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Structural Analysis of the fchABC Gene Cluster
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Bacterial strain No. P08 isolated from wastewater at the Cheongju industrial complex was found to be
capable of degrading 4-chlorobenzoate under aerobic condition. P08 was identified as Comamonas sp.
from its cellular fatty acid composition and 16S rDNA sequence. The fch genes, responsible for the
hydrolytic dechlorination of 4-chlorobenzoate, were cloned from the plasmid pJS1 of Comamonas sp.
P08. The fcb gene cluster of comamonas sp. P08 was organized in the order fchB-fcbA-fcbT1-fchT2-
febT3-febC. This organization of the fcb genes was very similar to that of the fcb genes carried on the
chromosomal DNA of Pseudomonas sp. DJ-12. However, it differed from the fcbA-fcbB-fcbC ordering
of Arthrobacter sp. SU. The nucleotide sequences of the fchABC genes of strain P08 showed 98% and
53% identities to those of Pseudomonas sp. DJ-12 and Arthrobacter sp. SU, respectively. This suggests
that the fch genes might have been derived from Pseudomonas sp. DJ-12 to form plasmid pJS1 in
Comamonas sp. P08, or that the fcb genes in strain DJ-12 were transposed from Comamonas sp. P08
plasmid.
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Large quantities of artificially chlorinated aromatic com-
pounds were released into the environment during the last
century (Haggblom, 1992), and the majority are now rec-
ognized as serious environmental pollutants due to their
recalcitrant and toxic properties, which are attributed to
the presence of covalently bound chlorine substitution
(Reineke, 1988; Higson, 1992; Park ef al., 2001). There-
fore, dechlorination is a key requirement of the microbial
degradation of chlorinated compounds (Arensdorf and
Focht, 1995; Kikuchi ef al., 1994).

Chlorinated benzoates are common intermediates, and
are produced in the degradative pathway from various
kinds of herbicides and polychlorinated biphenyls (Cork
and Krueger, 1991; Furukawa, 1994). A variety of 4-chlo-
robenzoate (4CBA) degrading bacterial strains have been
isolated from soil (Dunaway-Mariano and Babbitt, 1994;
Yi et al., 2000). These bacteria first convert 4CBA to 4-
hydroxybenzoate (4HBA), which is then further catabo-
lized via the benzene ring-cleavage pathway (Dunaway-
Mariano and Babbitt, 1994). The hydrolytic dechlorina-
tion pathway of 4CBA was first characterized in
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Pseudomonas sp. CBS2 (Thiele et al., 1987). It consists of
three steps, which are catalyzed by 4CBA-CoA ligase,
4CBA-CoA dehalogenase, and 4HBA-CoA thioesterase
(Chang et al., 1991; Scholten et al., 1992)

The febABC genes coding for these three enzymes are
organized as an operon, which was reported to be located
within the chromosomal DNA in some 4CBA-degrading
bacteria (Chae and Kim, 1997; Savard et al., 1986), but to
be carried on a plasmid in others (Layton et al., 1992;
Schmitz e al., 1992). The nucleotide sequences of the
febABC genes responsible for the hydrolytic dechlorina-
tion of 4CBA have been reported in Pseudomonas sp.
CBS3 (Babbitt et al., 1992) and Pseudomonas sp. DJ-12
(Chae et al., 2000). The three genes are commonly orga-
nized in the order fchB-fcbA-fcbC. However, there are
three open reading frames (orfs) inserted between fcbA
and fcbC in strain DJ-12 (Chae et al., 2000), which play
a role in transport of 4CBA. On the other hand, the three
genes are located on a plasmid in Arthrobacter sp. SU and
organized in the order fcbA-febB-fchC as an operon
(Schmitz et al., 1992).

