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ARTICLE INFO ABSTRACT

Article history: Direct sequencing of mitochondrial DNA regions such as cytochrome b, ATPase 6/8 and
Received 30 March 2012 control region was performed to study comparative and evolutionary status of the three
Accepted 30 September 2012 mitochondrial genes in Labeo rohita, Catla catla and Cirrhinus mrigala. DNA sequence

Available online 8 December 2012 alignment among species using specific software revealed comparative rates of divergence

with considerably faster and more heterogeneous substitution rate for control region as

Ic@t/ "l';ords" compared to cytochrome b and ATPase 6/8. Despite the relatively high variability of control
C)l; region, the overall levels of sequence divergence were low in coding regions. Two protein
ATPase 6/8 coding genes and the control region with varying degree of sequence divergence estab-
mtDNA lished two distinct groups which are genetically distant from each other exhibiting
L. rohita identical phylogenetic structure in IMCs. Closest relationship was between Labeo rohita
C. catla and Catla catla indicating that they might have diverged from a common ancestral stock in
C. mrigala genealogical lineage whereas Cirrhinus mrigala showed greater divergence with all the
Phylogenetics three DNA regions studied. Findings of this study will help to understand evolution of

mitochondrial DNA genes in carps and facilitate future investigations on phylogeographic
structure of Indian carps.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Indian major carps, Labeo rohita (L. rohita), Catla catla (C. catla) and Cirrhinus mrigala (C. mrigala) form the mainstay
of freshwater aquaculture in the Indian subcontinent. Intensification of carp culture in recent years is attributed to
their high commercial value and fast growth rate as well as the popularity. Together they contribute about 87% of
inland aquaculture production in India (FAO, 2009). Genetic information on cultivable fish and shellfish species is
useful for identification of stocks, stock enhancement, breeding programs, management for sustainable yields and
preservation of genetic diversity (Dinesh et al., 1993; Garcia and Benzie, 1995; Tassanakajon et al., 1997). Techniques
using mtDNA have been widely employed for aquaculture and fisheries related genetic studies because this marker has
several useful characteristics including rapid rate of mutation making it effective for detecting recent population
isolation (Ward and Grewe, 1994) and for establishing genealogical relationships among populations within species
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Table 1
Partial mtDNA genes of Indian major carps with Genbank Accession numbers.
Species Genes Accession No.
Labeo rohita Cytb IN224867-JN224869
IN253604-JN253629
ATPase6/8 JN859621-JN859649
CR JN315802-JN315818
Catla catla Cytb JN859708-JN859736
ATPase6/8 JN859650-JN859677
CR JN859678-JN859707
Cirrhinus mrigala Cytb JN859796-]N859825
ATPase6/8 JN859737-JN859767
CR JN859768-JN859795

(Avise, 2000). From a population genetics perspective, mtDNA has been extensively used as a marker for evolution,
genetic diversity studies and identification of species (Curole and Kocher, 1999). Mitochondrial genes have proven
effective for elucidating phylogenetic and taxonomic relationships in many freshwater fish groups (Briolay et al., 1998;
Na-Nakorn et al.,, 2006) and for investigating intraspecific variation and even for establishing species boundaries
(Nguyen et al., 2008). Knowledge on evolutionary and biogeographical history of freshwater fish including carps is
limited. In the present investigation, we studied comparative evolution of three mtDNA genes, control region (CR),
cytochrome b (cyt b) and ATPase 6/8 in Indian major carps. Results of this study would be useful for comparative
evolution of mtDNA in carps.

2. Materials and methods
2.1. Sample collection

A total of about 90 samples from three species (C. catla, L. rohita and C. mrigala) belonging to family Cyprinidae were
collected during 2009-10 from the river Mahanadi (Latitude 20.27°N and Longitude 85.52°E). Morphological identification of
species was done based on Talwar and Jhingran (1991).

2.2. DNA isolation

Fin clipping was done from each individual fish, preserved in 95% ethanol and stored at —20 °C until DNA extraction. Total
DNA was isolated from fin tissue by proteinase K digestion followed by standard phenol and chloroform extraction (Sambrook
et al., 1989). The DNA samples were then resuspended in 1x TE buffer. The concentration and purity of isolated DNA was
estimated at wavelength 260/280 nm using a UV spectrophotometer.

2.3. Amplification and sequencing

The partial cyt b and CR genes were PCR amplified in a 25 ul reaction volume with 1X PCR buffer (Banglore genei),
0.25 mM of dNTP mix, 10 pmol of each primer, 0.25U of Taq polymerase and 50 ng/ul genomic DNA using a thermal cycler
(ABI). The primer pairs used for PCR were 114841 (5’AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA 3’) and H15149
(5’AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA 3') for cyt b gene (Kocher et al., 1989) and CR1 (5" ACCCCTGGCTCCCAAAGC
3’) and CR2 (5 GTTTCGGGGTTTGACAAGGATA 3’) for CR gene (Guo et al., 2003), respectively. The PCR temperature profile
used was 1 cycle of initial denaturation at 94 °C for 4 min followed by 34 cycles (denaturation: 94 °C for 30 s, annealing: 50 °C

Cyt b

[ 111 111 111 111 111 111 222 222 222 222]
[ 112 247 889 001 134 455 566 677 888 001 122 244 455]
[ 16 051 728 179 284 704 703 628 947 039 890 958 903 928]
#CM1502 TC CCT CTA TTC TCT CTT CTG CCC CCT AAG ATT TTG CGA TAC

#CM1509 .. ... L. cie il iee eee eee . Gl

#CM1514 A. ... .C. o e vow Cuvil ii i aee e

#CMLIS2L .. tih ieh iee e e et e e eee WA Lol ool
#CC1501 ¢. T.C TCT ..A .T. T.C TC. .T. .T. .CA ..A CAA TAG .CT
#CcCc1502 ¢. T.. TCT ..A .T. T.C TC. .T. .T. .CA ..A CAA TAG CCT
#LR2511 CT .TC TCT CCA CTC ... TCA T.T T.C ... CTA CAA TA. CCT
#LR2513 CT .TC TCT CCA CTC ... TCA T.T T.C ... CTA CAA TA. CCT
#LR2515 CT .TC TCT CCA CTC ... TCA T.T ..C ... CT. CAA TA. CCT
#LR2505 CT .TC TCT CCA CTC .C. TCA T.T T.C ... CT. CAA TA. CCT

Fig. 1. Alignment of partial DNA sequences of cyt b gene. (Only variable sites are reported).
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ATPase 6/8

[ 111 24 222 222 222 33 333 1333.:333
[ 2244 56 778 999 014 569 122 345 789 00 012 233 356
[ 0312 25 174 235 703 246 703 523 405 14 792 912 751
#CM1502 TTAT AA CCT CAC GAG CGC TTT GGT TTT GA TCA TAA GTA
FCMLS504 C.vv To  ans sse sed wie b

