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Using different maximum-likelihood models of adaptive evolution, signatures of natural selective pres-
sure, operating across the naphthalene family of dioxygenases, were examined. A lineage- and branch-
site specific combined analysis revealed that purifying selection pressure dominated the evolutionary
history of the enzyme family. Specifically, episodic positive Darwinian selection pressure, affecting only
a few sites in a subset of lineages, was found to be responsible for the evolution of nitroarene dioxygen-
ases (NArDO) from naphthalene dioxygenase (NDO). Site-specific analysis confirmed the absence of
diversifying selection pressure at any particular site. Different sets of positively selected residues,
obtained from branch-site specific analysis, were detected for the evolution of each NArDO. They were
mainly located around the active site, the catalytic pocket and their adjacent regions, when mapped onto
the 3D structure of the a-subunit of NDO. The present analysis enriches the current understanding of
adaptive evolution and also broadens the scope for rational alteration of substrate specificity of enzyme
by directed evolution.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Microorganisms, particularly bacteria, play a crucial role in glo-
bal bio-geochemical cycles of aromatic compounds using an array
of catabolic enzymes. Aromatic ring-hydroxylating oxygenases
(RHOs) constitute one such superfamily of enzymes that partici-
pate in the oxidative metabolism of a wide variety of aromatic
compounds of pharmaceutical, agricultural and environmental sig-
nificance [1,2]. Though the members of this superfamily work in
conjugation with either one or two electron transport proteins
(viz. ferredoxins and reductases), the substrate recognition and
the subsequent catalysis is actually conferred by the large subunit
(a) of the anbn or an type terminal oxygenases [3,4].

The enormous structural variation of aromatics in the environ-
ment is responsible for the evolution of various RHO enzyme sys-
tems in such a way that they can transform a wide range of such
compounds [1]. Several classification schemes have been proposed
for RHOs [5,6], the most recent being that of Chakraborty et al.
(2012) [7] where the RHOs have been classified into five ‘Classes’
and eleven ‘Types’ on the basis of their evolutionary and functional
behaviors, in relation to structural configuration of substrates and
preferred oxygenation site(s). According to that classification,
naphthalene dioxygenases (NDO), together with four types of
nitroarene dioxygenases (NArDO) viz. nitrobenzene dioxygenase
(NBDO), 2-nitrotoluene dioxygenase (2NTDO), 2-chloronitroben-
zene dioxygenase (2clNBDO) and 2,4-dinitrotoluene dioxygenase
(2,4DNTDO), constitute the naphthalene family of RHOs, which be-
long to A-IIIab type of RHOs.

It may be presumed that NArDOs must have been an outcome of
relatively recent evolution since nitroaromatic compounds have
been introduced into the environment by human activities. The
hypothesis that a direct selective pressure operated during the
evolution of NArDOs from NDO was proposed on the basis of the
observation that nitroarene degrading bacteria are commonly
found only in the nitroarene-contaminated sites [8,9]. A strong
evolutionary relationship has indeed been observed among the
catabolic operon(s) of nitroarene and naphthalene degradation
pathways with frequent occurrence of pseudogenes in nitroarene
degradation operons often characterized with deletions and/or
frameshift mutations [10,11]. Though the core 3D structure of
the catalytic a-subunit of both NDO (PDB: 1NDO) and NBDO
(PDB: 2BMO) are quite conserved, nevertheless, the regio- and
enantioselectivity of the reactions catalyzed by these enzymes ex-
hibit distinct variations [8] and are anticipated to be the manifes-
tation of variations in amino acid residues within their substrate
cleft [8].

A comparison of rate of nonsynonymous substitutions per
nonsynonymous site (dN) to the rate of synonymous substitution
per synonymous site (dS) is an effective approach to detect the nat-
ure of selective pressure (dN/dS < 1, dN/dS = 1, dN/dS > 1 represents
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negative (purifying), neutral, positive selection, respectively) act-
ing on protein-coding genes. Statistical phylogenetics offers vari-
ous tools to measure the dN/dS ratio (x) for a set of protein-
coding nucleotide sequences along the lineages and/or of individ-
ual sites [12,13]. The aim of this study is to unravel the signature
of natural selection with a view to test the hypothesis that NArDO
evolved from NDO and to identify amino acid residues and regions
in NDO/NArDO that have evolved under positive selection.
2. Materials and methods

