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Abstract Rhodococcus sp. strain NCIMB 12038 utilizes
naphthalene as a sole source of carbon and energy, and
degrades naphthalene via salicylate and gentisate. To
identify the genes involved in this pathway, we cloned
and sequenced a 12-kb DNA fragment containing a
gentisate catabolic gene cluster. Among the 13 complete
open reading frames deduced from this fragment, three
(narIKL) have been shown to encode the enzymes involved
in the reactions of gentisate catabolism. Narl is gentisate
1,2-dioxygenase which converts gentisate to maleylpyru-
vate, NarL is a mycothiol-dependent maleylpyruvate
isomerase which catalyzes the isomerization of maleylpyr-
uvate to fumarylpyruvate, and NarK is a fumarylpyruvate
hydrolase which hydrolyzes fumarylpyruvate to fumarate
and pyruvate. The narX gene, which is divergently
transcribed with narIKL, has been shown to encode a
functional 3-hydroxybenzoate 6-monooxygenase. This led
us to discover that this strain is also capable of utilizing
3-hydroxybenzoate as its sole source of carbon and energy.
Both NarL and NarX were purified to homogeneity as His-
tagged proteins, and they were determined by gel filtration
to exist as a trimer and a monomer, respectively. Our study
suggested that the gentisate degradation pathway was shared
by both naphthalene and 3-hydroxybenzoate catabolism in
this strain.
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Introduction

Naphthalene is one of the common bicyclic aromatics and
is often released into the environment as coal tar and coal
tar products, such as creosote (Mueller et al. 1989). Two
pathways have been well characterized for the microbial
degradation of naphthalene, and salicylate is an intermedi-
ate in both cases. In the classical pathway, which was
studied extensively in Gram-negative Pseudomonas, salic-
ylate undergoes oxidative decarboxylation by salicylate
I-hydroxylase to produce catechol as the ring-cleavage
substrate (Dunn and Gunsalus 1973; Yen and Serdar 1988).
The alternative pathway was discovered in Ralstonia sp. strain
U2 a decade ago and involves a salicylate 5-hydroxylase
which yields the ring-cleavage substrate gentisate
(Fuenmayor et al. 1998), which is further metabolized
via a GSH-dependent maleylpyruvate isomerization pathway
(Zhou et al. 2001).

The Gram-positive genus Rhodococcus possesses eX-
treme capability to degrade a wide range of xenobiotics
(Larkin et al. 2005), including the naphthalene utilizer
strains NCIMB 12038 (Allen et al. 1997; Larkin and Day
1986) and B4 (Grund et al. 1992). Naphthalene degradation
in both strains was found to occur via the gentisate pathway
(Allen et al. 1997; Grund et al. 1992). In strain NCIMB
12038, an 11,548-bp DNA fragment involved in naphtha-
lene degradation was sequenced, and the nardaAb-encoded
naphthalene dioxygenase and the narB-encoded cis-naph-
thalene dihydrodiol dehydrogenase were functionally char-
acterized (Kulakov et al. 2000; Larkin et al. 1999).
However, no genetic determinates for its gentisate degradation
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have been identified to date. More recently, a putative gene
cluster encoding a gentisate pathway in the naphthalene
utilizer Rhodococcus opacus R7 has been proposed, but the
biochemical functions of these genes have not been
experimentally confirmed (Di Gennaro et al. 2010).

Here, we report the genetic and biochemical character-
ization of the gentisate catabolic pathway in Rhodococcus
sp. strain NCIMB 12038, revealing the involvement of a
mycothiol-dependent maleylpyruvate isomerase.

Materials and methods

Bacterial strains, plasmids, primers, culture conditions,
and chemicals

The bacterial strains, plasmids, and polymerase chain
reaction (PCR) primers used in this study are listed in
Table 1. Strain NCIMB 12038 was grown aerobically in
lysogeny broth (LB) or M9 minimum media (Miller 1972)
supplemented with naphthalene (0.5%, w/v), salicylate

Table 1 Bacterial strains, plasmids, and primers used in this study

(2 mM) or 3-hydroxybenzoate (2.5 mM), or pyruvate
(10 mM), as the sole carbon source at 30°C on a rotary
shaker at 150 rpm. Escherichia coli strains were grown in
LB at 37°C with 100 pg/ml ampicillin, 50 pg/ml
kanamycin, or 34 pg/ml chloramphenicol, as necessary.
Mycothiol (MSH) was prepared according to the proce-
dures described previously (Feng et al. 2006).

