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The synthesis and degradation of anthropogenic and natural organohalides are the basis of a global halogen
cycle. Chlorinated hydroquinone metabolites (CHMs) synthesized by basidiomycete fungi and present in
wetland and forest soil are constituents of that cycle. Anaerobic dehalogenating bacteria coexist with basid-
iomycete fungi in soils and sediments, but little is known about the fate of these halogenated fungal compounds.
In sediment microcosms, the CHMs 2,3,5,6-tetrachloro-1,4-dimethoxybenzene and 2,3,5,6-tetrachloro-4-me-
thoxyphenol (TCMP) were anaerobically demethylated to tetrachlorohydroquinone (TCHQ). Subsequently,
TCHQ was converted to trichlorohydroquinone and 2,5-dichlorohydroquinone (2,5-DCHQ) in freshwater and
estuarine enrichment cultures. Screening of several dehalogenating bacteria revealed that Desulfitobacterium
hafniense strains DCB2 and PCP1, Desulfitobacterium chlororespirans strain Co23, and Desulfitobacterium de-
halogenans JW/DU1 sequentially dechlorinate TCMP to 2,3,5-trichloro-4-methoxyphenol and 3,5-dichloro-4-
methoxyphenol (3,5-DCMP). After a lag, these strains demethylate 3,5-DCMP to 2,6-DCHQ, which is then
completely dechlorinated to 1,4-dihydroquinone (HQ). 2,5-DCHQ accumulated as an intermediate during the
dechlorination of TCHQ to HQ by the TCMP-degrading desulfitobacteria. HQ accumulation following TCMP
or TCHQ dechlorination was transient and became undetectable after 14 days, which suggests mineralization
of the fungal compounds. This is the first report on the anaerobic degradation of fungal CHMs, and it
establishes a fundamental role for microbial reductive degradation of natural organochlorides in the global
halogen cycle.

Anthropogenic production of organohalides stands at more
than 15,000 compounds (20), while an additional 3,000 are
biotically or abiotically synthesized in the environment (13,
14). The natural production of halogenated organic com-
pounds represents the synthesis portion of a global halogen
cycle (see reference 25 for a recent review). These compounds
were potential substrates for microbial dehalogenation long
before the human introduction of additional organohalides.
The microbial degradation of the halogenated aromatic com-
pounds into nonhalogenated organic material, biomass, or
CO2 is requisite for the completion of the halogen cycle. Many
bacteria and fungi are capable of total or partial degradation of
anthropogenic halogenated compounds such as chlorophenols,
chlorobenzoates, polychlorinated biphenyls, chlorobenzenes,
and chlorinated aliphatic compounds (reviewed in references
15, 17, and 48). Far less is known about the biodegradation,
especially anaerobic degradation, of natural organohalides.

Basidiomycete fungi are particularly adept at synthesizing
halogenated aromatic compounds, such as the chlorinated hy-
droquinone metabolites (CHMs) (reviewed in reference 9). In
addition to being chlorinated, CHMs are symmetrically hy-
droxylated or methoxylated at the 1 and 4 positions. The CHM
2,3,5,6-tetrachloro-4-methoxyphenol (TCMP, also known as
drosophilin A) was the first chlorinated compound to be iso-

lated and characterized from a basidiomycete fungus (1). Ten
different genera of fungi are known to produce CHMs (9, 37, 39).
TCMP and 2,3,5,6-tetrachloro-1,4-dimethoxybenzene (TCDB),
another CHM of fungi, can also be produced microbially by
aerobic bacteria. Suzuki (36) demonstrated that a soil Mycobac-
terium sp. could dechlorinate by hydrolysis anthropogenic penta-
chlorophenol (PCP) to tetrachlorohydroquinone (TCHQ), which
the bacterium then methylates. Häggblom et al. (18) showed that
Rhodobacter spp. could also methylate TCHQ to TCMP and
TCDB.

The fungal CHMs are environmentally significant due to
their antimicrobial activity (1, 27) and their potential physio-
logical role during lignin degradation, since they can serve as
substrates for lignin peroxidases (19, 42). The fungi that syn-
thesize CHMs are common and produce high levels of absorb-
able organic halogens, including CHMs, when grown on ligni-
nocellulosic substrates (45). Specifically, TCMP has been
detected in composite forest litter (9). The deposition of the
CHMs into the environment in association with degrading
plant material renders these compounds available to anaerobic
dehalorespiring bacteria, which utilize halogenated organic
compounds as terminal electron acceptors for growth. The
introduction of halogenated aromatic compounds by fungi into
anoxic environments such as flooded soil, sediment, and rot-
ting logs could have driven the evolution of reductive dehalo-
genation in anaerobic bacteria and influenced anaerobic me-
tabolism of aromatic compounds in general.

