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Summary. Three strains, RHO1, R3 and B1, tenta- 
tively identified as a Pseudomonas sp., an Alcali- 
genes sp. and a Pseudomonas sp. which were able 
to use 1,4-dichlorobenzene as the sole carbon and 
energy source were isolated from water of the 
Rhine river and from the sewage plant at Lever- 
kusen-B~irrig. A hybrid strain, WR1313, which 
uses chlorobenzene as the growth substrate, was 
obtained by mating the benzene-growing Pseudo- 
monas putida strain F1 with strain B13, a Pseudo- 
monas sp. degrading chlorocatechols. Further se- 
lection of this strain for growth on 1,4-dichloro- 
benzene allowed the isolation of strain WR1323. 
During growth on 1,4-dichlorobenzene the strains 
released stoichiometric amounts of chloride. The 
affinity of the organisms to 1,4-dichlorobenzene 
was measured with strain R3 showing a Ks value 
of 1.2 mg/1. Respiration data and enzyme activi- 
ties in cell extracts as well as the isolation of 3,6- 
dichlorocatechol from the culture fluid are consis- 
tent with the degradation of 1,4-dichlorobenzene 
via 3,6-dichlorocatechol, 2,5-dichloro-cis, cis-mu- 
conate, 2-chloro-4-carboxymethylenebut-2-en-4- 
olide. 

Introduction 

1,4-Dichlorobenzene (1,4DCB) has been used for 
several decades. Approximately 50% is used to 
deodorize and sanitize toilets and refuse contain- 
ers, 40% to control moths, and 10% in other appli- 
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cations such as the synthesis of dyes and other 
chemicals. The total production in the world of 
1,4DCB was estimated at 80000 t per year (Pear- 
son 1982). Large amounts of 1,4DCB have en- 
tered the environment and has been detected in 
various sorts of waters, air, and biological tissues 
including those from man (Morita 1977; Morita 
and Ohi 1975; Pearson 1982). 

Because of its high use information on its 
biodegradation is of  great interest. Trace concen- 
trations of 1,4DCB were cometabolized by ace- 
tate-supported biofilms under aerobic conditions 
with an acclimation period of 10 days (Bouwer 
and McCarty 1985). Kuhn et al. (1985) observed 
the degradation at low concentration (nM to ~tM) 
of 1,4DCB under aerobic conditions by using la- 
boratory soil columns. Two field studies aimed at 
investigating the transport and fate of  organic mi- 
cropollutants, including 1,4DCB, during natural 
infiltration of river water to groundwater also in- 
dicated that it is biodegradable (Schwarzenbach 
et al. 1983). The first isotope study which em- 
ployed 14C-labelled dichlorobenzenes (a mixture 
of the isomers) was published by Haider et al. 
(1974). They reported that approximately 1--6% 
of the original organically bound 14C was con- 
verted to 14C0 2 by benzene-growing pure strains 
and soil-samples within 10 weeks of incubation. 
In contrast, Bouwer and McCarty (1982) reported 
that about 98% of 1,4DCB bound ~4C was re- 
leased as 14CO 2 when acetate-grown microbial 
populations were acclimated to the chlorinated 
compound. 

The complete metabolism of 1,4DCB has not 
been fully elucidated to date. Erikson (1941) ob- 
served an increase in turbidity due to growth of 
strains classified as Micromonospora at the ex- 
pense of 1,4DCB during a 6-week incubation. Re- 
cently, two strains of Alcaligenes sp. and a strain 
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of Pseudomonas sp. were isolated which were able 
to use 1,4DCB as the growth substrate (DeBont et 
al. 1986; Schraa et al. 1986; Spain and Nishino 
1987). 

Here we describe the isolation of  three 
1,4DCB-growing strains from riverwater and se- 
wage samples as well as the construction of  a 
1,4DCB-growing strain by mating a benzene- 
growing strain with one which degrades chloroca- 
techol. 

Materials and methods 

Bacterial strains. The strains used in this work are listed in Ta- 
ble 1. 

Media and culture conditions. The media and culture condi- 
tions used were as previously described (Dorn et al. 1974). 

Continuous culture conditions. The conditions used for growth 
in continuous culture were as previously described (Reineke 
and Knackmuss 1984). 

