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Abstract 

A 4-chlorophenol (4-CP)-degrading bacterium, strain CPW301, was isolated from soil and identified as Comamonas 
testosteroni. This strain dechlorinated and degraded 4-CP via a meta-cleavage pathway. CPW301 could also 
utilize phenol as a carbon and energy source without the accumulation of any metabolites via the same meta- 
cleavage pathway. When phenol was added as an additional substrate, CPW301 could degrade 4-CP and phenol 
simultaneously. The addition of phenol greatly accelerated the degradation of 4-CP due to the increased cell mass. 
The simultaneous degradation of the 4-CP and phenol is useful not only for enhanced cell growth but also for the 
bioremediation of both compounds, which are normally present in hazardous waste sites as a mixture. 

Introduction 

Polychlorinated phenols have been released into the 
environment because of their wide usage as biocides, 
wood preservatives, and organic precursors in the syn- 
thesis of chlorophenoxyacetate herbicides. They are 
frequently transformed by anaerobic microorganisms 
to various lower chlorinated phenols, which can be 
further dechloriated to 4-chlorophenol (4-CP) or phe- 
nol (Boyd & Shelton 1984; Cole et al. 1994; Mikesell 
& Boyd 1986). Since 4-CP cannot be easily degrad- 
ed in anaerobic conditions (Madsen & Aamand 1992; 
Woods et al. 1989), 4-CP and phenol may constitute 
two major byproducts of the anaerobic polychlorophe- 
nol degradation. Therefore, it is useful for a microor- 
ganism to degrade both compounds simultaneously. 

It has been reported that 4-CP can be total- 
ly mineralized by aerobic microorganisms such as 
Pseudomonas sp. B13 and Alcaligenes sp. A7-2 
through an ortho-cleavage pathway (Balfanz & Rehm 
1991; Knackmuss & Hellwig 1978; Westmeier & 
Rehm 1987). On the other hand, phenol is known to 
be degraded completely via a meta-cleavage pathway 
(Feist & Hegeman 1969; Murray et al. 1972). There- 

fore, it is difficult for a single microorganism to degrade 
the mixture of the two compounds. Menke and Rehm 
(1992) reported that the mixture of 4-CP and phenol 
can be degraded by Alcaligenes sp. A7-2, however, 
phenol degradation was incomplete due to the accu- 
mulation of an intermediate metabolite, catechol. 

In this study, we report the complete degradation of 
the 4-CP and phenol mixture by a newly isolated strain 
via a meta-cleavage pathway. 

Materials and methods 

Medium and chemicals 

Minimal salt medium (MSM) consisted of the follow- 
ing components per liter: 1 g K2HPO4, 0.6 g NaH2PO4, 
1 g NI-I4NO3, 0.2 g MgSO47H20, 0.2 g KCI, 0.002% 
yeast extract, and 1 ml trace element solution (Lee et al. 
1991). MgSO47H20 and KCI were sterilized separate- 
ly and then added to the cooled medium to prevent pre- 
cipitation. The medium pH was adjusted to 7.3 by the 
addition of 1 N NaOH. The chlorophenols used in this 
study were obtained from Aldrich (Milwaukee, Wis- 
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consin). Methylcatechols and 4-chlorocatechol were 
purchased from Kasei (Tokyo, Japan) and Nacalai 
Tesque (Kyoto, Japan), respectively. 

Isolation and characterization of a 4-CP degrading 
bacterium 

A strain of bacterium capable of degrading 4-CP was 
isolated from soil samples collected from industri- 
al stream sites. The soil samples were suspended in 
MSM (10 g soil/l) supplemented with 4-CP (50 mg/l) 
in 500-ml Erlenmeyer flasks on a shaker (120 rpm) 
at 30 °C, which was subcultured every 7 days until 
the growth was evidenced by the increase of turbidity. 
Single colony was isolated by spreading 0.1 ml of the 
enrichment culture on 4-CP agar plates. 

