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Abstract. The dibenzofuran (DF)-degrading bacterium, Janibacter terrae strain XJ-1, was isolated
from sediment from East Lake in Wuhan, China. This strain grows aerobically on DF as the sole source
of carbon and energy; it has a doubling time of 12 hours at 30�C; and it almost completely degraded
100 mg/L)1 DF in 5 days, producing 2,2¢,3-trihydroxybiphenyl, salicylic acid, gentisic acid, and other
metabolites. The dbdA (DF dioxygenase) gene cluster in the strain is almost identical to that on a large
plasmid in Terrabacter sp. YK3. Unlike Janibacter sp. strain YY-1, XJ-1 accumulates gentisic acid
rather than catechol as a final product of DF degradation.

Polychlorinated dibenzo-p-dioxins (PCDDs) and poly-
chlorinated DF (PCDFs) are ubiquitous environmental
pollutants [3]. Large quantities of dioxins are released
into the environment as unintentional contaminants in
pesticides and herbicides and from incineration pro-
cesses. These hazardous compounds are highly toxic and
persistent in the environment and tend to accumulate in
the body fat of animals. They are widely distributed but
usually at very low concentrations. Physical and chem-
ical treatment procedures seem to be not feasible in the
case of large masses of contaminated soil. Recently,
bioremediation methods have become widely accepted
as an alternative to physical and chemical methods be-
cause they can be applied in situ at a relatively low cost
[9, 12, 22]. There have been no reports on micro-
organisms using PCDDs and PCDFs as the sole source
of carbon and energy for growth. However, after
reductive dehalogenation, some PCDDs and PCDFs can
be transformed into less-halogenated congeners, which
can be used as carbon and energy sources for the growth
of certain microbes. Nonhalogenated dibenzofuran (DF)
has been used as a model compound to study the bio-
degradation of PCDDs and PCDFs. Some bacterial
strains capable of metabolizing DF have been isolated,

and in most cases, the ring cleavage reactions have been
elucidated [2, 5, 6, 11, 23, 24, 28, 29, 32]. Some of
these—such as Sphingomonas sp. strain RW1 [13, 17,
31], Sphingomonas sp. HL7 [6], Rhodococcus opacus
SAO101 [18], and Terrabacter sp. DBF63 [10]—can co-
oxidize slightly chlorinated dibenzodioxin (DD) and DF.
When grown on DF, Terrabacter sp. strains DBF63,
DPO 360, and DPO1361—the latter a heterotypic syn-
onym to Janibacter terrae—produced intermediates
2,2¢,3-trihydroxybiphenyl and salicylic acid by way of
initial dioxygenation by angular dioxygenase [15, 16,
20, 26]. Salicylic acid can be converted to catechol and
gentisic acid [16]. Unlike these strains, Janibacter sp.
strain YY-1 [33] metabolizes DF by way of both angular
and lateral dioxygenation and produces catechol as its
final product.

In this article, we report the isolation and charac-
terization of another DF-degrading J. terrae strain. It is
similar to strain YY-1 in that it metabolizes DF by way
of both angular and lateral dioxygenation, but it pro-
duces gentisic acid instead of catechol as the final
product.

Materials and Methods

Chemicals. DF, salicylic acid, gentisic acid, and the derivatization
reagent, N-methyl-N-trimethylsilyl trifluoroacetamide, were purchasedCorrespondence to: Y. Xu; email: xuying@ihb.ac.cn
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from Sigma-Aldrich. All other chemicals were obtained from Beijing
Chemicals.

Media and growth conditions. The mineral salts medium (MSM)
contained 7 g Na2HPO4Æ12H2O; 2 g KH2PO4; 0.5 g (NH4)2SO4; 0.2 g
MgSO4Æ7H2O; 0.005 g ZnSO4Æ7H2O; 0.0025 g Na2MoO4Æ2H2O; 0.014
g Ca(H2PO4)2; 0.01 g FeSO4Æ6H2O (pH 7.0); and 1 L ddH2O. Solid DF
was added to the sterilized medium at 1 g/L)1. To prepare solid plates,
18 g agar was added to 1 L liquid MSM and autoclaved. The enriched
medium contained 5 g yeast extracts, 10 g tryptone, 10 g NaCl, and 1 L
ddH2O. The bacterium was cultured with 100 mL liquid medium in
500-mL flasks and vigorously shaken (150 to 180 rpm) at 30�C.

