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Abstract Mycobacterium sp. strain KMS has biore-
mediation potential for polycyclic aromatic hydrocar-
bons (PAHs), such as pyrene, and smaller ring
aromatics, such as benzoate. Degradation of these
aromatics involves oxidation catalyzed by aromatic
ring-hydroxylating dioxygenases. Multiple genes
encoding dioxygenases exist in KMS: ten genes
encode large-subunits with homology to phenylpropi-
onate dioxygenase genes, sixteen pairs of adjacent
genes encode alpha- and beta-subunits of dioxygenase
and two genes encode beta-subunits. These genes
include orthologs of nid genes essential for degrada-
tion of multi-ring PAHs in M. vanbaalenii isolate
PYR-1. The multiplicity of genes in part is explained
by block duplication that results in two or three copies
of certain genes on the chromosome, a linear plasmid,
and a circular plasmid within the KMS genome.
Quantitative real-time PCR showed that four dioxy-
genase beta-subunit nid genes from operons with
almost identical promoter sequences otherwise unique
in the genome were induced by pyrene to similar
extents. No induction occurred with benzoate. Unlike
isolate PYR-1, isolate KMS has an operon specifying
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benzoate catabolism and the expression of the alpha-
subunit dioxygenase gene was activated by benzoate
but not pyrene. These studies showed that isolate KMS
had a genome well adapted to utilization of different
aromatic compounds.
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Introduction

Aromatics range from single ring, such as benzoate, to
multiple fused-ring polycyclic aromatic hydrocarbons
(PAHs). Benzoate naturally occurs in plants and is
utilized as an antimicrobial agent in the food industry
(Orlova et al. 2006; Zengin et al. 2010). PAHs are
generated from incomplete combustion of organics,
and are notable for their toxic, mutagenic, and carcin-
ogenic properties (U.S. Department of Health and
Human Services 1995; Tannheimer et al. 1997).
Aerobic degradation of aromatic hydrocarbons fre-
quently is initiated by oxidation catalyzed by ring-
hydroxylating dioxygenases (Butler and Mason 1997;
Peng et al. 2010). The dioxygenases work in conjunc-
tion with small electron transport chains so that a multi-
protein structure is involved in the oxygenation process
(Butler and Mason 1997; Correll et al. 1993; Jiang et al.
1999; Kweon et al. 2008; Peng et al. 2010). Such
dioxygenases generally are complexes of a large alpha-
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subunit and a small beta-subunit (Butler and Mason
1997; Parales and Resnick 2006), although a subset
only has one alpha-subunit (Parales and Resnick 2006).
Kweon et al. (2008) derived a new classification
scheme based on homology of the oxygenases and the
composition of the electron transport chains. The
benzoate dioxygenase is found in Type III which has a
simpler electron transport chain than the Type V
dioxygenases where the pyrene-degrading dioxygen-
ases are found (Kweon et al. 2008).

Working with Mycobacteriunm vanbaalenii PYR-
1, Cerniglia’s group demonstrates that the initial ring
oxidation of high molecular weight PAHs, such as
pyrene and fluoranthene, involves the dioxygenases
encoded by chromosomal genes, nidB/nidA, nidB2 and
nidA3/nidB3 (Khan et al. 2001; Kim et al. 2006; Kim
et al. 2007; Kweon et al. 2010). Specificity for the ring
structures that are oxidized is conditioned by the
alpha-subunits more than the beta-subunits (Parales
and Resnick 2006), although contributions from the
beta-subunits are postulated (Hurtubise et al. 1998;
Jiang et al. 1999). Kweon et al. (2010) elegantly
demonstrate that the preferred activity for a substrate
correlates with the size of the substrate pocket in the
alpha subunit. However, they also comment that the
substrate plays a role in regulating the production of
the enzyme. Proteomic analysis reveals that the
enzyme that uses pyrene as the preferred substrate
NidA/B is induced in pyrene but not fluoranthene
cultures and that NidA3/B3, which better degrades
fluoranthene than pyrene, is produced to a greater
extent when fluoranthene is the carbon source (Kweon
et al. 2010).