Measurement of growth. Growth of the cultures was monitored 
turbidimetrically at 546 nm with a UV-240 spectrophotometer  
(Shimadzu, Kyoto, Japan) or a colorimeter (Klett-Summerson, 
New York, USA) equipped with a 520- to 580-nm filter (10 
Klett-units corresponds to 0.063 OD546 nrn)- 

Enrichment. The bacteria from 1 1 of water taken from the 
Rhine river at Leverkusen were concentrated by filtration and 
then washed from the filters into 50 ml mineral medium (Dorn 
et al. 1974) in closed Erlenmeyer flasks. 1,4DCB was intro- 
duced into the side arm. After shaking the flasks for 4 days at 
30°C the culture was turbid. Subcultures were inoculated ev- 
ery fourth day for 7 passages. The culture was then plated on 
mineral  agar plates which were incubated with or without 
1,4DCB vapor. After eight days colorless to slightly yellow 
colonies approximately 1--2 mm in diameter appeared on the 
plates with 1,4DCB. No colonies were observed on plates 
lacking 1,4DCB. After several transfers on solid medium with 
1,4DCB as the only growth substrate, strain RHO1 was iso- 

lated. By using the API 20E-system we have tentatively classif- 
ied the strain as Pseudomonas aeruginosa. The strains R3 and 
B1, which were independently isolated from the Rhine river 
and a sewage sample from Leverkusen, were identified as AI- 
caligenes sp. and Pseudomonas sp. 

Construction. Some details of the construction of strain 
WR1313 have been previously described (Weisshaar et al. 
1987). P. putida strain F1 and Pseudomonas sp. strain B13 were 
grown overnight together on L-broth agar. A suspension was 
then spread on mineral agar plates placed in the presence of 
vapor of chlorobenzene (660 ppmv). Colonies appearing after 
3 weeks were purified by several transfers on solid medium in 
the presence of chlorobenzene. One clone, strain WR1313, was 
then inoculated into closed Erlenmeyer flasks with 1,4DCB as 
the only carbon source present in the side arm. When turbidity 
was observed the culture was subcultured. After 18 months 
and 5 transfers we were able to isolate strain WR1323 which 
can grow in the presence of 1,4DCB as the sole carbon and 
energy source. 

Preparation of cell-free extracts. Cells were grown and har- 
vested and extracts were prepared as previously described 
(Reineke and Knackmuss 1984). 

Protein estimation. The protein content of extracts was deter- 
mined by the method of Bradford (1976), using bovine serum 
albumin as the standard. 

Enzyme assays. Enzymes were assayed by using previously de- 
scribed procedures: catechol 1,2-dioxygenase (C120, E.C. 
1.13.11.1), catechol and chlorosubstituted analogs (Dorn and 
Knackmuss 1978); catechol 2,3-dioxygenase (C230, E.C. 
1.13.11.2), catechol (Nozaki 1970); muconate cycloisomerase 
(E.C. 5.5.1.1.), muconate and 2-chloromuconate (Schmidt and 
Knackmuss 1980); 4-carboxymethylenebut-2-en-4-olide hy- 
drolase (DLH, E.C. 3.1.1.45), trans-4-carboxymethylenebut-2- 
en-4-olide (Schmidt and Knackmuss 1980); maleylacetate re- 
ductase (E.C. 1.3.1.32), maleylacetate (Gaal and Neujahr  
1980). 

Dioxygenation of benzene and chlorosubstituted deriva- 
tives was assayed indirectly with whole cells. The stimulation 
of uptake of oxygen by the addition of substrate was measured 
by Warburg respirometry as previously described (Reineke 
and Knackmuss 1984). 

Table 1. Bacterial strains used in this work 

Strain Relevant phenotypes Source 

B13 (Pseudomonas sp.) 3CBA + 
F1 (P. putida)* B +, T +, E + 
WR1313 (P. putida) B +, T +, CB + 

WR1323 (P. putida) 

RHO1 (Pseudomonas sp.) 
R3 (Alealigenes sp.) 
B1 (Pseudomonas sp.) 

B + , T + , C B + , I , 4 D C B  + 

B - , T - , C B + , I , 4 D C B + , I , 3 D C B  + 
B + , T + , C B + , I , 4 D C B  + 
B + , T + , C B + , I , 4 D C B  + 

Dorn et al. (1974) 
Gibson et al. (1968), Finette et al. (1984) 
Mating: B13 x F1, selection for growth with CB (Weiss- 
haar et al. 1987) 
Adaptat ion of WR1313 when selected for growth with 
1,4DCB 
isolated from the Rhine river 
isolated from the Rhine river 
isolated from samples of the sewage plant  at Leverkusen- 
Biirrig 

3CBA +, B--, T +, E--, CB +, 1,4DCB +', 1,3DCB + denote the ability to grow on 3-chlorobenzoate, benzene, toluene, ethylbenzene, 
chlorobenzene, 1,4-dichlorobenzene, and 1,3-dichlorobenzene, respectively, as the sole source of carbon and energy 
* formerly designated in our laboratory as strain DTG (Weisshaar et al. 1987) 
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Analytical methods. Chloride ion concentrations were mea- 
sured with an ion selective combination chloride electrode 
(Model 96/17, Orion Research, Inc., Cambridge, Mass.), 
which was calibrated with NaCI (0.1 up to 50 mM) in mineral 
medium before each measurement. 

