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Degradation of Benzene by Pseudomonas veronii 1YdBTEX2 and 1YB2
Is Catalyzed by Enzymes Encoded in Distinct Catabolism Gene
Clusters

Daiana de Lima-Morales,* Diego Chaves-Moreno, Melissa L. Wos-Oxley, Ruy Jáuregui,* Ramiro Vilchez-Vargas,* Dietmar H. Pieper

Microbial Interactions and Processes Research Group, Helmholtz Centre for Infection Research, Braunschweig, Germany

Pseudomonas veronii 1YdBTEX2, a benzene and toluene degrader, and Pseudomonas veronii 1YB2, a benzene degrader, have
previously been shown to be key players in a benzene-contaminated site. These strains harbor unique catabolic pathways for the
degradation of benzene comprising a gene cluster encoding an isopropylbenzene dioxygenase where genes encoding down-
stream enzymes were interrupted by stop codons. Extradiol dioxygenases were recruited from gene clusters comprising genes
encoding a 2-hydroxymuconic semialdehyde dehydrogenase necessary for benzene degradation but typically absent from iso-
propylbenzene dioxygenase-encoding gene clusters. The benzene dihydrodiol dehydrogenase-encoding gene was not clustered
with any other aromatic degradation genes, and the encoded protein was only distantly related to dehydrogenases of aromatic
degradation pathways. The involvement of the different gene clusters in the degradation pathways was suggested by real-time
quantitative reverse transcription PCR.

Members of the Pseudomonas genus are highly versatile and
known to colonize diverse habitats such as humans, ani-

mals, plants, water, and soil (1), and Pseudomonas veronii strains
have been implicated in human pathogenicity (2), heavy metal
biosorption (3), and dibenzo-p-dioxin, chloroaromatic, and alkyl
methyl ketone degradation (4, 5). P. veronii strains were also
pointed out as key catabolic players in a BTEX (benzene, toluene,
ethylbenzene, xylenes)-contaminated area where benzene had
been the major contaminant (6). Two strains, termed P. veronii
1YB2 and P. veronii 1YdBTEX2, were subjected to a detailed anal-
ysis, as they contained catabolism gene variants shown to be highly
abundant at the site (6). Interestingly, both strains differed in their
substrate specificities, and whereas P. veronii 1YdBTEX2 grows on
benzene and toluene, strain 1YB2 grows on benzene only. The
difference in substrate specificity was due to small sequence dif-
ferences in the �-subunit of the initial multicomponent Rieske
nonheme iron oxygenase responsible for the activation of the ar-
omatic ring (7).

Even though benzene is the most simple aromatic compound,
the biodegradation pathways used by bacteria to degrade this
compound have been documented in detail in only a few cases (8).
Typically, the degradation of benzene is supposed to occur in anal-
ogy to the pathways observed for toluene degradation and to pro-
ceed via either initial dioxygenation (9) or two subsequent initial
monooxygenations (10). In the case of initial dioxygenation, en-
zymes involved in the degradation of benzene and toluene are
expected to show the highest similarities to enzymes termed ben-
zene/toluene dioxygenases (11, 12). However, P. veronii strains
1YdBTEX2 and1YB2 harbor dioxygenases most closely related to
isopropylbenzene dioxygenases (7). In the well-characterized iso-
propylbenzene-degradative pathways of Pseudomonas putida
RE204 and Pseudomonas fluorescens IP01 (13, 14), the genes cod-
ing for the oxygenase subunits are organized in operons together
with genes encoding a cis-dihydrodiol dehydrogenase and an ex-
tradiol dioxygenase of subfamily I.3.A (15). However, P. veronii
1YB2 and 1YdBTEX2 do not express a subfamily I.3.A extradiol
dioxygenase (EXDO K2) during growth on benzene but recruit a

subfamily I.2.A extradiol dioxygenase (catechol 2,3-dioxygenase
[C23O]) (EXDO A) with high similarity to the archetype TOL
plasmid-encoded enzyme (6, 16). To our knowledge, such a re-
cruitment has not been reported previously for the degradation of
benzene or toluene via a dioxygenolytic route. Since P. veronii
1YdBTEX2 and 1YB2 were indicated to be key catabolic players
with unique pathway arrangements, we sequenced the genomes of
both strains to elucidate the organization of the benzene and/or
toluene catabolic pathways.

