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This work reports a genetic analysis of the expression of nitrobenzene dioxygenase (NBDO) in Comamonas
sp. strain JS765 and 2-nitrotoluene dioxygenase (2NTDO) in Acidovorax sp. strain JS42. Strains JS765 and
JS42 possess identical LysR-type regulatory proteins, NbzR and NtdR, respectively. NbzR/NtdR is homologous
to NahR, the positive salicylate-responsive transcriptional activator of the naphthalene degradation genes in
Pseudomonas putida G7. The genes encoding NBDO and 2NTDO in each strain are cotranscribed, and
transcription starts at the same site within identical promoter regions for each operon. Results from a lacZ
reporter gene fusion demonstrated that expression of NBDO and 2NTDO is induced by multiple aromatic
compounds, including an array of nitroaromatic compounds (nitrobenzene, 2-, 3-, and 4-nitrotoluene, 2,4- and
2,6-dinitrotoluene, and aminodinitrotoluenes), as well as salicylate and anthranilate. The nitroaromatic com-
pounds appear to be the actual effector molecules. Analysis of �-galactosidase and 2NTDO activities with
strain JS42 demonstrated that NtdR was required for induction by all of the inducing compounds, high
basal-level expression of 2NTDO, and complementation of a JS42 ntdR null mutant. Complementation with the
closely related regulators NagR (from Ralstonia sp. strain U2) and NahR restored only induction by the
archetype inducers, salicylate or salicylate and anthranilate, respectively, and did not restore the high basal
level of expression of 2NTDO. The mechanism of 2NTDO gene regulation in JS42, and presumably that of
NBDO gene regulation in JS765, appear similar to that of NahR-regulated genes in Pseudomonas putida G7.
However, NbzR and NtdR appear to have evolved a broader specificity in JS42 and JS765, allowing for
recognition of nitroaromatic compounds while retaining the ability to respond to salicylate and anthranilate.
NtdR is also the first example of a nitroarene-responsive LysR-type transcriptional activator.

Most nitroaromatic compounds are man-made. Examples
include nitrobenzene and mono- and dinitrotoluenes, which
are used in the manufacturing of dyes, pigments, polymers, and
explosives (15). Use and disposal of these and other nitroaro-
matic compounds have led to extensive environmental contam-
ination. In addition, many nitrophenolic compounds are regu-
larly dispersed as agricultural pesticides. Although this class of
chemicals was introduced into the environment relatively re-
cently, bacteria that are able to utilize many nitroaromatic
compounds as carbon, nitrogen, and energy sources have been
isolated. Examples include bacteria that can grow with nitro-
benzene, mononitrotoluenes, and dinitrotoluenes (13, 14, 25–
27, 36, 50). Multicomponent dioxygenases are used by many of
these bacteria to catalyze the initial step in degradation. All of
the nitroarene dioxygenases identified to date fall within the
naphthalene dioxygenase family of Rieske nonheme iron oxy-
genases (12, 31). Interestingly, the identified nitroarene dioxy-
genases are most similar to the naphthalene dioxygenase from
Ralstonia sp. strain U2, a strain that converts naphthalene to

central metabolites via gentisate rather than using the meta
cleavage of catechol used by Pseudomonas putida G7 (9). Thus,
it has been suggested that nitroarene dioxygenases have
evolved from a naphthalene dioxygenase system similar to that
in strain U2 (9, 17, 22, 31).

Comamonas sp. strain JS765 and Acidovorax (formerly
Pseudomonas) sp. strain JS42 were isolated from nitrobenzene-
contaminated samples from New Jersey and Mississippi, re-
spectively (14, 27). However, strain JS765 was selected for
growth with nitrobenzene, while strain JS42 was selected for
growth with 2-nitrotoluene. Metabolism of these compounds is
initiated by a nitroarene dioxygenase in each strain. Previous
experiments suggested that nitrobenzene dioxygenase (NBDO)
activity in strain JS765 was induced during growth with nitro-
benzene, while 2-nitrotoluene dioxygenase (2NTDO) activity
in strain JS42 appeared constitutive (14, 27). We have cloned
and characterized the nbz genes encoding NBDO from strain
JS765 and the ntd genes encoding 2NTDO from strain JS42
(22, 29). We now report the identification of LysR-type regu-
lators (NbzR and NtdR) that are similar to NagR from strain
U2 (56) and the well-studied activator of naphthalene degra-
dation genes, NahR from P. putida G7 (3, 16, 42–46). The
purpose of this study was to determine if these regulators play
a role in the expression of NBDO and 2NTDO, to identify the
specific inducing compounds, and to determine whether the
mechanism of regulation is similar to that for NahR, thus
providing further information on the evolution of nitroarene
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dioxygenases. Based on results presented here, strains JS765
and JS42 have evolved regulatory systems that respond to the
presence of nitroaromatic compounds.

MATERIALS AND METHODS

Bacterial strains, plasmids, growth conditions, and media. The bacterial
strains and plasmids used in this study are listed in Table 1. Escherichia coli was
grown at 37°C in Luria-Bertani (LB) (4) broth or agar unless otherwise indicated.
E. coli DH5� was used for cloning and plasmid propagation. All other bacterial
strains were grown at 30°C in minimal-salts medium (MSB) (49) containing
succinate (10 mM) and Balch’s vitamins (without thiamine) (11). For growth with
aromatic compounds, strains were grown at 30°C on MSB agar containing
Balch’s vitamins (without thiamine) and the aromatic compound supplied as a
vapor as previously described (26). For plasmid selection and maintenance,
antibiotics were added to growth media at the following concentrations: for E.

coli, ampicillin, 150 �g/ml; kanamycin, 100 �g/ml; chloramphenicol, 34 �g/ml;
tetracycline, 15 �g/ml; and gentamicin, 15 �g/ml; for strains JS765 and JS42,
kanamycin, 50 �g/ml; chloramphenicol, 30 �g/ml; tetracycline, 20 �g/ml; and
gentamicin, 15 �g/ml; for strain G7, gentamicin, 100 �g/ml. Cell densities were
determined by measuring the turbidity at 660 nm.

