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ABSTRACT

See suggested changes

M. Jagannath (MSc), K. Umadevi (PhD) * and Subhalaxmi Nayak (MSc), Phylogenetic analysis of mitochondrial 16s rRNA and NADH Dehydrogenase genes of Takifugu (Pisces: Tetraodontiformes: Tetraodontidae), Online J Bioinformatics, 12(2):255-273, 2011. Phylogenetic analysis of mitochondrial 16s rRNA and NADH Dehydrogenase (ND) gene sequences of Takifugu (Pisces: Tetraodontiformes: Tetraodontidae) was performed.   Mitochondrial 16s rRNA genes and orthologous mitochondrial ND gene subunits sequences were extracted from GenBank and multiple sequence alignment was performed using ClustalX. The phylogenetic tree was constructed by maximum parsimony with PHYLIP (Phylogeny Inference Package).  Results showed that  ND IV gene was the primitive ancestor in Takifugu genus. Each group of the phylogram  showed  +90%  identity suggesting that the sequences are highly conserved.  Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus were closely associated

Keywords: Phylogeny, PHYLIP, 16s rRNA, NADH Dehydrogenase, Takifugu.

INTRODUCTION

Puffer fishes of genus Takifugu (Tetraodontiformes, Tetraodontidae) are mainly distributed along the coastal regions of China, Japan and Korea. More than 20 species have been recorded in Yellow sea and East China. Takifugu oblongus and Takifugu alboplumbeus occur in the Indian Ocean [1, 2] (www.fishbase.org). Some Puffer fishes such as Chelonodon potaca, Takifugu oblongus, Lagocephalus lunaris, Lagocephalus inermis are also found in Bengal coast of India [3]. Puffer fishes are commercially important to countries along the west pacific coast. Although the liver and ovary of most species in this genus are highly toxic to humans, the muscle of some species is highly prized as food in Japan because of its high protein content and special flavor [1]. Not all species are studied in detail but the most investigated species is Takifugu rubripes due to commercial consumption and breeding of the fish. The puffer fish, Takifugu rubripes is an attractive model for comparative genomics by virtue of its compact genome. It has lost large proportion of non essential DNA and retained single orthologs for many duplicate genes that arose in the fish lineage [1, 4]. Based on this concept, fugu’s genome when compared with human genome, it shows structural and functional similarities [5]. Studies on six Takifugu species viz. Takifugu obscurus, Takifugu rubripes, Takifugu niphobles, Takifugu pardalis, Takifugu poecilonotus and Takifugu porphyreus suggests that Takifugu obscurus, commonly called mefugu, which migrates from fresh water to spwan, is a superior animal model for studying the mechanism of osmoregulation [6]. Recently, gene encoding erythropoietin (Epo) has been studied showing transcription levels of Epo in teleost fishes increase in response to anemia or hypoxia in a manner similar to its human orthologs [7].

In addition to the above studies, comparative genomics and evolutionary biology studies have also been carried out in these fishes. The evolutionary distance between medaka and other species of puffer fish, viz. Takifugu rubripes and Tetradon nigroviridis, is almost comparable to that between humans and rodents. The current genome is showing that their genome organisation is well conserved. Comparison of genome structure amongst teleosts and mammals helps our understanding of orthologos gene structure and the evolution of gene families in vertebrates [8]. Phylogenetic analysis of chemosensory receptor families in teleost fishes were done and their evolutionary patterns were examined with other fishes such as zebra fish, medaka, Stickleback, fugu, and spotted green puffer fishes [9]. Numerous new stearoyl coA desaturases homologs in teleost fishes were identified, using sequence data from Expressed Sequence Tags (EST) and cDNA collections and genomic model species [10]. Phylogenetic analysis confirmed that Takifugu rubripes and Tetradon nigroviridis shows conserved genes in Homo sapiens, Mus musculus, Danio rerio.