Cloning of gentisate degradation genes and sequence analyses

Primers were designed based on a conserved region of the
gentisate 1,2-dioxygenase (GDO) genes from R. opacus
(accession no. BAD35142) and Streptomyces sp. strain
WAA46 (accession no. BAC78375) to amplify the putative
gene encoding GDO from strain NCIMB 12038. A 599-bp
fragment was PCR amplified from the genomic DNA of
strain NCIMB 12038 and ligated into pGEM-T vector
(Promega) for sequencing. The genome walking strategy
(Siebert et al. 1995) was then employed to clone the flanking
regions of the above fragment. Nucleotide sequences were
determined by Invitrogen Technologies Co. (Shanghai,

Strains and plasmids

Relevant genotype or characteristic(s)

Reference or source

Rhodococcus sp. strain NCIMB 12038

Corynebacterium glutamicum ATCC
13032
E. coli

DH5x

Naphthalene utilizer, wild type

Gentisate utilizer, wild type

gvrA96, relAl

sup E44, lacU169 (980lacZAM15), recAl, endAl, hsdR17, thi ",

NCIMB
ATCC

Woodcock et al. (1989)

Rosetta (DE3) pLysS F ompT hsdSg (rg mp ) gal dem lacY1(DE3) pLys SRARE?(Cm") Novagen

Plasmids

pGEM-T Ap", cloning vector Promega

pET5a Ap', expression vector Novagen

pET28a Km', expression vector Novagen

pZWTO02 Ndel-BamH] fragment containing narX inserted into pET5a This study

pZWTO06 Ndel-EcoR] fragment containing narl inserted into pET5a This study

pZWTO07 Ndel-EcoR] fragment containing narL inserted into pET5a This study

PZWTO08 Ndel-EcoRI fragment containing narK inserted into pETSa This study

PZWT09 Ndel-BamHI fragment containing narX inserted into pET28a This study

pZWTI10 Ndel-EcoRI fragment containing narL inserted into pET28a This study

pZWTI11 Ndel-EcoRl fragment containing ncgl/2918 inserted into pET5a This study

Primer® Sequence (5-3") Purpose

hl 5'-TCTGGATCCATATGTCGAACCTGCAGGAC-3’ Forward primer for narX expression
h2 5'-AATAGGATCCAGGGTCACTCACCCAGTCT-3’ Reverse primer for narX expression
gl 5'-AGATCATATGACCGCCACCGAACCG-3' Forward primer for narl expression

g2 5'-GCTGAATTCGGTGGCAAGCTTCATGAGA-3' Reverse primer for narl expression

fl 5'-CCTGAATTCATATGAAGCTTGCCACCCTG-3' Forward primer for narK expression
2 5'-AGCGAATTCGGTGCATCCTTACTTGACG-3’ Reverse primer for narK expression
ml 5"-ATTCATATGCACCCGGTGGGCTTTCA-3’ Forward primer for narL expression
m2 5'-GACGAATTCATCGCACGTTACAGCCAGTG-3' Reverse primer for narL expression

# Letters in italics indicate restriction enzyme cutting site added for cloning
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China). DNA sequences were compiled using the Lasergene
sequence analysis software (DNASTAR). The analyses of
open reading frames (ORFs) and amino acid identity
searches were performed with ORF finder programs and
BLASTX on the NCBI website (Ye et al. 2006).

Cloning and expression of the narX, narl, narK, and narL
genes in E. coli

Individual nar genes were amplified by PCR from strain
NCIMB 12038 using Pyrobest polymerase (Takara, Dalian,
China). Primers used for amplification of the target genes are
listed in Table 1. PCR products were then cloned into pET5a
individually to produce the plasmids listed in Table 1. The
narX and narL genes were also ligated into pET28a to
produce pZWTO09 and pZWT10, respectively. Both proce-
dures resulted in N-terminal six-His-tagged fusion proteins.
The inserts of these clones were sequenced to ensure that no
mutations had been incorporated during the PCR.

All of the pET5a and pET28a constructs were trans-
formed into E. coli strain Rosetta (DE3) pLysS. The
recombinant strains were grown in LB at 37°C to an
optical density of 0.6 at 600 nm and were then induced with
0.1 mM of isopropyl-{3-D-thiogalactopyranoside (IPTG) for
an additional 12 h of cultivation at 16°C.

