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Abstract Chlorinated benzenes are important
industrial intermediates and solvents. Their wide-
spread use has resulted in broad distribution of these
compounds in the environment. Chlorobenzenes
(CBs) are subject to both aerobic and anaerobic
metabolism. Under aerobic conditions, CBs with four
or less chlorine groups are susceptible to oxidation by
aerobic bacteria, including bacteria (Burkholderia,
Pseudomonas, etc.) that grow on such compounds as
the sole source of carbon and energy. Sound evidence
for the mineralization of CBs has been provided
based on stoichiometric release of chloride or min-
eralization of '“C-labeled CBs to '*CO,. The
degradative attack of CBs by these strains is initiated
with dioxygenases eventually yielding chlorocatec-
hols as intermediates in a pathway leading to CO,
and chloride. Higher CBs are readily reductively
dehalogenated to lower chlorinated benzenes in
anaerobic environments. Halorespiring bacteria from
the genus Dehalococcoides are implicated in this
conversion. Lower chlorinated benzenes are less
readily converted, and mono-chlorinated benzene is
recalcitrant to biotransformation under anaerobic
conditions.
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Introduction

Chlorobenzenes (CBs) are isomeric chlorinated
aromatic compounds having a benzene ring that is
substituted with 1-6 chlorine atoms. Chlorobenzenes
include CB, dichlorobenzene (DCB), trichlorobenzene
(TCB), tetrachlorobenzene (TeCB), pentachloroben-
zene (QCB), and hexachlorobenzene (HCB). Environ-
mental contamination with CBs is widespread due
to the importance of these chemicals as industrial
intermediates, pesticides and solvents. The global
cumulative production of HCB is ~ 100,000 tonnes
and the peak annual worldwide emissions of HCB to
the environment were estimated between 100 and
1,000 tonnes year ' (Barber et al. 2005). CBs may
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also be formed as by-products of microbial transfor-
mation of hexachlorocyclohexane in anoxic systems
(Middeldorp et al. 1996; Phillips et al. 2005). With
regard to the other CBs (1-5 chlorines), the environ-
mental emissions in US have been reported to be
980 tonnes year_] (Malcom et al. 2004).

The chemical properties of CBs vary depending on
their degree of chlorination (MacLeod and Mackay
1999; Dolfing and Harrison 1992). CBs are more
hydrophobic with increasing number of chlorine
substituents. The maximum aqueous solubility ranges
from 484 mg ™' for CB down to 0.005 mg I"' for
HCB; whereas the logarithm of the octanol-water
partition coefficient (Log P) ranges from 2.8 for CB
to 5.5 for HCB. The vapor pressure of CB is high
(1.58 kPa) whereas the values decrease downwards
with increasing chlorine number to 0.0003 kPa for
HCB. Based on these properties, lower chlorinated
benzenes have a tendency to become volatilized,
whereas higher chlorinated benzenes have a tendency
to become sorbed on soil and sediment particles
(Barber et al. 2005; MacLeod and Mackay 1999;
Malcom et al. 2004; Williams et al. 2006). Chemical
abiotic transformations such as hydrolysis or photol-
ysis in soil and water are generally considered to be
limited (Barber et al. 2005; Malcom et al. 2004).
Although atmospheric emission of lower chlorinated
is important, biodegradation can also be a significant
fate in the subsurface where volatilization is limited.
Biodegradation is considered to be the main mech-
anism of higher chlorinated benzene removal in
sediments (Barber et al. 2005). The biodegradation of
CBs is thermodynamically feasible under both aero-
bic and anaerobic conditions. Utilizing Gibbs free
energy of formation data (Dolfing and Harrison 1992;
Rittman and McCarty 2001), the standard change in
Gibb’s free energy (AG®’) for the aerobic degradation
of CBs can be calculated. The values range from
~3,014.5 kJ mol™" for CB to ~2,130.9 5 kJ mol™" for
HCB. Under anaerobic conditions, the AG®’ is also
favorable for reductive dechlorination of CBs used as
electron acceptors. The AG®’ values range from
~171.4 kJ mol™" for HCB to —139.6 kJ mol™' for CB
when coupled to the oxidation of H, (Dolfing and
Harrison 1992).

Only a few review articles are available that are
specific for the biodegradation of CBs. Wang and
Jones (1994a) reviewed the fate of CBs in soils,
including a section summarizing previous research on
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the biodegradation of various CB compounds by
bacterial strains and soil microorganisms. Van Agt-
eren et al. (1998) wrote a chapter on the aerobic and
anaerobic biodegradability of CBs in their Handbook
on Biodegradation and Biological treatment of
Hazardous Organic Compounds. Adrian and Gorisch
(2002) published a comprehensive review on the
anaerobic biotransformation of CBs.