DNA manipulations. Standard methods were used to manipulate plasmids and
DNA fragments (39). Restriction endonucleases and DNA modification enzymes
were purchased from New England Biolabs (Beverly, Mass.). Plasmids were
isolated using spin miniprep kits (Qiagen, Chatsworth, Calif.), and DNA frag-
ments were purified using a Qiaquick PCR purification kit (Qiagen). Chromo-
somal DNA was prepared using a Puregene DNA isolation kit (Gentra systems,
Minneapolis, Minn.). DNA fragments were excised and purified from agarose
gels using Qiaquick gel extraction kits (Qiagen). PCR was performed with an
Expand Long Template PCR system (Roche, Indianapolis, Ind.). DNA was
sequenced at the University of Iowa DNA core facility by standard automated-
sequencing technology. Strain JS42 was identified as an Acidovorax sp. by partial

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference or source

Comamonas sp.
JS765 Wild type, nitrobenzene degrader 27
JS765-1 JS765 containing nbzAa-lacZ, Gmr This study

Acidovorax sp.
JS42 Wild type, 2NT degrader 14
JS42-1 JS42 containing nbzAa-lacZ, Gmr This study
JS42-1R ntdR mutant of JS42-1; Kmr This study

E. coli
DH5� Cloning host 39
HB101 Cloning host 21
S17-1 Cloning strain for plasmid mobilization, thi 47
BW19851 Host strain for R6K replicons 23, 47
GS162 MG1655 derivative, �lacZY, phe, thi M. L. Urbanowski
GS162R GS162, rifampin-resistant mutant This study
GS162R-1 GS162R containing nbzAa-lacZ, Gmr This study

P. putida
G7 Wild type, naphthalene degrader 6
G7-1 G7 containing nbzAa-lacZ, Gmr This study

Ralstonia sp.
U2 Wild type, naphthalene degrader 9

Plasmids
pMW24-RPOS lacZ transcriptional fusion vector, Apr 53
pUTminiTn5-Gm Delivery plasmid for mini-Tn5-Gm, Apr Gmr 53
pRK2013 tra� helper plasmid for triparental matings, Kmr 8
pJS31 pGEM7Z(�) containing dntR, Apr 51
pHP45�-Km Contains Kmr cassette for insertional inactivation 7
pRK415 Broad-host-range vector, Tcr 19
pEX1.8 Broad-host-range expression vector, Apr 35
pBBR1MCS Broad-host-range vector, Cmr 20
pMS104 pRK415 carrying nahR, Tcr 42
pUC19 Cloning vector, Apr 54
pDTG925 pUC18 containing nbzYRAaAbAcAd genes from JS765 22
pDTG928 pMW24-RPOS containing nbzAa promoter fused to lacZ This study
pDTG931 pUTminiTn5-Gm carrying nbzAa-lacZ from pDTG928, Apr Gmr This study
pDTG935 pEX1.8 containing nbzR, Apr This study
pDTG957 pRK415 containing dntR::Kmr, Kmr Tcr This study
pDTG800 pUC18 containing ntdAaAbAcAd genes and partial ntdR from

JS42, Apr
29

pDTG864 pUC19 containing 5� end of ntdR sequence, Apr This study
pDTG865 pUC19 containing 3� end of ntdR sequence from pDTG800, Apr This study
pDTG866 pUC19 containing complete ntdR sequence, Apr This study
pNtd1 pBBR1MCS containing 0.9-kb nbzR fragment, Cmr This study
pNag1 pBBR1MCS containing 0.9-kb nagR fragment, Cmr This study
pNah1 pBBR1MCS containing 3.0-kb nahR fragment, Cmr This study

3896 LESSNER ET AL. J. BACTERIOL.



16S rRNA gene sequence comparison to the currently available 16S rRNA gene
sequences. Identification of strain JS42 was done by MIDI Labs (Newark, Del.).

Cloning of ntdR. A clone carrying the 5� end of ntdR, including the promoter
region, was identified previously (29). The 3� end of ntdR was obtained as follows.
Southern blot analysis (39) was used to identify the size of the SacI fragment
carrying the 3� end of the gene using dntR as a probe (data not shown). A partial
genomic library was made by digesting JS42 DNA with SacI and ligating frag-
ments (1.5 to 2.7 kb) into SacI-digested pUC19. The library was introduced into
DH5� by transformation. Colony blot screenings were done using standard
protocols with dntR labeled with [�-32P]dCTP as a probe to identify a transfor-
mant carrying ntdR (39). The plasmid from this transformant, designated
pDTG864, contained the remaining sequence of ntdR within a 1.8-kb SacI frag-
ment. A 0.6-kb SacI/NruI fragment containing the 5� end of ntdR was subcloned
from pDTG800 into SacI/HincII-digested pUC19 to form pDTG865. The 1.8-kb
SacI-fragment containing the remaining sequence of ntdR was ligated into SacI-
digested pDTG865 to form pDTG866, which contains the complete ntdR gene.
The complete sequence of ntdR was obtained from pDTG866.

Primer extension analysis. Primer extension analysis of the nbz and ntd oper-
ons was performed as previously described (52). RNA was prepared from JS765
and JS42 using the Trizol reagent (Life Technologies, Grand Island, N.Y.). RNA
was extracted from cultures grown to a turbidity of 0.25. The initial turbidity was
0.05. The extension primer was 5�-GCCGCAGCGGCCCGACATGCA-3�. The
primer was 5� end labeled using [�-32-P]dATP and a KinaseMax kit (Ambion,
Austin, Tex.). The 32P-labeled primer was annealed to 10 to 20 �g of JS765 or
JS42 RNA and extended using a First-Strand cDNA synthesis kit (Amersham,
Piscataway, N.J.). DNA sequences were obtained using pDTG925 as the tem-
plate and the same primer used for primer extension. Sequencing was carried out
with [�-35S]dATP and a Sequenase, version 2.0, DNA sequencing kit (U.S.
Biochemicals, Cleveland, Ohio). DNA fragments were resolved on 8 M urea–8%
polyacrylamide gels (39).

RT-PCR. Total RNA was isolated from JS765 and JS42 grown with succinate
alone or in the presence of 500 �M salicylate, nitrobenzene (JS765), or 2-nitro-
toluene (JS42) by using an RNeasy total RNA mini kit (Qiagen). Purified RNA
was treated with RNase-free DNase I (Qiagen) to remove contaminating DNA.
Reverse transcriptase (RT) PCR was carried out with an Access RT-PCR kit
(Promega). The following primer pairs were used: P760F (5�-TGCCTAGCGA
TGCGGAAATG-3�) and P420R (5�-TCTCGGACATGTTCTGCAAC-3�) for
the nbzAaAb region and P760F and PprobeR (5�-ACGTGGTAGCCGTCACC
TAC-3�) for the nbzAaAbAc region. Control PCRs were performed without
addition of RT with primer set 1. Primers for amplification of nbzAbAd (data not
shown) were the following: P2100F (5�-ACGATGTCGAGCCTTTCGAG-3�)
and P460R (5�-TTGTTGGCCCAGTTCTGAGG-3�).

