
Bacteria are capable of degrading aromatic com-
pounds due to possession of high specificity enzymes. To
completely utilize growth substrates, bacteria need to
have initial attack enzymes with a relatively wide sub-
strate specificity that allow the cell to realize its primary

attack on a substrate, and a set of enzymes catalyzing the
conversion of resulting products into the tricarboxylic
acid cycle intermediates. Studies on bacterial degrada-
tion of natural and anthropogenic compounds have
shown that bacteria have a great variety of enzymes capa-
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Abstract—Dioxygenases induced during benzoate degradation by the actinobacterium Rhodococcus wratislaviensis G10
strain degrading haloaromatic compounds were studied. Rhodococcus wratislaviensis G10 completely degraded 2 g/liter ben-
zoate during 30 h and 10 g/liter during 200 h. Washed cells grown on benzoate retained respiration activity for more than 90
days, and a high activity of benzoate dioxygenase was recorded for 10 days. Compared to the enzyme activities with ben-
zoate, the activity of benzoate dioxygenases was 10-30% with 13 of 35 substituted benzoate analogs. Two dioxygenases capa-
ble of cleaving the aromatic ring were isolated and characterized: protocatechuate 3,4-dioxygenase and catechol 1,2-dioxy-
genase. Catechol inhibited the activity of protocatechuate 3,4-dioxygenase. Protocatechuate did not affect the activity of
catechol 1,2-dioxygenase. A high degree of identity was shown by MALDI-TOF mass spectrometry for protein peaks of the
R. wratislaviensis G10 and Rhodococcus opacus 1CP cells grown on benzoate or LB. DNA from the R. wratislaviensis G10
strain was specifically amplified using specific primers to variable regions of genes coding α- and β-subunits of protocate-
chuate 3,4-dioxygenase and to two genes of the R. opacus 1CP coding catechol 1,2-dioxygenase. The products were 99%
identical with the corresponding regions of the R. opacus 1CP genes. This high identity (99%) between the genes coding
degradation of aromatic compounds in the R. wratislaviensis G10 and R. opacus 1CP strains isolated from sites of remote
location (1400 km) and at different time (20-year difference) indicates a common origin of biodegradation genes of these
strains and a wide distribution of these genes among rhodococci.
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ble of degrading these compounds via different pathways
[1-3].

Benzoic acid is widely distributed in the environ-
ment. It can be produced by living organisms themselves
and be a result of human activities leading to accumula-
tion of this compound. The wide use of benzoate as a pre-
servative explains increased interest in the behavior and
fate of this compound in the environment. An enzyme
initiating benzoate degradation by microorganisms under
aerobic conditions, benzoate 1,2-dioxygenase (BDO; EC
1.14.12.10) [4], is a bicomponent system consisting of
reductase and oxidase components; the latter is presented
in α- and β-type subunits [5]. The α-subunit is believed
to be responsible for the substrate specificity of BDO [6,
7]. Aerobic degradation of benzoate occurs via multiple
pathways, with production as key intermediates of cate-
chol (Cat) (mainly in bacteria), protocatechuate (PCA)
(mainly in fungi), hydroquinone, gentisate (2,5-dihy-
droxybenzoate), and CoA-derivatives [4, 8-10]. Cleavage
of the catechol ring in position 1,2 is catalyzed by cate-
chol 1,2-dioxygenase (Cat-1,2-DO; EC 1.13.11.1) and by
catechol 2,3-dioxygenase (Cat-2,3-DO; EC 1.13.11.2) in
position 2,3. Both variants of the reaction are widely dis-
tributed in bacteria. Our earlier studies revealed that 11
strains of four genera of actinobacteria degraded benzoate
by cleaving the produced catechol in the ortho-position
[11]. Using specific primers, these strains were tested for
the presence of the gene encoding the BDO α-subunit.
Sequencing the fragments obtained from specific amplifi-
cation showed that these regions were highly homolo-
gous. A dendrogram was obtained in which fragments of
BDO from two strains, Rhodococcus opacus 1CP and
Rhodococcus wratislaviensis G10, were clustered together.
The similarity with the corresponding regions of BDO
from the strain Rhodococcus jostii RHA1 that belongs to
the most completely studied strains degrading wide spec-
trum pollutant was, respectively, 88 and 97% in the R.

opacus 1CP and R. wratislaviensis G10 strains, which
indicated that these genes should have a common origin
[11, 12]. Cultures of R. opacus 1CP and R. wratislaviensis

G10 intact cells were used for preliminary assessment of
the substrate specificity of BDOs, and BDO from R.

wratislaviensis G10 was shown to have a slightly wider
specificity than the enzyme from R. opacus 1CP [11].

During benzoate degradation by actinobacteria,
there is another poorly studied feature: the type of dioxy-
genase cleaving the aromatic ring of catechol produced
during the transformation of benzoate. As mentioned
above, the aerobic degradation of benzoate by bacteria in
the great majority of cases is associated with production
of catechol. However, in some works there are data indi-
cating that in addition to catechol-specific dioxygenases,
the cell-free extract contains protocatechuate 3,4-dioxy-
genase (PCA-3,4-DO; EC 1.13.11.3), but its role during
this process is unclear. The PCA-3,4-DO activity in the
cell-free extract varies significantly, from zero in

Streptomyces spp. to 25-28 nmol/min per mg in
Amycolatopsis spp. [13]. Activities of the two dioxygenas-
es, Cat-1,2-DO and PCA-3,4-DO, were detected in the
cell-free extract of R. opacus 1CP and R. wratislaviensis

G10 cultures grown on benzoate [11]. The specific activ-
ity of PCA-3,4-DO in the G10 strain cell-free extract was
comparable with the Cat-1,2-DO activity. Both strains
are very interesting because they degrade aromatic pollu-
tants with high activity, and thus can be used in biotech-
nology for removal of resistant compounds from polluted
soils.

The purpose of the present work was to determine
specific features of dioxygenases induced during cultiva-
tion of the bacterium R. wratislaviensis G10 on benzoate,
to comparatively characterize enzymes of this strain and
of those of R. opacus 1CP (which degrades a wide spec-
trum of aromatic toxicants), and to analyze the presence
in these cultures of similar genes potentially involved in
benzoate degradation.