Recent works on metagenomics provide striking insights into the ecology of microbial communities. Krause et. al. developed massive parallel 454 pyrosequencing technique that gives the opportunity to rapidly obtain metagenomics sequences at a low cost and without cloning bias. The phylogenetic algorithm CRAMA for predicting the source organisms of environmental 454 reads is described. The algorithm was applied in a comparative study of three aquatic microbial samples obtained by 454 pyrosequencing [11, 12]. It is shown that Bayesian methods are under heavy development, as they offer the possibility to solve a number of long standing issues and to integrate several steps of phylogenetic analyses into a single framework. It includes not only phylogenetic reconstruction but also the comparison of phylogenies the detection of adaptive evolution, and the estimation of divergence times between species [12, 13]. Some heuristic methods for estimation of transposition distance are described in GRAPPA – TP, it is very accurate when genomes are relatively close [12, 14]. Comparison of statistical measures with alignment-based measures are performed via Receiver Operating Curve (ROC) analysis and accessing how well the measure does in phylogenetic analysis [12, 15]. New algorithm was designed simultaneously to align multiple sequences and search for the phylogenetic tree that leads to the best alignment. The algorithm was implemented in C program package, which can handle both DNA and protein data and can take simple cost model as well as complex substitution matrices, such as PAM250 or BLOSUM62. The performance of the new method are compared with those from other popular multiple sequence alignment tools, including the widely used programs ClustalW and T-Cofee. Experimental results suggest that this method has good performance in terms of both phylogeny accuracy and alignment quality [12, 16]. Bacillus strain identification based on 16s rRNA sequence analyses invariably limited to species level. This identification was supported by 20 – 30 nucleotides long signature sequences and Insilico restriction enzyme analysis specific to the 10 Bacillus species. This integrated approach resulted in identifying around 30% of Bacillus species up to species level and revealed that B. subtilis strains can be segregated into two phylogenetically distinct groups [12, 17].

Comparative studies of Phylogenetic analysis which accounts relationship between two or more genes have also been done by some authors. The Phylogenetic relationships of genes of 18s rRNA and 26/28s rRNA for eight species of ascaridoid nematodes reveals interesting results [18]. The comparative Phylogenetic studies have also been done for different species as seen in some literature. Comparative Phylogenetic study of Stichotrichia (Alveolate: Ciliophora: Spirotrichea) based on 18s rDNA sequences have been done using neighbour joining and parsimony methods [19]. In addition to the above studies, mitochondrial and chloroplast DNA were used to predict the evolution among the organisms [20, 21]

The present study is a comparative study based on mitochondrial 16s rRNA genes and mitochondrial NADH Dehydrogenase subunit genes. The mitochondrial genes were chosen for study because they are easier to manipulate, are clonally inherited, single copy and non-recombining and are abundant [22-24]. This study was done to evaluate the trees generated from 16s rRNA and NADH Dehydrogenase subunit genes as well as to discuss about the percentage of sequence divergence within them. This will also give the information about the evolution of the Takifugu species.

MATERIALS AND METHODS

Data collection:

A total number of 128 gene sequences, composed of 112 NADP Dehydrogenase genes and 16s rRNA genes, of sixteen different species belonging to the genus Takifugu were retrieved from GenBank database of NCBI (www.ncbi.nlm.nih.gov). Only those species of Takifugu were considered whose whole genomes were available as on date. The sequences were categorized as ND1, ND2, ND3, ND4, ND4L, ND5, ND6 representing various subunits of NADH Dehydrogenase. The dataset is listed in table 1.