2.1. Sequence retrieval and construction of dataset

The coding sequence of catalytic a-subunit of NBDO (GenBank:
AF379638) was used as a query sequence in BLASTn [14] search
using the default parameters and 34 full length homologous se-
quences (showing P99% query coverage and P75% identity)
belonging to the naphthalene family of RHOs were retrieved. Cor-
responding protein sequences of these genes were also down-
loaded for analysis. Redundant sequences as well as those
bearing internal stop codon were excluded from the downloaded
set of sequences. Sequences (GenBank: JN655512, GQ184726)
showing recombination signals based on recombination analysis
using RDP3 (Recombination Detection Program Version3) [15]
were discarded from the analysis. Moreover, absence of saturation
of synonymous sites in our refined set of sequences was ensured
following the methods described by Lynn et al. [16] where pairwise
dN and dS values were calculated using the maximum-likelihood
method implemented in codeml program in PAML4.5 package
[13] followed by a correlation analysis using SPSS [17]. Two differ-
ent datasets, one containing 9 sequences (small dataset) and an-
other containing 21 sequences (large dataset), were finally built
(Table S1) to examine the robustness of analysis against dataset
size. Both small and large datasets contained 5 NArDOs, apart from
4 and 16 evolutionarily distinct NDOs, respectively.

2.2. Phylogenetic analyses

Nucleotide sequences of both the datasets were aligned and
phylogenetic trees were constructed using neighbor-joining algo-
rithm as implemented in MEGA5 [18]. Confidence values for the
nodes were obtained by bootstrapping (100 replicates). The nucle-
otide sequences for each of the datasets were also aligned as co-
dons using the same program. Codon alignments and trees
generated for each of the datasets were used in the subsequent
analyses.

2.3. Lineage-specific selection analysis

Lineage-specific selection analysis was performed individually
for both datasets to detect variation in selection pressure across
lineages and to identify lineages with elevated x values indicating
episodes of positive Darwinian selection. Two different approaches
were utilized for this purpose viz. Genetic Algorithm (GA)-branch
method [19] and maximum-likelihood method [12,13].

The GA-branch analysis was performed using the DATAMON-
KEY web server [20]. This method comes up with optimum branch
partition pattern according to x values but sheds no light on other
evolutionary aspects, such as j value (transition–transversion rate
ratio), branch lengths (number of nucleotide substitutions per co-
don) and number of synonymous/non-synonymous substitutions
along the lineages. To overcome these limitations, two different
branch models (referred to here as GA-models), one for each data-
set, were constructed by codeml program [13] following the iden-
tical branch partition pattern, as obtained from the best-fitting
models using GA-branch method. During construction of the GA-
models, branch labels were set to define various branch-rate clas-
ses. The GA-model, one- and free-ratio models were fitted by max-
imum-likelihood to each dataset followed by comparison of GA-
model to one- and free-ratio model by likelihood ratio test (LRT)
[21].

2.4. Site-specific selection analysis

In order to infer sites potentially under diversifying selection
pressure during the evolution of NDO enzyme family, four site-spe-
cific likelihood models, namely M1a, M2a, M7 and M8, were fitted
by maximum-likelihood [22,23] and the likelihood values under
model M1a and M7 were compared with M2a and M8 respectively
by LRT. M1a and M7 are the null models in which positive selection
is not allowed while M2a and M8 are the alternative models that
allow positive selection. Comparisons of M1a and M7 with M2a
and M8 respectively are performed to assess gene evolution under
positive selection, which is ensured by the acceptance of alterna-
tive models.