MATERIALS AND METHODS

Microorganisms. The study was performed on the
gram-positive non-sporogenous bacterium R.

wratislaviensis G10 isolated from soil polluted with
haloaromatic compounds (territory of the “Galogen”
enterprise, Perm) [14], and on R. opacus 1CP isolated
from an enrichment culture on 2,4-dichlorophenol and
capable of degrading monochlorophenols, some
dichlorophenols, benzoate, and some substituted ben-
zoates [15].

Assessment of benzoate utilization ability. The strains
were cultured on sodium benzoate using a liquid mineral
medium of the following composition (g/liter):
Na2HPO4 – 0.73; KH2PO4 – 0.35; MgSO4×7H2O – 0.1;
NaHCO3 – 0.25; MnSO4 – 0.002; NH4NO3 – 0.75;
FeSO4×7H2O – 0.02. The biomass grown on the slant agar
(five tubes) was washed off with the mineral medium and
cultured in 750-ml Erlenmeyer flasks containing 100 ml
of the medium and benzoate in concentrations of 0.25,
0.5, 0.75, 1, 2, 4, 8, and 10 g/liter (29°C, 220 rpm).
Experiments on the enzyme induction were performed on
the cells, which under laboratory conditions were main-
tained on a rich medium to exclude traces of dioxygenase
activity on the growth on aromatic substrates.

DNA was isolated using a DiatomTM DNA Prep
reagent kit (Biokom, Russia) according to recommenda-
tions of the producer, with slight modifications.

Primers were chosen for amplification of genes
encoding protocatechuate 3,4-dioxygenase and catechol
1,2-dioxygenase using the PrimerQuest Tool program
(http://eu.idtdna.com/Primerquest/Home/Index).
Thermodynamic parameters and tertiary structures of
oligonucleotides were predicted using OligoAnalyzer 3.1
(eu.idtdna.com/calc/analyzer). The primer specificity
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was tested in primer-blast (http://www.ncbi.nlm.nih.gov/
tools/primer-blast).

Primers for amplification of genes encoding PCA-3,4-
DO α- and β-subunits were chosen by nucleotide
sequences of the R. opacus 1CP genes pcaG and pcaH

(AF003947.1) (Table 1), primers for screening Cat-1,2-DO
(catA) genes were chosen by nucleotide sequences of the R.

opacus 1CP genes encoding catechol 1,2-dioxygenases
(GenBank data). Four pairs of primers were chosen specif-
ic for isofunctional genes encoding Cat-1,2-DO (Table 1).

Genes pcaG and pcaH were amplified using a Bio-Rad
T100 apparatus (Bio-Rad, USA) under the following
conditions: 95°C – 5 min, then eight cycles decreasing
annealing temperature by 2°C every second cycle: 95°C –
30 s, 62°C > 60°C > 58°C > 56°C – 30 s, 72°C – 40 s; then
20 cycles: 95°C – 30 s, 54°C – 30 s, 72°C – 40 s; the ter-
minal building: 72°C – 5 min. The catA genes were ampli-
fied similarly, decreasing annealing temperature by 2°C
every second cycle (from 58 to 52°C) – eight cycles. The
next 22 cycles were performed at 52°C. Elongation was
realized at 72°C for 50 s. The reaction products were sep-
arated by electrophoresis in 1% agarose gel at 10 V/cm,
stained with ethidium bromide solution (5 µg/ml), and
photographed in UV using the Gel DocTM XR gel-docu-
mentation system (Bio-Rad).

The PCR product was sequenced at the GENOM
Shared Facilities Centre, Institute of Molecular Biology,
Russian Academy of Sciences (Moscow) using a
Dynamic Terminator Cycle Sequencing Ready Reaction
Kit (Amersham, Great Britain) on an automatic ABI
3100 Avant Genetic Analyser sequencer (Applied
Biosystems, USA) according to the producer’s recom-
mendations.

Analysis of nucleotide sequences of functional genes.

Homological sequences were searched for in the
GenBank/DDBJ/EMBL database (http://www.ncbi.
nlm.nih.gov). The nucleotide sequences were analyzed using
the BLAST algorithm (http://www.ncbi.nlm.nih. gov).

Deposition of nucleotide sequences. Nucleotide
sequences of fragments of the genes catA2, catA, pcaG,
and pcaH were deposited into GenBank under accession
numbers KX084387, KX084388, KX084389, and
KX084390, respectively.

MALDI-TOF mass spectrometry analysis. Intact
cells were used for the analysis. Cultures were grown on
an agarized mineral medium containing benzoate
(250 mg/liter) and on the rich LB medium. A thin layer of
the cells was placed with a sterile spatula onto a steel tar-
get plate, mixed with 0.6 µl of 70% formic acid, and dried.
Then 0.6 µl of the matrix (α-cyano-4-hydroxycinnamic
acid (HCCA)) in 50% aqueous solution of acetonitrile
containing 2.5% trifluoroacetic acid) was deposited, and
the plate was air dried at room temperature. Spectra were
recorded in linear mode with delayed ion extraction with
an Autoflex Speed device (Bruker Daltonics, Germany)
at delay time of 350 ns and accelerating voltage of 20 kV.
The spectra were recorded in the positive ion mode, and
masses were recorded in the range of 2-20 kDa. The
device was calibrated externally using the Bruker
Bacterial Test Standard protein mixture (Bruker
Daltonics) at spectra resolution of ±2 Da (200 ppm). The
resulting spectra of each preparation of the strains were
obtained by summarizing the spectra recorded in 10-15
points of analyzed preparations under 500 laser pulses.
The mass spectra were processed using the Flex Analysis
3.0 program (Bruker Daltonics).