Other than reports on the anaerobic biodegradation of a few
mono- and dichlorinated chlorinated anisyl metabolites
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(CAMs) produced by fungi (30, 40, 46), and bromophenols
produced by marine organisms (21, 35), very little is known
about the anaerobic microbial metabolism of natural organo-
halides. This is especially so for the extensively chlorinated
fungal CHMs. Since many CHMs are heavily chlorinated, they
have the potential to serve as more thermodynamically effec-
tive electron acceptors than less chlorinated aromatic com-
pounds. Herein we describe the microbial pathways for anaer-
obic biodegradation of fungal CHMs with a focus on TCMP.
The results establish fundamental pathways in the global halo-
gen cycle associated with the biodegradation of natural orga-
nohalides.

MATERIALS AND METHODS

Chemicals and synthesis of CHMs. The following compounds were purchased
from Sigma-Aldrich: TCHQ, 2,5-dichloro-1,4-dihydroquinone (2,5-DCHQ),
2-chloro-1,4-dihydroquinone (2-CHQ), 1-4-dihydroquinone (hydroquinone
[HQ]), 2-chloro-4-methoxyphenol (2-CMP), 4-methoxyphenol, 2,3,5,6-tetra-
chloro-1,4-benzoquinone, 2,5-dichloro-1,4-benzoquinone, 2,6-dichloro-1,4-ben-
zoquinone, and 2-chloro-1,4-benzoquinone.

2,3,5-Trichloro-1,4-dihydroquinone (TriCHQ) and 2,3,5-trichloro-1,4-benzo-
quinone were prepared from 2,6-dichloro-1,4-benzoquinone as described by
Renner and Hopfer (29). 2,3-Dichloro-1,4-hydroquinone (2,3-DCHQ) and 2,3-
dichloro-1,4-benzoquinone were prepared from hydroquinone as described by
Yu and Mattern (51). 2,6-Dichloro-1,4-dihydroquinone (2,6-DCHQ) was pre-
pared from 2,6-dichloro-1,4-benzoquinone by the method described by Yu and
Mattern (51). TCDB, TCMP, and 2,5-dichloro-4-methoxyphenol (2,5-DCMP)
were prepared as described by Ramirez et al. (28). Reaction of 2,3-dichloro-1,4-
benzoquinone with trimethyl phosphite under Ramirez’s conditions (benzene
and alkaline hydrolysis) yielded 2,3-dichloro-4-methoxyphenol (2,3-DCMP).
Under similar reaction conditions, 2,3,5-trichloro-1,4-benzoquinone yielded a
mixture of 2,3,6-trichloro-4-methoxyphenol (2,3,6-TriCMP) and 2,3,5-trichloro-
4-methoxyphenol (2,3,5-TriCMP) (1:4). Reaction of 2,6-dichloro-1,4-benzoqui-
none with trimethyl phosphite resulted in the isomeric 2,6-dichloro-4-methoxy-
phenol (2,6-DCMP) and 3,5-dichloro-4-methoxyphenol (3,5-DCMP) in a 6:1
ratio. Preparative thin-layer chromatography and column chromatography (with
SiO2, ethyl acetate, and hexanes) were used to purify compounds to �90% purity
(based on 1H-nuclear magnetic resonance spectroscopic and gas chromatograph-
ic-mass spectrometry analysis). Spectroscopic data for the chlorinated methoxy-
phenols were identical to those reported by Knuutinen et al. (22). All compounds
were stored in the dark.

Sample preparation for CHM analysis. Whole cultures (10 ml) were extracted
twice with 2 ml of high-pressure liquid chromatography-grade ethyl acetate
(Fisher Scientific) by shaking for 1 h. The organic layers were pooled in a gas
chromatography vial and evaporated under a stream of N2. The residue was
derivatized in 300 �l of ethyl acetate with 100 �l of bis(trimethylsilyl)trifluoro-
acetamide (BSTFA) (Sigma-Aldrich) and analyzed immediately on a gas chro-
matograph-mass spectrometer (GC-MS).

Recovery of CHMs and their degradation products was approximately 60 to
70% at time zero from both axenic and active sediment-free cultures. Recovery
of CHM substrates from abiotic (sterile) controls remained unchanged after 60
days, and no degradation products were ever observed.

CHM analysis. CHMs were identified by matching retention times, molecular
weights, relative natural isotopic abundance of 35Cl/37Cl (49), and fragmentation
patterns with those of authentic standards. Relative retention times and molec-
ular masses of each compound and its derivative with BSTFA are presented in
Table 1. Analysis was conducted with a Hewlett-Packard 6890-5972A GC-MS
(Agilent) equipped with a HP-5MS 5% phenylmethyl Siloxane capillary column
(30 m by 0.25 mm by 0.25 �m [film thickness]) and the following oven program:
initial temperature gradient at 20°C/min from 80 to 180°C, temperature hold at
180°C for 16 min, final temperature gradient at 50°C/min from 180 to 280°C, final
temperature hold at 280°C for 2 min. When 3,5-DCMP and 2-CHQ required
baseline separation, the oven program was as described above except that the
initial temperature gradient was run at 2.5°C/min.

