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Fig. 1. Sampling sites of C. pimctarus populations used in this study.
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genetic diversity (F ST) for the overall populations, and Nei’s genetic distance
(DN) using the program PopGene 1.31 (Yeh er al., 1999). Deviations from Hardy
Weinberg equilibrium of each locus for each population were tested by the Markov
chain method of exact probability test using the program GeneP0p 3.3 (Raymond
and Rousset, 1995). The P values were corrected using the Bonferroni correction
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(Rice, 1989). AMOVA (analysis of molecular variance) and population pairwise
F ST were computed using the program Arlequin (Schneider er aZ., 2002). Isolation
by distance (IBD) between populations was confirmed by Mantel’s tests (Mantel,
1967) using the program IBD 2.1 (Jensen er al., 2005).

RESULTS

In this study, we checked for 18 enzymes in C. punctatus, but only 16 showed
their presence in liver samples. The enzymes that could not be detected were
aspartate amino transferase (AAT) and hexokinase (HK). Of the l6 enzymes
detected, 12 showed phenotypic variations and 4 were monomorphic: glutamate
dehydrogenase (GLUDH), adenylate kinase (AK), malic enzyme (MEP), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Of the 12 that showed
variation, lactate dehydrogenase (LDH) and isocitrate dehydrogenase (ICDI-1)
exhibited inconsistent phenotypic patterns. The remaining 10 showed consistent
phenotypic variation and were therefore useful for genetic analysis: EST, PGM,
G3PDI-l, G6PDH, SOD, GPI, ODH, GDH, XDH, and CK. They are coded by 27
putative loci (Table I). A total of 38 alleles were detected from the 18 polymorphic
loci of 10 enzyme systems, and their frequencies are presented in Table II. Of the
18 polymorphic loci, EST-4* and G6PDH-2* contained three alleles; the others
had two alleles. The ES T-4* and G6PDH-2* loci showed the allele C in very low
frequencies, EST-4* in the Tamirabarani population and G6PDH-2* in Kallada,
but they were absent in the Siruvani population. The allele frequencies were very
similar in the Tamirabarani and Kallada populations. The frequency of the ODH
I *, GDH-2*, EST74*, and G6PDH-2* loci alleles in the Siruvani population was
significantly different from that of the Tamirabarani and Kallada populations.

The observed heterozygosity ranged from 0.194 in the Siruvani population to
0.236 in the Tamirabarani population. The expected heterozygosity was 0.262 in
Siruvani and 0.327 in Kallada (Table Ill). Of the 38 polymorphic loci from the three
populations, 31 showed Hardy-Weinberg equilibrium, and 7 deviated significantly
after the Bonferroni corrections (Rice, 1989). These statistically significant values
were produced at PGM-3* and GDH-3* in the Siruvani population, ODH-2*,
GDH-2*, and XDH-2* in the Tamirabarani population, and GDH-1* and GDH-3*
in the Kallada population. In each of the statistically significant cases, the fixation
index (F 13) was very high, indicating significant heterozygote deficiency at the
population level. The mean F15 per population was 0.262, ranging from 0.226 in
the Tamirabarani population to 0.301 in the Kallada population (Table IV). The
F ST for the overall population ranged from 0.007 in PGM-2* to 0.068 in ODH-1*,
with a mean of 0.028, indicating that about 2.8% of the total genetic variation
exists between populations due to population differentiation (Table IV). AMOVA
analysis revealed 12.46% variation among the populations (Table V). We obtained
13.55% variation when we combined the Tamirabarani and Kallada populations

T
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Table I. Allozymes Screened in C hanna puncrarus