Gene

pcaG

pcaH

catA

Table 1. Oligonucleotides used in this work

Primer sequence

5'-ACGTGGGAGAACAGCGGTG-3'

5'-CGGGGTTTGCCGTCCTTCT-3'

5'-CAACGCCGACATCGCCAA-3'

5'-GAATCCGACGGCCCAGTTGT-3'

5'-CCAGCAGATCATGAAATC-3'

5'-GTCAGGACTGAGAATCC-3'

5'-GACGACACTCCCGATCC-3'

5'-CACCAGCGAGTCCTTGA-3'

5'-AAATTCAAGGGCGCAAG-3'

5'-GAGTTCGGGTTTCGTTG-3'

5'-CGACAAGTTCAAGGCCGAG-3'

5'-CACGAAGTTGTAGGTGACGTAG-3'

Primer name

pcaG_152f

pcaG_653r

pcaH_260f

pcaH_749r

сat2f

сat2r

сat3f

сat3r

сat4f

сat4r

сat6f

сat6r
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Determination of respiration and BDO activity by

polarography. To determine the cell respiration and BDO
activity of the R. wratislaviensis G10 strain, the cells
freshly grown on benzoate (0.2-6 g/liter) were separated
by centrifugation (16,000g, 15 min, 4°C), washed twice
with Tris-HCl buffer (pH 7.6), resuspended in similar
buffer, and analyzed immediately. The measurements
were performed in 50 mM Tris-HCl buffer (pH 7.6) satu-
rated with air oxygen at room temperature in an open stir-
rer-equipped 5-ml cuvette.

To determine the BDO activity, after recording of the
basal cell respiration, substrate solution was introduced
into the cuvette, and the change in cellular oxygen con-
sumption was measured using a Clark oxygen electrode.
The oxygen electrode was used in combination with an
Ingold 531 O2 Amplifier system (Instrumentation
Laboratory (MI), Switzerland-USA). The signal was
recorded using an XY Recorder-4103 two-coordinate
recorder (Laboratorium Pristroje, Czech Republic). This
signal characterized the rate of BDO enzymatic reaction
with substrates. The rate was expressed in pA/s (1 pA/s ∼
0.153 µg O2/liter per s). The cells remaining after the
analysis were frozen and stored at –20°C until use.

To determine the respiration activity, the stirring was
stopped after the basal cellular respiration was recorded
and the rate of the oxygen concentration change was
measured with the Clark oxygen electrode. This signal
characterized the culture respiration rate. The respiration
rate was expressed in µg O2/liter per s.

Experimental data on enzymatic kinetics were
processed and Michaelis–Menten equation constants
were determined using the SigmaPlot program (v. 12).

Activity determination in cell-free extracts and

enzyme purification. The cells were cultivated in 750-ml
flasks (28°C, 220 rpm) containing 200 ml of medium with

benzoate (200-250 mg/liter) up to OD545 of 3.0-3.5. The
biomass was collected and broken, and activities of the
enzymes Cat-1,2-DO and PCA-3,4-DO were deter-
mined as described earlier [11, 12]. The activity unit was
determined as the amount of the enzyme catalyzing con-
version of 1 µmol substrate or production of 1 µmol prod-
uct in 1 min.

The protein concentration was determined by a
modified Bradford method [16] with BSA as a standard.

The measurements were repeated thrice in at least
three independent series of experiments. The results pres-
ent the averaged values. The data were processed using
Student’s t-test test taking p < 0.05 as significant.

RESULTS

Growth of R. wratislaviensis G10 on benzoate and

induction of dioxygenases. Cultivation of the R.

wratislaviensis G10 strain revealed that benzoate
(2 g/liter) was completely degraded in 30 h. The strain
could degrade up to 10 g/liter of benzoate, but the lag-
phase was sharply increased to 50 h at benzoate concen-
tration of 4 g/liter and higher.

The cell growth on benzoate was accompanied by
induction of benzoate 1,2-dioxygenase, catechol 1,2-
dioxygenase, and protocatechuate 3,4-dioxygenase.
Considering the oxygen dependence of these enzymes,
dynamics of their induction were compared on growing
and intact non-growing cells.

During cultivation of the R. wratislaviensis G10 and
R. opacus 1CP strains on the rich LB medium and on the
mineral medium with benzoate (300 mg/liter) and proto-
catechuate (0.25 mM), the optical density increased 3-5-
fold (Table 2) in three days. No growth was observed dur-

BDO

0

2.3 ± 0.1

0

0

0

1.7 ± 0.1

2.3 ± 0.2

traces

respiration

3.50 ± 0.31

3.85 ± 0.28

0

3.32 ± 0.25

2.89 ± 0.18

2.45 ± 0.25

2.45 ± 0.23

2.71 ± 0.28

PCA-3,4-DO

0

0.14 ± 0.03

0

0.061 ± 0.009

0.014 ± 0.029

0.168 ± 0.004

0

0.122 ± 0.007

Cat-1,2-DO

0.007 ± 0.003

0.189 ± 0.055

0.040 ± 0.009

0.007± 0.008

0.01 ± 0.04

0.24 ± 0.01

0.051±0.025

0.01 ± 0.04

OD595 after
three days

0.68 ± 0.05

0.52 ± 0.06

0.16 ± 0.01

0.46 ± 0.01

0.544 ± 0.006

0.39 ± 0.03

0.199 ± 0.004

0.40 ± 0.01

Growth
substrate

LB

benzoate

Cat

PCA

LB

benzoate

Cat

PCA

Strain

R. wratislaviensis G10

R. opacus 1CP

PCA-3,4-DO

0

2.3 ± 0.2

2.3 ± 0.2

traces

0

2.3 ± 0.1

0

2.3 ± 0.2

Table 2. Activities of dioxygenases determined by polarography and spectrophotometry methods for the R. wratislavi-
ensis G10 and R. opacus 1CP strain cells cultured on different substrates

Cat-1,2-DO

1.7 ± 0.2

5.7 ± 0.4

2.0 ± 0.2

traces

traces

6.8 ± 0.2

traces

3.4 ± 0.3

Data of polarography**Data of spectro-
photometry*

Notes: Mean results of at least three independent experiments are presented.
* Specific activity, U/mg.

