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Abstract

The study presents an in silico identification of poly (cis-1,4-isoprene) cleaving enzymes, viz., RoxA and RoxB in bacteria,
followed by their functional and evolutionary exploration using comparative genomics. The orthologs of these proteins were
found to be restricted to Gram-negative beta-, gamma-, and delta-proteobacteria. Toward the evolutionary propagation, the
RoxA and RoxB genes were predicted to have evolved via a common interclass route of horizontal gene transfer in the phy-
lum Proteobacteria (delta— gamma — beta). Besides, recombination, mutation, and gene conversion were also detected in
both the genes leading to their diversification. Further, the differential selective pressure is predicted to be operating on entire
RoxA and RoxB genes such that the former is diversifying further, whereas the latter is evolving to reduce its genetic diver-
sity. However, the structurally and functionally important sites/residues of these genes were found to be preventing changes
implying their evolutionary conservation. Further, the phylogenetic analysis demonstrated a sharp split between the RoxA
and RoxB orthologs and indicated the emergence of their variant as another type of putative rubber oxygenase (RoxC) in the
class Gammaproteobacteria. A detailed in silico analysis of the signature motifs and residues of Rox sequences exhibited
important differences as well as similarities among the RoxA, RoxB, and putative RoxC sequences. Although RoxC appears
to be a hybrid of RoxA and RoxB, the signature motifs and residues of RoxC are more similar to RoxB.

Keywords Evolution - Horizontal gene transfer - Natural rubber degradation - Phylogeny - Rubber oxygenases - Selective
pressure

Introduction

Natural rubber (NR) is a biopolymer of cis-1,4-isoprene and
has been commercially exploited because of its wide range
of domestic and industrial applications. As NR does not
accumulate in the environment, NR-degradation must occur.
Bioremediation of NR is a potential eco-friendly alternative
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strategy to cope with the environmental and health hazards
associated with the traditional methods of NR-degradation.
Several reports on bacterial biodegradation of NR have been
published which have revealed two distinct groups of NR-
degrading bacteria, viz., Gram-positive Actinobacteria and
Gram-negative Proteobacteria (Jendrossek and Birke 2019).
The key enzyme involved in the NR-degradation process
is different in both the Gram-positive and Gram-negative
bacteria with the former harboring latex clearing protein
(Lcp), a b-type mono-heme cytochrome and the latter har-
boring rubber oxygenase (Rox) enzymes (c-type di-heme
cytochrome) (Jendrossek and Birke 2019). The distribu-
tion of Lcp has been explored in several bacteria, whereas
the studies on Rox distribution are limited to only a few
members, including Steroidobacter cummioxidans 35Y,
Rhizobacter gummiphilus NS21, Haliangium ochraceum
SMP-2, Corallococcus coralloides B035, and Myxococcus
Sulvus HW1. Among all NR-degrading bacteria, Gram-neg-
ative S. cummioxidans 35Y (previously Xanthomonas sp.
35Y) is one of the fastest-growing strains, when cultivated

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0002-1095-4030
http://orcid.org/0000-0002-8290-7006
http://orcid.org/0000-0001-9270-8775
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-020-02371-6&domain=pdf
https://doi.org/10.1007/s13205-020-02371-6

376 Page2of18

3 Biotech (2020) 10:376

on rubber latex (Jendrossek and Birke 2019; Sharma et al.
2018; Tsuchii and Takeda 1990). Despite harboring a faster
NR-degrading bacterium, the Gram-negative group of NR-
degraders is much less studied. Thus, there is a need to
explore this bacterial group to search for potential candi-
dates which might have better NR-degradation efficiency in
comparison to the known NR-degrading microbes.

In the Gram-negative NR-degrading bacteria, two par-
alogous copies of Rox enzymes viz., RoxA and RoxB, have
been demonstrated to function synergistically (Jendrossek
and Birke 2019). The RoxA and RoxB proteins resemble
each other with respect to their molecular masses for mature
proteins (71.5 kDa for RoxA and 70.3-70.8 kDa for RoxB)
and cofactor content (2 c-type hemes). However, they share
only 38% amino acid sequence identity and differ in their
functional properties. For example, RoxB cleaves poly (cis-
1,4-isoprene) randomly into a distinctive product spectrum
of C,,, C,5, C3y, and higher oligo-isoprenoids (Birke and
Jendrossek 2014; Birke et al. 2018) in an endo-type manner

(Fig. 1). In contrast, RoxA cleaves poly (cis-1,4-isoprene)
from one end in an exo-type fashion into 12-oxo-4,8-dimeth-
yltrideca-4,8-diene-1-al (ODTD), a C,5 oligo-isoprenoid, as
the major end product. Besides, RoxA can also degrade Lcp-
and RoxB-derived higher oligo-isoprenoid units into smaller
ODTD units, which upon oxidoreduction can be easily taken
up by the bacterial cells for further metabolism. Thus, the
primary functions of RoxA and RoxB remain the same,
which is NR-cleavage; however, the mechanisms for this
process are quite different for each enzyme. These observa-
tions indicate substantial evolutionary events of divergence,
propagation, and co-evolution of these proteins.

The emergence of RoxA and RoxB paralogs is the result
of the continuous adaptive evolution of Rox proteins in dif-
ferent bacterial hosts. A complete understanding of the func-
tional divergence of Rox proteins requires comprehensive
evolutionary exploration of these proteins as demonstrated
in the case of other genes/proteins (Grove 2010; Gruen et al.
2019; Juarez-Vazquez et al. 2017; Noor et al. 2014). The
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Fig. 1 Oxidative cleavage of Poly(cis-1,4-isoprene) by RoxA, RoxB,
and Lcp enzymes. Poly(cis-1,4-isoprene) (100 <n < 10,000) is oxida-
tively cleaved by RoxA, RoxB, and Lcp to oligo-isoprenoids with ter-
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evolution of prokaryotic genomes can be described within
the framework of population genetics by exploring their
genetic relatedness (phylogeny) and the processes of hori-
zontal gene transfer (HGT), recombination, selective pres-
sure, gene conversion, and mutation. Of these, phylogeny is
a major tool to study the evolution of a genetically related
group of organisms by the comparison of orthologous
sequences. HGT is an important process of trait accumula-
tion via the exchange of genetic material for adaptive pur-
poses (Arber 2014). The traits, which undergo HGT, must
be naturally selected to prevent their loss by simple genetic
drift (Perry and Wright 2014). For adaptive evolution, the
traits once accumulated in the genome undergo the process
of diversification, which is attributed to point mutations
(Bryant et al. 2012), events of gene conversion (Darmon
and Leach 2014), and recombination (Arber 2014; Boc
and Makarenkov 2011). Importantly, all these evolutionary
attributes remain completely unexplored for Rox proteins,
except for the phylogenetic analysis, which has been carried
out in a few studies only on a limited number of bacteria
(Birke et al. 2017; Jendrossek and Reinhardt 2003; Kasai
et al. 2017).

