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A rapid decline in cell viability of different PCB-metabolizing organisms was observed in soil microcosms
amended with 4-chlorobiphenyl. The toxic effect could not be attributed to 4-chlorobiphenyl but was due to a
compound formed from the transformation of 4-chlorobiphenyl by the natural microflora. Potential metabo-
lites of 4-chlorobiphenyl, 4-chlorobenzoate and 4-chlorocatechol, caused similar toxic effects. We tested the
hypothesis that the toxic effects are due to the formation of protoanemonin, a plant-derived antibiotic, which
is toxic to microorganisms and which has been shown to be formed from 4-chlorocatechol by enzymes of the
3-oxoadipate pathway. Consistent with our hypothesis, addition to soil microcosms of strains able to reroute
intermediary 4-chlorocatechol from the 3-oxoadipate pathway and into the meta-cleavage pathway or able to
mineralize 4-chlorocatechol by a modified ortho-cleavage pathway resulted in reversal of this toxic effect.
Surprisingly, while direct addition of protoanemonin influenced both the viability of fungi and the microbial
activity of the soil microcosm, there was little effect on bacterial viability due to its rapid degradation. This
rapid degradation accounts for our inability to detect this compound in soils amended with 4-chlorocatechol.
However, significant accumulation of protoanemonin was observed by a mixed bacterial community enriched
with benzoate or a mixture of benzoate and 4-methylbenzoate, providing the metabolic potential of the soil to
form protoanemonin. The effects of soil heterogeneity and microcosm interactions are discussed in relation to
the different effects of protoanemonin when applied as a shock load and when it is produced in small amounts
from precursors over long periods.

The majority of microorganisms isolated on the basis of their
capability to mineralize chloroaromatic compounds initiate
metabolism by transformation to chlorocatechols by nonspe-
cific peripheral enzymes (20, 33, 44). Thus, a wide variety of
chloroaromatics are converted to a group of related metabolic
products. So far, three pathways which transform chlorocat-
echols have been described. Mineralization is usually achieved
by enzymes of the chlorocatechol pathway (13, 14, 25, 36, 40).
Unfortunately, only a small fraction of bacteria able to trans-
form chloroaromatics into chlorocatechols simultaneously con-
tain the complete metabolic potential for mineralization (30,
32, 34). Therefore, in natural bacterial populations, where
chlorocatechol genes are usually not very abundant, cometabo-
lism will lead to the formation of chlorocatechols. Thus, routes
other than the chlorocatechol pathway (e.g.,meta-cleavage and
the 3-oxoadipate pathway), which have the potential to trans-
form these compounds, are of considerable interest.
It has recently been shown that transformation of 4-chloro-

catechol by enzymes of the classical 3-oxoadipate pathway,
which, in comparison to enzymes of the chlorocatechol path-
way, were formerly believed to catalyze the same reactions at a
low rate (36), results in the quantitative production of the toxic

product (antibiotic) protoanemonin (6) and thus may account
for the toxicity of a variety of chloroaromatic pollutants which
can be transformed into 4-chlorocatechol. Protoanemonin is
an active constituent of plants of the Ranunculaceae family
(38) and is antibiotically active against a wide spectrum of
microorganisms (6, 11). The formation of protoanemonin
could also account for the poor effectiveness of polychlori-
nated biphenyl (PCB) cometabolizing organisms in natural
environments (24), where metabolites (such as chlorobenzo-
ates) excreted by those specialized organisms most probably
will be further metabolized by the natural microflora. In this
study, we investigated the potential for the soil microflora to
transform potential precursors of protoanenomin and investi-
gated the ecotoxicity of such transformed halogenated aro-
matic compounds.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Most of the bacterial strains used in
this study have been described previously: Pseudomonas putida KT 2442 (17),
Pseudomonas sp. strain LB400 (7), Sphingomonas paucimobilis Q1 (43), Alcali-
genes eutrophus H850 (4), and Rhodococcus globerulus P6 (2). Pseudomonas sp.
strain PS121, which is able to degrade 4-chlorobenzoate via 4-chlorocatechol and
a chlorocatechol pathway, was supplied by the Deutsche Sammlung von Mikro-
organismen (DSM 8961). Pseudomonas sp. strain LB400 was tagged with lacZ
Kmr, using a mini-Tn5 transposon system (10).
Soil microcosms consisted of 1 g of standard soil collected from Rübenberge,