Biodegradation of chlorobenzenes
Aerobic degradation in the environment

Numerous studies have evaluated the biodegradability
of CBs in either aerobic or anaerobic environments
(Adrian and Gorisch 2002; Van Agteren et al. 1998;
Wang and Jones 1994a). Conflicting results have been
reported with respect to the importance of biodegra-
dation for the fate of CBs in aerobic soil. Two studies
indicate that the major mechanism of CB loss is due to
volatilization with biodegradation playing only a
minor role. Wang and Jones (1994b) conducted
experiments using a mixture of chlorinated benzenes
containing 1,3-DCB, 1,2,3-TCB, 1,2,3,5-TeCB and
QCB (144-287 pg =CBs kg™') and demonstrated that
74% of the chlorinated aromatics in sewage sludge-
amended soil was lost by volatilization over 35 days,
while 67% was lost from spiked soil over 20 days.
Brahushi et al. (2002) observed that volatilization of
"C-CB from aerated laboratory soil microcosms
amended with different substrates was the main loss
mechanism whereas mineralization was of minor
importance However, other studies provide careful
aerobic biodegradation measurements of chlorinated
benzenes in contaminated soil incubated in enclosed
vessels or microcosms (Marinucci and Bartha 1979;
Schroll et al. 2004). Based on chloride release and
increase in optical density (due to cell growth), it was
determined that CB, 1,3-DCB, 1,4-DCB, 1,2,4-TCB,
1,2,3,4-TeCB, and 1,2,4,5-TeCB were biodegradable
when incubated in soil slurries (Feidieker et al. 1994).
In moist pristine soil, 1,2,3-TCB and 1,2,4-TCB were
biologically mineralized at a rate of 0.012 and
0.052 nmol CO, g_1 soil dry weight day™', respec-
tively (Marinucci and Bartha 1979). Radiolabeled
1,2,4-TCB was incubated aerobically in a microcosm
with either agricultural soil or soil from an industrial
site (Schroll et al. 2004). Very little mineralization of
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radiolabeled 1,2,4-TCB was observed with the
agricultural soil; however, the industrially impacted
soil was responsible for 62% mineralization of [14C]-
TCB to '*CO, in 23 days. Nishino and coworkers were
able to readily isolate indigenous CB degraders from
chronically contaminated soils (Nishino et al. 1992,
1994). In a study examining soil and groundwater
samples collected from four different sites with CB
contamination histories of 6-30 years, the number of
CB-degrading bacteria per gram soil-slurry increased
with the CB concentration of a given site, and the
highest counts of 5 x 10° CB-degraders g were
observed at the most contaminated site with 28 mg
CB I"! (Nishino et al. 1994). The natural microbial
consortium in a soil-groundwater microcosm, which
was prepared using material from a heavily contam-
inated site known to contain 25-150 mg CB 1_1,
mineralized CB by 54% in 7 days (Nishino et al.
1992). In a similar study, eight different aerobic
isolates capable of growth on CB as a sole source of
carbon and energy were readily obtained from a
contaminated aquifer (van der Meer et al. 1998).
Groundwater microbes from another contaminated
aquifer readily mineralized CB and 1,4-DCB based on
O, uptake data (Dermietzel and Vieth 2002). The
corresponding half-lives at 14°C for the degradation of
CB ranged from 3 to 29 days. Experiments with ['*C]-
1,4-DCB revealed that two-thirds of the compound was
mineralized in the groundwater to 14COz (Dermietzel
and Vieth 2002). Evidence for the biodegradation of
1,2-DCB, 1,3-DCB, 1,4-DCB, and 1,2,4-TCB in the
contaminated groundwater was also obtained by
measurements of inorganic chloride release (Dermiet-
zel and Vieth 2002). Finally, biodegradation of CB and
1,2,4-TCB was also reported in freshwater and estu-
arine surface waters (Bartholomew and Pfaender
1983).

Anaerobic degradation in the environment

Evidence for the anaerobic biotransformation of
chlorinated benzenes has also been found in the
natural environment. The best example comes from
the comparison of historically archived sediments
from 1972 with recently sampled and dated sediment
core data from a large inland lake in Ketelmeer, the
Netherlands (Beurskens et al. 1993). The Ketelmeer
is the sedimentation basin of the inflowing Rhine

River. HCB in the early 1970 layer of the recently
sampled sediments was 80% lower than the HCB in
archived sediments. Well-known anaerobic biotrans-
formation products of HCB, 1,3,5-TCB and 1,3-DCB,
were 2.1 and 5.7-fold higher in the 1970 layer
compared to the archived sample, respectively. The
maximum half-life of HCB in the sediments was
estimated to be 7 years. To confirm that anaerobic
dehalogenation was the dominant process for HCB
transformation, laboratory microcosms of the sedi-
ment samples were shown to catalyze the biological
dechlorination of HCB to 1,3,5-TCB and 1,3-DCB
(Beurskens et al. 1993). Microcosms prepared from
historically contaminated estuarine sediment were
also shown to anaerobically dechlorinate HCB with a
half-life of ~ 1 year (Prytula and Pavlostathis 1996).
Anaerobic microcosms prepared from a freshwater
lake in Japan, dechlorinated HCB with a half-life of
63 days, and 1,2,4-TCB, 1,2,3-TCB, 1,4-DCB, and
1,3-DCB were observed as important biotransforma-
tion products (Susarla et al. 1997). Chlorinated
benzenes were tested in sulfate-reducing river sedi-
ments from Japan (Masunaga et al. 1996). The half-
life of HCB was only 27 days, and again, 1,2,4-TCB,
1,2,3-TCB, 1,4-DCB, and 1,3-DCB were observed as
the main biotransformation products. The half-lives
of QCB, TeCB and TCB were in the same order of
magnitude as HCB; however, those of 1,4-DCB and
1,3-DCB were distinctly higher, corresponding to 385
and 433 days, respectively (Masunaga et al. 1996).

Monochlorinated CB is generally regarded as
persistent in anaerobic environments. However, CB
was shown to be degraded in situ at the fringe of the
contaminant plume in an anoxic aquifer (with a long
history of CB contamination) based on evidence from
isotopic fractionation data and incorporation of [13C]—
labeled CB into long chain fatty acids of bacteria
(Kaschl et al. 2005; Kastner et al. 2006).