The observations mentioned above prompted us to per-
form comprehensive analyses of the RoxA and RoxB pro-
teins of Gram-negative NR-degrading bacteria to explore
their distribution and functional and evolutionary traits in
the prokaryotic domain using in silico approaches of com-
parative genomics. To this end, we predicted the orthologs
of key rubber-cleaving enzymes, viz., RoxA and RoxB, in
the bacterial domain to identify the putative Gram-nega-
tive bacterial strains with the potential to degrade NR. We
further evaluated the functional homology of the predicted
orthologs with well-characterized RoxA and RoxB enzymes.
We also studied the evolution of RoxA and RoxB genes,
which might have led to the emergence of these functionally
distinct paralogs. Toward this, we carried out HGT, intra-
genic recombination, recombination rate, mutation rate, gene
conversion, and selective pressure analyses.

Materials and methods
Retrieval of genome sequences

In this study, 38 publicly available bacterial genomes of
complete or draft quality (Table S1) were used for the analy-
ses. The nucleotide, coding genes, and protein sequences of
S. cummioxidans 35Y were downloaded from the Figshare
repository (https://doi.org/10.6084/m9.figshare.6226466).
For the remaining bacteria, the data were downloaded from
the NCBI databases (GenBank (https://ftp.ncbi.nlm.nih.gov/
genbank) or RefSeq (https://ftp.ncbi.nlm.nih.gov/refseq),
version as of February 2018). A flowchart of methodology

and bioinformatics tools used for the present analysis is
given in Fig. S1.

Assignment of orthologs

For comparative analysis, assignment of orthologs, and
similarity searches, an E-value cutoff of 10~ 4 a threshold
of 30% amino acid sequence identity, and 60% coverage of
both query and hit in the alignment (BLASTP) were used
throughout the analyses unless otherwise specified.

Mining of RoxA and RoxB orthologs

Online BLASTP v2.8.0+ (Camacho et al. 2009) was used
with default parameters to search for orthologs of the RoxA
(STC_00358) and RoxB (STC_02518) protein sequences of
S. cummioxidans 35Y against the NCBI database of non-
redundant protein sequences (NR) (https://blast.ncbi.nlm.
nih.gov/Blast.cgi, version as of February 2018). An ortholog
was assigned to RoxA or RoxB designation based on its
highest amino acid sequence identity, either with RoxA or
RoxB protein sequence of S. cummioxidans 35Y.

Sequence alignment

Nucleotide and protein sequences were aligned using the
T-Coffee server (Di Tommaso et al. 2011) with default
parameters. The codon alignment of nucleotide sequences
was constructed by PAL2NAL (Suyama et al. 2006) based
on protein alignments. Unipro UGENE v1.24.1 (Okonech-
nikov et al. 2012) was used for the visualization of align-
ments. The consensus positions of amino acid residues in a
given alignment were used throughout the analyses.

Heatmap construction

GENE-E matrix visualization and analysis program (https
://lwww.broadinstitute.org/cancer/software/GENE-E) was
used to generate the heatmap and hierarchical clustering
based on amino acid sequence identities (%) among RoxA
and RoxB orthologs which were calculated using BLASTP
v2.8.0+ (Camacho et al. 2009).

Phylogenetic tree reconstruction
For all the phylogenetic analyses, Thermosulfurimonas dis-
mutans was used as the outgroup. FigTree v1.4.2 (Rambaut
2014) was used for tree visualization.

Gene tree

For all the phylogenetic analyses, the neighbor-joining
method (Saitou and Nei 1987) implemented in MEGA6
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(Tamura et al. 2013) was used to infer evolutionary history.
Robustness of the phylogenetic trees was evaluated using
the bootstrap resampling method of Felsenstein (Felsenstein
1985). The bootstrap consensus trees inferred from 1000
replicates were taken to represent the evolutionary history
of the taxa analyzed. The trees were drawn to scale, with
branch lengths in the same units as those of the evolution-
ary distances used to infer phylogenetic trees. All the posi-
tions containing gaps and missing data were eliminated. The
evolutionary analyses were conducted in MEGAG6 (Tamura
et al. 2013).

For phylogenetic tree reconstruction of RoxA and RoxB
protein orthologs, their aligned protein sequences were used.
The evolutionary distances were computed using the Poisson
correction method (Zuckerkandl and Pauling 1965) and are
in the units of the number of amino acid substitutions per
site. The analysis involved 90 amino acid sequences with a
total of 220 positions in the final dataset.

For HGT analyses, all the gene trees were constructed
using nucleotide alignments. The evolutionary distances
were computed using the maximum composite likelihood
method (Tamura et al. 2004) and are in units of the number
of base substitutions per site. Codon positions included were
Ist+2nd + 3rd + Noncoding. The phylogenetic analyses of
RoxA and RoxB orthologous genes involved 24 nucleotide
sequences with a total of 885 positions and 29 nucleotide
sequences with a total of 759 positions in the final dataset,
respectively.

Species tree

For HGT analysis, all the species trees were obtained using
the standalone version of Up-to-date Bacterial Core Gene
set (UBCG) software (Na et al. 2018) with default param-
eters. The software employs a set of 92 single-copy core
genes commonly present in all bacterial genomes for the
construction of the genome-based phylogenetic tree. To this
end, UBCG software finds the genes in bacterial genomes
using PRODIGAL (Hyatt et al. 2010) and extracts the core
genes using HMMER3 (Eddy 2011). Further, it generates
multiple-sequence alignment of each of the orthologous core
gene sets using MAFFT (Katoh and Standley 2013). These
MSAss are concatenated followed by excluding the alignment
positions having gap characters more than 50%. Finally, it
calculates the maximum likelihood phylogenetic tree using
FastTree (Price et al. 2010) as a default tool. The Gene Sup-
port Index (GSI) (Na et al. 2018) implemented in UBCG
was used to evaluate the robustness of the phylogenetic trees.
GSI indicates how many genes support the branch in the
concatenated phylogenetic tree. The GSI values of 50 or
greater were considered statistically significant and indicated
support for a clade in our analysis.
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Functional analyses

For the functional analysis of the orthologs of RoxA and
RoxB proteins, their protein sequences were scanned with
the standalone version of InterProScan v5.10-50.0 (Jones
et al. 2014) to classify them into families and predicting
their domains and important sites. Inmembrane program
(Perry and Ho 2013) was used for the prediction of the sub-
cellular localization in Gram-negative bacteria with default
parameters. This program includes a transmembrane helix
predictor (TMMOD) (Kahsay et al. 2005), a secretion signal
predictor (SignalP) (Petersen et al. 2011), a lipoprotein sig-
nal predictor (LipoP) (Juncker et al. 2003), and a sequence
alignment for protein profiles (HMMER) (Durbin et al.
1998). SecretomeP v2.0 (Bendtsen et al. 2005) was used for
the prediction of non-classically secreted proteins of Gram-
negative bacteria. Here, the SecP score > 0.5 was used as the
determining value to indicate possible secretion.