Our group found that the environmental Mycobac-
terium sp. strain KMS from PAH-contaminated soils
in Montana (Miller et al. 2004) has genes encoding
orthologs of nidB, nidB2 and nidA (Zhang and
Anderson 2012). These genes are embedded in
segments of the chromosome that have synteny with
other PAH-degrading mycobacterium isolates (Zhang
and Anderson 2012). In this paper we determined the
full complement of dioxygenase genes present in the
KMS genome. Previous studies with isolate PYR-1
focus only on the Nid proteins (Kweon et al. 2008,
2010). We provide evidence that block duplication
events have caused certain of these genes to be present
as two and three copies with locations on the
chromosome as well as on circular and linear
plasmids. Bioinformatics predicts that one set of
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paired alpha and beta dioxygenase genes could be
involved in benzoate degradation in isolate KMS;
isolate PYR-1 lacks such genes and does not grow on
benzoate (Kim et al. 2008). We verified growth of
isolate KMS on benzoate and examined the influence
of the growth substrate, benzoate versus pyrene, on
dioxygenase gene expression. We compared growth
substrate regulation of the benA gene, encoding the
benzoate dioxygenase alpha subunit, with the expres-
sion of the chromosomal copy of the nidA gene. We
also examined expression from the homologous nidB
and nidB2 genes located on the chromosome and the
circular plasmid in isolate KMS. These findings were
correlated with identity in the sequences of the
predicted promoters for each of the dioxygenase
genes. Comparison of the benzoate-degrading gene
clusters of isolate KMS as well as those in four other
mycobacterium isolates to those in other benzoate-
degrading microbes, the Gram-positive Rhodococcus
(Kitagawa et al. 2001) and Gram-negative Acineto-
bacter isolates (Collier et al. 1997) was performed.
The mycobacterium isolates were from the same USA
site as isolate KMS, isolates JL.S and MCS, and from
two other locations in the USA, isolates PYR-1 and
PYR-GCK, as well as an isolate, Spyrl, from Greece
(Karabika et al. 2009). These studies showed that the
arrangement of benzoate catabolism genes in the
mycobacterium isolates differs from those of the other
microbes but is conserved among these isolates from
different geographic areas.

Materials and methods

Growth of isolate KMS on pyrene or sodium
benzoate as the sole carbon source

Cells of Mycobacterium sp. strain KMS were stored at
—80°C in 15% glycerol. The cells were cultured on
modified minimal medium (Kim et al. 2003) plates
amended with 2.5 mM pyrene or 5 mM sodium
benzoate (Sigma Aldrich, St. Louis, MO, USA). Cells
from the plates were transferred to liquid medium with
defined concentrations of pyrene or benzoate to
determine growth rate. The pyrene was dissolved in
methanol at 5 mg ml~' and 5 ml were transferred to
each flask. The methanol was evaporated before
adding 50 ml medium. The sodium benzoate was
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sterilized by filtration through a 0.2 pm pore size
Whatman filter (Whatman Inc., NJ, USA) and added
separately to the minimal medium. The cells in liquid
medium were shaken at 220 rpm at 25°C. Cell growth
was monitored at OD 600 nm, and colony forming
units per ml (CFU ml™") were assessed by dilution
plating on Luria—Bertani (LB) agar medium; colonies
were counted after 7-10 days growth at 25°C.

Bioinformatic analysis of genes encoding ring-
hydroxylating dioxygenases in isolate KMS

MicrobesOnline (http://www.microbesonline.org)
was used to identify genes encoding the alpha- and
beta-subunits of aromatic ring dioxygenases in the
genome of Mycobacterium isolate KMS. These loci
were confirmed using the JGI-IMG website (http://
img.jgi.doe.gov/cgi-bin/pub/main.cgi). The predicted
amino acid sequences were used in BLASTp to
determine matches to proteins in other microbes. The
phylogenetic relationships at the amino acid level
were examined using the software program MEGA4
(http://www.megasoftware.net/) using neighbor join-
ing analysis (Saitou and Nei 1987; Tamura et al.
2007). This methodology has been used in other
studies of bacterial gene duplication (Gu et al. 2009).
The analysis was performed with 1,000 replications.
The potential promoter regions for the forty-four
genes encoding aromatic ring-hydroxylating dioxy-
genase alpha- and beta-subunits were predicted by the
online software Neural Network Promoter Prediction
(http://www fruitfly.org/seq_tools/promoter.html) (Reese
2001). The minimum promoter score was set as 0.4,
from the range of 0 to 1, where 1 represents the highest
possibility of being a promoter region. The position of
the promoters also was based on the predicted operons
in MicrobesOnline and by searching through Artimis
(Rutherford et al. 2000). The sequences totaling 60 bp
from 50 bp upstream from the predicted transcrip-
tional start sites for all the ring-hydroxylating dioxy-
genase alpha- and beta-subunits genes were aligned by
ClustalX2 acquired from http://www.clustal.org/.