Preparation of cell extracts

Cells were harvested by centrifugation and disrupted by
sonication at 4°C (3 s sonication followed by a 7-s break) in
ice-cold phosphate buffer (50 mM, pH 7.4). After centri-
fugation at 13,000xg for 40 min at 4°C, the supernatant
(cell extract) was collected for the enzyme assay. For
protein purification, the buffer was changed to a binding
buffer containing 50 mM sodium phosphate buffer (pH 8.0)
and 300 mM NaCl.

Protein purification

All procedures were carried out at 4°C. Cell extracts
containing His-tagged NarX or NarL were applied to
nickel-nitrilotriacetic acid (Ni*'-NTA) agarose (Merck
Biosciences, Darmstadt, Germany) according to the suppli-
er's recommendations. The column was then washed with
binding buffer, and the protein was released with elution
buffer (50 mM sodium phosphate buffer, 300 mM NaCl,
80 mM imidazole [pH 8.0]) at a flow rate of 1.0 ml/min.

Enzyme assays
All assays were carried out in 50 mM phosphate buffer

(pH 7.4). The 3-hydroxybenzoate (3HBA) 6-monooxygenase
activity was determined by measuring the decrease in

absorbance at 340 nm due to the substrate-dependent oxidation
of NADH or NADPH, the molar extinction coefficient of
which was taken as 6,200 M ' cm ! (Liu et al. 2005; Wang
et al. 1987). GDO was assayed by measuring the increase in
absorbance at 330 nm due to the conversion of gentisate to
maleylpyruvate, the molar extinction coefficient was taken as
13,000 M " em ' (Lack 1959). Maleylpyruvate was prepared
from gentisate by GDO as described previously (Feng et al.
2006). Maleylpyruvate isomerase activity was monitored by
measuring the change in absorbance at 330 nm due to
maleylpyruvate disappearance in the presence of boiled cell
extracts of strain NCIMB 12038 (or strain ATCC 13032) or
MSH as a cofactor (Feng et al. 2006). Rates of isomerization
of maleylpyruvate to fumarylpyruvate were calculated using
a value of 2,400 M™' ecm ' for the extinction change at
330 nm (Hagedorn et al. 1985). Fumarylpyruvate hydrolase
was assayed by measuring the decrease at 340 nm due to
fumarylpyruvate disappearance; the molar extinction coeffi-
cient of fumarylpyruvate was taken as 9,400 M ' cm’
(Tanaka et al. 1957). The protein concentration was
determined according to the Bradford (1976) method, using
bovine serum albumin as the standard. One unit of enzyme
activity was defined as the amount required for the
disappearance (or production) of 1 pmol of substrate
(or product) per min at 28°C. Specific activities are expressed
as units per milligram of protein.

HPLC analysis

HPLC analysis was performed on an Agilent series 1200
system equipped with a C18 reversed-phase column (5 pm,
4.6x250 mm, Agilent Technologies). The mobile phase was
methanol/water (20:80, v/v) containing 100 mM ammonium
acetate (pH 4.2) at a flow rate of 1 ml/min. Detection was
performed by UV at 300 nm. The retention times for
3-hydroxybenzoate and gentisate were 8.3 and 3.8 min,
respectively. The analysis of fumarate and pyruvate was
performed as described previously (Zhou et al. 2001), the
retention times were 15.1 and 9.2 min, respectively.

Molecular weight determination

The molecular weight and subunit composition of proteins
were determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Gel filtration chromatog-
raphy was performed to determine the native molecular
masses of the purified proteins as described previously
(Zhang et al. 2009).

Reverse transcription PCR

Total RNA of strain NCIMB 12038 was isolated using an
RNeasy mini kit (QIAGEN). DNase digestion was carried
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out to remove any DNA contamination. A reverse
transcription-PCR (RT-PCR) was performed using Moloney
murine leukemia virus reverse transcriptase (Promega), and
the resulting cDNAs were amplified with gene-specific
primers for each nar gene.

Nucleotide sequence accession number

The GenBank accession number for the nucleotide sequence
reported in this paper is HM852512.