ND gene IDs & 16s rRNA gene Accession numbers

SI NO.
ORGANISM
Abbr.
ND1
ND2
ND3
ND4
ND4L
ND5
ND6
16s rRNA gene

1
Takifugu fasciatus
Tfas
8302373
8302372
8302366
8302368
8302367
8302369
8302370
NC_013087

2
Takifugu rubripes
Trub
805222
805217
805224
805214
805213
805223
805212
AP006045

3
Takifugu ocellatus
Toce
7066168
7066173
7066172
7066177
7066175
7066176
7066178
NC_011635

4
Takifugu oblongus
Tobl
7066155
7066160
7066159
7066164
7066162
7066163
7066165
NC_011634

5
Takifugu chinensis
Tchi
7066142
7066147
7066146
7066151
7066149
7066150
7066152
NC_011633

6
Takifugu xanthopterus
Txan
7066129
7066134
7066133
7066138
7066136
7066137
7066139
NC_011632

7
Takifugu vermicularis
Tver
7066116
7066121
7066120
7066125
7066123
7066124
7066126
NC_011631

8
Takifugu snyderi
Tsny
7066103
7066108
7066107
7066112
7066110
7066111
7066113
NC_011630

9
Takifugu stictonotus
Tsti
7066090
7066095
7066094
7066099
7066097
7066098
7066100
NC_011629

10
Takifugu porphyreus
Tpor
7066077
7066082
7066081
7066086
7066084
7066085
7066087
NC_011628

11
Takifugu pardalis
Tpar
7066064
7066069
7066068
7066073
7066071
7066072
7066074
NC_011627

12
Takifugu obscurus
Tobs
7066051
7066056
7066055
7066060
7066058
7066059
7066061
NC_011626

13
Takifugu niphobles
Tnip
7066038
7066043
7066042
7066047
7066045
7066046
7066048
NC_011625

14
Takifugu chrysops
Tchr
7066025
7066030
7066029
7066034
7066032
7066033
7066035
NC_011624

15
Takifugu exascurus
Texa
7066009
7066002
7066001
7066006
7066004
7066005
7066007
NC_011622

16
Takifugu poecilonotus
Tpoe
7065986
7065991
7065990
7065995
7065993
7065994
7065996
NC_011621

Table 1 The data set represents the gene IDs of NADH Dehydrogenase gene sequences and Accession numbers of 16s rRNA genes extracted from GenBank database of NCBI (http://www.ncbi.nlm.nih.gov/genbank) 

Sequence Analysis:


All the sequences retrieved in FASTA format and were compiled together into a single text file. Multiple Sequence Alignment (MSA) was performed by using CLUSTALX, which is the offline software that performs optimum alignment for multiple nucleotide and protein sequences [25, 26]. The required outputs were a Multiple Sequence Alignment in phylip format and Percent Identity Matrix. Therefore, the options in the CLUSTALX software were adjusted as per requirements. A part of the Multiple Sequence Alignment is shown in fig. 1(a), 1(b).

Fig. 1(a) Multiple Sequence Alignment of NADH Dehydrogenase sequences. (b) Multiple sequence alignment of 16s rRNA gene sequences

Phylogenetic Analysis:


The multiple sequence data was analyzed by three programs in PHYLIP version 3.69 [27].

(i) SEQBOOT: 


SEQBOOT is a general bootstrapping tool. It is intended to allow you to generate multiple data sets that are re-sampled versions of the input data set. Since almost all programs in the package can analyze these multiple data sets, this allows almost anything in this package to be bootstrapped, jack-knifed, or permuted. SEQBOOT can handle molecular sequences, binary characters, restriction sites, or gene frequencies [27].

All the parameters were set to default except, the number of replicates being 1000. An odd number has to be selected for Random seed number and it is assigned as three.

The output file viz. outfile was generated.

(ii) DNAPARS:


 DNAPARS estimates phylogenies of DNA sequences using the Parsimony Method [27].

The out file of the seqboot program acts as input for this program. Default parameters were choosen to run this program. Two files viz. outfile and outtree file were generated. 

(iii) CONSENSE: 


Consensus tree program which computes consensus trees by the majority-rule consensus tree method, which also allows one to easily find the strict consensus tree [27].

The out tree file of DNAPARS acts as the input for this program. Two files viz. outfile and outtree file were generated. It is a Phylogenetic tree displaying the bootstrap values.