Enzyme
Abbreviation Subunit

and enzyme code structure Locus
Monomorphic or

Polymorphic

1

2

3

4

5

6

7

8 I

9

10

Esterase

Phosphoglucomutase

Glycerol-3-phosphate
dehydrogenase

Glucose~6-phosphate
dehydrogenase

Superoxide dismutase

Glucose-6-phosphate
isomerase

Octanol dehydrogenase

Glucose dehydrogenase

Xanthine dehydrogenase

Creatine kinase

EST3.l.l

PGM 5.4.2.2

G3PDH 1.1.1.8

G6PDH 1.1 . 1.49

SOD 1.15.1.1

GPI5.3.1.9

ODH 1.1.1.73

GDH 1.1.1.47

XDH 1.1.1.204

CK 2.7.3.2

Monomeric

Monomeric

Dimeric

Dimeric

Dimeric

Dimeric

Dimeric

Monomeric

Dimeric

Dimeric

EST~1“‘

ES T-2*
EST-3*
ES T-4*
EST—5"‘

PGM-1*
PGM-2*
PGM~3*

G3 PDH*

G6PDH-1*
G6PDH-2*

SOD- 1*
SOD-2*

GP1*

ODH-1*
ODH-2*
ODH-3*

GDH-1*
GDH-2*
GDH-3*

XDH~1*
XDH-2*
XDH-3*

CK-1*
CK-2*
CK-3*

K

Monoinorphic
Monomorphic
Monomorphic
Polymorphic
Polymorphic

Polymorphic.
Polymorphic
Polymorphic

Polymorphic

Monomoiphic
Polymorphic

Polymorphic
Polymorphic

Polymorphic

Polymorphic
Polymorphic
Monomorphic

Polymorphic
Polymorphic
Polymorphic

Monomorphic
Polymorphic
Polymorphic

Polymorphic
Monomorphic
Monomorphic

C 4* Monomorphic

as one group to compare with the Siruvani population. There was only 2.87%
variation between the Tamirabarani and Kallada populations (interpopulational
variation). Among the three populations, the maximum genetic distance and F ST
were found between the Siruvanii and Kallada populations (Table VI). We checked
for a correlation between the geographic distance and corresponding FST value
for the three populations using the IBD program. A significant positive correlation
was obtained (r = 0.59, P < 0.02), confirming that these three populations
are in isolation by distance. The overall analysis indicated that the Tamirabaran
population is genetically closer to the Kallada population, whereas the Siruvan
population is closer to the Tamirabarani population.
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Table II. Estimated Allele Frequency at 18 Polymorphic Loci in Three Populations of C. puncrarus

Locus Allele Siruvani Tamirabarani Kallacla

ES T-4

EST-5

PGM-I

PGM-2

PG-M-3

G3PDH - 1

G6PDH-2

SOD-1

SOD-2

GP}-I

OD]-I-1

ODH-2

GDH-I

GDH-2

GD!-I-3

XDH-2

XDH-3

CK -I

UJ3>CU3>CUI>U73>U5‘>E17>U5J3>1Il3>U33>U7D>U73>OU13>‘¢U3>C173>U0>U73>w3>('§U73>

0.833
0.167
0.000“
0.739
0.261
0.650
0.350
0.639
0.361
0.650
0.350
0.689
0.31 l
0.672
0.328
0.000“
0.678
0.322
0.7000
0.3000
0.717
0.283
0.833"
0.167
0.833
0.167
0.800
0.200
0.822“
0.178
0.783
0.2.17
0.672
0.328
0.750
0.250
0.667
0.333

0.589
0.394
0.0179
0.544
0.456
0.556
0.444
0.556
0.444
0.600
0.400
0.611
0.389
0.533
0.439
0.0281’
0.600
0.400
0.861
0.139
0.583
0.417
0.556“
0.444
0.806
0.194
0.639
0.361
0.73391’
0.267
0.639
0.361
0.828
0.172
0.589
0.411
0.533
0.467

0.544
0.428
0.0289
0.522
0.478
0.51 1
0.489
0.544
0.456
0.578
0.422
0.544
0.456
0.567
0.41 1
0.0229
0.522
0.478
0.678
0.322
0.544
0.456
0.5899
0.41 l
0.61 1
0.389
0.589
0.41 1
0.567“
0.433
0.567
0.433
0.689
0.31 1
0.51 I
0.489
0.533
0.467

Note. Values with different superscripts (a,b) in the same row are significantly different (P < 0.05).

