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Introduction

There are 18 genera and approximately 200 species in the family
Mormyridae in Africa (Skelton, 1993). These fishes have large
brains, relative to body mass, comparable to those of humans. They
use their electric sense for location and communication, they are
popular with aquarists and they are a favourite bait among anglers
for catching tigerfish. These fishes can alsobe trained by rewarding
them with treats for executing the appropriate action upon
receiving a previously tape-recorded electric organ discharge,
and some mormyrids have been utilised to monitor changes in
water guality (Van der Bank and Kramer, 1996).

Van der Bank and Van der Bank (1995) recommended that
representatives of certain mormyrid genera should be analysed
electrophoretically and compared, especially populations which
show differences in electric organ discharge waveforms. Exam-
ples of populations that should be studied are Marcusenius
macrolepidotus (Peters, 1852) from the Sabie and Zambezi River
systems, Pollimyrus castelnaui (Boulenger, 1911) from the Zam-
bezi and Kwando River systems, and Hippopotamyrus ansorgii
(Boulenger, 1905) from the Zambezi River. It is possible that
different races or species are involved because Kramer and Skelton
(1995) observed distinct differences in electric organ discharge
(EOD) waveforms between M. macrolepidotus from the Sabie
River (South Africa) and from the Zambezi River (Namibia). More
species than previously recognised might exist because EODs are
species-specific (Van der Bank and Kramer, 1996). Kramer 1996)
indicated sexual dimorphism in M. macrolepidotus (i.e. two dis-
tinct forms of EOD were present), and a statistically significant
difference exists in EOD waveforms, correlating with age and sex
in Petrocephalus catostoma (Giinther, 1866) from N amibia. The
EODs of P. catostoma from the Sabie River have not been studied
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before.

An electrophoretical analysis of such populations should pre-
vide a better understanding of the genetic divergence and biogeog-
raphy of the snoutfishes. The purpose of this study is to use
allozyme comparisons, of allopatric populations of M.
macrolepidotus and P. catostoma, as an aid to taxonomy and
systematics.

Materials and methods

Electrophoretic data for five M. macrolepidotus and four
P. catostoma individuals from the Upper Zambezi River (17°29°S,
24°26’E) were compared with those of 15 and 8 individuals,
respectively, from the Sabie River in the Kruger National Park
(25°07’S, 31°53°E). The fish were sampled within a 10 km stretch
of the rivers in the area indicated by the co-ordinates. Tissue
extracts were prepared and analysed by starch gel electrophoresis
(12% gels) using buffers, standard electrophoretic procedures,
method of interpretation of gel-banding patterns and locus no-
menclature as referred to by Van der Bank and Van der Bank
(1995) and Van der Bank and Kramer (1996). Statistical analysis
of allozyme data was executed using BIOSYS-1 (Swofford and
Selander, 1981).

Results

Locus abbreviations, enzyme commission numbers, and mono-
morphic loci are listed in Table 1. Allele products at the following
loci were monomorphic: AK, CK-A, PEPA-1, PER, PROT-2
and sSOD. Allele frequencies for polymorphic loci are presented
in Table 2. Allozyme phenotypes of putative heterozygotes were
congruent with those expected on the basis of the quaternary
structure of the enzyme (Ward, 1977). Thus heterozygotes at
GAPDH and LDH were five-banded, triple-banded at ADH,
G3PDH, GPI and MDH, as expected for dimeric enzymes, and
heterozygotes at the monomeric enzymes AAT, CK and EST
were double-banded. Zymograms of GPI, LDH and MDH,
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showing the quaternary structure of heterozygotes, as well as
distinct differences between species in allele product mobilities are
presented in Fig. 1. Fixed allele mobility differences between
genera occurred at  SAAT, ADH-1, -2, CK-B, EST, G3PDH.
GPI-B, LDH-A, -B, MP], PEPA-2, PEP-LT and PROT-3, anc.
genetic markers to identify allopatric species of P. catostoma
were observed at GPI-A, -B, LDH-B, PEPB, PEB-LT, PGM and
PROT-1 (Table 2).