FEMIBO3 Chve Thom wroe za: P mum Ses s oms sy S5 5548 "o
FEMLEDY o= mmem wman st pmni L L o a e esener mer s s w e % Geais
FCMLE20 s—mmmi mmm mm it i Se B S E Y SV NS BA s 3 i am
#EMIE31: === E5s S5E =S =28 B s .
FCMLSLL som—=n mmn Seayimse: s SR e evenw Gves e w s 8w e
#LR2502 ---- --- --- -—- --- --A CAC A.A CCC AG CT. CGC CC.
#LR2518 ---- --- --= -——- -——- ——-A CAC A.A CCC AG CT. CGC CC.
#ccis1lr ---- --- --- --- --- —-A _AC AAA .CC A. ..G CGC CCG
#CC1525 ---- === === === --- --A _AC AAA .CC A. ..G CGC CCG
#CC1504 CCGT TCT TCT TGT AcA TAA .AC ARA .CC A. ..G CGC CCG
#CC1506 CCGT TCT TCT TGT ACA TAA .AC AAA .CC A. ..G CGC CCG

[ 333 333 444 444 444 444 445 555 555 555 555 555

[ 777 889 000 011 233 466 780 112 223 344 455 678
[ 017 231 036 939 409 203 245 673 793 545 769 876
#CM1502 TCG GCC TCC CCT CTC ATT TCC CTA GTC ACT AAG ACT
#CM1504 Fhine obbAchy EEE  Fuilet e B R B5 5 hee Gengk: BAS W
#CM1503 GEEE A 85 CuvE MU W § 9 E WNe e BEs 8 e
#CM1509 e ejEr e w e smie SeSeer e s s s u el jeSees fe ' e u wnm
#CM1520 dni BN, 5% BES S &85 395 ohe mnn. G55 5 ug
#CM1531 e mate 3% W sars wedy e s Ow s we et 85§ i
#CM1511 eiaiim efeiar e e 6 wisuer eeer (wie & % Setepel feeder fe @ s eder Gedes
#LR2502 .T. A.T .TT TTC TCA TCC .GT ACT ... GTC C.A TA.
#LR2518 «Tw AJT JTT TTC TCA TCC .GT ACT ... GTC C.A TAC
#CC1511 cT. A.. .T. T.C ..A T.. CTT A.T ACT .TC TG. CAC
#CC1525 CT. AT. CT. T.C ..A TC. CTT A.T A.T .TC TG. CAC
#CC1504 ET :Buws: €T TLE o TCL ETT AT AT TC TGE. CAC
#CC1506 CTA A... ~T. T.E A T.. CTT A.T ACT .TC TG. CAC

[ 666 666 666 666 666 667 777 777 177 177 177 17 17]
[ 000 123 345 566 788 990 001 112 333 444 455 66 77]
[ 158 081 290 326 436 281 450 695 127 023 956 12 03]
#CM1502 TTT TAG GAT ACC TTG CCC GCT AAT TCC CCT TAC CC AA
FCMIBOA s:: saw e 2B D9d rew G Sat §OT A n ss

FCMLE03 o0 « e = o S e Gewmeer GEee w e
#CMI509 ... tih imh e ee eee T ias ies i e
FEMIE20 25 sow ™ a5 65« o A 545 6 a6 Guess wSwn s
HCMIS3L i i it e e e e e e e e e e e
FEMIB1L s5:5% s G ey i5s <ol w6l %55 oTe mad see 55 &8
FLR2502 [CCC . A T=C GT. CCT .1« CTA GTA C.T T.A CGT 'A: .C
#LR2518 CCC ..A T-C GT. CCT .T. CTA GTA C.T T.A CGT A. .C
#Ccc1511 .c. CGA .-. .TT C.T TTT C.A G.A C.T T.A .GT AT GC
#CEL525 €. CGA: »&w LTT €T TIT C.A G.A CT T.A .GT AT GC
#CC1504 .C. CGA .-. .TT C.T TTT C.A G.A C.T TGA .GT AT GC
#CcCcls506 .C. ¢GA .-. .TT C.T TIT C.A G.A C.T T.A .GT AT GC

Fig. 2. Alignment of partial DNA sequences of mitochondrial ATPase 6/8 gene. (Only variable sites are reported).
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for1 min and extension: 72 °C for 2 min) and a 7 min final extension at 72 °C. In case of ATPase 6/8, annealing temperature
was 55 °C with all other parameters being same as above. Primer pair used for ATPase 6/8 was L8331 (5’
AAAGCRTTRGCCTTTTAAGC 3’) and H9236 (5 GTTAGTGGTCAKGGGCTTGGRTC 3’) (Thai et al., 2004). PCR products were
checked on 1% agarose gels and the most specific and intense products were selected for sequencing. Amplified PCR products
were purified using the PCR purification kit (Qiagen) and 200 ng of purified PCR product was used for cycle sequencing
reaction. The same forward and reverse PCR primers were used for sequencing to get complete sequence of the fragment.
Sequencing was done with an automated DNA sequencer (ABI Prism 310 genetic analyzer). Raw sequence data were edited
manually and aligned using the software Bioedit version 7.0.9.0 (Hall, 1999) to get a consensus sequence of individual gene
fragment.

2.4. Sequence analysis

All the sequences generated in this study have been submitted to GenBank (Table 1). The consensus nucleotide sequence of
each gene fragment gathered from about 30 individuals in each species was aligned using CLUSTALW (Thompson et al., 1994).
Pairwise distances of the nucleotide sequences were computed using Kimura’s two parameter and pairwise distances of the
amino acid sequences of each gene were computed using the MEGA version 4.0 (Molecular Evolutionary Genetics Analysis).
The polymorphic sites were computed by using DnaSP version 5.10 (DNA Sequence Polymorphism) (Librado and Rozas, 2009).
To assess the degree of saturation, amount of variation and reconstruction of phylogeny, pairwise sequences were compared
using MEGA version 4.0 (Tamura et al., 2007).

3. Results
3.1. Cytochrome b

A total of 28 individuals of L. rohita, 29 of C. catla and 30 individuals of C. mrigala were used for sequence analysis of cyt b.
Simplicity and ambiguity were observed among the sequences as there were no insertions, deletions and stop codons in the
sequences. Sequencing of the cyt b gene brought out an average of 288 bp sequence. Multiple alignments were done to get
consensus sequence. C. catla had 2 haplotypes whereas L. rohita and C. mrigala had 4 haplotypes each for cyt b gene. Out of the
288 sites, 234 were conserved, 45 variable, 39 parsimony informative and 6 were singleton. The polymorphic sites are given in
Fig. 1. The nucleotide frequencies observed were T = 28.3%, C = 27.7%, A = 29.1% and G = 15%. Average transitional pairs
(si = 15) were more frequent than transversional pairs (sv = 2) with an average ratio of 6.6. In the cyt b gene analysis, the
maximum number of amino acids were composed of Leucine (17.16%) & Arginine (14.54%) followed by Aspartate (0.36%) and
Glutamate (0.00%).

