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The anaerobic microbial oxidation of toluene to CO, coupled to humus respiration was demonstrated by use
of enriched anaerobic sediments from the Amsterdam petroleum harbor (APH) and the Rhine River. Both
highly purified soil humic acids (HPSHA) and the humic quinone moiety model compound anthraquinone-
2,6-disulfonate (AQDS) were utilized as terminal electron acceptors. After 2 weeks of incubation, 50 and 85%
of added uniformly labeled [**C]toluene were recovered as *CO, in HPSHA- and AQDS-supplemented APH
sediment enrichment cultures, respectively; negligible recovery occurred in unsupplemented cultures. The
conversion of ["*C]toluene agreed with the high level of recovery of electrons as reduced humus or as
anthrahydroquinone-2,6-disulfonate. APH sediment was also able to use nitrate and amorphous manganese
dioxide as terminal electron acceptors to support the anaerobic biodegradation of toluene. The addition of
substoichiometric amounts of humic acids to bioassay reaction mixtures containing amorphous ferric oxyhy-
droxide as a terminal electron acceptor led to more than 65% conversion of toluene (1 mM) after 11 weeks of
incubation, a result which paralleled the partial recovery of electron equivalents as acid-extractable Fe(II).
Negligible conversion of toluene and reduction of Fe(III) occurred in these bioassay reaction mixtures when
humic acids were omitted. The present study provides clear quantitative evidence for the mineralization of an
aromatic hydrocarbon by humus-respiring microorganisms. The results indicate that humic substances may
significantly contribute to the intrinsic bioremediation of anaerobic sites contaminated with priority pollutants

by serving as terminal electron acceptors.

Toluene is an important constituent of gasoline, accounting
for 5 to 7% (wt/wt) of its composition (39). Due to leaks in
underground fuel storage tanks, improper disposal techniques,
and spills of all types of petroleum products, widespread con-
tamination with toluene has occurred in soil, sediment, and
groundwater. The relatively high aqueous solubility of toluene,
515 mg/liter at 20°C (39), accounts for its mobility in the en-
vironment. Due to its toxicity, toluene is considered a priority
pollutant by the U.S. Environmental Protection Agency (39).
Toluene is a depressant of the central nervous system (39) and
an enhancing agent in skin carcinogenesis (12).

Microbial degradation of toluene readily occurs under aer-
obic conditions (32, 33) by a wide variety of aerobic bacteria
utilizing several monooxygenases and a dioxygenase to initiate
the attack. However, many polluted sites are often depleted of
oxygen. Consequently, alternative degradation pathways under
anaerobic conditions are important in determining the fate of
toluene. Various investigators have shown that in the absence
of oxygen, toluene degradation is linked to methanogenesis
and to sulfate, nitrate, and iron reduction (16). Recently, tol-
uene degradation was also shown to be linked to the reduction
of manganese oxides (21, 22) and to a fermentative oxidation
process with fumarate as a terminal electron acceptor (29).
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These alternative electron acceptors either occur naturally in
groundwater and sediments (e.g., iron) or are possible addi-
tives for stimulating in situ biodegradation processes.

In the present study, humus is evaluated as a potential elec-
tron acceptor for toluene biodegradation. Humus is the stable
organic matter accumulating in sediments and soils (35). Al-
though humus is generally considered to be inert for microbial
catabolism, it has recently been reported to play an active role
in the anaerobic oxidation of a wide variety of ecologically
relevant organic substrates (e.g., acetate and lactate) as well as
hydrogen by serving as a terminal electron acceptor (4, 7, 9,
28). These studies have demonstrated that the reduction of
humic substances may be an important mechanism for organic
substrate oxidation in many anaerobic environments. Quinone
moieties of humus have been implicated as the redox active
groups (31) accepting the electrons. Anthraquinone-2,6-disul-
fonate (AQDS) has been used as a defined model for such
moieties (7, 9, 17, 28). Most humus-respiring microorganisms
are also capable of transferring electrons to AQDS, reducing it
to anthrahydroquinone-2,6-disulfonate (AH,QDS); therefore,
quinone model compounds imitate the function of humus as a
terminal electron acceptor. Since reduced humus and hydro-
quinones are readily oxidized by Fe(III) and Mn(IV) (28, 36),
humus only needs to be present at substoichiometric concen-
trations to be an effective electron acceptor as long as these
metal oxides are abundant in the sediment. Thus, humus can
link the degradation of substrates to dissimilatory metal reduc-
tion.