** Respiration, µg O2/liter per s; activity, pA/s.
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ing this time on the catechol-containing medium.
Determination of the enzyme activities in the cell-free
extracts showed that there was no dioxygenase activity or
only its traces were detected during growth of strains on
LB, and in the R. opacus 1CP strain the background val-
ues were slightly higher than those in the G10 strain.
When both strains were grown on benzoate, the specific
activities of Cat-1,2-DO and PCA-3,4-DO increased by
two orders of magnitude. Cultivation in the presence of
protocatechuate was accompanied by induction of both
dioxygenases, but the trace level activity of Cat-1,2-DO
was recorded that was typical for the cell growth on LB.

Table 2 presents results of the enzyme activity deter-
mination by polarography and spectrophotometry in the
same preparations. Activities of BDO and PCA-3,4-DO
were not detected by polarography in the cells of R. opa-

cus 1CP and R. wratislaviensis G10 and of Cat-1,2-DO in
the R. opacus 1CP cells grown on LB, which correspond-
ed to the data of the spectrophotometric analysis. In the
biomass of both strains grown on the mineral medium
with benzoate, the activities of all three dioxygenases
could be determined by polarography, whereas the BDO
activity was not detected by spectrophotometry. Thus, the
data presented show that the enzymatic pool of the cell
can be assessed by either of the methods, notwithstanding
limitations of each. For spectrophotometry, these limita-
tions are associated with the possibility or impossibility of
determining the enzyme activity after destruction of the
native structure of complex proteins as in the case of
BDO. The measurement accuracy of the polarographic
method is determined by density of the cell suspension
introduced into the reaction cuvette and by the physio-
logical conditions of the cells.

The strong similarity of the two strain cells was also
confirmed by MALDI-TOF mass spectrometry analysis
of the intact cells. Figure 1 shows that the cells of each
strain grown on LB and on benzoate were different in
their protein profiles in the limits of m/z values from 2 to
20,000 Da. Only 35 peaks with the same m/z value were
found in the R. opacus 1CP strain cells grown on benzoate
and on LB. The R. wratislaviensis G10 strain cells culti-
vated on benzoate and LB had still lower number of peaks
with the same m/z value – only 27. On growth of R. opa-

cus 1CP and R. wratislaviensis G10 on LB there were,
respectively, 98 and 90 peaks, and 88 of them were the
same in both cultures. When benzoate was used as a
growth substrate, 94 peaks were recorded in the R. opacus

1CP and 87 peaks in the R. wratislaviensis G10 cells, and
77 of them were coincidental. In reality, the number of
coincidences was higher, but some of the peaks gave very
weak signals. Thus, according to the MALDI-TOF-mass
spectrometry, the protein profiles of the 1CP and G10
strains grown under the same conditions and on the same
substrate were only slightly different. The growth sub-
strate influenced significantly and similarly the protein
profile of the two strain cells, which suggests a high like-

ness of metabolic processes in the bacteria under compar-
ison.

Induction of dioxygenases under non-growth condi-

tions. Figure 2 shows results of induction of oxygen-
dependent oxygenases in two variants of G10 culture: in
cells freshly grown on LB and in cells grown on 6-
10 g/liter benzoate with subsequent prolonged starvation
for more than two months. Analysis by polarography of
the enzymatic activity in both variants of the cells resus-
pended in buffer revealed virtually full absence of the
dioxygenase activity. Not depending on the physiological
conditions (freshly grown on LB or after the starvation for
2.5 months with aeration and 29°C), the cells manifested
virtually the same respiration activity.

Analysis of the cell respiration activity revealed an
interesting regularity observed upon benzoate addition to
the cell suspension: the curve of cell respiration change
repeated in the shape the curves of dioxygenase activity
growth, but it was usually ahead of them by 0.5-1 day. The
respiration activity increased in the presence of the sub-
strate and then decreased to virtually the initial level.

The dioxygenase activity level also depended on the
concentration of added benzoate. In all cases, the addi-
tion to the cells of 300 mg/liter benzoate led in less than
20 h to an increase in the reaction to benzoate, catechol,
and protocatechuate. By the fourth day, the enzyme
activities decreased, but their activities remained higher
than those of the non-induced cells. The addition of
3 g/liter benzoate to such preadapted culture resulted in a
sharp increase in the dioxygenase activities. We observed
an induction of dioxygenase activities (inducible
enzymes), which was confirmed by data obtained on the
addition of chloramphenicol (an inhibitor of protein syn-
thesis) to the cell suspension before the introduction of
benzoate (Fig. 2, b and d). During the first day, chloram-
phenicol suppressed completely the BDO induction and
virtually completely suppressed the induction of Cat-1,2-
DO.

Benzoate 1,2-dioxygenase. The influence of storage
duration of benzoate-grown cells on their respiration
activity and on the activity of dioxygenases was studied.
The results are presented in Fig. 3. Cells that had been
washed and stored in buffer at 4°C retained viability for
more than 90 days. More pronounced fluctuations in the
respiration rates and in the cell reaction to benzoate, Cat,
and PCA were observed during the first 5 days, and the
changes in the cell reactions to these substrates occurred
synchronously during the whole period under study. After
the cell storage in buffer for 15 days, the cell reactions to
benzoate, Cat, and PCA decreased. After storage for 35
days, the activities virtually stabilized. After storage for 90
days at 4°C, the BDO activity of the cells decreased
twofold but remained reliably above zero (Fig. 3a). A
slight reaction of the cells to PCA was also recorded,
whereas the activity to Cat was high (Fig. 3b). However,
during cell starvation (benzoate as the sole source of car-
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Fig. 1. MALDI-TOF mass spectra of intact cells of the R. wratislaviensis G10 (a, c) and R. opacus 1CP (b, d) strains grown on LB (a, b) and
on benzoate (c, d).
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Fig. 2. Induction of dioxygenases by benzoate (BA) in the R. wratislaviensis G10 cells grown on the LB medium (a, b) and on benzoate (c, d)
(starvation for 2.5 months after the growth on benzoate): a, c) induction in the absence of chloramphenicol (CP); b, d) induction in the pres-
ence of chloramphenicol. Curves: 1) rate of the reaction to benzoate; 2) respiration rate; 3) rate of the reaction to Cat; 4) rate of the reaction
to PCA. The cells were resuspended in buffer. The moment of benzoate or chloramphenicol addition is indicated by the arrow. The substrate
concentrations for testing the cell reactions were 3.47 mM of benzoate and 0.25 mM for Cat and PCA.