Horizontal gene transfer analysis

Complete HGT events were analyzed with Tree and Retic-
ulogram reconstruction (T-REX) server (Boc et al. 2012)
using the bipartition dissimilarity (BD) as the optimization
criterion (i.e., minimum cost) (Boc et al. 2010). For a given
pair of species and gene trees, the BD test calculates their
proximity by several distance-based measures and predicts
minimum cost scenario HGTs by the progressive recon-
ciliation of those trees using a refinement of the Robinson
and Foulds distance (Boc et al. 2010; Robinson and Foulds
1981). T-REX was optimized by taking into account the
evolutionary events, including gene duplication and dele-
tion. The HGT detection was carried out with the bootstrap
resampling option available in T-REX to assess the support
of the tree branches. Importantly, bootstrap score values of
100% were considered statistically significant and showed
strong support for all the predicted gene transfers.

Intragenic recombination, recombination rate,
mutation rate, and gene conversion analyses

The codon alignments of both RoxA and RoxB genes were
screened for recombination breakpoints using the GARD
algorithm (Pond et al. 2006) implemented in the HyPhy
package (Pond et al. 2005) on the Datamonkey server
(Pond and Frost 2005). The presence of recombination
was statistically verified using the pairwise homoplasy
test (PHI) (Bruen et al. 2006) implemented in SplitsTree
v.4.14.8 (Huson and Bryant 2005). We further statistically
tested the assumption that the variation in RoxA and RoxB
genes is neutral using the Tajima’s D test (Tajima 1989).
More specifically, we tested the neutrality of mutations
in the entire coding sequence of RoxA and RoxB genes, as
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well as independently for its major sub-regions compris-
ing important structural and functional sites/residues. The
codon alignments of RoxA and RoxB genes and their major
sub-regions were used for the Tajima’s D test of neutrality
(Tajima 1989) using the algorithm implemented in MEGA6
(Tamura et al. 2013). In addition, seven methods imple-
mented in the Recombination Detection Program (RDP)
suite v4.97 (Martin et al. 2015), including 3Seq (Boni et al.
2007), Bootscan (Martin et al. 2005), Chimaera (Posada
2002), GENECONYV (Padidam et al. 1999), MaxChi (Smith
1992), RDP (Martin and Rybicki 2000), and SisScan (Gibbs
et al. 2000), were also applied to detect potential recom-
binant sequences, parental sequences, and recombination
breaking points in both RoxA and RoxB genes. Analyses
were performed with default settings for the different detec-
tion methods and each possible event was considered statis-
tically significant when a supporting p value was less than
0.05 in more than one detection method.

The mutation rate (theta, Watterson’s mutation parameter)
and recombination parameter (rtho) of RoxA and RoxB gene
sets were estimated by the LDHat package (McVean et al.
2002) implemented in RDP suite v4.97 (Martin et al. 2015).
To detect the events of gene conversion, codon alignment
of Rox genes (RoxA + RoxB) was analyzed for signatures
of interparalog gene conversion by a previously described
method (Betran et al. 1997) implemented in DNA Sequence
Polymorphism (DnaSP) software v6.12.01 (Librado and
Rozas 2009).

Selective pressure analyses

Selective pressure (w) was calculated as the ratio of non-
synonymous (K,) to synonymous (K,) substitution rates (Hu
and Banzhaf 2008; Hurst 2002; Pond et al. 2005). The non-
synonymous substitutions in a nucleotide sequence cause a
change in the translated amino acid sequence, whereas the
synonymous substitutions do not alter it. The value of ®
greater than one implies positive or Darwinian or diversify-
ing selection of a gene which drives the changes to increase
its genetic diversity (Shapiro and Alm 2008). The value of
o less than one implies negative or purifying or stabilizing
selection of a gene which eliminates its deleterious muta-
tions that arise in a population to reduce its genetic diversity.
The value of @ equal to one of a gene indicates its neutral
selection.

The codon alignment was used to calculate K, and K|
using the Nei—Gojobori (NG) method (Nei and Gojobori
1986) implemented in KaKs_Calculator v1.2 (Zhang et al.
2006) with default parameters. To assess the selection at
codon level for both RoxA and RoxB genes, their codon
alignments were subjected to selective pressure analyses
using the HyPhy algorithm (Pond et al. 2005) implemented
in MEGAG6 (Tamura et al. 2013).

Results

Distribution of RoxA and RoxB proteins
among prokaryotes

We identified the orthologs of rubber oxygenases (RoxA
and RoxB) and explored their distribution and evolution-
ary relatedness among prokaryotes. The orthologous
protein sequences of RoxA and RoxB were subjected to
comprehensive functional analyses to examine their resem-
blances with the well-characterized RoxA and RoxB pro-
tein sequences of S. cummioxidans 35Y.

In silico identification and exploration
of phylogenetic relatedness of RoxA and RoxB
orthologs in Gram-negative bacteria

A sequence similarity-based approach was used to iden-
tify the orthologous protein sequences of rubber oxyge-
nases (RoxA and RoxB) of S. cummioxidans 35Y in the
NR database. An ortholog was assigned to RoxA or RoxB
designation based on its highest amino acid sequence iden-
tity, either with the previously well-characterized RoxA or
RoxB protein sequence of S. cummioxidans 35Y. From this
analysis, 87 orthologs (34 similar to RoxA and 53 simi-
lar to RoxB) were identified, in addition to the RoxA and
RoxB of S. cummioxidans 35Y. These orthologs (n=_89)
belonged to the Gram-negative members of the beta,
gamma, and delta classes of the phylum Proteobacteria
(Table S2). Deltaproteobacteria (57%) was the most abun-
dant class, followed by Gammaproteobacteria to which the
RoxA orthologs (n=35) were assigned. An opposite trend
was observed for the RoxB orthologs (n=54), wherein
Gammaproteobacteria (63%) was the most abundant class
followed by Deltaproteobacteria. However, Betaproteo-
bacteria was the least abundant class assigned to both the
RoxA and RoxB orthologs.

