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Abstract An alkalotolerant Pseudomonas strain was
enriched and isolated from eZuent of the pulp and paper
industry. This strain was able to degrade dibenzofuran and
utilize it as a sole source of energy and carbon. The GC–
MS based detection of various intermediary metabolites of
biodegradation suggested the involvement of angular as
well as lateral pathway of dibenzofuran biodegradation.
The GC–MS based detection of various intermediary
metabolites of biodegradation suggested the involvement of
angular as well as lateral pathway of dibenzofuran biodeg-
radation. This diverse dioxygenation property of the strain
allowed it to utilize various recalcitrant chlorinated xenobi-
otics and PAHs compounds. This strain showed optimum
utilization (»85%) of dibenzofuran (200 mg l¡1) within
36 h at pH 10 at 40°C. The growth of the strain was sup-
ported by a wide range of environmental conditions such as
temperature, pH, and concentration of dibenzofuran, sug-
gesting that it can be used for in situ bioremediation of
dioxin-like compound.

Keywords Alkalotolerant · Biodegradation · 
Dibenzofuran · GC–MS · Pseudomonas sp. strain ISTDF1

Introduction

Dioxins belong to a family of chlorinated biphenyl ethers
that is known to be one of the most toxic groups of persis-
tent organic pollutants (POPs), with carcinogenic, immuno-
suppressive, endocrine disruptive, and teratogenic
properties [2, 9, 22]. Dioxins are formed as by-products of
various industrial and municipal activities. EZuent from
the pulp and paper industry is known to be one of the major
sources for dioxin contamination [3, 19, 31]. Dioxins are
recalcitrant to degradation because of their planar structure,
strong sorption with soil, and their acute hydrophobic
nature [24]. The highly alkaline nature of the eZuent,
which allows very limited microbial growth, limits the bio-
degradation process [11].

Therefore, it necessitates the search for alkalotolerant
bacterial strains for biodegradation of dioxin. Dibenzofuran
has been used as a model compound for the degradation of
dioxin-like compounds. Many bacterial strains have already
been isolated, characterized, and evaluated for degradation
of dibenzofuran such as Cunninghamella elegans [5], Pseu-
domonas sp. strain HH69 [6], Brevibacterium sp. strain
DPO 1361 [30], Sphingomonas sp. strain RW1 [35], Pseu-
domonas aeruginosa and Xanthomonas maltophilia [14],
Pseudomonas putida PH-01 [10], and Terrabacter sp.
strain YK3 [12].

Despite the prerequisite condition, no alkalotolerant bac-
terial strain has been well explored for in situ bioremedia-
tion of dioxin-like compounds in the eZuent like that from
pulp and paper. Dibenzofurans are metabolized through
two diVerent modes of initial dioxygenation: angular dioxy-
genation and lateral dioxygenation. In angular dioxygen-
ation, cis-dihydroxylation takes place at the 4,4a-position
of dibenzofuran and its carbon–oxygen (C–O) bond is
broken, aerobically forming unstable phenolic hemiacetal
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which results in the formation of 2,2�,3-trihydroxybiphenyl
as the Wrst stable intermediate metabolite [6, 8, 14, 25, 27,
28, 30, 35]. The cleavage of 2,2�,3-trihydroxybiphenyl
leads to the formation of 2-hydroxy-6-(2-hydroxyphenyl)-
6-oxo-2,4-hexadienoic acid. This intermediary metabolite
was oxidized and the carbon–carbon bond was cleavaged
and salicylic acid and 2-hydroxypenta-2,4-dienoic acid
were formed [18]. Catechol was formed from the hydroly-
sis of salicylic acid and its further dihydroxylation leads to
the formation of cis–muconoate that absorbed the tricorb-
oxylic cycle [6]. In lateral dioxygenation, carbon–carbon
(C–C) bonds are dihydroxylated at C1–C2 and C3–C4 posi-
tions of dibenzofuran and generate three dihydro-dihy-
droxy-dibenzofuran isomers as lateral dioxygenation.