Construction of the nbzAa-lacZ reporter and introduction into JS765, JS42,
and G7. The nbzAa-lacZ fusion was constructed using the method described by
Whiteley et al. (53). A 241-bp DNA fragment encompassing the entire nbzAa
promoter region including 135 bp upstream of the putative LysR-type binding
site was generated by PCR using the primers NBDOPRO1 (5�-GGGGTAC
CCCTTTAAGTGAATTGCTGACGGCAGG-3�) and NBDOREV (5�-GCTCT
AGAGCGCAAGCTCTTTTTTCAGTTGTCTC-3�). After restriction digestion
of the introduced sites (underlined), this 241-bp fragment was ligated to KpnI-
XbaI-digested pMW24-RPOS to generate pDTG928. The nbzAa-lacZ fragment
from NotI-digested pDTG928 was ligated to NotI-digested pUTminiTn5-Gm to
yield pDTG931. pDTG931 is a mobilizable plasmid containing the nbzAa-lacZ
transcriptional fusion and a gentamicin resistance marker within mini-Tn5. In-
troduction of pDTG931 into JS765, JS42, and P. putida G7 was done by mating
with E. coli S17-1(pDTG931) or with E. coli HB101(pRK2013) as a helper.
Gentamicin-resistant colonies were selected and screened for blue color forma-
tion on agar plates containing 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal) (0.5%). Single Tn5 insertions in the resulting transconjugants (JS765-1,
JS42-1, and G7-1) were confirmed by PCR and Southern blot analysis with a
probe specific for the gentamicin resistance gene (data not shown). PCR con-
firmation was done with primers specific for nbzAa-lacZ: NBDOPRO1 and
LacZ-rev (5�-GTTGTAAAACGACGGCCAGTGAA-3�). Strains JS765-1,
JS42-1, and G7-1 were still able to grow with nitrobenzene, 2-nitrotoluene
(2NT), or naphthalene, respectively, similar to their wild-type counterparts.
Strains JS765-1, JS42-1, and G7-1 were used for analysis of lacZ expression.

Construction of E. coli carrying the nbzAa-lacZ fusion. E. coli GS162 was
chosen as an alternative recipient strain for determination of nbzAa-lacZ expres-
sion. A spontaneous rifampin-resistant mutant of GS162, designated GS162R,
was obtained after selection on LB agar plates containing 50 �g of rifampin/ml.
pDTG931 was introduced into strain BW19851 by transformation. BW19851
(pDTG931) was mated with GS162R as described above. GS162R transconju-
gants containing insertions of nbzAa-lacZ were selected on MSB agar plates

containing 10 mM glucose, 20 �g of gentamicin/ml, 20 �g of rifampin/ml, 1 mM
thiamine, 1 mM phenylalanine, and X-Gal (0.5%). An ampicillin-sensitive
transconjugant (GS162R-1) was selected, and integration of nbzAa-lacZ into the
chromosome of GS162R was verified by PCR with primers specific for nbzAa-
lacZ. For expression of NbzR in GS162R-1, nbzR was PCR amplified using
primers NbzR1A (5�-CGGAATTCATGGATCTGCGCGACATCG-3�) and
NbzR2A (5�-CCCAAGCTTTTATGCTTCAGAGAAAAG-3�). This fragment
was digested with EcoRI (underlined) and HindIII (underlined) and ligated to
EcoRI/HindIII-digested pEX1.8 to form pDTG935. The NbzR expression plas-
mid, pDTG935, was introduced into GS162R-1 by transformation.

Disruption of NtdR in JS42-1 and complementation with NtdR, NagR, and
NahR. A 7.0-kb pJS31 BglII fragment containing dntR, from Burkholderia sp.
strain DNT (51), was cloned into BamHI-digested pRK415. This plasmid was
digested with BamHI (unique site in dntR) and ligated with a 2.4-kb BamHI
fragment containing the kanamycin resistance gene from pHP45�-Km. The
resulting plasmid containing dntR::Km was designated pDTG957 and used for
disruption of ntdR, since the nucleotide sequence of dntR was determined to be
97% identical to that of ntdR. pDTG957 was introduced into JS42-1 by mating as
described above. We selected kanamycin-resistant colonies and identified a tet-
racycline-sensitive strain (JS42-1R), which indicated loss of the plasmid. This
mutant contained a disrupted regulatory gene in place of ntdR, as shown by PCR
(primers, NbzR1A and NbzR2A) and Southern analysis with a probe specific for
ntdR (data not shown). For complementation, a 0.9-kb DNA fragment contain-
ing ntdR/nbzR was generated by PCR amplification with pDTG925 as the tem-
plate using primers: NbzRcomp1A (5�-GGGGTACCATGGATCTGCGCGA
CATCGAC-3�) and NbzRcomp2 (5�-GGGGTACCTTATGCTTCAGAGAAA
AGCTC-3�). This fragment was digested with KpnI (underlined) and ligated to
KpnI-digested pBBR1MCS to form pNtd1. Introduction of pNtd1 into JS42-1R
was done by mating with S17-1(pNtd1) as described above, and chloramphenicol-
resistant colonies were selected. The presence of pNtd1 in JS42-1R was con-
firmed by plasmid purification and transformation of DH5�. A 0.9-kb DNA
fragment containing nagR was generated by PCR amplification (primers,
NbzRcomp1A and NbzRcomp2) with Ralstonia sp. strain U2 genomic DNA as
the template. This fragment was digested with KpnI and ligated to KpnI-digested
pBBR1MCS to form pNag1. To generate pNah1, a 3.0-kb PstI fragment con-
taining nahR was excised from pMS104 and ligated to PstI-digested pBBR1MCS.
pNag1 and pNah1 were introduced into JS42-1R as described for pNtd1.

Analysis of lacZ expression. JS765-1, JS42-1, JS42-1R, and G7-1 containing
nbzAa-lacZ were grown in MSB supplemented with 10 mM succinate, appropri-
ate antibiotic(s), vitamins, and potential inducing compounds: nitrobenzene,
2NT, 3-nitrotoluene (3NT), 4-nitrotoluene (4NT), salicylate, and anthranilate at
500 �M; 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), catechol,
3-methylcatechol, 2-amino-4,6-dinitrotoluene (2ADNT), and 4-amino-2,6-
dinitrotoluene (4ADNT) at 100 �M. All aromatic compounds were added from
methanol stock solutions except salicylate, which was added from an aqueous
solution. Cultures were inoculated to an initial turbidity of 0.03 to 0.06, and
�-galactosidase was measured when the turbidity reached between 0.2 and 0.3 as
outlined by Miller (24). Additional control experiments with 0.5% (final concen-
tration) methanol and 100 to 200 �M (final concentration) nitrite added did not
result in detectable induction of �-galactosidase activity (data not shown).
GS162R-1, GS162R-1(pDTG935), and GS162R-1(pNag1) were grown in LB
with appropriate antibiotic(s) and nitrobenzene, 2NT, catechol, 3-methylcat-
echol, salicylate, or anthranilate at a final concentration of 500 �M. Cultures
were inoculated to an initial turbidity of 0.05 to 0.07, and �-galactosidase activity
was measured when the turbidity reached between 0.4 and 0.6.

