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Abstract—Strain B51 capable of degrading polychlorinated biphenyls (PCB) was isolated from soil contami-
nated with wastes from the chemical industry. Based on its morphological and chemotaxonomic characteristics,
the strain was identified as a Microbacterium sp. Experiments with washed cells showed that strain B51 is able
to degrade ortho- and para-substituted mono-, di-, and trichlorinated biphenyls (MCB, DCB, and TCB, respec-
tively). Unlike the known PCB degraders, Microbacterium sp. B51 is able to oxidize the ortho-chlorinated ring
of 2,2'-DCB and 2,4'-DCB and the para-chlorinated ring of 4.4'-DCB. The degradation of 2,4-DCB and 4,4'-
DCB was associated with the accumulation of 4-chlorobenzoic acid (4-CBA) in the medium in amounts com-
prising 80—90% of the theoretical yield. The strain was ableto utilize 2-MCB, 2,2'-DCB, and their intermediate
2-CBA and to oxidize the mono(ortho)-chlorinated ring of 2,4,2'-TCB and the di(ortho-para)-chlorinated ring
of 2,4,4'-TCB. A mixed culture of Microbacterium sp. B51 and the 4-CBA-degrading bacterium Arthrobacter
sp. H5 was found to grow well on 1 g/l 2,4'-DCB as the sole source of carbon and energy.
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Polychlorinated biphenyls (PCBs) are widely used
in industry due to their valuable chemical and physical
properties (such as good dielectric characteristics,
inflammability, and resistance to elevated temperatures,
acids, and alkali). On the other hand, PCBs are toxic
compounds, which, because of their extensive use and
persistence, accumulate in soil and bottom sediments
and may come into contact with animals and even
humans, causing some diseases[1]. For thisreason, the
problem of PCB biodegradation is of great socid
importance.

The PCB family amounts to 209 isomers, differing
in the number and position of substituentsin the biphe-
nyl molecule. In nature, PCBs are mainly degraded
through microbial attack [2, 3]. At the first step, poly-
chlorinated biphenyls are reductively dehal ogenated by
anaerobic microorganisms with the production of PCB
isomers with one to three substituents occurring mostly
inthe ortho or para position. The further degradation of
PCB molecules is accomplished by aerobic microflora
[3-5]. Thekey roleinthe primary attack at the biphenyl
molecule is played by biphenyl dioxygenase (BphA),
which, together with the subsequent enzymes of PCB
metabolism, accounts for the substrate specificity of
PCB-degrading microorganisms [6—10].

Most of the known microbia degraders of PCBs
degrade them to the respective chlorobenzoic acids
(CBAs) and pentadienoic acids (Fig. 1) [3, 4]. CBAs
are also ecologically hazardous compounds [1]. There
are only a few known natural bacterial strains capable
of utilizing monochlorinated biphenylsin low amounts
and one Burkholderia sp. strain SK-3 capable of
degrading 2,4'-dichlorobiphenyl (2,4-DCB) [3, 11].
The complete mineralization of PCBs in nature is
accomplished by microbial communities containing
both PCB and CBA degraders [2, 3]. Some mixed cul-
tures that are able to utilize monochlorinated and
dichlorinated biphenyls (MCB and DCB) have been
described [5, 12]. The range of PCB isomers and the
efficiency of their transformation by mixed microbial
cultures depend on the activity of relevant enzymesin
the degrading bacteria[7, 9, 10].

This work was undertaken to characterize the aer-
obic strain Microbacterium sp. B51 with a unique
ability to degrade ortho- and para-chlorinated biphe-
nyls and to study the possibility of using thisstrainin
mixed cultures for the degradation of a wide range of
PCBs.
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Fig. 1. Putative scheme of the microbial degradation of polychlorobiphenyls. Compounds: (1) polychlorobiphenyl, (2) chlorobiphe-
nyldihydrodiol, (3) chlorohydroxybiphenyl, (4) chloro-2-hydroxy-6-oxo-6-phenylhexa-2,4-diencic acid (HOPDA), (5) chloroben-
zoic acid. The enzymes involved: (a) biphenyl dioxygenase (BphA), (b) biphenyldihydrodiol dehydrogenase (BphB), (c) hydroxy-

biphenyl 2,3-dioxygenase (BphC), (d) HOPDA hydrolase (BphD).