Some naphthalene and biphenyl metabolizing-bacteria
have been reported for the metabolism of dibenzofuran
through both angular and lateral degradation pathways [23].
However, any detailed characterization of alkalotolerant
bacteria for degradation of dibenzofuran are yet to be
reported.

Therefore, the objectives of the present study were to
isolate and characterize an alkalotolerant bacterium from
the native bacterial community from pulp and paper indus-
trial waste and investigate the degradation pathway, includ-
ing the study of some factors aVecting the biodegradation
of dibenzofuran.

Materials and methods

Chemicals

Dibenzofuran and N, O-bis(trimethyl-silyl)triXuroaceta-
mide (BSTFA) were procured from Sigma-Aldrich. All sol-
vents and other chemicals (GC–MS grade) were purchased
from Merck, India.

Sampling site and environmental sample

Sludge and sediment sample was collected from Century
Pulp and Paper Mill, Lalkua, Nainital, Uttaranchal, India
(29° 24� N, 79° 28� E). The eZuent discharging canals in
the premises of the industry were selected as sampling
site.

Enrichment of microorganisms

A chemostat culture was set in a 2-l glass vessel, eVective
volume 1 l, with culture condition as stirring at 150 rpm;
temperature at 30°C; and pH 10 in the mineral salt medium
(MSM). The composition of MSM (g l¡1) was: Na2CO3, 4;
Na2HPO4·2H2O, 7.8; KH2PO4, 6.8; MgSO4, 0.2, ammo-
nium ferric acetate, 0.01; Ca(NO3)2.4H2O, 0.05; NaNO3,

0.085, trace element solution with dibenzofuran
(100 mg l¡1) as described [15, 33, 34]. The dibenzofuran
was dissolved with DMSO (100 mM) in MSM [7]. The
eZuent (50 ml) of the pulp and paper industry containing
bacterial cells populations was served as inoculums in the
chemostat.

After of stabilization of growth pattern, 100 �l of the
bacterial community was poured into an MSM agar plate
with dibenzofuran (100 mg l¡1) as described by Thakur
[33]. Only two types of bacterial colony had appeared after
12 h. Both bacterial strains were tested for dibenzofuran
degradation from pH 6 to 11 in MSM. The culture medium
was removed after 0, 6, 12, 18, 24, and 30 h for determining
the growth pattern and utilization of dibenzofuran. The
growth patterns of both bacterial strains were taken at O.D.
at 595 nm with a spectrophotometer (Cary, 100 Bio, Varian
Co, Australia) from pH 6 to 11 as described by Fortnagel
et al. [6]. One of the two bacterial strains, ‘ISTDF1’, sur-
vived in the given pH range without losing its degradation
ability of dibenzofuran, which indicated alkalotolerant abil-
ity. Therefore, this strain was selected for further study.

Morphological and biochemical properties

The morphologically distinct isolates were identiWed by
morphological, physiological, and chemo-taxonomical
properties in accordance with Bergy’s Manual of Determi-
native Bacteriology [26]. For morphology of bacterial
strain, bacterial colony was picked and Wxed with buVer
containing glutaraldehyde for scanning electron micros-
copy (SEM). After Wxation, sample was dehydrated by
gradually increasing ethanol percentage starting from 30,
50, and 90% for 10 min each and in absolute ethanol for
24 h. Samples were vacuum-dried followed by gold shad-
owing. The sample was observed under SEM.

Growth on recalcitrant aromatic pollutant

Bacterial growth was qualitatively tested over important
recalcitrant chlorinated aromatic pollutant such as naphtha-
lene, carbazole, dibenzothiophene, benzo(�)pyrene, Xuo-
rene, 2, 4-D and pentachlorophenol as a sole carbon source
in MSM agar plates with 1 mM concentration at pH 10.