DISCUSSION

The genetic variability in the three natural populations of C. puncrarus was ev
ident in this study using allozyme markers. The allozyme allele frequency of
the Siruvani population was significantly different from that of the Tamirabarani
and Kallada populations at ODH-1*, GDH-2*, EST-4*, and G6PDH-2* loci, but
the Tamirabarani and Kallada populations were closely similar. The variation in
allele frequency in the populations can be due to environmental factors such as
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Table III. Genetic Variability ES1ifl12llCS of Three C. pm-mains Populations

S. No Parameter Siruvani Tznnirabarani Kzillada
Sample size 60 60 60Number of loci found 27 27 27

18

\lO'\LI1-D-'_»J[\Ji—

Number of polymorphic loci 18 18
Observed heterozygosity 0.194 i 0.152 0.236 :1: 0.195 0.227 :1: 0.176
Expected heterozygosity 0.262 i 0.196 0.300 :1: 0.226 0.327 :1: 0.237
Observed number of alleles 1.667 1': 0.480 1.741 :1: 0.594 1.741 :1: 0.594
Effective number of alleles 1.439 :1: 0.342 1.561 i 0.444 1.6388 i 0.465_ _ “ * 5 8 _J__‘_.“
Table IV. Fixation Index for Polymorphic Loci in Three C. pmu:.'mm..s- Populations

FiXt11l0l1 Index (F15)

Locus Siruvani Tzimirabarani Kallada Overall F _--|~s
EST-4 0.300 0. 196 0.316 0.0086EST-5 0.107 0.194 0.286 0.0395PGM-1 0.292 0.280 0.378 0.0137PGM-2 0.254 0.280 0.373 0.0073PGM—3 0603* 0.398 0.180 0.0204G3PDH-I 0.119 0.018 0.462 0.0147GGPDH-2 0.269 0.234 0.258 0.01 18SOD-I 0.289 0.028 0.198 0.0168SOD-2 0.101 0.303 0.135 0.0352GPI-I 0.261 0.017 0.194 0.0230ODH-I 0. 120 0. 190 0.449 0.0683ODH-2 0.120 0.539* 0.252 0.0521GDH-1 0.236 0.061 0.633* 0.0370GDH-2 0.316 0546* 0.186 0.0542GDH-3 0.575* 0.013 0.548* 0.0363XDH-2 0.118 0493* 0.119 0.0247XDH-3 0.378 0.082 0.244 0.0419CK] 0.200 0.196 0.196 0.0162Mean 0.259 0.226 0.301 0.0281
*Locus deviates significantly from Hardy-Weinberg equilibrium after Bonferroni correction.

Table V. AMOVA of Three C. puncratus Populations

Percentage of variation*

Source of variation _1ii\i%1o grouping Two groups” it it Two groups” Two groups“

Among groups 12.46 13.55 -1.76 -12.98
Among populations within groups — 2.87 13.71 21.66Within populations 87.54 83.58 88.05 91.32
“Tamirabarani -1- Kallada versus Siruvani.
bTamirabarani + Siruvani versus Kallada.
“Tamirabarani versus Kallada + Siruvani.
*P < 0.01.
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Table VI. Genetic Distance and Genetic Diversity Between C. [7l.U'1(.'ZGI'l.l.S‘
Populationsii 41 1 l IT i l

Population Siruvani Tamirabarani Kallada
Siruvani —- 0.152 0.203Tamirabarani 0.017 - 0.027Kallada 0.026 0.007 —
Note. Below diagonal, Nei’s unbiased genetic distance. Above diagonal,
F ST genetic diversity value.

temperature, alkalinity, and pollution (Ponniah, 1989). The role of temperature
in maintaining alleles at different frequencies has been proved in natural popu
lations (Nyman and Shaw, 1971) and experimentally (Mitton and Koeh, 1975).
Two rare alleles, G6PDH-1 *C and EST-4*C, were found in the Tamirabarani and
Kallada populations with low frequencies, though sample size was sufficient.
This represents an inherent genetic stock difference between the Siruvani and
the Tamirabarani/Kallada populations (Levy and Neal, 1999). The rare alleles
can be utilized as genetic markers for selection of a candidate stock for con
trolled breeding programs (Lester and Pante, 1992). Significant deviations from
Hardy-Weinberg expectations were found at XDH-2*, G3PDH-1*, and GDH
3* in Siruvani; XDH-1*, ODH-1*, and PGM-1* in Tamirabarani; and SOD-1 in
Kallada because of an excess of homozygotes. The excess of homozygotes is also
confirmed by positive fixation index values (Table IV). Homozygote excess for
allozyme has been reported quite commonly in many fish species (En gelbrecht and
Mulder, 2000; Steenkamp er a1., 2001). Several hypotheses have been mentioned
to explain homozygote excess in fish species, including inbreeding, population
admixture (Wahlund effect), or the presence of a nonexpressed allele (Appleyard
er al., 2001; Ward et al., 2003).