Isolation of DF-degrading bacterium. Sediment samples were
collected from East Lake in Wuhan, China. Five grams lake
sediment were added to 50 mL MSM liquid medium supplemented

with DF crystals in a 250-mL flask and shaken at 30�C. Aliquots were
transferred weekly to fresh medium and cultured under the same
conditions until certain microbe(s) grew in the medium (five rounds).
The microbes were then purified by streaking on plates.

Growth rate and degradation of DF. Bacterial growth was
monitored as increasing turbidity at 585 nm after removal of crystal
DF from the culture by filtration with Schleicher sand Schuell
(Germany) grade 597 filter paper. Degradation of DF was tested in
sterilized tubes containing 3 mL cell suspension (optical
density585 = 0.94). DF dissolved in dimethylsulfoxide, 100 mgL)1,
was added to the medium. The test tubes were vigorously shaken at
180 rpm at 30�C. At each sampling point, 3 of the test tubes were taken
from the shaker and stored at )20�C. At the end of the experiment, all
frozen samples were thawed and extracted three times with an equal
volume of methylene chloride, and the DF concentration was
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Fig. 1. Production of salicylic acid and
gentisic acid during degradation of DF by
J. terrae XJ to 1. (A) Degradation of DF.
Closed diamond = J. terrae XJ-1; open
triangle = control (autoclaved cells). (B)
Dynamics of salicylic acid and gentisic acid.
Closed square = salicylic acid; open
circle = gentisic acid.
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determined by gas chromatography (GC). The data were reported as
the means measured from three repeats. The SD of the experiment was
<8%.

Analysis of metabolites derived from DF. Cells were cultured in 100
mL MSM containing 1 g/L)1 DF and spun down by centrifugation.
Metabolites were extracted from the supernatant twice with an equal
volume of ethyl acetate (pH 7.0) (neutral fraction) and once again after
acidification of the aqueous residue to pH 2.0 with 2 mol Æ L)1 N
hydrochloric acid. The organic phases were dried with anhydrous
sodium sulfate, and the solvent was removed by gently blowing with a
stream of nitrogen gas. The extracts obtained were derivatized by N-
methyl-N-trimethylsilyl trifluoroacetamide at 60�C for 1 hour and
analyzed by GC–mass spectrometry (MS).

GC was carried out using an Agilent 6890 GC equipped with an
HP-5 column (length 30 m, inner diameter 0.32 mm, film thickness
0.25 lm) with a flame ionization detector at 300�C. The following
temperature program was used for the detection of DF: 60�C to 180�C
at a rate of 10�C/min)1, then at a rate of 15�C/min)1 to 280�C. The
extracts were measured using an Agilent GC coupled with a 5973 mass
selective detector with HP-5 MS column (length 30 m, inner diameter
0.25 mm, film thickness 0.25 lm). Helium as carrier gas was con-
trolled at a flow rate of 1.0 mL/min)1. The injector was operated in
pulsed splitless mode at a temperature of 250�C. Electron impact
ionization was set at 70 eV. The temperatures of interface, source, and
quadrupole were 280�C, 230�C, and 150�C, respectively. The fol-
lowing temperature program was used for the identification of
metabolites: 80�C for 3 minutes, then 80�C to 290�C at a rate of
5�CÆmin)1.

Polymerase chain reaction and sequencing. Polymerase chain
reaction (PCR) consisted of initial denaturation at 94�C for 5
minutes and 30 cycles of the following: 94�C for 1 minute, 60�C for
1 minute, 72�C for 1 minute, and a final extension at 72�C for 5
minutes. The 16S rDNA was amplified by PCR using primers EubA (5¢
AAGGAGGTGATCCANCCRCA 3¢) and EubB (5¢ AGAGTTTGA
TCMTGGCTCAG 3¢) [21], A 1.06-kb fragment of the dbdA region
was amplified using primers DBF-seq1 (5¢ GCAGTCTGTACCGA
CGCT 3¢) and DBF-28 (5¢ GAGTGCGACGGGATGGAC 3¢).
Sequencing of these DNA fragments was performed at BioAsia
Biotech (Shanghai). The PCR products were purified with a glass milk
kit (MBI, Lithuania). The NCBI GenBank accession numbers for 16S
rDNA and the dbdA region are AY769994 and DQ086214,
respectively.

Construction of the phylogenetic tree. Multiple alignments of 16S
rDNA sequences were performed using ClustalX [30] and SeaView
alignment editor [8]. Aligned sequences were analyzed using the
neighbor-joining method [25] assisted by MEGA version 2.1 [19].