IdentiWcation of bacteria by 16S rRNA gene

The individual colony was picked up and puriWed, and cul-
tured on mineral salt medium having dibenzofuran (1 mM)
as the sole carbon source. Genomic DNA from the bacterial
strain showing degradation potential was isolated with the
Genome DNA Kit (Qiagen Inc., USA) as described by
the manufacturer. The 16S rRNA gene was ampliWed
from genomic DNA by using PCR with universal primers
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5�-GAGAGTTTGATCCTGGCTCAG–3� (forward) and
5�-CTACGGCT ACCTTGTTACGA-3� (reverse) [30].
PCR ampliWcation was done using primer with a DNA ther-
mal cycler under the following conditions: 10–20 ng tem-
plate DNA, 5 �l 10£ reaction buVer, 2.5 U Taq DNA
polymerase, 1 �M forward primer, 1 �M reverse primer,
200 �M of each dNTP and H2O combined in a total volume
of 50 �l. The tubes were incubated at 94°C for 5 min and
then subjected to the following thermal cycling program:
denaturation at 94°C for 2 min, primer annealing at 55°C
for 2 min, and chain extension at 72°C for 2 min with an
additional extension time of 10 min on the Wnal cycle, for a
total of 30 cycles. The ampliWed DNA was puriWed using
Qiaquick PCR PuriWcation Kit (Qiagen Inc., USA),
adjusted to 200 ng �l¡1 and cloned in the pDrive (Qiagen
Inc., USA) and sent to the M/S Bangalore Genei for
sequencing. Sequenced data was compared and analyzed
with the existing database of GenBank, National Center for
Biotechnology Information. A phylogenetic tree was drawn
on the basis of the sequences. A bootstrap consensus tree
(1,000 copies) was drawn by multiple sequence alignment
with Neighbor-Joining method using software Mega, ver-
sion 3.1 with diVerent species of bacteria [20].

Utilization of dibenzofuran

All studies were carried out containing aerobic conditions
and batch cultivation with initial inoculum 0.3 O.D. at
595 nm containing mineral salt medium and dibenzofuran
(100 g l¡1) dissolved in dimethyl sulfoxide (100 mM) at
pH 10 in a 500-ml Xask. The culture supernatants (25 ml)
were collected after diVerent time intervals at 0, 6, 12, 18,
24, 30, and 36 h. The bacterial cells were removed by cen-
trifugation at 8,000£g for 10 min. The culture medium
was extracted with double volume ethyl acetate, followed
by acidiWcation with 6 N HCl to approximately pH 2.0 as
described by Iida et al. [12]. The organic phase (extract)
was separated by a separating funnel, and the extract was
Wnally concentrated on a rotary evaporator. Ethyl acetate
was evaporated and the residue was re-dissolved in 100 �l
of acetonitrile. The concentration of dibenzofuran was
identiWed by using gas chromatography (GC) (GC-Per-
kin-Elmer Instruments Model Auto System XL) equipped
with a capillary column DB5 (dimension 0.25-mm Wlm
thickness £ 0.25-mm internal diameter £ 30 m in
length). One microliter of each extract was analyzed by
GC at condition (splitless mode; initial temperature 80°C
for 1.5 min; temperature increased 80–230°C at a rate of
20°C min¡1 and 230–250°C and kept it at 250°C for
4.5 min) [12]. The concentration was derived from a stan-
dard plot between peak area and concentration of diben-
zofuran as shown with GC with Xame ionizing detector
(FID).

Elucidation of biodegradation pathways for dibenzofuran

Pathways were elucidated based on the intermediary metabo-
lites. For metabolite identiWcation, the extracted metabolites
formed as described above after degradation of dibenzofuran
were derivatized as described by Iida et al. [12]. In brief,
derivatization of extracted metabolite was done by adding
10 �l of bis-(trimethylsilyl) triXuoroacetamide (BSTFA) and
put in air-tight glass tubes of 3 ml at 70°C for 45 min.
Metabolites were derivatized to prevent binding of free
hydroxyl group of metabolites with the column.