MATERIALS AND METHODS
Strains and culture conditions. P. veronii 1YB2 and P. veronii 1YdBTEX2
were cultured in mineral medium (17) containing 50 mM phosphate buf-
fer (pH 7.4) supplemented with trace elements and growth substrates at
concentrations of 2 mM. Benzene or toluene was supplied via the gas
phase (2 to 5 mM each) (16), and cultures were incubated at room tem-
perature without agitation.

Genome sequencing and assembly. Genomes were assembled as pre-
viously described (18). Briefly, both genomes were sequenced on an Illu-
mina GAII genome analyzer generating 110-bp paired ends. Approxi-
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mately 10 million short sequence reads were obtained for each genome.
Whole-genome shotgun sequencing data were assembled by using Velvet
(19) and Edena (20). Both data sets were then merged by using Minimus
(21). In order to further diminish the number of gaps, scaffolds were
constructed by using SSPACE (22), and comparisons between contigs and
scaffolds were made by using MAUVE (23). Contigs were also compared
to the P. fluorescens SBW25 genome (24). These strategies resulted in a
possible assembly for a number of contigs. In order to confirm this infor-
mation and to close gaps between contigs, primers framing these gaps
were designed, and PCR products were sequenced by Sanger sequencing.

Phylogenetic comparisons. Nucleotide sequences of 16S rRNA genes
and the DNA gyrase subunit B gene (gyrB) were aligned by using
MUSCLE 3.7 (25). Phylogenetic trees were constructed with MEGA5 (26)
by using the neighbor-joining (N-J) algorithm (27) with Jukes-Cantor
correction and pairwise deletion of gaps and missing data. A total of 100
bootstrap replications were done to test for branch robustness.

The complete set of protein and coding sequences from P. veronii
1YdBTEX2 and 1YB2; P. fluorescens SBW25, A506, Pf0-1, and F113; P.
protegens CHA0 and Pf-5; P. brassicacearum NFM421; and P. aeruginosa
PAO1 were obtained from the NCBI ftp website (http://www.ncbi.nlm
.nih.gov/Ftp). Comparisons between pairs of strains were performed in-
dependently at the protein and coding sequence levels through an in-
house Perl script detecting the reciprocal best hit (RBH). For every RBH
pair (proteins and coding sequences), the identity score was calculated
considering the percent identity and the percent coverage of the query
(alignment length � % identity/query length) (28, 29). If a sequence re-
ported no RBH, the identity was scored as zero. Two data matrices con-
taining the identity score for all protein or coding sequence comparisons
among the 10 genomes were then generated (59,527 proteins). Similarity
matrices were generated by using the Bray-Curtis coefficient (30), and
dendrograms were created by group-average agglomerative hierarchical
clustering. All statistical routines were carried out by using PRIMER 6
(v.6.1.6; Primer-E, Plymouth Marine Laboratory, United Kingdom) (31).

Partial purification and identification of benzene dihydrodiol
dehydrogenase. Cells of P. veronii 1YdBTEX2 and P. veronii 1YB2 (100 ml
of culture) were harvested and disrupted with a French press (Aminco,
Silver Spring, MD). Benzene dihydrodiol dehydrogenase was partially pu-
rified by using a fast protein liquid chromatography system (Amersham
Biosciences, Freiburg, Germany). Cell extracts (1 ml) containing 1.4 to 2.0
mg of protein were applied directly to the column, and proteins were
eluted with a linear gradient of 0 to 0.5 M NaCl over 33 ml at a flow rate of
0.5 ml/min. Fraction volumes were 0.5 ml. The activity of benzene dihy-
drodiol dehydrogenase was determined spectrophotometrically by mea-
suring the 3,5-cyclohexadiene-1,2-diol (benzene dihydrodiol) (0.1 mM)-
dependent reduction of NAD� (0.1 mM) in Tris-HCl (100 mM) (pH 7.5)
at 340 nm (εNADH � 6,220 M�1 · cm�1). Protein concentrations were
determined by the Bradford method (32).