Aside from the simple substrates initially tested, evidence is
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accumulating that more complex substrates are degraded by
quinone respiration. The anaerobic microbial oxidation of phe-
nol and p-cresol in granular sludge was recently found to be
coupled to the reduction of AQDS (8). The addition of humic
acids or AQDS was also shown to stimulate the mineralization
of the priority pollutants vinyl chloride and dichloroethene by
a humus-respiring consortium under anaerobic conditions (5).

The fact that there are a wide variety of organic compounds
which can be utilized by humus-respiring consortia leads to the
question of whether humus can also support the anaerobic
oxidation of toluene by serving as a terminal electron acceptor.
In this study, the capacity of two different sediments for oxi-
dizing toluene with humic acids or AQDS as a terminal elec-
tron acceptor was explored. The results constitute a clear
quantitative demonstration of the mineralization of an aro-
matic hydrocarbon priority pollutant by humus-respiring mi-
croorganisms.

MATERIALS AND METHODS

Sediments. Two different sediments were used for the present study. Petro-
leum harbor sediment was dredged from the Amsterdam petroleum harbor
(APH), which was constructed for storage and transshipment of petroleum and
coal. Around the APH, industrial activities developed and oil tanks were built. At
the beginning of World War II, oil storage tanks were destroyed and large
quantities of oil leaked into the harbor, causing major oil contamination of the
sediment. Diverse other sources, such as industrial discharges, shipping, and
tanker cleaning, have also contributed to contamination of the sediment. As a
consequence, APH sediment is contaminated with oil and polycyclic aromatic
hydrocarbons (11). Anaerobic Rhine River sediment was collected alongside the
banks of the river near Lexkesveer in Wageningen, The Netherlands. This sed-
iment was chosen because toluene, benzene, and naphthalene have been de-
tected as contaminants in Rhine River water (20). This sediment has been
previously shown to degrade aromatic compounds, such as toluene and sulfanilic
acid, under different redox conditions (21, 37). Both sources of inocula were able
to oxidize hydrogen and acetate with AQDS as a terminal electron acceptor (7).

Sediment incubations. Bicarbonate buffered basal medium (pH 7.2) was pre-
pared as previously described (7). For this study, the concentrations of NH,CI
and K,HPO, were modified to 0.1 and 0.05 g per liter, respectively. The basal
medium was supplied with one of the following electron acceptors: AQDS (25
mM), nitrate (10 mM), or sulfate (6.25 mM). AQDS was previously dissolved in
boiled water, and then all the components of the basal medium were added. The
medium was cooled in a stream of N,-CO, (80:20). All the media were dispensed
into 117-ml glass serum bottles after being with N,-CO, (80:20) at a final volume
of 50 ml (67 ml as headspace), and then inoculation took place by adding 10 g
(dry weight) of previously homogenized sediment per liter. The bottles were
sealed with Viton stoppers (Maag Technic AG, Diibendorf, Switzerland) and
aluminum crimps and were flushed with N,-CO, (80:20). Sulfate and nitrate
were added from anaerobic and sterilized stock solutions in distilled water.
Toluene (final concentration, 1 mM) was added from a stock solution in hexa-
decane. Hexadecane did not exceed 0.2% (vol/vol) of the liquid volume in the
bioassays. Biodegradation of toluene was also confirmed in the absence of hexa-
decane, but the results presented in this study came from experiments in which
toluene was added in hexadecane to facilitate minimal processing error during its
addition. All the bioassay reaction mixtures were statically incubated in a 30°C
room and were manually shaken before sampling to ensure the homogeneous
distribution of toluene. Sterile controls were prepared under the same conditions
and autoclaved for 20 min at 120°C two times prior to the addition of toluene.
Controls without toluene added but with the same amount of hexadecane added
were also included to correct for the endogenous reduction of the different
electron acceptors provided and to verify the absence of hexadecane metabolism.
All the experiments were carried out with triplicate incubations for all the
conditions studied. Toluene degradation and reduction of the corresponding
electron acceptor were monitored over time as described below.