Biodegradation in engineered systems

There are numerous examples in which engineered
treatment systems have been utilized to degrade
various congeners of chlorinated benzenes under
aerobic, anaerobic as well as sequential anaerobic-
aerobic conditions. Several research groups have
explored the use of aerobic bioreactors to treat
groundwater contaminated with lower chlorinated
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benzenes (Nishino et al. 1994; Feidieker et al. 1995;
Klecka et al. 1996; Alfreider et al. 2002; Lapertot
et al. 2006). At one chlorinated solvents-contaminated
site, two 135-1 fixed-film pilot-scale bioreactors were
operated to degrade CB present in the groundwater.
One reactor was inoculated with a CB-degrading
bacterium, Pseudomonas sp. strain JS150; while the
other reactor was allowed to become colonized with
the indigenous CB-degrading microorganisms from
the site (Nishino et al. 1994). The reactors treated
groundwater containing ~1 mg 1" CB and the
removal efficiencies ranged from 87 to 95%. The
introduced strain could not be recovered after 3 weeks,
indicating that the indigenous microorganisms were
responsible for CB degradation. A similar laboratory
reactor was established and it confirmed the results of
the pilot-study with hydraulic residence times as low as
30 min. A field-scale fluidized bed reactor
(V = 0.8 m?) supplied with granular activated carbon
(GAC) as biofilm support was evaluated for the
removal of CB in groundwater (Klecka et al. 1996).
The bioreactor was inoculated with aerobic activated
sludge. The reactor removed CB from an average
ground water concentration of 145 mg 17! to levels of
1 mg 1™ in the effluent. The average load of CB
removed was 4.8 kg CB m™ reactor day™'. The elim-
ination of dissolved oxygen accounted for 45% of the
theoretical oxygen demand of CB, suggesting that at
least 45% of the CB removed was due to biodegrada-
tion. The degradation of a mixture of CB and 1,2-DCB
was evaluated in an aerobic bioreactor operated with
sequenced pulses and continuously (Lapertot et al.
2006). The maximum conversion capacity of the
aerobic bioreactor was 5.6 and 11.3 kg CB mixture
m™ reactor day”', for the sequenced pulse and
continuous operation modes, respectively. An in situ
bioreactor filled with aquifer sediments was used to
aerobically degrade CB in anoxic groundwater by
supplying oxygen via hydrogen peroxide (Vogt et al.
2004a). The reactor effectively removed 17.7 mg I”'
of CB with a supply of 29.2 mg 1! of H,0,; however,
with time higher H,O, concentrations were required
due to a shift in the bacterial population. Finally, the
aerobic co-oxidation of CB-contaminated groundwa-
ter utilizing methane as the primary substrate was
explored in a soil column (7.9 1) packed with 13.4 kg
aquifer sediments and colonized with a natural mixed
culture of methanotrophic bacteria (Jechorek et al.
2003). The column, which operated with a hydraulic
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retention time of 1.5 days, was highly effective in the
removal of CB, reducing the influent concentration of
25-30 mg CB "' t0 0.04 mg CB 17" or less.

Degradation of mixtures of chlorinated benzenes
has also been studied in slow sand filter columns
under aerobic conditions (Zacharias et al. 1995;
Bosma et al. 1996). In one study, contaminated water
was filtered through 40 kg of sand placed in 32-1
columns with a hydraulic retention time of 3.2 h. The
sum of all CBs in the influent and effluent was 3.81
and 0.014 mg 17!, respectively, corresponding to a
removal efficiency of 99.6%. As evidence of biodeg-
radation, the inorganic chloride concentration was
shown to increase in the column. In another study, the
removal of CBs during infiltration of water into sand
dunes as part of a drinking water treatment scheme
was evaluated with laboratory-scale columns
(V=0.6 or 5.71) filled with sand (Bosma et al.
1996). Under aerobic conditions, CB, 1,2-DCB, 1,3-
DCB, 1,4-DCB, and 1,2,4-TCB were removed by
>99, 90, 30, 90, and 40%, respectively.

Several studies considered the removal of CB in
waste gases in biological trickling reactors (Oh and
Bartha 1994; Mpanias and Baltzis 1998; Seignez
et al. 2004; Mathur et al. 2006). In the first study, a
laboratory biotrickle column of 1.57 1 was packed
with perlite and used to treat CB and 1,2-DCB vapors
supplied at concentrations of 1.2 and 0.7 g m™ air,
respectively (Oh and Bartha 1994). The volumetric
removal rates of the compounds in the trickling
biofilter were 122.4 and 52.8 g m™ reactor day ' for
CB and 1,2-DCB, respectively. Inorganic chloride
accumulated in the liquid phase of the reactor and
corresponded to 72% of the removal of CB and 1,2-
DCB, indicating a high level of mineralization. The
second study evaluated the removal of CB vapors in a
14.5-1 laboratory trickle filter packed with ceramic
saddles with liquid recirculation in counter flow to
the gas (Mpanias and Baltzis 1998). Maximum
volumetric removal rates of up to 1,500 g m™ reactor
day™ were obtained. In the third study, a 40-1
biotrickle reactor with cylindrical PVC as packing
(Seignez et al. 2004) was used to treat mixtures of
CB and 1,2-DCB. After 3 months of operation at
steady-state, the reactor achieved maximum volu-
metric loading rates of 5,200 g m™ reactor day”'
with removal efficiencies in the range of 95-99%. In
the fourth study, CB was treated in a 2-1 biotrickle
filter with coal packing and inoculated with a mixed
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culture from activated sludge (Mathur et al. 2006).
The average CB elimination capacity of the column
was 1,920 g m™ reactor day .