Cultures and media. Pure cultures of dehalogenating bacteria were obtained
from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(DSMZ) or American Type Culture Collection (ATCC): Desulfitobacterium
chlororespirans Co23 (DSM 11544), Desulfitobacterium dehalogenans JW/DU1
(ATCC 51507), Desulfitobacterium hafniense DCB2 (DSM 10664), D. hafniense

DB7 (DSM 13498), D. hafniense PCP1 (ATCC 700357), D. hafniense TCE1
(DSM 12704), Desulfitobacterium sp. strain PCE1 (DSM 10344), and Dehalospi-
rillum multivorans (DSM 12446). Each strain was initially cultured in its recom-
mended DSMZ or ATCC medium. For comparative purposes, all organisms
were grown in DSMZ 720. DSMZ 720 contains the following salts and solutions
(per liter): 1 g of NH4Cl, 0.1 g of NaCl, 0.1 g of MgCl2 � 6H2O, 0.05 g of
CaCl2 � 2H2O, 0.3 g of K2HPO4, 1 g of yeast extract, 2.6 g of NaHCO3, 0.3 g of
Na2S � 9H2O, and 1 ml of trace element solution SL-10 (DSMZ 320) with 0.5 g
of Na2-EDTA per liter, 10 ml of resazurin at 0.1 g/liter, 10 ml of vitamin solution
(DSMZ 141) (50), 10 ml of 25% (wt/vol) CH3COCOONa, 5 ml of 25% (wt/vol)
Na2S2O3 � 5H2O. The solutions were prepared anaerobically under 80% N2 plus
20% CO2 as described previously (3), and the pH was adjusted to 7.0 with HCl.
Ten-milliliter cultures were inoculated with 5 � 105 exponentially growing cells.
Following inoculation, the CHM was delivered in filter-sterilized 60% (vol/vol)
ethanol (5 mM final concentration in medium) via a digital microdispenser
(Drummond, Broomall, Pa.) for a final concentration of 163 �M TCDB, 173 �M
TCMP, or 183 �M TCHQ. The cultures were maintained and transferred under
anaerobic conditions in anaerobic culture tubes (Belco, Vineland, N.J.) sealed
with Teflon-coated butyl stoppers (West Co., Lionville, Pa.) secured by an alu-
minum crimp seal. All cultures were incubated in the dark at 30°C.

Enrichment cultures. Initial inocula were prepared by suspending estuarine
(Baltimore Harbor, 39°16.8�N, 76°36.1�W) and freshwater (pond in the Cumber-
land Mountains of Tennessee, 36°21.72�N, 84°42.07�W) sediment (20% [vol/vol])
into anaerobic estuarine (3) or freshwater (34) media. Following shaking and
settling for clarification (approximately 10 min), 1% (vol/vol) of the supernatant
from these anaerobic suspensions was transferred to sediment-free media. This
constituted the first in a series of three or four sequential transfer cultures. Each
subsequent transfer culture was made as a 1% (vol/vol) transfer after 30 days of
incubation. TCDB, TCMP, or TCHQ was delivered in ethanol to each culture as
described above. All cultures were transferred under anaerobic conditions as
described above and incubated in the dark at 30°C.

RESULTS

Biodegradation of CHMs by enriched microbial communi-
ties. Several series of sediment-free enrichment cultures were
established with microorganisms from freshwater or estuarine
sediment. Each enrichment culture was sequentially trans-
ferred three or four times (single cultures) in series with
TCDB, TCMP, or TCHQ. TCHQ is not reported to be syn-
thesized by fungi, but it was included in the study because of its

TABLE 1. Relative retention times of trimethylsilyl
derivatized CHMs

Compound Relative
RTa

TCHQ............................................................................................... 1.000
TriCHQ............................................................................................ 0.699
2,6-DCHQ........................................................................................ 0.539
2,5-DCHQ........................................................................................ 0.524
2,3-DCHQ........................................................................................ 0.575
2-CHQb ............................................................................................ 0.453
HQ.................................................................................................... 0.392

TCMP............................................................................................... 0.762
2,3,6-TriCMP................................................................................... 0.645
2,3,5-TriCMP................................................................................... 0.563
2,5-DCMP........................................................................................ 0.483
3,5-DCMPb ...................................................................................... 0.455
2,3-DCMP........................................................................................ 0.526
2,6-DCMP........................................................................................ 0.481
2-CMP .............................................................................................. 0.412
4-MP................................................................................................. 0.352

TCDB ............................................................................................... 0.600

a Retention time (RT) relative to TCHQ, defined as 1.000.
b 2-CHQ and 3,5-DCMP achieve baseline separation (not shown) with an

alternate GC-MS method (see Materials and Methods).
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structural similarity to the CHMs and because it was detected
in preliminary examinations of sediment microcosms incu-
bated with TCDB or TCMP (data not shown).