Aliquots of active fractions were subjected to SDS-PAGE on a Bio-Rad
Miniprotean II instrument as described previously (33), and major pro-
tein bands with a molecular mass of �50 kDa obtained from P. veronii
1YdBTEX2 were analyzed by N-terminal amino acid sequencing per-
formed with an Applied Biosystems model 494 A Procise HT sequencer, as
previously described (34). Proteins from P. veronii 1YdBTEX2 and 1YB2
annotated by the RAST server (35) were searched for the presence of the
determined N-terminal sequence.

Real-time quantitative PCR. Primers annealing inside the genes of
interest and targeting genes encoding the �-subunit of the isopropylben-
zene dioxygenase (ipbAfw [GCTGGTTCAATGATGACTTCTC] and ip-
bArev [GATGAAAGACCAGACTTCGAC]), benzene dihydrodiol dehy-
drogenase (DHfw [GTGATTTTCTGCTCGAAGCTG] and DHrev [ATC
CCAGGTCATCGCCGTAC]), EXDO A (ExdoA-1fw [GTTGACAAATT
CTCCGTGGT] and ExdoA-1rev [TCTGCATACAACTCGAAGTGA]),
and EXDO A2 (ExdoA-2fw [GCGTGTACTCGATATGGACA] and Ex-
doA-2rev [TGGGTCAGCTGATACAGACA]) were designed. After PCR,
fragments were cloned into the pGEM-T Easy vector (Promega). Vectors

with inserts were transformed into Escherichia coli JM109 cells, and posi-
tive clones were confirmed by PCR. The appropriate plasmids were puri-
fied by using the QIAprep Spin Miniprep kit (Qiagen, Germany).

For RNA preparation, strain 1YdBTEX2 was grown with benzene or
toluene, strain 1YB2 was grown with benzene as the carbon source (in-
ducing conditions), and both strains were grown on glucose (2 g/liter) as
a control (noninducing conditions). RNA extractions were performed as
previously described (36), and cDNA was prepared from 800 ng of RNA
by using 0.3 �g of random primers and 400 U of Superscript III reverse
transcriptase (RT) (Invitrogen, Life Technologies, Germany), according
to the instructions of the providers.

The primers described above were used for the amplification of cDNA.
Real-time PCRs were performed as previously described (37), using a
LightCycler 480 real-time PCR system programmed for a hold at 95°C for
10 min and completion of 50 cycles of 94°C for 15 s, 56°C for 30 s, and
72°C for 30 s. Results were analyzed by using LightCycler 480 software
(Roche Applied Science). Standard curves were generated, and a melting
step was added to confirm amplification specificity.

Nucleotide sequence accession numbers. The genome sequences of
P. veronii 1YdBTEX2 and 1YB2 have been deposited in GenBank under
accession numbers AOUH00000000 (18) and JGYI00000000, respec-
tively.

RESULTS
General characteristics and phylogenetic analyses of P. veronii
1YdBTEX2 and 1YB2. The Pseudomonas strain YdBTEX2 and
1YB2 genomes were sequenced, and �9.5 million and 3.2 million
reads were assembled, giving 63 and 115 contigs, respectively (18).
The genomes contained 5,981 and 6,884 candidate protein-en-
coding genes, respectively, where 	5,100 of the encoded proteins
are shared between the strains (nucleotide sequence identity of
�80%) (see Table S1 in the supplemental material for comparison
with finished genomes of strains of the P. fluorescens group).

Comparison of the 16S rRNA gene (Fig. 1A) and a 798-base
sequence stretch of the DNA gyrase subunit B-encoding gene gyrB
(Fig. 1B) with the respective genes of P. veronii CIP104663T, P.
fluorescens IAM12022T, and other genome-sequenced P. fluore-
scens group organisms (24, 38–42) as well as comparison of the
similarity of total predicted proteins (see Fig. S1 in the supplemen-
tal material) support the notion that both 1YB2 and 1YdBTEX2
belong to the P. veronii species.