Results

Cloning of the gentisate degradation genes and DNA
sequence analysis

Based on a conserved region of the gentisate 1,2-dioxyge-
nase gene, a 599-bp PCR product was obtained from strain
NCIMB 12038. Subsequently, a 12,052-bp DNA sequence
flanking the GDO gene was obtained after several cycles of
genome walking. Thirteen putative ORFs were identified
and annotated on the basis of BLAST analysis of this
fragment. Among these ORFs, four genes, narX, narl, nark,
and narL appeared to be involved in salicylate (or 3HBA)
and gentisate catabolism (Table 2). The organization of the
3HBA-gentisate catabolic cluster is shown in Fig. 1b.

NarX is a 3-hydroxybenzoate 6-monooxygenase
rather than a salicylate 5-hydroxylase

Previous research on strain NCIMB 12038 indicated that
naphthalene is degraded via salicylate and gentisate (Allen
et al. 1997; Larkin 1988; Larkin and Day 1986). The
monooxygenase-encoding narX gene, located adjacent to
the gentisate degradation genes, was naturally thought to
encode a salicylate 5-hydroxylase. However, to our sur-
prise, the cell extracts of E. coli [pZWTO02] containing
NarX were found to have activity on 3HBA rather than

Table 2 BLAST searching results and identified functions of genes

salicylate. With spectrum detection, together with con-
sumption of 3HBA (Aqax, 287 nm) and NADH (A ax,
340 nm), a characteristic peak of gentisate, with a
maximum absorbance at 320 nm (Zhou et al. 2002), was
observed. The nagl-encoded GDO from strain U2 was then
added to the sample cuvette, and a shift in the A, from
320 to 330 nm was observed, which corresponded to the
conversion of gentisate to maleylpyruvate. Gentisate was
also identified as the product of NarX-catalyzed 3HBA
monooxygenation by HPLC analysis by comparison with
the standard. Strain NCIMB 12038 was also found to grow
well with 3HBA as the sole carbon and energy source,
which has not previously been reported for this strain. Cell
extracts of E. coli [pZWTO09] carrying narX exhibited 3HBA
6-monooxygenase with a specific activity of 0.14 U/mg.
After purification using a nickel affinity column, the specific
activity increased to 5.8 U/mg. SDS-PAGE of purified
Hg-NarX showed a polypeptide band of ~45 kDa (Fig. 2a),
corresponding to the molecular mass of Hg-NarX, as
deduced from its amino acid composition. As determined
by gel filtration chromatography for H¢-NarX, the eluted
fraction showed a peak value corresponding to 119 kDa,
indicating that the active recombinant H¢-NarX is probably a
homotrimer. The Hg-NarX protein showed no detectable
activity against the 3HBA structural analogues, including
2HBA (salicylate), 4HBA, or 4-substituted derivatives
(4-CH;, 4-NH,, and 4-NO,) of 3HBA. The addition of
0.02 mM FAD increased the activity by 21%, suggesting that
the flavin prosthetic group was partially lost during the
purification. The specific activity was reduced to half when
NADPH was replaced with NADH as the electron donor.

Narl is a gentisate 1,2-dioxygnease

Cell extracts of E. coli [pZWTO06] carrying the narl gene
inserted into pET5a showed high GDO activity against
gentisate with a specific activity of 145 U/mg, as
determined by the shift in the A, from 320 to 330 nm.
Addition of 0.1 mM Fe*" (Fe,SO,) only increased the

Gene Proposed function Position in  Product size Related gene product (species, % amino acid identity, accession no.)
sequence (residues, kDa)
narX 3-Hydroxybenzoate = 4256-3054 400 (43.8) Salicylate hydroxylase (Rhodococcus jostii RHA1, 92, BAH49794)
6-hydroxylase 3-Hydroxybenzoate 6-monooxygenase (Klebsiella pneumoniae, 37, AAW63416)
narR3  Transcriptional 4433-5203 256 (28.2) IcIR family transcriptional regulator ( R. jostii RHA1, 94, ABG93678)
regulator
narl Gentisate 1,2- 52686347 359 (39.9) Gentisate 1,2-dioxygenase (Corynebacterium glutamicum ATCC 13032, 64,
dioxygenase NP 602217)
nark Fumarylpyruvate 6354-7181 275 (29.7) 3-Maleylpyruvate isomerase (Rhodococcus opacus, 92, BAD89181); fumarylpyruvate
hydrolase hydrolase (C. glutamicum ATCC 13032, 58, NP 602216)
narL 3-Maleylpyruvate 7184-7912 239 (26.1) Mycothiol-dependent maleylpyruvate isomerase (C. glutamicum ATCC 13032, 51,