Intermediate metabolites of dibenzofuran were identiWed
by using gas chromatography-mass spectroscopy (GC-MS)
(Varian) in the same condition as descried above. The
metabolites were identiWed by fragmentation pattern and
compared with the inbuilt standard chemical library system
in GC-MS.

Statistical analysis

Normality test, equal variance test, and multiple comparisons
versus control group (Holm-Sidak method) were performed
for level of signiWcance in biodegradation experiments using
the statistical package SigmaPlot 11.0. All Samples were
taken in triplicate and expressed as mean with standard devi-
ation (§5%). For optimization experiments, single-factor
ANOVA was performed in Microsoft™ Excel, 2003.

Results

Enrichment, isolation, and characterization 
of alkalotolerant bacterium

When the eZuent was directly poured on at neutral pH on
an LB agar plate with 10¡3 serial dilution, 14 types of mor-
phological diVerent strains were found. Whereas, in DF-
enrichment cultures (with added eZuent), only two types of
strain survived, designated as ‘ISTDF’ and ‘ISTDF1’. The
bacterium ‘ISTDF1’ was found to have better degradation
capability versus the bacterium ‘ISTDF’. Therefore, the
former was selected for further analysis. The bacterium
‘ISTDF1’, showed substrate-dependent growth over diben-
zofuran and it degraded dibenzofuran (100 mg) almost
completely within 30 h at pH 10 and 40°C (Fig. 1).

Morphological, biochemical, and growth properties 
of alkalotolerant bacterium

The colony of bacterium ISTDF1 obtained from chemostat
enriched at pH 10 was cultured on MSM containing diben-
zofuran and its colony was found to be yellow in color,
smooth, convex, and opaque. From biochemical testing, it
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was conWrmed that this strain was Gram-negative, oxidase-
positive, catalase-positive, indole-negative, urease-negative
and citrate-positive. The size and shape of the cells was
determined by scanning electron microscopy. The size of
the bacterial cell was about 1 �m £ 0.4 �m (Fig. 2). Cells
were elongated and rod-shaped. This bacteria showed
growth over important recalcitrant chlorinated aromatic
compounds as well as some important PAHs such as naph-
thalene, carbazole, dibenzothiophene, benzo(�)pyrene,
Xuorene, 2, 4-D, pentachlorophenol as the sole carbon
source with 1 mM concentration in MSM agar plates after
12 h as has been given (Table 1).

16S rDNA-based identiWcation of dibenzofuran-degrading 
alkalotolerant bacterium

16S ribosomal gene sequence of bacterium ISTDF1 was
compared with the sequence of already reported strains, and

a phylogeny tree was constructed by MEGA 3.1 (Fig. 3).
BLAST search (http://ncbi.nlm.nih.gov/blast.cgi) of the
sequences of the present study showed maximum homol-
ogy with Pseudomonas aeruginosa L-4 [accession number
EU170480]. Finally, it was characterized and designated as
Pseudomonas sp. strain ISTDF1. Sequence (accession
number EU834943) was submitted to Genbank (N.C.B.I.).
As the dendogram reXects, strain ISTDF1 showed its close
relatedness with Pseudomonas resinovorans [accession
number AB088750], a well-known dibenzofuran-degrading
bacterium DBF-MAK [accession number AB086228].

Optimum growth condition of bacterium 
for biodegradation of dibenzofuran

The growth conditions were optimized with diVerent
parameters such as diVerent concentration of dibenzofuran,
pH, and temperature. Results indicated that the strain IST-
DF1 was a mesophilic bacterium because it showed signiW-
cant metabolic activity from temperature range of 25–40°C.
The data of the study indicated that degradation activity
gradually increased from 25 to 40°C but beyond 40°C, the
degradation was drastically reduced. The maximum and
optimal temperature was 40°C as strain ISTDF1 degraded
dibenzofuran (100 mg l¡1) completely as a carbon source
within diVerent time intervals (Fig. 4).