The isolate was identified on the basis of its 
morphological, physiological, and chemotaxonom- 
ical properties. Gram staining, catalase, oxidase, 
oxidation-fermentation, and poly-fl-hydroxybuthylate 
accumulation were tested according to the procedures 
outlined in 'Manual of Methods for General Bacteri- 
ology' (Smibert & Krieg 1981). DNA base composi- 
tion was determined by reverse-phase HPLC (Waters 
Associates, Massachusetts) after enzymatic hydrolysis 
of the DNA into nucleosides (Tamaoka & Komagata 
1984). Cellular morphology and flagella were observed 
using a transmission electron microscope after staining 
with 2% ammonium molybdate. The electron micro- 
graphs were taken by using a Philips C.M. 20 at 80 kV. 
API 20NE (BioMerieux SA, Lyon, France) and the 
Microbact System (Disposable Products Pty., Ltd., 
Adelaide, Australia) were used for other detailed char- 
acteristics. 

Culture conditions 

One or two colonies of cells grown on nutrient agar 
were inoculated in 50 ml of MSM in 500-ml Erlen- 
meyer flasks and shaken at 120 rpm and 30 °C for 
about 16 h (overnight culture). All batch experiments 
were initiated by adding suitable carbon sources to the 
overnight culture. For the washed cell experiments, 
cells were cultured in MSM containing 0.5 mM 4-CP 
or phenol and were washed twice with 50 mM phos- 
phate buffer (pH 7.0). Washed cells were resuspended 
in the phosphate buffer with one of monochlorophenols 
(0.5 mM), and incubated at 120 rpm and 30 °C. 

Analytical methods 

Cell growth was determined by measuring light 
absorbency at 600 nm with a spectrophotometer (Beck- 
man, Model DU-68, Fullerton, California). The 
absorbency was converted to dry weight by using a 
standard curve. The specific 4-CP degradation rate 
was calculated as the change of 4-CP concentration 
divided by time required and by average cell concentra- 
tion, AS/(At X). Chloride ion concentration was deter- 
mined by using a pH meter (Orion, no. 701A, Boston, 
Massachusetts) with a chloride specific electrode. The 
standard chloride concentration was calibrated with 
NaC1 in minimal salts medium before measurement. 
The concentrations of chlorophenols and phenol in cul- 
ture fluid were determined with a reverse-phase HPLC 
equipped with a Nova pack C18 column (3.9 × 150 ram) 
and a UV detector set at 280 nm. The mobile phase was 
composed of methanol-water-acetic acid (100:100:2, 
V:V:V). 

Metabolite formation during 4-CP degradation 
was monitored by scanning a culture medium sam- 
ple with spectrophotometer (Beckman, Model DU- 
68, Fullerton, California) in the UV range. When 
detectable levels of metabolite appeared, the super- 
natant of a culture sample was acidified (pH 2.0) 
with HC1 and the metabolites were extracted with 
ethyl acetate. The extracted organic layer was dried 
over sodium sulfate beads and then evaporated to a 
small volume. The extracted metabolites were treat- 
ed with N-methyl-N- trimethyIsilyl trifluoroacetamide 
to generate trimethylsilyl derivatives and analyzed with 
gas chromatograph-mass spectrometry (Fisons, Altrin- 
cham, England). The ion energy in the mass spectrom- 
etry was 70 eV. The oven temperature was kept at 
100 °C for 2 min and then increased to 280 °C at 
the rate of 20 °C per minute. A fused-silica capillary 
column was coated with SE-30-cross-linked methyl- 
silicone (25 m x 0.25 mm I.D.). 

Measurement of enzyme activities for ring fission 

Cells were washed with 50 mM Tris-HC1 buffer 
(pH 7.5) containing 1 mM ascorbic acid and resuspend- 
ed in the same buffer. The cells were broken by means 
of ultrasonic treatment in an ice bath and centrifuged 
at 20,000 x g for 30 min at 4 °C. The supernatant was 
used as a crude enzyme extract immediately afterward. 

Catechol 2,3-dioxygenase activity was determined 
spectrophotometrically by measuring the formation of 
meta cleavage reaction products at 25 °C in 50 mM 



phosphate buffer containing 100 ~tM of catechol or 
substituted catechols. Specific activities were calculat- 
ed by using the following extinction coefficients e for 
the meta cleavage of each reaction product: catechol, 
e = 36,000 at 375 nm; 3-methylcatechol, e = 32,000 
at 388 nm; 4-methylcatechol, e = 32,000 at 382 nm; 
4-chlorocatechol, e = 40,000 at 379 nm (Asturias & 
Timmis 1993). 