Genetic analysis of determinants of the benzene catabolic
pathway. In previous studies, some of the isopropylbenzene di-
oxygenase-encoding genes (ipb) (7) and the genes encoding an
EXDO A protein involved in the degradation of benzene by both
strains (6, 16) were identified. Genome sequencing indicated the
presence of a complete isopropylbenzene catabolism operon in
both strains (GenBank accession numbers NZ_AOUH01000041
and NZ_JGYI01000039) (Fig. 2A), with a gene organization sim-
ilar to the one found for plasmid pRE4 of P. putida RE204 (acces-
sion number AF006691) (14). The presence of putative trans-
posases flanking the ipb operons in both 1YB2 and 1YdBTEX2
indicates that they were probably acquired via horizontal gene
transfer. Curiously, the activity of the putatively encoded isopro-
pylcatechol 2,3-dioxygenase (EXDO K2) has never been observed
in any strain (16). In accordance with the absence of any activity,
the extradiol dioxygenase-encoding gene of 1YB2 showed the
presence of an internal stop codon probably resulting in a non-
functional gene product. In 1YdBTEX2, the extradiol dioxyge-
nase-encoding gene was obviously functional; however, sequence
analysis revealed the presence of stop codons in both isopropyl-
benzene dihydrodiol dehydrogenase-encoding genes (ipbB genes)
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upstream of the extradiol dioxygenase-encoding gene, probably
resulting in nonfunctional gene products in both strains.

Sequence comparisons show that in P. veronii 1YdBTEX2,
EXDO A is encoded by a salicylate catabolism gene cluster
(GenBank accession number NZ_AOUH01000059), which is re-
cruited for benzene degradation. The presence of a complete sa-
licylate catabolism gene cluster (nahGTHINLOMKJ) (Fig. 2)
allows the strain to grow on this substrate. Typically, salicylate
catabolism gene clusters are localized in the proximity of naph-
thalene catabolism gene clusters, as is the case in P. putida G7
(43), where both the nahAaAbAcAdBCDEF genes encoding en-
zymes for the transformation of naphthalene to salicylate and
the genes responsible for salicylate oxidation are localized on
plasmid NAH7 (Fig. 2B). However, there was no indication of
the presence of a naphthalene operon in P. veronii 1YdBTEX2.
In contrast, in P. veronii 1YB2, the EXDO A-encoding gene is
localized near a truncated naphthalene gene cluster (Fig. 2B) com-
posed of only the nahAaAbBF genes where the naphthalene dihy-
drodiol dehydrogenase-encoding gene (nahB) is interrupted
(GenBank accession number NZ_JGYI01000001), which explains
the failure of the strain to grow on naphthalene. The absence of a
nahG gene encoding salicylate hydroxylase explains the failure of
strain 1YB2 to grow on salicylate.

P. veronii 1YdBTEX2 harbors a second extradiol dioxygenase
(EXDO A2), which exhibits 84% sequence identity with EXDO A
and which is localized in a gene cluster comprising only genes
for downstream processing of catechol ring cleavage products
(GenBank accession number NZ_AOUH01000042) (Fig. 2). The

absence of any gene encoding enzymes for the formation of cate-
chol may indicate the function of this operon in the processing of
catechol derived from different sources by gene products encoded
elsewhere on the genome.

Identification of the benzene dihydrodiol dehydrogenase re-
cruited for benzene degradation. Evidently, no functional dihy-
drodiol dehydrogenase was observed in any of the above-men-
tioned gene clusters, and screening of the genomes did not reveal
any open reading frame that could encode an enzyme with high
similarity to those transforming isopropylbenzene dihydrodiol,
naphthalene dihydrodiol, or benzene dihydrodiol in either strain.
However, benzene-grown cells of P. veronii 1YdBTEX2 and 1YB2
exhibited benzene dihydrodiol dehydrogenase activities of 590
and 860 U/g protein, respectively. The benzene dihydrodiol dehy-
drogenases of P. veronii 1YdBTEX2 and 1YB2 were partially puri-
fied from benzene-grown cells by anion-exchange chromatog-
raphy, and activities of both cell extracts eluted at an NaCl
concentration of 0.38 
 0.01 M. In each case, 32 to 40% of the
applied activity was recovered, reaching specific activities of 4,800
U/g protein.