Metal oxides as terminal electron acceptors for anaerobic toluene degrada-
tion. The capacity of APH sediment for degrading toluene with insoluble metal
oxides as terminal electron acceptors was also explored. Vernadite (amorphous
MnO,) and goethite (amorphous FeOOH) were prepared as previously de-
scribed (2, 19). The metal oxide suspensions were washed three times by cen-
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trifugation and resuspended in distilled water. Finally, the metal oxides were
suspended in basal medium to obtain final concentrations of Mn(IV) and Fe(IIT)
of 25 and 50 mM, respectively. The bicarbonate concentration was set at 2.5 g per
liter in these experiments, and HEPES (50 mM, pH 7.2) was included as a buffer.
The metal suspensions were flushed with N,-CO, (80:20) and homogeneously
distributed into 117-ml glass serum bottles at a final volume of 50 ml (67 ml as
headspace). The bottles were inoculated with 10 g (dry weight) of APH sediment
per liter and sealed with Viton stoppers and aluminum crimps. All the bioassays
were conducted in an N,-CO, (80:20) atmosphere. When the impact of humic
substances on the biodegradation of toluene with metal oxides was studied,
humic acids (Janssen Chimica Belgium; 2 g per liter) were added to the medium
and distributed in the same form as described above. Toluene was added to the
cultures from a stock solution in hexadecane. Sterile and endogenous controls
were prepared in the same manner as described above for the bottles with
alternative electron acceptors, and all bioassay reaction mixtures were incubated
under the same conditions as described above. Toluene degradation was moni-
tored over time as described below, and reduction of the metal oxides was also
measured at the end of the experiment as described below.

Mineralization of ['*C]toluene with AQDS and humic substances as terminal
electron acceptors. Bioassay mixtures in which the anaerobic degradation of
toluene was observed coupled to the reduction of AQDS were decanted, and the
bottles were refilled with anaerobic fresh medium (containing 25 mM AQDS) in
an N,-H, (95:5) atmosphere. The bottles were sealed again with Viton stoppers
and aluminum crimps and were flushed with N,-CO, (80:20) before more tolu-
ene (1 mM) was added. The bioassay bottles were refilled three times (when all
toluene had been depleted) in the same way before the sediment was transferred
to bottles for studies with uniformly labeled ['*C]toluene. The basal medium was
prepared without bicarbonate for studies with ['*C]toluene but was amended
with AQDS (5 mM) or with highly purified soil humic acids (HPSHA; 12 g per
liter). The media were neutralized by adding sodium hydroxide or hydrochloric
acid and were buffered with sodium phosphate (10 mM, pH 7.2). The media were
homogeneously dispensed into 57-ml glass serum bottles (a final volume of 25 ml
with a headspace of 32 ml), and the enriched sediment was added at 10 g (dry
weight) per liter under anaerobic conditions. The bottles containing the enriched
sediment were flushed with pure nitrogen gas, and then uniformly labeled
[13C]toluene was added from a stock solution in anaerobic and sterile distilled
water. All the experiments were carried out with triplicate incubations for all the
conditions studied. All the bioassay mixtures were statically incubated in a 30°C
room and were manually shaken before sampling to ensure the homogeneous
distribution of toluene. The production of '*CO, from ['*C]toluene and the
depletion of ['*C]toluene were monitored over time as described below. The
electrons transferred to AQDS and to HPSHA during ['*C]toluene degradation
were also monitored as described below. Sterile controls were prepared under
the same conditions and autoclaved for 20 min at 120°C two times prior to the
addition of ['*C]toluene. Controls without ['*C]toluene added were also in-
cluded to correct for the background level of '*CO, and reduction of AQDS and
humus by endogenous substrates in the enrichment culture.

Analytical techniques. The toluene concentrations in 100-wl headspace sam-
ples were determined by gas chromatography (Hewlett-Packard 5890 series II)
with a flame ionization detector. The chromatograph was equipped with a CP-sil
8CB column, and helium (4.3 ml per min) was used as a carrier gas. The
temperatures of the injection port, oven, and detector were 225, 120, and 225°C,
respectively. Standards were prepared with basal medium containing the same
amount of sediment (10 g [dry weight] per liter) as that used for the experiments
and therefore reflect the equilibrium in toluene concentrations between the
headspace and the sediment. Toluene was added to the standard bottles from a
stock solution in hexadecane. The standard bottles had been autoclaved for 20
min at 120°C two times and incubated at 30°C overnight before toluene was
added (4 h before analysis).