Niedersachsen, Germany (carbon, 1.2%; sand, 75%; clay, 3.9%; silt, 21%; pH
6.1; maximum water-holding capacity, 35%) in 15-ml sterile culture tubes fitted
with Teflon-covered screw caps. This soil had no history of contamination with
chlorinated aromatics. Soils were sterilized by autoclaving for 45 min on three
alternate days; on intervening days, the soils were moistened with sterile water
and incubated at 258C. Prior to inoculation into soils, cells were grown in
Luria-Bertani (LB) medium, harvested by centrifugation, and washed twice with
M9 medium. Biphenyls and chlorobiphenyls (in hexane) were added to soils up
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to a final concentration of 1 mg/g of soil; other compounds were dissolved in M9
medium without a carbon source and applied to a final concentration of 0.3 mg/g
of soil. Following addition of chemicals and/or bacteria, the soils were brought to
80% of water-holding capacity with M9 buffer and incubated at 308C.
Extraction and analysis of soil samples. Microorganisms and water-soluble

chemicals were extracted from soil samples by shaking with 5 ml of phosphate-
buffered saline on a rotatory shaker for 3 h and then decanting off the soil
particles. PCBs were extracted similarly with cyclohexane instead of phosphate-
buffered saline. One soil sample served for a single determination.
The viability of soil-supplemented bacteria was monitored by plating soil

extracts on LB plates containing antibiotics and using the antibiotic resistance of
the bacteria as a marker. In this way, LB plates containing streptomycin were
used to monitor the fate of S. paucimobilis Q1 and R. globerulus P6; LB plates
containing rifampin were used for a spontaneous rifampin-resistant mutant of A.
eutrophus H850; and LB–5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-
Gal) plates with or without kanamycin were used for Pseudomonas sp. strain
LB400 (mini-Tn5 lacZ Kmr). Indigenous bacteria were estimated as CFU on LB
plates containing cycloheximide (100 mg/ml) to avoid the growth of fungi. Viable
fungi were estimated as previously described (49). The difference in viable counts
between triplicate determinations was always lower than 30%.
Substrates and products (the sample size was usually 20 ml) were analyzed with

a Beckman System Gold high-pressure liquid chromatograph equipped with SC
columns (125 by 4.6 mm) filled with 5-mm-diameter particles of Lichrospher 100
RP8 (Bischoff, Leonberg, Germany), with 60% (vol/vol) methanol–0.1% (vol/
vol) H3PO4 as the mobile phase (flow rate, 1 ml/min). The column effluent was
monitored simultaneously at 210 and 270 nm with a diode array detector, and the
scans of the significant peaks between 200 and 300 nm were stored by the system.
Protoanemonin was analyzed similarly with 15% methanol as the mobile phase.
Transformation of 4-chlorocatechol by bacteria enriched from soil by (meth-

yl)benzoate. Soil samples (1 g), in baffled Erlenmeyer flasks, were supplemented
with 50 ml of M9 medium containing either 2 mM benzoate or 1 mM benzoate–1
mM 4-methylbenzoate or 50 ml of LB medium and incubated at 308C on a rotary
shaker at 140 rpm for 2 days. Additional benzoate (1 mM), benzoate–4-methyl-
benzoate (0.5 mM each), or LB was then added, and the flasks were incubated
for a further 16 h. Soil particles were then removed by centrifugation at 2,000 3
g for 10 min, and the supernatant was centrifuged at 9,000 3 g for 10 min. The
pellet containing bacteria was then resuspended in 2 ml of M9 medium. Resus-
pended cells were incubated at 308C for 4 h with 4-chlorocatechol (1 mM), and
samples were analyzed by high-pressure liquid chromatography, as described
above.
Preparation of protoanemonin. Pseudomonas sp. strain B13 (12) was grown in