1 

0

2 

0    1    2   3   4    5   6    7   8   9   10

3 

4 

Time, days

R
a

te
 o

f 
re

a
c

ti
o

n
 t

o
 s

u
b

s
tr

a
te

, 
p

A
/s

80

60

40

20

6

4

2

14

12

10

8

0

R
e

s
p

ir
a

ti
o

n
 r

a
te

,
µ

g
 O

2
/l

it
e

r 
p

e
r

s

–40

40

20

0

–20

0    1    2   3    4    5    6    7   8   9   10

6

4

2

14

12

10

8

0

R
e

s
p

ir
a

ti
o

n
 r

a
te

,
µ

g
 O

2
/l

it
e

r 
p

e
r

s

0

80

60

40

20

R
a

te
 o

f 
re

a
c

ti
o

n
 t

o
 s

u
b

s
tr

a
te

, 
p

A
/s

0

40

30

20

10

–40

40

20

0

–20

0    1    2   3   4   5   6    7   8    9  10 11 0   1    2   3   4    5   6    7   8   9  10 11

+ BA,
300 mg/liter

+ BA,
300 mg/liter

+ BA,
3 g/liter

+ BA,
3 g/liter

+ BA, 3 g/liter

+ BA,
3 g/liter+ CP, 150 mg/liter

+ BA, 300 mg/liter

+ CP, 150 mg/liter

+ BA, 300 mg/liter

1 

2 

3 

4 

1 

2 

3 
4 

1 

2 

3 

4 

a                                                                    b

c                                                                    d
40

30

20

10
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genases (b). Curves: 1) rate of reaction to benzoate; 2) respiration rate; 3) rate of reaction to Cat; 4) rate of reaction to PCA. The cells were
suspended in buffer. The substrate concentrations for testing the cell reactions were as follows: benzoate – 3.47 mM; Cat and PCA – 0.25 mM.
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bon and energy was exhausted) during 75 days under con-
tinuous aeration by stirring the culture liquid at 29°C, the
BDO activity fell to zero, whereas the cell reaction to Cat
and PCA under the same conditions could be identified
as traces, i.e. they were virtually on the level of measure-
ment error (Fig. 2c, curves 1, 3, 4).

The cell suspension was resistant on storage not only
in buffer but also in tap water (artesian water in
Pushchino, Moscow Region). Storage for 12 days at 4°C
led to decrease in the cell respiration by less than twofold,
from 17 to 13 µg O2/liter per s. The BDO activity during
the same time decreased from 29 to 8 pA/s, but it
remained on the level obtained after BDO induction by
benzoate in cells grown on LB.

The influence of buffer pH on cell respiration and
BDO activity was studied. The respiration of cells resus-
pended in buffer displayed virtually the same oxygen con-
sumption and weakly depended on pH of the reaction
buffer (50 mM Tris-HCl) in the range of 7.0-9.5 (the res-
piration changed from 20 to 23 µg O2/liter per s, respec-
tively). The difference in the oxygen consumption of the
cells resuspended in water at different pH values changed
slightly stronger (17 µg O2/liter per s at pH 7.2 and 25 µg
O2/liter per s at pH 9.0). The BDO activity in the cells
stored in water was about a quarter lower than in the cells
stored in the buffer (22-29 and 36-44 pA/s, respectively)
within the pH range of the reaction buffer.

The substrate specificity of BDO from R.

wratislaviensis G10 was assessed using intact cells. The
cell suspension activity with benzoate was 7.3 ± 0.5 µg
O2/liter per s. The substrate specificity of BDO from ben-
zoate-grown R. wratislaviensis G10 was assessed earlier
using 15 substrate analogs [11]. In the present work, we
broadened twofold, to 35, the spectrum of compounds for
testing, including potential substrates: isomeric mono-
chloro-, monomethyl-, and hydroxy-substituted ben-
zoates, 2-methoxybenzoate, all isomeric monochloro-
and monomethyl-salicylates, dihydroxy- and dichloro-
benzoates, 2- and 4-methoxy- and 3,4-dimethoxycin-
namic acids, phenol, and isomeric monochlorophenols.
In addition to the earlier found activity with 3-
chlorobenzoate, phenol, and 3- and 4-chlorophenols, the
R. wratislaviensis G10 cells were shown to actively con-

sume oxygen on addition of 2-methylbenzoate (10%), 3-
methylbenzoate (21%) and 4-methylbenzoate (30%), 3-
methylsalicylate (14%), 2-methoxybenzoate (10%), 2-
methoxycinnamic (15%), and 4-methoxycinnamic (15%)
acids (in parentheses changes in the O2 consumption are
shown in percent from its value on benzoate addition).
These findings show that BDO induced in benzoate-
grown R. wratislaviensis G10 is characterized by narrow
substrate specificity. In general, the reaction of benzoate-
grown cells to the substrate analogs with different number
and properties of the substituents was insignificant com-
pared to the activity to benzoate.

Activities of two dioxygenases cleaving the aromatic

ring, Cat-1,2-DO and PCA-3,4-DO, were found in both
R. wratislaviensis G10 and R. opacus 1CP grown on ben-
zoate. Depending on the benzoate concentration, the spe-
cific activity of Cat-1,2-DO from R. wratislaviensis G10
varied in the limits 0.07-0.23 U/mg, and for the enzyme
from R. opacus 1CP these values were 0.22-0.25 U/mg.
The activity of PCA-3,4-DO from R. wratislaviensis G10
was 0.12-0.43 U/mg, and the activity of PCA-3,4-DO
from R. opacus 1CP was 0.09-0.44 U/mg.

Both dioxygenases capable of cleaving the aromatic
ring were isolated from R. wratislaviensis G10 cells.
Table 3 presents a typical scheme of PCA-3,4-DO purifi-
cation from cells grown at benzoate concentration of 200-
250 mg/liter. The main characteristics of this enzyme
were determined. The Km value of PCA-3,4-DO for pro-
tocatechuate was 25 ± 1 µM, the maximal activity was
26 ± 1 U/mg, the temperature optimum of its activity was
50°C, and the pH optimum was 9.25. Thermostability:
the activity did not decrease for 2 h at 40°C, and at 50°C
the activity decreased by 40% after 5 min and by 100%
after 10 min. At 60°C, the enzyme was completely inacti-
vated in 5 min.