Substrates and metabolites in culture media were analysed 
by high-pressure liquid chromatography on a LiChrospher 
RP8 column from Bischoff Analysentechnik, Leonberg, FRG. 
The mobile phase consisted of 10 mM H3PO4, 0.5% (v/v) 2- 
propanol and 56.5% (v/v) MeOH. 

Chemicals. 3-Chloro-, 4-chloro-, 3,5-dichlorocatechol, and 
trans-4-carboxymethylenebut-2-en-4-olide were prepared by 
previously described biological and chemical procedures (Rei- 
neke and Knackmuss 1980; 1984). 3,6-Dichlorocatechol was a 
generous gift from Juha Knuutinen, University of Jyv~iskyl~i, 
Finland, while cis, cis-muconate and 2-chloro-cis,eis-muconate 
were kindly provided by E. Schmidt, Wuppertal. 

All other chemicals were from commercial sources. 

Results 

Isolation of I, 4-dichlorobenzene-growing strains 

Organisms able to grow upon 1,4-dichloroben- 
zene were isolated using two different procedures. 
Three organisms were isolated by using an enrich- 
ment technique. One organism was constructed 
by mating two known pure cultures. The enrich- 
ment procedure is described in detail for strain 
RHO1 in "Materials and methods". Strain 
WR1323 was obtained by mating Pseudomonas 
putida strain F1 with Pseudomonas sp. strain B13 
and by selecting for a chlorobenzene clone which 
could grow with 1,4DCB as the sole carbon and 
energy source. P. putida strain F1 does not con- 
tain any detectable plasmid. In addition, conjugal 
transfer of the toluene dioxygenase genes could 
not be demonstrated (B. A. Finette, PhD disserta- 
tion, University of Texas at Austin, 1984). There- 
fore genes responsible for the degradation of tolu- 
ene and related compounds appear to be located 
on the chromosome. Although plasmid isolation 
techniques have failed in our hands to indicate 
the presence of an extrachromosomal element in 
strain B13, Chatterjee and Chakrabarty (1983) re- 
ported the successful isolation of a 111 kb plasmid 
from this strain. The conjugal transfer of the 
genes coding the degradation of chlorocatechols 
from strain B13 has previously been shown (Rei- 
neke et al. 1982b). One chlorobenzene-positive 
clone from the mating, designated WR1313, was 
further investigated. By comparison of character- 
istic nutritional properties (growth at 41°C, 

growth with nicotinate and geraniol) of this hy- 
brid strain with those of the parent organisms, it 
became evident that strain WR1313 had the ge- 

netic background of Pseudomonas putida strain 
F1. Probably this organism has acquired the capa- 
bility of chlorocatechol degradation from Pseudo- 
monas sp. strain B13. We were recently successful 
in isolating cccDNA from this clone (Weisshaar 
et al. 1987) by use of the method of Hansen and 
Olsen (1978). Strain WR1323, which was able to 
grow upon 1,4DCB as its sole carbon and energy 
source was derived from strain WR1313 after 
growth for 18 months in the presence of 1,4DCB 
vapor in batch culture. 
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Fig. 1A. 1,4DCB consumed and chloride released during 
growth of strain RHO1 (A), WR1323 (A), R3 (B), and B1 
([]). Each strain was grown in five separate cultures in 250 ml 
mineral medium in sealed 3 1 Erlenmeyer flasks. Solid 1,4DCB 
was added to a side arm in small portions over a period of 2 
weeks. The concentration of the substrate was calculated as if 
it was being totally absorbed by the medium. B. Increase in 
turbidity versus 1,4DCB consumption in culture (for legend 
see 1A) 
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Growth characteristics 

We determined the effect of  various concentra- 
tions of 1,4DCB upon growth and release of chlo- 
ride in liquid culture. The level of growth was di- 
rectly proportional to the amount of  1,4DCB ad- 
ded to the cultures (Fig. 1). Chloride recovery was 
nearly stoichiometric indicating almost total de- 
gradation of  1,4DCB. Strains RHO1, R3 and B1 
grew on 1,4DCB with generation times of  7.2, 7.9, 
and 7.8h, respectively, while strain WR1323 
needed 9.9 h for one doubling. 