Table 2 summarizes the results of CHM biodegradation
obtained with each enrichment culture series. In general, the
microbial communities enriched from both environments ex-
hibited similar degradation patterns for CHMs. At no time
were less chlorinated methoxyphenols detected in any of the
enrichment cultures incubated with TCDB or TCMP, indicat-
ing that dechlorination was not the first CHM transformation
process performed by the mixed microbial communities. In-
stead, demethylation to TCHQ was observed with all but one
of the enrichment cultures maintained with TCDB or TCMP.
Following demethylation to TCHQ, TriCHQ was produced by
all four sequential transfer cultures inoculated with estuarine
microorganisms and grown with TCMP. Further dechlorina-
tion to 2,5-DCHQ was observed in the fourth sequential trans-
fer culture of this series. The freshwater microorganisms de-
chlorinated TCHQ but not TCMP. Since demethylation and
dechlorination occurred with both freshwater and estuarine en-
richment cultures maintained with either TCMP or TCHQ, it is
apparent that microorganisms from both environments sequen-
tially demethylate and dechlorinate CHMs.

Dechlorination products beyond 2,5-DCHQ were never ob-
served in any of the enrichment cultures. After 60 days the
CHMs and degradation products were undetectable. Degrada-

tion products were never observed in abiotic (sterile) controls,
and the starting CHMs were always recoverable. The experi-
ments were qualitative and not designed to ensure the acqui-
sition of a final mass balance. Therefore, it is quite possible
that further degradation, including the transformation to HQ
or even CO2, may have occurred with live cultures. Similar sets
of experiments with additional enrichment cultures (data not
shown) yielded the same results, i.e., demethylation of the
CHMs followed by dechlorination to 2,5-DCHQ.

Biodegradation of TCMP by axenic cultures. Eight strains of
anaerobic bacteria were tested for their ability to dechlorinate
TCMP or TCHQ. These included four strains of Desulfitobac-
terium capable of dechlorinating chlorophenols (4, 5, 10, 23, 30,
40, 41), a Desulfitobacterium strain that is not capable of de-
chlorinating organohalides (strain DP7) (43), and three bacte-
rial species that dechlorinate chlorinated ethenes (11, 12, 32),
including one that dechlorinates tetrachloroethene and some
chlorophenols (Desulfitobacterium strain PCE1). These exper-
iments served two purposes: (i) to identify bacterial species
capable of carrying out the reactions identified in the enrich-
ment cultures, and (ii) to identify alternative pathways of an-
aerobic CHM biodegradation. The dechlorinating capabilities
of all eight strains are summarized in Table 3. D. hafniense
strains PCP1 and DCB2, D. dehalogenans strain JW/DU1, and
D. chlororespirans strain Co23 readily dechlorinated TCMP
and TCHQ within 3 days. D. hafniense strain DP7, which has a

TABLE 2. CHM degradation products observed with enrichment cultures at 18 days

Enrichment Culture
Concn (�M) ofa:

TCMP TCHQ TriCHQ 2,5-DCHQ

Estuarine
With TCDB �5–20 (2/3) �5–50 (2/3) �5 �5
With TCMP 10–100 (4/4) 10–30 (4/4) �5–5 (1/4)
With TCHQ �5–20 (2/4) �5–20 (2/4)

Freshwater
With TCDB 10–20 (3/3) 10 (3/3) �5 �5
With TCMP 10–50 (3/3) �5 �5
With TCHQ �5–40 (3/4) 10–150 (3/4)

a Enrichment culture data are summarized for three or four enrichment cultures transferred sequentially and grown with one of the three CHMs. The number of
sequential transfer enrichment cultures in which the compound was detected is in parentheses. Similar results were observed in replicate experiments. The detection
limit was less than 5 �M.