P08 is a natural isolate and was identified by Youn ef al.
(1992), and can grow on 4CBA as the sole carbon and
energy source under aerobic conditions. PO8 hydrolyti-
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cally dechlorinates 4CBA- releasing chloride ions. In this
study, P08 was identified as Comamonas sp. on the basis
of its cellular fatty acid profile, Biolog assay, and 16S
rDNA sequence analysis. The fch genes responsible for
the hydrolytic dechlorination of 4CBA were found in the
pJSI plasmid of Comamonas sp. P08 and their genetic
structure was determined by comparison with the fcb
genes carried in the chromosomal DNA of Pseudomonas
sp. DJ-12.

Materials and Methods

Bacterial strains and dechlorination assay

Comamonas sp. P08 is a bacterial isolate capable of
degrading and utilyzing 4-chlorobenzoate as a carbon and
energy source under aerobic conditions. Comamonas sp.
P08 and Escherichia coli IM109 transformants were cul-
tivated in Luria-Bertani (LB) medium supplemented with
ampicillin (50 pg/ml) at 30°C and 37°C, respectively. To
select transformant cells with 4CBA dechlorination activ-
ity, we used chloride free minimal medium described by
Chae and Kim (1997).

Chloride ions released by the dechlorination of 4CBA
were quantified colorimetrically by measuring the absor-
bance at 453 nm after reacting the supernatant of a Coma-
monas sp. P08 culture with 0.069% Hg(SCN), and
0.25M ferric ammonium sulfate, as described by Berg-
mann and Sanik (1957).

Fatty acid analysis and Biolog assay

Total cellular fatty acid methyl esters (FAMEs) from
strain PO8 were determined using the Microbial Identifi-
cation System (MIDI; Microbial ID Inc., Newark, DE).
Results of the MIDI were compared with Trypticase soy
broth agar (TSBA) culture profiles of strain PO8 using an
environmental database and blood culture profiles with a
clinical database. The Biolog assay was performed as
described by Johnsen et al. (1996). Results were analyzed
using MicroLog TM 3 computer software (Biolog Inc.,
USA).

Analysis of 16S ribosomal DNA

The 16S ribosomal DNA of strain PO8 was analyzed by
PCR using the eubacterial primers 27f and 1492r (Eden et
al., 1991). PCR mixtures (100 pl) contained 10 mM Tris-
CI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, a 200 uM con-
centration of each deoxynucleotide triphosphate, 50 pM
of each primer, 2.5 U of Tag DNA polymerase (Posco
Chem, Korea) and ~10 ng of DNA template. PCR ampli-
fication was performed using a Programmable Thermal
Controller (MJ Research, Inc., USA) programmed as fol-
lows: 45 sec of denaturation at 95°C, followed by 35
cycles of; 95°C for 45°C sec, 55°C for 45 sec, 72°C for 1
min 30 sec, and a final extension at 72°C for 7 min. The
amplified 1.5 kb PCR products were excised from a 1%
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agarose gel and purified using a Quantum Prep™ Freeze
N Squeeze DNA Gel extraction spin column (Bio-Rad,
USA), according to the manufacturer’s instructions. Par-
tial DNA sequences obtained using 27f and 1492r were
determined directly from the purified PCR products by
automated fluorescent 7ag cycle sequencing using an ABI
373A Sequencer (Applied Biosystems, USA). Partial 16S
rDNA sequences of strain PO8 were analyzed using the
Ribosomal Database Project Sequence Match and Simi-
larity Matrix programs (Hitachi version 7.0) to identify
the closely matching species.

Plasmid curing

Plasmid curing of Comamonas sp. P08 was performed
according to the procedures described by Miller (1992).
Acridine orange was added to a final concentration of 10
ug/ml to LB medium inoculated with the diluted cell cul-
ture of the early stationary phase. After 24 h of incubation
at 30°C, the culture was diluted with saline and plated out
onto LB agar plates. The individual colonies appearing on
the plates were transferred to MM2 plates supplemented
with 0.5 mM 4CBA to investigate their ability to degrade
aromatics.