Analysis of nitroarene dioxygenase activity. NBDO and 2NTDO activities in
strains of JS765 and JS42, respectively, were assayed by monitoring the formation
of nitrite as previously described (11). Whole cells of JS765 and JS42 that were
used in �-galactosidase assays were also used in nitrite formation assays. Specif-
ically, cells were resuspended to a turbidity of 0.3 to 0.4 in Z-buffer (24) and
incubated with 3NT (JS765) or 2NT (JS42) at 30°C with shaking at 220 rpm.
After 20 to 40 min, 0.4 ml of 1% (wt/vol) sulfanilamide in 1.5 N HCl was added.
After mixing, 0.4 ml of 0.02% (wt/vol) N-(1-naphthyl)ethylenediamine in 1.5 N
HCl was added. The formation of a pink-colored complex was documented after
15 min. The assays were done three separate times with similar results obtained,
and a representative example is depicted in Fig. 3.

Chemicals. Nitrobenzene was from Mallinckrodt Inc. (Paris, Ky.). Salicylate
was from Fisher Scientific (Pittsburgh, Pa.). 2-Amino-4,6-dinitrotoluene and
4-amino-2,6-dinitrotoluene were a gift from Jim C. Spain (Tyndall Air Force
Base, Panama City, Fla.) All other aromatic compounds were from Aldrich
Chemical Inc. (Milwaukee, Wis.).

Nucleotide sequence accession numbers. The nucleotide sequences of nbzY
and nbzR are available in GenBank under accession no. AY223675, that of ntdR
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is available under accession no. AY223676, and that of dntR is available under
accession no. AY223677. The nucleotide sequence of the partial 16S rRNA gene
from Acidovorax sp. strain JS42 is available under accession no. AY228545.

RESULTS

Identification of genes encoding LysR-type regulators asso-
ciated with nitroarene dioxygenase gene clusters. The se-
quence further upstream of the nitrobenzene dioxygenase
(nbzAaAbAcAd) genes from strain JS765 on plasmid pDTG925
revealed two additional open reading frames (ORFs). One
ORF was designated nbzY, a gene that appears to encode a

protein similar to methyl-accepting chemotaxis proteins from
E. coli and similar to the partial sequence of NagY from strain
U2 (56). The second ORF shares homology with the LysR
family of transcriptional regulators and was designated nbzR.
nbzR is transcribed divergently from nbzAa, which encodes the
reductase component of NBDO (Fig. 1A). Additional se-
quencing upstream of the ntd gene cluster encoding 2NTDO
also revealed a divergently transcribed gene encoding a puta-
tive regulatory protein, NtdR. The nucleotide sequence of
ntdR is identical to that of nbzR. The genes encoding 2,4-
dinitrotoluene dioxygenase from the 2,4-DNT degrader Burk-
holderia sp. strain DNT were previously identified within pJS31
(51). Further sequencing upstream of the 2,4-dinitrotoluene
dioxygenase genes within pJS31 identified dntR. An additional
putative nitroarene dioxygenase regulator (ORF12) has been
identified in another 2,4-DNT degrader, B. cepacia R34 (17). A
comparison of the amino acid sequence identities of the puta-
tive nitroarene dioxygenase regulators is shown in Table 2. All
of the nitroarene dioxygenase regulatory proteins have high
levels of sequence identity to NahR from P. putida G7. NahR
responds to salicylate and activates expression of the naphtha-
lene degradation genes of the nah and sal operons in G7 (42,
44–46). As shown in Table 2, all of the nitroarene dioxygenase
regulators are more similar to NagR than NahR. nagR is tran-
scribed divergently from the nag gene cluster encoding the
naphthalene dioxygenase in Ralstonia sp. strain U2 (56). Strain
U2 grows on naphthalene through a gentisate pathway (9),

FIG. 1. (A) The identical genetic organization of the nbz genes encoding NBDO from strain JS765 and ntd genes encoding 2NTDO from strain
JS42. Arrows indicate the direction of transcription. The locations of primer sets and the amplified DNA fragments for RT-PCR are designated
RT1 and RT2. (B) RT-PCR amplification of the nbz (lanes 2 to 10) and ntd (lanes b to j) gene clusters. Lanes 2, 5, and 8, RT-PCR products from
total RNA from succinate-grown JS765; lanes 3, 6, and 9, RT-PCR products from total RNA from JS765 grown with succinate plus nitrobenzene;
lanes 4, 7, and 10, RT-PCR products from total RNA from JS765 grown on succinate plus salicylate; lanes b, e, and h, RT-PCR products from
total RNA from succinate-grown JS42; lanes c, f, and i, RT-PCR products from total RNA from JS42 grown with succinate plus 2NT; lanes d, g,
and j, RT-PCR products from total RNA from JS42 grown with succinate plus salicylate. Samples in lanes 5 to 7 and e to g were without RT. Lanes
2 to 7 and b to g were amplifications performed with the RT1 primer set, and lanes 8 to 10 and h to j were with the RT2 primer set. Lanes 1 and
a were loaded with a 1-kb ladder (Invitrogen, Carlsbad, Calif.).

TABLE 2. Amino acid identities between LysR-type
regulatory proteinsa

Protein
% Identity with:

NbzR NtdR DntR Orf12 NagR NahR

NbzR 100
NtdR 100 100
DntR 97 97 100
ORF12 98 98 99 100
NagR 98 98 99 99 100
NahR 61 61 61 61 61 100

a NbzR from JS765 (accession no. AY223675), NtdR from JS42 (accession no.
AY223676), DntR from Burkholderia sp. strain DNT (accession no. AY223677),
ORF12 from Burkholderia cepacia R34 (accession no. AF169302), NagR from
strain U2 (accession no. AF036940), and NahR from P. putida G7 (accession no.
J04233).
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unlike strain P. putida G7, in which naphthalene is degraded
through the meta cleavage of catechol (55). NbzR, NtdR,
DntR, ORF12, and NagR all consist of 301 amino acids and
contain an N-terminal helix-turn-helix DNA-binding motif typ-
ical of LysR-type regulators (41) and only differ from each
other on average in five amino acids.