During the growth upon 1,4DCB a violet colo- 
ration of the medium occurred which changed to 
brown-black (shown in Figure 2 for strains 
WR1323 and RHO1). This is due to the accumula- 
tion of  a compound we have identified as 3,6- 
dichlorocatechol. Strains WR1323, R3 and B1 dif- 
fer from strain RHO1 by accumulating relatively 
high levels of  3,6-dichlorocatechol. With strain 
WR1323 the excretion of 3,6-dichlorocatechol 
into the medium could be initiated by the addi- 
tion of  reagents such as sodium dodecyl sulfate or 
cetyltrimethylammoniumbromide leading to a 
violet coloration of the medium. Strain RHO1 ex- 
creted only a constant, low amount of 3,6-dichlor- 
ocatechol into the culture fluid that did not disco- 
lor the medium. 

By use of a chemostat, the Ks for 1,4DCB as 
well as the maximum growth rate of  strain R3 was 
determined. Figure 3 shows the steady state rela- 
tionship in the continuous culture. A Ks value of  
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Fig. 3. Steady state relationship in a continuous culture of 
strain R3 with 1,4DCB as the substrate. The steady state values 
of turbidity ( • ) ,  substrate in the incoming (O)  and outgoing 
air (©)  (10 liters per h), chloride (Zx) and pH (A)  at different 
dilution rates were obtained after six exchanges of the total 
volume after each change of the dilution rate. The substrate in 
the incoming air was changed in proportion to the dilution 
rate. The flow rate of the gas was adjusted by flowmeters. The 
concentration of the 1,4DCB in the incoming and outgoing air 
was monitored spectrophotometrically at 227.5 rim. UV cu- 
vettes with a 5-cm light path were used 

1.2 mg/1 was estimated according to Monod 
(1950) and Novick and Szilard (1950). The con- 
centration of  1,4DCB in the fermentor fluid was 
estimated from the concentration of  the substrate 
in the gas out flow using the Oswald solubility 
c(H20)/c(air)  of  14.8 (Frische et al. 1981). 
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Fig. 2. Utilization of 1,4DCB by strain RHO1 (O • A) and 
strain WR1323 (© [] A). Solid 1,4DCB at a concentration of 
2.0 mM (the concentrat ion was calculated as if it was being 
totally absorbed to the medium) was directly added to the me- 
dium. The concentrat ion of substrate (A zx) and 3,6-dichloro- 
catechol ( •  [])  were followed by high-pressure liquid chroma- 
tography. Growth (O ©) was observed turbidimetrically at 
520--580 nm with a Klett-Summerson photometer  

Oxidation of aromatic hydrocarbons by whole 
cells 

Table 2 summarizes the data on the oxygen-con- 
sumption in the presence of  various benzene deri- 
vatives. Strain RHO1 consumed oxygen in the 
presence of  all the substrates at a much slower 
rate than the three other strains. 

Cells grown in the presence of  succinate did 
not show any activity with the substrates tested. 
Oxygen-consumption occurred at rates which cor- 
respond to endogenous respiration. 

The consumption of  p-xylene occurred at very 
low rates. Strain R3 failed to use this compound 
as a substrate for oxidation. When cell suspen- 
sions were incubated with 2,5-dichlorophenol, 
which has been postulated to be an intermediate 
of  1,4-dichlorobenzene metabolism (Ballschmiter 
et al. 1977), no oxygen uptake at the expense of  
this compound was measured with either strain. 
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Table 2. Rates of oxygen uptake by washed cell suspensions of strains RHO1, WR1323, R3, and B1 

613 

Rate of oxygen uptake (Ixl oxygen per minute) 
Assay substrate Strain RHO1 Strain WR1323 Strain R3 Strain B1 

benzene (100) 0.87 (100) 3.14 (100) 2.51 (100) 2.88 
chlorobenzene (375) (105) (160) (105) 
1,4-dichlorobenzene (300) (30) (60) (55) 
p-xylene (50) (10) (<  2) (20) 
2,5-dichlorophenol ( < 2) ( < 2) ( < 2) (10) 