Also anaerobic bioreactor and bioremediation
systems have been utilized to treat higher chlorinated
benzenes. A large number of chlorinated benzene
congeners were susceptible to biotransformation
under anaerobic conditions in sediment or sand
columns (Bosma et al. 1988, 1996; Van Der Meer
et al. 1992). Laboratory columns packed with Rhine
River sediments or sand were capable of transforming
most congeners of chlorinated benzenes under meth-
anogenic conditions by 90 to over 99% with the
exception of CB (Bosma et al. 1988, 1996). CB was
the main biotransformation product of DCBs,
whereas 1,3- and/or 1,4-DCB were the main bio-
transformation products of TCBs, TeCBs, QCB and
HCB. Similar experiments conducted under sulfate-
reducing conditions revealed that 1,2,3-TCB, 1,2,4-
TCB, 1,2,3,4-TeCB, QCB, and HCB were eliminated
by more than 90% (Van Der Meer et al. 1992). None
of the congeners were subject to biotransformation
under denitrifying conditions (Bosma et al. 1996).
The reductive dechlorination of HCB was observed to
readily occur in anaerobic sewage sludge (Fathepure
et al. 1988; Dionisi et al. 2006). HCB (50 mg I™")
was completely converted within 3 weeks primarily
to 1,3,5-TCB and to a lesser extent to 1,2,4-TCB and
DCBs (Fathepure et al. 1988). 1,3,5-TCB (21.5 mg
kg™' dwt) present in municipal anaerobic digester
sludge was removed by 53% when incubated anaer-
obically for 175 days with yeast extract as electron
donor (Dionisi et al. 2006).

Several studies evaluated the bioremediation of
chlorinated benzenes in anaerobic soil. Rosenbrock
et al. (1997) investigated the bioremediation of HCB
in soil microcosms incubated under anaerobic condi-
tions and demonstrated 40% dechlorination of
radiolabeled [*°CI]-HCB (spiked at 30 mg kg™ soil)
to *°Cl™ in 140 days. In some soils, the endogenous
organic matter provided electron donor to support
HCB dechlorination; whereas in other soils with low
organic matter content, organic substrate addition
was required. Ramanand et al. (1993) observed
almost stoichiometric conversion of a mixture of
chlorinated benzenes in spiked soil slurry consisting
of HCB (8.3 mg I'"), QCB (18.5 mg 1™"), and 1,2.,4-
TCB (2069 mg1™") to CB (113.7 mg 1) after
142 days of incubation under methanogenic

conditions with H, as electron donor. However, the
lag period for HCB metabolism was about 2 months
compared with little or no lag for the lower chlori-
nated benzenes. In another study, bioremediation of
HCB in agricultural soil was achieved by flooding the
soil in laboratory microcosms (Brahushi et al. 2004).
After 20 weeks of incubation only 1% of applied
[14C]—HCB radiolabeled could be recovered in the
extractable fraction. Products of reductive dechlori-
nation, most notably 1,3,5-TCB, accounted for
~75% of the HCB removed from the soil.

The sequential anaerobic-aerobic treatment of
HCB was evaluated in one study (Fathepure and
Vogel 1991). A two-stage biological treatment
scheme was tested for the biodegradation of HCB
(0.075 mg I"") utilizing laboratory-scale anaerobic
and aerobic biofilm reactors (each 0.25 1) operated in
series, having a hydraulic retention times of 37.5 and
2.2 h, respectively (Fathepure and Vogel 1991).
During the anaerobic stage, acetate was found to be
the best electron-donating substrate, supporting
98.7% removal of HCB, which was recovered mostly
as 1,2,3-TCB (60%) and 1,2-DCB (10%). Experi-
ments with radiolabeled ['*C]-HCB revealed that
HCB was mineralized by 23% to '*CO, during the
sequential anaerobic-aerobic treatment and the total
metabolism to both 14C02 and '"C in non-volatile
intermediates was 94%.

Microbiology and biochemistry of chlorobenzene
biodegradation

Chlorobenzenes are subject to both aerobic and
anaerobic metabolism. Under aerobic conditions,
lower chlorinated benzene congeners can serve as a
growth supporting substrates and in some cases
become cometabolized. Bacteria utilizing CBs as a
carbon and energy source have been isolated from 14
different genera (Table 1), indicating a high level of
biodiversity. Aerobic cometabolism has been
observed with additional genera of bacteria as well
as fungi (see below). Under anaerobic conditions,
higher chlorinated benzene congeners are subject to
reductive dechlorination provided electron-donating
substrates are available. Recent evidence also points
to the use of higher chlorinated benzenes as electron
acceptors supporting halorespiration. The biodiver-
sity of halorespiring organisms implicated in the
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Table 1 Aerobic bacterial strains capable of growing on chlorinated benzenes as a sole source of carbon and energy

Bacterial strain Congener References

Burkholderia sp. strain PS12 CB Sander et al. (1991)

Burkholderia sp. strain PS14 CB Sander et al. (1991)

Escherichia hermanii CB Kiernicka et al. (1999)

Hydrid strain WR1313 CB Oltmanns et al. (1988)

Pseudomonas aeruginosa RHO1 CB Brunsbach and Reineke (1994)
Pseudomonas putida GJ31 CB Oldenhuis et al. (1989); Mars et al. (1997)
Pseudomonas sp. strain JS100 CB Haigler et al. (1988)

Pseudomonas sp. strain JS150 CB Haigler et al. (1992)

Pseudomonas sp. strain JS6 CB Pettigrew et al. (1991)

Ralstonia sp. strain JS705 CB van der Meer et al. (1998)

Rhodococcus phenolicus CB Rehfuss and Urban (2005)

Rhodococcus sp. CB Vogt et al. (2004a)

Pseudomonas sp. CB Vogt et al. (2004a)

Xanthobacter sp. CB Vogt et al. (2004a)

Paenibacillus sp. CB Vogt et al. (2004a)

Kocuria sp. CB Vogt et al. (2004a)

Stenotrophomonas sp. CB Vogt et al. (2004a)

Unidentified strain 1469 CB Nishino et al. (1992)

Unidentified strain 1474 CB Nishino et al. (1994)