Pairwise genetic distance values (Kimura 2 parameter) based on cyt b gene using MEGA 4.0 are given in Table 2. The mean
genetic distance among all the three Indian major carps was estimated as 0.077. Intraspecific distances ranged from 0.004 to
0.007 and the interspecific distances ranged from 0.085 to 0.127. The highest interspecific genetic distance (0.127) was
between L. rohita and C. mrigala and the lowest (0.085) was between L. rohita and C. catla.

The phylogenetic analysis using MEGA 4.0 included NJ and ME trees for cyt b gene for all the three Indian major carps. The
branches of phylogenetic tree were constructed by keeping same topology and similar bootstrap probabilities. The reliability of
the tree topology was assessed by 1000 bootstrap replications. The NJ and ME trees revealed identical phylogenetic relationship
among the species. The tree profile showed that L. rohita and C. catla form one cluster with C. mrigala on other (Fig. 4a and b).

3.2. ATPase 6/8

A total of 29 individuals of L. rohita, 29 of C. catla and 35 individuals of C. mrigala were used for sequence analysis of
ATPase 6/8 gene. Sequencing of the ATPase 6/8 gene brought out an average of 785 bp nucleotide sequence. Multiple

Table 2
Pairwise genetic distances (Kimura 2 parameter) LR = Labeo rohita, CC = Catla catla and CM = Cirrhinus mrigala haplotypes based on cytochrome b gene
sequences.

[ 1 2 3 4 5 6 7 8 9 10]
[1] #CM1502

[2] #CM1509 0.004

[3] #CM1514 0.011 0.014

[4] #CM1521 0.004 0.007 0.014

[5] #CC1501 0.096 0.101 0.088 0.092

[6] #CC1502 0.096 0.101 0.088 0.092 0.007

[7] #LR2511 0.123 0.127 0.114 0.118 0.085 0.085

[8] #LR2513 0.123 0.127 0.114 0.118 0.085 0.085 0.000

[9] #LR2515 0.114 0.118 0.105 0.118 0.085 0.085 0.007 0.007

[10] #LR2505 0.123 0.127 0.114 0.127 0.093 0.093 0.007 0.007 0.007
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CR

[ 111 1111 1111 111 111 111 111]
[ 112 333 335 6666 777 77 888 999 000 0011 1112 222 233 333 444]
[ 17 125 345 796 4578 345 67 234 129 025 7802 5670 145 812 459 245]
#LR2507 AT TAA CTC TAA C-AT GTA GA AGA GTT CAG CCAA TAAC TAA TAT ATC AAA
FLR250E s Biv Ti: sss mmas wure wnt wwe BG: w51 sd6s Groms w0 e wss 364
FLR2503 cn sos wwve wow wonw mowwr aws e BV s B ¥ oW e WReRl WEE e e § w
#LR2510 .. C.. Tov viv vmie e ve v BC. it tiih i i eee eee e
FLER2501 555 35 55é 558 S~unm mws a6 S BEE §95 355 Gewm mOET ahk. G55 %%
FLR2509 23 Cuv Tis o wmws : BCH 5 s .
FLR2513 .. ... tih eee amae e . A.. .. . .
#LR2511 .. ... i i amee e . A.. .. . .
FLR2512 w5 w35 s5% 2oy o . A.. ‘s 5 5
FIRZ2OLL v i awu wis swmwn avae o Bl s . :
#LR2515 .. C.. ... et =i o . AC. ... - . »
FIR251T 5: #G: s:8: Se6 o7 s Aza T . i i
FIR25LY <5 2o was & wwa e . Al = s
FLRZ52L: s Cuv ave oiw = e . BAC. e » o
$#LR2524 .. vih iih iie amee e . A.. .. . .
#IR2S25 i s:: sas wes e : Al : % :
FLRES2T <o e wvs &we voibem s o B v v v e ee vemewse e e ‘s
#CM1506 .. ... ... ..G A-T . TT .A. T.. ..A ATT. CCGT .GT .G. .G.
#CM1505 .. ... ... ..G A-T TT .A. T.. ..A ATT. CCGT .GT .G. G
#CM1IS511 .. ..v 2se oG A-T e DT olls Tas: &+ ATT: CCGT =GT .G .G.
#CM1510 .. ... ... ..G A-T 5: LB wBie T s .A ATT. CCGT .GT .G. .G.
#CM1509 .. ... ... ..G A-T T .A. T.. ..A ATT. CCGT .GT .G. ... .G.
#CcM1512 .. . ss +:5G B=T% wwe TT A: Tis oA ATT: CCGT #GT :Gw T +G:
#CE1505 .¢€ . JCh GG TA.C ACG ww oG AJE T.T ATG T.A CG. Cus Tu: G.C
#CC1503 .C . TCT CGG TA.C ACG .G ..G A.C T.T TATG .T.A .G. CG. T.. G.C
#CC1502 .C . TCT C.G TA.C ACG .G ..G A.. T.T TATG .T.A .G. C.. T.. G.C
#CC1510 .Cc ..G TCT C.G TA.C ACG .G ..G A.C T.T TATG .T.A .G. C.. T.. G.C
#Ccl501 .C . .C. ..G TA.C ACG ..G A.CT.T .ATG .T.A CG. C.. T.. G.C
#CC1509 .C . TC. C.G TA.C ACG ..GA.CT.T .ATG .T.A .G. C.. T.. G.C
#CC1B512 € . .C. C.G TA.C ACG .G A€ TiT BTG =T:hA CGu Cuw Tiw G.C
fCE1521. ¢ . {0 G TAE RACGE ww «eG AJC TuT ATG LB CGe Cuw Tas GJC
#Ccl522 .cC . TCT C.G TA.C ACG .G ..G A.C T.T TATG .T.A .G. C.. T.. G.C
#CE1523 JC . TET CGG TA:C ACGC +G 4G ALC ‘T.T TATGE AT+h +G: €6y T:: G.C
#CCl1524 .C . TCT C.G TA.C ACG oG BT ToT TATG «T:h «Ge Ciw Tis G.C
#Ccls525 .C . TCT C.G TA.C ACG .G ..G A.C T.T TATG .T.A .G. C.. T.. G.C
#Ccl528 .C . TCT C.G TA.C ACG .G ..G A.. T.T TATG .T.A .G. C.. T.. G.C
#CC1529 ¢ . TCT C.G TA.C ACG .G ..G A.C T.T TATG .T.A .G. C.. T.. G.C
FCCL530 .C «vv wwe CuG TAC BCG wvw wdG DG TWT JATG wTwd: CGa Cusis Tuw Gl
#CM1513 .. ... ... ..G A-T. T .A. T.. ..A ATT. CCGT .GT .G. ..T ..
#CM1514 G. ... ... ..GA-TC ... TC .AG T.. ..A ATT. .TGT .GT .GC .C. ...
FCMI516 s o sss »@ A=Ta www TT A, Ty A DATT. CCGT ..GT G TG
#CcM1518 .. ... ... ..G A-T. TT GA. T.. ..A ATT. CCGT .GT .G. .G.
#CcM1521 .. ... ... ..GA-T. ... TT .A. T.. ..A ATT. CCGT .GT .G. .G.
#CcM1522 .. ... ... ..G A-T. cwr TT By Tus oA ATT. CCGT :.GT G 0w +Gs
#CM1529 .. ... ... ..G A-T. TP A: T.: &8 BATT. CEGT «GT .Gu wn'l <.
#CM1531 G. ... ... ..G A-TC TT .AG T.. ..A ATT. .TGT .GT .GC .C. ..

