs (57%) involved f is h  

with unlike troph ic morphologies (Table 3). Further, given the re la t iv e  

proportion of the small tooth c ic h lid  in th is  population, the observed 

number of homotypic matings was much less than that expected under 

reproductive iso la t io n . Mixed morphological matings were also observed 

at three add itional lo c a lit ie s :  Pozo de la  Becerra, Laguna Churince, 

and Rio Mesquites. C lea rly  these observations force re jection  o f the 

two species hypothesis.

Although the data presented did not deviate from random mating 

expectations (G = 0.244, df = 1, p > .5 ), the sample s ize  does not 

preclude lim ited  assorta tive  mating by morphotype. In fa c t , i f  almost 

20% of a l l  matings were completely asso rta tive , we would have been 

unable to demonstrate th is  given the small sample s ize . However, 

assorta tive  mating is  u n like ly . F ir s t ,  our f ie ld  observations of
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natural reproduction did not reveal any obvious hab itat ségrégation.

Matings in Laguna El Mojarral occurred on an e co log ica lly  monotonous 

substrate in close proxim ity to one another. Second, males who 

sequentia lly  f e r t i l iz e d  the eggs of separate females and simultaneously 

guarded two nests exh ib ited no mating f id e l i t y  to f is h  of th e ir  own 

troph ic type. . Two of f iv e  males who maintained d is t in c t  nests were 

mated to both small tooth and large tooth females concurrently.

Implications

The confirmed existence of a tro p h ica lly  dichotomous b io log ica l 

species impacts on two d is t in c t  areas of evolutionary bio logy. F ir s t ,  

the va ria tion  observed between c i chi id morphs, and that recently noted 

in goodeids by Turner and Grosse (1980), forces a c r i t ic a l  appraisal of 

the concept of adaptive rad ia tion ; troph ic polymorphism may represent a 

v iab le  a lte rna tive  evolutionary strategy. The factors con tro llin g  the 

o r ig in  o f such a system remain unclear. Anatomical f le x ib i l i t y  (Liem, 1980) 

and/or competition and resource a v a ila b il it y  may constrain the formation 

of troph ic polymorphisms. Need we reevaluate the niche concept to 

accomodate such species (Hutchinson, 1978)? Surely th e ir  eco log ical 

behavior d if fe rs  s ig n if ic a n t ly  from conventional taxa. For example, 

simple communities composed of tro p h ica lly  polymorphic species may be 

more responsive to environmental and b io t ic  perturbations than standard 

communities.

Second, the range of dichotomous morphological va ria tion  between 

c i c h ii d morphs has profound systematic im p lica tions. Numerous species 

exh ib it morphological m odifications of the pharyngeal den tition  and 

apophysis m irroring the type observed in Cuatro Ciénegas (Greenwood,
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1974, 1979; Hoogerhond and Bare l, 1978). I f  species d e fin it io n s  are 

p rim arily  based on such phenetic d iffe rences, morphology by i t s e l f  may 

be generally inappropriate to de lim it b io log ica l taxa or index actual 

species d iv e rs ity . I t  is  of considerable importance that c ic h iid  

systematists have begun to emphasize breeding co lo ration  (Barel et a l . ,  

1977; Greenwood and Bare l, 1978). C ich lid  species genera lly appear to 

be d istingu ished by unique co lo ration  (Greenwood, 1974) and assorta tive  

mating by co lo r has recently been described fo r a number of taxa formerly 

thought to be co lo r morphs of s ing le  species (Holzberg, 1978; Schroder, 

1980; Marsh et ¿ K , 1981). However, co lo r d iffe rences, l ik e  morphological 

d iffe rences, may not be s u ff ic ie n t  to recognize reproductively iso la ted  

taxa. In Lake Malawi, tro p h ica lly  equivalent c ic h lid s  which d if fe r  

s ig n if ic a n t ly  in breeding co lo ration  and body shape were ■ s ta t is t ic a lly  

ind istingu ishab le  in a l le le  frequency at three polymorphic isozyme lo c i 

(Korn fie ld , 1974). C lea rly  reso lution of such systematic problems w il l 

require d ire c t observations o f reproductive iso la t io n  or more sophisticated 

probes fo r genetic con tinu ity  (e.g. Avise et al_., 1979). Regardless, 

d iffe re n t ia t io n  without speciation has received only lim ited  attention  by 

taxonomists. Since th is  s itu a tion  ex is ts  in f is h ,  i t  is  not unreasonable 

to suggest that i t  may occur in add itional vertebrate groups.
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SUMMARY

Two d iscre te  c ic h lid  fishes endemic to Cuatro Ciénegas, Mexico 

d if fe r  s ig n if ic a n t ly  in several morphological characters associated with 

feeding spe c ia liza tio n s . Conventional taxonomic treatment would suggest 

the presence o f two d is t in c t  species, but Sage and Selander (1975) 

fo rc e fu lly  argued fo r the presence of a s ing le  polymorphic b io log ica l 

species. Biochemical comparisons and observations of reproductive 

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

species hypothesis.

E lectrophoresis of ju ven ile  c ic h lid s  and th e ir  brooding mothers 

revealed ind iv idua ls  w ith paren ta lly  incompatible phenotypes. Thus, the 

inheritance of morphology in ferred  from segregation of ind iv idua ls  w ith in  

w ild  caught broods is  questionable. E lectrophoretic examination of four 

polymorphic lo c i revealed gene and genotypic homogeneity between the two 

types of fishes. A s ig n if ic a n t change in a l le le  frequency at which

occurred between 1974 and 1980 was observed in both forms. This temporal 

concordance in gene frequency between forms in fe re n t ia lly  argued against 

the two species hypothesis.

To d ire c t ly  examine reproductive iso la t io n , c ic h lid  pairs were 

co llected  in the process of mating. Few matings between the two forms 

were expected under the two species hypothesis. Of 33 reproductive pairs 

examined, 57% involved matings between forms. These observations 

unequivocally suggest the existence of a s ing le  Mendelian population.

Confirmation of a tro p h ica lly  polymorphic b io log ica l species has 

s ig n if ic a n t eco log ical and systematic im p lications. Trophic polymorphism 

may represent an a lte rna tive  strategy to adaptive rad iation  and may in f la te  

estimates of species d iv e rs ity  based so le ly  on pheneti.cal.ly defined taxa.



12

LITERATURE CITED

Avise, J .C . , J .J .  Smith, and F .J . Ayala. 1975. Adaptive d iffe re n t ia t io n  

with l i t t l e  genic change between two native C a lifo rn ia  minnows. 

Evolution 29:411-426. ; , V.,

Avise, J .C . ,  R.A. Lansman, and R.O. Shade. 1979. The use of re s tr ic t io n  

endonucleases to measure mitochondrial DNA sequence relatedness in 

natural populations. I. Population structure and evolution in the 

genus Peromyscus. Genetics 92:279-295.

Baerends, G .P ., and J.M. Baerends Van-Roon. 1950. An in troduction to the 

study of the ethology of c ic h iid  fishes . Behaviour Supplement 1:1-242. 

B a re l, C.D.N., M.J.P. Van O ijen, F. W itte, and E.L.M. Witte-Maas. 1977.

An introduction to the taxonomy and morphology of the haplochromine 

Ci chiidae from Lake V ic to r ia . Neth. J .Z o o l.  27:333-389.

Borowsky, R. 1977. Detection of the e ffects  o f se lection  on protein

polymorphisms in natural populations by means of a distance ana lys is. 

Evolution 31:341-346, 648.

Co rrucc in i, R .S., M. Baba, M. Goodman, R.L. Cioehon, and J.E . Cronin. 1980. 

Non-linear macromolecular evolution and the molecular c lock. Evolution 

34:1216-1219.

Crow, J . F . , and M. Kimura. 1970. An Introduction to Population Genetics 

Theory. Harper arid Row, New York.

Fryer, G ., and T.D. l ie s .  1972. The Ci chi id Fishes of the Great Lakes of 

A fr ica . O live r and Boyd, Edinburgh.

Futuyma, D .J., and G.C. Mayer. 1980. Non-a llopatric speciation in animals. 

Syst. Zool. 29:254-271.

Graves, J .E . ,  and R.H. Rosenblatt. 1980. Genetic re la tionsh ip s of the



13

co lo r morphs of the serranid f is h  Hypoplectrus un ico lo r. Evolution 

34:240-245.

Greenwood, P.H. 1974, The c ic h lid  f is h  of Lake V ic to r ia , East A frica :

The biology and evolution of a species f lo ck . B u ll. Br. Mus. nat. 

H is t. (Zool.) Suppl. 6:1-134.

________. 1979. Macroevolution—myth or re a lity ?  B io l. J. Linn. Soc.

12:293-304.

Greenwood, P.H., and C.D.N. Bare!. 1978. A rev is ion  of the Lake V ic to r ia  

Haplochromis species (P isces, C ich lidae ), Part VIII. B u ll. Br. Mus. 

nat. H ist. (Zool.) 33:141-192.

Gross, M.R., and E.L. Charnov. 1978. A lte rnative  male l i f e  h is to r ie s  in 

b lu e g ill sunfish. Proc. Nat. Acad. Sc i. 77:6937-6940.

Hanken, J . ,  and P.W. Sherman. 1981. M u ltip le  patern ity  in  Bel d ing ' s 

ground squ irre l l i t t e r s .  Science 212:351-353.

Holzberg, S. 1978. A f ie ld  and laboratory study of the behaviour and 

ecology of Pseudotropheus zebra (Boulenger), an endemic c ic h lid  of 

Lake Malawi (P isces; C ich lidae). Z. zoo l. Syst. Evo lu t.-fo rsch . 

16:171-187.

Hoogerhoud, R .J .C ., and C.D.N. B a re l. 1978. Integrated morphological

adaptations in p iscivorous and mollusc-crushing Haplochromis species. 

In Proceedings o f the Zodiac symposium on adaptation, pp. 52-56. 