isomerase

NP 602215)
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Fig. 1 a Proposed metabolic a

pathway for naphthalene and —— — —— naphthalene
3HBA degradation in Rhodo- +

coccus sp. strain NCIMB 12038.
b Organization of 3HBA-
gentisate catabolic cluster in
strain NCIMB 12038. The loca-
tions of amplified DNA frag-
ments RTG, RTI, RTIK, and
RTKL for RT-PCR are indicated
by short lines. ¢ Analysis of b
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with growth on pyruvate, lanes
1,3,5,7,9,11, 13, and 15
corresponding negative controls
without RT

enzyme activity by 10%. SDS-PAGE indicated an overex-
pressed polypeptide of ~40 kDa (data not shown), as
expected from the deduced amino acid composition.

NarL acts as a mycothiol-dependent maleylpyruvate isomerase

According to the results of a BLAST search, NarL was
presumed to be an MSH-dependent maleylpyruvate isomerase.
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Fig. 2 SDS-PAGE of Hg-NarX (a) and Hg-NarL (b). a Lane 1
purified Hg-NarX, /ane 2 molecular mass standards (molecular masses
[in kilodaltons] are indicated on the right). b Lane I molecular mass
standards, lane 2 purified Hg-NarL
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When cell extracts of IPTG-induced E. coli [pZWTO07, a
pET5a-based construct] carrying the narl gene were
incubated with maleylpyruvate generated from gentisate
by the action of Narl, no change in the absorption spectrum
between 250 and 400 nm was observed, unless 10 pl of
boiled cell extracts of strain NCIMB 12038 was added. The
spectrum changed due to a shift in the A, from 330 to
340 nm that corresponded to the conversion of maleylpyr-
uvate to fumarylpyruvate (Fig. 3) as described previously
(Zhou et al. 2001). In this case, the specific activity was
0.016 U/mg. The same transformation also took place when
the boiled cell extracts of strain ATCC 13032 or MSH
purified from strain ATCC 13032 were used with specific
activities of 0.011 and 0.017 U/mg, respectively. To
compare NarL with the maleylpyruvate isomerase
Ncgl2918 from strain ATCC 13032, the cell extracts of E.
coli [pZWT11] carrying ncgl2918 were also investigated by

1.244

1.04
0.8
0.6

0.4

Absorbance

0.2

0.08 g v T r v
250. G 280 300 320 340 360

Wavelength(nm)

380 400.0

Fig. 3 The spectral changes of isomerization of maleylpyruvate to
fumarylpyruvate catalyzed by the mycothiol-dependent maleylpyru-
vate isomerase NarL
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adding the boiled cell extracts from strain NCIMB 12038.
Ncgl2918 also showed activity and its specific activity was
ten times higher than that of NarL.

To purify this MSH-dependent maleylpyruvate isomer-
ase, the narl gene was cloned into expression vector
pET28a to produce pZWT10. The cell extracts of IPTG-
induced E. coli [pZWT10] exhibited maleylpyruvate isom-
erase specific activity of 0.1 U/mg with MSH as a cofactor.
However, the purified Hg-NarL exhibited specific activity
as high as 7.9 U/mg. A single polypeptide band of ~30 kDa
was detected by SDS-PAGE (Fig. 2b), and a protein with a
molecular mass of 29 kDa was detected by gel filtration,
indicating that this enzyme is a monomeric protein, the same
as Ncgl2918 from strain ATCC 13032 (Wang et al. 2007).

NarK acts as a fumarylpyruvate hydrolase

SDS-PAGE analysis of the cell extracts of E. coli [pZWTO08]
carrying the narK gene showed a polypeptide of ~30 kDa,
matching the predicted molecular mass of NarK deduced
from its amino acid sequence. To investigate the role of
NarK, the cell extracts were incubated with the product of
the joint action of Narl and NarL on gentisate. It was evident
from the absorption spectrum that the peak, with a A, at
340 nm, decreased and then disappeared, corresponding to
the hydrolysis of fumarylpyruvate. This indicated that NarK
acts as a fumarylpyruvate hydrolase, although most of its
close homologues in the GenBank database were annotated
as maleylpyruvate isomerases. The measured specific activ-
ity of fumarylpyruvate hydrolase for NarK was 5.5 U/mg.
The products of fumarylpyruvate hydrolase were confirmed
as fumarate and pyruvate by HPLC.