Induction of different dioxygenase genes
by pyrene or benzoate

Total RNA was isolated by bead beating using
TRI-reagent from middle-log phase cells (OD

600 nm at 0.15-0.20 for pyrene-induced cultures
grown on 2.5 mM pyrene and OD 600 nm at
0.25-0.30 for cultures grown with 5 mM sodium
benzoate (Molecular Research Center, Inc. OH,
USA). The RNA was treated by RNase-free DNase
(Promega Corporation, Madison, WI, USA) and
purified by extraction with phenol:chloroform:iso-
amyl alcohol (25:24:1) to remove the DNase. The
concentration of the purified RNA was determined
by using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, DE, USA). PCR was
performed with the DNase-treated RNA as the
template to ensure the complete digestion of
DNA. First-strand cDNA was synthesized by using
specific reverse primers for the benA gene
Mkms_1391, the chromosomal nidA  gene
(Mkms_1668), or the 16S rRNA genes with 1 ng
purified total RNA. The primer sequences are listed
in Supplemental Table S1. The positions of the
specific primers for two nidB and two nidB2 genes
are shown in Supplemental Fig. S1: these primers
were constructed around the regions of difference
in their nucleotide sequences and consequently
yield products of different sizes. The specificity
of the primers was verified using genomic DNA
and sequencing of the product prior to transcript
analysis. The protocol for M-MuLV reverse trans-
criptase (Promega Corporation, Madison WI, USA)
was followed. The synthesized first strand cDNA
was used in a 20 pl volume end-point PCR
reaction containing: 11.3 pl H,O, 2 ul MgCl,
(25 mM), 2 ul 10x Taq DNA polymerase buffer,
1 pl ANTP mix (10 mM each), 1 pl forward primer
(final concentration 1 pM), 1 pl reverse primer
(final concentration 1 pM), 1 ul cDNA, 0.3 pl Taq
DNA polymerase (1.5 unit) (Fermentas Inc., MD,
USA). The PCR was performed in an Eppendorf
Mastercycler gradient PCR machine (Certified
GeneTool, Inc., CA, USA). The reactions were
heated at 94°C for 2 min followed by 35 cycles of
94°C 305, 58°C 40s, and 72°C 40s, and an
additional 72°C 10 min was performed before the
end of the PCR. The PCR products were checked
by running a 0.8% agarose gel under 80 V in 1x
TAE buffer. The gel was examined by a UV
transilluminator (UVP Inc., CA, USA) and images
were recorded photographically (AlphaEaseTM ver-
sion 3.25, Alpha Innotech Corporation, CA, USA).
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Quantification of change of transcriptional
accumulation of four dioxygenase beta-subunit
genes with homologous promoters

Mycobacterium sp. strain KMS was cultured in a
modified basal salt medium (BSM™) as described by
Liang et al. (2006) with or without pyrene at a final
concentration 100 pM. Methods described above were
used to generate first strand cDNA from isolated total
RNA.

DNA products amplified from KMS genomic DNA
using primers for two nidB genes (Mkms_1667 and
Mkms_5625), two nidB2 genes (Mkms_1660 and
Mkms_5621), and 16S rRNA genes (Supplemental
Table S1) were used as controls and to standardize the
quantitative real time PCR (Q-PCR). The primers
were designed to be specific for each of the genes
through using the differences in base pair sequences
that exist between the homologs as described in Zhang
and Anderson (2012). As shown in Supplemental
Table S1 the products generated were of different sizes
for each of these genes. The specificity was confirmed
by sequencing the DNA products derived from PCR
with genomic DNA. Six 10-fold dilutions were made
for each of the DNA products to make a concentration
gradient used in the Q-PCR to create standards.

Each Q-RT-PCR reaction contained 1 pl DNA,
0.4 pl of primers (final concentration 1 pM) for the
relevant gene, 10 pl 2 x master mix from DyNAmoTM
HS SYBR® Green Q-PCR Kit (Invitrogen, Carlsbad,
CA, USA), and 8.6 pul H,O. The PCR was performed

Fig. 1 Growth curves of 1.80 1
isolate KMS grown on 5, 10,
15, 20, 25, or 50 mM
sodium benzoate or 2.5 mM
pyrene as sole carbon
sources in liquid minimal
medium (Kim et al. 2003)
with shaking at 220 rpm at
25°C. Data and the standard
error are the means from two
replicates

OD 600 nm

in a DNA Engine Opticon 2 with continuous fluores-
cence detection system (MJ Research, Incorporated,
MA, USA).The samples were heated at 95°C for
15 min before cycling for 40 cycles of 94°C 30 s,
58°C 40 s, 72°C 1 min, 73°C 1 s. For each cDNA
sample, triplicate reactions were performed. The
average Ct value was plotted against the log,DNA
mass and regression analysis was performed. Changes
in transcript accumulation of the two nidB genes and
two nidB2 genes were calculated based on the method
mentioned in Stratagene PCR manual (2007) by using
the transcriptional accumulation of 16S rRNA genes
as control.