Centre fo r  Ag ricu ltu ra l Publishing and Documentation, Wagenin,

The Netherlands.

Hutchinson, G.E. 1978. An Introduction to Population Ecology. Yale 

Univ. Press, New Haven.

Jackson, J .F . ,  and J.A . Pounds. 1979. Comments on assessing the 

ded iffe ren tia ting  e ffe cts  of gene flow. Syst. Zool. 28:78-85.



14

Johnson, M.S. 1974. Comparative geographic va ria tion  in Menidia.

Evolution 28:607-618.

________ 1975. Biochemical systematic^ of the a therin id  genus Menidia.

Copeia 1975:662-691.

K irkp a tr ick , M., and R.K. Selander. 1979. Genetics of spéciation in  lake 

w hite fish  .in the Allegash Basin. Evolution 33:478-485.

Koehn, R .K., and J.B . M itton. 1972. Population genetics of marine 

pelecypods. I. Evolutionary strategy at an enzyme locus. Amer.

Natur. 106:47-56.

Koehn, R .K ., and G.C. W illiams. 1978. Genetic d iffe re n t ia t io n  without 

iso la t io n  in  the American ee l, Angu illa  ro s tra ta . II. Temporal 

s t a b i l i t y  of geographic patterns. Evolution 32:624-637.

Koehn, R .K., J.G. Hall and A .J. Zera. 1980. P a ra lle l va ria tion  of

genotype-dependent aminopeptidase-1 a c t iv ity  between Mytilus edu lis 

and Mercenaria mercenaria. Mar. B io l. Le ttr . 1:245-253.

Ko rn fie ld , I.L . 1974. Evolutionary genetics of endemic A frican c ic h lid s .  

Ph.D. thes is . State Un ivers ity  of New York, Stony Brook.

♦ 1978. Evidence fo r  rapid spéciation in A frican c i chi id fishes.

Experientia 34:335-336.

Ko rn fie ld , I .L . ,  and R.K. Koehn. 1975. Genetic va ria tion  and evolution 

in New World c ic h lid s .  Evolution 29:427-437.

Ko rn fie ld , I .L . ,  U. R itte , C. R ich le r, and J. Wahrman. 1979. Biochemical' 

and cyto log ica l d iffe re n t ia t io n  among c i chi id fishes of the Sea of 

G a lile e . Evolution 33:1-14.

LaBounty, J .F . 1974. M ateria ls fo r the rev is ion  of c i chi ids from northern 

Mexico and southern Texas. Ph.D. the s is , Arizona State Univ.



, Id

Lewis, D.S.C. 1980. Mixed species broods in Lake Malawi c ich lid s :  an 

a lte rna tive  to the cuckoo theory. Copeia 1980:874-875.

Liem, K.F. 1980. Adaptive s ign ificance  of in tra -  and in te rsp e c if ic  

d ifferences in the feeding reperto ires of c ic h lid  fishes. Amer.

Zool. 20:295-314.

Marsh, A .C ., A .J. R ibbink, and B.A. Marsh. 1981. S ib lin g  species complexes 

in  sympatric populations of P e tro t ila p ia  Trewavas (C ich lidae , Lake 

Malawi). Zool. J. Linn. Soc. 71:253-264.

McKaye, K.R. 1979. Defense of a predator's young re v is ite d . Amer.

Natur. 114:595-601.

_ _ _ _ _ _  1980. Seasonality in hab itat se lection  by the gold co lo r morph

of Cichlasoma c itr in e llu m  and it s  relevance to sympatric speciation in 

the fam ily C ich lidae . Envir. B io l.  Fish. 5:75-78.

M inckley, W.L. . 1969. Environments o f the Bolson of Cuatro Cienegas, 

Coahuila, Mexico. Science Ser. No. 2. Univ. Texas El Paso, Texas 

Western Press.

Myers, G.S. 1960. The endemic f ish  fauna of Lake Lanao, and the evolution 

of higher taxonomic categories. Evolution 14:323-333.

Reid, Gordon McG. 1981. 'Explosive Speciation ' of carps in Lake Lanao 

(P h ilip p in e s)— Fact or Fancy? Syst. Zool. 29:314-316.

Ribbink, A .J . ,  A.C. Marsh, B. Marsh, and B.J. Sharp. 1980. Parental

behaviour and mixed broods among c ic h lid  f is h  of Lake Malawi. S. A fr.

J. Zool. 15:1-6.

Roberts, T.R. 1974. Dental polymorphism and systematics in Saccodon, a 

neotropical genus of freshwater fishes (Parodontidae, Characoidei).

J. Zool. 1973:303-321.



16

Sage, R.D, and R.K. Selander. 1975. Trophic rad iation  through polymorphism 

in c ic h lid  fishes . Proc. Nat. Acad. Sei. 72:4669-4673.

Schröder, J.H. 1980. Morphological and behavioural d ifferences between the 

BB/OB and B/W colour morphs of Pseudotrophens zebra Boulenger (Pisces: 

C ich lidae). Zo. zoo l. Syst. Evo lu t.-forsch. 18:69-76.

Smith, D ., I. Ko rn fie ld , and B. Goodwin. 1981. A remotely operated trap 

fo r  capture o f t e r r it o r ia l fishes. Prog. Fish Cu lt, in press.

Taylor, D.W., and W.L. M inckley. 1966. New world fo r b io lo g is ts . P a c if ic  

Discovery 19:18-22.

T ink le , D.W., and R.K. Selander. 1973. Age-dependent allozym ic varia tion  

in a natural population of liza rd s . Biochem. Genet. 8:231-237.

Turner, B . J . , and D.J. Grosse. 1980. Trophic d if fe re n t ia t io n  in Ilyodon, 

a genus of stream-dwelling goodeid fishes: Spéciation versus eco log ical 

polymorphism. Evolution 34:259-270.

Vrijenhoek, R.C. 1978. Coexistence of clones in a heterogeneous 

environment. Science 199:549-552.

W illiam s, G.C., R.K. Koehn, and J.B . M itton. 1973. Genetic d if fe re n t ia t io n  

without iso la t io n  in the American ee l, Angu illa  ro s tra ta . Evolution 

27:192-204.



Table 1.Î'‘ Foreign phenotypes of fry  in guarded c i c h ii d broods.

Family
Number 
of fry Phenotype

GY50 145
Mother 

.Offspring 
Foreign Fry No. 1 
Foreign Fry No. 2

GY51 54
Mother 
Offspring 
Foreign Fry No. 1

GYOl 74
Mother 
Offspring 
Foreign Fry No. 1 
Foreign Fry No. 2

LDH-1 LDH-2 LDH-3 PGI-1 PGI-

— - FF FF SS
- - FF FF SS
- - FF FF FF
- - FF FF SF

- - FF FF SS
- ■ - FF FF SS

FF FF SF

SF/FF SS •FF FF SF
SS SF SF SF SF
SF SS SS FF SF

Phenotypes of fry  in bold type are parenta lly  incompatible. Relative a l le le  
m ob ilit ie s  in Sage and Selander (1975).



Table 2. Frequency estimates of PG in samples of c ic h lid s  
from Laguna El M o ja rra l.

Small tooth Large tooth Total
N p ± s.e. m p ± s.e. N p i  s.e.

1974 20 0.701,072 15 0.571.090 52 0.631,047

1980 30 0.417±.064 28 0.4281.066 58 0.4221.046

Population estimates of a l le le  frequency d if fe r  s ig n if ic a n t ly  between 
years (t =2,20,  p < .05). Data from 1974 from Sage and Selander (1975).



Table 3. Observed association o f troph ic morphology in breeding pairs 
of Mexican c i chi ids. H H H H B

Male
Pap illifo rm

Pap illifo rm  13
(11.85)

Female

Molariform 5
(5.15)

Molariform

10
(11.15)

6
(4.85)

Expected number of pairs under the random mating hypothesis in parentheses. 
Note the d ifference in the re la t iv e  frequencies of the tooth types between 
sexes.
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ABSTRACT

Progeny from s ing le  p a ir crosses of A t la n t ic  herring were examined to 

determine the h e r it a b i l i t y  o f genetic va ria tion  at seven polymorphic 

allozyme lo c i.  Mendelian inheritance of codominant autosomal a l le le s  was 

estab lished fo r IDH-2, LDH-1, LDH-2, M and This

demonstration o f Mendelian inheritance is  essentia l fo r accurate in te r-  

pretaion o f allozym ic va ria tion  among natural populations of th is  pelagic 

species.
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INTRODUCTION

Formal genetic studies of allozyme va ria tion  in pelagic fishes are 

infrequent because of technica l problems associated with l iv e  capture and 

a r t i f i c ia l  cu ltu re  of reproductively mature f is h  and progeny. However, 

such studies are central to correct in te rp re ta tion  o f allozyme va ria tion  

in natural populations. On the basis of e lectrophore tic  patterns and 

s ta t is t ic a l f i t s  to Hardy-Weinberg-Castle expectations, va ria tion  is  

ty p ic a lly  assumed to be inherited in a simple Mendelian manner. But 

th is  assumption can be wrong (Spiess, 1977; Fa irba irn  and Roff, 1980); 

a va rie ty  of nongenetic factors may a lte r  e lectrophoretic  patterns or 

phenotypic frequencies of populations. ' . .

Before completing e lectrophoretic  studies designed to d iscrim inate  

stock composition among A tla n t ic  herring harengus), we

performed sing le  pa ir a r t i f i c ia l  matings and reared progeny in laboratory 

cu ltu re  to determine the inheritance of allozymes. These find ings s ig n i­

f ic a n t ly  enhance our a b i l i t y  to in te rp re t accurately allozyme d ifferences 

in th is  species.