MATERIALS AND METHODS

The PCB-degrading strain Microbacterium sp. B51
was isolated from an enrichment culture using a min-
eral K1 agar [13] with biphenyl as the sole source of
carbon and energy. To obtain the enrichment culture, a
soil sample (1 g) contaminated with wastes from the
chemical plants of Berezniki (Perm oblast) was placed
in a flask with 50 ml of the liquid K1 medium with
biphenyl. The flask was incubated at 28°C for
3 months. The morphological, physiological, and bio-
chemical characteristics of the isolate were studied by
conventional methods [14] and its chemotaxonomic
characteristics were investigated as described earlier
[15]. Experimentswith mixed cultureswere carried out
using the Arthrobacter sp. strain H5 capable of degrad-
ing 4-CBA [16].

To study the products of PCB degradation, Micro-
bacterium sp. B51 was grown at 28°C in the K1
medium with biphenyl (1 g/l) to a cell density corre-
sponding to ODg,s = 1.0. Cells were harvested, washed
twice with the fresh K1 medium, and suspended in the
same medium to adensity ODg, s = 2.0. The cell suspen-
sion was dispensed (in 1-ml aliquots) into vials with
Teflon caps. The vias were supplemented with MCB
(94.25 mg/l), or DCB (22.3 mg/l), or TCB (12.8 mg/l)
and incubated at 28°C on a shaker. Each of the experi-
mental variants was performed in triplicate.

Chlorobenzoic acidsin the incubation medium were
analyzed using an HPLC chromatograph from LKB
Bromma (Sweden) equipped with a (250 x 4.6 mm ID)
reversed-phase column RP-18 (Alltech, United States)
[4]. CBAswereidentified by their retention times using
the authentic samples of 2-CBA, 4-CBA, and 2,4-
dichrolobenzoic acid (2,4-DCBA). The other products
of PCB transformation, namely, 2-hydroxo-6-oxo-
(chlorophenyl)-hexa-2,4-dienoic acids, were deter-
mined by measuring their absorbance at 390 to 430 nm
using a Perkin-Elmer 402 spectrophotometer [4]. The
dehalogenation of chlorinated substrates by bacteria
cells was studied by analyzing the reaction product of
silver nitrate with the chlorine liberated from the chlo-
rinated substrates into the culture liquid [13]. The

MICROBIOLOGY Vol. 72 No. 6 2003

absorbance of the reaction product (silver chloride) was
measured at 460 nm.

The ability of Microbacterium sp. B51 and Arthro-
bacter sp. H5 to utilize 2,4-DCB was studied either
with washed cells of these bacteria and a concentration
of 2.4'-DCB equal to 0.1 g/l or with amixed culture of
these bacteria and a concentration of 2,4'-DCB equal to
1d/l. Inthelatter case, the mixed culture wasincubated
at 28°C on ashaker (100 rpm) in 250-ml flasks contain-
ing 50 ml of the K1 medium with 2,4'-DCB as the sole
source of carbon and energy.

Colony-forming units (CFU) were determined by
plating serial dilutions onto LB agar.