The activity of PCA-3,4-DO from R. wratislaviensis

G10 was slightly inhibited by catechol. The inhibition
type was characterized as reversible competitive inhibi-
tion. The calculated value of Ki was 89 µM.

Typical results of purification of Cat-1,2-DO from
the R. wratislaviensis G10 strain are presented in Table 4.
Because the last stage of the purification (hydrophobic
chromatography) was accompanied by a dramatic inacti-

Purification step

Cell-free extract 

Q-Sepharose

Phenyl-Sepharose

Superdex-200

Resource Q

Resource Iso

Table 3. Results of purification of PCA-3,4-DO from R. wratislaviensis G10 culture grown on benzoate

Yield, %

100

61

28

12

5

3

Specific activity, U/mg

0.12

0.26

3.25

5.1

10.7

29

Protein, mg

218

61

2.20

0.62

0.12

0.03

Volume, ml

66

196

80

2

3

1
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vation of the enzyme, the preparation was characterized
after ion-exchange chromatography. The enzyme is a
homodimer with subunit weight of 32.9 kDa. The tem-
perature optimum was 40°C, the pH optimum was weak-
ly pronounced – its value being 7.5, and at pH 5.5 the
activity was only 27% lower and at pH 9.5 it was 10%
lower. This enzyme was active with catechol and with 3-
and 4-methylcatechol (3MCat, 4MCat). The activity
with methylcatechols was higher than with catechol

(Table 5). However, the Km values found from graphs were
higher for substituted MCats than for Cat. The calculated
values of the specificity constant showed that Cat was the
preferable substrate for this enzyme. The activity with 4-
chlorocatechol (4-CCat) was low, and there was no activ-
ity with dichlorocatechols. PCA neither inhibited nor
activated the reaction of Cat-1,2-DO from R.

wratislaviensis G10 with catechol.
Search for and analysis of genes pcaG, pcaH, and catA

in the R. wratislaviensis G10 genome. Primers chosen by
nucleotide sequences of the R. opacus 1CP genes from the
R. wratislaviensis G10 strain DNA-template were used to
amplify fragments of genes pcaG and pcaH (coding α- and
β-subunits of protocatechuate 3,4-dioxygenase) with
length of ∼500 bp (Fig. 4, lanes 5 and 2, respectively), as
well as fragments of two of the four genes under study
encoding isofunctional Cat-1,2-DO: catA2 (with primers
cat4F/cat4R) and catA (with primers cat6F/cat6R) with
length, respectively, of ∼720 bp (lane 8) and 780 bp (lane
11).

The pcaG gene had 99 and 98% identity with genes of
the α-subunit of protocatechuate 3,4-dioxygenases from
R. opacus 1CP (AF003947.1) and R. opacus PD630
(CP003949.1), respectively. The pcaH gene had the 99%
identity with the genes of β-subunit of protocatechuate
3,4-dioxygenases from R. opacus 1CP and R. opacus

PD630.

Purification step

Cell-free extract 

Q-Sepharose

Phenyl-Sepharose

Superdex 200

Resource Q

Resource Iso

Table 4. Results of purification of Cat-1,2-DO from R. wratislaviensis G10 culture grown on benzoate

Yield, %

100

102

54

18

78

2

Specific activity, U/mg

0.11

0.41

9.7

10.0

8.4

5.4

Protein, mg

218

61

1.36

0.43

0.22

0.09

Volume, ml

66

196

116

28

12

3

Substrate

Cat

3MCat

4MCat

4CCat

3,5DCCat

4,5DCCat

Table 5. Catalytic characteristics of Cat-1,2-DO from R. wratislaviensis G10 strain

kcat/Km, min–1⋅µM–1 R. opacus 1CP*

138

114

109

–

–

–

kcat/Km, min–1⋅µM–1

126

69

63

–

–

–

kcat, min–1

300

588

400

14.8

0

0

Km, µM

2.4 ± 0.3

8.5 ± 1.1

6.3 ± 1.2

–

–

–

Notes: Values of catalytic constant (kcat) were calculated based on the subunit weight of 32.9 kDa. 4CCat, 4-chlorocatechol; 3,5DCCat and
4,5DCCat, 3,5- and 4,5-dichlorocatechol, respectively.

* For comparison, values of specificity constant are presented for Cat-1,2-DO from R. opacus 1CP cells grown on benzoate [12].

Fig. 4. Screening of R. wratislaviensis G10 (G10) genes encoding
protocatechuate 3,4-dioxygenase (pcaG, pcaH) and catechol 1,2-
dioxygenases (catA). Rhodococcus opacus 1CP (1CP) was used as
a positive control. Lanes: 1, 14) molecular weight marker 1 kb
Plus DNA Ladder (Thermo Fisher Scientific, USA); pcaH: 2)
G10; 3) 1CP; 4) negative control; pcaG: 5) G10; 6) 1CP; 7) nega-
tive control; catA2: 8) G10; 9) 1CP; 10) negative control; catA: 11)
G10; 12) 1CP; 13) negative control.

1    2     3    4     5   6     7    8      9   10  11  12  13  14

1000 bp
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The catA2 gene amplified on the R. wratislaviensis

G10 DNA-template had 98% identity with the catA2

gene encoding Cat-1,2-DO (FM877593.1) of R. opacus

1CP, a degrader of chlorophenols, and 94% identity with
the homologous gene (CP000431.1) of R. jostii RHA1, a
degrader of chlorobiphenyls. Another gene of R.

wratislaviensis G10, catA, encoding isofunctional Cat-
1,2-DO had 99 and 96% identity with homologous genes
of R. opacus 1CP (X99622.2) and R. jostii RHA1
(CP000431.1), respectively.