MATERIAL AND METHODS

Reproductively mature adu lt herring were selected from fre sh ly  purse- 

seined f is h  on 15 October 1980, east of Plum Island, Massachusetts (42°24'N; 

71°30'W). In vitro sing le  pa ir f e r t i l iz a t io n s  were performed fo llow ing 

methods outlined by B laxter (1968). Larvae from 41 ind iv idua l crosses 

were maintained at 15°C fo r 14 days in constantly aerated synthetic 

seawater ( s a lin it y  27 ppt).
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L ive r and muscle tissues dissected from parents were buffered with an 

equal volume o f 0.01M Tris-HCl pH 7.0 (containing 5mM d ith io th re ito l and 

0.5% polyviny lpyro llidone-360) and frozen in liq u id  nitrogen. Larvae and 

adult tissues were subject to horizonta l starch gel e lectrophoresis using 

methods described by May et at, (1979). Enzymes assayed, adult tissue 

d is tr ib u t io n s , and e lectrophoretic  buffer systems are presented in Table I. 

For each locus, the most frequent anodal a l le le  in natural populations was 

assigned a re la t iv e  m ob ility  o f 100. Observed and expected genotypes were 

tested fo r 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 a l l  other lo c i in populations of A t la n t ic  herring. Observed genotypes 

and Mendelian expectations fo r crosses involv ing seven allozyme lo c i are 

presented in Tables II and I II . Many crosses involved re p e t it iv e  examination 

of matings between parents with iden tica l genotypes, The resu lts  shown here 

encompass a l l  genotypes involved and present those crosses which exhibited 

maximum deviation from Mendelian expectations. Progeny from at least one 

add itiona l mating were examined fo r each type of cross shown. Because 

fe r t i l iz a t io n s  were in it ia te d  without knowledge of parental genotypes, only 

homozygote x homozygote crosses could be assayed fo r

SOB. For these lo c i,  e lectrophoresis o f progeny from a l l  crosses revealed 

only expected homozygous genotypes. The data of Tables II and III and the 

presence of multi banded heterozygote genotypes in both sexes fo r a l l  

polymorphic enzyme lo c i ind icate  that the observed varian ts are autosomal
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codominants and are inherited in a simple Mendelian manner.

E lectrophoretic patterns of some dimeric and tetrameric enzymes 

exhibited a reduced number of isozymes between l o c i T h e  absence of 

in terlocus heteromeric isozymes fo r malic and 'me-2) and

iso c itra te  dehydrogenase (IDH-1 and mu-2) may ind ica te  substantia l 

evolutionary divergence in structure or composition of component lo c i .

Only a s ing le  in terlocus heterotetrameric isozyme was observed between 

LDH-1 and LDH-2 homozygotes. However, heterozygotes at each locus exhib ited 

typ ica l 5 banded phenotypes. The absence of two add itiona l isozymes expected 

to form between these lo c i has been observed in other fishes and may re su lt 

from re s tr ic te d  subunit assembly (Whitt and Horowitz, 1970).

A varie ty  o f independent factors may contribute to nongenetic a lte ra tion  

of e lectrophoretic  m ob ility . The most common type of change is  post- 

tran s la tiona l and involves covalent m odifications of peptide bonds, 

terminal groups, and side chains (Harris and Hopkinson, 1976; Uy and Wold, 

1980). Many such examples of posttransla tiona l a lte ra tio n  have been 

estab lished. When th is  type of m odification is  con tro lled  by a polymorphic 

regulatory locus, a l le le s  at affected enzyme lo c i may not be expressed in 

a codominant manner (Cochrane and Richmond, 1979). Changes in e lectrophore tic  

patterns can also be generated fo r many lo c i by storage of tissues fo r 

prolonged periods. Oxidation of su lfhydry l groups can occur spontaneously 

to a ffe c t the formation of d isu lf id e  bridges (Uy and Wold, 1977).

Additiona l nongenetic m odification of e lectrophoretic  phenotypes has been 

associated with physio log ica l va ria tion  (Ok i ,1966) and parasitism

(Vrijenhoek, 1975). The resu lts  of our inheritance tests ind ica te  that 

none of these factors influenced phenotypes in our m ateria l.

S ig n if ica n t errors in the in te rp re ta tion  of allozyme va ria tion
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observed in natural populations can be produced when simple genetic models 

are u n c r it ic a l ly  accepted. E n t ire ly  spurious hypotheses of population 

structure may be generated as. a re su lt of an inappropriate model (Fa irba irn  

and Roff, 1980). Since conclusions from e lectrophore tic  studies can 

s ig n if ic a n t ly  a ffe c t management decisions fo r commerical f is h e r ie s , formal 

genetic analyses are essential.. The Mendelian inheritance o f allozyme 

va ria tion  in  A t la n t ic  herring presented here w il l enable us to address 

more accurately problems o f population structure in th is  important commercial

species.
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Table F.
Enzyme systems studied in

Enzyme (E.C. number) Abbreviation
No. of 
lo c i

Subunit
structure

Adult
t issue

Buffer 
system1>2

Aspartate aminotransferase (2.6.1.1) AAT 1 dimeric muscle I
Esterase (3.1.1.1) EST 1 monomeri c l iv e r I

Iso c itra te  dehydrogenase (1.1.1.41) IDH 2 dimeric muscle I I 3

Lactate dehydrogenase .(1.1.1.27) LDH 2 tetrameric muscle I

Malic enzyme (1.1.1.40) ME 2 tetrameric musele II

Phosphoglucoisomerase (5.3.1.9) PGI 1 dimeric muscle I

Phosphog1ucomutase (2.7.5.1) PGM 2 monomeri c 1 i ver I 4

Superoxide dismutase (1.15.1.1) SOD 1 dimeri c 1 ive r I s

1 Buffer system I (Ridgway et a]_., 1970); II (Clayton and T re tia k , 1972)

2 ATT stained according to Johnson ê t a)L (1972); a l l  other enzymes used histochemical sta ins from Shaw 
and Prasad (1970) with an agar overlay (Brewer, 1970).

3 Add MgCl2 to sta in ing  m ixture, omit MnC12

I  Add 1 mg glucose-1, 6-diphosphate to sta in ing mixture 

5 Stains in c id e n ta lly  with PGM
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Table II.
Inheritance o f  d ia l le l i c  allozyme lo c i in Clupea harengus

Relative a l le le  
Locus mobi1it y

Cross
number

Parental
genotype

Number of 
progeny

Observed genotypes 
AA AB BB

Expected genotypes 
AA AB BB 1 P

IDE-2 A = 100 19 AA X AA 55 55 0 0 55 I 0 0
B = 113 35 AA X AB 46 25 21 0 23.0 23.0 0

LDH-2 A ,= 100 21 AA X AA 54 54 0 0 54 0 0
B 172 28 AA X AB 57 26 31 0 28.5 28.5 0

LDH-1 . A = 0 38 AA X AA 52 52 0 0 52 0 0
B 100 31 AA X AB 57 31 26 0 28.5 28.5 0

ME-2 A - 100 21 AA X AA 54 54 0 0 54 0 0
B 55 35 17 AA X AB 55 31 24 0 27.5 27.5 0

PGM-1 A I 100 12 AA X AA 53 53 0 0 53 0 0
B = 125 33 AA X AB 49 22 27 0 24.5 24.5 0

0.098 0.754

0.140 0.708

0.328 0.567

0.686



Table I I I .
Inheritance of t r i a l l e l i c  allozyme lo c i in Clupea harengus

Locus
Relative  a l le le  

mobi11ty
Cross
number

Parental
genotype

Number of 
progeny AA AB

Genotypes1 
BB AC BC CC G df P

PGÎ-2 A = 100 31 AA x AA 57 57
__  1

B = 150 57 — «. ■ . ».

C = -75
6 AA x AC 54 25 29 £ _

27 27 - - - - .083 1 .773

23 AB x AC 48 11 14 13 10
12 12 - 12 12 - . ',418 3 .936

PGM-2 A = 112 31 BC x BC 57 13 27 17
B = 100 - - 14.25 . « 28.5 14.25 .346 2 .841

C = 92
33 BB x BC 55 _ _ 25 30

- - 27.5 - 27.5 - . 145 1 .703

24 AC x BC 52 11 15 12 14
% 13 - 13 13 13 . 386 3 . 943

23 AB x CC 49 23 26
— 24.5 24.5 -

.040 1 .841

1 Observed genotypes lis te d  above expected fo r each cross
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Ripe A t la n t ic  herring were sampled from seven d iscre te  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 lo c i by starch gel e le c tro ­

phoresis. Five h ighly polymorphic lo c i were used to assess population structure 

o f herring stocks by contingency ana lys is of lo g - lik e lih o od  d ifferences in gene 

frequencies. S ig n if ica n t heterogeneity was observed w ith in  both spring spawning 

and f a l l  spawning populations fo r p a rt icu la r years, but was not s ig n if ic a n t  fo r 

e ithe r season a fte r adjusting fo r temporal in s ta b il i t y .  By contrast, overa ll 

heterogeneity between spring and f a l l  spawning populations was h ighly s ig n i­

f ic a n t. These resu lts  ind icate genetic iso la t io n  of spring spawning populations 

in the Gulf of St. Lawrence from f a l l  spawning aggregates in the Gulf of St. 

Lawrence and Gulf of Maine. The low leve ls  of genetic heterogeneity and 

absence of temporal s t a b i l i t y  of gene frequencies in f a l l  spawning stocks are 

not consistent with the existence of more than a s ing le  genetic population of 

f a l l  spawning herring in the northwest A t la n t ic .

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

va r ia t io n , stock d iffe re n t ia t io n .
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A tlan t ic  herring ( Clupea harengus harengus L.) are a s ig n if ic a n t  resource

along the eastern coast of Canada and the United States. The species has been 

continuously exploited since pre-co lon ia l times when prodigious populations 

were commonly observed in coastal communities (Bigelow and Schroeder 1953).

More recent biomass flu c tu a tio n s , possib ly resu lt ing  from intense m ultinational 

f ish ing  e ffo r ts ,  have created a need fo r accurate information on the population 

biology of th is  species. More s p e c if ic a lly ,  information on the extent o f repro­

ductive iso la t io n  among spawning groups and the extent of population mixing 

during non-reproductive periods is  essentia l fo r species management.