The population structure of freshwater organisms is primarily dependent on
the distribution of the river systems, as has been reported by several authors (Ikeda
er al., 1993; Hara er al., 1998). The present study also showed a significant corre
lation between genetic distance and geographic distance, confirmed by the Mantel
test. Tlie three populations used in the present study were collected from three
different rivers, all of which originate in the Western Ghats. The Tamirabarani and
Kallada rivers originate at the south end of the Western Ghats and are geographi
cally closer to each other than to the Siruvani, which originates more than 500 km
away from the other rivers. The results of this study consistently showed that
the Tamirabarani and Kallada populations were genetically closer to each other,
compared with the Siruvani population. It supports the concept that genetic differ
entiation is primarily dependent on geographic isolation. Theoretically, the result
of the present study shows a certain level of gene flow between the Tamirabarani
and Kallada populations when compared with the Siruvani population. In fact,
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natural interbreeding between the Tamirabarani and Kallada populations was im
possible, and there has been no record of transplantation of C. puncrarus between
the two rivers. It is likely that these two populations have come from a single stock
introduced into these two rivers in the past, or migration or transportation between
the two rivers could be a possibility.

In conclusion, allozyme analysis revealed, as did the RAPD markers used by
Nagaraj an er al. (2006), that of the three C. puncratus populations, the Tamirabarani
and Kallada populations have similar genetic structures. The estimated values of
average number of alleles, percentage of polymorphic loci, and heterozygosity
for populations are considered indicators of the actual level of genetic variabil
ity of the species. Genetic variability data may also be used as a tool by an
aquaculturist for stock selection for selective breeding programs. The present
study provides basic information about the genetic structure of these three pop
ulations that can be used to improve the quality of the populations by selective
breeding or out-breeding programs, and it would also help to conserve the pop
ulation. Microsatellite markers, however, would be better suited than isozyme
and RAPD analysis to detect population bottlenecks and losses of variation due
to inbreeding, with allele richness being a more sensitive variability measure
than mean heterozygosity (Bentzen et 01., 1996; Wright and Bentzen, 1994).
Hence, further research on microsatellite markers for these populations is in
progress.
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Microsatellite sequences (25 nos.)
S1.

No.
Accession
Numbers Details

1 DQ780014

Gopalakrishnan, A., Musammilu, K.K., Abdul Muneer, P.M., Mohindra,
V., Lal, K.K, Basheer, V.S., Punia, P. and Lakra, W.S.
Gorzoproktopterus curmuca clone Gcur MFWOI microsatellite sequence.
l82bp linear DNA; 01-AUG-2006

2 . DQ780015

Mohindra, V., Musammilu, K.K., Gopalakrishnan, A, Abdul Muneer, P.M.,
Lal, KR, Basheer, V.S., Punia, P. and Lakra,W.S. Gonoprokropterus
curmuca clone Gcur G1 rnicrosatelljte sequence. 240bp linear DNA; 01
AUG-2006. .

3 DQ780016
Gopalalnishnan, A, Abdul Muneer, P.M., Musnmmilu, K.K., Mohindra, V.,
Lal, KK., Basheer, V.S., Punia, P. and Lakm,W.S. Horabagrus brachysoma
clone Hbr Cga06 microsatellite sequence. l92bp linear DNA; 01-AUG-2006.

4

i

DQ780017
Mohindra, V., Abdul Muneer, P.M-, Musammilu, K.K., Gopalakrishnan, A,
Lal, KK, Basheer, V.S., Punia, P. and Lakra,W.S. Horabagrus brachysoma
clone Hbr Cma03 rnicrosatellite sequence. l66bp linear DNA; 01-AUG-2006.

5 DQ780018
Mohindra, V., Abdul Muneer, PM., Musammilu, K.K., Gopalakrishnan, A-,
Lal, KR, Basheer, V.S., Punia, P. and Lakm, W.S. Horabagrus brachysoma
clone Hbr Cma04 rnicrosatellite sequence. l36bp linear DNA; 01-AUG-2006.