The value of Wright’s (1978) fixation index of individuals
relative to the total population, F,, is 0.182; 0.883 for the total
population and its subpopulations (F,) and F=0.857 for the
amount of differentiation among subpopulations relative to the
limiting amount under complete fixation (Table 3). The loci that
contributed least to inter- and intraspecific differences are mAAT"
(0.220) and sSMDH" (0.146) because all populations shared the
most common allele at these loci (Table 3).

Nei’s standard (1972) and unbiased (1978) genetic distance
values between populations and taxa are presented in Table 4. The
mean genetic distance (Nei, 1978) value between the two genera
studied was 0.927, 0.311 between the P. catostoma populations,
and 0.023 between the M. macrolepidotus populations studied.
These values were 0.050, 0.30 and 0.58-1.21 respectively for Nei’s
(1972) genetic distance (Table 4). The latter values are included for
comparisons with values listed in the literature. Phylogenetic
relationships based on Nei’s (1978) genetic distance values (Table
4) are depicted in Fig. 2. The cophenetic correlation value for the
result in Fig. 2 is 97.1%.

Discussion

Genetic data, produced by electrophoresis, can be used by
systematisists to determine if samples are from different gene
pools, representing different species (Thorpe and Sol-Cava, 1994).
The taxonomic uses of allozyme electrophoretic data (in both alpha
and beta systematics) were reviewed by Avise (1974), Thorpe
(1982), Thorpe and Sol-Cava (1994), and many other authors.
These reviews give details of methods for distinguishing and
identifying cryptic and sibling species. The distinction is due to
genetic differentiation, which is to be expected for populations that
are geographically separated so that little or no gene flow can occur
between them. The criterion which mustbe applied ifelectrophoretic
data are to be used, is to assess the level of differentiation found
between populations (a test of whether or not they are from the
same gene pool). A test to determine the statistical probability that
two samples are from the same gene pool is discussed by Thorpe
and Sol-Cava (1994). The method to estimate probabilities for
fixed allelic differences in samples N, and N, is: P < (112N Y™,
Fixed allele mobility differences occurred at 13 loci for the two
genera studied, and at seven of the loci between the P. catostoma
populations sampled (Table 2, Fig. 1). Therefore, the probability
that the genera are from the same gene pool is extremely small
(P<1.9 x 10-?) and that for the latter populations isP<0.001. Since
no fixed allele mobility differences (only allele frequency differ-
ences) were found between the twoM. macrolepidotus populations

LOCUS ABBREVIATIONS AND ENZYMELAO?\;I_l\ﬁl;SION NUMBERS (E.C. NO.) ARE LISTED
AFTER EACH PROTEIN

Protein Locus E.C. No.
Aspartate aminotransferase mAAT, sMDH 26.1.1
Adenylate kinase *AK 2743
Alcohol dehydrogenase ADH-1,-2 I.1.1.1
Creatine kinase *CK-A, CK-B 2.73.2
Esterase EST 3.1.1.-
General protein PROT-1,-3, *PROT-2
Glyceraldehyde-3-phosphate dehydrogenase GAPDH 1.2.1.12
Glycerol-3-phosphate dehydrogenase G3PDH 1.1.1.8
Glucose-6-phosphate isomerase GPI-A,-B 35.19
L-lactate dehydrogenase LDH-A,-B 1.1.1.27
Malate dehydrogenase sMDH 1.1.1.37
Mannose-6-phosphate isomerase MPIL 53.1.8
Peptidase: L 1

Substrate: Glycyl-L-leucine *PEPA-1, PEPA-2
Leucyl-glycyl-glycine PEPB
Leucyl-tyrosine PEP-LT