The eVect of pH was also identiWed as an inXuencing
factor for the biodegradation process of dibenzofuran. The
initial pH was set from 6 to 11. Strain ISTDF1 showed its
maximum growth and degradation at pH 10 (Fig. 5). Degra-
dation was gradually increased from pH 6 to 12. Beyond
initial pH 10, strain ISTDF1 had shown a sharp decline in
growth and hence the reduced degradation of dibenzofuran
was detected. No bacterial growth and survival were
observed lower than pH 6 and higher than pH 12.

Fig. 1 Growth of Pseudomonas sp. strain ISTDF1 for degradation of
dibenzofuran (100 mg l¡1) as the sole carbon source in mineral salt
medium in shake Xask culture at pH 10 and 40°C. Values are means of
three replicates § standard deviations
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Fig. 2 Scanning electron micrograph (SEM) of Pseudomonas sp.
strain ISTDF1. Scale represents 200 nm

Table 1 Comparative growth properties on diVerent carbon sources
by Pseudomonas sp. strain ISTDF1

Symbol ‘+’ indicates the number of colonies visibly apparent
a Qualitative assessment of the ability of strain ISTDF1 to grow on
MSM agar plate with diVerent aromatic pollutants with 1 mM as the
sole carbon source after 12 h of incubation at 25°C

Aromatic pollutants Qualitative growtha

Naphthalene ++

Carbazole ++++

Dibenzothiophene ++++

Benzo(�)pyrene +++

Fluorene +++

Phthalate ++

2, 4 D +++

Pentachlorophenol +++
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DiVerent concentrations of DF were tested in Xask
culture containing minimal salt medium for utilization
potency of bacterium. Statistical analysis was attached as

supplementary information. In this analysis, group compar-
ison test indicated that in 150, 200, and 250 mg of dibenzo-
furan the p value was <0.001, whereas the p value was 0.04
for 100 mg. At p < 0.050, all treated samples were found to
be signiWcant. Pseudomonas sp. strain ISTDF1 showed
maximum degradation at 85% of 200 mg l¡1 DF within
36 h (Fig. 6). The variance of strain ISTDF1-treated diben-
zofuran (200 mg) was found to be higher than 50, 100, 150,
and 250 mg of dibenzofuran indicating the 200 mg was the
optimum concentration for degradation. The F value (9.2)
is greater than Fcrit (2.4) and p value (9.91 £ 10¡06) was
very near zero, indicating the level of degradation of diben-
zofuran by the strain ISTDF1 was signiWcant.

The result of the study indicated utilization of most of
the dibenzofuran in lower concentration of dibenzofuran
(50 mg l¡1) at 24 h. Strain ISTDF1 took a longer time for
degradation of dibenzofuran once the concentration was
increased (more than 100 mg l¡1). In absence of bacterial
inoculum, almost no degradation of dibenzofuran

Fig. 3 16S rDNA-based phylo-
genetic identiWcation of diben-
zofuran-degrading 
alkalotolerant bacterium. The 
sequence of strain ISTDF1 is 
represented as strain ISTDF1 
[EU834943], which character-
ized as Pseudomonas sp. strain 
ISTDF1
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Fig. 4 EVect of temperature on biodegradation of DF by Pseudomo-
nas sp. strain ISTDF1. The values are means of three
replicates § standard deviations
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(50 mg l¡1) was observed. Initially, the degradation rate
was found to be higher with increasing concentration of
dibenzofuran, which gradually declined with time. Strain
ISTDF1 demonstrated an extended lag phase, resulting in
slower degradation, probably because of the toxicity due to
accumulated intermediary metabolites (data not shown).