RESULTS

Strain B51 grown on LB agar produced convex,
pasty, yellow colonies. In young cultures, cells were
thin, irregular rods, sometimes occurring in V-shaped
pairs. In old cultures cells were short rods. The strain
was gram-positive, acid-sensitive, chemoorgan-
otrophic, catalase-positive, oxidase-positive, did not
produce spores, and showed good growth under aerobic
conditions and poor growth under microaerobic condi-
tions. The peptidoglycan was found to contain orni-
thine, alanine, glycine, homoserine, glutamic acid, and
hydroxyglutamic acidsin aproportionof 1.0:1.1:3.0:
0.7 : 0.3: 0.7. Such an amino acid composition is typi-
cal of B2[3 peptidoglycan and hasthusfar been reported
only for bacteria of the genus Microbacterium [17].
The major isoprenoid quinones of the respiratory
chain were found to be menagquinones with a nonhy-
drated 11-unit isoprenoid chain (MQ-11). Based on
these data, the isolate B51 was identified as a Micro-
bacterium sp. [17].

Experiments with washed cells showed that Micro-
bacterium sp. B51 was able to degrade 2-MCB,
4-MCB, 2,2-DCB, 2,4-DCB, 4,4-DCB, 2,4,2-TCB,
and 2,4,4-TCB (table). The incubation of B51 cells
with monochlorinated biphenyls led to the accumula-
tion of the respective chlorobenzoic acids in the
medium. The oxidation of the unsubstituted ring of
2-MCB was accompanied by the formation of 2-CBA
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The degradation of various chlorobiphenyls by Microbacterium sp. B51

Concentration Chlorobenzoic acid produced HOPDA
og |l concer | Ineubtion | of clorine, | posiion [ Corcenvaion |, T
mg/| atom mg/| 0+ nm
2-MCB 94.25 0 ND 2 - - 395 -
5 ND 56.6 + 0.2 72.3 -
24 ND 11.82+0.01 15.1 >0.1
4-MCB 94.25 0 ND 4 - - 434 -
5 ND 31.11+0.08 39.7 >0.1
24 ND 28.31+0.05 36.0 >0.1
2,2-DCB 22.3 0 - 2 - - - -
5 38102 14.13+£ 0.03 90.3 -
24 6.3+0.1 1.65+0.02 10.6 -
2,4-DCB 22.3 0 1.7+05 4 0.96 £ 0.01 6.1 - -
5 27+03 13.66 £ 0.01 87.3 -
24 27+0.2 14.46 £ 0.01 924 -
4,4-DCB 22.3 0 - 4 - - 432 -
5 - 359+ 0.01 230 0.36 £ 0.03
24 - 12.69 + 0.06 81.1 0.75+0.02
2.4,2-TCB 12.8 0 - 2.4 - - - -
5 - — — —
24 - 1.41+0.02 14.8 -
2.4,4-TCB 12.8 0 - 4 - - - -
5 - — — —
24 - 0.70+ 0.08 9.0 -

Note: ND stands for “not determined”. The symbol “~" stands for “
* Percent of the theoretical yield.

in an amount comprising 72.3% of the theoretical yield
(in the course of 5-h incubation). After 24 h of incuba-
tion, the amount of 2-CBA in the medium decreased by
4.8 times (table). During the degradation of 4-MCB, the
amount of 2-CBA accumulated in the medium reached
36—-39% of the theoretical yield.

Strain B51 efficiently degraded DCB molecules
containing one substituent in the ortho or para position
(table). In the incubation medium with 2,2'-DCB, the
product of the meta cleavage of PCB (2-hydroxy-6-
0x0-6-phenylhexa-2,4-dienocic acid, HOPDA) was not
detected, athough 2-CBA and free chlorine ions were
found to be accumulating. After 5 h of incubation, the
amount of 2-CBA in the medium reached 90% of the
theoretical yield. After 24 h of incubation, the amount
of 2-CBA decreased ninefold. Strain B51 degraded
2,4-DCB to 4-CBA. In this case, no HOPDA was
detected in the incubation medium. After 24 h of incu-
bation, the amount of 4-CBA in the medium reached
90% of the theoretical yield. The amount of free chlo-
rine ions accumulated in the medium by the end of the
incubation period corresponded to the complete deha

not detected”.

logenation of one ring of the 2,4-DCB molecule. At the
same time, the degradation of 4,4'-DCB was accompa-
nied by the accumulation of 3,10-chlorinated HOPDA
with A« = 432 nm, which gave yellow color to the
medium [10]. By the end of the incubation period, the
amount of 4-CBA in the medium comprised 81% of the
theoretical yield. Free chlorine ions were not detected
in the medium. Thus, the experiments showed that
strain B51 can efficiently dioxygenize the ortho-chlori-
nated ring of the 2,2-DCB and 2,4'-DCB molecules
and the para-chlorinated ring of the 4,4-DCB mole-
cule.