Fig. 3. Alignment of partial DNA sequences of mitochondrial control region. (Only variable sites are reported).
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[ 111 111 111 111 11 11 111 122 222 22 22 222 22222 222 2222 3333 ]
[ 455 566 777 888 88 88 999 911 222 22 23 333 33466 677 7788 2233 ]
[ 816 948 014 123 56 79 015 835 345 67 20 367 89003 701 4504 3418 ]
#LR2507 TCA ACA ATC AARA TC CC TAC AGT -AA TA AA TC- AATAA TCT GAAC TCAC
HLR2505 som wowe o35 s F $¢ %64 HE THE L We WO 5558 .G..
$LER2508 sz sy s5: s e $% 555 SR T9: B3 HE W $33aE .G..
FLERZOL0 save wwm w33 sos wow &3 s4@ ofem —aa 8 W EET §iaEE +G. .
FER2500: oy miww s5: ss @ £5 55 WENe S E &5 W wEe 5 js e G .
FLR2B09 s uey msmes 353 spw jow s3 saes o Ses ss g e 536G .G..
FLRZ513: :wme commos 555 s mm a8 ssw sme Sha s so0 w3 8% e G5 &
FLRZDTL. & aver wovnn wa s ouetsn e wa 50w wvew wd wn wme e e e e WG .
FLR2B512. . sisi coxwiws 555 wmese wvm 55 semn iwwwn 5w wew SHe— s 8% s e
FLR2ZBAA o cion sowmmioi w0 toqosar romsi @8 oieier eserisi leie e eves tene™7 o e e .G..
FERZ25I1D. ; cosn wemis 55 Gmser imms sL e on e s i ioper GEe= 5 5w e G .
FERZGLI o cooc wswomer w0 o iojomes somss o isisi iewemer —w s e m  ieger gene= o s e s .G..
HLR2519 ..t it i i ie e e e e e e T e e e e Gl .
#LR2521 ... cvv vie vee e WT i i Tl e e e T e .G..
FLR2524 ... i it iih ieh e e e e T e e eem e .G..
#LR2525 15, tde $35% 56t B4 8% 5% BN TUI i ME S i5ses §tss
$IR2527T :im wme 583 5ad w5 Tk B SU9E G5 4B HETt s sas ssve aGs 5 o
#CM1506 .TC T.C .AT ..G .T .T CTT .AC T.. .T .T AGG T.A.. ... A.T. GACA
#CM1505 ..C T.C .AT ..G .T .T CTT .AC T.. .T GT AGG T.A.G ... A.T. GACA
#EMAE1]: o€ Ts€ AT ::G =T I €IT AC T:: T =T AGS T.A ... A.T. GACA
#CM1510 ..C T.C .AT ..G .T .T CTT .AC T.. .T .T AGG T.A .T. A.T. GACA
$CM1509 ..Cc T.C .AT ..G .T .T CTT .AC T.. .T .T AGG T.A ... A T. GACA
#FCMI5T2: , € TuC AT ;4G T T CPT BC T..: T GT AGG T:lus weww AsD; GACA
#CC15%05 €c.. T.. G.T GG. CT TT C.. T.C -CT AT .C AGG ...G. CTC .GC. ..CA
$€C1503 C.... Tow G.T GG.. CT TT T.C =CT AT .C AGG ...G. CIC .GC. ..CA
#CC1502 Cc.. T.. G.T GG. CT TT T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#E€1510 €. T GLD GG, BT TT ... T.C =€ AT .€ AGGE ...G. CEC .GC. ...CA
#CCl1501 ¢.. T.. G.T GG. CT TT C.. T.C -CT AT .C AGG ...G. CTC .GC. ..Cca
#CC1509 C.. T.. G.T GG. CT TT C.. T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#$ccisi12 ¢c.. T.. G.T GG. CT TT C.. T.C -CT AT .C AGG ...G. CTC .GC. ..CA
$ccl521 ¢c.. T.. G.T GG. CT TT C.. T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#CCI522 C.n, T:w G:T GG: CT IT T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#CC1523 C.. T.. G.T GG. CT TT T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#CC1524 C.. T.. G.T GG. CT TT T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#CC1525 €y Tuww GVT GGy CT TIT T.C -CT AT .C AGG .G. CTC .GC. ..CA
#CC1528 C.. T.. G.T GG. CT TT T.C -CT AT .C AGG .G. CTC .GC. ..CA
#CC1529 €.. T.. G.T GG. CT TT ... T.C -CT AT .C AGG ...G. CTC .GC. ..CA
#CcCcl530 Cc.. T.. G.T GG. CT TT C.. T.C -CT AT .C AGG .G. CTC .GC. ..CA
#CMI513 , € Te€ AT .6 T T CIT AC T,, T GT AGG T.:A ... A.TT GACA
#CML514: . .€ T .+ T www T JTECLT LAC T:: T T AGE T.A ... A.T. GACA
#CM1516 ..C T.C .AT ..G .T .T CTT .AC T.. .T .T AGG T.A .T. A.T. GACA
$CM1518 ..Cc T.C .AT ..G .T .T CTT .AC T.. .T GT AGG T.A .T. A.T. GACA
#CM1521. ,.€ T.€ AT ..G T . T:ETT .AC T.. .T .T AGG T.A ... A, T. GACA
#CM1522 ..C T.C .AT ..G .T .T CTT .AC T.. .T GT AGG T.A .T. A.T. GACA
#CM1529 ..C T.C .AT ..G .T .T CTT .AC T.. .T GT AGG T.A . ... A.TT GACA
#CM1531 ..C TTC ..T .T .T CTT .AC T.. .T .T AGG T.A . ... A.T.GACA

Fig. 3. (continued).
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Fig. 4. a & b NJ and ME phylogenetic tree of Indian major carps inferred from DNA sequences of mitochondrial gene cytochrome b.
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Table 3
Pairwise genetic distances (Kimura 2 parameter) of LR = Labeo rohita, CC = Catla catla and CM = Cirrhinus mrigala haplotypes based on ATPase 6/8 gene
sequences.