Major features of the biology and l i f e  cycle of A t la n t ic  herring have 

been estab lished (B laxter and H o lliday 1963), but deta iled l i f e  h is to ry  char­

a c te r is t ic s  are poorly understood. In the western North A t la n t ic ,  reproduction 

is  re s tr ic te d  to two in tensive bouts, one in the f a l l  (September-November) and 

one in the spring (April-May). At these times, large numbers of mature adults 

spawn at re la t iv e ly  d iscre te  geographic locations (Boyar et a l.  1973). Along 

the northeast coast of North America, spring spawning aggregations are cu rren tly  

re s tr ic te d  to lo c a lit ie s  in and around the Gulf of St. Lawrence, whereas f a l l  

spawning occurs in numerous areas, p a rt ic u la r ly  the Gulf of Maine and the Gulf 

o f St. Lawrence. Individual spawning aggregations have h is to r ic a lly  been con­

sidered by f ish e r ie s  managers to be d is t in c t  e n t it ie s ,  i.e .  stocks. Fish 

tagged in the Gulf of Maine, Georges Bank and Nova Scotia mix during non- 

spawning migratory periods (Spiers 1977; Stobo 1976). However, the actual 

extent and duration of population mixing during various stages o f the l i f e  

cycle of herring is  unknown and has been the point of repeated speculation 

(Anon. 1978; Vernberg 1977). While adults annually concentrate at s p e c if ic  

locations to spawn, the f id e l i t y  of p a rt ic u la r  stocks to a sp e c if ic  spawning
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area is  unknown. I f ,  as has been w idely assumed, f id e l i t y  of returning 

adu lt f is h  to spawning s ite s  is  e ssen tia lly  absolute, ind iv idua l stocks 

would represent d iscre te  reproductively iso la ted  populations.

Central to th is  problem is  the h is to r ic a l f ish e r ie s  biology concept of 

a f is h  "stock" as an exp lo itab le  u n it, which may or may not include members 

of d iffe re n t genetic populations (Larkin 1972). Yet, e f f ic ie n t  exp lo ita tion  

of m u ltip le  stocks by a common fishe ry  is  based upon the assumption that 

stocks are reproductively iso la ted  (Pau lik  et a l.  1967), i.e .  a stock _iŝ  a 

genetic population. The problem of population d e f in it io n  and gene flow must 

be therefore approached from a s t r ic t ly  genetic veiwpoint. The only period 

in the l i f e  h isto ry  of the herring where i t  is  possible to examine repro­

ductive iso la t io n  is  during spawning. Because of mixing at other l i f e  

h isto ry  stages, geographic comparisons during non-spawning periods are of 

no value in de lim iting  populations (W illiams et a l.  1973). To define popu­

la t io n s , i t  is  c r i t ic a l  that only spawning fishes be examined.

F isheries s c ie n t is ts  have attempted to use a va rie ty  of techniques to 

d iscrim inate populations including in terna l and external morphology, b io log ica l 

tags, and protein varian ts. M eris t ic  characters have been employed with 

varying success. O to lith s have been used to convincingly demonstrate s ig ­

n if ic a n t d ifferences between spring and f a l l  spawning populations in the 

Gulf of St. Lawrence (Côté et a l.  1980). Despite successful characteriza tion  

o f stocks by these methods, va ria tion  in morphological characters may have a 

dominant environmental component. High degrees of morphometric s im ila r ity  

between spawning aggregations may re su lt i f  environmental conditions in f lu ­

encing these characters are s im ila r; conclusive evidence of b io log ica l 

iso la t io n  among populations requires demonstration o f genetic d ifferences 

(Messieh and Tibbo 1971).
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For over twenty years, b io lo g is ts  have studied biochemical va ria tion  

in A t la n t ic  herring in attempts to define population structure. Because 

i t  provides genetic id e n t if ic a t io n  without confounding environmental 

in fluences, biochemical va ria tion  as assayed by e lectrophoresis is  a powerful 

tool fo r population d iscrim ination  and id e n t if ic a t io n . Previous studies have 

id e n t if ie d  a portion o f the biochemical genetic va ria tion  in A t la n t ic  herring 

(Mairs and Sindermann 1960; Sindermann and Honey 1963; Odense et a l.  1966; 

W ilk ins and l ie s  1966; Lush 1969; Naevdal 1969a,b; Simonarson and Watts 1969; 

Ridgway et a l . 1970; Wolf et a l . 1970; Engel et a l.  1971; DeLigny 1972; Lewis 

and Ridgway 1972; Odense et a l.  1973; Odense 1980). However, these studies 

are of lim ited  value in assessing population structure because they did not 

meet two essentia l c r it e r ia :  1) the genetic basis ( i.e .  h e r ita b i1ity )  of 

observed va ria tion  must be estab lished by breeding experiments (Fa irba irn  

and Roff 1980), and 2) only sexually  mature f is h  in spawning condition 

must be sampled from d iscre te  spawning grounds.

This paper presents the resu lts  of an intensive study to characterize 

the genetic va ria tion  w ith in and among geographically d is t in c t  samples Of 

A t la n t ic  herring. A large number of proteins were resolved from which 

th irteen  polymorphic lo c i were extensive ly examined in reproducing adults 

a t sp e c if ic  spring and f a l l  spawning lo c a l it ie s  over a three year period.

We fee l that th is  study represents a rigorous examination of northwest 

A t la n t ic  herring population structure because: 1) the Mendelian h e r it a b i l i t y  

of the polymorphic lo c i employed was established through breeding experiments 

(Korn fie ld  et a l.  1981); 2) only sexually competent f is h  from known spawning 

aggregates were sampled; and 3) the temporal s t a b i l i t y  of gene frequencies at 

a l l  spawning/sampling s ite s  was tested over two (in  some cases, three) consec­

utive years.
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MATERIAL AND METHODS

Samples of A t la n t ic  herring were co llected  in conjunction with 

commercial f is h e r ie s  at seven spawning locations in the Gulf of Maine and 

Gulf of St. Lawrence ( F i g . 1; Table 1). Two locations were sampled only 

in 1979, three in 1979 and 1980, and two in 1978, 1979, and 1980.

Co llections were made during the peak of reproduction at d iscre te  

spawning areas; a l l  f is h  were ripe . Samples o f l iv e r  and muscle tissue  were 

removed from ind iv idua ls  d ire c t ly  a fte r capture and frozen in liq u id  

nitrogen. Tissues were la te r  transferred to an u ltraco ld  freezer (-80°C) 

and stored fo r up to s ix  months p r io r to e lectrophoresis. Samples of 

P a c if ic  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-HCl 

pH 7.0 (containing 5 mM d ith io th re ito l and.0.5% polyviny l pyrrolidone-360) 

and centrifuged at 2000 X g fo r f iv e  minutes. Horizontal starch gel 

e lectrophoresis of supernatants followed the procedure outlined by May 

et a l.  (1979). For most prote ins, histochemical sta in ing  followed the 

methods of Shaw and Prasad (1970) and Harris and Hopkinson (1977).

Aspartate aminotransferase was v isua lized  by the method of Johnson et a l. 

(1972). Of 38 proteins in i t i a l l y  screened, 29 enzymes (Table 2) were 

examined fo r biochemical varian ts.

Designation o f isozymes and genotypes fo llows the uniform nomenclature 

suggested by A llendorf and Utter (1979). For s t a t is t ic a l in te rp re ta tion  

of observed genetic va r ia t io n , we employed contingency ana lys is o f the 

lo g - like lih ood  procedure (Smouse and Ward 1978) adjusting the s ign ificance  

of p robab ility  tests fo r ind iv idua l lo c i (Grant and Utter 1980; Grant 1981).
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Estimates of genetic s im ila r it ie s  among sampled populations were calculated 

with the formulae of Nei (1972).
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RESULTS

We e le c tro pho re tica lly  resolved 42 gene lo c i encoding 29 prote ins.

A ll o f these lo c i were in i t i a l l y  examined in a sample of 100 ind iv idua ls  

from a s ing le  population (Je ffe r ie s  Ledge) to characterize polymorphisms 

fo r subsequent population screening. Of the 20 proteins that exhibited 

monomorphic lo c i in th is  sample, eleven were e le c tro pho re tiça lly  compared 

with samples o f P a c if ic  herring. In th is  subsequent comparison, 9 of these 

11 proteins exhibited divergent a l le le s  at a minimum of one locus per 

protein. Thus, we are confident that our techniques were capable of 

detecting a s ig n if ic a n t  proportion of e lectrophoretic  va ria tion  that 

might have been present in our in i t ia l  screening.

E lectrophoretic variants were observed at 13 lo c i encoding 9 enzymes 

(F ig . 2). However, va ria tion  was rare ay many of these lo c i.  A l le l i c  

frequencies fo r the most informative lo c i,  i . e .  those where the frequency 

of most conimon a l le le  _ .95, are presented in Tables 3 and 4. A l le l i c  

frequencies fo r a l l  other variab le  lo c i are provided in the Appendix.

A b r ie f  characterization  of each polymorphic system fo llow s.

ACON — ACON is  encoded by two anodal lo c i o f which the more anodal, 

was polymorphic and possessed f iv e  a lle le s .  Two-banded heterozygotes 

implied monomeric structure o f the active  isozyme. Care must be taken 

in  sta in ing  because the link ing  enzyme in the sta in  is  very sens it ive  to 

heat dénaturation; ACON i t s e l f  is  qu ite la b ile .  Varia tion  fo r ACON has 

not been previously reported in A tla n t ic  herring.

AAT — A s ing le  anodal locus segregating fo r three a l le le s  was observed. 

1:2:1 sta in ing  in te n s it ie s  observed in the three-banded heterozygote 

phenotypes imply that the locus is  d imeric. Crosses among AAT homozygotes
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produced only homozygous offspring  (Kornfie ld  et a l . 1981). Varia tion  

at th is  locus has been previously reported in  A t la n t ic  herring from 

eastern North America and Western Europe (Odense et a l.  1966, 1973).