Concentrations of AH,QDS were determined spectrophotometrically by mon-
itoring the absorbance at 450 nm in an anaerobic chamber as previously de-
scribed (7). Mn(II) production was estimated by measuring the accumulation of
soluble manganese in 0.5 N hydrochloric acid at the end of the experiment as
previously described (25). Samples were collected in an anaerobic chamber with
an N,-H, (96:4) atmosphere. After 30 min, acidified culture medium (1 ml) was
filtered through a 0.2-pm-pore-diameter filter and properly diluted before the
concentration of Mn(II) was determined by atomic absorption spectroscopy
(SpectrAA-300; Varian Nederland B. V.). An air-acetylene flame was used, the
wavelength was 403.1 nm, and the lamp current was 5 mA. Fe(II) production was
determined by measuring the accumulation of HCl-soluble Fe(II) at the end of
the experiment. As previously described (24), the amount of Fe(IT) that was
soluble after a 30-min extraction in 0.5 N hydrochloric acid was determined with
ferrozine. Samples for Fe(IT) determinations were also collected in an anaerobic
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FIG. 1. Simultaneous toluene conversion (A) and AQDS reduction (B) by APH sediment in anaerobic culture bottles containing bicarbonate-
buffered basal medium supplemented with 25 mM AQDS. The unsupplemented control was prepared in the same manner but without AQDS. The
endogenous control (without toluene addition) contained the same amount of hexadecane (0.2% [vol/vol]) as that used for toluene addition. AQDS
reduction was quantified spectrophotometrically as the increase in absorbance at 450 nm. Data are means and standard deviations for triplicate
incubations in each treatment. Arrows indicate the addition of fresh medium containing AQDS and toluene in depleted bioassay mixtures.

chamber with an N,-H, (96:4) atmosphere. Methane production was determined
as previously described (7).

Electrons transferred to humic substances were quantified as previously de-
scribed (28). Samples were collected in an anaerobic chamber with an N,-H,
(96:4) atmosphere and filtered through a 0.2-wm-pore-diameter filter. Anaerobic
Fe(III) citrate solution (final concentration, 10 mM) was added to filtrates, and
after 30 min of reaction, subsamples were taken for Fe(IT) determinations. When
no Fe(II) citrate was added to liquid samples and Fe(II) determinations were
carried out, negligible recovery of electrons was achieved beyond that seen with
the endogenous control, indicating the lack of iron bound in the sources of
humus applied.

Sulfate concentrations were determined by injecting 30-pl samples with an au-
tosampler (Marathon) into a high-performance liquid chromatograph equipped with
a VYDAC ion chromatography column (302 IC; 250 by 4.6 mm). The temper-
atures of the column and detector (Waters 431 conductivity detector) were 20
and 35°C, respectively. As an eluent, 0.018 M potassium biphthalate was used at
a rate of 1.2 ml per min. Samples for sulfate analysis were fixed by two- to
fourfold dilution with a 0.1 M zinc acetate solution, centrifuged (10,000 X g, 3
min), and diluted with demineralized water. Nitrate and nitrite concentrations
were also determined with a high-performance liquid chromatograph equipped
with the same column as that used for sulfate analysis and at the same temper-
atures. Thirty-microliter samples were also injected with an autosampler. Potas-
sium dihydrogen phosphate (10 g per liter, pH 3) adjusted with phosphoric acid
was used as an eluent at a flow rate of 1.5 ml per min. Nitrate and nitrite were
detected with a UV detector (783 UV Detector-Kratos Analytical USA) at a
wavelength of 205 nm. All samples were centrifuged (10,000 X g, 3 min) before
analysis.

The production of '*CO, from ['*CJtoluene was quantified based on the ratio
of 13CO, to '?CO, in 100-pl headspace samples. Carbon has two stable isotopes,
with '2C comprising 98.89% and '*C comprising 1.11% of the total abundance
(14). Samples were injected into a gas chromatograph (Hewlett-Packard 5890
series II ) equipped with a fused-silica capillary column (PoraplotQ; Chrompack,
Bergen op Zoom, The Netherlands), which was connected to a mass spectrom-
eter-selective detector (Hewlett-Packard 5971 series). Helium was used as a
carrier gas at a flow rate of 1.5 ml per min. The temperatures of the injector port
and detector were 100 and 280°C, respectively. The oven temperature was main-
tained at 40°C during the first 3 min and then gradually (20°C per min) was
increased to 240°C for achieving ['*C]toluene quantification in the same samples.
The extent of mineralization of [*C]toluene was calculated according to the
concentrations of '*CO, measured in the headspace, which were corrected for
the theoretical amount of *CO, dissolved in the liquid phase based on Henry’s

law. These data were corroborated by carrying out representative bioassays at the
end of the experiments from which total recovery of '*CO, was achieved by
acidification with concentrated hydrochloric acid. The data obtained from these
representative cultures were very closely related (more than 90% similar) to
those theoretically calculated.