Unidentified strain WR1306 CB Reineke and Knackmuss (1984)
Planococcus sp strain ZD22 CB Li et al. (2006)

Acidovorax facilis 13517 CB Vogt et al. (2004a, b)

Cellulomonas turbata B529 CB Vogt et al. (2004b)

Pseudomonas veronii 13547 CB Vogt et al. (2004b)

Pseudomonas veronii B549 CB Vogt et al. (2004b)

Paenibacillus polymyxa B550 CB Vogt et al. (2004b)

Burkholderia sp. strain PS12 1,2-DCB Sander et al. (1991)

Burkholderia sp. strain PS14 1,2-DCB Sander et al. (1991), Rapp and Timmis (1999)
Pseudomonas sp. strain GJ60 1,2-DCB Oldenhuis et al. (1989)

Pseudomonas sp. strain JS100 1,2-DCB Haigler et al. (1988)

Pseudomonas sp. strain P5 1,2-DCB Van Der Meer et al. (1987)

Acidovorax avenae 1,2-DCB Monferran et al. (2005)

Alcaligenes sp. strain OBB65 1,3-DCB Debont et al. (1986)

Burkholderia sp. strain PS12 1,3-DCB Sander et al. (1991)

Burkholderia sp. strain PS14 1,3-DCB Sander et al. (1991), Rapp and Timmis (1999)
Pseudomonas sp. strain P51 1,3-DCB Van Der Meer et al. (1987)

Alcaligenes sp. R3 1,4-DCB Oltmanns et al. (1988)

Burkholderia sp. PS12 1,4-DCB Sander et al. (1991)

Burkholderia sp. PS14 1,4-DCB Sander et al. (1991), Rapp and Timmis (1999)
Hydrid strain WR1323 1,4-DCB Oltmanns et al. (1988)

Pseudomonas aeruginosa RHO1 1,4-DCB Oltmanns et al. (1988), Brunsbach and Reineke (1994)
Pseudomonas sp. B1 1,4-DCB Oltmanns et al. (1988)

Pseudomonas sp. IS150 1,4-DCB Haigler et al. (1992)

Pseudomonas sp. JS6 1,4-DCB Spain and Nishino (1987)

Pseudomonas sp. P51 1,4-DCB Van Der Meer et al. (1987)
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Table 1 continued

Bacterial strain Congener References
Sphingomonas (Alcaligenes) sp. strain A175 1,4-DCB Schraa et al. (1986)
Unidentified strain 1474 1,4-DCB Nishino et al. (1994)
Xanthobacter flavus 14p1 1,4-DCB Sommer and Gorisch (1997)
Rhodococcus phenolicus 1,4-DCB Rehfuss and Urban (2005)
Burkholderia sp. PS12 1,2,4-TCB Sander et al. (1991)
Burkholderia sp. PS14 1,2,4-TCB Sander et al. (1991)

Rapp and Timmis (1999), Rapp (2001)
Pseudomonas sp. P51 1,2,4-TCB Van Der Meer et al. (1987)
Pseudomonas chlororaphis RW71 1,2,3,4-TeCB Potrawfke et al. (1998)
Burkholderia (Pseudomonas) sp. PS12 1,2,4,5-TeCB Beil et al. (1997, 1998)
Burkholderia sp. strain PS14 1,2,4,5-TeCB Sander et al. (1991), Rapp and Timmis (1999)

halorespiration of CBs is low. So far only members of
the genera Dehalobacter and Dehalococcoides or
closely related Chloroflexi have been identified (see
below).

Aerobic bacterial cometabolism

Several examples of aerobic cometabolism of chlori-
nated benzenes are reported. CB-grown cells of the
bacterium Pseudomonas sp. strain JS150 were able to
oxidize 1,2-DCB and 1,3-DB which were otherwise
not growth substrates (Haigler et al. 1992). The
cometabolism of 1,2-DCB and 1,2,4-TCB by Pseudo-
monas aeruginosa strain RHO1, using CB and 1,4-DB
as growth substrates, was reported (Brunsbach and
Reineke 1994). The cometabolism of 1,2,3-TCB by the
methane oxidizing bacterium, Methylosinus trichos-
porium OB3b, was studied by Sullivan and Chase
(1996). Cells grown on methane under low copper
conditions to stimulate soluble methane monooxygen-
ase metabolized 1,2,3-TCB to 2,3,4- and 3,4,5-
trichlorophenol when provided with formate as cosub-
strate. Another methanotrophic strain, Methylocystis
sp. GB 14, was found to cometabolize CB with
methane-grown cells cultivated in copper-free medium
(Jechorek et al. 2003). Under variable culture condi-
tions, 80% of CB was eliminated by Methylocystis sp.
GB 14, and chlorophenols were recovered as products
accounting for 53% recovery of CB metabolized. Co-
oxidation of CB by propane-grown cells of the
bacterium, Mycobacterium vaccae strain JOB-5, has

also been reported (Burback and Perry 1993). The main
product from the conversion of the compound was
4-chlorophenol.