[ 1 2 3 4 5 6 7 8 9 10 11 12 13 ]

[1] #CM1502

[2] #CM1504  0.002

[3] #CM1503  0.002  0.003

[4] #CM1509  0.002 0003  0.000

[5] #CM1520  0.002  0.000  0.003  0.003

[6] #CM1531 0002 0003 0003 0003 0003

[7]#CM1511  0.003 0005 0002  0.002 0005  0.005

[8] #LR2502 0129 0127 0129 0129 0127 0131 0131

[9] #LR2518 0131 0129 0131 0131 0129 0133 0133  0.002

[10] #cC1511 0115 0113 0115 0115 0113 0113 0117 0078  0.076

[11]#CC1525 0119 0117 0119 0119 0117 0117 0121 0078 0076  0.007

[12] #CC1504 0119 0117 0119 0119 0117 0117 0.121 0078 0076 0007  0.003
[13] #cC1506 0117 0115 0117 0117 0115 0115 0119 0080 0078 0002  0.008  0.008

alignments were done to get consensus sequence. Two haplotypes of catla, four of rohu and seven haplotypes of mrigal
were found for ATPase 6/8 gene. From 785 bp sequence, 476 sites were conserved, 112 variable, 14 singletons and 98 sites
were parsimony informative. The polymorphic sites are shown in Fig. 2. The nucleotide frequencies observed were;
T =26.9%, C=29.7%,A = 30.7% and G = 12.8%. Average transitional pairs (si = 33) were more frequent than transversional
pairs (sv = 11) with an average ratio of 2.9. In ATPase gene the most frequently occurring amino acids were Proline
(12.38%) and Threonine (11.44%) whereas least frequently occurring amino acids were Glutamate (0.59%) and Tryptophan
(0.20%).

Pairwise genetic distance values (Kimura 2 parameter) based on ATPase 6/8 gene using MEGA 4.0 are given in
Table 3. The average genetic distance among all the three Indian major carps was estimated as 0.077. Intraspecific
distances ranged from 0.002 to 0.008 and the interspecific distances ranged from 0.076 to 0.133. The highest
interspecific genetic distance (0.133) was between L. rohita and C. mrigala and the lowest (0.076) was between L.
rohita and C. catla. Phylogenetic analysis was done using MEGA 4.0 to produce Neighbor joining and Minimum
evolution trees (Fig. 5a and b).

3.3. Control region (CR)

A total of 28 individuals of L. rohita, 29 of C. catla and 31 individuals of C. mrigala were used for sequence analysis of
mitochondrial CR. The sequences of the control region had no insertions, deletions and stop codons in the sequences.
Sequencing of the partial gene brought out an average of 710 bp sequence. Forward and reverse sequences were aligned
to get the consensus sequence. Fifteen haplotypes of C. catla, 17 of L. rohita and 14 haplotypes of C. mrigala were found for CR.
In 710 bp fragments, 513 sites were conserved, 158 variable, 8 singleton and 150 sites were parsimony informative.
The polymorphic sites are given in Fig. 3. The nucleotide frequencies observed were: T = 32.3%, C = 21.1%, A = 33.2% and
G = 13.5%. Average transitional pairs (si = 43) were more frequent than transversional pairs (sv = 21) with an average ratio
of 2.1.

Pairwise genetic distance values (Kimura 2 parameter) based on mitochondrial CR using MEGA 4.0 are given in
Table 4. The average genetic distance among all the three Indian major carps was estimated as 0.103. Intraspecific
distances ranged from 0.000 to 0.036 and the interspecific distances ranged from 0.129 to 0.211. The highest inter-
specific genetic distance (0.211) was between C. catla and C. mrigala and the lowest (0.129) was between L. rohita and
C. catla. Phylogenetic analysis was done using MEGA 4.0 to produce Neighbor joining and Minimum evolution trees
(Fig. 6a and b).

4. Discussion

Analysis of mtDNA variation has indicated that the most variable segments of the mitochondrial genome are located in the
noncoding CR (Cann et al., 1984). Consequently, it has been shown that sequencing of these “hypervariable” segments reveals
higher variation, relative to RFLP analysis (Desmarais, 1989; Vigilant et al., 1989). There is little information available
to confirm whether the higher variability of the CR also holds true in other vertebrates namely, in fish. There are
reports that CR may not be as variable in some fish species as it is in mammals (Meyer et al., 1990; Bernatchez et al.,
1992). Conversely, Brown et al. (1993) observed that the substitution rate of white sturgeon (Acipenser transmontanus)
CR was comparable to rates of hypervariable sequences in the human CR. In our study the analysis of CR alone revealed
46 haplotypes, followed by 13 in ATPase 6/8 and 10 haplotypes in cyt b. Maximum number of haplotypes found in CR
shows its hyper variability. These results suggest that differences in patterns of mutation and constraints may exist
between the CR of teleost and chondrostean fish (Bernatchez and Danzmann, 1993). Our results indicated that there is



Table 4

Pairwise genetic distances (Kimura 2 parameter) of LR = Labeo rohita, CC = Catla catla and CM = Cirrhinus mrigala haplotypes based on control region sequences.

[ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 |

[
[
[3] 0005 0012
[4] 0013 0000 0012

[5] 0.003 0.010 0.002 0.010

[6] 0.015 0.002 0.013 0.002 0.012

[7] 0005 0010 0.003 0010 0.002 0.012

[8] 0.005 0.010 0.003 0.010 0.002 0.012 0.000

[9] 0.005 0.012 0.000 0.012 0.002 0.013 0.003 0.003

[10] 0.005 0012 0.000 0.012 0.002 0.013 0.003 0.003 0.000

[11] 0018 0008 0.017 0.008 0015 0.010 0.015 0015 0.017 0017

[12] 0.007 0.013 0.005 0.013 0.003 0.015 0.005 0.005 0.005 0.005 0.018

[13] 0.005 0.012 0.003 0.012 0.002 0.013 0.003 0.003 0.003 0.003 0.017 0.005

[14] 0015 0005 0.013 0.005 0012 0.007 0012 0012 0.013 0013 0003 0015 0013

[15] 0.005 0012 0.003 0.012 0002 0.013 0.003 0003 0.003 0003 0017 0005 0.003 0.013

[16] 0.002 0.012 0.003 0.012 0.002 0.013 0.003 0.003 0.003 0.003 0.017 0.005 0.003 0.013 0.003

[17] 0.005 0.012 0.000 0.012 0.002 0.013 0.003 0.003 0.000 0.0000 0.017 0.005 0.003 0.013 0.003 0.003

[18] 0.144 0152 0.148 0.152 0.146 0.154 0.146 0.146 0.148 0.148 0.144 0150 0.148 0.146 0.148 0.144 0.148

[19] 0148 0.161 0.152 0.161 0.150 0.163 0152 0.152 0.152 0152 0.152 0154 0.152 0.154 0152 0.148 0.152 0010