The analysis of the degradation products of 2,4,2'-
TCB and 2,4,4-TCB revealed the presence of 2,4-
DCBA in the medium (indicating that strain B51
accomplished the oxidation of the mono(ortho)-chlori-
nated ring of 2,4,2'-TCB), aswell as of 4-CBA (indicat-
ing the oxidation of the di(ortho-para)-chlorinated ring
of 2,4,4-TCB).

During the degradation of ortho-chlorinated biphe-
nyls (2-MCB and 2,2'-DCB) by strain B51, the product

MICROBIOLOGY Vol. 72 No.6 2003
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Fig. 2. The degradation of 2,4'-dichlorobiphenyl by Micro-
bacterium sp. B51 and Arthrobacter sp. H5 cells: (1) 4-CBA
and (2) chlorine ions in the medium. The arrows show the
instant of the addition of Arthrobacter sp. H5 célls.

2-CBA wasfound to be utilized (table). Further studies
showed that the strain is able to grow on 2-CBA asthe
sole source of carbon and energy. When cultivated in
medium with 1 g/l 2-CBA for 5 days, the strain
degraded half this amount of 2-CBA with the produc-
tion of free chlorine ions in a stoichiometric amount
(data not presented). At the same time, strain B51 was
unable to utilize 4-CBA.

Thus, Microbacterium sp. B51 is able to transform
para-substituted chlorobiphenyls into 4-CBA but is
unable to utilize this product. It was of interest to study
the degradation of chlorinated biphenyls by strain B51
in the presence of the Arthrobacter sp. strain H5, which
is able to efficiently utilize 4-CBA [16]. For this study,
we chose 2,4'-DCB, which is chlorinated at the para
and ortho positionsin the different rings of the biphenyl
molecule.

Experiments with washed Microbacterium sp. B51
cells showed that they could completely transform
0.19/l 24-DCB to 4-CBA in 24 h (Fig. 2) with the
accumulation of free chlorineionsin the mediumin an
amount comprising about 50% of the theoretical yield.
This finding provided further evidence that the 2,3-
dioxygenation of the ortho-chlorinated ring of the 2,4'-
DCB moleculeisaccompanied by the cleavage of chlo-
rineion in the ortho position. The subsequent addition
of Arthrobacter sp. H5 cells at the 24th hour of incuba-
tion of Microbacterium sp. B51 cells (this instant is
shown by thearrowsin Fig. 2) led to arapid decreasein
the amount of 4-CBA and an increase in the concentra-
tion of chlorine ions. As aresults, in the course of the
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Fig. 3. The degradation of 2,4'-dichlorobiphenyl by amixed
culture of Microbacterium sp. B51 and Arthrobacter sp.
H5: (1) growth of Microbacterium sp. B51; (2) growth of
Arthrobacter sp. H5; (3) chlorineions; (4) 4-CBA; (5) con-
centration of chlorine ions in the absence of Arthrobacter
sp. H5; (6) concentration of 4-CBA in the absence of
Arthrobacter sp. H5. The arrow shows the instant of the
addition of Arthrobacter sp. H5 cells.

next 24 h of incubation, 4-CBA was entirely absent
from the medium, whereas the concentration of chlo-
rineionsreached the maximum possiblelevel (100% of
the theoretical yield). Thus, the mixture of washed
Microbacterium sp. B51 and Arthrobacter sp. H5 cells
completely utilized 0.1 g/l 2,4-DCB in 24 h.