Sequence divergences between species pairs were calculated using the
uncorrected p-distance model. Branch support was assessed using
1,000 bootstrap replicates [4]. 16S rDNA sequences of J. brevis
DSM13953T, J. terrae CS12T, Terrabacter sp. DPO1361, Janibacter
sp. YY-1, Terrabacter sp. YK3, and Oerskovia jenensis DSM 46097
were retrieved from the National Center for Biotechnology Information
GenBank under accession numbers AJ310085, AF176948, Y08853,
AB089480, AB070459, and AJ314850, respectively.

Results

Isolation and characterization of DF-degrading
bacterium. The bacterium XJ-1 was isolated from
lake sediment by enrichment cultures with DF as the
sole source of carbon and energy and purified by picking
up single colonies on agar plates. In MSM containing 1
g L)1 DF, this strain grew rapidly at 30�C, with a
doubling time of 12.0 hours; it released certain orange
substance(s) with maximal absorption at 324, 462, and
583 nm. After 120 hours, 100 mg L)1 DF was almost
completely degraded by the bacterium (Fig. 1). The
sequence of 16S rDNA showed that this bacterium is
closely related to J. brevis strain DSM13953T, J. terrae
CS12T, and Terrabacter sp. strain DPO1361, differing
by only 1 or 2 of <1480 bases. J. brevis and Terrabacter
sp. strain DPO1361 have been proposed to be the
heterotypic synonym to J. terrae [20]. The similarity of
16S rDNA sequence supports the assignment of the
strain XJ-1 to the genus Janibacter as a strain of the
species J. terrae. Janibacter sp. YY-1 is a DF-degrading
strain that produces catechol as the final product.
Compared with YY-1, there are 36 substitutions or
deletions and insertions of 1516 bases in the 16S rDNA
of strain XJ-1. Fig. 2 shows a phylogenetic analysis of
strain XJ-1 and other DF-degrading Janibacter and
Terrabacter strains.

Because dbdA genes are found in many DF-
degrading actinomycetes, we used a pair of PCR prim-
ers, DBF-seq1 and DBF-28, to detect the presence of the
dbdA gene cluster, resulting in a 1.06-kb DNA fragment.
Sequencing of this fragment showed almost identical
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Fig. 2. Phylogenetic relations of J. terraeXJ-1
and related strains inferred from 16S rDNA
sequences. The phylogenetic tree was
constructed using neighbor-joining method.
Numbers above the branches are the percentage
of 1,000 bootstrap replicates (>50%). XJ-
1 = J. terrae XJ-1; DSM 13953T = J. brevis
DSM 13953T; CS12T = J. terrae CS12T;
DPO 1361 = Terrabacter sp. DPO 1361;
YY-1 = Janibacter sp. YY = 1;
YK3 = Terrabacter sp. YK3; DSM
46097 = Oerskovia jenensis DSM 46097
(outgroup).
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Fig. 3. GC-MS chromatogram. (I) TMS derivatives of acidified ethyl acetate extracts from growing cell cultures incubated with DF. C = 2-
hydroxy-6-(2¢-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid; D = 2-oxo-6-(2¢-hydroxyphenyl)-6-hydroxy-3,5-hexadienoic acid; E = 3-(chroman-4-
on-2-yl) pyruvate; H = salicylic acid; I = gentisic acid. (II) Neutral ethyl acetate extracts from cells grown on DF. A = DF; B = 2,2¢,3-tri-
hydroxybiphenyl; F = 1,2-dihydroxy-1,2-dihydrobenzofuran; G = 2-hydroxy-dibenzofuran.
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sequence to dbdA1 (3¢ end)-dbdA2-dbdA3 (5¢ end) on a
large plasmid of Terrabacter YK3 [14], except for a G >
C substitution at nt.103 of dbdA3. By growing it in a rich
medium at high temperature, the DF-degrading capa-
bility and the dbdA cluster could be removed from the
strain XJ-1 (T. Zhu, unpublished data), which suggests
that it should also be plasmid borne.