M9 medium supplemented with 5 mM benzoate as the sole carbon source and
incubated at 308C on a rotary shaker at 140 rpm in baffled Erlenmeyer flasks.
Cells were harvested by centrifugation at the end of the logarithmic growth
phase, resuspended in 50 mM Tris-HCl buffer (pH 7.5) supplemented with 2 mM
MnSO4 and passed once through a French pressure cell (Aminco) operating at

18,000 lb/in2. Cell debris were removed by centrifugation at 20,000 3 g for 20
min.
The reaction mixture contained 50 mM morpholineethanesulfonic acid

(MES)–NaOH (pH 6.5), 2 mM MnSO4, 200 mM 4-chlorocatechol, and an ap-
propriate amount of cell extract of Pseudomonas sp. strain B13 (final concen-
tration, ca. 100 mg/ml). The reaction was performed at 258C, and the progress of
the reaction was monitored by high-pressure liquid chromatography. Following
complete conversion (usually 2 h), the reaction mixture was extracted twice with
diethyl ether and concentrated carefully under vacuum. Pure protoanemonin was
obtained in yields greater than 90%.
Chemicals. 4-Chlorocatechol was purchased from Aldrich (catalog for rare

chemicals). All other chemicals were of analytical grade and were obtained from
Fluka AG, Merck AG, and Aldrich Chemie GmbH.

RESULTS

Effect of 4-chlorobiphenyl and its potential precursors on
the survival of PCB-metabolizing organisms. To explore the
hypothesis that 4-chlorobiphenyl or its potential metabolites
could be converted by soil microflora to toxic products, in
particular protoanemonin; 4-chlorobiphenyl, 4-chlorobenzo-
ate, and 4-chlorocatechol, as well as their corresponding un-
substituted analogs, were added to sterilized and nonsterilized
soil inoculated with Pseudomonas sp. LB 400.
In sterile soil, no effect of these chemicals on the survival of

LB 400 was observed (Fig. 1A). Catechol, 4-chlorocatechol,
and 4-chlorobenzoate were not transformed in sterile soils by
LB400, excluding any major toxic effects due to these com-
pounds. Benzoate and biphenyl were quantitatively utilized
without accumulation of intermediates (thus indicating miner-
alization). 4-Chlorobiphenyl was quantitatively transformed
into 4-chlorobenzoate as a dead-end product (Fig. 2).
In dramatic contrast to the results observed in sterile soils,

severe decreases in the cell viability of LB400 (approximately 3
to 4 orders of magnitude [Fig. 1B]) occurred upon addition of
4-chlorocatechol, 4-chlorobenzoate, and 4-chlorobiphenyl to
nonsterilized soils. The decreases in viability are much more
pronounced than in the control experiment without any addi-
tion (1 order of magnitude), where the decline in viability is

FIG. 1. Survival of Pseudomonas sp. strain LB400 in sterilized (A) and nonsterilized (B) soil contaminated with the indicated chemicals at concentrations of 0.3 mg/g
of soil.
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most probably due to restricted competitiveness (21) and/or
predation (19, 48). The dramatic decreases in viability in the
case of addition of chlorinated chemicals are clearly not due to
the compounds themselves (see above), strongly suggesting
that the effect is due to the conversion of these compounds by
the indigenous microflora to a toxic product. This is further
supported by the observation that the viability of LB400 still
significantly decreased as the concentration of the applied
compounds diminished, i.e., were converted (Fig. 1 and 2) and
that the conversion of these compounds was completely differ-
ent from that observed in sterile soil. In sterilized soil, degra-
dation of 4-chlorobiphenyl by LB400 resulted in the almost
stoichiometric accumulation of 4-chlorobenzoate (as in liquid
culture), whereas in nonsterilized soil, 4-chlorobenzoate was
further transformed by the natural microflora and therefore
accumulated to a much smaller extent. In addition, the degra-
dation of 4-chlorobiphenyl was slower in nonsterilized than in
sterilized soil (Fig. 2A), correlating with the decline in the
number of viable LB 400 cells in nonsterilized soil. However,
despite the considerable evidence for the formation of a toxic
product from 4-chlorobenzoate and 4-chlorocatechol, both
compounds were transformed without accumulation of detect-
able amounts of metabolites.
Consistent with the effect on LB400, the addition of 4-chlo-