Cloning, sequencing, and analysis of the fch genes

The plasmid preparation from strain PO8 was performed
by the alkaline lysis method (Sambrook et af., 1989).
DNA fragments were transferred from electrophoresed
gel to a nylon membrane using 1 N NaOH, as described
by Koetsier et al. (1993). Hybridization was performed
using the ECL direct nucleic acid labeling and detection
systems (Amersham, USA), according to the manufac-
turer’s instructions. The DNA fragments used as probes
were from the UltraCleanTM 15 kit (MO BIO, USA).

The plasmid pBluescript SK(+) and E. coli IM109 were
used as vector and host strain, respectively. Plasmid DNA
of strain PO and pBluescript SK(+) vector digested with
Nodl and Clal, respectively, were ligated for 16 h at 16°C.
Ligation mixtures were transformed using the calcium
chloride procedure described by Sambrook er al. (1989).
Several clones were constructed using various endonu-
cleases.

The nucleotide sequence was determined by dideoxy-
chain termination method (Sanger et al., 1977). Sequen
cing was performed using a ThermoSequenase kit (Amer-
sham Life Science, USA) and LongRealR 4200 sequencer.
The nucleotide sequences obtained were analyzed by using
DNASIS, PROSIS, and ClustalW software.

Results and Discussion

Identification of Comamonas sp. P08

The cellular fatty acid profiles of PO8 are shown in Table
1, and showed 59% similarity with that of Comamonas
acidovorans. Also, the biochemical characteristics of
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Table 1. Composition of major cellular fatty acids of the isolate No. P08

Fatty acid Content (%)
C10:0 30H 4.02
C12:0 2.54
C14:0 1.14
C16:1 w7¢/15 iso 20H 38.26
Cl16:0 30.27
C17:0 Cyclo 4.83
Cl16:1 20H 1.72
C16:0 20H 1.78
Cl18:1 w7c 13.59
Similarity Comamonas acidovorans (59%)
Comamonas testosteroni MBIC3840
Comamonas testosteroni ATCC11996
Comamonas testosteroni NCIMB9872
Comamonas testosteroni MBIC3841
Uncultured Comamonos sp. KL-27-1-15
Comamonas testosteroni JCM 10170
Comamonas sp. PJ111
Comamonas testosteroni SMCC B329
_—[ Isolate No. PO8
Delftia sp. AN3
Delftia sp. T7
Comamonas cf. acidovorans
Delftia sp. EK3
Acidovorax wohlfahrtii B2-74
0.1

Fig. 1. Phylogenetic tree of complete 16S rDNA of isolate No. P0S.
The bar indicates a 10% difference.

strain P08, determined by the Biolog test showed 56%
similarity with those of Comamonas acidovorans (data
not shown). The 16S rDNA sequence of P08 placed the
strain among several Comamonas species, as shown in
Fig. 1 and thel6S rDNA sequence of PO8 showed about
99% homology with Comamonas testosteroni SMCC
B329. On the basis of these results, strain P08 was iden-
tified as Comamonas sp. and is referred to Comamonas
sp. PO8 hereafter.

Location of fcb genes in a plasmid

Comamonas sp. P08 degraded 0.5 mM 4CBA completely
within 20 h, releasing the corresponding amount of chlo-
ride ions, as shown in Fig. 2. The production of chloride
ions increased, whereas 4CBA was degraded as a function
of reaction time. This result confirmed that Comamonas
sp. P08 degrades 4CBA to the chloride ion and 4HBA via
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Fig. 2. Degradation of 4CBA causing chloride ion release by isolate
No. P08. Dechlorination activity was detected using resting cells in 50
mM potassium phosphate buffer containing 0.5 mM 4-chlorobenzoate
colorimetrically.