ES T— Esterase is  coded fo r by several lo c i ,  only the most anodal o f which 

was in terpre tab le . This fa s t locus was polymorphic with s ix  a l le le s  observed. 

The presence of two-banded heterozygotes implied a functional monomer.

Crosses among EST homozygotes produced only homozygous progeny (Korn fie ld  

et a l.  1981). Varia tion  of esterase in A t la n t ic  herring has previously 

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

1970; Odense et a l.  1973).

IDH — Two anodal polymorphic lo c i were observed. We have demonstrated 

Mendelian inheritance of a l le l i c  va ria tion  fo r (Korn fie ld  et a l .

1981)'. Varia tion  at IDH in A t la n t ic  herring has been reported by Wolf 

et a l,  (1970).

LDH — Three lo c i were observed, however only two of these ( and 

were scored )n a l l  populations. Mendelian inheritance o f a l le le s  has been 

demonstrated fo r both of these lo c i (Korn fie ld  et a l. 1981). At ,

the common a l le le  is  situated on the o r ig in  of the gel and is  assigned 

m ob ility  0. Varia tion  at LDH in the A t la n t ic  subspecies has been previously 

reported (Odense et a l.  1966, 1973).

M E — A l le l i c  variants were observed at two anodal lo c i.  Mendelian in h e r i­

tance has been established for ME-2 (Korn fie ld  et a l. 1981). Tetrameric 

structure is  consistent with the observed heterozygote phenotype. A rare 

varian t of ME-2 (55) was equivalent in m ob ility  to the common 100 a l le le  at 

ME-1 (Figure 2). Varia tion  at these lo c i has not been previously reported 

in A t la n t ic  herring.

PGI —  One polymorphic anodal locus ( PGI-) and one monomorphic cathodal
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locus (PGI-l) were studied. A l le l ic  va ria tion  at PGI-2 is  inherited  in 

a Mendelian manner (Korn fie ld  et a l. 1981). The s ing le  a l le le  was

equivalent in m ob ility  to the -75 a l le le  o f No heterodimers occur 

between lo c i.  PGI-2 was h ighly polymorphic exh ib iting  a to ta l of 14 anodal 

and cathodal a l le le s  throughout the range studied. Many of these a lle le s  

were rare variants re s tr ic ted  to s ing le  lo c a l it ie s .  Two nu ll a l le le s  were 

encountered in herring sampled from Miscou. Compared to the 1:2:1 sta in ing  

in te n s it ie s  of normal three-banded heterozygotes, nu ll heterozygotes were 

recognized as phenotypes which exhibited two bands of equal sta in ing 

in ten s ity  representing the normal/normal homodimer and the normal/null 

heterodimer. M o b ilit ie s  o f nu ll a l le le s  were calculated as twice the 

distance between the normal homodimer and the normal/null heterodimer; 

nu ll homodimers are represented by dotted line s in Figure 2. Varia tion  

at PGI-2 in A t la n t ic  herring has been previously described (Lewis and 

Ridgway 1972; Odense et a l. 1973).

PGM —  Two polymorphic anodal lo c i were studied. Both lo c i exhibited 

Mendelian inheritance of a l le l i c  varian ts (Korn fie ld  et a l.  1981).

Varia tion  in PGM-2 has been described in western European samples of 

A t la n t ic  herring (Lush 1969).

SOD —  A s ing le  anodal locus polymorphic fo r 4 a l le le s  was studied.

Crosses among SOD homozyqotes produced only homozygous progeny (Kornfie ld  

et a l.  1981). Varia tion  fo r SOD has not been previously reported.

Among the twelve samples, the average proportion of lo c i heterozygous 

per ind iv idua l was 0.048 and average proportions of lo c i polymorphic per 

sample were 0.109 and 0.213 fo r the 95% and 99% polymorphism c r it e r ia ,  

respective ly  (Table 1). With only a s ing le  exception, a l l  samples were

in Hardy-Weinberg-Castle equ ilibrium  fo r a l1 polymorphic lo c i.  Observed
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genotypes for EST in the 1980 herring sample from Je ffe r ie s  Ledge deviated 

s ig n if ic a n t ly  from equilibrium  expectations (pooling a l le le s  102 and 104,

X2 =11.53, d f = 3, p < 0.01).

A lle le  frequencies were examined to estimate the magnitude of d if f e r ­

en tia tion  among herring populations. Heterogeneity among samples was tested 

by the lo g - like lih ood  procedure in a h ie ra rch ica l manner fo r the f iv e  lo c i 

polymorphic under the 95% c r ite r io n  (ACOEST, and .

Tests associated with ind iv idua l lo c i were summed and examined fo r overa ll 

s ign ifican ce . We examined va ria tion  at each locus (1) w ith in years fo r 

spring and f a l l  samples separately, (2) between spring and f a l l  fo r sp e c if ic  

years, and (3) between spring and f a l l  among years. Results are summarized 

in Table 5.

S ig n if ica n t heterogeneity w ith in spring spawning populations was 

only observed in 1980 fo r PGM-2 (p < 0.01) and fo r the like lih ood  SUM 

over a l l  lo c i (p < 0.05). Heterogeneity among f a l l  spawning samples was 

observed f o r  one locus in 1978 ( ACON-2, p < 0.05; SUM, p <0.05) and a 

d iffe ren t locus in 1979 ( PGI-2, p < 0.05; SUM, p < 0.001). Heterogeneity 

between spring and f a l l  spawning samples was observed in both 1979 ( 

p < 0.01; SUM, p < 0.001) and 1980 ( PGM-2, p < 0.05; SUM, p < 0.001). 

Overall heterogeneity between spring and f a l l  spawning populations was 

h ighly s ig n if ic a n t (p < 0.001) fo r the locus SUM and was s ig n if ic a n t  at 

three of the f iv e  polymorphic lo c i examined (ACON-2, p < 0.01; EST, p <

0.05; PGI-2, p <0.01).

I t  is  not appropriate to in te rp re t the s ig n if ic a n t d ifference between 

spring and f a l l  samples without correcting fo r the va ria tion  which occurred 

w ith in seasons. To characterize th is  d iffe rence , we generated an approx­

imate F tes t as the ra tio  o f (1) like lih ood  / degrees of freedom fo r the
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sum of a l l  lo c i fo r a l l  samples divided by (2) the pooled like lih ood  

estimate /poo led  degrees o f freedom fo r the sum of a l l  lo c i among spring 

spawning and among f a l l  spawning samples. A h ighly s ig n if ic a n t  overa ll 

d ifference between spring and f a l l  spawning areas was revealed by th is  

tes t (F = 5.54; df = 10, 30; p < 0.001). In a s im ila r manner we separately 

tested the to ta l temporal va ria tion  among spring spawning populations and 

among f a l l  spawning populations correcting fo r va ria tion  w ith in years; both 

of these F tests were non -s ign ifican t.

Genetic s im ila r it ie s  among samples ca lcu lated on the basis of the 13 

variab le  lo c i a l l  exceeded 1̂  = 0.994. To provide better characterization  

o f intersample id e n t ity , we recalcu lated s im ila r it ie s  based only on the 

h ighly polymorphic lo c i ( ACON-2j,EST, PGM- and S im ila r it ie s  

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

re s tr ic te d  set of lo c i,  average s im ila r it ie s  w ith in spring and f a l l  

samples were marginally higher (0.9927 and 0.9911) than s im ila r it ie s  

between seasons (0.9899). However, some s im ila r it ie s  between p a rt icu la r 

sp r in g - fa ll pairs were extremely high.
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DISCUSSION

Attempts to define populations of A t la n t ic  herring have had a long 

and controversia l h is to ry . While several workers have considered spring 

and f a l l  spawning herring to represent a s ing le  population (Jean 1956;

Tibbo and Graham11963), a large number of fishe ry  b io lo g is ts  have supported 

the idea o f separate stocks (Prince 1907; Tibbo 1957; Day 1957; Messieh and 

Tibbo 1971; Messieh 1975; Cote et a l.  1980). B io log is ts  have been less 

certa in  about the genetic uniqueness of ind iv idua l spawning aggregations, 

but a few authors have suggested that genetic iso la t io n  ex is ts  between 

stocks (Ridgway et a l.  1970; Lewis and Ridgway 1972; Zenkin 1978), However, 

because non-spawning f is h  were examined in many of these studies and char­

acters which could p o ten tia lly  be environmentally influenced were employed, 

i t  is  d i f f ic u l t  to e x p lic ity  make a tes t fo r genetic is o la t io n . Our exam­

ination o f inherited biochemical va ria tion  in spawning herring aggregations 

circumvents these weaknesses.

I t  is  c lea r from the like lih ood  ana lys is of genetic va ria tion  (Table 

5) that spring spawning herring are gene tica lly  d iffe ren tia ted  from f a l l  

spawners. They thus possess iso la ted  gene pools which can respond inde­

pendently to eco log ica l va ria tion  or f ish in g  pressure. However, the mag­

nitude of d if fe re n t ia t io n  between these groups is  small and implies that 

they are probably o f re la t iv e ly  recent common o r ig in . More importantly, 

s t a t is t ic a l ly  s ig n if ic a n t d ifferences between seasonal spawners do not 

provide su itab le  biochemical markers fo r accurate d iscrim ination  of 

ind iv idua l f is h . S ta t is t ic a l separation also does not preclude lim ited  

gene flow between populations spawning in d iffe ren t seasons. For example, 

while morphological d iscrim inate functions convincingly separated f a l l  and
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spring spawning herring examined by Cote et a l . (1980), approximately 5% 

of spawning ind iv idua ls  were m isc la ss if ie d . Such an erro r could ind icate  

the magnitude o f gene flow between seasonal is o la te s , though other factors 

l ik e ly  contribute to inco rrect id e n t if ic a t io n . The absence of consistent 

heterozygote d e fic ien c ie s  at polymorphic lo c i w ith in spring spawning samples 

also suggests extremely l i t t l e  interseasonal gene exchange. Nevertheless, 

the extent of gene flow must be very small or genetic d ifferences could 

not pe rs is t (Aspinwall 1974).