Proteins in the active fractions were subjected to N-terminal
sequencing. Only one open reading frame of each genome
(GenBank accession number WP_046487322 for 1YB2 and
accession number WP_017849553 for 1YdBTEX2) matched
the observed MQRFQNKVVLVTGAA N-terminal sequence.
Exploring the gene organization, the benzene dihydrodiol de-
hydrogenase-encoding genes in both strains are localized in
identical gene clusters, devoid of other genes encoding aromatic deg-
radation enzymes (accession numbers NZ_AOUH01000056 and
NZ_JGYI01000072). Importantly, the benzene dihydrodiol dehy-
drogenases of both 1YdBTEX2 and 1YB2 are only distantly related to
previously described dehydrogenases involved in aromatic degrada-
tion pathways (Fig. 3).

Expression of genes of the benzene catabolic pathway. Ac-
cording to the data presented above, benzene degradation in both
strains is most likely catalyzed by proteins of at least three catab-
olism gene clusters (see also Fig. S2 in the supplemental material).
In addition, 1YdBTEX2 harbors two distinct extradiol dioxyge-
nases of the EXDO A subfamily (EXDO A and EXDO A2). To
analyze whether both dioxygenases were recruited and to deter-
mine whether all three gene clusters described above were tran-
scribed in response to benzene and/or toluene, transcript levels
of key genes of the above-mentioned gene clusters were quan-
tified. This analysis comprised the quantification of expression
of genes encoding the �-subunit of isopropylbenzene dioxyge-
nase (ipbAa), the novel benzene dihydrodiol dehydrogenase, and
EXDO A and EXDO A2 (1YdBTEX2 only) during growth on ben-
zene (P. veronii 1YB2) and on benzene and toluene (P. veronii
1YdBTEX2) compared to transcript levels observed under nonin-
ducing conditions (growth on glucose).

The novel type of benzene dihydrodiol dehydrogenase was ex-
pressed constitutively in both strains with high transcript levels of
1.5 � 105 to 3.1 � 105 copies/ng cDNA (Fig. 4). EXDO A was also
expressed constitutively but at levels of 4.6 � 103 to 10.3 � 103

copies/ng cDNA in the case of P. veronii 1YdBTEX2 and at a
higher level of 5.9 � 103 to 20 � 103 copies/ng cDNA in the case of
P. veronii 1YB2. In contrast, IpbAa was inducible in both strains,
with transcript levels being increased by roughly 2 orders of mag-
nitude after growth on benzene or toluene (1.5 � 105 to 2.5 � 105

copies/ng cDNA) compared to levels in glucose-grown cells

FIG 1 Phylogenetic relationships among Pseudomonas fluorescens group or-
ganisms. Phylogenetic trees are based on 1,513- to 1,515-base 16S rRNA gene
fragments (A) and 798-base DNA gyrase subunit B gene (gyrB) fragments (B)
of P. aeruginosa PAO1; P. veronii 1YdBTEX2, 1YB2, and CIP104663T; P. fluo-
rescens A506, SBW25, F113, Pf0-1, and IAM12022T; P. brassicacearum
NFM421; and P. protegens CHA01 and Pf-5. Phylogenetic trees were con-
structed with MEGA5 (26) using the N-J algorithm (27) with Jukes-Cantor
correction and pairwise deletion of gaps and missing data. Bootstrap values
of 	50% from 100 neighbor-joining trees are indicated to the left of the nodes.
The bar indicates nucleotide differences per site.
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(5.3 � 102 to 8.2 � 102 copies/ng cDNA). Similarly, EXDO A2
(present only in 1YdBTEX2) was inducible, with transcript levels
increasing from 5.3 � 102 copies/ng cDNA to 2.9 � 104 and 1.2 �
105 copies/ng cDNA after growth on benzene and toluene, respec-
tively (Fig. 4).