A B

Fig. 3. Electrophoretic (A) and Southern hybridization (B) pattems of
plasmid DNA from Comamonas sp. P08 and its cured strain P08-49.
The 3.4 kb-BamHI fragment of pSE] was used as a DNA probe. The
arrow indicates the plasmid pJS1. Lanes:1, size marker (Lambda DNA
-HindIll); 2, plasmid DNA of Comamonas sp. P08; 3, plasmid DNA of
cured strain P08-49; 4, plasmid DNA of E. coli SE1 containing the fchB
gene.

a hydrolytic dechlorination mechanism, as reported for
Pseudomonas sp. DJ-12 (Chae et al., 2000). Hydrolytic
dechlorination of 4CBA was also studied in Pseudomonas
sp. CBS3 (Loffler et al., 1991; Babbitt et al., 1992), and
Arthrobacter sp. SU (Schmitz et al., 1992). In these stud-
ies, it was reported that the chloride substituent of the
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chloroaromatics was replaced by a hydroxyl group
derived from water by consecutive reactions with 4CBA-
CoA ligase, 4CBA-CoA dechlorinase, and 4HBA-CoA
thioesterase, encoded by fcbA, fcbB, and fchC, respec-
tively.

In order to confirm that the fch genes are located on a
plasmid, Southern hybridization experiments were carried
out using a DNA probe. A horse-radish peroxidase-
labelled 3.4 kb fragment containing the fchB gene was
used as a probe. As shown in Fig. 3, the probe hybridized
only to the plasmid pJS1 of Comamonas sp. P08, and not
to the DNA of the cured strain P08-49. Moreover, the
cured strains did not exhibit dechlorination activity to 4-
chlorobenzoate. This result indicates that the fcb genes of
strain PO8 were located on the pJS1 plasmid. The genes
responsible for 4-chlorobenzoate dechlorination were
found in the chromosomal DNA in Pseudomonas sp.
CBS3 (Babbitt et al., 1992), Pseudomonas sp. DJ-12
(Chae et al., 2000), and Arthrobater sp. strain TM1 (Gar-
temann and Eichenlaub, 2001). However, the fcb genes of
Comamonas sp. PO8 were carried on the plasmid pJS1, as
are the fcb genes in a plasmid of Arthrobacter sp. SU
(Schmitz et al., 1992).

Structural characteristics of the fcbABC gene cluster

The fcb genes responsible for the hydrolytic dechlorina-
tion of 4CBA were cloned from the plasmid DNA of
Comamonas sp. P08 to obtain several clones, i.e., pJS1,
pJS2, and pJS3. The physical maps of which are shown in
Fig. 4. The total nucleotide sequences (5824 bp) of the
fchABC gene cluster were determined from each insert in
pJS1, pJS2, and pJS3. Sequence analysis revealed that the
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: 1.7kb
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pIS13 -
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Fig. 4. Physical map of the fcb genes from Comamonas sp. P08. fcbA,
4CBA-CoA ligase gene; fcbB, 4CBA-CoA dehalogenase gene; fcbC,
4HBA-CoA thioesterase gene; fcbTIT2T3, 4CBA transporter genes.
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fcb genes consisted of six orfs designated as; fchA, fcbB,
JfebTl, febT2, fcbT3, and febC. The six orfs were found to
be organized in the order fchbB-febA-fcbTI-fchT2-fcbT3-
febC, as seen in Fig. 4. The order is identical to that of the
feb genes of Pseudomonas sp. DJ-12 (Chae et al., 2000).
A promoter-like sequence (-35 and -10 region) was also
found at the 35 bp position upstream of the start codon of
the fchB gene.

The main characteristics of the fcbA, fcbB, and fcbC
genes are summarized in Table 2, and the fchABC genes
of strain PO8 were of 1522, 816, and 432 bp, respectively.
The nucleotide sequence of fcbA encoding 4CBA-CoA
ligase showed 99%, 59%, 54%, and 54% identities to
those of the corresponding genes from Pseudomonas sp.
DJ-12 (Chae et al., 2000), Pseudomonas sp. CBS3 (Bab-
bitt et al., 1992), Arthrobacter sp. SU (Schmitz et al.,
1992), and Arthrobacter sp. TM1 (GenBank accession
No. AF042490), respectively. And, the nucleotide sequen-
ce of fcbB encoding 4CBA-CoA dechlorinase exhibited
98%, 76%, 59%, and 59% identities with those of the cor-
responding genes from the above four 4CBA-dechlorinat-
ing strains. Those of fcbC encoding 4HBA-CoA thio-
esterase showed 99%, 65%, 48%, and 47% identities to
those of the corresponding genes from the same four
strains.