In the next experiment performed under growth con-
ditions, an Arthrobacter sp. H5 culture was added to the
Microbacterium sp. B51 culture after the latter had
been incubated in the medium with 1 g/l 2,4'-DCB for
24 h (Fig. 3). As can be seen from this figure, the trans-
formation of 2,4-DCB by the mixed culture composed
of strain B51 and Arthrobacter sp. H5 was inhibited
neither by the high concentration of 2,4'-DCB nor by
the accumulation of transformation products. By the
end of incubation (82 h), the culture liquid contained
only traces of 4-CBA (lessthan 0.02%), and the amount
of chlorine ions in the medium reached 100% of the
theoretical yield. The specific growth rates of Micro-
bacterium sp. B51 and Arthrobacter sp. H5 in the
mixed culture were 0.19 and 0.12 h™, respectively,
being comparable with the specific growth rates of
these strains in monocultures on the respective sub-
strates. Namely, the specific growth rate of strain B51
on 1 g/l biphenyl was found to be 0.21 h, and that of
Arthrobacter sp. H5 grown on 1 g/l 4-CBA was0.08 h™™.
Thus, the bacteria Microbacterium sp. B51 and Arthro-
bacter sp. H5 do not exert any detrimental effect on
each other when incubated in mixed cultures in the
presence of chlorinated biphenyls.
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DISCUSSION

Microbacterium sp. B51 has a wide substrate speci-
ficity for different ortho- and para-chlorinated biphe-
nyls and is able to completely utilize 2-MCB, 2,2'-
DCB, 2,4-DCB, 4,4-DCB, and 2-CBA. The data pre-
sented in the previous section suggest that strain B51
attacks the ortho-chlorinated ring of the 2,2'-DCB and
2,4-DCB molecules, dioxygenizing it at positions 2
and 3 (Fig. 1). This process resultsin the dechlorination
of dichlorobiphenyls (table, Fig. 2). The accumulation
of 2-CBA in the medium in great amounts and the
absence of the products of the meta cleavage of dichlo-
robiphenyls suggest that strain B51 has a high activity
of HOPDA hydrolase (BphD). Earlier, this activity was
reported for Burkholderia sp. LB400, one of the best
studied degraders of PCBs[3, 7]. It was shown that the
BphA of strain LB400 exhibits dioxygenase activity
towards the 2 and 3 carbon atoms of the ortho-chlori-
nated ring, cleaving achlorine atom, whereas the BphD
of this strain exhibits high hydrolase activity towards
8-chlorinated and 10-chlorinated HOPDA [7, 10].

The analysis of the degradation products of 2,2'-
DCB and 2,4-DCB in strain B51 showed that the PCB-
degrading activity of thisstrain is comparable with that
of Burkholderia sp. LB400. It should be emphasized
that strain B51 surpasses Burkholderia sp. LB400 in
the ability to utilize and grow on 2-CBA (the degrada-
tion product of 2-MCB and 2,2-DCB) as the sole
source of carbon and energy, whereas strain LB400 is
unable to utilize 2-CBA and grows poorly on 2-MCB
and 2,2-DCB, utilizing afragment of these compounds
containing five carbon atoms [12]. To the best of our
knowledge, there are only a few genetically modified
strains that are able to completely metabolize small
amounts of 2-MCB [18, 19].