Catechol 1,2-dioxygenase activity was determined 
spectrophotometrically by measuring the formation of 
ortho cleavage reaction products at 25 °C in 33 mM 
Tris/HC1 (pH 8.0) containing 100 ~tM of catechol or 
substituted catechols, 1.3 mM of EDTA, and 3.3 mM 
of 2-mercaptoethanol. Specific activities were calcu- 
lated by using the following extinction coefficients at 
260 nm: catechol, e = 16,800; 4-methylcatechol, e = 
13,900; 4-chlorocatechol, e = 12,400 (Dorn & Knack- 
muss 1978). 

One unit of enzyme activity was defined as the 
amount of enzyme that catalyzed the formation of 
1 ~tmol of product per min in 1 ml reaction mixture. 
Specific activities were expressed as units per mg of 
protein. Protein concentration was measured by the 
method of Lowry et al. (1951) with bovine serum albu- 
min as a standard. 

Results  

Isolation and characterization of a 4-CP-degrading 
bacterium 

A 4-chlorophenol-degrading bacterium CPW301 was 
isolated from soil contaminated with industrial waste 
water in Choung-Ju, Korea. The phenotypic and 
chemotaxonomic characteristics of the isolate were 
consistent with Comamonas testosteroni (Tamaoka et 
al. 1987). CPW301 was able to cleave protocatechu- 
ate at the meta-position and grew well without organ- 
ic growth factors. On solid nutrient agar, CPW301 
formed colonies of 2-3 mm in diameter after incuba- 
tion at 30 °C for two days. The strain was subcultured 
in a complex nutrient agar medium (Difco) without 
losing the 4-CP-degrading activity. 

To test the degradability of other chlorophenol 
isomers, CPW301 was cultivated in MSM contain- 
ing one kind of chlorophenol at a concentration of 
10 mg/l. It was found that CPW301 could not degrade 
any other chlorophenols: 2-,3-chlorophenol; 2,4-2,5- 
2,6-3,4-3,5-dichlorophenol; 2,3,4-,2,3,5-,2,3,6-,2,4,5- 
,2,4,6-trichlorophenol; or pentachlorophenol. On the 
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Figure 1. Effect of initial 4-CP concentrations on (A) 4-CP degra- 
dation and (B) cell growth in batch cultures. 

contrary, phenol (50 mg/l) was degraded completely 
by CPW301 without the accumulation of any metabo- 
lites. 

Biodegradation of 4-CP 

Figure 1 shows the 4-CP degradation and the growth 
of the strain CPW301 in MSM containing 4-CP at dif- 
ferent concentrations. The cell concentration increased 
as 4-CP was degraded. The duration of the lag phase 
increased as the initial 4-CP concentration increased. 
When the initial 4-CP concentration increased to 
0.9 mM, the lag phase increased to such an extent that 
the growth phase was not initiated within 500 h. The 
growth yield was about 0.11 (g dry cells/g 4-CP) when 
the initial 4-CP concentration was less than 0.9 mM. In 
all cultures, 4-CP was degraded completely, since the 
amount of chloride accumulated was equimolar to the 
initial amount of 4-CP in the medium (data not shown). 
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Figure 2. Effect of initial phenol concentrations on (A) phenol 
degradation and (B) cell growth in batch cultures. 

A 

E 

._o 

1 9  
O t -  
O 
O 

.6 A 

.4 

.2 

0.0 

.6 

.4 

,2 

0.0 A 
0 

B 

20 40 60 80 

Time (h) 

Figure 3. Degradation of phenol and monochlorophenols by (A) 4- 
CP-grown or (B) phenol-grown cells. The experiment was initiated 
by adding phenol or monochlorophenols to the washed cell suspen- 
sion (0.51 g dry cells 1-1). Other conditions are the same as batch 
cultures. Symbols: D,  2-CP; 0 ,  3-CP; O, 4-CP; 0 ,  phenol. 

Intermediate metabolites during 4-CP degradation 

During the 4-CP degradation, the culture medium 
turned a greenish-yellow color (maximum absorption 
at 378 nm), which indicated the production of interme- 
diate compounds. The colored intermediate was iden- 
tified to be 5-chloro-2-hydroxy muconic semialdehyde 
on the basis of its mass spectrum with the composition 
of the primary fragment ions at m/z 305 (M-CH3), 285 
(M-C1), 231 (M-OTMS), 203 (M-COO-TMS), and 167 
(M-OTMS-CI-CHO). These molecular ions at m/z 305, 
231, and 203 had the characteristic M/M +2 ratio of 
3:1 resulting from the 35C1/37C1 isotope ratio of a sin- 
gle C1 atom. This mass spectrum is consistent with that 
previously reported for the same compound (Sondossi 
et al. 1992). 