DISCUSSION

Considering that P. veronii 1YdBTEX2 and 1YB2 were isolated
from a benzene-contaminated site, it was not surprising that they
were able to degrade a variety of aromatic hydrocarbons. The use
of at least three different catabolism gene clusters for benzene
degradation, including a novel benzene dihydrodiol dehydroge-

nase, was upon first view unexpected, as such a mosaic kind of
pathway is more typically observed for other genera such as Sph-
ingomonas (44). However, this highlights the plasticity of the Pseu-
domonas genome in performing more efficient degradation in the
face of dramatic environmental challenges.

The inactivation of a gene encoding an extradiol dioxygenase
as observed for the EXDO K2-encoding gene in the isopropylben-
zene catabolism gene cluster of 1YB2 was previously reported for
other gene clusters. The degradation of 1,2,4-trichlorobenzene by
Ralstonia sp. strain PS12 is initiated by a Rieske nonheme iron
oxygenase with high similarity to isopropylbenzene dioxygenases
(45). However, the further degradation of central chlorocatechols

FIG 2 Organization of gene clusters involved in benzene degradation by P. veronii 1YdBTEX2 and 1YB2. Gene clusters of P. putida RE204 and P. putida G7 were
used for comparison. (A) Isopropylbenzene gene clusters (ipb) of P. putida RE204 (14) (GenBank accession number AF006691; locus tags AAC03436 to
AAC03446), P. veronii 1YdBTEX2 (accession number NZ_AOUH01000041; locus tags H736_RS0125995 to H736_RS0126080), and P. veronii 1YB2
(accession number NZ_JGYI01000039; locus tags Y055_RS13435 to Y055_RS13520). (B) Upper and lower naphthalene catabolism gene clusters (nah) located
on plasmid Nah7 of P. putida G7 (accession number NC_007926; locus tags NAH7_34 to NAH7_56) (43), a gene cluster in P. veronii 1YdBTEX2 encoding
enzymes for salicylate degradation (accession number NZ_AOUH01000059), a gene cluster in P. veronii 1YdBTEX2 harboring a second EXDO A (EXDO
A2)-encoding gene (accession number NZ_AOUH01000042; locus tags H736_RS0126300 to H736_RS0126240), and the truncated nah gene cluster in P. veronii
1YB2 (accession number NZ_JGYI01000001; locus tags Y055_RS00010 to Y055_RS00080). (C) Gene encoding benzene dihydrodiol dehydrogenase and its
genetic environment (accession numbers NZ_AOUH01000056 [locus tags H736_RS0127880 to H736_RS0127895] and NZ_JGYI01000072 [locus tags
Y055_RS18330 to Y055_RS18315]). White arrows indicate interrupted genes, and black arrows indicate mobile genetic elements. SDR indicates the gene
encoding benzene dihydrodiol dehydrogenase of the short-chain dehydrogenase/reductase family, and DLD indicates the gene encoding a truncated putative
dihydrolipoamide dehydrogenase. Putative mobile genetic elements were annotated by using TnpPred (52), and putative families of transposases are indicated.
The percent sequence identity between the encoded proteins of P. putida RE204 and P. veronii 1YdBTEX2 or 1YB2 (A) and between the encoded proteins of P.
putida G7 and P. putida 1YdBTEX2 or 1YB2 (B) are given below the gene clusters.
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is achieved by an intradiol cleavage chlorocatechol pathway,
whereas extradiol dioxygenases are typically inactivated during
chlorocatechol turnover (46) and, thus, have no function. To
avoid the energy-costing synthesis of an enzyme without function,
the respective gene is inactivated in strain PS12 (47). Similarly, it
may be speculated that inactivation of the EXDO K2-encoding
gene avoids the unnecessary synthesis of the respective gene prod-
ucts, which in turn may be of a selective advantage.