FigTree: 


FigTree v1.3.1 is designed as a graphical viewer of phylogenetic trees and as a program for producing publication-ready figures [28].

The outtree generated from consense program is viewed in this software.

RESULTS AND DISCUSSION


The emerging techniques in molecular biology such as DNA & Protein sequencing have enabled us to characterize the genome of various organisms rapidly. Analyses of molecular sequences of various species are found to provide valuable information about their ancestral relationship [29, 30]. In the present study, the Phylogenetic relationships of mitochondrial NADH Dehydrogenase subunit genes of genus Takifugu were studied and compared to the Phylogenetic tree of 16s rRNA genes of the corresponding species.


The Multiple Sequence Alignment (fig. 1) shows a part of whole alignment representing highly conserved as well as less conserved regions of the chosen sequences. This is the output of CLUSTALX [25, 26] used for discriminating NADH Dehydrogenase and 16s rRNA gene sequences. This forms the base line data for the generation of Phylogenetic tree [29].  Alignment quality may have much impact on Phylogenetic reconstruction. Not only the alignment algorithm but also the method used to deal with the most problematic alignment regions, or gaps, may have a critical effect on the final tree. Although some authors remove such problematic regions either manually or using automatic methods, in order to improve Phylogenetic performance, others prefer to keep such regions to avoid loosing any information [31, 32]. This study adopts the later strategy.


The Phylogenetic trees in different formats are shown in figures 2, 3 and 4 which are obtained from FigTree v1.3.1 [28]. Fig. 2(a), 2(b) are un-rooted Phylogenetic trees in radial format. Un-rooted trees illustrate the relatedness of the leaf node without making assumptions about common ancestry. The clusters are coloured indicating the evolutionary links amongst the species under study.
 Fig. 3(a), 3(b) show the Rectangular Cladogram. This type of tree only represents a branching pattern i.e. its branch lengths do not represents time.  Fig. 4(a), 4(b) show Phylogram of NADH Dehydrogenase genes. It is a phylogram of NADH Dehydrogenase genes. It is a phylogenetic tree that explicitly represents the rate of evolution of organisms where the number of character changes in the protein is directly proportional to the branch lengths.

Fig. 2(a) Phylogenetic tree (Radial format) of NADH Dehydrogenase gene sequences. (b) Phylogenetic  tree (Radial format) of 16s rRNA gene sequences

Fig. 3(a) Phylogenetic tree (Cladogram) of NADH Dehydrogenase gene sequences. (b) Phylogenetic tree (Cladogram) of 16s rRNA gene sequences

Fig. 4(a) Phylogenetic tree (Phylogram) of NADH Dehydrogenase gene sequences. (b): Phylogenetic tree (Phylogram) of 16s rRNA gene sequences

The Phylogenetic trees are arranged in the decreasing order and are numbered accordingly at their nodes. The tree can be conveniently divided into seven distinct nodes. As per the tree, ND4 gene of Takifugu oblongus forms a distinct branch, dividing the other 111 taxa in a separate cluster. This shows that ND4 gene of Takifugu oblongus distantly relates to that of other chosen gene sequences, being the farthest from ND6 gene sequences of Takifugu snyderi and Takifugu stictonotus. The sequence divergence between these genes is given as 72%. The Phylogenetic tree also shows the sequence of evolution of the seven NADH Dehydrogenase subunit gene groups given as ND6 group> ND3 group > ND2 group = ND5 group = ND4L group > ND4 group. The sequence identity of the whole dataset lies between 23 – 100 %.

 The seven distinct groups represent the seven NADH Dehydrogenase subunit genes. Each may be named categorically from group I to group VII respectively (see fig. 4(a)). 