The existence of add itional g ene tica lly  iso la ted  or sem i-iso lated 

populations w ith in  spring or f a l l  spawning groups is  less c lea r. Yearly 

va ria tion  in gene frequencies at sp e c if ic  sampling s ite s  tends to mask 

d ifferences that might e x is t  among separate spawning lo c a l it ie s .  The 

magnitude of th is  annual varia tion  is  o f considerable importance. Temporal 

s t a b i l i t y  of gene frequencies is  one of the essentia l p rerequ is ites fo r 

r e a l is t ic  use of e lectrophoretic  va ria tion  in defin ing populations 

(A llendorf ând Utter 1979; Utter et a l.  1980). Had we only sampled in 

1978 or 1979, we would have in co rre c tly  interpreted the s ig n if ic a n t d i f f ­

erence observed among separate f a l l  spawning lo c a l it ie s  as in d ica tive  of 

several g ene tica lly - iso la ted  populations. However, because of frequency 

homogeneity among samples co llected  from the same spawning lo c a lit ie s  in 

1980, i t  is  c lea r that s ig n if ic a n t heterogeneity among sample lo c a lit ie s  

is  temporally unstable and may represent stochastic sampling error.

On the basis of gene frequency d ifferences at and in

non-spawning herring, Ridgway et a l. (1970) and Lewis and Ridgway (1972) 

suggested the existence o f separate herring subpopulations in the Gulf of 

Maine. It is  of in te res t that PGI-2 is  one of several polymorphic lo c i 

o f herring (includ ing AAT3 IDH-23 LDH-1 and which exh ib it no
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s ig n if ic a n t frequency d ifferences between western Europe and eastern 

North America (Wolf et a l.  1970; Odense et a l.  1973). Given such oceanic 

homogeneity and the errors associated with comparing non-spawning herring 

from a s ing le  year, th is  conclusion of genetic iso la t io n  seems un ju s tif ie d . 

Prev iously, Anthony and Boyar (1968) noted s ig n if ic a n t d ifferences in  pectoral 

ray and vertebral number among samples of A t la n t ic  herring from the northwest 

A t la n t ic . They concluded that two general complexes of herring e x is t w ith in 

the Gulf of Maine. M er is t ic  d ifferences observed by them between the two 

years sampled were interpreted as ind ica ting  a change in the d is tr ib u t io n  

of herring. However, va ria tion  in m eristic  characters may be induced by 

d iffe re n t thermal regimes during development (Day 1957; A li and Lindsey 

1974; Dentry and Lindsey 1978). We suggest that the absence of temporal 

consistency in m eristic  data does not support a m ultipopulation model.

Our resu lts  are not consistent with the existence of more than a s ing le  

population of fa ll-spawning herring in the Gulf of Maine. This find ing  

contrasts with that in the more polymorphic P a c if ic  subspecies where s ig ­

n if ic a n t  geographic heterogeneity has been id en t if ie d  (Grant 1981). While 

i t  is  possib le that spawning aggregations of A t la n t ic  herring are repro- 

ductive ly  iso la ted  w ith in a p a rt icu la r season, the genetic d ifferences 

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

tica ted  biochemical techniques, e.g. Ramshaw et a l. 1979, Smith et a l.

1981, w i l l  be o f l i t t l e  value to detect such d ifferences among populations, 

i f  in fa ct these d ifferences ex is t.

t
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Tab le 1. C o lle c t io n  l o c a l i t i e s  and estim ates  o f g e n e tic  v a r i a b i l i t y  in  samples o f A t la n t ic  h e rr in g .

P ro p o rtio n o f  lo c i

Geographic lo c a t io n Date C o lle c te d

Average no. 
in d iv id u a ls  
per locus

Polym orphic
per

p o p u la tion a

Heterozygous
per

in d iv id u a l

SPRING SPAWNING LOCALITIES

C a r le to n , N .S . 4 8 °1 0 1

oooKOz

'W 14 May 1979 C79 ' 43.9 ' 0.143 0.044
6 May 1980 C80 78.5 0.095 0.046

l i e  V e r te , Que.

Ooo00IS 'N ;69 °30 'W 13 May 1979 IV79 66.5 0.095 0.048
5 May 1980 IV80 98.0 0.095 0.044

FALL SPAWNING LOCALITIES

Je f f e r i e s  Ledge, MA 42°40''N ;70 °20 'W 2 October 1978 JL78 79.8 0.095 0.050
1 October 1979 JL79 102.8 0.119 0.053
5 October 1980 JL80 98.6 0.117 0.050

Lu rcher Sh o a ls , N.S^’J -P* 00 o C71 O 'N ;66 °30 'W 21 September 1978 LS78 74.0 0.095 0.040
4 October 1979 LS79 90.2 0.095 ■0.047

12 October 1980 LS80 94.5 0.119 0.046
M iscou , Que. 48°10''N ;64 °20 'W 22 September 1979 M79 47.0 0.119 0.059
P r in c e  Edward Is !a d ,  P . E . I . 47°10''N ;64 °00 'W 25 September 1979 PE I 79 96.2 0.119 0.048
Stonehaven, N .B. 47°50''N ;65 °20 'W 22 September 1979 S79 40.8 0.119 0.049

4 October 1980 S80 95.5 0.095 0.050

A locus is  considered  polym orphic i f  the frequency o f the most common a l l e l e  is  <-0.95.
a



Tab le 2. P ro te in s  reso lved  and e le c tro p h o re t ic  methods fo r  Clupea harengus.

P ro te in
Number 
o f lo c i T issue  B u f fe r3

A con itase  {ACON;E.C .4 .2 .1 .3 ) 1 L iv e r  3
A sp arta te  amino t ra n s fe ra se  E. C. 2 .,6 .1.1 ) 1 Muscle 1
A lcohol dehydrogenase {ADH; E .C .1 .1 .1 .1 )2 L iv e r  3
A lphaglycerophosphate dehydrogenase E .C .1 .1 .1 .8 ) 3 Muscle 2
C re a tin e  k inase {CPK; E .C .4 .2 .1 .1 1 ) 2 Muscle 3
Es te ra se  {EST; E .C .3 .1 .1 .1 ) 1 L iv e r  1
Fumerase {FUM; E .C .4 .2 .1 .2 ) 1 Muscle 3
Fructose  diphosphatase {FDP; E .C .3 .1 .3 .1 1 ) 1 Muscle 2
Glucoam inidase {GA) 2 L ive r/M u sc le  1
Glutam ine dehydrogenase {GDH; E .C . 1 .4 .1 .2 ) 
G lyceraldehyde-phosphate

1 Muscle 3

dehydrogease {GAP; E .C . 1 .2 .1 .1 2 ) 2 L ive r/M u sc le  2
G lu tam ic-pyruvate transam inase E .C .2 .6 .1 .2 ) 2 Muscle 3
Hexokinase {h k ;E.C .2 .7 .1 .1 ) 1 L ive r/M u sc le  2
Is o c i t r a t e  dehydrogenase {iDH; E .C .1 .1 .1 .4 1 ) 2 L ive r/M u sc le  2
L a c ta te  dehydrogenase {LDH; E .C .1 .1 .1 .2 7 )2 Muscle 1
Leucine dehydrogenase {LeuDH) 2 Muscle 2
Monoamine oxidase {MO; E .C .1 .4 .3 .4 ) 1 Muscle 4
M a lic  enzyme {ME; E . C . l . 1 .1 .40 ) 2 ' Muscle 2
Methyl u m b e llife ry l phosphatase 1 .3 .2 ) 2 L ive r/M u sc le  4
N o n sp ec if ic  garget s ta in  {NSG) 1 Muscle 1
Pep tidase  (PEP;E . C .3 .4 .1 1 ) 1 Muscle 3
Phosphoglucose isom erase {PGI; E .C .5 .3 .1 .8 ) 1 Muscle 1
Phosphoglucomutase ( PGM; E .C .2 ,7 ,5 .1 ) 2 Muscle 1
Phosphomannose isomerase {PMI; E .C .5 .3 .1 .8 ) 1 L iv e r  1
6-Phosphogluconate dehydrogenase {6PG; E .C .1 .1 .1 .4 4 ) 1 Muscle 2
Superoxide dismutase {SOD; E . C . l . 15 .1 .1 ) 1 L iv e r  1
S o rb ito l dehydrogenase. {SDH; E .C . 1 .1 .1 .1 4 ) 1 Muscle 1
T r i ose phosphate isomerase {TPI; E .C . 5 .3 .1 .1 ) 1 L iv e r  2
Xanthine dehydrogenase {XDH; E .C .1 .2 .1 .3 7 ) 1 L iv e r  2

3 E le c tro p h o re t ic  b u ffe rs : (1 ) LiQH, pH 8.1 (Ridgway e t  a l .  1970); (2 ) N-(3- 
am inopropyl)-m orpholine, pH 6.1 (C lay ton  and T re t ia k  1972); (3 ) T r is- b o ra te-  
EDTA, pH 8.7 (M arkert and Fau lhaber 1965); (4 ) T r is - c itra te - E D T A , pH 7 .0  
(A ya la  e t  a l .  1974). E le c tro d e  b u ffe r  4 was d ilu te d  1:15 fo r  gel b u ffe r .



Tab le 3. A l l e le  freq u en c ies  o f  fo u r polym orphic lo c i  in  A t la n t ic  h e rr in g .