Intermediate metabolites and proposed degradation 
pathway of dibenzofuran

The metabolites were extracted from MSM and elsewhere
characterized by using gas chromatography-mass spectros-
copy. Degradation of dibenzofuran was not observed after
extraction and analysis of metabolites in the MSM without
bacteria. The metabolites extracted and analyzed from cul-
ture broth of bacterial strains (Pseudomonas sp. strain IST-
DF1) indicated several dominant peaks which were
identiWed by fragmentation patterns generated by mass
spectroscopy. Fragmentation patterns were matched with a
built-in molecule library. The results indicated that diben-
zofuran was degraded and produced many and diverse
intermediary metabolites. These intermediary metabolites
were identiWed by mass-to-charge fragmentation pattern
and their relative intensities as identiWed and described ear-
lier [6, 16, 20, 27].

Metabolites were identiWed as 2-hydroxy-6-(2-hydroxy-
phenyl)-6-oxo-2,4 hexadienoic acid or 2�-OH-HOPDA (C)
at RT 18.248 min., gentisic acid (E) at RT 8.945 min., cate-
chol (F) at RT 6.643 min., 2-(1-carbonyl methylidine)-2,
3-dihydrobenzofuranlidene at RT 24.941 min. and
2�hydroxy-4-(3�-oxo-3�H-benzofuran-2�-yliden)but-2-enoic
acid or 3�-HOBB at RT 19.167 min as shown in Table 2.
From various metabolites, 2-OH-HOPDA, gentisic acid,

catechol are representative metabolites of angular dioxy-
genation, whereas 3�-HOBB and 2-(1-carbonyl methyli-
dine)-2,3-dihydrobenzofuranlidene are signature metabolites
of lateral metabolites (Table 2). Interestingly, this data indi-
cated the involvement of both pathways in the same strain.
On the basis of intermediary metabolites, pathways for deg-
radation of dibenzofuran were proposed (Fig. 7).

Time-dependent formation of diVerent metabolites was
analyzed (Fig. 8). In the Wrst 6 h, the signature metabolite
for angular (C4–C4a hydroxylation) and lateral metabolites

Fig. 7 Proposed metabolic pathway for degradation of dibenzofuran
by Pseudomonas sp. strain ISTDF1

Table 2 DiVerent metabolites detected in GC-MS after degradation of dibenzofuran by Pseudomonas sp. Strain ISTDF1 at pH 10 as indicated in
Fig. 7

a 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4 hexadienoic acid
b 2�hydroxy-4-(3�-oxo-3�H-benzofuran-2�-yliden)but-2-enoic acid
c  In minutes
d Fragmentation pattern shown in terms of mass and charge ratio (m/z) with their relative intensity in percentage of diVerent metabolites shown in
‘()’ as detected by GC-MS

Metabolites Compound Retention 
timec

Molecular 
weight

Fragmentation patternd References

A Dibenzofuran 10.115 168 168(100), 139(65), 94(25) [27]

CC 2-OH-HOPDAa 18.248 450 (silylated) 450(15), 435(12) 407(7), 333(100), 257(17), 
147(52), 73(40)

[16, 20]

E Gentisic acid 8.945 370 (silylated) 370(32), 282(48), 194(14), 106(23), 73(100) [6, 16]

F Catechol 6.643 254 (silylated) 254(40), 166(75), 94(37), 73(100) [27]

B 2-(1-carbonyl methylidine)-2,
3-dihydrobenzofuranlidene

24.941 464 (silylated) 464(12), 376(25), 259(100), 147(15), 73(30) [20]

D 3�-HOBBb 19.167 376 (silylated) 376(10), 364(25), 333(10), 259(100), 
203(25), 147(45)

[20]
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(C1–C2 hydroxylation) were detected to be 2�-OH-
HOPDA and 3�-HOBB. At 12 -h formation 2-(1-carbonyl
methylidine)-2,3-dihydrobenzofuranlidene was detected,
which indicated the involvement of lateral degradation at
C3–C4 hydroxylation in dibenzofuran. Various metabolites
of lower pathways of degradation such as gentisic acid and
catechol were also detected, which increase with time ini-
tially and decrease after 24 h, indicating the complete deg-
radation of dibenzofuran.