To explore evolutionary relatedness, a comprehensive
phylogenetic analysis of 89 RoxA and RoxB orthologous
proteins was performed. Since the cytochrome ¢ peroxi-
dase A (CcpA) is distantly related to RoxA protein (Sei-
del et al. 2013), we used this enzyme/gene of Thermo-
sulfurimonas dismutans as the outgroup for phylogenetic
analysis. We observed three separate clusters in the phy-
logenetic tree (Fig. 2). The first cluster belonged to RoxB
orthologs (RoxB), the second cluster belonged to RoxA
orthologs (RoxA[)), and the third cluster had both RoxA
and RoxB sequences (RoxA[;; and RoxBy;;). The presence
of the third cluster in the phylogenetic tree indicated the
emergence of another type of putative rubber oxygenases
in Gram-negative bacteria. It should be noted that the
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WP_073562408.1 hypothetical protein [Archangium sp. Cb G35]
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STC_02518 RoxB [Steroidobacter cummioxidans 35Y]
WP_085748997.1 ical protein
WP_012826609.1 ical protein
WP_008930477.1 ical protein [

A ical protein COA55_13900 [Alcanivorax sp.]
WP_022986784.1 hypothetical protein [Alcanivorax sp. P2S70]
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«Fig. 2 Phylogenetic relationships among the 89 orthologs of rubber
oxygenases (RoxA and RoxB) in the phylum Proteobacteria. The
phylogenetic tree was constructed based on amino acid sequences of
the RoxA and RoxB orthologs by using the neighbor-joining method.
The cytochrome ¢ peroxidase amino acid sequence of Thermosulfuri-
monas dismutans was used as the outgroup. Numbers at nodes indi-
cate the levels of bootstrap support (%) based on a maximum like-
lihood analysis of 1000 resampled datasets; values of less than 50%
are not shown. Bar, 0.2 substitutions per site. Solid lines represent the
lengths of branches; dotted lines are used to align the tip labels for
better visualization; the circle represents the node; red fonts represent
RoxA orthologs, green fonts represent RoxB orthologs; * represents
the RoxA orthologs in cluster III, # represents the RoxB orthologs
in cluster III; I: cluster I orthologs of RoxB (RoxBy); II: cluster
II orthologs of RoxA (RoxA;); III: cluster III orthologs of RoxA
(RoxAyp) and RoxB (RoxBy) and are termed as putative RoxC

catalytic activities of RoxA and RoxB enzymes, which
form a part of the cluster I (RoxBy) and cluster II (RoxA)),
respectively, are experimentally confirmed in S. cummi-
oxidans 35Y (Jendrossek and Birke 2019) and R. gum-
miphilus NS21 (Birke et al. 2018). However, the catalytic
activities of RoxA and RoxB enzymes of all members of
cluster IIT (RoxAy; and RoxBy;) remain unknown. These
three clusters were further confirmed by an amino acid
identity-based heatmap of RoxA and RoxB orthologs (Fig.
S2). Of these three clusters, the first and second clusters
possessed rubber oxygenases of the beta, gamma, and
delta classes of the phylum Proteobacteria, whereas the
third cluster belonged to the class Gammaproteobacteria
only. It is interesting to note that a few Proteobacteria were
found to harbor orthologs of both RoxA and RoxB pro-
teins, whereas few others had either a RoxA or a RoxB
protein encoded in their genomes (Table S2).

In silico functional analyses of Rox orthologs
for signature motifs and subcellular localization

The functional annotations of most of the RoxA and RoxB
protein orthologs (~ 96%) remain unknown as these proteins
are annotated as “hypothetical proteins” (Table S2). To pre-
dict the functions of these orthologs, we performed com-
prehensive analyses of their functional motifs, domains, and
structurally conserved sites/residues. The RoxA and RoxB
orthologs were found to exhibit conservation at most of their
respective signature motifs and residues (Table 1). Impor-
tantly, all RoxA and RoxB orthologs were found to harbor
two conserved CXXCH motifs (Figs. S3 and S4). The occur-
rence of these cytochrome motifs was further confirmed by
the InterProScan analysis of all RoxA and RoxB orthologs.
This analysis predicted the presence of a cytochrome c-like
domain (IPR009056) as the conserved motif that possesses
electron transfer activity (GO:0009055) and heme-binding
(G0:0020037) functions in all RoxA and RoxB orthologs
(data not showed). All RoxA and RoxB orthologs were also

found to harbor a conserved MauG motif (PXXHNXXXP)
(Fig. S5). Besides, the axial histidine ligands of heme 1 (Fig.
S3) and heme 2 (Figs. S4 and S6) were also found to be con-
served at the corresponding positions among all the RoxA
and RoxB orthologs. Other important residues, viz., A251,
1252, 1.254, 1255, F301, A316, and F317 (Seidel et al. 2013)
were not found to be conserved at their corresponding posi-
tions in all the RoxA and RoxB orthologs (Table 1 and Fig.
S7). However, A251, F301, and F317 residues were substi-
tuted only by other non-polar and hydrophobic amino acids
in all the orthologs which indicated functional conservation
of these amino acids toward a significant role in the enzyme
function.

We further identified the signature motifs and residues,
which were specific to the Rox sequences belonging to either
RoxB; or RoxA|; or RoxA; and RoxBy; clusters (Table 1).
Notably, the RoxA; cluster sequences harbored the CSXCH
motif of heme 1, whereas it was CXXCH in the sequences
of the RoxB; cluster. Similarly, the sequences of the RoxA
cluster harbored the CASCH motif of heme 2, whereas the
sequences of the RoxB; cluster possessed the CXXCH motif
at this position. The MauG motif, viz., PXFHNXSVP, was
conserved among the sequences of RoxAy; cluster, whereas
it was changed to PYXHNXXXP in the sequences of RoxB,
cluster. Interestingly, the signature motifs and residues of
RoxA; sequences were found to harbor more conserved
sites in comparison to those of RoxB; sequences. In addition,
the non-conserved sites of these motifs and residues of the
sequences of RoxB; and RoxAy; clusters were also found to
have a prevalence of non-synonymous substitutions.