Peroxidase *PER 1.11.1.7
Phosphoglucomutase PGM 5422
Superoxide dismutase *sSOD 1.15.1.1
* = Monomorphic loci
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TABLE 2
ALLELE FREQUENCIES FOR POLYMORPHIC LOCI IN POPULATIONS OF M. MACROLEPIDOTUS
AND P. CATOSTOMA
M. macrolep)'dotus P. catostoma
Locus Allele Sabie Zambezi Sabie Zambezi
mAAT A 0.727 1.000 1.000 1.000
B 0.273
SAAT A 1.000 0.800
B 0.200
C 1.000 1.000
ADH-1 A 0.955 1.000
B 0.045
C 1.000 0.875
D 0.125
ADH-2 A 0.417
B 0.583 1.000
C 1.000 1.000
CK-B A 0.833 1.000
B 0.167
C 1.000 1.000
EST A 0.625 0.500
B 0.375 0.500
C 0.375
D 1.000 0.625
PROT-1 A 1.000
B 1.000 1.000 1.000
PROT-3 A 1.000 1.000
B 1.000 1.000
GAPDH A 0.278 1.000 1.000
B 0.722 1.000
G3PDH A 1.000 1.000
B 0.500 1.000
C 0.500
GPI-A A 1.000 1.000 0.875
B 0.125
C 0.938
D 0.062
GPI-B A 1.000 1.000
B 1.000
C 0.813
D 0.187
LDH-A A 1.000 1.000
B 1.000 1.000
LDH-B A 0.125
B 1.000
C 0.875
D 1.000 1.000
sMDH A 0.250
B 0.864 1.000 1.000 0.750
C 0.136
MPI1 A 1.000 1.000
B 1.000 1.000
PEPA-2 A 1.000 1.000
B 1.000 1.000
PEPB A 1.000
B 1.000 1.000 1.000
PEP-LT A 1.000
B 1.000
C 1.000 1.000
PGM A 1.000 1.000 1.000
B 1.000
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Figure 1
Zymograms showing allele product mobility differences
between M. macrolepidotus (a), P. catostoma from
the Sabie (b), and P. catostoma from the Zambezi
Rivers (c) at the glucose-6-phosphate isomerase,
lactate dehydrogenase and malate dehydrogenase
enzyme coding loci respectively.
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Figure 2
Dendrogram showing phylogenetic relationships, based
on Nei'’s (1978) genetic distance values, between the
taxa studied.
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studied, these populations may represent
conspecific populations.

Wright’s (1978) fixation index is another
measure to describe differentiation between
populations. The mean F, value (0.857) for
polymorphic loci (Table 3) in the mormyrids
studied is an indication of large genetic
differentiation between the populations
resulting from genetic drift. The extent of allelic
fixation of individuals relative to its sub-
populations (F,=0.883) also reflects the above
phenomenon. Values of F ¢ are close to zero
in most natural populations where random
mating within subpopulations occurs (Nei,
1986). The F,, value of 0.182 (which quan-
tifies inbreeding due to population subdivi-
sion), is indicative of effective barriers to gene
flow between the populations studied. This is
in agreement with geographical data (no gene
flow is possible between the allopatric
populations studied).

Several statistically based measures of
genetic distance are also available to reduce
genetic differentiation between populations
over a range of enzyme loci to a single figure
level, but Nei’s (1978) measure is now used
predominantly (Thorpe and Sol-Cava (1994).
Allopatric conspecific populations tend to have
relatively small allele frequency differences at
a few loci, whereas congeneric species are
often completely different at some loci (i.e.
fixed for different alleles). Shaklee et al.
(1982), Thorpe (1982) and Thorpe and Sol-
Cava (1994) showed the relationship between
taxonomic divergence and genetic distance,
and concluded that the genetic distance (Nei,
1972) average 0.05 (range: 0.002 to 0.07) for
conspecific populations; 0.30 (range: 0.03 to
0.61) for congeneric species; and it ranged
from 0.58 to 1.21 between genera in the same
family. The genetic distance values obtained
in the present study (Table 4) between the
congeneric species (average: 0.927) fall within
the upper limit for confamilial genera esti-
mated by Shaklee et al. (1982), andit was 0.023
between the two M. macrolepidotus
populations. The latter value also corresponds
to the values obtained by Shaklee et al. (1982)
for populations from the same species. The
genetic distance value (0.311) calculated be-
tween the P. catostoma populations shows a
relatively large degree of differentiation, and
together with the fixed allele mobility differ-
ences (Table 2, Fig. 1), it suggests that they
represent separate species rather than allopatric
populations of the same species.