robenzoate to nonsterilized soil microcosms containing the
PCB-metabolizing organisms S. paucimobilis Q1 (43), A. eutro-
phus H850 (4), and R. globerulus P6 (2) separately, resulted in
a rapid decrease in the viability of these organisms while only
small decreases were observed in nonsterilized soil. No such
decrease was observed in sterilized soil.
Effect of coinoculation with a 4-chlorobenzoate degrader

and a cometabolizer on the survival of Pseudomonas sp. strain
LB400 in soil containing 4-chlorobenzoate. The transforma-
tion of 4-chlorocatechol is known to occur by three pathways:
the 3-oxoadipate pathway, leading to the formation of pro-

toanemonin (6); the chlorocatechol pathway, operating via a
nontoxic cis-dienelactone (14, 36); and themeta-cleavage path-
way, operating via 5-chloro-2-hydroxymuconic semialdehyde
(46), most probably with chloroacetate as an intermediate (1).
If the toxic effects of 4-chlorobenzoate are due to its transfor-
mation via 4-chlorocatechol to protoanemonin, then an in-
crease in the metabolic flux through pathways other than the
protoanemonin-producing 3-oxoadipate pathway may result in
a better survival rate of soil microbes. We investigated this
hypothesis by inoculating nonsterilized soil, supplemented with
4-chlorobenzoate, with LB400 and Pseudomonas strain PS121,
a strain able to degrade 4-chlorobenzoate via 4-chlorocatechol
and a modified ortho-cleavage (chlorocatechol) pathway. In
contrast to the severe decrease in the viability of LB400 in
nonsterilized soil containing 4-chlorobenzoate no such de-
crease in viability was observed in soil also containing PS121
(Fig. 3). A similar protective effect from 4-chlorobenzoate was
also observed when P. putida KT2442 harboring the TOL plas-
mid was added to soil (Fig. 3). In this case, KT2442 is capable
of transforming 4-chlorobenzoate into 5-chloro-2-hydroxymu-
conic semialdehyde (31), reducing the potential of 4-chloro-
catechol to be converted to protanemonin. No 4-chlorocat-
echol or protoanemonin accumulation was observed in any of
the experiments.
Effect of protoanemonin on the indigenous soil microflora.

To investigate the effect of protoanemonin on the soil micro-
flora, this compound was added to nonsterilized soils up to
concentrations of 300 ppm. Surprisingly, although protoane-
monin is toxic to bacterial isolates grown in artificial growth
media (5, 6), the addition of protoanemonin to nonsterilized
soils had no observable effect on the viability of indigenous
bacteria (Fig. 4). Moreover, a rapid depletion of protoanemo-
nin was observed (Fig. 4), indicating a rapid microbial trans-
formation. However, although there were no apparent effects
on the soil microflora viability, within 2 days after addition of

FIG. 2. Metabolism of 4-chlorobiphenyl, 4-chlorobenzoate, and 4-chlorocatechol in soil microcosms. (A) The disappearance of 4-chlorobiphenyl and the accumu-
lation of 4-chlorobenzoate (1 mg/g of soil, corresponding to 5.3 mmol/kg of soil) in the presence of Pseudomonas sp. strain LB400 was quantified in nonsterilized and
sterilized soil. (B) Transformation of 4-chlorobenzoate and 4-chlorocatechol (0.3 mg/g of soil corresponding to 1.9 and 2.1 mmol/kg of soil, respectively) was monitored
in nonsterilized soil. Data points represent the mean of three independent experiments.