Chemicals. AQDS was purchased from Aldrich Chemical (Milwaukee, Wis.).
Toluene (99.5%) and humic acid sodium salt were purchased from Janssen
Chimica (Geel, Belgium). Hexadecane (99%) was purchased from Acros Organ-
ics (Geel, Belgium). Uniformly labeled [**C]toluene (99% '*C) was purchased
from Campro Scientific (Veenendaal, The Netherlands). HPSHA were pur-
chased from the International Humic Substances Society. The elemental com-
position of the soil humic acids was as follows (in percent dry weight): carbon,
58.1; hydrogen, 3.7; oxygen, 34.1; nitrogen, 4.1; and sulfur, 0.4. The phenolic OH
content was 1.73 mol per kg of dry humus. Further information can be obtained
at the website of the International Humic Substances Society (http:/www.ihss
.gatech.edu). All other chemicals were obtained from E. Merck AG (Darmstadt,
Germany).

RESULTS

Biodegradation of toluene with alternative electron accep-
tors. APH sediment degraded toluene in the absence of oxygen
when AQDS was included in the medium. During the initial
exposure, toluene (1 mM) was completely eliminated after 2
months of incubation (with a lag phase of 40 days), and there
was a concomitant reduction of AQDS to AH,QDS. When the
contents of the bioassay bottles were decanted and the bottles
were refilled with fresh medium containing AQDS (25 mM)
and toluene (1 mM), the lag phase was significantly decreased
and the same rate of toluene degradation was observed (Fig.
1A). There was no significant loss of toluene when bicarbonate
was provided as a sole electron acceptor, nor was methane
production detectable. When toluene was incubated with
AQDS in autoclaved sediment, no significant loss of toluene
was observed. In the biologically active sediment, the con-
sumption of toluene agreed with the reduction of AQDS (Fig.
1B). The ratio of AQDS reduction (corrected for the endog-
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TABLE 1. Thermodynamic comparisons of the biodegradation of toluene with alternative electron acceptors”

Reaction

AG®" (kJ/mol)

C,Hg + 36 Fe** + 21 H,0 — 36 Fe?" + 43 H" + 7 HCO;~
CHg + 72NO;~ + 02 HY = 3.6 N, + 0.6 H,0 + 7HCO;™ ...

C,Hg + 18 MnO, + 18 H,CO, — 7 CO, + 18 MnCO; + 22 H,O ...

C,Hg + 36 FeO(OH) + 36 H* — 7 CO, + 36 Fe(OH)* + 22 H,0

C,H, + 18 AQDS + 21 H,0 — 18 AH,QDS + 7 H* + 7 HCO, ...

CHg + 45S80,>” + 3H,0 - 45HS™ + 25 H" + 7HCO; ™ .......

CHg + 7.5 H,0 — 4.5 CH, + 2.5 H* + 2.5 HCO5 ™ eovovoveccoeeeeeser

“ Values were calculated with data from references 20, 34, and 38.
® Solid-phase free energies were used.

enous control) to toluene degradation was 20.2 * 5.2 (mean
and standard error; n = 3); this value is very close to the
stoichiometric value (Table 1), suggesting that toluene was
probably completely converted to carbon dioxide under these
conditions. Only negligible endogenous AQDS reduction oc-
curred when toluene was omitted from the cultures but the
same amount of hexadecane (0.2% [vol/vol]) was included. No
reduction of AQDS was detected in the sterilized control.

The possibility that toluene degradation in APH sediment
was linked to the reduction of other anoxic electron acceptors
was explored. Of all the alternative electron acceptors tested,
only nitrate, Mn(IV), and AQDS supported toluene degrada-
tion. No toluene degradation was detected under sulfate-re-
ducing or methanogenic conditions after 4 months of incuba-
tion. Also, no degradation of toluene was observed when
Fe(III) in the form of goethite was used as a direct electron
acceptor during the same incubation period. These results co-
incided with the absence of methane production and Fe(II)
production as well as the lack of sulfate elimination during the
experiments.