TABLE 3. Dechlorinating capability of species tested with fungal CHMsa

Bacterium

Result with dehalogenation substrate

This study Previous studies

TCMP TCHQ 3-Cl-4-OHPA PCP 3,4,5-TriCP Other CPs PCE/TCE

Dehalospirillum multivorans � � ND ND ND ND �/�
Desulfitobacterium chlororespirans Co23 � � � � ND � ND
Desulfitobacterium dehalogenans JW/DU1 � � � � � � �/�
Desulfitobacterium hafniense DCB2 � � � � � � �/�
Desulfitobacterium hafniense DP7 � � � � ND � �/�
Desulfitobacterium hafniense PCP1 � � � � � � �/�
Desulfitobacterium hafniense TCE1 � � � ND ND ND �/�
Desulfitobacterium sp. strain PCE1 � � � � ND � �/�

a Sources for the data are as follows: TCMP and TCHQ data (all strains), this study; Desulfitobacterium sp. strain PCE1, references 11 and 12; D. hafniense PCP1,
reference 10; D. dehalogenans, references 40 and 41; D. hafniense TCE1, reference 11; D. hafniense DP7, reference 43; D. chlororespirans, reference 30; D. multivorans,
reference 32; D. hafniense DCB2, reference 5. 3-Cl-4-OHP, 3-chloro-4-hydroxyphenyl acetate; PCE and TCE, tetra- and trichloroethene; 3,4,5-TriCP, 3,4,5-trichlo-
rophenol. Other chlorophenols (CPs) exclude PCP and 3,4,5-TriCP. ND, not determined or reported in the literature.
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high phylogenetic similarity to strains PCP1 and DCB2 (43),
was incapable of degrading the fungal CHMs within 30 days in
this study. This is consistent with the organism’s inability to
dechlorinate chlorophenols or tetrachloroethene (43). Fur-
thermore, TCMP completely inhibited the growth of strain
DP7. None of the other strains dechlorinated the fungal
CHMs.

Each CHM-dechlorinating Desulfitobacterium strain de-
graded TCMP to HQ within 9 days, but the HQ recovered
accounted for only a small percentage of the TCMP added to
the cultures. After 14 days none of the TCMP or any of its
degradation products, including HQ, were detected. To more
fully characterize the degradation of TCMP, D. hafniense
strain DCB2 was examined in greater detail. Figure 1 shows
the time dependent transformation of TCMP by replicate cul-
tures of strain DCB2. The degradation products were identi-
fied by matching retention times and mass spectra with those of
authentic standards (data not shown). Degradation products
were not observed in sterile controls. Within 1 day of incuba-
tion, TriCMP was detected and its formation preceded that of
3,5-DCMP. The dichloro- isomer accumulated to levels ac-
counting for �68% of the TCMP added to the cultures, and it
remained at these levels for several days. Demethylation,
which preceded dechlorination in the mixed microbial commu-
nities of the enrichment cultures, occurred after the formation
and accumulation of 3,5-DCMP in the pure culture of strain
DCB2. GC-MS analysis of the dechlorination homologs of
TCMP produced by the other CHM-dechlorinating bacteria
demonstrated that all of these organisms accumulated 3,5-
DCMP (data not shown). Both 2-CHQ and HQ were produced
shortly after the demethylation of 3,5-DCMP to 2,6-DCHQ,
but these hydroquinones did not accumulate to the levels of
3,5-DCMP. The other isomers of the mono- or dichloro-me-
thoxyphenols and Tri-CHQ or TCHQ were not detected.

Biodegradation of TCHQ by axenic cultures. Since TCHQ is
structurally similar to TCMP and is produced by the enrich-
ment cultures, its dechlorination was also examined. Strain
DCB2 was again used to illustrate the dechlorination time
course of TCHQ (Fig. 2). Recovery of TCHQ and its dechlo-
rination products was low after 24 h of incubation in replicate
cultures. The experiment was repeated with additional sam-
pling over the first 24 h (Fig. 2, inset). The results were similar,
i.e., low recovery of substrate and products at 24 h, but the
inset data demonstrate that TriCHQ and 2,5-DCHQ formed
within 16 h. The data prove that the TriCHQ was an interme-
diate and accumulated to a modest but detectable level. The
decrease in recovery of chlorinated hydroquinones at 24 h
followed by an increase in recovery was observed with CHM-
dechlorinating and nondechlorinating strains, e.g., strain DP7
(data not shown). Since the recovery procedure was equally
effective for all purified intermediates, one possible explana-
tion for the low recovery of chlorinated hydroquinones in the
culture at 24 h is that the compounds are bound to an unknown
(e.g., the vessel walls or a cellular component) that impedes
their effective extraction from the cultures or subsequent der-
ivatization. Within the next 24 h most of the TCHQ added to
dechlorinating cultures was recovered as 2,5-DCHQ (Fig. 2) or
as TCHQ in nondechlorinating cultures (data not shown).
These results suggest that the dechlorinating and nondechlo-
rinating cultures are able to increase the accessibility of the
chlorinated hydroquinones as they grow, thus rendering the
compound available for metabolism and extraction. Data from
48 h and later show that 2-CHQ and eventually HQ were
produced, but similar to the results with TCMP, recovery of
these dechlorination products was low. Recovery of 2-CHQ
and HQ when added to cultures was not problematic. There-
fore, the decreased detection of these metabolites may be due

FIG. 1. Time course of TCMP dechlorination and demethylation
by D. hafniense strain DCB2. �, TCMP; ‚, 2,3,5-TriCMP; �, 3,5-
DCMP; F, 2,6-DCHQ; E, 2-CHQ; �, HQ.