The sequences of the third cluster (RoxA;; and RoxByy)
harbored the CXXCH motif of heme 1, which was different
from that of the sequences of RoxAy; cluster (CSXCH), but
was more similar to that of RoxB; cluster (CXXCH) with a
difference at the third position only (Table 1). In the case
of the RoxBy cluster, the amino acid at this position was
substituted only by those amino acids, which were similar in
their physicochemical properties viz., polarity and hydropa-
thy, whereas in case of RoxA; and RoxBy; sequences, this
amino acid was substituted by amino acids different in their
physicochemical properties. Further, the heme 2 motif of
RoxA;; and RoxBy;; sequences (CAXCH) was different from
the corresponding motifs of both the RoxB; and RoxA;
clusters. Similarly, the MauG motif of RoxAp;; and RoxBy
sequences (PYXHNXXVP) was different from those present
in RoxB; and RoxAy; cluster sequences. Another important
difference lies in the residual positions of F301 and F317
(of RoxA) among the sequences of the three clusters. In
the present study, we have found that F301 remains con-
served in the sequences of both RoxA;; and RoxB; clusters
(Table 1). However, in the sequences of RoxA;; and RoxByy
cluster, F301 is substituted by other hydrophobic and non-
polar amino acids. Further, F317, which remains conserved
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in the sequences of RoxAy; cluster, is substituted by other
hydrophobic and non-polar amino acids in the sequences
of both RoxB; and RoxA[;; and RoxByy; clusters. Besides,
few other signature residues were also found to be differ-
ent in the RoxA; and RoxBy; sequences from those pre-
sent in RoxB; and RoxAy; clusters (Table 1). Similar to the
RoxB; sequences, signature motifs and residues of RoxA
and RoxBy;; sequences were found to harbor less conserved
sites in comparison to those of RoxA; sequences. Based
on the substitutions at the signature motifs and residues,
RoxAy; and RoxByy; sequences were more similar to RoxB;
sequences as compared to RoxA;; sequences. Besides, the
non-conserved sites of these motifs and residues of the
RoxAp; and RoxBy;; sequences were found to have a preva-
lence of non-synonymous substitutions similar to that pre-
sent in the RoxB; and RoxA[; cluster sequences.

In addition to the conserved structural motifs and
cytochrome-specific functions, the RoxA and RoxB enzymes
must be extracellular to cleave natural poly (cis-1,4-iso-
prene) into oligo-isoprenoids. In this direction, a compre-
hensive subcellular localization analysis predicted all the
89 RoxA and RoxB orthologs to be extracellular. These
extracellular proteins were predicted to be secreted out of
bacterial cells either via classical (~30%) or non-classical
(~70%) pathways of secretion (Table S2). Interestingly, all
the RoxBy; and RoxAyy; proteins of the third cluster were
found to be secreted only by the non-classical pathway,
whereas the classical and non-classical pathways were two
optional routes predicted for the proteins of the RoxB; and
RoxA[; clusters. We further predicted the secretory mecha-
nisms of the rubber oxygenases of S. cummioxidans 35Y.
The RoxB of S. cummioxidans 35Y was found to harbor a
signal peptide and a signal peptidase cleavage site and thus
it was predicted to be secreted via the Sec-dependent man-
ner of the classical pathways. In contrast, the RoxA was
found to lack a signal peptide; however, it possessed a signal
peptide cleavage site and a transmembrane helix. This indi-
cated that RoxA might be localized in the inner membrane
or periplasm of the bacterial cell. Our further analysis pre-
dicted RoxA to be secreted via the non-classical pathway of
secretion. However, an earlier study has reported a putative
secretion of RoxA via a Sec-dependent manner (Birke et al.
2017). Thus, the secretory mechanisms of RoxA need fur-
ther investigation.

Evolutionary analyses of the RoxA and RoxB genes

Among the RoxA and/or RoxB harboring bacteria as shown
in clusters I, I, and III of the phylogenetic tree (Fig. 2), we
selected only those species and strains whose complete or
draft quality genomes were publicly available at the time of
analysis. In all genomes, an ortholog was assigned to RoxA
or RoxB designation only based on its highest amino acid

Pielase clla)l auan .
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sequence identity, either with the previously experimen-
tally validated RoxA or RoxB protein sequence of S. cum-
mioxidans 35Y. Thus, 37 genomes were selected, including
the genome of S. cummioxidans 35Y. Among the selected
37 Proteobacteria, 9 and 14 genomes were found to har-
bor RoxA and RoxB protein-encoding genes, respectively,
whereas only 14 genomes were found to possess both these
genes (Table S1). In these 14 genomes, the RoxA and RoxB
genes were inparalogs; however, they did not occur in a
cluster. Thus, the RoxA and RoxB genes were individually
subjected to HGT, intragenic recombination, recombination
rate, mutation rate, gene conversion, and selective pressure
analyses to evaluate their propagation and evolution in the
phylum Proteobacteria.

Horizontal gene transfer analysis of the RoxA
and RoxB genes

To investigate the occurrence of HGT events, we compared
the species trees to the individual gene trees of RoxA and
RoxB. For a given pair of species and gene trees for RoxA or
RoxB, T-REX predicted minimum cost scenario HGTs by a
progressive reconciliation of trees using bipartition dissimi-
larity (BD). The GSI values of 50 or greater were considered
statistically significant and indicated support for a clade in
the analysis of phylogenetic trees.

For the RoxA gene, five HGTs were predicted, includ-
ing two interclass events in the phylum Proteobacteria
(Fig. 3). Bootstrapping value of 100% showed the statisti-
cal validation of all the obtained gene transfers. One of the
interclass events was between the classes Deltaproteobac-
teria (donor) and Gammaproteobacteria (acceptor) and the
other event was between the classes Gammaproteobacteria
(donor) and Betaproteobacteria (acceptor). Interestingly, S.
cummioxidans 35Y was among the members of the class
Gammaproteobacteria, which accepted the RoxA gene from
the class Deltaproteobacteria through a clade consisting of
Chondromyces apiculatus DSM 436, Minicystis rosea DSM
24000, Haliangium ochraceum DSM 14365, and Nanno-
cystis exedens ATCC 25963. Further, S. cummioxidans
35Y was the only member of the class Deltaproteobacteria,
which donated the RoxA gene to the class Betaproteobacte-
ria through a clade comprising the members of the genus
Burkholderia.

For the RoxB gene, 12 HGTs were predicted, includ-
ing five interclass HGTs (Fig. 4). Once again, bootstrap
score values of 100% showed strong support for all the
predicted gene transfers. Of the five interclass events, three
were between the classes Deltaproteobacteria (donor) and
Gammaproteobacteria (acceptor) and two were between
the classes Gammaproteobacteria (donor) and Betaproteo-
bacteria (acceptor). Similar to the HGT events of RoxA, S.
cummioxidans 35Y was among the members of the class
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Fig. 3 A species phylogenetic tree demonstrating five horizontal gene
transfer events of the RoxA gene in the phylum Proteobacteria. An
Up-to-Date Bacterial Core Gene (UBCG) phylogeneomic tree recon-
structed with 92 bacterial core genes was used to infer the species
phylogenetic tree. Thermosulfurimonas dismutans S95 was used as
the outgroup. The tree is formatted using FigTree software. The num-
bers at nodes indicate the levels of gene support index (GSI); values

Gammaproteobacteria, which accepted the RoxB gene from
the class Deltaproteobacteria. Further, S. cummioxidans 35Y
and Nevskia soli DSM 19509 were the only Gammaproteo-
bacteria which donated the RoxB gene to R. gummiphilus
NS21 and the members of the genus Burkholderia of the
class Betaproteobacteria, respectively.