Finally, there are several reports describing the
cometabolism of chlorinated benzene by Pseudomonas
putida strains. Glutamate-grown cells of P. putida
MST were shown to cometabolize CB to 3-chloro-
catechol (Bestetti et al. 1992). Benzene-grown cells
of P. putida cometabolized 1,2-DCB to 2,3-, 3,4-,
and 2.6-dichlorophenols (Ballschmiter and Scholz
1981). A benzene-grown mixed culture from soil
cometabolized 1,3,5-TCB to 2,4,6-trichlorophenol
(Ballschmiter and Scholz 1981). In a similar study,
almost all congeners of chlorinated benzenes ranging
from mono- to tetra-CBs were oxidized to chlorophe-
nols by a benzene-grown mixed culture from soil
(Ballschmiter et al. 1977). Chlorocatechols were addi-
tionally recovered from experiments with the DCBs
(Ballschmiter and Scholz 1980). In the experiments
with benzene as the primary substrate, the results
suggest the involvement of a monooxygenase in the
cometabolism of CB. The initial formation of an
epoxide is postulated. The epoxide is subsequently and
rapidly converted to a chlorophenol. Additional reac-
tion of the monooxygenase results in the conversion of
the chlorophenol intermediates to chlorocatechols
(Ballschmiter and Scholz 1980). The monooxygenase
from P. putida has been isolated and it is responsible
for the hydroxylation of chlorinated benzenes (Jones
et al. 2001). Site-directed mutagenesis has been used
to improve the activity and broaden the substrate
specificity of the monooxygenase to include QCB and
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HCB (Jones et al. 2001; Chen et al. 2002b). The
pentachlorophenol  (PCP)-degrading  bacterium,
Sphingobium chlorophenolicum ATCC 39723, was
genetically engineered to include genes for a mutant
form of the monooxygenase cytochrome P450 that can
oxidize HCB to PCP (Yan et al. 2006). Glutamate-
grown cells of the genetically engineered strain were
able to cometabolize HCB and PCP was shown to be an
intermediate.

Aerobic bacterial growth on chlorinated benzenes
as sole carbon and energy source

There is convincing evidence that several chlorinated
benzenes can be utilized as a sole source of carbon and
energy. The first report of bacterial growth on a
chlorinated benzene was that of an unidentified strain,
WR1306, utilizing CB (Reineke and Knackmuss
1984). Since then, a wide variety of bacterial strains
have been shown to utilize, CB, 1,2-DCB, 1,3-DCB,
1,4-DCB, 1,24-TCB, 1,2,4,5-TeCB, and 1,2,3,4-
TeCB as growth substrates as outlined in Table 1. In
most of these studies, sound evidence for the miner-
alization of the chlorinated benzene is provided. These
include stoichiometric release of chloride (Reineke
and Knackmuss 1984; Debont et al. 1986; Schraaet al.
1986; Spain and Nishino 1987; Haigler et al. 1988;
Sander et al. 1991; Spiess et al. 1995; Sommer and
Gorisch 1997; Potrawfke et al. 1998) or mineralization
of 'C-labeled chlorinated benzenes to 14C02
(Marinucci and Bartha 1979; Haigler et al. 1988;
Nishino et al. 1992). The degradative attack of chlo-
rinated benzenes by these strains is initiated with
dioxygenases to produce chlorinated dihydrodiol
intermediates that are subsequently rearomatized by
dihydrodiol dehydroganeses, yielding chlorocatechols
as intermediates (Spain and Nishino 1987; Haigler
et al. 1988; Sander et al. 1991; Spiess et al. 1995; Beil
et al. 1997, 1998; Mars et al. 1997; Potrawfke et al.
1998; van der Meer et al. 1998). A CB dioxygenase
from Burkholderia sp. strain PS12 was cloned into
Escherichia coli, which could express an active form of
the enzyme (Beil et al. 1997). The heterologous
recombinant CB dioxygenase converted 1,2,4,5-TeCB
to an unstable tetrachlorodihydrodiol intermediate,
which spontaneously rearomatizes with concomitant
elimination of chloride to the corresponding 3.4,6-
trichlorocatechol. In most other cases, the initial

@ Springer

dioxygenation results in the formation of stable
dihydrodiol intermediates with the same number of
chlorine groups as the original substrate (Debont et al.
1986; Haigler et al. 1988; Sander et al. 1991; Spiess
et al. 1995; Chartrain et al. 2000). For example,
heterologous recombinant CB dioxygenase converted
1,2,4-TCB to the corresponding stable trichlorodihy-
drodiol (Beil et al. 1997). Theses cis-dihydrodiol
intermediates are oxidized to the corresponding chlo-
rocatechols by dihydrodiol dehydrogenases (Spain and
Nishino 1987; Haigler et al. 1988; Sander et al. 1991;
Spiess et al. 1995; Spiess and Gorisch 1996; Sommer
and Gorisch 1997). The chlorocatechols are subse-
quently oxidized by either one of two types of
chlorocatechol dioxygenases, causing either ortho-
cleavage (catechol 1,2-dioxygenase) to chloromuconic
acids (Schraa et al. 1986; Spain and Nishino 1987;
Haigler et al. 1988; Spiess et al. 1995; Sander et al.
1991; Sommer and Gorisch 1997; Potrawfke et al.
1998) or meta-cleavage (catechol 2,3-dioxygenase) to
2-hydroxy-6-chlorocarbonyl muconic acid (acylchlo-
ride) (Klecka and Gibson 1981; Bartels et al. 1984;
Pettigrew et al. 1991; Mars et al. 1997). Chloromu-
conic acids are metabolized further to intermediates of
the Kreb’s cycle as shown in Fig. 1. The formation of a
reactive acylchloride by meta-cleavage usually results
in inactivation of the catechol dioxygenase and even-
tually cell death (Klecka and Gibson 1981; Bartels
et al. 1984). However, P. putida GJ31 was found to
have a meta-cleavage enzyme that is resistant to
suicide inhibition, and it converted chlorocatechol to 2-
hydroxy-cis,cis-muconic acid, which was mineralized
further (Mars et al. 1997) as shown in Fig. 1.