Discussion

The pulp and paper industry is known as one of the impor-
tant polluting sources for one of the most recalcitrant
compounds—dioxin [4, 32]. Only a few bacteria have
been reported so far that can grow directly on chlorinated
dioxins such as Sphingomonas sp. strain. RW1 and
recently reported Pseudomonas veronii PH-03 were
already reported to grow on chlorinated dioxin. However,
growth on 1,2,3,4-tetrachlorodibenzo-p-dioxin of strain
PH-03 was shown to be poor, presumably due to the pro-
duction of a toxic metabolite, 3,4,5,6-tetrachlorocatechol
[10, 35].

One of the biggest challenges for in situ bioremedia-
tion of dioxin-like compounds is the highly alkaline
nature of its eZuent. As the eZuent of the pulp and paper
industry contains high organic load with toxic and recalci-
trant compounds in alkaline condition, so it was very
likely to get native bacterial strain/s which would be use-
ful for dioxin degradation [13]. In the present study, an
alkalotolerant bacterium was isolated after continuous
enrichment having the capability to degrade dibenzofuran
in alkaline condition.

For degradation of dioxin-like compounds, pH, tempera-
ture, and concentration of dibenzofuran are among most
important abiotic parameters [1, 16, 17]. Therefore, we had
taken these parameters for optimization after stabilizing the
community at pH 10 as shown in Figs. 4, 5, and 6. The
strain ISTDF1 showed the most statistically signiWcant
degradation of dibenzofuran (200 mg l¡1) in 36 h at pH 10
at 40°C, which is quite comparable with previously
reported strains such as Pseudomonas sp. strain HH69 [6],
Sphingomonas sp. strain RW1 [35], and Terrabacter sp.
strain YK3 [12].

This strain also showed growth over important aromatic
pollutants such as naphthalene, carbazole, dibenzothio-
phene, benzo(�)pyrene, Xuorene, and halogenated pollu-
tants such as 2, 4-D, pentachlorophenol, as shown in
Table 1. This suggested that the strain might have a very
robust system for degradation of aromatic pollutant, which
needs to be explored. The biochemical properties (Gram-
negative, oxidase-positive, catalase-positive, indole-negative,
urease-negative, and citrate-positive) of elongated and
rod-shaped strain ISTDF1 indicated the similarity with
Pseudomonas sp. as shown in Fig. 2.

16S ribosomal DNA-based characterization of strain IST-
DF1 appears to be closely related to Pseudomonas and show-
ing close homology of 98% to Pseudomonas aeruginosa L-4
[accession number EU170480], which was already reported
for biodegradation of aromatic pollutant. Strain ISTDF1 has
also been shown to be closely related to previously known
dibenzofuran degrading bacteria such as Pseudomonas
resinovorans [AB088750], dibenzofuran-degrading bacte-
rium DBF-MAK [AB086228], carbazole-degrading bacte-
rium CAR-SF [AB086227], and biphenyl-degrading
bacterium BP-PH [AB086226], as shown in Fig. 3. How-
ever, further characterization up to the species level of Pseu-
domonas sp. strain ISTDF1 will be done by fatty acid methyl
ester (FAME) composition analysis. It is already known that
Pseudomonas sp. are among the most diverse and can metab-
olize a wide range of xenobiotic compounds [29].

The catabolic pathway for degradation of dibenzofuran
has been studied thoroughly in various microorganisms
such as Pseudomonas sp. strain HH69 [6], Sphingomonas
sp. strain RW1 [31], and Terrabacter sp. strain YK3 [10].
These bacterial strains have been reported to metabolize
dibenzofuran as a carbon source and energy. Initial dioxy-
genation of dibenzofuran is the most important single step
to destabilize the ring to lose its planner structure. In angu-
lar pathway, hydroxylation occurs at the carbon attached to
the oxygen of the heterocycle (4, 4a position). Strain IST-
DF1 metabolized dibenzofuran by formation of intermediate
signature compound such as 2-hydroxy-6-(2-hydroxy-
phenyl)-6-oxo-2, 4 hexadienoic acid, catechol and gentisic
acid, whereas 2, 2�,3 trihydroxybiphenyl was not detected.
This may have happened because of the accelerated

Fig. 8 Time-dependent formation of diVerent intermediary metabo-
lites (as characterized in Fig. 7) during degradation of dibenzofuran by
Pseudomonas sp. strain ISTDF1
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cleavage by bacterial enzymes because of its catechol
moiety.