Figure 2 shows the phylogenetic relation-
ships between the taxa studied. The
M. macrolepidotus populations are grouped
together, as are the P. catostoma populations.
This is expected for conspecific populations
in the former instance, as well as for conge-
neric species (in the latter instance). It is also



been concealed by sampling error or that differentiation may be
present at loci which have not been examined. However, Van der
Bank and Kramer (1996) were also able to identify a cryptic
mormyrid species using corresponding allozyme data, indicating
that the former (sampling error) might be an unlikely explanation.
Nevertheless, it would be interesting to extend the present study, by
analysing more enzyme systems, in order to determine if genetic
markers can be found to differentiate between the allopatric species

The type locality of M. macrolepidotus is the Lower Zambezi
River in Mocambique, and that of P. catostoma is the Ruvuma
River on the Tanzanian/Mocambique border (Bell-Cross and
Minshull, 1988). Kramer (1996) presents results for 17 anatomical
characters measured or counted for the above-mentioned species.
The fish studied by Kramer (1996) are a super-sample of the
present sample (same individuals). The general habitat prefer-
ences of the species (see Bell-Cross and Minshull (1988) and
Skelton (1993)) at the two localities sampled were similar. A small
diffetence between Kramer’s (1996) results, and that reported by
Beli-Cross and Minshull (1988) and Skelton (1993) was mentioned
for P. catostoma from the Upper Zambezi River. In contrast, some
meristic counts forM. macrolepidotus were consistently below the
ranges given by the latter authors (Kramer, 1996). These differ-
ences were attributed to genetical isolation (by the Victoria Falls).
In addition, Kramer (1996) obtained distinct morphological differ-
ences between the M. macrolepidotus population from the Zam-
bezi River, and those from the Sabie River. It is also possible that
P. catostoma specimens from the type locality may differ from that

of the Sabie and from the Upper Zambezi
Rivers, suggesting three Petrocephalus spe-

NEI'S (1972) STANDARD GENETIC DISTANCE VALUES ABOVE
DIAGONAL AND NETI'S (1978) UNBIASED GENETIC DISTANCE

cies. Kramer, Skelton and Van der Bank plan
to extend this study to includeEOD waveform
data forP. catostoma as well as morphological

TABLE 3
SUMMARY OF F-STATISTICS AT ALL LOCI
Locus F;S F‘IT FST
MAAT 0.542 0.642 0.220
SAAT 1.000 1.000 0.853
ADH-1 -0.116 0.842 0.859 ,
ADH-2 0314 0.857 0791 | ©Of M. macrolepidotus.
CK-B -0.200 0.845 0.871
EST 0.061 0517 0.486
PPOT-1 1.000 1.000
PROT-3 1.000 1.000
GAPDH 0.723 0.943 0.795
G3PDH 0333 0.860 0.789
GPI-A -0.116 0.781 0.803
GPI-B -0.231 0.854 0.822
LDH-A 1.000 1.000
LDH-B -0.143 0.902 0.914
sMDH 0.032 0.174 0.146
PEPA-2 1.000 1.000
PEPB 1.000 1.000
PEP-LT 1.000 1.000
MPI 1.000 1.000
PGM 1.000 1.000
Mean 0.182 0.883 0.857
TABLE 4

evident that more differentiation occurred in the P. catostoma
populations (Fig. 2), to support the hypothesis that the amount of
differentiation reflects the existence of congeneric species rather
than populations of the same species.