Degradation by fungi

The white-rot fungus, Phanerochaete chrysosporium,
partially mineralizes radiolabeled mono- and DCBs to
4C0O, by 12-28% (Yadav et al. 1995). The metabo-
lism of CB by P. chrysosporium was very limited in
low-nitrogen medium and greatly improved in high-
nitrogen, indicating that ligninolytic enzymes were
most likely not involved. Hexachlorobenzene was
shown to be partially eliminated from soil by a Lentinus
isolate (Matheus et al. 2000). Two white-rot fungi,
P. chrysosporium and Pleurotus pulmonarius, were
used to inoculate a contaminated soil that contained a
mixture of chlorinated pollutants, including 17.4 and
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Fig. 1 Pathways of aerobic
degradation of
chlorobenzenes by strains
utilizing the chlorinated
compound as a growth
substrate (Reineke and
Knackmuss 1984; DeBont
et al. 1986; Schraa et al.
1986; Spain and Nishino
1987; Haigler et al. 1988;
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10.3 mg kg’l of 1,2,3,4-TeCB and 1,2,4,5-TeCB,
respectively (D’Annibale et al. 2005). After 30 days
of incubation, the TeCB congeners were completely
eliminated in soils inoculated with the white-rot fungi;
whereas they were only eliminated by 50% with the
indigenous soil population.

Anaerobic cometabolism

Reductive dechlorination of chlorinated benzenes
under anaerobic conditions is a well established
biotransformation process occurring either as a fortu-
itous cometabolic reaction or energy Yyielding
halorespiration (Adrian and Gorisch 2002). The slow
reductive biotransformation of 1,2,4-TCB to 1,2-DCB
and CB in the presence of H, by Staphylococcus
epidermidis isolated from the gastrointestinal tract of
rats constitutes one of the first reported examples of
chlorinated benzene cometabolism (Tsuchiya and
Yamaha 1984). Ruptured cells of S. epidermidis were
also capable of converting TCB when supplied with

COOH COOH
USOH ——~ | coon
7
oH

o

2-hydroxymuconic acid 4-oxalocrotonate

NADH as electron donor. Other example includes the
conversion HCB to several TCB (1,3,5- and 1,2,4-)
and DCB (1,2-, 1,3-, and 1,4-) isomers in anaerobic
sewage sludge (Fathepure et al. 1988; Yuan et al.
1999). The main product recovered from the conver-
sion was 1,3,5-TCB, accounting for almost 90% of
HCB added (Fathepure et al. 1988).

Anaerobic metabolism by enrichment cultures

Several researchers have developed anaerobic enrich-
ment cultures that dehalogenate chlorinated benzenes
at considerably faster rates than the original inocula.
Examples of anaerobic enrichment cultures and the
isomers dechlorinated are shown in Table 2. The fact
that organisms have become enriched by dehalogen-
ating chlorinated benzenes suggests some kind of
benefit is derived from the process (Holliger et al.
1992; Beurskens et al. 1994; Adrian et al. 2000a;
Chen et al. 2002a). The evidence is supported by
demonstrating that population growth is linked the
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2000a). In most studies the dechlorination

dechlorination of the chlorinated benzenes (Adrian
favorable standard reduction potentials (E°’) of
310478 mV as an electron acceptor with H, as an
electron donor (-414 mV) providing AG®’ values of

et al.

patterns follow the thermodynamically most favorable
reactions (Beurskens et al. 1994), as shown in Fig. 2.
All the possible reductive dechlorination patterns have
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~139.6 to —171.4 kJ mol™" (Dolfing and Harrison
1992). Nonetheless, in most studies a preferential
dechlorination of doubly flanked chlorine over single
flanked or unflanked chlorine is observed. These
preferences coincide with the highest AG®’ for dechlo-
rination reactions double flanked chlorines; whereas
reactions of the unflanked chlorines have the lowest
AG®’ values. The most frequently observed dechlori-
nation pattern proceeds via 1,2,3,5-TeCB to 1,3,5-TCB
or via 1,2,4,5-TeCB to 1,4,5-TCB. 1,3,5-TCB is
dechlorinated further to 1,3-DCB and 1,4,5-TCB is
dechlorinated further to 1,4-DCB or 1,3-DCB (Fig. 2).
One study has observed an exception to the trend, in
which single flanked chlorines are preferentially
dechlorinated, resulting in a pathway to CB proceeding
via 1,2,3,4-TeCB, 1,2,3-TCB, 1,2-DCB (Ramanand
et al. 1993). Enrichment cultures have also been
developed that can carry out unflanked chlorine
dechlorinations (Bosma et al. 1988). These findings
indicate that dechlorinating strains exist that can
capitalize on the lower free energy change available
in the unflanked chlorines.

The ability CB halorespiration to compete or
coexist with sulfate reduction has been evaluated.
From a bioenergetics stand point, haorespiration of
CBs (E°” = 310-478 mV) should outcompete sulfate
reduction (E°” =-217 mV). In most studies, the
reductive dechlorination of CBs has been shown to
proceed under sulfate reducing conditions (Chen
et al. 2002a; Chang et al. 1998; Van der Meer et al.
1992; Masunaga et al. 1996). However, in another
study, a highly enriched pyruvate-fed enrichment
culture containing was not able to reductively

dechlorinate TCBs in the presence of sulfate (Adrian
et al. 1998).

In recent years, considerable progress has been
made in identifying halorespiring organisms respon-
sible for growth-linked dechlorination of chlorinated
benzenes. A phylogenetic survey using 16S RNA
genes and applied to an anaerobic TCB-transforming
microbial community obtained from a fluidized bed
reactor revealed the presence of the halorespiring
bacterium, Dehalobacter sp (von Wintzingerode
et al. 1999). The occurrence of halorespiring bacteria
in the TCB-dechlorinating community was further
confirmed by hybridization with molecular probes
based on conserved regions of reductive dehalogen-
ase genes (PceA and CprA) from known halorespiring
bacteria (von Wintzingerode et al. 2001). These
findings support the hypothesis that reductive dechlo-
rination of TCB occurs via a respiratory pathway.