1,4DCB-grown cells were harvested during exponential growth. Oxygen uptake rates were determined by Warburg respirometry as 
previously described (Reineke and Knackmuss 1984) and are expressed as specific activities (p~l oxygen per minute of a cell 
suspension of absorbance 5 at 546 nm, corrected for endogenous uptake). Relative activities of oxidation (given in parenthesis) are 
referred to benzene as 100% 

Catabolic enzyme activities in cell free extracts 

We have suggested that in the chlorobenzene-de- 
grading strain WR1306 the degradation proceeds 
via 3-chlorocatechol and then further via the mal- 
eylacetate pathway with the elimination of chlo- 
ride between 2-chloromuconate and 4-carboxy- 
methylenebut-2-en-4-olide (Reineke and Knack- 
muss 1984). An analogous route could be ex- 
pected for the metabolism of 1,4DCB, since the 
same typical enzyme activities for the breakdown 
of chlorocatechols were induced in 1,4DCB- 
grown cells (Table 3). During growth on 1,4DCB 
the following enzyme activities were induced: Ca- 
techol 1,2-dioxygenase with high activity for chlo- 
rosubstituted catechols, muconate cycloisomerase 
activity for 2-chloromuconate, hydrolase activity 
for trans-4-carboxymethylenebut-2-en-4-olide and 

reductase activity for maleylacetate. In contrast, 
in cells grown on succinate, these enzyme activi- 
ties were not induced. In the strains B1, R3 and 
WR1323, catechol 2,3-dioxygenase activity was 
observed in 1,4DCB-grown cells. This was ex- 
pected since these strains also grow on benzene 
and this enzyme is used to degrade benzene via 
the meta-pathway. The catechol 2,3-dioxygenase 
activity was absent in strain RHO1 under any 
condition of growth, which might explain its fail- 
ure to use benzene as the growth substrate. 

Discussion 

Here we propose a complete degradative pathway 
for 1,4DCB based upon the enzyme activities that 
we found and the identification of 3,6-dichloroca- 

Table 3. Specific activities of catabolic enzymes in cell-free extracts of 1,4DCB- and succinate succinate-grown cells 

Enzyme Substrate Specific activities: 1,4DCB/succinate-cells 
Strain RHO1 Strain WR1323 Strain R3 Strain BI 

Catechol 1,2-dioxygenase catechol (100) 1.62/0.02 (100) 0.41/0.01 (100) 0.38/0.01 (100) 0.79/0.02 
3-chlorocatechol (130) (180) (175) (105) 
4-chlorocatechol (110) (160) (160) (105) 
3,5-dichlorocatechol (70) (120) (90) (85) 
3,6-dichlorocatechol* (50) (80) (95) (50) 
catechol < 0.01/ND 0.34/ND 0.54/ND 0.06/ND 
muconate (100) 0.09/ND (100) 0.11/ND (100) 0.08/ND (100) 0.1/ND 
2-chloromuconate (270) (300) (340) (270) 

4 .05/< 0.01 3 .2 /<  0.01 4 .6 /<  0.01 

Catechol 2,3-dioxygenase 
Muconate cycloisomerase 

4-Carboxymethylenebut- 
2-en-4-olide hydrolase 
Maleylacetate reductase 

trans-4-carboxymethy- 2.84/< 0.01 
lenebut-2-en-4-olide 
maleylacetate 0.76/< 0.01 0 .4 /<  0.1 0.68/0.02 0.8/0.03 

For preparation of cell-free extracts cells were harvested during exponential growth. Enzyme activities were determined as de- 
scribed (Dorn and Knackmuss 1978; Gaal and Neujahr 1980; Nozaki et al. 1970; Schmidt and Knackmuss 1980) and are ex- 
pressed as absolute specific activities (pmol per minute per mg of protein). Relative activities of catechol 1,2-dioxygenase and 
muconate cycloisomerase (given in parenthesis) are referred to catechol or muconate as 100%, respectively, measured with extracts 
from 1,4DCB-grown cells 
ND, not determined 
*, 2,5-dichloromuconate: e26o nm= 14,250 1" tool - 1. cm-  1 
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Fig. 4. Proposed catabolic pathway of 1,4-dichlorobenzene. 
The enzymes involved are as follows: A, benzene dioxygenase; 
B, dihydroxycyclohexadiene oxidoreductase; C, catechol 1,2- 
dioxygenase; D, cbloromuconate cycloisomerase; E, 4-carbox- 
ymethylenebut-2-en-4-olide hydrolase; F, maleylacetate reduc- 
tase 

techol as a metabolite (Fig. 4). An analogous 
pathway has recently been described for an Alcali- 
genes sp. and a Pseudomonas sp. (Schraa et al. 
1986; Spain and Nishino 1987). Ballschmiter et al. 
(1977) have shown that hydroxylation of chloro- 
benzenes by what they interprete as monooxygen- 
ase attack is carried out by soil microorganisms to 
give chlorophenols as the initial metabolites. 