Group I represents mitochondrial NADH Dehydrogenase 4L subunit (ND4L) gene sequences, showing sequence identity ranging from 95% - 100% (see Fig. 5) with in the members of the group. It appears to have four clusters A, B, C, D (fig.  4(a)). Cluster A has two clades Takifugu chrysops and Takifugu obscurus with one clade (a), shows 99% identity and clade (b) consisting of Takifugu fasciatus shows 100% identity w.r.t the gene sequence. Cluster B has three leaves originating for a common ancestor where ND4L of Takifugu niphobles and Takifugu stictonotus show 1% residue variation with Takifugu snyderi. The next two clusters C, D have single clades each containing Takifugu chinensis, Takifugu rubripes and Takifugu ocellatus, Takifugu vermicularis with 99% and 97% sequence identity. Takifugu xanthopterus and Takifugu porphyreus shows 3% variants in pairwise comparison of their residues and found to be close to Takifugu porphyreus gene sequence. The remaining genes of species Takifugu oblongus, Takifugu poecilonotus and Takifugu exascurus shows 2-3% variants and hence highly conserved.


On comparing the group I mitochondrial NADH Dehydrogenase IV L phylogram (fig. 4(a)) with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu niphobles and Takifugu pardalis, Takifugu fasciatus and Takifugu obscurus, Takifugu stictonotus and Takifugu snyderi, Takifugu chinensis and Takifugu rubripes.

Group II represents mitochondrial NADH Dehydrogenase III (ND3) subunit sequence showing identity ranging from 93 – 100% (see Fig.  6) within the members of the clusters. It appears to have three clusters A, B, C (fig. 4(a)). Cluster A has two clades, ND3 genes of Takifugu fasciatus and Takifugu obscurus on clade (a), which shows 100% sequence identity with no variants and clade (b) contains Takifugu rubripes and Takifugu porphyreus showing 97% sequence identity with 3% variants w.r.t ND3 gene sequence. ND3 gene of Takifugu oblongus shows closer similarity to Takifugu obscurus and Takifugu fasciatus species. Cluster B shows two distinct clades, Takifugu snyderi and Takifugu stictonotus on clade (a) showing 1% variants and Takifugu ocellatus and Takifugu xanthopterus with 4% variants. The next cluster C shows Takifugu poecilonotus and Takifugu exascurus clade having 99% sequence identity is closely related to Takifugu vermicularis having 3% variants with the clade. The remaining members Takifugu chrysops and Takifugu pardalis show no variants with Takifugu niphobles.


On comparing the group II mitochondrial NADH Dehydrogenase III phylogram (fig. 4(a)) with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu fasciatus and Takifugu obscurus, Takifugu snyderi and Takifugu stictonotus, Takifugu poecilonotus and Takifugu exascurus. 

Group III represents mitochondrial NADH Dehydrogenase VI (ND6) subunit sequence, showing sequence identity ranging 93-100% (see Fig. 7). This group appears to be broadly divided into 3 clusters A, B, C (figure 4(a)). Cluster A contains 3 clades a and b. The species in the clade (a) are Takifugu xanthopterus, Takifugu ocellatus, Takifugu niphobles, Takifugu stictonotus, Takifugu snyderi which were subjected to very frequent changes in evolution of ND6 gene. This clade shows Takifugu snyderi and Takifugu stictonotus with 99% sequence identity, it being highly evolved as compared to any gene sequence in other groups. TheVariants found in this clade ranges 94-99%, being highest number of variants with in the group. Clade (b) has Takifugu rubripes and Takifugu chinensis with 99% identity. In the cluster C the ND6 gene sequences of Takifugu obscurus, Takifugu oblongus, and Takifugu fasciatus seems evolving from a common ancestor. Takifugu obscurus and Takifugu fasciatus have 100% sequence identity with no variants.


On comparing the group III mitochondrial NADH dehydrogenase VI phylogram (fig. 4(a)) with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus.