Intragenic recombination, recombination rate,
mutation rate, and gene conversion analyses
of the RoxA and RoxB genes

For adaptive evolution, the genes accumulated through HGT
generally undergo diversification primarily by the process of
intragenic recombination. To this end, we found evidence
for recombination breakpoints at positions 315, 556, 852,
and 1478 in the RoxA gene (Fig. S8). The PHI test strongly

Microbulbifer mangrovi DD 13

of less than 50 are not shown. Bar, 0.09 substitutions per site. Arrows
indicate the direction of gene transfer, which is inferred using the
“Tree and Reticulogram reconstruction server (T-REX)” adopting the
bipartition dissimilarity (BD) optimization criterion. HGT bootstrap
scores (in percentage) are indicated near the arrow lines of the corre-
sponding HGTs. Delta (blue): class Deltaproteobacteria; beta (green):
class Betaproteobacteria; gamma (violet): class Gammaproteobacteria

supported the occurrence of recombination in the RoxA gene
sequence (p <0.05). The tests for phylogenetic incongruence
to the left and right of the respective recombination break-
points were significant (p <0.1 each). Similarly, we found
evidence for the recombination breakpoints at positions
220, 546, 830, 1108, and 1320 in the RoxB gene (Fig. S9).
Besides, the PHI test also strongly supported the occurrence
of recombination in the RoxB gene sequence (p <0.05). The
tests for phylogenetic incongruence to the left and right of
the respective recombination breakpoints were significant
for all the breakpoints (p < 0.1 each), except for the break-
point at position 830. These data suggested a notable impact
of recombination events on neutrality tests for both RoxA
and RoxB genes. Subsequently, we employed the Tajima’s
D statistics test to assess the neutrality at the molecular level
on the entire RoxA and RoxB genes (Table S3) as well as
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Fig.4 A species phylogenetic tree demonstrating 12 horizontal gene
transfer events of the RoxB gene. An Up-to-Date Bacterial Core gene
(UBCG) phylogeneomic tree reconstructed with 92 bacterial core
genes has been used to infer species phylogeny. Thermosulfurimonas
dismutans S95 was used as the outgroup. Tree was formatted using
FigTree software. Numbers at nodes indicate the levels of gene sup-
port index (GSI); values of less than 50 are not shown. Bar, 0.09

on all the sub-regions of RoxA and RoxB genes containing
structurally and functionally important sites/residues (Tables
S3 and S4). The values from the Tajima’s D test were signifi-
cantly positive in all cases which rejects the neutral theory
of molecular evolution. This suggests that the RoxA and
RoxB genes and their structurally and functionally important
sub-regions evolve under the operation of balancing selec-
tion to maintain variation for fitness across heterogeneous
environments.
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substitutions per site. Arrows indicate the direction of gene transfer,
which is inferred using the “Tree and Reticulogram reconstruction
server (T-REX)” adopting the bipartition dissimilarity (BD) optimi-
zation criterion. HGT bootstrap scores (in percentage) are indicated
near the arrow lines of the corresponding HGTs. Delta (blue): class
Deltaproteobacteria; beta (green): class Betaproteobacteria; gamma
(violet): class Gammaproteobacteria

Further, RoxA and RoxB genes were individually ana-
lyzed for the detection of potential recombinant sequences,
identification of potential parental sequences, and locali-
zation of possible recombination breakpoints. Signifi-
cant recombination events were detected in~70% (16/23
sequences) and ~57% (16/28 sequences) of RoxA and RoxB
gene sequences, respectively, with a high degree of con-
fidence (p <0.05 for more than one recombination detec-
tion programs) (Tables S5 and S6, Figs. S8 and S9). We
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further predicted five generations of RoxA gene with 7, 10,
3, 4, and 1 sequence(s) in the first, second, third, fourth,
and fifth generations, respectively (Table S7). Similarly,
we predicted four generations of RoxB gene with 12, 10,
3, and 1 sequence(s) in the first, second, third, and fourth
generations, respectively, whereas the generations of two
sequences of RoxB gene remained undetermined (Table S8).
These results suggest that the sequence diversification of
both RoxA and RoxB genes might be an ongoing process
governed by continuous recombination events. The numbers
of analyzed sequences of both RoxA and RoxB genes were,
however, too low to trace both the parents of a recombinant
sequence, as one parent remained unknown most of the time.
In addition, there is also a possibility of misidentification of
the potential recombinant sequences, since one of the identi-
fied parents itself might be of a recombinant origin (Tables
S5 and S6). Thus, a thorough investigation should involve
more sequences of both RoxA and RoxB genes to infer the
true recombinants and their parents.

The genetic diversification of a bacterial gene is also
attributed to point mutations in addition to the events of
recombination. Therefore, we analyzed the relative contri-
bution of recombination and point mutation to the diversi-
fication of RoxA and RoxB genes. The values of the average
recombination rate per base pair of RoxA and RoxB genes
were 0.192 and 2.11, respectively, and the values of the aver-
age mutation rate per base pair of RoxA and RoxB genes
were 0.09 and 0.05, respectively. This indicated that recom-
bination occurred more frequently than point mutation in
both the RoxA and RoxB genes. This also suggested that
the RoxB gene underwent more events of recombination
and fewer events of point mutations than the RoxA gene.
Besides recombination and point mutation, gene conversion
is another prominent method of diversification. To this end,
a total of 247 interparalog gene conversion tracts of various
lengths were detected (Table S9) by a previously described
method (Betran et al. 1997). Of these, 86 tracts were present
in the RoxA gene and 161 in the RoxB gene. This indicated
the occurrence of gene conversion events between these two
types of rubber oxygenases. The inferred gene conversion
tracts of the RoxA gene were found to have variable lengths
(nucleotide distance) ranging from 2 to 771. Similarly, the
lengths of gene conversion tracts of the RoxB gene were
between 2 and 397.