Results

Isolate KMS utilizes both pyrene and benzoate
as the sole carbon source

Isolate KMS grew on minimal medium agar plates
with either 2.5 mM pyrene or 5.0 mM sodium benzo-
ate as the sole carbon sources. Growth in liquid
medium from plate-grown inocula (Fig. 1) showed the
lag phase was more extended as the concentration of
benzoate increased from 5 to 25 mM benzoate and no
growth was observed at 50 mM. The final culture
density increased as the substrate concentration was
raised from 5 to 25 mM benzoate. Growth on pyrene
as the sole carbon source was achieved after a longer
lag phase (160 h) and then the growth rate was slower

~+-Sodium benzoate 5 mM

-#-Sodium benzoate 10 mM
~#-Sodium benzoate 15 mM
—=Sodium benzoate 20 mM
~+=Sodium benzoate 25 mM
-o-Sodium benzoate 50 mM

~Pyrene 2.5 mM

i
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than on benzoate (Fig. 1). From CFU ml™" data, the
doubling time of KMS grown with 5-25 mM sodium
benzoate was 5.8 £ 0.6 h compared with the doubling
time on 2.5 mM pyrene of 57.3 = 11.5 h.

Distribution of genes encoding alpha- and beta-
subunits of dioxygenases within the genome
of Mycobacterium isolate KMS

Forty four genes encoding alpha- and beta-subunits of
dioxygenase were detected on the chromosome, circular
plasmid, and linear plasmid of isolate KMS (Fig. 2). We
have used the designations adi and bdi followed by a
distinguishing letter to specify the genes encoding

KMS chromosome

dioxygenase alpha- and beta-subunits respectively. We
examined the annotations from MicrobesOnline where
domains are predicted based on the COG and IPR
characterization (Tatusov et al. 2000; Mulder et al.
2005). The alpha-subunits were recognized by
COG4638 (large subunits of phenylpropionate dioxy-
genase and ring-hydroxylating dioxygenases), or
IPR001663 and the beta-subunits by COG5517 (small
subunits of ring hydroxylating dioxygenases). Genes
encoding alpha-subunits outnumbered the genes encod-
ing the beta-subunits; ten large subunit genes were lone
alpha-subunit genes without an adjacent beta-subunit
gene. Domain recognition by MicrobesOnline revealed
all of the lone alpha-subunit genes as being associated
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Fig. 2 The locations of the genes encoding lone ring-hydrox-
ylating dioxygenase alpha- and beta-subunit genes and the
paired ring-hydroxylating genes in the genome of Mycobacte-
rium sp. isolate KMS. Designation of genes nidA, nidB, nidB2,
nidA3, and nidB3 followed those used for M. vanbaalenii PYR-1
(Khan et al. 2001; Kim et al. 2006, 2007) and designation of
genes benA and benB followed those identified in Rhodococcus
Jjostii RHA1 (Kitagawa et al. 2001). Other genes are designated
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as adi (alpha-subunits of dioxygenases) or bdi (beta-subunits of
dioxygenases) followed by a specifying letter. The locus
numbers of the gene is shown. For the on line version, the red
capitalized P shows the position of the predicted promoter and
the red line predicts the operon under control of that promoter.
Block duplication between the chromosome and plasmids is
shown by the blue lines. (Color figure online)
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with the Rieske [2Fe-2S] iron-sulphur domain
(IPRO17941). Five of the genes, adiH, adiJ, adiJ, adiK
and adiL had COG4638 as the other major conserved
domain characteristic of phenylpropionate dioxygen-
ases; a second group, adiM, adiN, adiO and adoP had
the TPR0O01663 domain characteristic of an alpha-
subunit dioxygenase. The gene adiG contained the
domains COG4638, IPR001663, and IPR015879, char-
acteristic of the C terminus of an aromatic ring
dioxygenase alpha-subunit.

Orthologs to the nid genes (nidA, nidB, nidA3, and
nidB3) already characterized in isolate PYR-1 by
Cerniglia’s group for their proven functionality in
pyrene degradation (Khan et al. 2001; Kim et al. 2006)
were detected in the genome of KMS. These genes
were among the eight pairs of dioxygenase genes
clustered on the chromosome, from Mkms_1390/1391
to Mkms_1717/1718 (Fig. 2). Only two genes at loci
Mkms_1660 and 5621 encoding the beta-subunit,
NidB2, were unpaired with an alpha-subunit gene.
Five sets of chromosomal genes were duplicated on
the linear and/or circular plasmid (Fig. 2); this group
included orthologs nidA/B, nidB2 and nidA3/B3
(Table 1).