[20] 0.142 0.150 0.146 0.150 0.144 0.152 0.144 0.144 0.146 0.146 0.142 0.148 0.146 0.144 0.146 0.142 0.146 0.002 0.008

[21] 0.148 0.156 0.152 0.156 0.150 0.158 0.152 0.152 0.152 0.152 0.148 0.154 0.152 0.15 0.152 0.148 0.152 0.01 0.007 0.008

[22] 0144 0152 0.148 0152 0.146 0.154 0.146 0.146 0.148 0.148 0.144 015 0.148 0.146 0.148 0.144 0.148 0003 0007 0.002 0.007

[23] 0148 0.161 0.152 0.161 0.150 0.163 0.152 0152 0.152 0152 0.152 0.154 0.152 0.154 052 0.148 0.152 0.01 0003 0.008 0.007 0.007

[24] 0.133 0.135 0.131 0.135 0.129 0.133 0.131 0.131 0.131 0.131 0.133 0.133 0.131 0.133 0.131 0.131 0.131 0.194 0.199 0.192 0.190 0.194 0.199

[25] 0.145 0.143 0.143 0.143 0.141 0.141 0.143 0.143 0.143 0.143 0.141 0.145 0.143 0.145 0.143 0.143 0.143 0.201 0206 0.199 0.197 0.201 0.206 0.020

[26] 0133 0131 0.131 0131 0129 0.129 0131 0131 0.131 0131 033 0133 0131 0.133 0131 0131 0.131 0197 0201 0.194 0192 0197 0201 0.024 0010

[27] 0145 0.143 0.143 0143 0.141 0.141 0143 0.143 0.143 0143 0141 0145 0.143 0.145 0.143 0.143 0.143 0206 0211 0.204 0201 0206 0211 0017 0.007 0.010

[28] 0.131 0.133 0.129 0.133 0.127 0.131 0.129 0.129 0.129 0.129 0.131 0.131 0.129 0.131 0.129 0.129 0.129 0.192 0.197 0.19 0.187 0.192 0.197 0.002 0.022 0.025 0.018

[29] 0.137 0.135 0.135 0.135 0.133 0.133 0.135 0.135 0.135 0.135 0.133 0.137 0.135 0.137 0.135 0.135 0.135 0.197 0.201 0.194 0.192 0.197 0.201 0.010 0.010 0.013 0.010 0.012

[30] 0133 0135 0.131 0135 0129 0.133 0131 0131 0.131 0131 033 0133 0.131 0.133 0131 0.131 0.131 0194 0.199 0.192 0190 0.194 0.199 0.000 0.020 0.024 0.017 0.002 0.010

[31] 0.137 0.139 0.135 0.139 0.133 0.137 0.135 0.135 0.135 0.135 0.137 0.137 0.135 0.137 0.135 0.135 0.135 0.199 0.204 0.197 0.194 0.199 0.204 0.003 0.024 0.027 0.020 0.005 0.013 0.003

[32] 0.137 0.135 0.135 0.135 0.133 0.133 0.135 0.135 0.135 0.135 0.133 0.137 0.135 0.137 0.135 0.135 0.135 0.197 0.201 0.194 0.192 0.197 0.201 0.020 0.007 0.003 0.007 0.022 0.010 0.020 0.024

[33] 0145 0143 0.143 0143 0141 0.141 0143 0143 0.143 0143 0141 0145 0.143 0.145 0.143 0.143 0.143 0201 0206 0.199 0.97 0201 0206 0.020 0.000 0.010 0.007 0.022 0.010 0.020 0.024 0.007

[34] 0135 0133 0.133 0133 0131 0.131 0133 0133 0.133 0133 0131 0135 0.133 0.135 0133 0.133 0.133 0197 0201 0.194 0192 0.197 0201 0015 0.008 0.012 0.008 0017 0.008 0015 0.018 0.008 0.008

[35] 0.141 0.139 0.139 0.139 0.137 0.137 0.139 0.139 0.139 0.139 0.137 0.141 0.139 0.141 0.139 0.139 0.139 0.201 0.206 0.199 0.197 0.201 0.206 0.020 0.007 0.007 0.007 0.022 0.010 0.020 0.024 0.003 0.007 0.008

[36] 0.133 0.131 0.131 0.131 0.129 0.129 0.131 0.131 0.131 0.131 0.133 0.133 0.131 0.133 0.131 0.131 0.131 0.197 0.201 0.194 0.192 0.197 0.201 0.024 0.010 0.000 0.010 0.025 0.013 0.024 0.027 0.003 0.010 0.012 0.007

[37] 0141 0139 0.139 0139 0137 0.137 0139 0139 0.139 0139 0137 0141 0.139 0.141 0139 0.139 0.139 0201 0206 0.199 0197 0201 0.206 0.020 0.007 0.007 0.007 0.022 0.010 0.020 0.024 0.003 0.007 0.008 0.000 0.007

[38] 0131 0133 0.129 0133 0127 0.131 0129 0129 0.129 0129 031 0131 0.129 0.131 0129 0.129 0.129 0192 0.197 0.190 0187 0.192 0.197 0.002 0.022 0.025 0.018 0.003 0.012 0.002 0.005 0022 0.022 0017 0.022 0.025 0022

[39] 0.150 0.163 0.154 0.163 0.152 0.165 0.154 0.154 0.154 0.154 0.154 0.156 0.154 0.156 0.154 0.15 0.154 0.015 0.008 0.013 0.012 0.012 0.005 0.201 0.208 0.203 0.213 0.199 0.203 0.201 0.206 0.203 0.208 0.203 0.208 0.203 0.208 0.199

[40] 0.140 0.148 0.144 0.148 0.142 0.150 0.144 0.144 0.144 0.144 0.144 0.146 0.144 0.146 0.144 0.14 0.144 003 0.034 0.029 0.030 0.030 0.034 0.179 0.185 0.181 0.190 0.176 0.181 0.179 0.183 0.181 0.185 0.181 0.185 0.181 0.185 0.176 0.036

[41] 0148 0156 0.152 0156 0150 0.158 052 0152 0.152 0152 0.148 0154 0.152 0.15 0152 0.148 0.152 0.01 0007 0.008 0.000 0.007 0.007 0.190 0.197 0.192 0201 0.187 0.192 0.190 0.194 0.192 0.197 0.192 0.197 0.192 0197 0.187 0.012 0030

[42] 0152 0.165 0.156 0.165 0.154 0.167 0156 0.156 0.156 0.156 0.156 0.158 0.156 0.158 0.156 0.152 0.156 0013 0.007 0.012 0007 0.010 0.007 0.199 0206 0201 0210 0.196 0201 099 0203 0201 0206 0201 0206 0201 0206 0.196 0.012 0.037 0.007