2.5. Branch-site specific selection analysis

Both datasets were considered for this analysis to detect posi-
tive selection affecting sites along specific lineage(s) (designated
as foreground branch) with x value greater than one as found in
the lineage specific analysis. This was performed by fitting modi-
fied Branch-site model A and its corresponding null model and
subsequent comparison of their likelihood values using LRT. In this
study, branch-site analysis was performed in combination with
site-stripping method [24] to stringently identify sites, contribut-
ing to the significance of the modified branch-site model A over
its null model, among the positively selected sites with Bayesian
posterior probabilities (P-value) >0.95. Before performing this
method, the positively selected sites identified by branch-site
model A were arranged in descending order of their P-values and
then the sites were removed sequentially from the alignment start-
ing from the site for which highest P-value was obtained. Each
resulting stripped alignment was reanalyzed using the same mod-
els and parameters. This process was continued until the LRT
failed. Sites, whose removal from the alignment resulted in failure
of the LRT, were taken to be the sites making the alternate model
significant.
3. Results and discussion

3.1. Lineage-specific selection analysis

3.1.1. GA-branch analysis
GA-branch analyses [19] allowed us to identify best-fitting

models that led to the classification of lineages within phyloge-
netic tree into four and six branch-rate classes, for small and large
dataset respectively, suggesting the presence of heterogeneity in
the x value among lineages (Fig. 1). Two branch-rate classes, each
for small and large datasets, exhibited x > 1, indicating that some
of the lineages have experienced positive selection (Fig. 1). The lin-
eages exhibiting high percentage support in favor of positive selec-
tion are summarized in Table S2.

3.1.2. Maximum-likelihood analysis
For both the datasets, x values displayed by the branch-rate

classes were compared with those exhibited by the corresponding
GA-models, constructed using the codeml program [13] (Table S3).
The values were found to be quite similar indicating that the best-
fitting models and their corresponding GA-models are equivalent



Fig. 1. Dendogram showing branch partitioning pattern based on dN/dS value
obtained for large (a) and small (b) dataset in GA-branch analysis. Lineages with
different dN/dS values have been indicated by color codes, shown in boxes. Extant
sequences are represented by gene name followed by corresponding strain
designation and NCBI accession number (within parentheses). NbzAc_JS764
(AF379638), ntdAc_JS42 (U49504), cnbAc_ZWLR2-1 (GU181397), dntAc_R34
(AF169302), dntAc_DNT (U62430) refer to sequence of NBDO, 2NTDO, 2clNBDO,
2,4DNTDO from B. cepacia R34 and 2,4DNTDO from Burkholderia sp. DNT respec-
tively. Lineages with x > 1 are labeled. Each node is represented as Nx (x = 18 & 6 for
large and small dataset respectively). (For interpretation of the reference to color in
this figure legend, the reader is referred to the web version of this article.)
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to each other. Comparison of lineage-specific likelihood models re-
vealed that the GA-model was significantly better than the one-ra-
tio model, but not significantly different from the free-ratio model
(Table 1).

The estimates of the x values under the one-ratio model for
both datasets were less than 1 (0.17 for large and 0.16 for small
dataset) indicating that, on average, synonymous substitutions
were more frequent than nonsynonymous substitutions and that
purifying selection pressure dominated the evolutionary history
of NDO family. The maximum-likelihood estimates of x values
along the lineages demonstrated that the same set of lineages
Table 1
Comparison of the GA-models with one- and free-ratio models.

Dataset Models 2Dl a dfb P-value

Small GA-model vs. one-ratio model 305.46 3 Pc� 0.01
GA-model vs. free-ratio model 3.18 11 0.99 > P > 0.95

Large GA-model vs. one-ratio model 374.8 5 Pc� 0.01
GA-model vs. free-ratio model 18.44 33 0.99 > P > 0.95

a Twice the log-likelihood difference between the nested models.
b Degrees of freedom.
c Statistically significant P-value.
within the NArDO clade (Br_nbzJS764, Br_ntdJS42, Br_dntR34,
Br_dntDNT, Br_cnbZWLR21, Br_N2 and Br_N4) exhibited x > 1 un-
der both the GA and free-ratio models across both datasets (Table 2
and Fig. 1). Among them, the x values along five lineages
(Br_nbzJS764, Br_ntdJS42, Br_dntR34, Br_dntDNT and Br_N4) were
estimated to be infinite (Table 2 and Fig. 1), indicating the absence
of synonymous substitution along these lineages. The likelihood
estimates of x value for the other two lineages viz. Br_CnbZWLR21,
Br_N2, were found to fall within the range of 3.41–3.78 and 3.59–
4.00, respectively (Table 2 and Fig. 1), indicating the presence of
both synonymous and non-synonymous substitutions along these
lineages with the dominance of non-synonymous rate over the
synonymous rate. In this respect, it is worth mentioning that some
of the lineages (Br_pahH, Br_pahN1, Br_N16, Br_nahND6, Br_nah-
PS6 and Br_N10, Br_nah98164, Br_nahNJ, Br_pahPak1, Br_nahSY02,
Br_N8 and Br_N11) outside the NArDO clade showed x > 1 (Table 2
and Fig. 1). The maximum-likelihood estimate of the number of
synonymous and non-synonymous substitutions along the lin-
eages demonstrated that none of the substitutions took place along
any of the six of the lineages, viz. Br_N10, Br_nah98164, Br_pah-
Pak1, Br_nahSY02, Br_N8 and Br_N11 (Table 2 and Fig. 1). Hence,
the infinite value of x along these lineages was solely due to the
absence of synonymous substitutions and had nothing to do with
positive selection.