Analysis using ALIGN of the nucleotide sequences
revealed the nidB and nidB2 were homologs (96.9%)
possibly only recently duplicated according to criteria
discussed by Gevers et al. (2004). All of the other beta
subunit genes have homology with nidB greater than
30% for over 150 amino acids characterizing them as
homologs according to Gevers et al. (2004): identity of
nidB to bdiW was 57.9%, and nidB3 55.8%; other beta-
subunit genes had between 48.6 and 52.1% homology
to nidB (Supplemental Table S2). Similarly all alpha-
subunit genes were homologs: compared with the nidA
sequence all genes had between 58% for nidA3 and
adiW to 47.1% homology (Supplemental Table S3).
Homology among the lone alpha-subunit genes was
between 47.0% (adiH and adiO) and 70.5% (adiM and
adiP) (Supplemental Table S4).

BLASTYp analysis predicts that other dioxygenase
genes encode proteins related to utilization of an array
of substrates. Genes at loci Mkms_1391 and
Mkms_1390 encoded alpha- and beta-subunits of a
benzoate dioxygenase respectively and, consequently,
we use the designation of benA and benB. The BenA
protein had 71% identity with the alpha-subunit of
benzoate dioxygenase (YP_702347.1) and BenB 74%

Table 1 Distribution and location of genes encoding dioxygenase alpha- and beta-subunits in the genome of KMS

Single copy

Double copy

Triple copy

Mkms_2506 (adiG), ch;
Mkms_3775 (adiH), ch;
Mkms_3783 (adil), ch;
Mkms_3790 (adiJ), ch;
Mkms_3820 (adiK), ch;
Mkms_4493 (adiL), ch;
Mkms_0306 (adiM), ch;
Mkms_2305 (adiN), ch;
Mkms_3642 (adiO), ch;
Mkms_4728 (adiP), ch.
Mkms_1390/1391 (benB/benA), ch;
Mkms_1647/1648 (adiV/bdiV), ch;
Mkms_1716/1717 (bdiW/adiW), ch.

Lone genes

Paired genes

Mkms_1667/1668 (nidB/nidA), ch;
Mkms_5625/5626 (nidB/nidA), cp;
Mkms 1672/1673 (adiX/bdiX), ch;
Mkms_5630/5631 (adiX/bdiX), cp.

Mkms_1660 (nidB2), ch;
Mkms_5621(nidB2), cp.

Mkms_1690/1691 (nidA3/nidB3), ch;
Mkms 5639/5640 (nidA3/nidB3), cp;
Mkms_5855/5854 (nidA3/nidB3), lp;
Mkms_1698/1699 (adiY/bdiY), ch;
Mkms_5647/5648 (adiY/bdiY), cp;
Mkms_5847/5846 (adiY/bdiY), lp;
Mkms_1709/1710 (adiZ/bdiZ), ch;
Mkms_5610/5611 (adiZ/bdiZ), cp;
Mkms_5838/5839 (adiZ/bdiZ), 1p.

ch means chromosome, cp circular plasmid, /p linear plasmid
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with the beta-subunit of benzoate dioxygenase of
Rhodococcus jostii RHA1 (YP_702348.1). The pro-
tein AdiV had 95% identity to phthalate 3,4-dioxy-
genase alpha-subunit (YP_707370.1) from
Rhodococcus jostii RHA1. AdiW had 90% identity
with NidA or NidA3 (ADH94655.1 and ADH94645.1)
encoded by Mycobacterium sp. strains and other
naphthalene-degrading ring-hydroxylating dioxygen-
ases in other bacteria. AdiX had 97% identity to a
Rieske (2Fe-2S) domain protein (YP_001261401.1) in
Sphingomonas and 99% identity to a Rieske (2Fe-2S)
domain protein (ZP_06846381.1) in Burkholderia
strains. AdiY had 96% identity to the alpha-subunit
of dibenzofuran dioxygenase (ZP_06829928.1) in a
Terrabacter strain and 93% identity to a type IV
biphenyl 2,3-dioxygenase (YP_002777102.1) in a
Rhodococcus strain. There was 99% identity between
AdiZ and the alpha-subunits of a biphenyl 2,3-
dioxygenase alpha-subunit (YP_707265.1) and a ben-
zene dioxygenase (YP_002777102.1) in Rhodococcus
strains. Thus, this characterization indicates that the
putative dioxygenases encoded by the genes could
metabolize an array of aromatic ring structures.