VOL. 63, 1997 PROTOANEMONIN NEGATIVELY AFFECTS SURVIVAL 429



75 and 150 ppm of protoanemonin, a significant decrease in
dehydrogenase activity (40 and 60%, respectively) occurred,
showing a severe effect on the physiology of the microflora.
To investigate whether other antibiotic compounds may be-

have like protoanemonin, streptomycin was added to nonster-
ilized soil (200 ppm, final concentration). As was the case for
protoanemonin, streptomycin had no observable effect on the
viability of the indigenous bacteria, although only 1026 of the
culturable indigenous bacteria were resistant to streptomycin
(data not shown).
Toxicity of protoanemonin for Pseudomonas sp. LB400 in

sterilized and nonsterilized soil. A large difference in the via-
bility of strain LB400 was observed between protoanemonin-
containing sterilized and nonsterilized soil. Consistent with the
toxic effect of protoanemonin on LB400 observed in liquid
culture (6), a severe decrease in the viability of LB400 was
observed in sterilized soil containing protoanemonin (Fig. 1).
In contrast, in nonsterilized soil, protoanemonin had little ef-
fect on the viability of strain LB400. A statistically significant
decrease in the number of viable cells more pronounced than
that in the unamended control was observed only after 2 days.
Overall, the viability decreased only by 1 order of magnitude in
1 week, a result similar to that of controls which did not
contain protoanemonin. The nontoxic effect of protoanemonin
in nonsterilized soil is attributed to the rapid breakdown of this
compound by the indigenous microflora, as observed in the
experiments discussed above (Fig. 4).
Formation of protoanemonin from 4-chlorocatechol by

mixed bacterial cultures enriched from soil. As protoanemo-
nin appeared to accumulate at barely detectable levels in soils
amended with 4-chlorobiphenyl, 4-chlorobenzoate, or 4-chlo-
rocatechol, we decided to investigate whether indigenous bac-

teria are actually capable of producing this compound. In con-
trast to controls enriched on complex medium, bacterial
samples prepared from soil cultures grown on benzoate accu-
mulated up to 2.5% of the amended 4-chlorocatechol as pro-
toanemonin, and those grown on benzoate–4-chlorobenzoate
accumulated up to 4%. The accumulation was followed by a
depletion of protoanemonin due to the conversion by the bac-
teria. This depletion suggests that the conversion of 4-chloro-
catechol to protoanemonin is even greater than the net accu-
mulation observed.

DISCUSSION

Bioremediation is potentially a powerful technique for the
cleanup of contaminated sites. In the case of chloroaromatics,
usually the absence, or the presence in small numbers, of an
acclimated microbial population capable of degrading the pol-
lutant limits biodegradation (9, 28). These deficiencies can be
overcome by the introduction of specific organisms into con-
taminated sites (16, 45). These introduced organisms fre-
quently perform poorly; this has been attributed to a number
of factors, such as poor survival (21), predation (19, 48), and
inappropriate regulation of the degradative capability (8).
It is generally accepted that metabolites of the transforma-

tion of aromatic compounds can be more toxic than the orig-
inal substrate (23, 26, 35, 41). Consequently mineralization
rather than biotransformation has to be the goal of bioreme-
diation strategies. In the case of bicyclic aromatics such as
biphenyls, naphthalenes, dibenzofurans, and dioxins, most or-
ganisms available until now were isolated on the basis of deg-
radation of the unchlorinated compound and only cometabo-
lized but did not mineralize some chlorinated congeners (4, 15,

FIG. 3. Survival of Pseudomonas sp. strain LB400 in soil contaminated with
4-chlorobenzoate (0.3 mg/g of soil), without a helper strain (as shown in Fig. 1),
in the presence of the 4-chlorobenzoate degrader Pseudomonas sp. strain PS121
or the 4-chlorobenzoate cometabolizer P. putida KT2442 (pTOL). The two
strains were inoculated at the same order of magnitude as Pseudomonas sp.
strain LB400 (;108 CFU/g of soil). This indicates survival of LB 400 without a
helper strain (as shown in Fig. 3). Data points represent the mean of three
independent experiments.