RT-PCR and primer extension analysis of the nbz and ntd
genes. To begin to understand the regulation of the
nbzAaAbAcAd and ntdAaAbAcAd genes, which encode NBDO
and 2NTDO, respectively, we determined the transcriptional
architecture of the genes. As shown in Fig. 1, RT-PCR was
used to determine whether the genes in the nbz and ntd clus-
ters are cotranscribed. We obtained RT-PCR products from
primers specific for the regions encoding the reductase to
ferredoxin (Aa to Ab genes) and reductase to oxygenase �-sub-
unit (Aa to Ac genes) in each cluster. In addition, a RT-PCR
product was obtained with primers specific for the ferredoxin-
to-oxygenase �-subunit (Ab to Ad genes) (data not shown).
RT-PCR products were obtained with RNA prepared from
JS765 and JS42 grown under a variety of conditions. However,
more product was obtained from RNA extracted from JS765
or JS42 grown in the presence of salicylate, nitrobenzene, or
2NT than with succinate alone (Fig. 1B). The RT-PCR results
demonstrate that the genes in the nbz and ntd clusters are each
in an operon.

A comparison of the promoter regions of the nbz and ntd

operons to those of other nitroarene dioxygenase and naph-
thalene dioxygenase gene clusters revealed a high degree of
similarity in the nucleotide sequence (Fig. 2). In fact, the nu-
cleotide sequences of the nbz and ntd promoter regions are
identical. As shown in Fig. 2, many of the promoter elements
previously identified in the nah and sal operons in P. putida G7
are conserved in the nitroarene dioxygenase promoters, includ-
ing the NahR binding site (T-N11-A inverted repeat at 	60 bp
upstream) (16). Thus, we hypothesized that the start site of
transcription of the nbz and ntd operons would be similar to
those of the nah and sal operons, which are regulated by NahR
in P. putida G7. To address this, we determined the transcrip-
tional start sites for the nbz and ntd operons. Primer extension
products were obtained from JS765 and JS42 grown in the
presence of salicylate (Fig. 2B). The start sites of the major
primer extension product from both strains were identical and
mapped to a position 135 bp upstream of the predicted reduc-
tase gene translation start site in each operon. Primer exten-
sion products obtained from JS765 grown with succinate plus
nitrobenzene and JS42 grown with succinate plus 2NT were
identical to those obtained from cells grown with succinate plus
salicylate (data not shown). The transcriptional start sites of
the nbz/ntd operons correspond to the start sites of the nah and
sal operons from P. putida G7 (Fig. 2).

Activity of the nbzAa-lacZ fusion in wild-type JS765 and
JS42. To examine the transcriptional regulation of the nbz and

FIG. 2. (A). Alignment of the nitroarene and naphthalene dioxygenase gene promoters. The consensus NahR binding sequence (16) is shown
below the alignment. Conserved nucleotides are shaded. The 	35 and 	10 sites are underlined. Identified transcription start sites are in outlined
font. (B) Primer extension analysis of the nbz and ntd transcripts from JS765 and JS42 grown with succinate plus salicylate, respectively. The
sequencing ladder is shown at the left, and primer extension products from strain JS765 (lane 1) and from strain JS42 (lane 2) are at the right.
The transcription start site is shown in outlined font.
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ntd operons, we constructed a promoter reporter fusion. Spe-
cifically, the promoter region upstream of the reductase gene
(nbzAa) from JS765 was fused to a promoterless lacZ gene
located within a mini-Tn5 to form nbzAa-lacZ, as described in
Materials and Methods. As mentioned above, the nucleotide
sequences of the promoter regions of the nbz and ntd operons
are identical, and therefore, nbzAa-lacZ could be used in both
JS765 and JS42 to monitor nbz/ntd promoter activity.

�-Galactosidase activity in JS765-1 was analyzed in cells
grown in minimal medium with succinate provided as the car-
bon source and various aromatic compounds added as poten-
tial inducers. As shown in Table 3, we observed a significant
increase in �-galactosidase activity in JS765-1 after growth in
the presence of many of the aromatic compounds over the
basal level of activity (succinate alone). All of the nitroaro-
matic compounds caused a substantial increase in �-galactosi-
dase activity (7- to 28-fold). Nitrobenzene, the growth sub-
strate for JS765-1, was the weakest inducer (sevenfold). 2NT
was the strongest inducer (28-fold), even though JS765-1 is
unable to grow with 2NT as a carbon source. In addition, 3NT
and 4NT were good inducers, and both compounds allow for
growth of JS765 (22). The two isomers of dinitrotoluene also
caused an increase in �-galactosidase activity, even though
they do not support growth of JS765. Interestingly, addition of
the reduction products of 2,4,6-trinitrotoluene, 2ADNT, and
4ADNT (48) resulted in a significant increase in �-galactosi-
dase activity. Addition of catechol or 3-methylcatechol, which
are intermediates in nitrobenzene and 2NT metabolism, re-
spectively (27, 29), did not result in an increase in �-galacto-
sidase activity, indicating that the nitroaromatic compounds
function as the actual effector molecules. Salicylate and an-
thranilate, the known inducers of the nah and sal operons in P.
putida G7 (1, 42), also increased �-galactosidase activity in
JS765-1, indicating that NbzR is able to recognize inducers of
the naphthalene degradation genes. However, JS765 is unable
to grow with naphthalene or salicylate as a carbon source.

Analysis of �-galactosidase activity in strain JS42-1 produced
similar results (Table 3). However, the basal level of activity in
JS42-1 was significantly higher than in JS765-1 (approximately

eightfold). All of the nitroaromatic compounds tested caused a
significant increase in �-galactosidase activity (four- to seven-
fold), with nitrobenzene again the weakest inducer. JS42 is
unable to grow with 3NT and 4NT as carbon sources, and only
weak growth has been observed with nitrobenzene (14, 22).
The metabolites catechol and 3-methylcatechol did not in-
crease activity, suggesting that metabolism of the nitroaromatic
compounds is also not required for induction in JS42. Salicy-
late and anthranilate were also good inducers, suggesting that
NtdR can also respond to these compounds in JS42-1. JS42 is
also unable to grow with naphthalene or salicylate.