Thus, both the GA-branch and the maximum-likelihood analy-
ses unanimously indicated that although purifying selection pres-
sure prevailed throughout the evolution of naphthalene family of
dioxygenases, but there were several instances of positive Darwin-
ian selection, mostly along the lineages within the nitroarene clade
(a total of 7 out of 8 lineages) (Fig. 1). This indicates that adaptive
evolution has played a crucial role during the evolution of NArDOs
from NDO. Since our analysis did not show any statistically signif-
icant difference between the GA- and free-ratio model, all the pos-
itively selected lineages where evidence of substitutions were
found were further considered for branch-site analysis [25,26] to
find out positively selected sites along these lineages.

3.2. Site-specific analysis

M2a and M8 models could not identify any statistically signifi-
cant positively selected sites. Moreover, comparison between site-
specific likelihood models (Table S4) revealed that models that al-
low positively selected sites were not significantly better than the
neutral models except in one case, that of the large dataset, where
M8 fitted better than the M7 model (Table S4). This observation
suggested that none of the sites have experienced any diversifying
selection pressure along all the lineages during evolution of the
NDO family. This inference lead us to hypothesize that the ob-
served positive selection along the lineages in the NArDO clade
(Fig. 1), as obtained in the lineage-specific selection analysis, may
have resulted from episodic selection pressure affecting only a
few sites, along these lineages.

3.3. Branch-site specific analysis

A flowchart shown in Fig. 2 describes the sequential steps that
were followed for each NArDO. Branch-site tests were performed
twice for each dataset using two different trees (Figs. 1 and 3)
and the lineages considered as foreground for each NArDO are
shown in Table 3. The foreground branches, taken into consider-
ation for branch-site test I using the tree shown in Fig. 1 for one
NArDO, were within the evolutionary pathway of other NArDOs.
Therefore it is logical to assume that among the positively selected
sites, some may not have played any role in the evolution of the
corresponding NArDO for which the branch-site test was executed.
To screen out these false positives, branch-site test II was



Table 2
Maximum-likelihood estimates of various parameters along the lineages showing x>1 under the lineage-specific models.

Dataset Branch x Branch length Synonymous substitutions
number

Non-synonymous substitutions
number

GA-model Free-ratio model GA-model Free-ratio model GA-model Free-ratio model GA-model Free-ratio model

Small Br_nbzJS764a 1 1 0.04 0.04 0.0 0.0 18.9 18.9
Br_ntdJS42a 1 1 0.01 0.01 0.0 0.0 5.8 5.8
Br_cnbZWLR21a 3.59 3.41 0.03 0.03 1.1 1.2 13.6 13.6
Br_N2a 3.59 3.77 0.03 0.03 1.1 1.0 12.8 12.8
Br_dntR34a 1 1 0.01 0.01 0.0 0.0 3.5 3.5
Br_dntDNTa 1 1 0.07 0.07 0.0 0.0 29.4 29.4
Br_N4a 1 1 0.03 0.03 0.0 0.0 14.3 14.3
Br_pahH 1 1 0.002 0.002 0.0 0.0 1.0 1.0