The amount of the meta-cleavage product was less 
than about 12% of the initial 4-CP concentration, which 
was calculated from its molar extinction coefficient (E = 
40,000 at 379 nm). After the complete depletion of 4- 
CP, the colored intermediate slowly disappeared. 

Degradation of phenol 

Figure 2 shows the phenol degradation and the growth 
of the strain CPW301 in MSM containing phenol at 
different concentrations. As the initial phenol concen- 
tration increased, cell growth was not affected as much 
as in the case of 4-CP, though the cell growth stopped 
when the initial phenol concentration was 2.1 mM. The 
maximum substrate concentration for cell growth and 
phenol degradation was about 1.5 mM. The growth 
yield was calculated to be 0.42-0.58 (g dry cells/g 
phenol) in the tested range, which was about five times 
higher than the yield when 4-CP was used. 

Washed cell experiments for the degradation of 4-CP 
andphenol 

To see if cells induced with 4-CP could utilize phenol, 
we examined the disappearance of phenol by using the 
washed cells which were cultured in MSM containing 



0.5 mM 4-CP or phenol. Additionally, the possibility 
of the disappearance of other monochlorophenols was 
also tested. Figure 3 shows the degradation of phenol 
and chlorophenols by phenol- or 4-CP-grown cells. 
Phenol-grown cells could degrade both 4-CP and phe- 
nol (Figure 3A), and the 4-CP grown cells did likewise 
(Figure 3B). When 4-CP was added as a substrate, the 
meta-cleavage product was temporarily accumulated 
in both types of cell suspension fluid. 

The other monochlorophenolic compounds, 3-CP 
and 2-CP, could not be metabolized by the phenol- or 
4-CP-grown cells. This indicated that the metabolic 
pathways for the degradation of 3-CP and 2-CP were 
different from those for phenol or 4-CP. 

Ring cleavage enzymes 

In order to find the initial pathway for the degradation 
of phenol and 4-CP by CPW301, two key enzymes 
catalyzing ring fission (catechol 2,3-dioxygenase and 
catechol 1,2-dioxygenase) were assayed by using cat- 
echols as substrates. Table 1 shows the specific activ- 
ities of the two key enzymes extracted from different 
kinds of cells grown with 4-CP, phenol, or glucose as 
their main substrates. The cells grown on both phe- 
nol and 4-CP showed high catechol 2,3-dioxygenase 
activity, while they did not show any catechol 1,2- 
dioxygenase activity. After prolonged incubation, all 
meta-cleavage products were metabolized by the crude 
enzyme extracts. Cells grown with glucose as a main 
carbon source showed very low activities of both cate- 
chol 2,3-dioxygenase and catechol 1,2-dioxygenase. 

Simultaneous degradation of 4-CP and phenol 

To determine the strain's ability to degrade 4-CP and 
phenol simultaneously, CPW301 was incubated with 
an equimolar amount of 4-CP and phenol at three dif- 
ferent initial concentrations (0.3, 0.6, and 0.98 mM). 
As shown in Figure 4, both 4-CP and phenol could be 
degraded simultaneously by the strain. The addition 
of phenol greatly accelerated 4-CP degradation. For 
example, when the initial concentration of 4-CP was 
0.6 mM, the complete degradation took about 150 h for 
4-CP alone (Figure 1) compared to 70 h for the 4-CP 
and phenol mixture (Figure 4). 

Figure 5 shows the effect of different initial phe- 
nol concentrations when the initial 4-CP concentration 
was fixed. The addition of phenol shortened the time 
required for the degradation of 4-CP when Figure 5 was 
compared with Figure 1. The increased phenol concen- 
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Figure 4. Degradation of 4-CP and phenol mixture in batch cultures. 
Initial cell concentration was 17 nag dry cells 1-1. Symbols: ©, 4- 
CP; 0, phenol. 
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Table 1. Specific enzyme activities in cell extracts of CPW301 

Enzyme assayed and assay substrate Specific activities a : Growth substrate 
Glucose Phenol 4-CP 

Catechol 2,3-dioxygenase 
Catechol < 0.001 0.171 0.169 
3-Methylcatechol < 0.001 0.027 0.035 
4-Methylcatechol < 0.001 0.064 0.043 
4-Chlorocatechol < 0.001 0.030 0.018 