However, such a pathway via 2,5-dichlorophenol 
was not used by the strains studied in this paper 
for the degradation of 1,4DCB. 3,6-Dichlorocate- 
chol was subject to ortho-cleavage. Cycloisomeri- 
zation of 2,5-dichloromuconate with elimination 
of chloride, yielding a chlorosubstituted 4-carbox- 
ymethylenebut-2-en-4-olide, was proposed in ana- 
logy to the reaction demonstrated for 2,4-dichlor- 
omuconate in the degradation of 2,4-D. By use of  
a hydrolase, a chloromaleylacetate was formed. 
Chapman (1979) has proposed a NADH-depend-  
ent reaction for the degradation of fl-chloro- 
maleylacetate. Maleylacetate was thought to be 
the first product generated by fl-elimination of hy- 
drogen chloride, which was further reduced by 
the same enzyme to give 3-oxoadipate. 

Besides the ortho-pathway described, the ini- 
tial enzyme of the meta-pathway, the catechol 2,3- 
dioxygenase, was present during growth with 
1,4DCB in all of  the strains except strain RHO1. 
However, the meta-pathway was found to be un- 
productive for haloaromatics degradation and 
must be prevented to allow breakdown of chloro- 
catechols via the ortho-pathway. Different strate- 
gies might be used to avoid misrouting of chloro- 
catechols into the meta-pathway. 

i) The basal level of  catechol 2,3-dioxygenase 
is low and neither the chlorosubstituted substrate 
nor a metabolite is able to induce the enzyme. 

ii) A spontaneously occurring mutation in the 
gene for the catechol 2,3-dioxygenase is selected, 
as has been shown for 4-chlorocatechol as the 
ring-fission substrate (Jeenes et al. 1982; Reineke 
et al. 1982a). 

iii) The catechol 2,3-dioxygenase will be inac- 
tivated either by the substrate or suicidally by the 
product of its turnover, a reactive acylchloride, 
which has been shown for the enzymes from 
strain F1 and P. putida strain mr-2 with the sub- 
strate 3-chlorocatechol (Bartels et al. 1984; 
Kle~ka and Gibson 1981). 

The third mechanism should also function for 
3,6-dichlorocatechol. However, the high level of  
catechol 2,3-dioxygenase in 1,4DCB-grown cells 
clearly indicated that a suicidal inactivation did 
not occur with 3,6-dichlorocatechol. Misrouting 
into the meta-pathway was avoided since 3,6- as 
well as 3,5-dichlorocatechol were not able to 
function as a substrate for the catechol 2,3-dioxy- 
genase (unpublished results). 

However, independent from the presence or 
absence of the catechol 2,3-dioxygenase the cleav- 
age of the 3,6-dichlorocatechol was found to be a 
critical step in the degradation of 1,4DCB in all of 
the strains studied, since it accumulated when the 
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media were saturated with 1,4DCB. A similar ob- 
servation was reported for the degradation of 
chlorobenzene by strain WR1306 (Reineke and 
Knackmuss 1984). Chlorinated catechols were 
shown to be cleaved by an ortho-pyrocatechase 
which showed high specific activity for chlori- 
nated substrates, in contrast to an enzyme which 
degrades nonchlorinated aromatic compounds. 
The oxygen concentration for half-maximum 
reaction velocity of such ortho-pyrocatechase type 
II in strain B13 with chlorocatechols was found to 
lie above the oxygen concentration in air-satu- 
rated water (Dorn and Knackmuss 1978). This 
might explain the great tendency of strain WR 
1323 to accumulate 3,6-dichlorocatechol, since 
this organism harbors the B13 ortho-pyrocate- 
chase II. In contrast, cultures of strain RHO1 ac- 
cumulated far less 3,6-dichlorocatechol than 
those of the other strains. However, the lower ac- 
cumulation can not be due to the fact that it is an 
enriched organism, since strains R3 and B1, 
which were also enriched accumulate high con- 
centrations of 3,6-dichlorocatechol. 