FIG. 2. Time course of TCHQ dechlorination by D. hafniense
strain DCB2. �, TCHQ; ‚, TriCHQ; �, 2,5-DCHQ; E, 2-CHQ; �,
HQ.
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to degradation to products not detectable by the methods used.
Within 10 days, all four strains of CHM-dechlorinating desul-
fitobacteria produced HQ via 2,5-DCHQ, but not 2,6-DCHQ
as observed with the degradation of TCMP.

DISCUSSION

The evidence presented here shows that pure cultures of
Desulfitobacterium spp. are capable of the complete demethyl-
ation and dechlorination of fungal CHMs. Degradation also
occurred with mixed microbial communities of anaerobic en-
richment cultures examined in this study. However, the dechlo-
rination and demethylation substrates and products differed
from those of the axenic cultures, and it is likely that more than
one species of bacterium contribute to the total degradation
pathway in the enrichment cultures. The eventual elimination
of all of the hydroquinone metabolites by anaerobic bacteria
suggests that these natural compounds are more readily de-
graded than some anthropogenic halogenated organohalides
(e.g., PCP and polychlorinated biphenyls) and may be biomin-
eralized or converted into biomass. Pathways of anaerobic
biodegradation of the extensively chlorinated hydroquinones
to HQ by enrichment cultures and Desulfitobacterium spp. are
presented in Fig. 3.

Demethylation. Demethylation of CHMs was a common re-
action for the enrichment cultures initiated with freshwater or
estuarine sediment and always preceded dechlorination (Fig.
3A). Anaerobic O-demethylation of methoxylated aromatic
compounds (2, 6, 8), including chlorinated aromatics (16), is
well established, and the fungal CAM 3,5-dichloro-p-anisyl al-
cohol is demethylated in methanogenic sludge (46). Demeth-
ylation of methoxy groups is observed with homoacetogens
that use the reaction for energy and a carbon source. There-
fore, the demethylation of TCDB or TCMP by enrichment
cultures is consistent with the anaerobic metabolism of fungal
CAMs and other chlorinated aromatic compounds. This sug-
gests that TCHQ, and not TCDB or TCMP, would serve as a
substrate for reductive dechlorination by anaerobic microor-
ganisms from freshwater and estuarine sediments.

In contrast, axenic cultures of D. chlororespirans strain Co23,
D. dehalogenans strain JW/DUI, and D. hafniense strains PCP1
and DCB2 do not demethylate TCMP. Instead, they reduc-
tively demethylate the less chlorinated methoxyphenol 3,5-
DCMP, which accumulates in the pathway of TCMP biodeg-
radation carried out by several of the desulfitobacteria tested
in this study (Fig. 1 and 3B). This suggests that the catalytic
specificity of demethylation exhibited by the desulfitobacteria
is different from that transforming TCDB or TCMP in the
mixed microbial communities of the enrichment cultures. Fur-
thermore, the accumulation of the 3,5-DCMP followed by its
relatively rapid transformation suggests that a nonconstitutive
demethylase is induced by the dichloromethoxyphenol and not
by the tetra- or trichlorinated methoxyphenols.

Dechlorination. The specificity that dehalogenating bacteria
have for organohalide substrates varies substantially even
among phylogenetically similar organisms. A stark example of
this is the inability of D. hafniense strain DP7 to dechlorinate
chlorinated aromatic or aliphatic compounds (43), including
the fungal CHMs (this study), even though the organism’s 16S
rRNA gene sequence is highly similar to that of other dechlo-

rinating D. hafniense strains. Even strains of D. hafniense that
are very effective dechlorinators often exhibit a different spec-
ificity with chlorinated substrates (Table 3). However, this
study showed that if a dehalogenating organism dechlorinated
the fungal metabolite TCMP, it would dechlorinate TCHQ.
Since D. chlororespirans strain Co23, D. dehalogenans strain
JW/DUI, and D. hafniense strains PCP1 and DCB2 exhibit
identical degradation pathways for the extensively chlorinated
and naturally produced CHMs (Fig. 3B and C), it is likely that
the strains use similar catalysts (enzymes and cofactors) for the
completion of each pathway. These observations are the basis
for the postulate that these pathways are fundamental for the
reductive dehalogenation of chlorinated phenolic compounds
by anaerobic dehalogenating bacteria.