Block duplication

Block duplication of segments containing dioxygen-
ase genes in isolate KMS is apparent (Fig. 2). The
genes pairs designated as a/bdiZ and a/bdiY and
nidA3B3 were present in three copies, located on the
chromosome, circular plasmid and linear plasmid. The
two lone nidB2 genes (one chromosomal and one
plasmid) were grouped in potential operons with the
nidB/nidA genes showing block duplication on the
chromosome and the circular plasmid (Fig. 2). How-
ever, rearrangement of the block duplications are
noted between the chromosome and plasmids as
denoted by using blue lines in Fig. 2. Block duplica-
tion was supported by BLAST analysis showing that
chromosomal and plasmid duplicated genes had
96-100% homology, with the exception of lower
(90%) homology between the bdiY genes at loci
Mkms_1699 (chromosome) and 5486 (linear plasmid)
(Supplemental Table S5).

Phylogenetic analysis

The phylogenetic relationship between alpha- and
beta-subunit protein sequences was determined to

better understand the divergence of these genes within
the single microbe (Fig. 3). The tree for the alpha-
subunits (Fig. 3a, b) showed the clustering of
sequences from unpaired genes encoding alpha-sub-
units (AdiG-P) away from the alpha-subunits that
function with beta subunits. Further analysis showed
that the alpha subunits in isolate KMS could be
classified into the different types based on the system
published by Kweon et al. (2008). This finding
indicates that the proteins are associated with different
electron transport systems and have distinct substrate
specificities. Supplemental Fig. S2 shows the tree
obtained for the KMS alpha subunit proteins using the
standard proteins employed in the Type designation.
There are no proteins that correspond to Type Illo.f or
IV designations within the KMS genome. Also a
subset of the proteins, the clustered lone alpha subunits
AdiG/H/I/J/K/L and the clustered AdiZ and AdiY
proteins have no homology to the standard proteins
used for the type classification by Kweon et al. 2010.
The phylogenetic relationships for the beta-subunits is
simpler and supports that NidB2 and NidB subunits
likely arose from duplication of a single gene.

Alignment of the predicted promoters

Sequences totaling 60 bp from 50 bp upstream from
the predicted transcriptional start sites for all dioxy-
genase genes were aligned by ClustalX?2 (Fig. 4). The
genes nidA, nidB, adiX, and bdiX were predicted to be
in the same operon and, thus, have the same promoter.
The alignment showed that certain promoters had high
identity supporting duplication of blocks of genes.
There was 75-99% identity for predicted promoters of
four operons containing nidB/A and nidB2 genes,
92.5-97.5% identity for the triple copies of nidA3/B3
genes, 97.5-37.5% for the copies of the a/bdiZ genes,
and 100% homology for the promoters of the triple
copies of a/bdiY genes. The promoters of other paired
genes benA/B, a/bdiV, and a/bdiW or the lone alpha-
subunit genes adiG/H/l/J/K/L/M/N/O/P  lacked
alignments.

Benzoate and pyrene differentially induced ring-
hydroxylating dioxygenase genes

The differences between the promoter sequences

suggested that they could dictate different regulatory
conditions. Consequently, we examined accumulation

@ Springer



592

Biodegradation (2012) 23:585-596

o
o
6\,,*\“\
5
Ly

D GZLYSWNN IRV T

Type llla

Fig. 3 Phylogenetic trees generated by MEGA 4 for the
predicted protein sequences for the alpha-subunits of dioxy-
genases (a) and the beta-subunits of dioxygenase (b) for
Mycobacterium isolate KMS. The tree was obtained by
neighbor-joining and represents 1,000 replications. Overlayered
on this tree are balloons indicating the classification of the
dioxygenases into the group (Type I-V) based on the work of
Kweon et al. (2008) as determined by analysis shown in
Supplemental Fig S2. Designation of proteins NidA, NidB,
NidB2, NidA3, and NidB3 followed those identified in M.
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vanbaalenii PYR-1 (Khan et al. 2001; Kim et al. 2006, 2007).
Designation of proteins BenA and BenB was because of
homology to proteins in Rhodococcus jostii RHA1 (Kitagawa
et al. 2001). Other as yet uncharacterized aromatic ring-
hydroxylating dioxygenase alpha-subunits are designated as
Adi, and the beta-subunits as Bdi. The term ch indicates a
chromosomal gene, cp a circular plasmid gene, and /p a linear
plasmid genes. The locus numbers of the genes encoding the
proteins are shown. The scale bar means 0.2 changes per amino
acid position