[43] 0.142 0.150 0.146 0.150 0.144 0.152 0.144 0.144 0.146 0.146 0.142 0.148 0.146 0.144 0.146 0.142 0.146 0.002 0.008 0.000 0.008 0.002 0.008 0.192 0.199 0.194 0.204 0.190 0.194 0.192 0.197 0.194 0.199 0.194 0.199 0.194 0.199 0.190 0.013 0.029 0.008 0.012

[44] 0.150 0.163 0.154 0.163 0.152 0.165 0.154 0.154 0.154 0.154 0.154 0.156 0.154 0.156 0.154 0.150 0.154 0.012 0.005 0.010 0.005 0.008 0.005 0.196 0.203 0.199 0.208 0.194 0.199 0.196 0.201 0.199 0.203 0.199 0.203 0.199 0.203 0.194 0.010 0.036 0.005 0.002 0.010

[45] 0148 0161 0.152 0161 0150 0.163 0152 0152 0.152 0152 0.152 0154 0.152 0.154 0152 0.148 0.152 0.013 0007 0.012 0010 0010 0.003 0.199 0206 0201 0211 0.197 0201 0199 0204 0201 0206 0201 0.206 0201 0206 0.197 0.002 0.034 0.010 0.010 0012 0.008
[46] 0140 0.148 0.144 0148 0.142 0.150 0.144 0.144 0.144 0.144 0144 0.146 0.144 0.146 0.144 0.140 0.144 0029 0032 0.027 0029 0029 0.032 0179 0.185 0.181 0.190 0.176 0.181 0.179 0.183 0.181 0.185 0.181 0.185 0.181 0.185 0.176 0.034 0002 0.029 0.036 0027 0.034 0032

[1] #LR2507; [2] #LR2505; [3] #LR2503; [4] #LR2510; [5] #LR2501; [6] #LR2509; 7] #LR2513; [8] #LR2511; [9] #LR2512; [10] #LR2514; [11] #LR2515; [12] #LR2517; [13] #LR2519; [14] #LR2521; [15] #LR2524; [16] #LR2525; [17] #LR2527; [18] #CM1506; [19] #CM1505; [20]
#CM1511; [21] #CM15101; [22] #CM1509; [23] #CM1512; [24] #CC1505; [25] #CC1503; [26] #CC1502; [27] #CC1510; [28] #CC1501; [29] #CC1509; [30] #CC1512; [31] #CC1521; [32] #CC1522; [33] #CC1523; [34] #CC1524; [35] #CC1525; [36] #CC1528; [37] #CC1529; [38]
#CC1530; [39] #CM1513; [40] #CM1514; [41] #CM1516; [42] #CM1518; [43] #CM1521; [44] #CM1522; [45] #CM1529; [46] #CM1531.
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Fig. 5. a & b NJ and ME phylogenetic tree of Indian major carps inferred from DNA sequences of mitochondrial ATPase 6/8 gene.
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higher substitution rate in CR, which is in contradiction to the findings of Meyer et al. (1990). Intraspecific variations
exhibited by cyt b and ATPase 6/8 genes are less than CR. The cyt b gene has minimum variations as compared to
ATPase 6/8 gene and CR. However, the mtDNA CR appears to have mutation rate that parallels to that of the evolution
of a species (Page and Holmes, 1998) and in this case, most polymorphic sites could have emerged during a demo-
graphic expansion that probably would have reached moderate population size, which might explain the presence of
46 haplotypes.

The phylogenetic analysis was done by taking protein coding genes: ATPase 6/8 and non coding CR in Indian major
carps revealed that CR performs well for resolving species level splits. The CR is usually described as hypervariable
(Simon, 1991), but this may result in part because only the more variable portions are usually targeted for analysis. This
result indicated the importance of evaluating rates and patterns of mtDNA evolution prior to employing it as a phylogenetic
marker.

The phylogenetic trees exhibiting 3 clusters by all the three genes in these carps suggest that they appear to have
diverged almost at the same time. Phylogenetic trees (NJ, ME) in the present study revealed two lineages among
three Indian major carps and it illustrates clearly that L. rohita always makes a sister clade with C. catla than C. mrigala.
These data indicated the existence of significant differences among the three Indian major carps and this also favored
the results of genetic distance (cyt b, ATPase 6/8 and CR) which was found to be more evident between L. rohita and C.
mrigala.

It has been frequently reported in mammals that segments of the CR evolve 5-15 times faster than the rest of the
mtDNA genome (Aquadro and Greenberg, 1983; Cann et al., 1984; Desmarais, 1989; Vigilant et al., 1989). This is evident
from our result that in CR variable sites and singleton sites are more in numbers followed by ATPase 6/8 and cyt
b showing its faster rate of evolution in CR, whereas parsimony informative sites are less in case of CR and more in cyt
b indicating high levels of nucleotide dissimilarity in CR than cyt b. It can be inferred from the present study that CR
shows faster rate of evolution followed by the two protein coding genes, ATPase 6/8 and cyt b, respectively. Again, the
genetic distance data between all the three Indian major carps inferred from three mitochondrial genes reveals that cyt
b and ATPase 6/8 might be evolving slowly than CR as evident by low levels of genetic distance between cyt b and ATPase
6/8 in all the three Indian major carps. But in case of CR, a relatively high level of genetic distance was observed. Because
mitochondrial DNA evolves very rapidly compared to nuclear DNA (Avise, 1994), it was traditionally used as a genea-
logical tool mainly to examine closely related species. A high level of divergence is usually associated either with a long
evolutionary history in a large stable population or with secondary contacts between previously differentiated allopatric
lineages (Grant and Bowen, 1998). In cyt b gene the nucleotide variance has been found to be very less in L. rohita and C.
catla although there may exists interspecific substitution/deletion. Same result was also obtained from other two genes.
C. mrigala always formed a different clade that gives a sign of divergence from L. rohita and C. catla in genealogical
lineage.

Here the attempt was to study evolutionary rates in three mtDNA genes by reconstructing a robust phylogeny of the Indian
major carps. While comparing methods of phylogenetic reconstruction using neighbor joining and minimum evolution,
individual mtDNA gene regions produced identical results with a single model applicable to the entire dataset. The findings of
the present study provide useful insights into rate of evolution of these three genes along with the taxonomic status of Indian
major caps and facilitate future investigations dealing with phylogeography, taxonomy, conservation and co-evolution of this
important group of fish.

Acknowledgments

The financial support for this work was provided by the Indian Council of Agricultural Research, New Delhi under
Outreach activity on “Fish genetic stocks”. The authors are thankful to the Director, CIFA for providing facilities to work.
The authors are also thankful to Dr. S. Ayyappan, Secretary DARE and Director General, ICAR for his encouragement and
support.

References

Aquadro, C.F, Greenberg, B.D., 1983. Human mitochondrial DNA variation and evolution: analysis of nucleotide sequences from seven individuals. Gene. 103,
287-312.