In general, if a microorganism had been reported in the
literature to be capable of dechlorinating a chlorophenol com-
pound, it would dechlorinate TCMP and TCHQ (Table 3). In
contrast, if a bacterium had been reported to dechlorinate
chlorinated ethenes, it would not dechlorinate TCMP or
TCHQ (e.g., Dehalospirillum multivorans). The reverse of the
latter statement also held, i.e., species that could dechlorinate
TCMP were not reported to dechlorinate ethenes. However,
these generalizations were not always supported. For example,
3-chloro-4-hydroxyphenyl acetate, a substrate of the o-chloro-
phenol dehalogenase (CprA) of D. dehalogenans strain JW/
DU1 (44), is not reported to be dechlorinated by the CHM-
dechlorinating D. hafniense strain PCP1 (10). In addition,
Desulfitobacterium strain PCE1 dechlorinates 3-chloro-4-hy-
droxyphenyl acetate and tetrachloroethene (12) but does not
dechlorinate the CHMs. Therefore, even though the dechlori-
nation of CHMs was common among the desulfitobacteria, not
all such species are capable of CHM dehalogenation even
when they can dechlorinate aromatic compounds. This pre-
vents the full prediction of which dehalogenases are responsi-
ble for CHM dechlorination. Such breadth and variability of
specificity among dehalogenating bacteria reaffirms the exis-
tence of multiple dehalogenases and suggests that not-yet-
defined systems may be required for the anaerobic biodegra-
dation of TCMP and TCHQ.

During the dechlorination of TCHQ, the CHM-dechlorinat-
ing desulfitobacteria and the microorganisms in the enrich-
ment cultures selectively remove a chlorine from TriCHQ para
to that selected for the dechlorination of TCHQ, thereby pro-
ducing 2,5-DCHQ (Fig. 3C). This para selection of a chlorine
was not observed with the methoxylated TCMP; hence, the
dichloro- intermediates of TCHQ and TCMP anaerobic deg-
radation represent a distinct dechlorination pattern. The re-
giochemistry of the dechlorination of TCHQ by the desulfito-
bacteria also differs from that carried out by some aerobic
bacteria during the degradation of PCP (reviewed in reference
7). In contrast to the anaerobic TCHQ pathway, which pro-
ceeds by four reductive dechlorination steps in succession,
TCHQ degradation in aerobic bacteria begins with two reduc-
tive dechlorination reactions and ends with oxidative ring
cleavage of the dichloro- intermediate (Fig. 3D). Therefore,
the anaerobic end product HQ is not a component of the
aerobic pathway. The other distinct difference between the
aerobic and anaerobic dechlorination of TCHQ is that 2,6-
DCHQ is the reductive dechlorination product and midpoint
intermediate in the aerobic pathway. Therefore, the specificity
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of the TCHQ reductive dehalogenase (TRD) of aerobic bac-
teria does not match that of the anaerobic desulfitobacteria
nor that of the microorganisms in the anaerobic enrichment
cultures described here. Stepwise, the dechlorination of 2,5-

DCHQ to HQ during the anaerobic dechlorination of TCHQ
is identical to two other reductive dechlorination reactions also
found in aerobic bacteria. These reactions are carried out by a
2,5-DCHQ reductive dehalogenase (LinD) as part of the aer-

FIG. 3. Degradation pathways of CHMs by anaerobic enrichment cultures and axenic cultures of desulfitobacteria in relation to aerobic
degradation of TCHQ and lindane. PCP is aerobically degraded by a series of enzymes including pentachlorophenol hydroxylase (PH), TRD, and
dichlorohydroquinone dioxygenase. Lindane is degraded aerobically by a series of proteins (LinA, -B, -C, and -D), including the 2,5-DCHQ
reductive dehalogenase (LinD). HQ, 1,4-dihydroquinone; 2,6-DCHQ, 2,6-dichlorohydroquinone; 2-CHQ, 2-chlorohydroquinone.
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obic degradation of gamma-hexachlorocyclohexane, the pesti-
cide known as lindane (http://umbbd.ahc.umn.edu) (24). The
pathway of aerobic lindane degradation is presented in Fig. 3E.
Although the TRD and LinD of aerobes perform similar re-
actions to those found in the anaerobic bacteria, it is unlikely
that the reductive dehalogenation genes and enzymes in the
aerobic bacteria are similar to those in the anaerobic bacteria.
The different products formed from TriCHQ within the aero-
bic and anaerobic pathways support this conclusion. More im-
portantly, a survey of the genome of D. hafniense strain DCB2
(http://www.jgi.doe.gov/JGI_microbial/html/) reveals that this or-
ganism does not possess genes with high sequence similarity to
those coding for TRD or LinD. The annotated genomic data for
strain DCB2 does show that the organism possesses the cprA gene
for the o-chlorophenol dehalogenase along with four other un-
characterized cprA-like genes. Since all anaerobic dechlorination
of the CHMs require a substrate with a chlorine atom adjacent to
a hydroxyl group, it is possible that CprA or a CprA-like protein
could perform each reaction. However, further research is re-
quired in order to determine which of these enzymes is respon-
sible for each of the dechlorination reactions presented in Fig. 3B
and C and how the expression and activity of these dehalogenases
are coordinated with demethylation.