Large Br_nbzJS764a 1 1 0.04 0.04 0.0 0.0 18.7 18.7
Br_ntdJS42a 1 1 0.01 0.01 0.0 0.0 5.8 5.8
Br_cnbZWLR21a 3.78 3.59 0.03 0.03 1.1 1.2 13.4 13.4
Br_N2a 3.78 4.0 0.03 0.03 1.1 1.0 12.6 12.7
Br_dntR34a 1 1 0.01 0.01 0.0 0.0 3.5 3.4
Br_dntDNTa 1 1 0.07 0.07 0.0 0.0 29.1 29.1
Br_N4a 1 1 0.03 0.03 0.0 0.0 14.1 14.1
Br_pahH 1 1 0.00 0.00 0.0 0.0 1.0 1.0
Br_pahN1 1 1 0.01 0.01 0.0 0.0 2.0 2.0
Br_N16 1 1 0.02 0.02 0.0 0.0 6.9 7.0
Br_nahND6 1 1 0.01 0.01 0.0 0.0 3.1 3.1
Br_nahPS6 1 1 0.01 0.01 0.0 0.0 4.1 4.1
Br_N10 3.78 2.5 0.0 0.0 0.0 0.0 0.0 0.0
Br_nah98164b 0.09 2.58 0.0 0.0 0.0 0.0 0.0 0.0
Br_nahNJb 0.72 1.31 0.02 0.02 3.2 2.0 7.1 8.2
Br_pahPak1b 0.23 2.58 0.0 0.0 0.0 0.0 0.0 0.0
Br_nahSY02b 0.09 2.56 0.0 0.0 0.0 0.0 0.0 0.0
Br_N8b 0.72 2.2 0.0 0.0 0.0 0.0 0.0 0.0
Br_N11b 0.72 1.54 0.0 0.0 0.0 0.0 0.0 0.0

a Lineages within the NArDO clade.
b Lineages exhibiting x > 1 exclusively in free-ratio model.
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performed using the trees shown in Fig. 3, consisting of any one of
the NArDOs and the NDO sequences. As depicted in Fig. 2, posi-
tively selected sites obtained from these two branch-site tests
were screened and a list of positively selected sites for each dataset
was constructed. Sites common to both the lists (one for each data-
set) were finally selected to identify the positively selected resi-
dues within each NArDO (Table 3). All the branch-site tests
performed during this analysis favoured the modified branch-site
model A over its null model, suggesting that episodic selection
pressure operated along these lineages. The summary of the
branch-site tests has been shown in Table 3.

The present analysis detected more than one positively selected
residues for each nitroarene dioxygenase (Table 3). This result is
consistent with a previous hypothesis that multiple amino acid
substitutions are required to effectively orient nitroaromatic com-
pound inside the active site pocket of naphthalene dioxygenase for
efficient catalysis [27]. In addition, branch-site analysis yielded dif-
ferent sets of positively selected residues for different NArDOs, in
agreement with their differential catalytic properties. Interestingly,
a difference was observed in the number of positively selected res-
idues in the DNTDO sequences from Burkholderia cepacia R34 and
Burkholderia sp. DNT (Table 3). In addition, the branch lengths for
the dioxygenase from strain R34 was also found to be longer than
that of strain DNT (Table 2). Although both the genes have been
annotated as dinitrotoluene dioxygenase, but the above observa-
tions suggest a plausible difference in their evolutionary rates,
and their differential range of substrate preferences.

In the branch-site test, conducted individually for each of the
six lineages (Br_pahH, Br_pahN1, Br_N16, Br_nahND6, Br_nahPS6
and Br_nahNJ) outside NArDO clade, it was observed that for two
of the lineages (Br_nahNJ, Br_N16) the modified branch-site model
A was significantly better than the corresponding null models, sug-
gesting the presence of positively selected sites along the lineages
(Table S6 and Fig. 1). Though the sequences corresponding to these
lineages have been reported as NDOs, it might be possible that the
observed positive selection have led to alteration of their substrate
specificities and modification of activity towards other structurally
homologous compounds.