These results indicate that the fcb gene order of Coma-
monas sp. P08 is quite different from the fchA-fcbB-fcbC
gene order of Arthrobacter sp. SU (Schmitz et al., 1992),
even though the genes are located in a plasmid like those
in Arthrobacter sp. SU. However, the sequences of the fcb
genes from Comamonas sp. PO8 exhibited high similari-
ties to those of the corresponding genes located within the
chromosomal DNA in Pseudomonas sp. DJ-12 (Chae et
al., 2000). The fcbTIT2T3 genes of strain PO8 were also
located between fchA and fcbC, and showed high nucle-
otide sequence homology with strain DJ-12 (Chae et al.,
2000). Structural analysis of the fcbABC genes from
Comamonas sp. P08 revealed that they are closely related
with the fchABC genes of Pseudomonas sp. DJ-12, with
only minor differences in nucleotide sequence, as shown
in Table 3. Both strains were isolated from the same
wastewater by Youn ef al. (1992). These results suggest
hat the fcb genes in Comamonas sp. PO8 might be
derived from a bacterial strain like Pseudomonas sp. DJ-
12 to form the pJS1 plasmid or that the fcb genes in strain

Table 2. Characteristics of fch4BC genes from Comamonas sp. P08 and their identity with those from other strains.

Gene No. of nucleotide G+C  No.ofaminoacid  Predicted molecular Identity (%) of nucleotide sequence

(bp) (%) (aa) mass (kDa) DJ-12 CBS3 SU ™I
febA 1522 62 506 54 99 59 54 54
fchB 816 62 271 30 98 76 59 59
febC 432 58 143 16 99 65 48 47

DIJ-12, Pseudomonas sp. DJ-12; CBS3, Pseudomonas sp. CBS3; SU, Arthrobacter sp. SU; TM1, Arthrobacter sp. TM1.
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Table 3. Structural and functional differences of the fcbABC genes between Comamonas sp. P08 and Pseudomonas sp. DJ-12.

Characteristic

Comamonas sp. P08

Pseudomonas sp. DJ-12

Location of fcb genes

plasmid

chromosome

Order of fcb genes JebB-febA-febT1-febT2-febT3-febC JebB-febA-febT1-febT2-febT3-fcbC
fcbA gene

Nucleotide number 1522 bp 1519 bp

Different nucleotides (1404)CGCAAGTG(1411) (1404)CAGTG(1408)

Amino acid residue 506 aa 505 aa

Different amino acids (467)SASE(470) (467)SSE(469)
fcbB gene

Nucleotide' number 816 bp 810 bp

Different nucléotides (764) CGAACACAGAG(774), (810)TGGTT(814) (764)CGATAAGG(771), (807)TT(808)

- Amino acid residue 271 aa 269 aa

Different amino acids

(255)GEHRA(259), (269)GFG(271)

(255)GDKA(258), (268)GF(269)

fcbC gene

Nucieoﬁde number 432 bp 429 bp
Different nucleotides (320)CGGTCAGCT(328) (320)CICAGT(325)
Anﬁno éci'd fééidue 143 aa 142 aa
Differént amino acids (106)PYSL(109) (106)PQL(108)
Degradation/Déchlbrination
4-éhlor05eﬁz;oate ++ ++
4-cﬁlorbbiphényl ++ ++
4-chlorocatechol ~/- ++

DJ-12 were transposed froh the Comamonas sp. P08
plasmid.
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