Biodegradation (2012) 23:585-596

593

Fig. 5 Transcriptional
analysis of genes adiU
(Mkms_1391) and nidA
(Mkms_1668) when isolate
KMS was cultured on either
5 mM sodium benzoate or
2.5 mM pyrene as the sole
carbon source. The
expression of 16S rRNA
genes was used as control.
Lane 1, 100 bp gene ladder;
lane 2 product from cDNA
of corresponding genes from
cells grown on 5 mM
sodium benzoate; lane 3
product from cDNA of
corresponding genes from
cells grown on 2.5 mM
pyrene. Genes used in this
study and their products (in
brackets) are shown. The
study is from one of two
studies with the same results

of transcripts from the benA gene, at locus
Mkms_1391, predicted to encode the large subunit
for a benzoate dioxygenase and the nidA gene,
encoding the large subunit of a dioxygenase involved
in transformation of pyrene. Reverse transcriptase
(RT) PCR analysis revealed accumulation of tran-
scripts from benA occurred in cells cultured on
benzoate but not pyrene. In contrast the nidA gene,
from locus Mkms_1668, was expressed during pyrene
growth but not during growth on benzoate. The PCR
products from these analyses are shown along with
PCR products from the 16S rRNA genes used as a
control for equal loading of samples in Fig. 5.

Dioxygenase genes with homologous promoters
were similarly regulated

The homology between predicted promoters for both
the chromosomal and plasmid copies of the nidB and
nidB2 genes suggested that these genes would be
coordinately expressed. This possibility was tested
using Q-RT-PCR to assess the RNA accumulating
from these genes during growth on pyrene. The fold
increases in expression for each gene, normalized
based upon expression of the 16S rRNA genes, had a
mean fold increase of 3-fold and, thus, were of similar
magnitudes (Table 2).

288 bp —

320 bp —

96 bp —

165 rRNA gene
(16S rRNA)

adiU (benzoate

dioxygenase alpha-subunit)

nidA (NidA)

Table 2 The fold change in expression for genes encoding the
beta-subunit of dioxygenase normalized by the expression of
16S rRNA genes with growth of isolate KMS on pyrene

Selected gene and location Fold change based

on the mass
of cDNA?*
Mkms_1660 (nidB2) 334+ 15
Chromosome
Mkms_1667 (nidB) 30+ 1.0
Chromosome
Mkms_5621 (nidB2) 2.8 + 1.1
Plasmid
Mkms_5625 (nidB) 324+09
Plasmid

* Data were normalized based on the expression of the 16S
rRNA genes and standard deviations were calculated based on
results from four separate Q-RT-PCR studies

Discussion

The pyrene-degrading Mycobacterium isolate KMS
had a plethora of genes encoding ring-hydroxylating
dioxygenase subunits that were clustered on the
chromosome as well as on the circular and linear
plasmids. There is evidence of block duplication for
the operons containing the genes that based on
observations of Cerniglia’s group initiated ring

@ Springer



594

Biodegradation (2012) 23:585-596

oxidation in the high molecular weight PAHs (Khan
et al. 2001; Kim et al. 2006; Kweon et al. 2010).
Duplication of genes leading to the existence of
families with related function is common in bacteria
(Gevers et al. 2004; Serres et al. 2009). These events
are postulated to permit adaption to different envi-
ronments. Andersson and Hughes (2009) posited
“Whenever cellular growth is restricted escape from
these growth restrictions often occurs by gene
duplication-amplification events that resolve the
selective problem”. They provide examples with
Alcaligenes, Pseudomonas and Acinetobacter isolates
where gene duplication relates to adapted utilization
of contaminants such as alkanes and benzoate.
Similarly, Gevers et al. (2004) stated that “gene
duplication is an evolutionary response in bacteria
exposed to different selection pressures such as
starvation”. The ability of certain environmental
Mycobacterium isolates, such as KMS which came
from PAH-contaminated soils, to develop the ability
to utilize the recalcitrant PAH, pyrene, fits well within
this concept of gene duplication to overcome starva-
tion and promote adaption to novel carbon sources.
Supporting evidence comes from comparison of the
KMS genome with the genomes of pathogenic, M.
tuberculosis. Dioxygenase genes involved in house-
keeping pathways (taurine catabolism, breakdown of
nitro-organics) exist in both environmental and path-
ogenic isolates (Eichhorn et al. 2000; Stiens et al.
2006). However the pathogenic isolates possess
limited genes encoding enzymes for modification of
complex aromatics (e.g. two genes for large subunit
phenylpropionate dioxygenase in M. tuberculosis
H37Ra among the 25 predicted dioxygenase genes
with general metabolic activities). In contrast there is
an extensive ring-hydroxylating dioxygenase gene
family with specificity for the high molecular PAHs in
KMS. This finding is seen also in two other Myco-
bacterium isolates, MCS and JCS, from the same
Montana site as KMS, as well as two isolates from
other PAH-contaminated sources, M. vanbaalennii
PYR-1 and M. gilvum PYR-GCK (Kim et al. 2008;
Zhang and Anderson 2012). Additional genes with the
COG4638 signature for phenylpropionate alpha-sub-
units are found in other Mycobacterium isolates, such
as the pathogenic M. marinum, M. avium and envi-
ronmental M. smegmatis according analysis with
MicrobesOnline Treebrowser. Thus there is circum-
stantial evidence that the expanded gene family offers
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an advantage when the microbes are forced to utilize
the multi-aromatic ring PAHs.