Selective pressure analyses of the RoxA and RoxB
genes

To further evaluate the evolution of RoxA and RoxB genes,
we determined the selective pressures operating on these
genes. The selective pressure (w =K,/K) is measured as
the ratio of the number of nonsynonymous substitutions per
nonsynonymous site (K,), to the number of synonymous

substitutions per synonymous site (K,) (Hu and Banzhaf
2008; Hurst 2002; Pond et al. 2005). The ratio of K /K| is
expected to exceed unity only if the natural selection pro-
motes changes in the protein sequence (diversifying selec-
tion), whereas a ratio of less than unity is expected only if
the natural selection suppresses protein changes (purifying
selection). An intense positive selective pressure (w=3.51)
was found to be operating on the RoxA gene. This indicated
a divergence of the RoxA gene by propagating beneficial
mutations, which in turn might lead to its adaptive evolution.
In contrast, the RoxB gene was found to be under an intense
negative selective pressure (o =0.24), indicating its purify-
ing selection. Further, we determined the selective pressure
operating on the structurally and functionally important
sites/residues of RoxA and RoxB genes in terms of d,/dg,
which is analogous to K,/K, This analysis predicted that the
important functional sites/residues of both RoxA and RoxB
genes were under purifying selective pressure (Table S10).
The summary of an overall evolution of RoxA and RoxB
genes is given in Fig. 5.

Discussion

In our analysis, we observed that the RoxA and RoxB genes
are restricted only to the Gram-negative members of the
beta, gamma, and delta classes of the phylum Proteobacte-
ria. This suggests a taxon-specific evolution of these genes
in a given group of bacteria. We found evidence of HGT
events of the RoxA and RoxB genes among the Gram-nega-
tive members of the phylum Proteobacteria. These observa-
tions indicate HGT as the possible mode of propagation of
the RoxA and RoxB genes in different taxonomic lineages.
RoxA and RoxB genes have originated in the class Deltapro-
teobacteria and have later propagated to the class Gam-
maproteobacteria and then to the class Betaproteobacteria
via a common interclass route of HGT (Fig. 5). Interestingly,
Deltaproteobacteria is also one of the classes to be evolved
first under the phylum Proteobacteria, whereas the classes
Betaproteobacteria and Gammaproteobacteria have evolved
later (Gupta 1998). This suggests that RoxA and RoxB genes
might have originated at the early time points in the evolu-
tion of the phylum Proteobacteria.

HGTSs are an important source of genome evolution in the
prokaryotes (Arber 2014). Once transferred, the genes and
the acceptor bacteria continue to evolve, often resulting in
the type strain with better traits. Bacterial HGT can involve
either complete or partial host gene replacement followed by
intragenic recombination (Arber 2014; Boc and Makaren-
kov 2011). The process of intragenic recombination is well
known to play a significant role in the evolution of bacterial
genes (Costa et al. 2014; Hagblom et al. 1985). To this end,
the RoxA and RoxB genes in different bacterial hosts were
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Fig.5 A cartoon demonstrating the evolution of the RoxA and RoxB
genes in the phylum Proteobacteria. Solid arrows represent the direc-
tion of evolution as predicted using in silico methods, whereas dotted
arrows represent the predictions hypothesized from our observations
made during the analyses. RoxC represents the novel putative rubber
oxygenase. [: Betaproteobacteria, 8: Deltaproteobacteria, y: Gam-
maproteobacteria. * represents RoxA genes belonging to cluster II

found to undergo several events of intragenic recombination
with RoxB consisting of more recombination breakpoints
than RoxA. The different events of recombination allow para-
logs to diverge in their functions, which in turn facilitates
their separation into independently evolving gene lineages
(Francino 2012). The evolution of a bacterial gene is not
only carried out by recombination events, but point muta-
tions also play a major role in this process. Interestingly, the
recombinations were found to occur more frequently than
point mutations in both the RoxA and RoxB genes. However,
the rates of recombinations and point mutations are differ-
ent for both these genes. The RoxB gene demonstrated more
events of recombination and fewer events of point mutation
than the RoxA gene. Interestingly, this observation is similar
to those in the case of HGT and intragenic recombination
analyses, which predicted more HGT events and breakpoints
for the RoxB than for the RoxA gene. These results suggest
that the genetic diversification of the RoxA and RoxB genes
might have been primarily driven by recombination with the
RoxB gene being highly sensitive to HGT and recombination
events. In addition, gene conversion tracts between the RoxA
and RoxB genes suggest the occurrence of intergenic conver-
sion events. This is consistent with the fact that intergenic
conversion occurs between paralogs, which possess suffi-
cient sequence homology (Mansai et al. 2011). Such events
of gene conversion promote co-evolution in gene families
and maintain similarities between repeated genes (Paulsson
et al. 2017).
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(RoxAy)), # represents RoxB genes belonging to cluster I (RoxBy), and
$ represents RoxA and RoxB genes belonging to cluster ITI (RoxAy,
and RoxBy;) and are termed as putative RoxC gene. The important
structural and functional sites/residues of both RoxA and RoxB genes
are under the operation of purifying selective pressure. Besides, these
genes have also evolved under the effect of intragenic recombination,
gene conversion, and point mutation

HGT is one of the driving forces behind the events of
speciation in a given environment (Zhang et al. 2016). The
evolutionary propagation of the RoxA and RoxB genes in
different bacterial hosts is in corroboration with the fact that
new species or strains with beneficial or adaptive combina-
tions are likely to compete better than their neighbors and
so proliferate (Nielsen et al. 2014; Van Elsas et al. 2003).
The HGT of the RoxA and RoxB genes in new strains, fol-
lowed by natural selection of these phenotypes might have
played a central role in the evolution of the NR-degradation
potential of bacteria. In the absence of selective pressure in
a given environment, an HGT event can be lost by simple
genetic drift (Perry and Wright 2014). This supports our
observation that the evolutionarily emerged populations of
the RoxA and RoxB genes have been under the operation of
selective pressure, which prevents their loss during evolu-
tion. Interestingly, the RoxA and RoxB occur as paralogous
genes, which tend to evolve different functions under differ-
ential selective pressures (Ho-Huu et al. 2012). The differ-
ential selective pressures determine whether the underlying
mutations are beneficial or detrimental in a given niche at
a given time which leads to the evolution of different vari-
ants of a given gene (Van Elsas et al. 2003). Being consist-
ent with this fact, the RoxA and RoxB genes have indeed
evolved different functions which indicate the operation of
differential selective pressures on these duplicated gene cop-
ies. This is in corroboration with earlier studies which have
demonstrated contrasted patterns of selective pressure on
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the paralogous gene pairs (Ho-Huu et al. 2012; Van Zee
et al. 2016). Toward this, the RoxA gene is found to be under
an intense positive selective pressure and the RoxB gene is
under an intense negative selective pressure. Thus, the RoxA
gene is diversifying further, which might lead to the evolu-
tion of its new variants, whereas the RoxB gene undergoes
purifying selection by eliminating its deleterious mutations
which might lead to the retention of its best-fit variants. The
operations of differential selective pressures on the RoxA and
RoxB genes also suggest their independent evolution. Fur-
ther, in corroboration with a previous study, which showed a
distant relationship between the RoxA and CcpA genes (Sei-
del et al. 2013), we propose that the CcpA gene has evolved
into two paralogous genes, viz., RoxA and RoxB. These
genes have further propagated in various bacterial lineages
via the process of HGT and continue to evolve under dif-
ferential selective pressures (RoxA is diversifying, whereas
RoxB is purifying) in their respective bacterial hosts.