Catechol 1,2-dioxygenase 
Catechol < 0.001 0.001 < 0.001 
4-Methylcatechol < 0.001 0.001 < 0.001 
4-Chlorocatechol < 0.001 0.001 < 0.001 

a Activities were measured with the crude extracts of CPW301 cultured with 
glucose, phenol and 4-CP, respectively. 

tration increased the amount of cell mass in the culture. 
However, the specific 4-CP degradation rate during 
the exponential growth was about 0.45 mM/(h.g cell) 
regardless of the change of phenol concentration from 
0 to 0.5 mM. When the initial phenol concentration 
was increased to 1.0 mM, the specific 4-CP degrada- 
tion rate decreased to 0.31 mM/(h.g cell). Therefore, 
the time required for the 4-CP degradation could not 
be shortened further with the increased cell mass. 

Discussion 

The newly isolated strain CPW301 could fully degrade 
4-CP as indicated by the fact that the stoichiomet- 
ric amount of chloride was accumulated in culture 
fluids. During the break-down of 4-CP, the meta- 

cleavage product of 4-chlorocatechol, 5-chloro-2- 
hydroxy muconic semialdehyde, was released as a 
temporary metabolic intermediate. The meta-cleavage 
products of chlorocatechols were reported to be lethal 
or unable to support growth of the microorganisms test- 
ed (Bartels et al. 1984; Wieser et al. 1994). However, 
the strain CPW301 could utilize 4-CP as a sole growth 
substrate via a meta-cleavage pathway. Recently, 4- 
chlorocatechol has been reported to be mineralized via 
a meta-cleavage pathway by some chloroaromatics uti- 
lizing strains (Arensdorf & Focht 1995; Hollender et 
al. 1994). 

The strain CPW301 could also degrade phenol. At 
the same substrate concentration, phenol was degrad- 
ed much faster than 4-CP. For example, the complete 
degradation of 0.6 mM 4-CP took about 160 h, where- 
as that of 0.6 mM phenol took about 24 h (interpolated 

value). The cells also showed higher growth yield in 
the presence of phenol than that in the presence of 4- 
CP. The faster degradation and the higher growth yield 
with phenol may be due the facts that: 

• catechol 2,3-dioxygenase degrades catechol (a phe- 
nol metabolite) more effectively than it does 4- 
chlorocatechol (a 4-CP metabolite); and 

• the breakdown of phenol does not produce any 
detectable intermediates, which allows more car- 
bons in phenol to be utilized for the construction 
of cell constituents. 

Washed cells experiments (Figure 3) showed that both 
4-CP- and phenol-grown cells could degrade 4-CP and 
phenol completely, indicating that the initial part of 
both degradation pathways of 4-CP and phenol are 
identical. Enzyme tests revealed that the degradation 
of both compounds occurred via an inducible meta- 
cleavage pathway (Table 1). Since the initial degra- 
dation pathway for phenol and for 4-CP is the same, 
CPW301 can simultaneously degrade both phenol and 
4-CP as a mixture. Furthermore, the addition of phenol 
increased the cell growth and shorten the time required 
for the 4-CP degradation. However, the phenol addi- 
tion did not increase the specific 4-CP degradation 
rate. These results suggested that the shortened 4-CP 
degradation time was due to the increased cell mass 
rather than by the increased degradation capability of 
the cells. 

The addition of phenol did not relieve the 4-CP 
toxicity. Regardless of phenol addition, the degrada- 
tion activity was completely inhibited when the initial 
concentration of 4-CP increased to 0.9 mM (Figures 1 
and 4). 



It is also noteworthy that the time required for the 
complete degradation of 4-CP and phenol was exact- 
ly the same whether the initial concentrations of 4- 
CP and phenol were the same or different (Figure 5). 
This result indicates that both substrates share the same 
metabolic pathway, and enzymes involved in this path- 
way have no preference for any one of the two sub- 
strates present at the same time. The uptake of both 
substrates without any preference was even more obvi- 
ous when the concentrations of both substrates are the 
same (Figure 4 and Figure 5B). 

As a conclusion, a newly isolated strain, Coma- 
monas testosteroni CPW301, can degrade 4-CP and 
phenol mixtures completely via a meta-cleavage path- 
way, which is useful not only for enhanced cell growth 
but also for the bioremediation of both compounds, 
which are normally both present at hazardous waste 
sites. 
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