Activity of the nbzAa-lacZ fusion in JS42-1R and comple-
mentation with NtdR, NagR, and NahR. To determine
whether NtdR is directly involved in expression of the ntd
genes, NtdR was disrupted in JS42-1. JS42-1R was unable to
grow with 2NT as a carbon source, indicating that NtdR is
required for 2NT metabolism. �-Galactosidase activity was
analyzed in JS42-1R under the same growth conditions as
JS42-1 (Table 3). No significant increase in �-galactosidase
activity was observed after growth in the presence of the aro-
matic compounds. In addition, the basal level of activity was
substantially lower in JS42-1R than in JS42-1 (approximately
16-fold). When NtdR was added in trans, induction by all of the
nitroaromatic compounds, as well as salicylate and anthrani-
late, was restored, and the ability to grow with 2NT was also
restored. However, the basal level of �-galactosidase activity
was approximately threefold higher in JS42-1R(pNtd1) than in
JS42-1 (Table 3). Since NtdR differs from NagR by only five
amino acids and is 61% identical to NahR, we tested whether
NagR and NahR could restore induction in JS42-1R. Neither
NagR nor NahR could complement for induction by any of the
nitroaromatic compounds, but they did restore induction by
salicylate, indicating that NagR and NahR are expressed in
JS42-1R. NahR, but not NagR, was able to restore induction
by anthranilate (Table 3). Finally, the basal level of activity in
JS42-1R was only slightly increased when NagR or NahR was
present. However, the ability to grow with 2NT was restored in
both strains.

TABLE 3. Activity of the nbzAa-lacZ fusion in strains of JS765 and JS42

Compound
addedd

�-Galactosidase activitya (fold inductionb) in strain:

JS765-1 JS42-1 JS42-1Rc JS42-1R (pNtd1) JS42-1R (pNag1) JS42-1R (pNah1)

None 8 
 3 62 
 19 4 
 1 217 
 50 7 
 2 12 
 4
NB 56 
 18 (7) 225 
 63 (4) 5 
 1 (1) 410 
 84 (2) 8 
 1 (1) 15 
 2 (1)
2NT 228 
 82 (28) 452 
 101 (7) 4 
 1 (1) 632 
 79 (3) 11 
 3 (2) 21 
 6 (2)
CAT 11 
 4 (1) 77 
 4 (1) 5 
 1 (1) 248 
 35 (1) 9 
 2 (1) 20 
 2 (2)
3MC 17 
 5 (2) 61 
 5 (1) 5 
 1 (1) 231 
 58 (1) 9 
 2 (1) 15 
 4 (1)
3NT 112 
 24 (14) 385 
 70 (6) 5 
 1 (1) 644 
 65 (3) 12 
 4 (2) 16 
 5 (1)
4NT 200 
 28 (25) 323 
 82 (5) 4 
 1 (1) 651 
 104 (3) 12 
 4 (2) 16 
 3 (1)
2,4-DNT 110 
 15 (14) 369 
 104 (6) 4 
 1 (1) 547 
 33 (3) 9 
 2 (1) 15 
 2 (1)
2,6-DNT 190 
 15 (24) 365 
 140 (6) 4 
 1 (1) 585 
 58 (3) 10 
 3 (1) 13 
 3 (1)
2ADNT 97 
 11 (9) 433 
 35 (7) 4 
 1 (1) 772 
 82 (4) 11 
 3 (2) 15 
 4 (1)
4ADNT 83 
 12 (8) 409 
 22 (7) 4 
 1 (1) 576 
 29 (3) 12 
 4 (2) 17 
 4 (1)
SAL 225 
 61 (28) 691 
 180 (11) 5 
 1 (1) 1087 
 164 (5) 342 
 92 (49) 504 
 20 (42)
ANT 144 
 33 (18) 568 
 89 (9) 5 
 1 (1) 714 
 95 (3) 10 
 2 (1) 390 
 42 (32)

a Expressed as Miller units 
 standard deviation.
b Fold induction � Miller units (compound added)/Miller units (succinate alone), same strain.
c Strain JS42-1R contained the vector pBBR1MCS.
d NB, nitrobenzene; 2NT, 2-nitrotoluene; 3NT, 3-nitrotoluene; 4NT, 4-nitrotoluene; 2,4-DNT, 2,4-dinitrotoluene; 2,6-DNT, 2,6-dinitrotoluene; 2ADNT, 2-amino-

4,6-dinitrotoluene; 4ADNT, 4-amino-2,6-dinitrotoluene; CAT, catechol; 3MC, 3-methylcatechol; SAL, salicylate; ANT, anthranilate.
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Analysis of nitroarene dioxygenase activity. To verify results
from lacZ fusion studies, we examined NBDO and 2NTDO
activity directly using a nitrite assay. As depicted in Fig. 3,
dioxygenase activity correlates well with �-galactosidase activ-
ity in all of the strains. An increase in dioxygenase activity
(increase in pink color indicating nitrite formation) was ob-
served in JS765-1 and JS42-1 after growth in the presence of
the nitroaromatic compounds, as well as salicylate and anthra-
nilate. Growth in the presence of catechol and 3-methylcat-
echol resulted in dioxygenase activity similar to that seen after
growth with succinate alone. A low basal level of dioxygenase
activity and no induction were observed in JS42-1R. An in-
crease in dioxygenase activity was observed only with salicylate
in JS42-1R(pNag1), a result identical to that seen with the lacZ
fusion. Dioxygenase activity levels in JS42-1R(pNah1) were
similar to results of the lacZ fusion studies, with only salicylate
and anthranilate functioning as inducers.

Activity of the nbzAa-lacZ fusion in P. putida G7 and E. coli.
As a control experiment, we tested whether the native NahR is
able to regulate expression of nbzAa-lacZ in a P. putida G7
background. P. putida G7-1, which contains a chromosomal
insertion of nbzAa-lacZ, demonstrated an increase in �-galac-
tosidase activity in the presence of salicylate and anthranilate
(Table 4). However, there was no significant increase in �-ga-
lactosidase activity in the presence of nitrobenzene or 2NT.
Therefore, the nbz promoter alone is not sufficient for induc-
tion by nitroaromatic compounds. However, this result con-
firms that NahR can recognize nbzAa-lacZ and respond to the
presence of salicylate and anthranilate.