In the lateral pathway of strain ISTDF1, vicinal carbon is
hydroxylated which is not attached to the oxygen and form
three dihydroxydibenzofuran isomers. The dihydroxylated-
dibenzofuran was hydrolyzed and cleaved into 2-(1-car-
bonyl methylidine)-2, 3-dihydrobenzofuranlidene, which
was further hydroxylated and formed 2�hydroxy-4-(3�-oxo-
3�H-benzofuran-2�-yliden)but-2-enoic acid. A biphenyl
(BP)-utilizing Pseudomonas putida has already been
reported to be capable of transforming dibenzofuran (DBF)
via a lateral dioxygenation and meta-cleavage pathway.
The ring cleavage product 2-hydroxy-4-(3�-oxo-3�H-ben-
zofuran-2�-yliden)but-2-enoic acid (HOBB) was detected
as a major metabolite [21]. Pseudomonas sp. strain ISTDF1
was also able to grow on naphthalene, benzo(�)pyrene, and
nitrogen-containing carbazole, and sulfur-containing diben-
zothiophene (as shown in Table 1) probably because of
activation of the lateral dioxygenation pathway. It would be
interesting to study the oxygenating enzyme system in
strain ISTDF1 at both the molecular and biochemical lev-
els, as it dioxygenated dibenzofuran by both modes as
dibenzofuran 4,4a-dioxygenase (DFDO) from Terrabacter
sp. strain DBF63 and as well as carbazole 1,9a-dioxygenase
(CARDO) from Pseudomonas resinovorans strain CA10.
CARDO and DFDO systems are distinctly diVerent not
only phylogenetically but also functionally as the preferred
oxygenation reactions suggested that DFDO evolved from
a polycyclic aromatic hydrocarbon dioxygenase while
CARDO is a novel enzyme [31].

Thus, strain ISTDF1 degraded dibenzofuran through
both the angular and lateral pathways of hydroxylation.
Initially, the degradation rate was found to be higher with
increasing concentration, which gradually declined with
time (Figs. 6, 8). This might occur because of the toxic
eVects of accumulated concentration of intermediates such
as catechol and gentisic acid [24]. Future direction for
detailed investigation seems to be exciting. It would be
interesting to study whether one or more enzyme/s are
involved in hydroxylation of dibenzofuran and how its cat-
abolic genes are regulated in such alkaline conditions as
the eZuent of the paper industry. To the best of our knowl-
edge, this is the Wrst study of alkalotolerant and mesophilic
Pseudomonas to destabilize the dibenzofuran ring via
diverse oxygenation with a wide substrate range, which
can be very useful for in situ bioremediation of dioxin-like
compounds.

Conclusions

In the present study we isolated an alkalotolerant and
mesophilic Pseudomonas sp. strain ISTDF1 that can

grow in a quite wide range of pH, from pH 6 to 10. Opti-
mally, this strain showed »85% degradation of dibenzofuran
(200 mg l¡1) within 36 h at pH 10, which is quite comparable
to previously reported strains. Its alkalotolerant nature, wide
temperature tolerance (25–45°C), and accelerated and diverse
metabolic pathway (lateral and angular oxygenation) of
dibenzofuran and thus strain ISTDF1 can be useful for clean-
up of areas contaminated with dioxins. The outcome can be
enhanced for in situ bioremediation of dioxin-like compounds
by taking more optimizing parameters in the light of micro-
bial ecology and gene regulation of catabolic genes.
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