From the above information, it is evident that an undescribed
Petrocephalus sp. exists, and that allozyme data were useful to
distinguish between species and populations. The results obtained
in the present study show that the two M. macrolepidotus
populations may represent conspecific populations. This is in
contrast to the results on EQOD waveforms by Kramer (1996), who
found distinct differences between M. macrolepidotus from the
same two river systems sampled also in this study. It should be
noted that allozyme data cannot prove that two populations are
conspecific (but only that no significant differences could be
found). Itis possible that small but genuine differences could have

VALUES BELOW DIAGONAL data to formally describe the new species.
Population M. macrolepidotus P. catostoma
Acknowledgements
Sabie Zambezi Sabie Zambezi
- I am grateful for the logistical support given
M. macr olepidotus by Andrew Deacon from the Kruger National
Sabie - 0.028 0.806 1.027 Park, who assisted in collecting mormyrids,
Zambezi 0023 - 0.836 1.058 and I wish to express my sincere gratitude to
Prof. B Kramer for reading and criticising the
P. catostoma manuscript.
Sabie 0.802 0834 0.316
Zambezi 1.019 1.051 0311 -
References

AVISE JC (1974) The systematic value of electrophoretic data. Syst. Zool.
23 465-481.

BELL-CROSS G and MINSHULL JL (1988) The Fishes of Zimbabwe.
National Museums and Monuments of Zimbabwe, Harare. 294 pp.

KRAMER B (1996) Personal communication. University of Regensburg,
Germany.

KRAMER B and SKELTON PH (1995) Personal communication. Univer-
sity of Regensburg, Germany and JLB Smith Institute, Grahamstown,
South Africa.

NEI M (1972) Genetic distance between populations. Am. Natn. 106
283-292.

NEI M (1978) Estimation of average heterozygosity and genetic distance
from a small number of individuals. Genetics 89 583-590.

NEI M (1986) Definition and estimation of fixation indices. Evolution
40 643-645.

SHAKLEE JB, TAMARU CS and WAPLES RS (1982) Speciation and
evolution of marine fishes studied by electrophoretic analysis of

ISSN 0378-4738 = Water SA Vol. 22 No. 3 July 1996 289



proteins. Pac. Sci. 36 141-157.

SKELTON PH (1993) A Complete Guide to the Freshwater Fishes of'

Southern Africa. Southern Book Publishers, Halfway House.

SWOFFORD DL and SELANDER RB (1981) BIOSYS-1: A FORTRAN
program for the comprehensive analysis of electrophoretic data in
population genetics and systematics. J. Hered. 72 281-283.

THORPE JP (1982) The molecular clock hypothesis: Biochemical eva-
luation, genetic differentiation and systematics. Annu. Rev. Ecol. Syst.
13 139-168.

THORPE JP and SOL-CAVA AM (1994) The use of allozyme electro-
phoresis in invertebrate systematics. Zool. Scripta 23 3-18.

VAN DER BANK FH and KRAMER B (1996) Phylogenetic relationships -

between eight African species of mormyriform fish (Teleostei,
Osteichthyes): Resolution of a cryptic species, and reinstatement of
Cyphomyrus Myers, 1960. Biochem. Syst. Ecol. 24 (4) 275-291.

VAN DER BANK FH and VAN DER BANK M (1995) An estimate of the
amount of genetic variation in a population of the Bulldog Marcuse-
nius macrolepidotus (Mormyridae) Water SA 21 265-268.

WARD RD (1977) Relationships between enzyme heterozygosity and
quaternary structure. Biochem. Genetics 15 123-135.

WRIGHT S (1978) Evolution and the Genetics of Populations, Vol. 4.
Variability Within and Among Natural Populations. University of
Chicago, Chicago.

290 ISSN 0378-4738 = Water SA Vol. 22 No. 3 July 1996



GUIDE TO AUTHORS

AIMS AND SCOPE

This journal publishes refereed, original work in all branches of
water science, technology and engineering. This includes water
resources development; the hydrological cycle; surface hydrology;
geohydrology and hydrometeorology; limnology; mineralisation;
treatment and management of municipal and industrial water and
waste water; treatment and disposal of sewage sludge; environmental
pollution control; water quality and treatment; aquaculture;
agricultural water science; etc.