Furthermore, strain B51 has a unique ability to oxi-
dize both the para- and ortho-chlorinated rings of PCB
molecules, including 4,4-DCB. An analysis of the data
availableintheliterature concerning the substrate spec-
ificity of PCB degraders shows that these degraders can
be divided into two groups: the group of Burkholderia
sp. LB400 and the group of Pseudomonas pseudoal-
caligenes KF707. The members of the first group have
a broad substrate specificity toward ortho- and para-
chlorinated biphenyls, are able to degrade 2,5,2',5'-tet-
raCB, but fail to degrade 4,4'-DCB. The membersof the
second group have a narrow substrate specificity, are
unable to degrade 2,5,2',5-tetraCB, but are able to
degrade 4,4'-DCB [3, 7]. The dataobtained in this study
suggest that the BphA of strain B51 catalyzes the 2,3-
dioxygenation of one of the mono(para)-chlorinated
rings of particular chlorobiphenyls with the production
of 3,10-chlorinated HOPDA. The transformation of
4,4-DCB via this pathway was described for
P. pseudoalcaligenes KF707 and some other strains
capable of degrading di(para)-chlorinated biphenyls
[3]. It should also be noted that the HOPDA hydrolase
of strain B51 is highly active toward 3,10-chlorinated
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HOPDA, producing 4-CBA in amounts reaching 81%
of the theoretical yield. In contrast, the BphD of strain
LB400 is unable to hydrolyze 3,10-chlorinated
HOPDA with the production of 4-CBA [10].

Microbacterium sp. B51 is able to oxidize the
mono(ortho)-chlorinated ring of 2,4,2-TCB and the
di(ortho-para)-chlorinated ring of 2,4,4'-TCB with the
production of chlorobenzoates in small amounts
(table), whereas the products of the meta cleavage of
chlorobiphenyls were not detected. These data suggest
that strain B51 degrades 2,4,2'-TCB and 2,4,4'-TCB in
the same way as does strain LB400, but the primary
enzymatic activities of strain B51 are less specific for
TCBs than are those of strain LB400 [4]. In generd,
Microbacterium sp. B51 isamore efficient degrader of
PCBs than is Burkholderia sp. LB400, because the
former bacterium is able to partially degrade 4,4'-DCB
and to completely degrade 2-MCB and 2,2'-DCB.

L et us compare the 2,4'-DCB—degrading capacity of
the mixed culture of Microbacterium sp. B51 and
Arthrobacter sp. H5 (Fig. 3) with that of the other
mixed cultures described in the literature. The mixed
culture ECO3 made up of Pseudomonas sp CPEL,
which is capable of utilizing biphenyl and 4-MCB,
Pseudomonas sp. CPE2, which can grow on 2-CBA,
and Alcaligenes sp. CPE3, which can grow on 4-CBA,
was found to be able to utilize about 50% of the 2,4'-
DCB initially present in the medium (the final concen-
tration of this compound was 0.08 g/l) with the accu-
mulation of the meta cleavage product of 2,4'-DCB in
the medium [5]. For comparison, the mixed culture of
Microbacterium sp. B51 and Arthrobacter sp. H5
amost completely degraded 2,4'-DCB in 24 h without
accumulating HOPDA in the medium, irrespective of
whether the initial concentration of 2,4-DCB in the
medium was 0.1 or 1 g/l (Figs. 2, 3). In the course of
cultivation on 2,4'-DCB, the other known PCB-degrad-
ing mixed culture (Burkholderia sp. LB400 and the
genetically modified strain Pseudomonas putida mt-2a)
utilized 2,4'-DCB by about 30% in 24 h and almost
completely in 3 days [12]. In this case, the number of
viable cells of both Burkholderia sp. LB400 and
P. putida mt-2aincreased by an order [12], whereasthe
number of viable cells of Microbacterium sp. B51 and
Arthrobacter sp. H5 increased by two and three orders,
respectively (Fig. 3). All this shows that Microbacte-
rium sp. B51 is a promising PCB degrader and can be
used for compiling mixed cultures important for biore-
mediation of PCB-contaminated soils.

To conclude, the isolated strain Microbacterium sp.
B51 isan active PCB degrader, which possesses unique
enzymatic activities providing for the complete utiliza-
tion of 2-MCB and 2,2-DCB. Investigations into the
biochemical and genetic systems controlling the degra-
dation of PCB by this organism are in progress in our
laboratory.
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