In many cases, members of the duplicated genes are
modified further (e.g. by mutation or acquisition of
novel domains) such that there is clear divergence of
function (Iwabe et al. 1989; Notebaart et al. 2005).
Indeed extensive superfamilies have been annotated
within many bacterial genomes (Serres et al. 2009).
For example the genes in the crotonase family in
Escherichia coli encode for enzymes exhibiting a
range of distinct activities (Serres et al. 2009). Clearly
this family of dioxygenase genes has not diversified to
such a large extent as they retained high homology.

The existence of some of the amplified genes on
plasmids in isolate KMS is consistent with similar
observations in other microbes. Andersson and
Hughes (2009) cited the extensively studied cases of
amplification of genes for drug resistance on plasmids.
In KMS, the circular and the linear plasmids have few
genes with predicted functions and lack genes pre-
dicted to be associated with drug resistance. The
circular plasmid has genes involved in resistance
towards cadmium and copper, suggesting that genes
involved in other needed environmental adaptations
are present; these metal-resistance genes were not
duplicated on the chromosome.

BLASTDp analysis of the ring hydroxylating diox-
ygenase genes revealed homology with genes encod-
ing proteins with assayed functionality. For instance,
the additional paired genes we designated as V, W, X,
Y, and Z genes in isolate KMS were predicted to
encode the alpha and beta subunits of dioxygenase
acting on small ring structures (e.g. V, phthalate; W,
naphthalene; Y and Z, biphenyl). In this paper we
correlated expression from the benA gene at locus
Mkms_1391 encoding a dioxygenase alpha-subunit
with benzoate degradation because transcripts from
this locus accumulated when isolate KMS was grown
on benzoate. The genes adjacent to this locus are
predicted to encode other proteins with functions in
benzoate degradation: Mkms_1388 encoded a regula-
tor protein with 97% identity to a LuxP family
transcriptional regulator, Mkms_1390 benB encoding
the beta subunit of the dioxygenase and Mkms_1389
encoded a chimeric protein of a benzoate dioxygenase
reductase (BenC) and a diol dehydrogenase (BenD) as
shown in Supplemental Fig. S3. This benzoate-
degrading gene cluster in KMS differed from two
other types of clusters endowing benzoate catabolism
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(Supplemental Fig. S3); the operons in strains of a
pseudomonad and a Rhodococcus species contained
five genes (Cowles et al. 2000; Kitagawa et al. 2001)
whereas in Acinetobacter there were eight genes
(Collier et al. 1997). Identical sequences to that in
strain KMS were found in four other PAH-degrading
mycobacterium strains MCS, JLS, M. gilvum PYR-
GCK, and Spyrl (Supplemental Fig. S4) but M.
vanbaalenii PYR-1 lacked such genes for benzoate
catabolism as indicated in Kim et al. (2008). These
strains are from diverse geographical sites showing
conservation of function.

Our studies illustrated regulated expression from
the benA gene by benzoate versus pyrene. Similarly
the nidA gene was not expressed during growth on
benzoate but was induced by pyrene. Because the
clusters containing nidA and benA have distinct
promoters, these findings are consistent with differ-
ential activation of the promoters by aromatic ring
compounds. This concept was supported by observing
during pyrene growth the very similar levels of
activation from the promoters that have high sequence
identity of four nidB genes, whether these genes were
located on the chromosome or plasmid.

Our findings illustrate the adaption of Mycobacte-
rium sp. KMS to maximize its effectiveness in using
aromatic ring structures. Adaption appears to have
evolved gene duplication with divergence of the
subunits of the dioxygenases towards different sub-
strate specificity as well as the development of distinct
promoter sequences. We demonstrated expression
simultaneously from plasmid and chromosomal copies
of a duplicated gene and we show functionality of two
distinct promoter sequences.
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