To attempt to determine the actual effector compounds, E.
coli GS162R, which is unable to oxidize nitroaromatic com-
pounds, was used in expression studies. A strain of GS162R
harboring a chromosomal copy of nbzAa-lacZ (GS162R-1) was
constructed. nbzR and nagR were then expressed separately in
GS162R-1 in order to examine the inducer profile of each

regulatory protein. GS162R-1 containing the vector only had a
low basal level of �-galactosidase activity, and no induction
occurred when cells were grown in the presence of any of the
compounds tested (Table 4). When NbzR was expressed in
GS162R-1, the basal level of �-galactosidase activity increased
significantly. Unexpectedly, only salicylate and anthranilate re-
sulted in an increase in �-galactosidase activity, and neither
nitrobenzene nor 2NT functioned as an inducer (Table 4).
Similarly, when NagR was expressed in GS162R-1, only salic-
ylate induced �-galactosidase activity, which is consistent with
results obtained with JS42-1R(pNag1). Also, the basal level of
activity did not increase when NagR was expressed in trans. To
determine whether the lack of induction by nitrobenzene and
2NT in GS162R-1(pDTG935) was a specific characteristic of
E. coli, we conducted similar experiments with other bacteria,
including P. putida PRS2000 (28, 49) and Ralstonia eutropha
JMP289 (5). In each case, when NbzR was provided in trans,
the results obtained were similar to obtained with GS162R-

FIG. 3. Analysis of nitrite release from 3NT by JS765-1 and from 2NT by variants of JS42 after growth in the presence of potential inducing
compounds (abbreviations are as in Table 3). Dioxygenase activity is indicated by the formation of a pink-colored complex, using a nitrite assay
as described in Materials and Methods.

TABLE 4. Activity of the nbzAa-lacZ fusion in P. putida G7 and
E. coli GS162

Compound
addedc

�-Galactosidase activitya (fold inductionb) in strain:

G7-1 GS162R-1 GS162R-1
(pDTG935)

GS162R-1
(pNag1)

None 4 
 1 2 
 0.2 16 
 2 1.4 
 0.6
NB 6 
 1 (1) 2 
 0.1 (1) 13 
 3 (1) 1.0 
 0.4 (0.7)
2NT 8 
 2 (1) 2 
 0.3 (1) 17 
 3 (1) 2.2 
 0.8 (1)
CAT 5 
 1 (1) 2 
 0.2 (1) 12 
 2 (1) 1.0 
 0.4 (0.7)
3MC 4 
 1 (1) 2 
 0.3 (1) 9 
 1 (1) 1.0 
 0.4 (0.7)
SAL 107 
 15 (27) 2 
 0.2 (1) 396 
 96 (25) 85 
 24 (60)
ANT 88 
 22 (18) 2 
 0.2 (1) 88 
 31 (5) 1.1 
 0.2 (0.8)

a Expressed as Miller units 
 standard deviation.
b Fold induction � Miller units (compound added)/Miller units (succinate

alone).
c Compound abbreviations are as in Table 3.
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1(pDTG935), where only salicylate and anthranilate acted as
inducers (data not shown).

DISCUSSION

To date, all bacteria that utilize a nitroarene dioxygenase to
initiate aerobic growth with nitroaromatic compounds have a
nahR homolog transcribed divergently from the nitroarene di-
oxygenase gene cluster. This suggests that regulation of ni-
troarene dioxygenase genes, including the nbz and ntd genes,
may be similar to the regulation of expression of the naphtha-
lene degradation (nah and sal) genes in P. putida G7. Primer
extension and RT-PCR analyses support this hypothesis.

Results from �-galactosidase and nitrite assays with JS765-1
and JS42-1 revealed that nbz and ntd expression is induced by
multiple aromatic compounds. The same series of aromatic
compounds induced expression in both strains, which was not
unexpected, since the identified regulatory elements are iden-
tical in JS765 and JS42. However, the basal level of expression
of the nbz operon in JS765-1 is much lower than that of the ntd
operon in JS42-1, which suggests some fundamental differ-
ences between the strains. The difference in the basal level of
expression between JS765-1 and JS42-1 corresponds well to
the previous observation that NBDO activity was inducible,
while 2NTDO activity was constitutive (14, 27). However, this
study revealed that the ntd genes could be induced approxi-
mately fourfold over the basal level of expression. Even com-
pounds that do not serve as growth substrates for these strains
induced expression, including 2,4-DNT, 2,6-DNT, 2ADNT,
4ADNT, salicylate, and anthranilate. It is also important to
note that NBDO is able to release nitrite from all of the
nitroaromatic compounds tested except for 2ADNT (18, 22).
2NTDO can oxidize nitrobenzene, 2NT, 3NT, and 4NT but not
2,4-DNT (30). 2NTDO can also oxidize 4ADNT, with the
release of nitrite, but not 2ADNT (K.-S. Lee and R. E. Parales,
unpublished data), while 2,6-DNT oxidation has not been ex-
amined. These observations, along with the lack of induction
by catechol and 3-methylcatechol, suggest that metabolism is
not required for induction and that the nitroaromatic com-
pounds function as the actual effector molecules. Based on the
nbzAa-lacZ fusion results, 2NT appeared to be the strongest
effector and nitrobenzene the weakest effector in both JS765-1
and JS42-1. It has been suggested by Cebolla et al. that specific
contacts between NahR and compounds with substituents at
positions C-1 and C-2 of the aromatic ring, such as salicylate
and anthranilate, are requirements for effector interaction.
However, wild-type NahR was shown to accept a wide variety

of salicylate structural analogs as effectors. Even those with
substituents at the C-3, C-4, and C-5 positions were tolerated
(3). Based on homology to NahR, NbzR/NtdR might also favor
aromatic compounds with C-1 and C-2 substituents, because
2NT and salicylate appeared to be the strongest inducers.
However, it appears that unlike wild-type NahR, NbzR/NtdR
can respond to nitroaromatic compounds as effectors and tol-
erate changes in the position of single or multiple substituents.

As shown in Table 3 and Fig. 3, disruption of NtdR resulted
in a decrease in the basal level of expression and a loss of
induction of the 2NTDO genes. When NtdR was expressed in
trans, the basal level of expression was significantly increased
and induction by all of the compounds was restored. There-
fore, NtdR must play a direct role in responding to nitroaro-
matic compounds, as well as salicylate and anthranilate. In
addition, it is apparent that NtdR is required for the high basal
level of activity in JS42. Binding of NahR to DNA and inter-
action with the �-subunit of RNA polymerase (RNAP) have
been demonstrated in the absence of added inducer (16, 34,
44). Similarly, in the absence of inducer, NtdR may bind the
recognition site upstream of the 	35 site and interact with
RNAP, increasing transcription from the ntd promoter. The
increase in the basal level of �-galactosidase activity in JS42-
1R(pNtd1) over that in JS42-1 is probably due to increased
expression of ntdR from the multicopy plasmid (Table 3). Fi-
nally, NtdR is required for growth with 2NT, providing further
evidence that NtdR functions as an activator that is directly
involved in regulating expression of the 2NTDO genes.