FIG. 4. Effect of protoanemonin on soil microcosms. Soil samples were
treated with 40 ppm (A) or 300 ppm (B) of protoanemonin. At the indicated
times, viable bacterial and fungal cells as well as the residual concentration of
protoanemonin were analyzed as described in Materials and Methods.
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18, 22, 29, 47). Depending on the microorganism and the
congener of interest, different pathway bottlenecks were de-
scribed, but, most commonly, only one aromatic ring was de-
graded. For example, chlorobenzoates accumulate as dead-end
products of chlorobiphenyls (39). Furthermore, while dead-
end products accumulate in pure culture and transformation of
chlorobiphenyls into chlorobenzoates can be regarded as a
detoxifying process, in natural environments those compounds
may be subsequently transformed by other members of the
microbial community.
Negative effects of chlorobenzoate metabolism on chlorobi-

phenyl degradation have already been reported. 3-chloroben-
zoate can be transformed by benzoate 1,2-dioxygenase fol-
lowed by a dehydrogenase into 3-chlorocatechol, which, upon
meta cleavage, give rise to a reactive acylchloride (3), inacti-
vating the ring cleavage enzyme. Actual accumulation of hy-
droxylated metabolites was observed when biphenyl-grown
cells of Pseudomonas testosteroni were incubated with 3-chlo-
robenzoate (42). Havel and Reineke (24) assumed the forma-
tion of a toxic compound from 4-chlorobenzoate by the natural
microflora, leading to a rapid die-off of the biphenyl-metabo-
lizing strain used in their study, an effect similar to that ob-
served in this study.
In this paper, we present strong evidence that 4-chloroben-

zoate is converted to a toxic product, most probably protoane-
monin (see below), by the indigenous soil microflora. This toxic
product has severe effects on the cell viability of both the
indigenous organisms and organisms that were supplemented
to the soil.
Because 4-chlorocatechol is produced from 4-chlorobenzo-

ate (Fig. 5) and because addition of both compounds to non-
sterilized soil had similar effects on the viability of LB400, we
deduce that a metabolite downstream of 4-chlorocatechol is
responsible for toxicity. 4-Chlorocatechol can be metabolized
via either meta or ortho cleavage. We discount the production
of a toxic product via the meta-cleavage pathway, since the
addition of an organism containing a meta-cleavage pathway.
(P. putida KT2442 harboring the TOL plasmid) actually pro-
tected against the toxicity of 4-chlorobenzoate in nonsterilized
soil (Fig. 3). Thus, by default, the production of a toxic com-
pound from 4-chlorobenzoate is assumed to proceed via
4-chlorocatechol and subsequent ortho cleavage.
The ortho cleavage of 4-chlorocatechol produces 3-chloro-

cis,cis-muconate, which can then be catabolized via three dis-
tinct routes (Fig. 5). In the chlorocatechol pathway, chloromu-
conate cycloisomerase transforms 3-chloro-cis,cis-muconate
into cis-dienelactone (36), which is then further metabolized to
Krebs cycle intermediates (25, 36). Alternatively, muconate
cycloisomerase from Trichosporon cutaneum can catalyze the
1,4-cycloisomerization of 3-chloro-cis,cis-muconate to form
3-chloromuconolactone (27). Most importantly, enzymes of
the 3-oxoadipate pathway, usually involved in the bacterial
degradation of benzoate, can form protoanemonin (6).
Even though the actual production of protoanemonin from

potential precursors (such as 4-chlorocatechol) was observed
only in enriched mixed cultures, on the basis of known meta-
bolic pathways this compound is the most likely candidate to
account for the observed toxic effects. Pseudomonas sp. strain
LB400 is very sensitive to protoanemonin in pure culture (6)
and in sterilized soil (Fig. 1A). 4-Chlorobenzoate itself is not
toxic to LB400, and a metabolic product of this compound is
clearly responsible for toxicity. Metabolic pathways exist that
convert 4-chlorobenzoate to protoanemonin via ortho cleavage
of 4-chlorocatechol. Addition of meta-cleavage pathway-con-
taining organisms that can reroute the flux of 4-chlorocatechol