The enrichment conditions used to isolate the 
strains RHO1, R3 and B1 selected for organisms 
capable of growth at high 1,4DCB concentrations. 
Analysis of the kinetic properties of the strain R3 
indicated that both the maximum specific growth 
rate (tX~nax) and the Monod constant (Ks) are high, 
with values of 0.175 h -1 and 1.2 mg/liter, respec- 
tively. Similar kinetic properties have been re- 
ported by Stanlake and Finn (1982) for an Arthro- 
bacter sp. capable of growth on pentachlorophe- 
nol, with a high Monod constant estimated to be 
approximately 60 mg/liter. Hill and Robinson 
(1975) published a value of <1.0 mg/liter for 
phenol with a Pseudomonas putida. Since concen- 
trations of 1,4DCB in aquatic environments are in 
the range of 0.1--0.4 ~tg/1 (Pearson 1982), which 
is below the Ks value, organisms such as strain R3 
will not show efficient removal of 1,4DCB under 
natural conditions. 

Acknowledgements: We thank David T. Gibson for providing 
the strain F1, J. Knuutinen and E. Schmidt for providing 
chemicals, and D. Waddell for reading the manuscript and for 
help with English usage. The work was supported by a grant 
from the Deutsche Forschungsgemeinschaft. 

References 

Ballschmiter K, Unglert C, Heizmann P (1977) Bildung von 
Chlorphenolen durch mikrobielle Umwandlung von 
Chlorbenzolen. Angew Chem 89:680--681 

Bartels I, Knackmuss H-J, Reineke W (1984) Suicide inactiva- 
tion of catechol 2,3-dioxygenase from Pseudomonas putida 
rot-2 by 3-halocatechols. Appl Environ Microbiol 47:500-- 
505 

Bouwer EJ, McCarty PL (1982) Removal of trace chlorinated 
organic compounds by activated carbon and fixed-film 
bacteria. Environ Sci Technol 16:836--843 

Bouwer EJ, McCarty PL (1985) Utilization rates of trace halo- 
genated organic compounds in acetate-grown biofilms. 
Biotechnol Bioeng 27 : 1564-- 1571 

Bradford MM (1976) A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Analyt Biochem 
72:248--254 

Chapman PJ (1979) Degradation mechanisms. In: EPA Work- 
shop: Microbial Degradation of Pollutants in Marine Envi- 
ronments. EPA-600/9-79-012, 28--66 

Chatterjee DK, Chakrabarty AM (1983) Genetic homology be- 
tween independently isolated chlorobenzoate-degradative 
plasmids. J Bacteriol 153:532--534 

De Bont JAM, Vorage M JAW, Hartmans S, van den Tweel 
WJJ (1986) Microbial degradation of 1,3-dichlorobenzene. 
Appl Environ Microbial 52:677--680 

Dorn E, Hellwig M, Reineke W, Knackmuss H-J (1974) Isola- 
tion and characterization of a 3-chlorobenzoate degrading 
pseudomonad, Arch Microbiol 99:61--70 

Dorn E, Knackmuss H-J (1978) Chemical structure and biode- 
gradability of halogenated aromatic compounds. Substi- 
tuent effects on 1,2-dioxygenation of catechol. Biochem J 
174:85--94 

Erikson D (1941) Studies on some lake-mud strains of Micro- 
rnonospora. J Bacteriol 41:277--300 

Finette BA, Subramanian V, Gibson DT (1984) Isolation and 
characterization of Pseudomonasputida PpFI: Mutants de- 
fective in the toluene dioxygenase enzyme system. J Bacte- 
riol 160: 1003-- 1009 

Frische R, Hachmann R, Rippen G (1981) Ermittlung und Be- 
wertung der Umweltbelastung und -verteilung von Ver- 
brauchschemikalien. Beispiel: p-Dichlorbenzol als Ge- 
ruchsiibert6ner im Sanitarbereich. Report of Battelle-Insti- 
rut e.V., Frankfurt am Main, for the Federal Environmen- 
tal Agency, Berlin, No. 105 05 019/03 

Gaal AB, Neujahr HY (1980) Maleylacetate reductase from 
Trichosporon cutaneum. Biochem J 185:783--786 

Gibson DT, Koch JR, Kallio RE (1968) Oxidative degradation 
of aromatic hydrocarbons by microorganisms. I. Enzy- 
matic formation of catechol from benzene. Biochemistry 
7:2653--2662 

Haider K, Jagnow G, Kohnen R, Lim SU (1974) Abbau chlo- 
rierter Benzole, Phenole und Cyclohexan-Derivate durch 
Benzol und Phenol verwertende Bodenbakterien unter 
aeroben Bedingungen. Arch Microbiol 96:183--200 