Metabolites produced on degradation of DF by the
bacterium. GC-MS analysis of the extracts showed
many peaks of metabolites (Fig. 3). We identified some
of them by comparing their mass spectra with those of
authentic compounds and documented data from the
National Institute of Standards and Technology library.
Metabolites C, D, E, H, and I in the acidic extract of the

growing cell culture were identified as (1) 2-hydroxy-6-
(2¢-hydroxyphenyol)-6-oxo-2,4-hexadienoic acid (trimet-
hylsilyl [TMS] derivative mass spectrum [m/z]: 450,
435, 407, 333, 257, 147, 73), (2) 2-oxo-6-(2¢-
hydroxyphenyl)-6-hydroxy-3,5-hexadienoic acid (TMS
derivative mass spectrum [m/z]: 450, 435, 407, 333,
317, 147, 73), (3) 3-(chroman-4-on-2-yl) pyruvate (TMS
derivative mass spectrum [m/z]: 378, 363, 293, 261,
245, 193, 171, 147, 73), (4) salicylic acid, and (5)
gentisic acid, respectively (Fig. 3I). Metabolites B, G,
and F in the neutral extract were identified as (1) 2,2¢,3-
trihydroxybiphenyl, (2) 2-hydroxydibenzofuran, and
(3) 1,2-dihydroxy-1,2-dihydrobenzofuran, respectively
(Fig. 3II). Salicylic acid and gentisic acid were
accumulated during incubation of strain XJ-1 with DF
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Fig. 4. Proposed metabolic pathways of DF by J. terrae XJ-1.
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(Fig. 1). The metabolites produced from degradation of
DF by the bacterium were not found in the control using
autoclaved cells. Based on the identified metabolites and
the previously reported DF-degrading pathway [33], we
propose DF-metabolic pathways in the strain XJ-1
(Fig. 4).

Discussion

In the present study, DF-utilizing strain XJ-1 was isolated
from lake sediment and identified as J. terrae based on its
16S rDNA sequence. Like otherDF-degrading bacteria, J.
terrae XJ-1 may be used to enhance the degradation or
cometabolisation of PCDDs and PCDFs and other related
compounds. The strain XJ-1, growing on DF as the sole
source of carbon and energy, produced 2,2¢,3-tri-
hydroxybiphenyl, 2-hydroxy-6-(2¢-hydroxyphenyl)-6-
oxo-2,4-hexadienoic acid, 3-(chroman-4-on-2-yl) pyru-
vate, and salicylic acid as intermediate and gentisic acid as
final products. In this route, the degradation starts with
4,4a-dioxygenation of DF to produce 2,2¢,3-tri-
hydroxybiphenyl, which is metacleaved and converted to
2-hydroxy-6-(2¢-hydroxyphenyl)-6-oxo-2,4-hexadienoic
acid. The latter product is then converted into salicylic
acid by spontaneous fission of the hemiacetal bond, meta
fission, and hydrolysis. Salicylic acid is further converted
to gentisic acid.

However, on the basis of detection of 1,2-dihydr-
oxy-1,2-dihydrodibenzofuran, we postulate that there is
another subordinate route by way of lateral dioxygen-
ation at the 1,2-carbon atom position: 1,2-dihydroxy-
1,2-dihydrodibenzofuran is converted to 2-hydrox-
ydibenzofuran and 1,2-dihydroxydibenzofuran by way
of spontaneous conversion, and 1,2-dihydroxydibenzofu-
ran is further converted to salicylic acid. This pathway is
analogous to that of cometabolic degradation of DF by
biphenyl-utilizing bacteria [1, 27]. Because only traces
of metabolites of the lateral dioxygenation pathway
were detected, this route could be either minor in the
metabolism of DF, or it may proceed much more rapidly
so that intermediates do not accumulate. There have
been a few reports on transformation of DF by both
angular and lateral dioxygenation in other bacteria [7].
Janibacter strains YY-1 [33] and XJ-1 also use both
pathways. However, strain XJ-1 highly accumulates
gentisic acid instead of catechol in the final products.
Compared with YY-1 and those DF-degrading Janib-
acter and Terrabacter strains isolated from Europe [20,
26], XJ-1 is more similar to YY-1 in the DF-metabo-
lizing pathway and to European strains in the 16S rDNA
sequence. It has been found that DF-degrading genes are
dispersed on both chromosomal and extrachromosomal
DNA. The dbdA gene cluster is located on a large

plasmid in Terrabacter sp. YK3 [14]. Between XJ-1 and
YK3, there are 26 substitutions or deletions and inser-
tions of 1486 bases in 16S rDNA, but only 1 of 1061
bases in the dbdA region, which strongly suggests a
lateral transfer, probably by way of transmission of the
large plasmid, between bacteria.
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