The conversion of toluene agreed with the reduction of
nitrate by APH sediment, and the ratio of nitrate reduction
(corrected for the endogenous control) to toluene degradation
was 5.9 = 0.7 (mean and standard error; n = 3); this value is
very close to the stoichiometric value (Table 1). Toluene con-
version by APH sediment was also evident with the addition of
amorphous MnO, in the medium. In parallel with toluene
conversion in the MnO,-supplemented cultures was the partial
recovery of acid-extractable Mn(II), accounting for 40% of the
electron equivalents in toluene consumed.

Humic acid stimulation of toluene biodegradation linked to
metal oxide reduction. To explore the potential link between
the biodegradation of toluene and the dissimilatory reduction
of metal oxides by channeling of electrons via humus respira-
tion, APH sediment incubation mixtures were supplemented
either with goethite (FeOOH; 50 mM) or with vernadite
(MnO,; 25 mM) together with a substoichiometric amount of
humic acids (2 g per liter). The electron-accepting capacity of
these humic acids was determined as previously described (28)
with an acetate-oxidizing humus-respiring enrichment culture;
the average electron uptake was 0.306 milliequivalent per g of
humic acids. Thus, the addition of these humic acids at this
level could account for the biodegradation of only 1.7% of the
toluene added to the cultures (1 mM). Nevertheless, when this
low level of humic acids was added, more than 65% of the
toluene was depleted in the goethite-humus-supplemented cul-
tures by APH sediment after 11 weeks of incubation (Fig. 2A).

The consumption of toluene in these cultures paralleled the
partial recovery of acid-extractable Fe(II), accounting for 30%
of the electron equivalents in toluene consumed. Negligible
conversion of toluene and release of acid-extractable Fe(II)
occurred in the goethite-supplemented cultures when humic
acids were omitted from the medium. Likewise, none of these
phenomena appeared in sterilized incubation mixtures with
autoclaved sediment supplemented with goethite and humic
acids (Fig. 2A).

When the same source of humic acids was applied to verna-
dite-supplemented cultures at the same level, toluene conver-
sion proceeded with a lag phase shorter than that observed in
the absence of humic acids (Fig. 2B). Toluene was completely
depleted in both instances after 5 weeks of incubation. This
result coincided with the partial recovery of acid-extractable
Mn(II), accounting for 34% of the electron equivalents in
toluene consumed.

[*C]toluene conversion to *CO, with AQDS and humic
substances as terminal electron acceptors. To confirm the
mineralization of toluene to CO, under anoxic quinone- and
humus-respiring conditions, enrichment cultures from sedi-
ment samples were incubated with uniformly labeled [**C]tolu-
ene. Enriched APH sediment was able to convert [>C]toluene
to '*CO, in medium supplemented with AQDS (5 mM) or with
HPSHA (12 g per liter) without any lag phase (Fig. 3A). There
was negligible recovery of '*CO, in the endogenous control in
the absence of [**CJtoluene and in the presence of [**C]tolu-
ene and HPSHA incubated with autoclaved sediment. In the
absence of AQDS and HPSHA, less than 7% of the added
[**C]toluene was recovered as '>CO,, probably due to the
presence of small amounts of AQDS remaining in the sedi-
ment from previous enrichment. This finding was confirmed by
the slight orange color developed in these controls and by the
slight reduction of Fe(IIl) citrate by the culture fluid from
these controls (Table 2). The conversion of [**C]toluene to
13C0O, by APH sediment was concomitantly coupled with an
increase in electrons recovered as AH,QDS or as reduced
humus in the cultures (Fig. 3B). In fact, there were high levels
of recovery of both [**C]carbon and electrons in the AQDS-
and HPSHA-containing cultures (Table 2). Enriched sediment
obtained from the Rhine River was also able to convert
[**C]toluene to >CO, with AQDS or HPSHA as a terminal
electron acceptor, but the rate of toluene mineralization was
lower than that observed with enriched APH sediment (Fig.
3C). Controls showed no significant recovery of *CO, or
[**C]toluene conversion. The extent of [*CJtoluene mineral-
ization observed (about 1.8 = 0.1 milliequivalents per liter in
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FIG. 2. Conversion of toluene by APH sediment in anaerobic culture bottles containing HEPES-buffered basal medium supplemented with
amorphous ferric oxyhydroxide (goethite, 50 mM) (A) or amorphous manganese dioxide (vernadite, 25 mM) (B). Goethite-humus- and vernadite-
humus-supplemented cultures also contained 2 g of humic acids per liter. Unsupplemented controls were prepared in the same manner but without
metal oxide and humus. Sterile controls contained both metal oxide and humus with autoclaved sediment. Data are means and standard deviations