Avise, ].C., 1994. Molecular Markers, Natural History, and Evolution. Chapman & Hall, New York (511 pp.).

Avise, ].C., 2000. Phylogeography - the History and Formation of Species. Harvard University Press, USA, 447 pp.

Bernatchez, L., Guyomard, R., Bonhomme, F., 1992. DNA sequence variation of the mitochondrial control region among geographically and morphologically
remote European brown trout (Salmo trutta) populations. Mol. Ecol. 1, 161-173.

Bernatchez, L., Danzmann, R.G., 1993. Congruence in control-region sequence and restriction-site variation in mitochondrial DNA of Brook Charr (Salvelinus
fontinalis Mitchill). Mol. Biol. Evol. 10 (5), 1002-1014.

Briolay, J., Galtier, N., Brito, R.M., Bouvet, Y., 1998. Molecular phylogeny of Cyprinidae inferred from cytochrome b DNA sequences. Mol. Phyl. Evol. 9,100-108.

Brown, J.R., Beckenbach, A.T., Smith, M., 1993. Intraspecific DNA sequence variation of the mitochondrial control region of white sturgeon (Acipenser
transmontanus). Mol. Biol. Evol. 10, 326-341.

Cann, R.L., Brown, WM., Wilson, A.C., 1984. Polymorphic sites and the mechanism of evolution in human mitochondrial DNA. Genetics 106 (3), 479-499
[PubMed: 6323246].

Curole, A.P., Kocher, T.D., 1999. Mitogenomics: digging deeper with complete mitochondrial genomes. Trends Ecol. Evol. 14, 394-398.



S.P. Das et al. / Biochemical Systematics and Ecology 47 (2013) 56-73 73

Desmarais, E., 1989. Phylogenies intraspecifiques et histoire Cvolutive des populations de souris Mus spretus Lataste: analyse des lignees matriarcales par
sequencage nucleotidique de 1’AND mitochondrial. Doctoral thesis, Universite de Montpellier I, Montpellier, France.

Dinesh, K.R,, Lim, T.M., Chua, K.L,, Chan, W.K,, Phang, V.P.E., 1993. RAPD analysis: an efficient method of DNA fingerprinting in fishes. Zool. Sci. 10, 849-854.

FAO, 2009. Fisheries and Aquaculture Statistics Yearbook. FAO Headquarters, Rome.

Garcia, D.K,, Benzie, J.A.H., 1995. RAPD markers of potential use in penaeid prawn (Penaeus monodon) breeding programs. Aquaculture 730, 737-744.

Grant, W.S., Bowen, B.W.,, 1998. Shallow population histories in deep evolutionary lineages of marine fishes: insights from sardines and anchovies and
lessons for conservation. ]. Hered. 89, 415-426.

Guo, X.H,, Liy, SJ.,, Liu, Y., 2003. Comparative analysis of the mitochondrial DNA control region in cyprinids with different ploidy level. Aquaculture 224, 25-38.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucl. Acids. Symp. Ser. 41, 95-98.

Kocher, T.D., Thomas, W.K., Meyer, A., Edwards, S.V., Paabo, S., Villablanca, FX., Wilson, A.C., 1989. Dynamics of mitochondrial DNA evolution in animals:
amplification and sequencing with conserved primers. Proc. Natl. Acad. Sci. 86, 6196-6200.

Librado, P., Rozas, J., 2009. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bioinformatics 25, 1451-1452. http://dx.doi.org/10.
1093 /bioinformatics/btp187.

Meyer, A., Kocher, T.D., Basasibwaki, P., Wilson, A.C., 1990. Monophyletic origin of Lake Victoria cichlid fishes suggested by mitochondrial DNA sequences.
Nature 347, 550-553.

Na-Nakorn, U., Sriphairoj, K., Sukmanomon, S., Poompuang, S., Kamonrat, W., 2006. Polymorphic microsatellite primers developed from DNA of the endan-
gered Mekong giant catfish, Pangasianodon gigas (Chevey) and cross species amplification in three species of Pangasius. Mol. Ecol. Notes 6, 1174-1176.

Nguyen, T.T.T., Na-Nakorn, U., Sukmanomon, S., ZiMing, C., 2008. A study on phylogeny and biogeography of mahseer species (Pisces: Cyprinidae) using
sequences of three mitochondrial DNA gene regions. Mol. Phyl. Evol. 48, 1223-1231.

Page, R.D.M., Holmes, E.C., 1998. Molecular Evolution - A Phylogenetic Approach. Blackwell Science Ltd.

Sambrook, J., Fritsch, E.P.,, Maniatis, T., 1989. Molecular Cloning: a Laboratory Manual. Cold Spring Harbor Laboratories, Cold Spring Harbor, NY.

Simon, C., 1991. Molecular systematics at the species boundary: exploiting conserved and variable regions of the mitochondrial genome of animals via
direct sequencing from amplified DNA. In: Hewitt, G.M., Johnston, A.W.B., Young, ].P.W. (Eds.), Molecular Techniques in Taxonomy. NATO ASI Series, vol.
57. Springer-Verlag, Berlin, pp. 33-71.

Talwar, PK,, Jhingran, A.G., 1991. Inland Fishes of India and Adjacent Countries. A.A. Balkema, Rotterdam (pp. 541).

Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4: molecular evolutionary genetics analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24, 1596-1599.

Tassanakajon, A., Pongsomboon, S., Rimphanitchayakil, V., Jarayabhaud, P., Boonsaeug, V., 1997. Random amplified polymorphic DNA (RAPD) markers for
determination of genetic variation in wild population of the black tiger prawn (Penaeus monodon) in Thailand. Mol. Mar. Biol. Biotechnol. 6, 110-115.

Thai, B.T.,, Burridge, C.P,, Pham, T.A., Austin, C.M., 2004. Using mitochondrial nucleotide sequences to investigate diversity and genealogical relationships
within common carp (Cyprinus carpio L.). International Society for Animal Genetics. Anim. Genet. 36, 23-28.

Thompson, ].D., Higgins, D.G., Gibson, TJ., 1994. CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucl. Acid. Res. 22, 4673-4680.

Vigilant, L., Pennington, R., Harpending, H., Kocher, T.D., Wilson, A.C., 1989. Mitochondrial DNA sequences in single hairs from a southern African population.
Proc. Natl. Acad. Sci. USA 86, 9350-9354.

Ward, R.D., Grewe, P.M., 1994. Appraisal of molecular genetic techniques in fisheries. In: Pitcher, T.J. (Ed.), Molecular Genetics in Fisheries. Chapman & Hall,
UK, pp. 29-54.



	Comparative and evolutionary analysis of mitochondrial genes in Indian major carps
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. DNA isolation
	2.3. Amplification and sequencing
	2.4. Sequence analysis

	3. Results
	3.1. Cytochrome b
	3.2. ATPase 6/8
	3.3. Control region (CR)

	4. Discussion
	Acknowledgments
	References