away from ortho cleavage actually inhibited the toxic effects of
4-chlorobenzoate on LB400 in nonsterilized soil.
While the conversion of 4-chlorocatechol and 4-chloroben-

zoate seems to result in the production of protoanemonin,
which produces the toxic effects, it was surprising that the
addition of this compound to nonsterilized soil had no severe
effect on the viability of LB400 or soil organisms. We attribute
this observation to the transient presence of the compound:
direct addition of protoanemonin to nonsterilized soil resulted
in a rapid decrease in its concentration, thereby allowing toxic
effects to occur only during the first 1 to 2 days of incubation.
If the toxic effects of 4-chlorobenzoate are due to its con-

version to protoanemonin by indigenous soil microbes, how
can the resulting protoanemonin exert its toxic effects, given
the rapid degradation of this compound and its failure to
produce a severe toxic effect when applied as a shock load to
nonsterilized soil? Two reasons may account for the difference.
First, 4-chlorobenzoate is most probably continually converted
to protoanemonin, such that microorganisms are exposed to
this compound for as long as the precursor is present and not
only for a few hours. Second, soil is heterogeneous, and so

FIG. 5. Pathways for the aerobic degradation of 4-chlorobenzoate. 1, Hydro-
lytic dehalogenation of 4-chlorobenzoate occurs to form 4-hydroxybenzoate (37).
2, Dioxygenation of 4-chlorobenzoate is catalyzed by benzoate dioxygenases of
relaxed substrate specificity such as toluate dioxygenase (32). After dehydroge-
nation, 4-chlorocatechol is formed. 3,meta cleavage of 4-chlorocatechol is caused
by catechol 2,3-dioxygenases (46). 4, ortho cleavage of 4-chlorocatechol is cata-
lyzed by catechol and chlorocatechol 1,2-dioxygenases (14). 5, The formation of
cis-dienelactone from 3-chloro-cis,cis-muconate is catalyzed by chloromuconate
cycloisomerases (36) of specialized bacteria. 6, 1,4-Cycloisomerization of 3-
chloro-cis,cis-muconate is catalyzed by muconate cycloisomerase of Trichosporan
cutaneum (27). 7, Formation of protoanemonin is catalyzed by bacterial mu-
conate cycloisomerases (6). TCA, trichloroacetic acid.
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protoanemonin could be produced in a particular area, giving
rise to locally relatively high concentrations, and could exert its
toxic effect before diffusing to another area and being de-
graded. Thus, only very small amounts of protoanemonin need

to be produced for a toxic effect to occur prior to its degrada-
tion. This would explain the pronounced toxic effects, as expo-
sure, which is a combination of concentration (high local con-
centrations) and time (much longer when applied as a shock

FIG. 6. Schematic representation of the formation of protoanemonin in soil contaminated with 4-chlorobiphenyl in the presence of a PCB degrader (A) and its
potential circumvention by coinoculation of a chlorobenzoate degrader (B) or by the use of a suitable genetically engineered bacterium (C).
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load) can be regarded as high. On the macroscopic level, when
soil is assayed for this compound, no protoanemonin is ob-
served.
If a general problem in haloaromatic-contaminated environ-

ments is the production of protoanemonin from 4-chloroben-
zoate (Fig. 6A), a possible solution will be to coinoculate the
soil with a chlorobenzoate degrader (Fig. 6B) or to equip those
organisms able to degrade the pollutants as far as halobenzo-
ates with the additional catabolic enzymes needed to prevent
the formation and accumulation of protoanemonin (Fig. 6C).
However, coinoculation of a chlorobenzoate degrader involves
the problem of the relative affinity for the chemical of the
natural microflora, which may misroute intermediates to pro-
toanemonin. The problem of the accumulation of intermedi-
ates can be avoided if all the information for the mineralization
of the xenobiotic compound is in a single bacterium. This
should not only permit survival of the degraders in such envi-
ronments but also result in protection of the entire microbial
community from protoanemonin poisoning. Since such cata-
bolic enzymes are known, the engineering of the respective
genes into appropriate degraders should provide an effective
solution to the protoanemonin problem.
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