' 6 DQ780019
Mohindra, V., Abdul Muneer, P.M., Musammilu, K.K., Gopalakrishnan, A.,
Lal, KK, Basheer, V.S., Punia, P. and Lakra, W.S. Harabagrus brachysoma
clone Hbr D33 microsatellite sequence. 208bp linear DNA; 01-AUG-2006.

7 DQ780020
Mohindra, V., Abdul Muneer, P.M., Musammilu, K.K., Gopalaknshnan, A,
Lal, KK, Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr D38 microsatellite sequence. 299bp linear DNA; 01-AUG-2006.

8 DQ780021
Gopalakrishnan, A, Abdul Muneer, P.M., Musammilu, K.K., Mohindra, V.,
Lal, KK, Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr Phy0l microsatellite sequence. 181bp linear DNA; 01-AUG-2006.

9 DQ780022
Gopalalcrishnan, A, Abdul Muneer, P.M., Musammilu, K.K., Mohindra, V.,
lal, K.K., Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr Phy05 microsatellite sequence. 162bp linear DNA; 01-AUG-2006.

10 DQ780023
Gopalakrishnan, A, Abdul Muneer, P.M., Musammilu, K.K., Mohindra, V.,
Lal, K.K, Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr Phy07 microsatellite sequences. 275bp linear DNA; 01-AUG-2006.

11 EF 582608

Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S.,
Lal, K.K., Punia, P., Abdul Muneer, PM. and Lakra, W.S.
Gonoproktopterus curmuca isolate Gcur MFW11 microsatellite sequence.
176 bp linear DNA; 30-May-2007.



Sl.
No.

Accession
Numbers Details

U12 EF582609

Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. Gonoprokroprerus
curmuca isolate Gcur MFWI9 microsatellite sequence. 20lbp linear DNA;
30-MAY-2007.

U13 EF582610

Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. G0n0pr0A10pterus
curmuca isolate Gcur MFW26 microsatellite sequence. l65bp linear DNA; 30
MAY-2007.

E114 EF582611

Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. Gonoproktoprerus
curmuca isolate Gcur MFW72 microsatellite sequence. l7lbp linear DNA;
30-MAY-2007.

U15 EF582612

Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Mtmeer, P.M. and La.kra, W.S. Gonoproktopte/"us
curmuca isolate Gcur Ppro48 microsatellite sequence. 25 lbp linear DNA; 30
MAY-2007.

E116 EF582613

Mohindra, V., Musammilu, K.K., Gopalal<rishnar1, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. Gonoproktopterus
curmuca isolate Gcur Pprol26 microsatellite sequence. 246bp linear DNA;
30-MAY-2007.

E117 EU272893
Gopalakrishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Labeo dussumieri clone Lduss_Bgon22
microsatellite sequence. l 18 bp linear DNA, 04-DEC-2007.

E118 EU272894
Gopalakrishnan, A., Lijo, J., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Labeo dussumieri clone Lduss__MFW26
microsatellite sequence. l45bp linear DNA ; 04-DEC-2007.

U19 EU272895
Gopalaloishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lal<ra,W.S. Pumius demlsonii clone Pdeni_MFW02
microsatellite sequence. 164 bp linear DNA; 04-DEC-2007.

E120 EU272896
Gopalakrislman, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius demlsonii clone Pdeni_MFWll
microsatellite sequence. 164 bp linear DNA; 04-DEC-2007.

E121 120272897
Gopalakrishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_MFWl7
microsatellite sequence. 203bp linear DNA; O4-DEC-2007

U22 EU272898
Gopalakrishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_MFWl9
microsatellite sequence. 257bp linear DNA; O4-DEC-2007 .

E123 EU272899
Lijo, J ., Gopalakrishnan, A., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_MFW2O
microsatellite sequence. l48bp linear DNA; 04-DEC-2007

El 24 EU2729OO

Lijo, J., Gopalakrishnan, A., Musammilu, K.K., Basheer, V.S.,
Mohindra, V., Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii
clone Pdeni_MFW26 microsatellite sequence. l15bp linear DNA; 04
DEC-2007.

E125 EU272901
Lijo, J., Gopalakrishnan, A., Musammilu, K.K., Basheer, V.S., Mohindra,
V., Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_R6
microsatellite sequence. l66bp linear DNA; O4-DEC-2007.