Transcription of the nar genes in strain NCIMB 12038

To determine the transcription of the narXR3IKL cluster,
RNA was extracted from pyruvate and naphthalene-grown

Fig. 4 Comparison of genetic narX narR3 narl
organization of gentisate - | | e
catabolic gene clusters from
different strains ABG93680 93679 93678
B
ncgl2923 2922 2921
—_— NN
nagR nagX nagl"
[ —

sdgR  sdgD sdg_E sdgF

genC genB genA

IRRE R AR AR I mAR BRI R m [ = =

| 3HBAB-monooxygenase [ |

M Transcriptional regulator
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cells of strain NCIMB 12038. The narl, narK, and narL
genes were found to be transcribed as a single operon,
only in the presence of naphthalene. However, transcrip-
tion of the narX gene occurred under both cases,
suggesting that the narX gene is constitutively transcribed
(Fig. lc).

Discussion

The genus Rhodococcus is regarded as a diverse group of
bacteria that possesses the catabolic versatility to degrade a
large number of organic compounds (Larkin et al. 2005).
Naphthalene catabolism in Rhodococcus sp. strain NCIMB
12038 was reported to occur via the gentisate pathway in
the 1980s (Larkin and Day 1986). However, genetic and
biochemical level studies on the gentisate pathway have not
been reported in the literature in this “historic™ strain or in
other Gram-positive naphthalene utilizers. In this study,
we cloned and characterized three genes involved in
gentisate catabolism via MSH-dependent maleylpyruvate
isomerization, a pathway that differs from the gentisate
pathway in the Gram-negative naphthalene utilizer
Ralstonia sp. strain U2 (Zhou et al. 2001). The presence
of a functional 3HBA monooxygenase-encoding gene in
this cluster led us to discover that strain NCIMB 12038
could also grow on 3HBA. RT-PCR analysis showed that
naphthalene induced the transcription of genes involved in
gentisate degradation. Therefore, we proposed that the
gentisate degradation pathway was shared by both naph-
thalene and 3HBA catabolism in this strain, as shown in
Fig. 1a.

In Gram-negative bacteria, glutathione (GSH) is the most
abundant thiol (Newton et al. 1996) and acts as a cofactor of
maleylpyruvate isomerase in the gentisate pathway (Zhou et
al. 2001), while mycothiol functions as a GSH analogue in
actinomycete bacteria (Newton et al. 1996). To date,

narK  narl
e Rhodococcus sp. NCIMB12038
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2920 2919 2918

Corynebacterium glutamicum ATCC 13032

nagk

nagl
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Rhodococcus opcus R7

Enzyme for gentisate pathway

N Transporter ™ Enzyme for salicylate 5-hydroxylation
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Ncgl2918 in Corynebacterium glutamicum strain ATCC
13032 is the only MSH-dependent maleylpyruvate isomerase
identified (Feng et al. 2006). In Rhodococcus spp., there is
some evidence that MSH-dependent maleylpyruvate isom-
erase is involved in the gentisate pathway. In a recent report
on Rhodococcus jostii strain RHA1, an mshC (an essential
gene for the biosynthesis of MSH)-deficient strain failed to
grow when gentisate and 3HBA were used as the sole carbon
sources (Dosanjh et al. 2008), suggesting that MSH is
involved in the gentisate pathway in this strain. In
Rhodococcus sp. strain R7, gene genl, annotated as 3-
maleylpyruvate isomerase (Di Gennaro et al. 2010), shares
89% amino acid identity with narK, a fumarylpyruvate
hydrolase described in the current study, while GenL was
thought to be a probable maleylpyruvate isomerase. How-
ever, the functions of these genes were not confirmed
experimentally.

On alignment of nar homologues from different bacteria
(Fig. 4), we found that three gentisate pathway-encoding
clusters share the same organization among these strains,
regardless of whether their products are MSH- or GSH-
dependent. By contrast, gentisate degradation genes tend to
be clustered with the 3HBA 6-monooxygenase gene in both
Gram-positive and -negative strains, suggesting that a
coevolutionary process may have occurred during the
development of their biodegradation capacity.
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