Hansen JB, Olsen RH (1978) Isolation of large bacterial plas- 
mids and characterization of the P2 incompatibility group 
plasmids pMG1 and pMG5. J Bacteriol 135:227--238 

Hill GA, Robinson CW (1975) Substrate inhibition kinetics: 
Phenol degradation by Pseudomonas putida. Biotechnol 
Bioeng 17:1599--1615 

Jeenes DJ, Reineke W, Knackmuss H-J, Williams PA (1982) 
TOL plasmid pWWO in constructed halobenzoate-degrad- 
ing Pseudomonas strains: Enzyme regulation and DNA 
structure. J Bacteriol 150:180--187 

Kle6ka GM, Gibson DT (1981) Inhibition of catechol 2,3- 
dioxygenase from Pseudomonas putida by 3-chlorocate- 
chol. Appl Environ Microbiol 41 : 1159-- 1165 

Kuhn EP, Colberg PJ, Schnoor JL, Wanner O, Zehnder AJB, 
Schwarzenbach RP (1985) Microbial transformations of 



616 R.H. Oltmanns et al.: Degradation of 1,4-dichlorobenzene by enriched and constructed bacteria 

substituted benzenes during infiltration of river water to 
groundwater: Laboratory column studies. Environ Sci 
Technol 19:961--968 

Monod J (1950) La technique de la culture continue. Theorie 
et application. Ann Inst Pasteur Paris 79:390--410 

Morita M (1977) Chlorinated benzenes in the environment. 
Ecotoxicol Environ Safety 1:1--6 

Morita M, Ohi G (1975) Para-dichlorobenzene in human tis- 
sue and atmosphere in Tokyo metropolitan area. Environ 
Pollut 8:269--274 

Novick A, Szilard L (1950) Description of a chemostat. 
Science 112:715--716 

Nozaki M (1970) Metapyrocatechase (Pseudomonas): In:Ta-  
bor H, Tabor CW (eds) Methods of Enzymology 17A: 522-- 
525. New York: Academic Press 

Pearson CR (1982) Halogenated aromatics. In: Hutzinger O 
(ed) The Handbook of Environmental Chemistry 3B:89-- 
116, New York: Springer Verlag 

Reineke W, Knackmuss H-J (1980) Hybrid pathway for chlo- 
robenzoate metabolism in Pseudomonas sp. B13 deriva- 
tives. J Bacteriol 142:467--473 

Reineke W, Knackmuss H-J (1984) Microbial metabolism of 
haloaromatics: Isolation and properties of a chlorobenz- 
ene-degrading bacterium. Appl Environ Microbiol 
47:395--402 

Reineke W, Jeenes D J, Williams PA Knackmuss H-J (1982a) 
TOL plasmid pWWO in constructed halobenzoate-degrad- 
ing Pseudomonas strains: Prevention of meta pathway. J 
Bacteriol 150:195--201 

Reineke W, Wessels SW, Rubio MA, Latorre J, Schwien U, 
Schmidt E, Schlrmann M, Knackmuss H-J (1982b) De- 
gradation of monochlorinated aromatics following transfer 
of genes encoding chlorocatechol catabolism. FEMS Mi- 
crobiol Lett 14:291--294 

Schmidt E, Knackmuss H-J (1980) Chemical structure and 
biodegradability of halogenated aromatic compounds. 
Conversion of chlorinated muconic acids into maleoyla- 
cetic acid. Biochem J 192:339--347 

Schraa G, Boone ML, Jetten MSM, van Neerven ARW, Col- 
berg PJ, Zehnder AJB (1986) Degradation of 1,4-dichloro- 
benzene by Alcaligenes sp. strain A175. Appl Environ Mi -  
crobiol 52:1374--1381 

Schwarzenbach RP, Giger W, Hoehn E, Schneider JK (1983) 
Behavior of organic compounds during infiltration of river 
water to groundwater. Field studies. Environ Sci Technol 
17:472--479 

Spain JM, Nishino SF (1987) Degradation of 1,4-dichloroben- 
zene by a Pseudomonas sp. Appl Environ Microbiol 
53:1010--1019 

Stanlake GJ, Finn RK (1982) Isolation and characterization of 
pentachlorophenol-degrading bacterium. Appl Environ 
Microbiol 44:1421--1427 

Weisshaar M-P, Franklin FCH, Reineke W (1987) Molecular 
cloning and expression of the 3-chlorobenzoate-degrading 
genes from Pseudomonas sp. strain B13. J Bacteriol 
169:394--402 

Received September 14, 1987/Accepted November 9, 1987 