for triplicate incubations in each treatment. d, days.

both instances) paralleled the stoichiometric recovery of elec-
trons as AH,QDS or as reduced humus (Fig. 3D). There was
negligible recovery of electrons in the sterilized and endoge-
nous (without [**C]toluene addition) controls.

DISCUSSION

Humic substances as terminal electron acceptors for the
anoxic microbial oxidation of toluene. In the present study,
humic acids and the humic model compound AQDS were
explored as potential electron acceptors for achieving anoxic
microbial oxidation of toluene by different inocula. Toluene
biodegradation was coupled to the reduction of humic acids
and AQDS by APH and Rhine River sediments. The results
from this study provide multiple lines of evidence that humic
compounds are implicated in the anoxic biodegradation of
toluene. First, toluene biodegradation became feasible when
the anaerobic sediments were supplied with HPSHA and
AQDS. Second, the electron equivalents from the consumed
toluene were recovered at high levels as AH,QDS (85%) and
reduced humic acids (65%) when AQDS and HPSHA, respec-
tively, served as the terminal electron acceptors. Third, uni-
formly labeled [**C]toluene was mineralized to '*CO,, and the
recovery of '*C-labeled carbon as '*CO, accounted for 74 to
91% of the ["*C]toluene consumed. The results constitute a
clear quantitative demonstration of anoxic aromatic hydrocar-
bon biodegradation linked to the reduction of quinones and
humic acids.

Previously, Lovley et al. (28) hypothesized that humus
served as a direct electron acceptor during benzene biodegra-
dation when humic acids were added as chelators to increase
Fe(III) oxide bioavailability for a benzene-degrading Fe(III)-
reducing consortium in contaminated sediment. This hypoth-
esis was based on the observation that humic acids stimulated
benzene biodegradation better than synthetic chelators (e.g.,

EDTA and nitrilotriacetic acid) even though humus had infe-
rior chelating properties (27). The mechanism proposed im-
plies that benzene was degraded with humic substances acting
as the direct electron acceptors and that the obtained reduced
humus was recycled back to the oxidized form by chemical
reaction with Fe(III) oxides. The impact of AQDS on anaer-
obic benzene oxidation was also studied at three different sites
of Fe(IlI)-reducing sediments (1). Stimulation of benzene ox-
idation was observed at one site when 600 uM AQDS was
applied; this result may have been due to the use of AQDS as
an electron acceptor, but the reduction of AQDS was not
demonstrated. The same sediment sample did not oxidize ben-
zene when 300 uM AQDS was applied, yet the amount of
benzene added (12 pM) would have required only 180 pM
AQDS for complete oxidation. Strains of Geobacter have been
isolated that can oxidize toluene with Fe(III) as an electron
acceptor (10). The same strains can also reduce AQDS with
acetate; thus, it is conceivable that they could couple toluene
oxidation to AQDS reduction.

The Gibbs free energy of toluene degradation linked to
AQDS reduction is more favorable than that of degradation
linked to sulfate reduction and methanogenesis (Table 1).
Thermodynamic differences might partly explain why toluene
degradation in this study readily occurred with AQDS but not
with sulfate or bicarbonate as electron acceptors. Biodegrada-
tion of toluene coupled to sulfate reduction (3, 30) and metha-
nogenesis (13, 18, 40) has previously been reported to occur,
but these processes usually require long lag periods before
rates become appreciable.