The evolution of the RoxA and RoxB proteins under dif-
ferential selective pressures is also reflected in terms of the
types of substitutions occurring in their primary amino acid
sequences. A diversifying selective pressure on the entire
RoxA gene reflects the occurrence of more non-synonymous
substitutions throughout the gene. However, an operation
of purifying selective pressure on the structurally and func-
tionally important sites/residues indicates their high con-
servation. This suggests that these sites either might not
be changing or might be accumulating more synonymous
substitutions. This is in corroboration with earlier studies
where positively selected surface-exposed variable proteins
of Neisseria were found to harbor certain conserved sites
under the operation of purifying selection (Wachter and Hill
2016). Our analysis also indicates that although the RoxA
gene undergoes a diversifying selection, still it tends to con-
serve its signature sites/residues to retain its functionality.
In contrast, a purifying selection of the entire RoxB gene
indicates the occurrence of more synonymous substitutions
throughout the gene. Further, both synonymous and non-
synonymous substitutions are found to occur at its functional
signature sites/residues at similar frequencies. However, an
operation of purifying selective pressure on the structurally
and functionally important amino acid sites/residues of RoxB
genes indicates their conservation. It is important to note
that the RoxA and RoxB are paralogous genes which have
evolved different functions. These observations suggest that
despite a purifying selection of the RoxB gene, it accumu-
lates few non-synonymous changes at its signature sites/
residues, which might cause its structural and functional
diversification from the RoxA gene. Thus, the operation of
differential selective pressures on RoxA and RoxB genes
might be the major driving force behind their diversification.

An independent evolution of the RoxB and RoxA proteins
is suggested by their occurrence in two separate clusters

(clusters I and II) in the putative rubber oxygenases-derived
phylogenetic tree. This further supports an evolutionary
divergence of these proteins. The phylogenetic separation
of rubber oxygenases in a third distinct cluster (cluster
IIT) indicates the evolution of a novel rubber oxygenase in
Gram-negative bacteria. Based on the significant amino
acid sequence identity with the RoxA or RoxB of S. cum-
mioxidans 35Y, clusters I and II belong to RoxB and RoxA
orthologs, respectively, whereas cluster III possesses both
RoxA and RoxB orthologs. RoxB sequences of cluster I and
RoxA sequences of cluster II are distributed in delta, beta,
and gamma classes of the phylum Proteobacteria, whereas
RoxA and RoxB of cluster III are restricted only to the class
Gammaproteobacteria. This suggests that the continuous
evolution of the RoxA and RoxB proteins might have led
to the emergence of their variant in the class Gammapro-
teobacteria. Despite the significant amino acid sequence
identity with the RoxA or RoxB of S. cummioxidans 35Y,
rubber oxygenases of cluster III possess variations in some
of their signature motifs and residues. For example, rubber
oxygenases of cluster III possess significant differences at
the residual positions of F301 and F317 with respect to the
sequences of the clusters I and II. It has been shown that
F301 and F317 are important residues which are located
in close vicinity in the 3D space to the heme site at the N
terminal (heme 1 motif) and are critical for its stable bind-
ing to dioxygen molecule and correct positioning to cleave
poly(cis-1,4-isoprene) (Schmitt et al. 2019). Besides, it
has also been demonstrated in a previous study on RoxA
that variations at F301 and F317 lead to destabilization of
dioxygen coordination, resulting in poor or missing cata-
lytic activity. To this end, F301, which remains conserved
in the sequences of both clusters I and II, has undergone
synonymous substitution in the sequences of cluster III. The
F317, which is conserved in the sequences of cluster II, has
also undergone synonymous substitution in the sequences
of clusters I and III. These variations in the sequences of
the third cluster can lead to significant structural alterations
in the encoded proteins and can alter their catalytic activi-
ties. Based on the substitutions at the signature motifs and
residues, rubber oxygenases of cluster III are more similar to
RoxB sequences of cluster I than to those RoxA sequences
of cluster II. Further, all the rubber oxygenases of cluster
IIT have been found to be secreted only by the non-classical
pathway, whereas the classical and non-classical pathways
are two optional routes predicted for the rubber oxygenases
of clusters I and II. This makes rubber oxygenases of cluster
III different from those of clusters I and II in their mode of
secretion. Thus, rubber oxygenases of cluster III possess few
similarities and dissimilarities to both the RoxB (cluster I)
and RoxA (cluster IT). The distinct features of rubber oxyge-
nases of cluster III suggest them as a novel protein; hence,
we have termed it as a putative RoxC. The catalytic activities

pisllase ol ay .
e e O) Springer



376 Page160f18

3 Biotech (2020) 10:376

of RoxA and RoxB have been previously demonstrated (Jen-
drossek and Birke 2019); however that of putative RoxC
protein needs to be experimentally validated.

Conclusions

The predicted Rox proteins are restricted to only the
Gram-negative members of the beta, gamma, and delta
classes of the phylum Proteobacteria. Toward the evolu-
tionary propagation, both RoxA and RoxB genes might
have originated in the class Deltaproteobacteria and have
horizontally transferred to the class Gammaproteobacte-
ria and then to the class Betaproteobacteria. Further, both
RoxA and RoxB genes are predicted to have evolved under
differential selective pressures, leading to their structural
and functional diversification from each other. Besides,
the diversification of RoxA and RoxB genes is also attrib-
uted to the evolutionary processes of recombination, point
mutation, and gene conversion. The continuous evolution
of Rox proteins, viz., RoxA and RoxB, might have led to
the emergence of their variant as another type of putative
rubber oxygenase (RoxC) in the class Gammaproteobacte-
ria. Interestingly, putative RoxC sequences have significant
sequence homology with either of the two rubber oxyge-
nases (RoxA and RoxB) of S. cummioxidans 35Y. Thus,
it needs further experimental investigation to verify the
putative function of RoxC as a novel rubber oxygenase.
Further, all the rubber oxygenases are predicted to be
secreted out of the bacterial cells, either via a classical or
non-classical pathway suggesting the conservation of the
extracellular nature of these enzymes. Overall, the present
study identifies the rubber oxygenases in the Gram-nega-
tive bacteria, followed by the comprehensive exploration
of their evolutionary attributes. We anticipate that in silico
results of the current study will be useful for researchers
to experimentally verify the predictions in the potential
Gram-negative rubber-degrading species.
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