DISCUSSION

The ability of bacteria to degrade natural and anthro-
pogenic compounds attracts great attention because using
such strains is effective and economically advantageous
for purification of the environment. However, it is also
very important to understand spreading mechanisms of
the genes mediating biodegradation in microorganisms
isolated from different natural ecosystems. The strain R.

wratislaviensis G10 isolated earlier from soil polluted with
haloaromatic compounds is able to degrade some chloro-
biphenyls [14]. Benzoate is a usual intermediate of
biphenyl degradation by bacteria; therefore, the ability to
degrade benzoate is quite expected. However, as discrim-
inated from R. wratislaviensis G10, not all bacteria can
degrade benzoate at concentrations up to 10 g/liter.
Similar data were obtained for a hybrid organism result-
ing due to fusion of Pseudomonas putida and Bacillus sub-

tilis protoplasts, which is considered by the authors [8] to
be one of the most effective degraders of benzoate.
However, the maximal specific rate of this hybrid growth
was five times lower (31·10–3 h–1) than of the G10 strain.
Growth parameters of the G10 culture calculated based
on the growth curves indicated that the concentration of
2 g/liter was critical for the growth (Table 6). For com-

parison, for R. opacus 1CP this value was lower –
500 mg/liter [12]. Comparison of the calculated values
revealed that at the optimal growth concentrations the
G10 culture growth parameters were slightly better than
those of 1CP. However, on increase in benzoate concen-
tration these parameters in G10 became worse than in
1CP. The higher maximal specific growth rate, up to
0.66 h–1, was recorded for Pseudomonas putida culture at
benzoate concentrations up to 400 mg/liter [17].
However, at benzoate concentration up to 200 mg/liter
catechol produced from benzoate was degraded via the
ortho-pathway, and on increase in the substrate concen-
tration catechol degradation switched to the meta-cleav-
age pathway [17]. In our case, only intradiol dioxygenase
activities were determined in the R. wratislaviensis G10
strain cells grown on 0.2-6 g/liter benzoate: the metabo-
lism did not switch from the ortho-cleavage to meta-
cleavage.

In the present work, we found that in starving cells
the activities of enzymes involved in degradation of the
growth substrate were maintained for a long time. It is
known that upon exhaustion of the substrate, synthesis of
inducible enzymes is ended, and the existent protein mol-
ecules are degraded. However, there are no data on the
rate of this process in strains that degrade toxicants. Our
results revealed that benzoate-degrading enzymes retain
their activities for a long time, in particular, under unfa-
vorable conditions of cell suspension storage in water.
These data partially explain the ability of cells to rapidly
recommence growth on the recovery of favorable condi-
tions. No doubt, the lower specificity of BDO from the
G10 strain is its advantage compared with a similar
enzyme from the R. opacus 1CP strain, which has
extremely narrow substrate specificity. Because benzoate
is an ingredient of some plants, it can be supposed that
under natural conditions the culture can react to the pres-
ence of benzoate by induction of enzymes responsible for

Benzoate, g/liter

0.25

0.50

0.75

1

2

4

6

8

10

Table 6. Growth parameters of R. wratislaviensis G10 and R. opacus 1CP on benzoate

td, h

2.1

2.7

4.2

4.3

4.1

6.4

6.3

7.4

10.5

µmax, h
–1

0.33

0.26

0.16

0.16

0.17

0.11

0.11

0.09

0.07

td, h

1.6

2.3

2.6

2.9

4.3

13.3

–

16.2

19.0

µmax, h
–1

0.43

0.30

0.26

0.24

0.16

0.05

–

0.043

0.036

Notes: µmax, maximal specific growth rate; td, doubling time.

R. wratislaviensis G10 R. opacus 1CP [12]
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oxidative degradation. Although the activity of BDO from
the G10 strain to substrates other than benzoate remains
low under unfavorable conditions (in the absence of sub-
strate specific for BDO), this can promote the culture to
attack new substrates. In general, such tactics increases
the survival probability of a given strain.

The comparative characterization of dioxygenases
induced during R. wratislaviensis G10 and R. opacus 1CP
growth on benzoate showed that despite the likeness of
the enzymes, they have some differences. First of all, they
are different in substrate specificity: Cat-1,2-DO from R.

wratislaviensis G10 was more specific than the similar
enzyme isolated from R. opacus 1CP cells. Table 7 pres-
ents the main features of the enzymes under comparison.

Because Cat-1,2-DO and PCA-3,4-DO induced in
the R. wratislaviensis G10 and R. opacus 1CP strains are
rather similar in their physicochemical characteristics,
their response to “alien” substrates PCA and Cat, respec-
tively, was the most interesting. Dioxygenases of the
strains were different in their reactions to nonspecific
substrates. Data presented in Table 7 indicate that the
concurrent presence of both dioxygenases in the 1CP
strain is not a problem from the standpoint of the enzy-
matic catalysis efficiency. On the contrary, in R.

wratislaviensis G10 catechol inhibits the PCA-3,4-DO
reaction with PCA. Possibly, this protects the cells against
branching of the metabolic flow at the stage of the aro-
matic ring opening and at the same time makes the cul-
ture less substrate-labile. Nevertheless, it should be taken
into account that the activity of both dioxygenases signif-
icantly depends on concentration of the growth substrate.

The concurrent presence of Cat-1,2-DO and PCA-
3,4-DO activities is known for a number of bacteria.
Thus, in benzoate-grown Pseudomonas putida KT 2440
cells high activity of Cat-1,2-DO (1.26 U/mg) and traces
of PCA-3,4-DO (0.6 U/mg) were detected [18]. On
growth on para-hydroxybenzoate (pHBA) and vanillin,

the PCA-3,4-DO activity increased 12-fold, and the
authors concluded that this enzyme was not involved in
the degradation of benzoate [18]. PCA-3,4-DO was
found in Acinetobacter baumanii DU202 cells grown on
pHBA [19], and in two of eight Amycolatopsis and
Streptomyces strains grown on benzoate activities of Cat-
1,2-DO and PCA-3,4-DO were detected; however, the
PCA-3,4-DO activity was an order lower than that of
Cat-1,2-DO and did not exceed 28 nmol/min per mg
[13]. Both Cat-1,2-DO and PCA-3,4-DO were detected
concurrently in the Rhodococcus sp. RHA1 strain grown
on both benzoate and phthalate [20]. In this case, PCA-
3,4-DO activity was found also in cells grown on pyru-
vate, which indicated a possible constitutive synthesis of
the enzyme in this strain.