A pure culture capable of dechlorinating TeCB and
TCB was isolated and characterized (Adrian et al.
2000b; Jayachandran et al. 2003). Dehaloccocoides
strain CBDBI, a bacterium that is closely related to
known PCE halorespiring bacterial strains, links its
growth to the oxidation of hydrogen at the expense of
respiring the chlorinated benzenes. The chlorinated
benzene substrate range and products of Dehalocco-
coides CBDB1 are shown in Table 3. The initial
preference of dechlorination is doubly flanked chlo-
rines, followed by single flanked chlorines. Chlorines
that are not flanked at all are not dechlorinated by
Dehaloccocoides CBDB1. Cell-free extracts prepared
from this strain displayed dehalogenase activity
towards many congeners of chlorinated benzenes,

Table 3 Range of chlorinated benzene congeners utilized by the halorespiring bacterium, Dehaloccocoides strain CBDBI1, as
terminal electron-acceptor and products from the dechlorination (Adrian et al. 2000b; Jayachandran et al. 2003; Griebler et al. 2004)

Chlorinated benzene Transient intermediates

congeners utilized

Final reduced products

123-TCB 13-DCB

124-TCB 13-DCB and 14-DCB
1234-TeCB 124-TCB 13-DCB and 14-DCB
1245-TeCB 124-TCB 13-DCB and 14-DCB
1235-TeCB 135-TCB

QCB 1245-TeCB, 1235-TeCB and 124-TCB 135-TCB, 13-DCB and 14-DCB
HCB QCB, 1245-TeCB, 1235-TeCB and 124-TCB 135-TCB, 13-DCB and 14-DCB

Hydrogen is utilized as the electron donor

In the case of QCB, a highly enriched culture instead of a pure culture was utilized
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utilizing methyl viologen as an artificial electron
donor (Holscher et al. 2003). Rates ranged from 0.3 to
355 nkat mg’l protein for 1,24-TCB to 1,2,3,4-
TeCB, respectively. The activity was associated with
the membrane fraction of the cells and specific
inhibitors indicated the involvement of corrinoid
cofactors.

A pure culture of Dehalocococcoides ethenogens
strain 195, known for its ability to halorespire
perchloroethene (PCE) to ethene, was shown to
dehalogenate various highly chlorinated benzene
congeners when PCE was also present as an electron
acceptor to support growth (Fennell et al. 2004). The
daughter products from the reductive dechlorination
with either HCB or QCB were 1,2,3,5-TeCB, 1,2,4-
TCB and 1,3,5-TCB. The daughter products from the
dechlorination of 1,2,4,5-TeCB were 1,2,4-TCB, 1,4-
DCB, and 1,3-DCB; while the dechlorination products
of 1,2,3,4-TeCB were 1,2,4-TCB, 1,3,5-TCB, and 1,3-
DCB. By comparison, the congener, 1,2,3,5-TeCB,
was dehalogenated very slowly by D. ethenogens 195.

A highly enriched culture cultivated by growth-
linked dehalogenation of the PCB congener, 2,3.4,5-
tetrachlorobiphenyl, was shown to also dechlorinate
HCB (Wu et al. 2002). The culture dechlorinated
HCB to 1,3,5-TCB, via QCB and 1,2,3,5-TeCB.
Using molecular ecology tools, the uncultured bac-
terium DF-1 was shown to be the responsible
dehalogenator of HCB. Bacterium DF-1 had a closer
relationship to known PCE- and TCE-dechlorinating
strains of Dehalococcoides than to Dehaloccocoides
sp. strain CBDB1 (only 89% base pair homology).

Microbial kinetics of chlorobenzene
biodegradation

Microbial kinetic data for chlorinated benzene
degradation are presented in Table 4. Aerobic growth
rates on chlorinated benzenes as a sole source of
carbon and energy is moderate to high ranging from
1.11 to 13.2 day”'. These values correspond to
doubling times of 1.3—15 h. The literature is in good
agreement concerning the specific activity of aerobic
bacteria growing on chlorinated benzenes, with the
exception of one-value, the range is from 520 to
2,459 mg g~' dwt day'. Likewise, there is good
agreement on the cell yield from the aerobic growth
on chlorinated benzenes with all but one value in the
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range of 0.33-0.43 g dwt ¢! chlorinated benzene
consumed. Only one author, Naziruddin et al. (1995),
has provided information on the half velocity constant,
K,, which indicates a value of a few mg 1! for an
aerobic mixed culture.

Less information is available on the biotransforma-
tion kinetics under anaerobic conditions. However,
specific activities of chlorinated benzene biotransfor-
mation are highly dependent on the degree to which an
anaerobic culture has been purified and enriched. The
specific activities of chlorinated benzene dehalogen-
ation in unadapted aquatic sediments ranged from 10~
to 10~ mg chlorinated benzene transformed g~' dwt
sediments day™'. Rates in enrichment cultures or
anaerobic reactor biofilms ranged from 107> to
10> mg chlorinated benzene transformed g~' dwt
biomass day ™. Rates in the halorespiring bacterium,
Dehalococcoides sp. CBDBI1, were 10* o 10° mg
chlorinated benzene transformed g~' dwt biomass d™'
for chlorinated benzenes used as the growth electron
acceptor. The specific activities were even higher, up to
10° mg chlorinated benzene transformed g~' dwt
biomass d~!, for chlorinated benzenes when cometab-
olized with another electron acceptor (Jayachandran
et al. 2003). Therefore, halorespiration of CBs is at
least one order of magnitude faster than the oxidation
of CB by pure cultures of aerobic bacteria. The cell
yields of halorespiration averaged 0.057 g dwt bio-
mass g~ chlorinated benzene transformed.
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