_______ ._____ AC ON-2______
_ e______________________  N Tod ~95_ ~86_ 105 50_N 100 00 104 gg ~94

Sp ring  spawners

C arle ton 1979 44 0.932 0.068
1980 62 0.863 0.121

I l e  V erte 1979 67 0.896 0.060
1980 98 0.832 0.123

F a ll  spawners

J e f f e r i e s  Ledge 1978 81 0.840 0.154
1979 89 0.758 0.219
1980 96 0.813 0.172

Lu rcher Shoals 1978 74 0.878 0.115
1979 90 0.811 0.183
1980 95 0.879 0.111

Mi scou 1979 47 0.787 0.213
P r in c e  Edward 

Is la n d 1979 98 0.867 0.107
Stonehaven 1979 41 0.793 0.183

1980 96 0.839 0.141

0.0 0 .0  0.0 43 0.802
0.008 0.0 0.008 63 0.794
0.,022 0.,022 0.0 60 0.,725
0.,026 0.,020 0.0- 98 0.,801

0.006 0.0 0.0 79 0.633
0.223 0.0 0.0 104 0.668
0.100 0.005 0.0 100 0.690

0.0 0.067 0.0 74 0.716
0.006 0.0 0.0 90 0.689
0.005 0.005 0.0 94 0.761
0.0 0.0 0.0 47 0.670

0.020 0.005 0.0 97 0.773
0.024 0.0 0.0 38 0.776
0.020 0.0 0.0 96 0.781

0.198 0.0 0.0 0.0 0.0
0.198 0.008 0.0 0.0 0.0
0.258 0.008 0.0 0.008 0.0
0.179 0.015 0.005 0.0 0.0

0.348 0.013 0.0 0.0 0.006
0.313 0.014 0.005 0.0 0.0
0.300 0.005 0.0 0.0 0.005
0.284 0.0 0.0 0.0 0.0
0.294 0.011 0.0 0.0 0.006
0.239 0.0 0.0 0.0 0 .0
0.309 0.021 0.0 0.0 0.0
0.201 0.016 0.005 0.005 0.0
0.224 0.0 0.0 0.0 0.0
0.214- 0.005 0.0 0.0 0.0



Sample_________ _ _ _  n

Sp ring  spawners

C a rle ton 1979 44
1980 84

I l e  V erte 1979 67
1980 98

F a ll  spawners

J e f f e r i e s  Ledge 1978 81
1979 104
1980 100

Lurcher Shoals 1978 74
1979 90
1980 95

Miscou 1979 47
P r in c e  Edward 

Is la n d 1979 100
Stonehaven 1979 41

1980 96

LDH-2________ _
100 72 124 N

0.943 0.057 0.0 44
0.964 0.036 0.0 63
0.955 0.045 0.0 67
0.980 0.020 0.0 98

0,.969 0..031 0.0 81
0,.947 0..053 0.0 104
0..945 0..055 0.0 94
0..980 0,,020 0.0 74
0..972 0..028 0.0 90
0..911 0,,089 0.0 90
0..958 0.,042 0.0 47
0..950 0.,035 0.015 87
0.,939 0.,049 0.012 41
0. 969 0. 031 ,0.0 91

100

0.591
0.460
0.641
0.602

0.691
0.548
0.500
0.574
0.500
0.556
0.606

0.581

0.561
0.599

PGM-2______ _
92 112 82

0.386 0.011
0.468 0.048
0.321 0.022
0.398 0.0

0,.284 0.,012
0,.414 0..038
0..431 0.,021
0..399 0. 027
0..494 0. 006'
0.,361 0. 056
0.,372 0. 021
0.,368 0. 040
0. 427 C1.0
0. 374 0. 022

0.012 0.0 
0.024 0.0
0.016 0.0 
0.0 0.0

0.006 0.006 
0.0 0.0 

0.048 0.0
0.0 0.0 
0.0 0.0 

0.022 0.006 
0.0 0.0

0.006 0.005
0.012 0.0

0.0 0.006



Tab le  4. A l l e l i c  freq u en c ies  o f Phosphogluoose ■isomevase-2 in  A t la n t ic  h e rr in g .

Sp ring  spawners. ___ _ N ___  100-75 -3 150 z M A  iS. ( n u l l )

C a rle ton 1979 44 0.727 0.091
1980 77 0.656 0.091

l i e  V erte 1979 67 0.687 0.105
1980 98 0.735 0.097

F a ll  spawners

J e f f e r i e s  Ledge 1978 81 0.670 0.136
1979 104 0.630 0.125
1980 99 0.657 0.121

Lurcher Shoals 1978 74 0.669 0.149
1979 89 0.663 0.118
1980 95 0.674 0.126

Miscou 1979 45 0.544 0.100
P r in c e  Edward

Is la n d 1979 95 0.590 0.105
Stonehaven 1979 41 0.707 0.085

1980 95 0.626 0.153

0.057 0.091 0.023 0.0 0.0 0.0
0.078 0.149 0.020 0.0 0.0 0.0
0.112 0.082 0.008 0.008 0.0 0.0
0.082 0.082 0.0 0.005 0.0 0 .0

0.074 0.093 0.006 0.006 0.006 0.0
0.082 0.111 0.029 0.005 0,005 0.005
0.111 0.106 0.0 0.0 0.0 0.0
0.108 0.061 0,014 0.0 0.0 0.0
0.101 0.112 0.0 0.0 0.006 0.0
0.105 0.068 0.021 0.0 0.0 0.0
0.133 0.078 0.044 0.011 0.022 0.0
0.132 0.137 0.026 0.005 0.0 0.005
0.085 0.098 0.024 0.0 0.0 0.0
0.095 0.095 0.016 0.011 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.007 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 o.c
0.005 0.0 0.0 0.0 0.0 0.00
0.0 0.005 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.005 0.0 0.0 0.0 0.0
0.0 0.0 0.044 0.022 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0

0,005 0.0 0.0 0.0 0.0 0.0



Table 5. Likelihood analys is of a l l e l i c  frequencies in A t la n t ic  herring.

Source of varia t ion------ ----- --- -------------- df ACON-2df E S T df df pgi-2 df df SUM

Between spring and f a l l  spawners (to ta l)  
Among f a l l  spawners (1978)

Between spring and f a l l  (1979)
Among spring spawners 
Among f a l l  spawners 

- Between spring and f a l l  (-1980 
Among spring spawners 
Among f a l l  spawners

2 16.85** 1 9.33* 1 1.23 4
2 9.98* 1 2.42 1 0.35 4
2 20.29** 1 1.75 1 0.05 4
2 6.20 1 1.65 1 0.16 4
8 16.38 4 8.44 4 2.26 16
2 3.61 1 3.52 1 5.18 4
2 2.27 1 0.03 1 0.79 4
4 3.71 2 4.65 2 6.00 8

85.18** 2 2.88 10 115.47***
2.61 2 4.69 10 20.05*
5.97 2 3.72 10 31 .77***
3.02 2 1.24 10 12.27

33.03* 8 15.08 40 75 .18***
6.47 2 9.96* 10 28.74**
7.07 2 14.97** 10 25.13**
7.64 4 8.68 20 30.68

* P < 0 .05 ; * *  P < 0 .01 ; * * *  P < 0.001



Table 6. Genetic s im i la r i t ie s  (IN) between samples of A t la n t ic  herring fo r
Sample abbreviations in Table 1. . J an u  ITLrM-ó.

C80 0.993

IV79 0,996 0.984

IV80 , 0.997 0.992 0.994

JL78 0.983 0.969 0.993 0.983

JL79 0.985 0.987 .0.986 0.989 0.989

JL80 0.989 0.993 0.989 0.991 0.985 0.997

LS78 0.994 0.989 0.996 0.993 0.990 0.993 0.995
LS79 0.987 0.993 0.984 0.989 0.980 0.997 0.998 0.993
LS80 0.997 0.993 0.996 0.996 0.987 0.991 0.994 0.997 0.991
M79 0.982 0.980 0.987 0.984 0.990 0.995 0.991 0.991 0.989 0.989
PEI79 0.995 0.993 0.994 0.994 0.983 0.988 0.990 0.994 0.988 0.997 0.990
S79 0.991 0.991 0.987 0.995 0.979 0.991 0.992 0.989 0.992 0.991 0.986 0.990
S80 0.995 0.992 0.995 0.997 0.987 0.992 0.993 0.996 0.990 0.998 0.991 0.998

C79 C80 IV79 IV80 JL78 JL79 JL80 LS78 LS79 LS80 M79 PE I 79

0.992

S79
Spring spawners Fa ll spawners



Appendix. A l l e l i c  frequencies at marginally polymorphic lo c i in A t la n t ic  herring.

AAT-1 IDH-1
N 100 96 106 N 100 160 58 i r 100 113 104 90 94 122

C79 44 0.989 0.011 0.0 44 1.0 0.0 0.0 44 0.966 0.011 0.023 0.0 0.0 0.0
C80 84 0.994 0.0 0.006 84 1.0 0.0 0.0 84 0.976 0.0 0.0 0.024 0.0 0.0
IV79 67 0.992 0.998 0.0 67 1.0 0.0 0.0 67 0.970 0.008 0.015 0.008 0.0 0.0
IV80 98 0.990 0.010 0.0 98 1.0 0.0 0.0 98 0.980 0.010 0.005 0.005 0.0 0.0
JL78 81 0.988 0.012 0.0 81 0.994 0.006 0.0 81 0.982 0.018 0.0 0.0 0.0 0.0
JL79 104 0.986 0.010 0.004 104 0.990 0.0 0.010 104 0.986 0.014 0.0 0.0 0.0 0.0
JL80 100 0.990 0.010 0.0 100 1.0 0.0 0; 0 90 0.944 0.022 0.022 0.006 0.006 0.0
LS78 74 0,993 0.007 0.0 74 1.0 0.0 0.0 74 0.993 0.0 0.007 0.0 0.0 0.0
LS79 90 0.994 0.006 0.0 90 1.0 0.0 0.0 93 0.962 0.022 0.005 0.005 0.0 0.005
LS80 95 0.974 0.021 0.005 95 1.0 0.0 0.0 95 0.984 0.0 0.011 0.005 0.0 0.0
M79 47 0.979 0.021 0.0 47 1.0 0.0 0.0 47 0.958 0.011 0.011 0.011 0.011 0.0
PE 179 98 0.995 0.005 0.0 98 0.995 0.005 0.0 98 0.990 0.010 0.0 0.0 0.0 0.0
S79 41 0.976 0.024 0.0 41 1.0 0.0 0.0 41 0.963 0.012 0.012 0.012 0.0 0.0
S80 96 0.990 0.010 0.0 96 1.0 0.0 0.0 96 0.990 0.005 0.005 0.0 0.0 0.0