In addition to the profile likeness of dioxygenases
induced in the benzoate-grown strains under comparison,
another important feature was revealed concerning funda-
mentals of microbian metabolism: the strain R.

wratislaviensis G10 was found to contain in its genome
regions of genes coding α- and β-subunits of PCA-3,4-
DO and two catechol 1,2-dioxygenases, which had 99%
similarity with the corresponding regions of the R. opacus

1CP strain. The presence of high identity genes in the
genome of strains isolated from distantly located regions
suggests the distribution of genes mediating degradation of
resistant toxicants. The possibility of horizontal spreading
of genes on the level of both unicellular organisms and
higher taxon representatives has been shown in many
works [21-24]. It has been established also that closely
related isolates of some species can contain different sets
of genes because of horizontal passage or loss of genes.
There are also many examples of the widely varied likeness
of degradation enzymes in microorganisms of different
taxonomic groups, which in general reflects the relation
degree between these bacteria or a common tendency for
adaptation of different microorganisms to the same influ-

Substrate

Catechol

Protocatechuic acid

Table 7. Catalytic characteristics of PCA-3,4-DO and Cat-1,2-DO from R. wratislaviensis G10 and R. opacus 1CP

PCA-3,4-DO

no reaction,
no inhibition

Km = 40 ± 1 µM;
Amax = 27.1 ± 0.5

Cat-1,2-DO

Km = 2.8 ± 0.4 µM;
Amax = 11.3 ± 0.5

no reaction,
activation

by 133-166%

PCA-3,4-DO

no reaction,
inhibition,
Ki = 90 µM

Km = 25 ± 1 µM; 
Amax = 26 ± 1

Cat-1,2-DO

Km = 2.4 ± 0.3 µM;
Amax* = 9.1 ± 0.6

no reaction,
no inhibition,
no activation

* Maximal activity at saturation with substrate (U/mg).

R. wratislaviensis G10 R. opacus 1CP [12]

Culture

Enzyme



BENZOATE-DEGRADING DIOXYGENASES 997

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  9   2016

ences of the environment. Thus, the likeness between
genes coding amino oxidase (FlavAO) involved in
putrescine degradation in Rhodococcus RHA1 with the
corresponding genes of other actinobacteria varies from
52% in Actinoplanes sp. SE50/110 of the Micromonospo-
raceae family to 97% in Rhodococcus opacus B4/PD630 of
the Nocardiaceae family that also includes Rhodococcus

RHA1 [25]. The homology of genes coding catechol 1,2-
dioxygenases in Burkholderia xenovorans LB400
(NZ_CP008760) with similar dioxygenases varies from
86% in Achromobacter xylosoxidans A8 (CP002287.1) to
99% in Cat-1,2-DO of Pseudomonas knackmussii B13
(HG322950.1) strains among virtually 200 sequences
known from the database. The homology of the gene cod-
ing Cat-1,2-DO from R. opacus 1CP, which is present in
the chromosomal cat-operon (GenBank X99622), with
genes coding similar enzymes of other gram-positive bac-
teria varies from 73% in Mycobacterium rhodesiae NBB3
(the full genome, CP003169.1, with 74% overlapping),
75% in Pseudonocardia dioxanivorans CB1190 (the full
genome, CP002593.1, with 70% overlapping) and in
Gordonia sp. KTR9 (the full genome, CP002907.1, with
80% overlapping) to 99% in Rhodococcus opacus PD630
(the full genome, CP003949.1, with 100% overlapping)
among 43 sequences present (http://blast.ncbi.nlm.nih.
gov/).

The homology between catechol 1,2-dioxygenases of
gram-positive and gram-negative bacteria are significantly
lower. Thus, the isolated amino acid sequence of the gene
encoding Cat-1,2-DO of the cat-operon of the R. opacus

1CP (GenBank X99622) chromosome has 32-38% identi-
cal positions with Cat-1,2-DO of the Pseudomonas knack-

mussii B13 strain (Sequence ID: ref|WP_043251440.1| and
Sequence ID: emb|CDF83097.1|, respectively). The same
can be said about many other enzymes mediating the
biodegradation of pollutants. Based on the data present-
ed, we conclude that the corresponding genes of gram-
positive and gram-negative bacteria possessing a common
ancestor in the group had an independent origin during
convergent evolution. In the literature there is a prevalent
opinion supporting the hypothesis that the ability of bac-
teria to degrade resistant pollutants is provided during
horizontal evolution by transfer of biodegradation plas-
mids, including the transfer between cells of different tax-
onomic groups [26-28]. Our data have confirmed that
genetic material is transferred between the Rhodococcus

genus bacteria. This is confirmed by the finding in dis-
tantly located bacteria R. opacus 1CP and R. wratislavien-

sis G10 of high identity genes coding at least three
enzymes involved in the degradation of benzoate: ben-
zoate 1,2-dioxygenase, Cat-1,2-DO, and PCA-3,4-DO
with identity above 95%. However, there is a specific fea-
ture common for these cultures and contradicting the
statement about relative freedom of genetic material
transfer. Here, we are dealing with detection in their
genome of a gene coding chloromuconolactone dehalo-

genase, a unique enzyme found only in the degradation
pathway of 3-chlorocatechol via 2-chloromuconate, 5-
chloromuconolactone, and cis-dienelactone by
rhodococci and absent in the genome of gram-negative
bacteria [29]. However, among all rhodococci tested, this
gene was detected only in R. opacus 1CP and in
rhodococci of the R. wratislaviensis species. Thus, based
on the earlier obtained data, we suppose that the biode-
grading potential of bacteria of these two species should
be very close. Moreover, repeated sequencing of R. opacus

1CP 16S rDNA allows us to identify it as belonging to the
R. wratislaviensis species. Thus, the presence of gene clcF

only in R. wratislaviensis bacteria and its absence in other
species of rhodococci indicate that the distribution path-
ways of the biodegradation genes among different species
of bacteria are restricted significantly stronger that previ-
ously believed.
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