Group IV represents the NADH Dehydrogenase subunit I (ND1) genes (figure 4(a)). They show a sequence identity ranging 93 – 100 % (see Fig. 8). Takifugu rubripes and Takifugu chinensis have an identical ND1 gene sequence. Here, Takifugu chrysops, Takifugu pardalis, Takifugu xanthopterus, Takifugu vermicularis, Takifugu snyderi, Takifugu stictonotus, Takifugu niphobles, Takifugu exascurus, Takifugu poecilonotus species show 1 – 6% variation w.r.t the ND1 gene than any other species in the group. ND1 gene sequence of Takifugu rubripes and Takifugu chinensis are identical with no variation. ND1 gene sequence of Takifugu fasciatus and Takifugu obscurus have only 1% variation.


On comparing the group IV mitochondrial NADH dehydrogenase subunit I (fig. 4(a)) phylogram with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus.

Group V represents the mitochondrial NADH Dehydrogenase subunit II (ND2) genes (fig. 4(a)). They show a sequence identity ranging 94 – 100% (see Fig. 9). Takifugu fasciatus and Takifugu obscurus have an identical ND2 gene sequence. Takifugu chinensis, Takifugu rubripes, Takifugu fasciatus, Takifugu obscurus, Takifugu porphyreus, Takifugu oblongus, Takifugu ocellatus, Takifugu pardalis, Takifugu chrysops species show highest variation in the sequence ranging 1-6% w.r.t the ND2 genes than any other species in the group. Takifugu rubripes, Takifugu chinensis, Takifugu exascurus and Takifugu poecilonotus show 1% and Takifugu stictonotus, Takifugu snyderi show 2% variants when their sequences were compared.


On comparing the group V mitochondrial NADH Dehydrogenase II phylogram (fig. 4(a)) with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus.

Group VI represents the NADH Dehydrogenase subunit V (ND5) genes (fig. 4(a)) showing a sequence identity ranging 93 – 100%. (see Fig. 10) ND5 genes of Takifugu fasciatus and Takifugu obscurus are identical showing no variants. Takifugu exascurus, Takifugu poecilonotus, Takifugu ocellatus, Takifugu chrysops, Takifugu pardalis, Takifugu stictonotus, Takifugu snyderi, Takifugu niphobles, Takifugu xanthopterus, Takifugu porphyreus species show highest variants in sequences of ND5 genes ranging 1-7% than any other species in the group. Takifugu rubripes and Takifugu chinensis ND5 sequences are 99% identical. Takifugu vermicularis and Takifugu oblongus show 5% variation in ND5 sequences.


On comparing the group VI mitochondrial NADH Dehydrogenase V phylogram (fig. 4(a)) with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus.

Group VII represents the NADH Dehydrogenase subunit IV (ND4) genes (fig. 4(a)) showing a sequence identity ranging 91 – 100% (see Fig. 11). ND5 genes of Takifugu fasciatus and Takifugu obscurus are identical showing no variants. Takifugu exascurus, Takifugu poecilonotus, Takifugu vermicularis, Takifugu chrysops, Takifugu pardalis, Takifugu ocellatus, Takifugu xanthopterus, Takifugu snyderi, Takifugu stictonotus, Takifugu oblongus species show highest variation ranging 1 – 9% w.r.t ND4 genes than any other species in this group. ND4 sequence of Takifugu niphobles appears to be less related to ND4 sequences of this group and more close to ND5 sequence of Takifugu niphobles belonging to Group VI. ND4 sequences of Takifugu oblongus representing the most primitive form of NADH Dehydrogenase genes.


   On comparing the group VII mitochondrial NADH Dehydrogenase IV phylogram (fig. 4(a)) with the phylogram of 16s rRNA genes of Takifugu (fig. 4(b)), the closely associated species as per the clades are Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus.