3.4. Positively selected sites mapped onto the 3D structure

Residues in NDO, corresponding to the positively selected sites
for each NArDO were mapped onto the 3D structure of the a-sub-
unit of NDO (PDB: 1NDO, Chain: A). Residue-specific distances, be-
tween Ca atoms and the active site iron were also calculated
(Table S7). In addition, ASA (accessible surface area) ratios of these
residues were measured using the GETAREA program [28]. The lat-
ter analysis showed most of them (12 out of 17) to be buried
(Table S7). The mapping showed that six residues (viz. Ala206,
Pro198, Trp316, Phe352, Leu253, His295) corresponding to the
structure of NDO a-subunit (PDB: 1NDO) were located within
the substrate channel (Fig. S1)[3]. Among them, Ala206 is located
above the active site iron; Pro198 and Trp316 are located below
the iron atom while Phe352 lines the narrowest region of the chan-
nel (Fig. S1). Seven other residues were found to be located within
a diameter of 15 Å from the active site iron while three more res-
idues were within a range of 15–20 Å. These observations indicate
that residues within the 20 Å diameter of the active site iron have
largely undergone positive selection during the evolution of NAr-
DOs from NDO. Changes in physio-chemical properties (size,
hydrophobicity, charge, polarity and aromaticity) of all the sites
under positive selection were studied (Table S7) and the observed
differences likely played a major role in altering the activity of NDO
towards nitroaromatic compounds. Residues present within the
catalytic pocket are known to directly influence the substrate pro-
miscuity, regiospecificity and enantioselectivity of the enzymes
while those outside the catalytic pocket modulate the activity of
the enzymes by indirect effects such as through subtle changes
in the complex architecture of tertiary and/or quaternary structure
[29,30]. Another residue, Ser102, detected to be positively selected,



Fig. 2. Flowchart exhibiting the sequential steps carried out during branch-site analysis for each NArDO to find out the signature of episodic selection pressure affecting the
subset of lineages within nitroarene clade during the evolution of NDO into NArDO and to identify the positively selected sites for each NArDO. Lists of positively selected
residues (list 1A, 1B, 1C, 2A, 2B, 2C, X, Y) constructed in different steps are shown in Table S5.

Fig. 3. Alternate tree topology (‘a’ for large dataset and ‘b’ for small dataset) used for branch-site test II. The branch selected as ‘foreground’ has been labeled as # and X
represents the NArDO under consideration. Extant sequences are represented by gene name followed by corresponding strain designation and NCBI accession number (within
parentheses).
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belongs to the Rieske domain. The Rieske center of one a-subunit is
structurally proximal to the active site of the neighbouring a-sub-
unit. Therefore, Ser102 is likely to influence the enzyme activity of
the neighbouring a-subunit. However, possibilities of distant resi-
dues exerting indirect effects on the catalytic domain of the same
subunit cannot be ignored as has been previously observed in case
of UDP-glucuronosyltransferase [31]. Friemann et al. [8] reported
that although structures of NDO and NBDO a-subunits are similar,
significant structural differences were observed along the loop
(Leu253-Leu265 in 1NDO) located at the entrance of the substrate
channel. Branch-site specific analysis for respective NArDO de-
tected two residues (Leu253 and His261) under positive selection



Table 3
Summary of branch-site test of positive selection along the lineages within NArDO clade.

Dioxygenase Model la Foreground
branches

2Dld P(df = 1)
e Positively selected sitesf,g

Large Small Large Small Large Small

NBDO Modified
branch-site
Model A

�5390.11 �4023.95 (Br_nbzJS764,
br_N1, br_N2,
br_N3)b

62.8 54.36 �0.01 �0.01 Phe196(Pro198), Gly204(Ala206),
Ala214(Ser216), Phe251(Leu253),
Phe259(His261), Phe293(His295),
Ala310(Val312), Met367(Ala369),
Ser384(Asn386)

Null model
for modified
branch-site
Model A

�5421.51 �4051.13

Modified
branch-site
Model A

�4753.24 �3377.9 Ancestral branch
of NBDOc

7.38 6.7 <0.01 <0.01

Null model
for modified
branch-site
Model A

�4756.93 �3381.25

2NTDO Modified
branch-site
Model A

�5401.43 �4035.34 (Br_ntdJS42,
br_N1, br_N2,
br_N3)b

51.0 43.42 �0.01 �0.01 Gly100(Ser102), Phe196(Pro198),
Ile204(Ala206), Ala214(Ser216),
Thr251(Leu253), Phe259(His261),
Ile293(His295), Thr310(Val312),
Ser384(Asn386)