LDH-1 ME-1 ME-2
N 0 100 N 100 200 N 100 35 92 71 121 55

C79 44 1.0 0.0 44 1.0 0.0 44 1.0 0.0 0.0 0.0 0.0 0.0
C80 84 0.988 0.012 84 1.0 0.0 84 0.994 0.006 0.0 0.0 0.0 0.0
IV79 67 0.993 0.007 67 1.0 0.0 67 1.0 0.0 0.0 0.0 0.0 0.0
IV80 98 0.990 0.010 98 0.995 0.005 98 0.990 0.005 0.0 0.0 0.005 0.0
JL78 81 0.994 0.006 81 1.0 0.0 81 0.982 0.006 0.0 0.006 0.006 0.0
JL79 104 0.986 0.014 104 1.0 0.0 104 0.990 0.010 0.0 0.0 0.0 0.0
JL80 100 0.990 0.010 100 1.0 0.0 100 0.980 0.010 0.005 0.005 0.0 0.0
LS78 74 0.993 0.007 74 1.0 0.0 74 0.993 0.007 0.0 0.0 0.0 0.0
LS79 90 0.989 0.011 90 1.0 0.0 90 0.982 0.006 0.0 0.006 0.006 0.0
LS80 95 0.995 0.005 95 1.0 0.0 95 0.974' 0.0 0.016 0.010 0.0 0.0
M79 47 0.989 0.011 47 1.0 0.0 47 0.947 0.0 0.043 0.0 0.0 0.010
PE 179 98 0.995 0.005 98 1.0 0.0 98 0.995 0.005 0.0 0.0 0.0 0.0
S79 41 0.988 0.012 41 1.0 0.0 41 0.963 0.0 0.037 0.0 0.0 .0.0
S80 96 0.974 0.026 96 1.0 0.0 96 0.969 0.0 0.031 0.0 0.0 0.0



C79 
G80 
-1V79 
IV80 
JL78 
JL79 
JL80  
LS78 
LS79 
LS80 
M79 
PEI79
579
580

________ ' PGM-1______
N TÔÔ 125 Ißö 70

44 0 .966 0 .034 0.0 0.0
84 0 .958 0,,024 0.0 0.018
67 0,. 955 0,.030 0.008 0.008
98 0,.954 0,.041 0.005 0.0
81 0,.975 0..025 0.0 0.0

103 0..985 0..010 0.005 0.0
100 0..950 0..015 0.035 0.0
74 0..980 0..020 0,0 0.0
90 0.,967 0.,028 0.0 0.005
95 0.,984 0. O il . 0 .0 0.005
47 0. 979 0. 021" 0.0 0.0
90 0. 972 0. 017 0.011 0.0
41 0. 951 0. 024 0.012 0.012
96 0. 969 0. 016 0.016 0.0

SOD_______
N 100_ 138 61

44 0.943 0.034 0.023
84 0.970 0.0 0.030
67 0.993 0.007 0.0
98 0.995 0.005 0.0
76 1.0 0.0 0.0

104 0.990 0.005 0.005
100 1.0 0.0 0.0
74 1.0 0.0 0.0
90 0.994 0.006 0.0
95 1.0 0.0 0.0
47 1.0 0.0 0.0
98 0.995 0.005 0.0
41 0.988 0.012 0.0
96 1.0 0 .0 0.0



F ig u re  1. Sampling lo ca tio n s  o f A t la n t ic  he rring  from the G u lf  o f  

S t .  Lawrence and the G u lf  o f Maine.

F igu re  2. Observed e le c tro p h o re t ic  phenotypes fo r  a l l  v a r ia b le  lo c i 

in  A t la n t ic  h e rr in g . See te x t  fo r  ex p lan a tio n .



SPRING SPAWNING AREAS
1 lie Verte, Que.
2 Garleton, N. B.

FALL SPAWNING AREAS
3 Stonehaven, N. B.
4 Miscou, Que.
5 Prince Edward Island
6 Lurcher Shoals, N.S.
7 Jefferies Ledge, Mass.
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^  UNIVERSITY OF M AINE «  om*

Dr. Robert Behnke 
Department of F isheries and 

W i ld l i fe  Biology 
Colorado State University 
Fort C o l l in s ,  CO 80523

Dear Bob

I am being considered fo r  tenure th is  year at the Univers ity  - i t  
w i l l  be my f i f t h  year as an ass istant professor. The review committee 
requests that I s o l i c i t  le t te rs  from professional colleagues who can 
evaluate my work and my potentia l. I t ' s  a large favor to ask, but I 'd  
very much appreciate i t  i f  you could write a le t te r  in my behalf. I 
feel that you are fam il ia r  with some of my research and the f ie ld  in 
general so that you could accurately appraise my contributions and 
future potentia l. In addition to the work with which you are fam il ia r ,  
I 've enclosed copies of my other publications.

I 've continued my c ic h i id  work which I presented la s t  year in my 
seminar at CSU, and have recently had a manuscript on some of the 
resu lts accepted by Evolution. The story of the Cuatro Cienegas 
c ich l id s  is  s t i l l  evolving, however, and the breeding experiments now 
underway w i l l  prove to be c ru c ia l.

I s incere ly  appreciate your e f fo r t  in w rit ing  a le t te r  of 
evaluation fo r me. Please submit i t  d ire c t ly  to:

Dr. William Valleau, Chairman
Department of Zoology
100 Murray Hall
Un ivers ity  of Maine
Orono, ME 04469
U.S.A.

In the event that you do not feel qua lif ied  to compose such an 
evaluation or i f  you believe that you would not be able to write the 
le t te r  in the very near future, please also communicate that d ire c t ly  to 
Dr. Valleau. Again, thanks very much fo r your continued assistance.

Murray Hall 
Orono, Maine 04469 

207/581-7941
September 21, 1981

Bes: regards

Irv Kornfie ld 
Ass istant Professor

IK/pab
end

THE LAND GRANT  U N I V E R S I T Y  and SEA GRANT  C O L L E G E  OF MAI NE
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BIOCHEMICAL AND CYTOLOGICAL DIFFERENTIATION AMONG 
CICHLID FISHES OF THE SEA OF GALILEE

I L. Kornfield\  U. Ri’tte, C. Richler, and J. Wahrman 
Department of Genetics, The Hebrew University of Jerusalem, Israel

Received December 8, 1977. Revised June 9, 1978

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,J 
high rates of spéciation are characteristic 
of some genera within species flocks 
(Greenwood, 1974; Kornfield, 1978). Al­
though novel modes of spéciation have 
been repeatedly postulated to explain this 
apparent diversity (see Fryer and lies, 
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 
chrom osom e num ber and m orphology  
am ong Old W orld species (Jakow ska, 
1950; Jalabert et al., 1971; Natarajan and 
Subrahm anyam , 1968; Post, 1965; 
Thom pson, 1976). Similarly, little inter-

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

specific variation has been noted for quan­
titative estimates of nuclear DN A  (Hine- 
gardner and Rosen, 1972). H owever, in 
order to appreciate the evolutionary sig­
nificance of apparently lim ited genetic 
modification, the data must be evaluated  
against a rigid system atic fram ework. 
Only then can genetic modifications as­
sociated with spéciation 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 North Africa. Saro­
therodon aureus (Steindachner^; 1864) 
ranges from Nigeria into Israel, S. gali- 
laeus (Artedi, 1757) ranges from Liberia 
and Senegal, and Tilapia zillii (Gervais, 
1848) ranges south to Uganda. Two ad­
ditional species belong to an endemic Mid­
dle Eastern genus: Tristramella simonis 
(Günther, 1864) occurs in the Sea of Gal-

1



(Reprinted from Nature, Voi. 264, No, 5583, pp. 289-291, November 18, 1976) 
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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 
canal1, 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, Aphanius 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 (Ruppell) 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 Said3 
and subsequently along the Israeli coast from Atlit, Tel 
Aviv, and Caesarea2,4. In addition, several subspecifically 
distinct populations (A . dispar richardsoni (Boulenger)) 
occur as isolates in freshwater pools along the periphery 
of the Dead^Sea7~These Dead Sea~fishes haye~been liviqgia... 
isolation since the^early Pleistocene  ̂ ancfdiffer from con- 
specTficsfln m ^e breallng^oloratloTi^^But all populations of 
the species have the same gross karyotype, cross freely in 
aquaria and are morphologically indistinguishable8,7.

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 electrophoresis8 (Table 1). Genetic 
similarity between all possible pairs of these populations 
was calculated by means of Rogers* coefficient ( S r ) ;  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 (Sr) in a wide variety 
of organisms have been greater than 0.7510,11. 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 Canal2,12, ft was

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 indicated13. 
We conclude therefore that Aphanius dispar was extant in 
the Mediterranean before the construction of the Suez 
Canal.

Our conclusion reinforces speculations about the pre-Suez 
occurrence of A. dispar in the Mediterranean. This species 
has previously14,15 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 channelling16 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 Heterozygosity* Average no. of alleles 

per locus
Unique allelest

Mediterranean Atlit 6.27 1.26 6
Red Sea Nabq 2.39 1.37

■Red Sea Ras Muhammad 6.00 1.26
Dead Sea Ein Fashkha 5.10 1.26 V 6Dead Sea EinelGhuweir 4.56 1.11 /  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. Electrophoretic 
procedures and histochemical staining were similar to those described before8. 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). 
t Unique alleles are those alleles which were observed in only one out of the three sample areas.