                          Fig. 5 Percent Identity Matrix for NADH Dehydrogenase IVL subunit genes of sixteen Takifugu species representing sequence identity among them

                        Fig. 6   Percent Identity Matrix for NADH Dehydrogenase III subunit genes of sixteen Takifugu species representing sequence identity among them

                Fig. 7 Percent Identity Matrix for NADH Dehydrogenase VI subunit genes of sixteen Takifugu species representing sequence identity among them

Fig. 8 Percent Identity Matrix for NADH Dehydrogenase I subunit genes of sixteen Takifugu species representing sequence identity among them

                       Fig. 9 Percent Identity Matrix for NADH Dehydrogenase II subunit genes of sixteen Takifugu species representing sequence identity among them.

                Fig. 10 Percent Identity Matrix for NADH Dehydrogenase V subunit genes of sixteen Takifugu species representing sequence identity among them

               Fig. 11 Percent Identity Matrix for NADH Dehydrogenase IV subunit genes of sixteen Takifugu species representing sequence identity among them

                                      Fig. 12   Percent Identity Matrix for 16s rRNA genes of sixteen Takifugu species representing sequence identity among them 

16s rRNA genes (fig. 4(b)): The 16s rRNA genes among the Takifugu species shows 98 – 100% sequence identity (see fig. 12). The 16s rRNA gene sequences of the pairs viz. Takifugu fasciatus and Takifugu obscurus, Takifugu rubripes and Takifugu fasciatus as well as Takifugu exascurus and Takifugu poecilonotus shows 100% sequence identity representing a close relationship between these organisms. The tree shows three distinct Groups I, II, III representing overall variation of 1 – 2% only. As per this tree Takifugu rubripes and Takifugu chinensis being the highly evolved species farthest from Takifugu niphobles, representing to be the primitive type. The comparison of 16s rRNA sequences is a powerful tool for deducing phylogenetic and evolutionary relationships among bacteria, archeobacteria and Eukaryotic organisms [Tortoli, William et. al.]. Basing on this concept on comparing phylograms of 16s rRNA genes with NADH Dehydrogenase gene sequences its shows that, Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus, which happened to be closely associated in 16s rRNA phylogram, are also found to be closely associated in ND1, ND2, ND4 and ND5 groups of NADH Dehydrogenase gene sequences. This observation shows that these species are

close relatives of each other.

CONCLUSION

In this study, evolutionary relationship among different subunits of NADH Dehydrogenase viz. ND1, ND2, ND3, ND4, ND4L, ND5, ND6 of Takifugu genus enunciated the importance of identifying various unique features such as variation and evolutionary position of the genes w.r.t molecular phylogeny. The Phylogenetic tree shows that ND4 being the primitive ancestor amongst all the other mitochondrial NADH Dehydrogenase genes with in the available sequences of Takifugu genus. This observation in Takifugu opens the door to study the phylogenetic position of NADH Dehydrogenase genes in different levels of classification such as other genus, family, order or class etc. Each cluster shows more than 90% sequence identity in each type of NADH Dehydrogenase subunits. This observation shows that NADH Dehydrogenase gene types are conserved during the course of evolution. The NADH Dehydrogenase gene sequences of Takifugu fasciatus and Takifugu obscurus shows high sequence identity and therefore, they are conserved. This observation suggests Takifugu fasciatus and Takifugu obscurus are very close relatives and might be helpful for providing more insights into their genomes. 

The comparison of 16s rDNA sequences is a powerful tool for deducing phylogenetic and evolutionary relationships among bacteria, archeobacteria and Eukaryotic organisms [33, 34]. On comparing the phylograms of 16s rRNA genes and NADH Dehydrogenase gene sequences of Takifugu, it shows some clades such as Takifugu snyderi and Takifugu stictonotus, Takifugu rubripes and Takifugu chinensis, Takifugu obscurus and Takifugu fasciatus, Takifugu niphobles and Takifugu pardalis, Takifugu poecilonotus and Takifugu exascurus which are closely associated in the former tree, are also found to be closely associated in the later. This observation suggests that these species in the clades are close relatives to each other, providing the researchers an opportunity for exploring the insights among them by comparative genomics approach.