Null model
for modified
branch-site
Model A

�5426.93 �4057.05

Modified
branch-site
Model A

�4721.92 �3346.58 Ancestral branch
of 2NTDOc

18.46 19 �0.01 �0.01

Null model
for modified
branch-site
Model A

�4731.15 �3356.08

2clNBDO Modified
branch-site
Model A

�5422.47 �4051.53 (Br_CnbZWLR21,
Br_N2, Br_N3)b

19.64 16.56 �0.01 �0.01 Asn100(Ser102), Phe196(Pro198),
Ile204(Ala206),Ile214(Ser216), Ala406(Ile408)

Null model
for modified
branch-site
Model A

�5432.29 �4059.81

Modified
branch-site
Model A

�4683.67 �3307.38 Ancestral branch
of 2clNBDOc

12.7 12.44 �0.01 �0.01

Null model
for modified
branch-site
Model A

�4690.02 �3313.6

2,4 DNTDO
(dntAc_R34)

Modified
branch-site
Model A

�5420.83 �4049.43 (Br_DntR34,
Br_N4, Br_N3)b

26.04 23.78 �0.01 �0.01 Leu196(Pro198), Ile214(Ser216),
Phe314(Trp316),Asp384(Asn386)

Null model
for modified
branch-site
Model A

�5433.85 �4061.32

Modified
branch-site
Model A

�4654.12 �3278.99 Ancestral branch
of 2,4 DNTDOc

8.56 8.44 <0.01 <0.01

Null model
for modified
branch-site
Model A

�4658.40 �3283.21

2,4 DNTDO
(dntAc_ DNT)

Modified
branch-site
Model A

�5398.93 �4030.92 (Br_DntDNT,
Br_N4, Br_N3)b

39.48 35.86 �0.01 �0.01 Val200(Ala197), Phe201(Pro198),
Ile209(Ala206),Ile219(Ser216), Ala245(Met242),
Gly312(Cys309), Phe319(Trp316),
Thr355(Phe352),
Val370(Thr368),Asp388(Asn386)

Null model
for modified
branch-site
Model A

�5418.67 �4048.85

(continued on next page)
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Table 3 (continued)

Dioxygenase Model la Foreground
branches

2Dld P(df = 1)
e Positively selected sitesf,g

Large Small Large Small Large Small

Modified
branch-site
Model A

�4703.63 �3350.77 Ancestral branch
of 2,4 DNTDOc

21.0 23.92 �0.01 �0.01

Null model
for modified
branch-site
Model A

�4714.13 �3362.73

a Log-likelihood value.
b Shown in Fig. 1.
c Shown in Fig. 3.
d Twice the log-likelihood difference between the nested models.
e Probability value at 1 degree of freedom .
f Positively selected sites refer to the respective NArDO and their corresponding sites a-subunit of 1NDO are mentioned within parentheses.
g Positively selected sites for each NArDO were obtained through robust screening method, described in Fig. 2.
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for NBDO and 2NTDO which were found to be located in the loop
region. This finding suggests the possibility of the loop region to
be under selection pressure.

In summary, maximum-likelihood estimation of lineage- and
branch-site specific x values obtained from the above study nulli-
fies the neutral model of sequence evolution for naphthalene fam-
ily of dioxygenase. The analysis reveals that episodes of
diversifying evolution, affecting only couple of sites along small
subset of lineages within the nitroarene clade, were instrumental
in the evolution of NDO into NArDO. Although positively selected
residues are scattered throughout the protein structure, mapping
of the positively selected residues suggests that the active site,
the substrate channel and its adjacent regions have mainly been
targeted by selection pressure to broaden the enzyme specificity
towards nitro-aromatic compounds. As a whole the study thus re-
veals that with the addition of new compounds into the environ-
ment, bacteria adapt to the milieu, occasionally by altering and/
or broadening substrate specificities of relevant enzyme system(s)
for selective advantage. Information on the key amino acid substi-
tution events detected in the present work lays the foundation on
rational approaches to design site-directed mutagenesis experi-
ments in order to engineer catabolic activity of the RHO enzyme
system toward target pollutants. This may be enriched further by
molecular dynamics approach for wider applications in the field
of biocatalysis and bioremediation.
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