Complementation of JS42-1R with NahR did not restore
induction by the nitroaromatic compounds, and NagR only
restored induction with salicylate (Table 3). This result is con-
sistent with results of naphthalene (nag) gene induction in
Ralstonia sp. strain U2. In this organism, only salicylate, but
not anthranilate or nitroaromatic compounds, serve as an in-
ducer (R. M. Jones and P. A. Williams, personal communica-
tion). In addition, the basal level of �-galactosidase activity was
only slightly increased for JS42-1R(pNag1) or JS42-1R(p-
Nah1) (Table 3). Although 2NT did not function as an inducer
in JS42-1R(pNag1) or JS42-1R(pNah1), the slight increase in
the basal level of expression of 2NTDO in JS42-1R appeared
to be sufficient to allow for growth with 2NT.

As shown in Table 5, there are only five amino acids that
differ between NtdR and NagR. Functional domains have been
previously identified within the NahR protein. These include
the N-terminal portion containing the helix-turn-helix motif
(residues 23 to 45), which is important for DNA binding, the
central coinducer response-recognition regions (residues 95 to
173 and 196 to 206), and a C-terminal portion (residues 227 to
253) believed to be involved in both inducer response and
multimerization, as NahR is believed to function as a tetramer
(3, 16, 43). Interestingly, single-amino-acid changes at position
169 of NahR resulted in proteins that were able to respond to
benzoate, an aromatic compound lacking a C-2 substituent (3).
Also, when the proline at position 227 was changed to a serine,
NahR no longer responded to salicylate as an inducer (43).
Residue 227 is a serine in NtdR, but NtdR responds to salic-
ylate. Considering the numerous differences in the coinducer
response regions between NahR and NtdR, this is not surpris-
ing. Also, proteins with semiconstitutive phenotypes that dis-
play a significant increase in the basal level of expression of the

TABLE 5. Comparison of the amino acid differences between
NbzR/NtdR and NagR

Position
Amino acid in:

NbzR/NtdR NagR NahR

74 Val Ile Thr
169 Leu His Asna

189 Arg Lys Glu
227 Ser Pro Prob

232 Val Ile Val

a N169D demonstrated increased affinity for salicylate and benzoate (3).
b P227S abolished salicylate induction (43).

3902 LESSNER ET AL. J. BACTERIOL.



nah and sal operons have been shown to result from single
mutations in NahR (3, 16). Similar results have also been
observed in other systems. For example, XylR, a member of
the NtrC family of transcriptional activators, has a broad ef-
fector profile, and single-amino-acid changes in this regulator
resulted in altered effector specificity, including the ability to
respond to nitrotoluenes (10, 38). Also, the regulators of TOL
meta-cleavage pathway genes, XylS and XylS1, differ in only
five amino acids but have different effector profiles and display
different sigma factor dependence (37). Finally, the ability of
bacterial strains to grow with multiple hydroxylated aromatic
substrates has been linked to enhanced effector responses,
such as those caused by single-amino-acid changes in DmpR, a
regulator of phenol degradation genes (40). Therefore, it
seems reasonable that the few differences between NtdR and
NagR could drastically alter the effector profile as well as the
observed basal level of expression.

The attempt to examine the effector profile of NtdR by
expression in E. coli produced interesting results (Table 4).
The lack of induction by nitroaromatic compounds in E. coli
cannot be due to the inability of these compounds to be trans-
ported into the cell cytoplasm, because whole-cell biotransfor-
mations with E. coli strains expressing cloned dioxygenase
genes demonstrated that nitrobenzene, mononitrotoluenes,
and dinitrotoluenes are able to enter the cell (22, 30). In
addition, functional analysis of NahR in E. coli has been suc-
cessful (3). The differences in the effector profiles of NtdR in
E. coli and JS42 could be due to differences in the RNA
polymerases in the two strains and the interaction of the spe-
cific RNAP with NtdR. This hypothesis is supported by the
results demonstrating differences in basal and induced levels of
activity between JS765-1 and JS42-1 and the presence of a
minor primer extension product with JS765 (Fig. 2B), even
though all of the identified regulatory elements are identical in
these two strains (Table 3). Alternatively, differences in mRNA
or regulator stability could affect activity in the different
strains. The data presented here suggest that JS42 and JS765
are unique in their ability to utilize NtdR/NbzR to sense ni-
troaromatic compounds. Whether this is due to differences in
RNAP or the presence of some other unidentified regulatory
factor(s) remains to be determined.

This is the first clear demonstration of a nitroarene-respon-
sive activator involved in the expression of nitroarene degra-
dation genes. However, there is another report of a regulator
responding to nitrobenzene as an effector. P. putida HS12
grows with nitrobenzene through a partial reductive pathway
where nitrobenzene is converted to 2-aminophenol (33). All of
the nitrobenzene degradation genes in P. putida HS12 are
encoded on two catabolic plasmids. A negative regulator
(NbzR) of the aminophenol degradation operon has been
identified in P. putida HS12. However, it is unclear whether
NbzR in P. putida HS12 responds directly to nitrobenzene or to
hydroxylaminobenzene, because in a P. putida strain contain-
ing only NbzR and the aminophenol degradation operon, ni-
trobenzene induction was not observed. This study also sug-
gested that a secondary trans-acting factor may be required for
the induction of the aminophenol degradation genes (32). Sim-
ilarly, the requirement for an additional trans-acting factor in
the expression of the JS765 and JS42 nitroarene dioxygenases
cannot be ruled out.

Most bacteria that are able to grow using nitroaromatic
compounds have been isolated from sites contaminated with
one or more of these compounds. Thus, due to selective pres-
sure, bacteria appear to have evolved the necessary enzymes
and pathways required for nitroaromatic compound degrada-
tion. It has been suggested that the next step in the evolution
process would be to coordinate the expression and activities of
these enzymes in response to novel man-made compounds, in
this case nitroaromatic compounds (2). Based on the data
presented here, strains JS765 and JS42 not only have evolved
the necessary catabolic enzymes for the degradation of ni-
troaromatic compounds but are also able to regulate expres-
sion of the genes encoding the initial enzyme. However, JS765
and JS42 appear to be at an intermediate step in the evolution
process, because although NbzR/NtdR can recognize multiple
nitroaromatic compounds, it still responds to salicylate and
anthranilate, molecules that are not produced during the deg-
radation of nitrobenzene or 2NT. The identified regulatory
systems provide an additional evolutionary link between ni-
troarene dioxygenases and the naphthalene dioxygenase from
U2, since apparently only five amino acid substitutions are
required to change NagR from a salicylate-only responsive
regulator to a nitroarene-responsive regulator with broad spec-
ificity (NtdR). Additional characterization of NtdR, including
DNA-binding studies and site-directed mutagenesis, will be
required in order to understand the fundamental differences in
NtdR function within JS42 and heterologous hosts.
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