Contributions may take the form of a paper, a critical review
or a short communication. A paper is acomprehensive contribution
to the subject, including introduction, experimental information and
discussion of results. A review may be prepared by invitation or
authors may submit it for consideration to the Editor. A review is an
authoritative, critical account of recent and current research in a
specific field to which the author has made notable contributions. A
short communication is a concise account of new and significant
findings.

GENERAL
Submission of manuscript

The submission of a paper will be taken to indicate that it has not, and
will not, without the consent of the Editor, be submitted for publication
elsewhere. Manuscripts should be submitted to:

The Editor
Water SA

PO Box 824
Pretoria 0001
South Africa.

Reprints
One hundred free reprints of each paper will be provided. Any
additional copies or reprints must be ordered from the printer
(address available on request).
Language
Papers will be accepted in English or Afrikaans. Papers written in
Afrikaans should carry an extended English summary to facilitate
information retrieval by international abstracting agencies.
Abstracts

- Papers should be accompanied by an abstract. Abstracts have become
increasingly important with the growth of electronic data storage. In
preparing abstracts, authors should give brief, factual information
about the objectives, methods, results and conclusions of the work.
Unsubstantiated viewpoints should not be included.

Refereeing

Manuscripts will be submitted to and assessed by referees. Authors
bear sole responsibility for the factual accuracy of their publications.

Correspondence

State the name and address of the author to whom correspondence
should be addressed on the title page.

SCRIPT REQUIREMENTS
Lay-out of manuscript

An original typed script in double spacing together with three copies
should beé submitted. Words normally italicised should be typed in
italics or underlined. The title should be concise and followed by
authors’ names and complete addresses. A paper may be organised
under main headings such as Introduction, Experimental, Results,
Discussion (or Results and Discussion), Conclusions,
Acknowledgements and References.

Contents of manuscripts

The International System of Units (SI) applies. Technical and familiar
abbreviations may be used, but must be defined if any doubt exists.

Tables

Tables are numbered in arabic numerals (Table 1) and should bear a
short but adequate descriptive caption. Their appropriate position in
the text should be indicated.

INlustrations and line drawings

One set of original figures and two sets of copies should accompany
each submission. Photographs should be on glossy paper (half-tone
illustrations should be kept to the minimum) and enlarged sufficiently
to permit clear reproduction in half-tone. All illustrations, line-
drawings and photographs must be fully identified on the back,
numbered consecutively and be provided with descriptive captions
typed on a separate sheet. Authors are requested to-use proper
drawing equipment for uniform lines and lettering of a size which
will be clearly legible after reduction. Freehand or typewritten
lettering and lines are not acceptable. The originals should be packed
carefully, with cardboard backing, to avoid damage in transit.

Revised manuscripts

The final accepted and updated manuscript should be submitted
on disk , and accompanied by an identical paper copy. WordPerfect
is the preferred software format, but Wordstar, Multimate,
MS-Word or DisplayWrite are also acceptable. Please indicate
which program was used.

References

Authors are responsible for the accuracy of references. References to
published literature should be quoted in the text as follows: Smith
(1982) or (Smith, 1982). Where more than two authors are involved,
the first author’s name followed by et al. and the date should be used.

All references are listed alphabetically at the end of each
paper and not given as footnotes. The names of all authors should be
given in the list of references. Titles of journals of periodicals are
abbreviated according to Chemical Abstracts Service Source Index
(Cassi).

Two examples of the presentation of references are the
following:

GRABOW, WOK,COUBROUGH, P,NUPEN,EMand BATEMAN,
BW (1984) Evaluations of coliphages as indicators of the virological
quality of sewage-polluted water. Water SA 10(1) 7-14.

WETZEL, RG (1975) Limnology. WB Saunders Company,
Philadelphia. 324pp.

Beria