Induction of pathways. All of the desulfitobacteria that can
completely dechlorinate and demethylate the CHMs are
known to dechlorinate at least some if not several chlorophe-
nols (10, 30, 41). The dechlorination of the chlorophenols is
considered inducible, and in some cases specific chlorophenols
are required to induce the dechlorination of other chlorophe-
nols (10, 40). During TCHQ dechlorination by the axenic and
enrichment cultures tested here, 2,5-DCHQ accumulated and
persisted for several days, just as 3,5-DCMP did during the
dechlorination of TCMP (Fig. 1 and 2). The accumulation of
the dichloro- isomers of methoxyphenol and hydroquinone in
these two pathways (Fig. 3B and C) suggests that more than
one dehalogenating system may be activated for the pathways
to proceed to completion. Although the specificity for anthro-
pogenic or natural substrates of the cprA-like gene products of
DCB2 along with their regulatory control has not been estab-
lished, these gene products along with cprA could act in con-
cert to complete the pathways shown in Fig. 3B and C.

Some reductive dehalogenases are inducible, and putative
reductive dehalogenases are suspected of requiring induction
(33, 47). Dennie et al. postulated that there are at least two
inducible dehalogenase systems in D. hafniense strain PCP1
(formerly Desulfitobacterium frappieri strain PCP1) (10). Due
to the phylogenetic similarities of the CHM-degrading Desul-
fitobacterium spp. and their identical pathways for the degra-
dation of CHMs, it is conceivable that these bacteria share
inducible dehalogenases. Dennie et al. did not examine the
degradation of fungal CHMs such as TCMP or TCHQ, but
they did test strain PCP1 with several extensively chlorinated
compounds similar to the CHMs. The compounds they tested
are not symmetrical in relation to the positioning of the hy-
droxy or methoxy substitutions, as are TCHQ and TCMP, but
instead possess four adjacent chlorines. When strain PCP1 was
supplied with inducing molecules (3,5-dichlorophenol and
2,3,5-trichlorophenol), complete dechlorination of tetrachloro-
catechol to catechol was observed. A striking difference be-
tween the degradation of the anthropogenic compounds stud-

ied with PCP1 by Dennie et al. and that of the CHMs here is
that none of the organisms that could degrade TCMP required
any inducing chlorophenol for the complete degradation of the
compound to HQ. If any induction was required, it was accom-
plished with the natural compounds alone. This result is con-
sistent with the postulate that the anaerobic degradation of
TCMP and TCHQ are fundamental degradation pathways for
these desulfitobacteria. Since the CHM-degrading bacteria do
not require the addition of chlorophenols to initiate the an-
aerobic degradation of CHMs, then it is conceivable that these
fungal compounds could serve as natural and fully biodegrad-
able inducers of pathways for the degradation of anthropo-
genic compounds of environmental concern.

Summary. The present description of anaerobic dechlorina-
tion of fungal CHMs by desulfitobacteria is the first of its kind.
Until now, examinations of how anaerobic bacteria contribute
to a natural halogen cycle have been sparse and primarily
limited to the degradation of a small number of less chlori-
nated anisyl metabolites produced by fungi (44, 52). The data
obtained here with enrichment and axenic cultures demon-
strate that complete dechlorination in combination with de-
methylation of the fungal CHMs to readily degradable HQ
(degradation of HQ by anaerobes has been reported previously
[26, 31, 38]) can be carried out by several species of desulfito-
bacteria. However, the production of TCHQ from TCMP fol-
lowed by the formation of less chlorinated HQs by the mixed
microbial communities suggests that TCHQ may more often
be the natural substrate for dechlorinating organisms in the
environment. The CHM-degrading bacteria described here (D.
chlororespirans strain Co23, D. dehalogenans strain JW/DUI,
and D. hafniense strains PCP1 and DCB2) exhibit identical
degradation pathways for the extensively chlorinated and nat-
urally produced CHMs. These microorganisms are not re-
ported to be capable of dechlorinating an aromatic compound
unless it is additionally substituted with a nonhalogen (5, 10,
30, 40, 41). Our testing of these strains with polychlorinated
biphenyls and benzenes confirmed that the organisms do not
dechlorinate such compounds. The data indicate that the com-
plete and rapid degradation of TCMP and TCHQ by the Des-
ulfitobacterium spp. constitute distinct metabolic pathways.
These results support the hypothesis that anthropogenic orga-
nohalides are degraded as part of the global halogen cycle that
has evolved in response to naturally produced organohalides.
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