The degradation of benzene via an extradiol cleavage pathway
requires a 2-hydroxymuconic semialdehyde dehydrogenase (48);
however, the corresponding genes are absent from gene clusters
encoding enzymes for biphenyl/isopropylbenzene/toluene degra-
dation via a dioxygenolytic route, and only a 2-hydroxymuconic
semialdehyde hydrolase (encoded by ipbD) (Fig. 2) is typically
encoded (9, 14). Thus, a 2-hydroxymuconic semialdehyde
dehydrogenase has to be recruited from elsewhere. In P. veronii
1YdBTEX2, a 2-hydroxymuconic semialdehyde dehydrogenase-
encoding gene (nahI) (Fig. 2) was localized in a salicylate catabolic
cluster together with a gene encoding an EXDO A-type extradiol
dioxygenase (Fig. 2). In P. veronii 1YB2, EXDO A- and 2-hydroxy-
muconic semialdehyde dehydrogenase-encoding genes were lo-
calized in a truncated naphthalene gene cluster (Fig. 2). Thus,
recruitment of a gene cluster encoding an extradiol dioxygenase
and a 2-hydroxymuconic semialdehyde dehydrogenase would be
sufficient to allow growth on benzene and make expression of the
extradiol dioxygenase encoded in the isopropylbenzene dioxyge-
nase gene cluster dispensable. However, the reasons why dihydro-
diol dehydrogenase encoded by this gene cluster is also inactivated
and why such an activity is recruited from elsewhere in both
strains are not so obvious. Interestingly, in Pseudomonas putida
ML2, one of the few bacterial strains isolated based on its ability to
grow on benzene (49) and characterized in detail regarding en-
zymes involved in benzene degradation, the dehydrogenation of
cis-benzene dihydrodiol is catalyzed by BedD, a cis-benzene dihy-
drodiol dehydrogenase with high similarity to glycerol dehydro-
genases (50), whereas genes encoding enzymes related to toluene
cis-dihydrodiol dehydrogenases of the short-chain dehydrogenase

FIG 3 Evolutionary relationships among members of the short-chain dehy-
drogenase/reductase enzyme family. The evolutionary histories were inferred
by using the neighbor-joining method and the p-distance model. All positions
containing alignment gaps and missing data were eliminated only in pairwise
sequence comparisons. Phylogenetic analyses were conducted with MEGA5
(26). Bootstrap values of 	50% from 100 neighbor-joining trees are indicated
to the left of the nodes. The bar indicates amino acid differences per site. R.
jostii, Rhodococcus jostii; B. sartisoli, Burkholderia sartisoli; R. globerulus, Rho-
dococcus globerulus; B. xenovorans, Burkholderia xenovorans; L. grayi, Listeria
grayi; P. abietaniphila, Pseudomonas abietaniphila; A. piechaudii, Achromobac-
ter piechaudii; P. stutzeri, Pseudomonas stutzeri; E. litoralis, Erythrobacter lito-
ralis; M. extorquens, Methylobacterium extorquens; Y. ruckeri, Yersinia ruckeri;
S. proteamaculans, Serratia proteamaculans.

FIG 4 Expression levels of catabolism genes involved in benzene or toluene degradation by P. veronii 1YdBTEX2 and 1YB2. Accumulation of transcripts of
catabolism genes during growth on benzene for both P. veronii 1YdBTEX2 and 1YB2 and on toluene only for P. veronii 1YdBTEX2 was measured by real-time
quantitative reverse transcription-PCR. Glucose was used as a noninducing negative control.
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family were absent. Curiously, degradation of intermediate cate-
chol proceeds via an intradiol cleavage pathway (see Fig. S2 in the
supplemental material) (8), which belongs to the core genomes of
most Pseudomonas strains (51). Similarly to the situation for strain
ML2, dehydrogenation of intermediate cis-benzene dihydrodiol
in 1YB2 and 1YdBTEX2 is catalyzed by enzymes that are not
closely related to toluene cis-dihydrodiol dehydrogenases. Thus,
in P. putida ML2 as well as P. veronii 1YB2 and 1YdBTEX2, deg-
radation of benzene, except for the initial dioxygenation step, is
not catalyzed by enzymes similar to those involved in toluene
degradation via a dioxygenolytic pathway. Whether this is due to
the poor activity of enzymes of the toluene dioxygenase pathway
remains to be elucidated.
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