The anoxic biodegradation of toluene with humic substances
as terminal electron acceptors was not evident at all sites and
was found only at historically polluted sites, indicating long-
term enrichment of hydrocarbon-degrading microorganisms
after prolonged exposure to aromatic hydrocarbon pollutants.
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FIG. 3. Mineralization of ['*CJtoluene to '*CO, (A and C) coupled to the reduction of AQDS or humus (B and D) by enriched APH (A and
B) or Rhine River (C and D) sediments in anaerobic culture bottles containing phosphate-buffered basal medium supplemented with AQDS (5
mM) or with highly purified soil humic acids (12 g per liter). Uniformly labeled [**CJtoluene was added at an initial concentration of 100 WM
relative to the liquid volume. Unsupplemented controls were prepared in the same manner but without AQDS and humus. All data were corrected
relative to the endogenous control (without [**C]toluene addition). Data are means and standard deviations for triplicate incubations in each

treatment. d, days.

Sludge, soil, and sediment materials from pristine sites previ-
ously reported to degrade readily biodegradable compounds
with AQDS as a terminal electron acceptor (7) were not able
to degrade toluene under AQDS-reducing conditions (data
not shown).

APH sediment showed the capacity to utilize other, more
favorable electron acceptors [nitrate and Mn(IV)] to support
the biodegradation of toluene, reflecting the notion that this
consortium may contain a wide variety of microorganisms with
different capacities to degrade aromatic hydrocarbons or
that microorganisms involved in toluene biodegradation may
achieve this anoxic process with different electron acceptors.
Other consortia have previously shown the capacity to degrade
toluene with both nitrate and Mn(IV) as terminal electron
acceptors (23).

Humic acid stimulation of toluene biodegradation linked to
metal oxide reduction. Goethite was not utilized directly as an

electron acceptor by APH sediment to achieve the anoxic bio-
degradation of toluene. Conversion of toluene was made fea-
sible only by supplementing the goethite-containing cultures
with substoichiometric levels of humic acids in terms of elec-
tron-accepting equivalents. The electron-accepting capacity of
the humic acids tested could account for only 1.7% of the
potentially degradable toluene, and yet 65% of the toluene was
degraded in these experiments. The stimulation can thus be
accounted for only by a chelating effect of humic acids with
Fe(III) (27) or a redox-mediating effect (28). Based on previ-
ous observations in the literature that demonstrated the in-
volvement of humic substances as redox mediators linking the
oxidation of simple substrates (e.g., acetate) to goethite reduc-
tion (17, 26, 28), it is plausible that goethite reduction by
toluene degraders in APH sediment was a result of reduced
humic acids acting as electron shuttles in the goethite-humus
bioassays. Non-iron-reducing bacteria, e.g., Propionibacterium
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TABLE 2. Balances of electrons and [*C]carbon for the anaerobic conversion of uniformly labeled ["*C]toluene with AQDS and HPSHA
as terminal electron acceptors by enriched APH sediment after 2 weeks of incubation®

Total
Balance Culture [*3C]toluene added Product and toluene remaining recovery
(%)
Electron equivalent (meq/liter)” Unsupplemented 3.7 [**C]toluene remaining (3.4)
Fe(III) citrate reduced (0.1)
Total (3.5) 95
AQDS supplemented 34 [**C]toluene remaining (ND)
AH,QDS (2.9)
Total (2.9) 85
HPSHA supplemented 35 [**C]toluene remaining (0.9)
Fe(III) citrate reduced (1.7)
Total (2.6) 74
[**C]carbon (mmol of *C/liter)* Unsupplemented 0.75 [**C]toluene remaining (0.69)
13
CO, (0.05)
Total (0.74) 99
AQDS supplemented 0.69 [**C]toluene remaining (ND)
13C0, (0.63)
Total (0.63) 91
HPSHA supplemented 0.71 [**C]toluene remaining (0.18)
1300, (0.39)
Total (0.57) 80

¢ Data represent means obtained from triplicate incubations for the different conditions applied, and standard deviations were, in general, within 10% of the means.
Negligible conversion of ['*C]toluene and reduction of the corresponding electron acceptor occurred in sterilized incubations with autoclaved sediment.
® Total recovery of electrons = (electrons recovered in electron acceptor + [**C]toluene not consumed)/[**CJtoluene added. Total recovery of ['*C]carbon = (carbon

recovered as *CO, + ['*C]toluene not consumed)/['*C]toluene added.

¢ Corrected for endogenous controls. Less than 2% of endogenous reduction occurred in all instances.

4 ND, not detected.

¢ Corrected for the background level of '*CO, found in the absence of ['*C]toluene.

freudenreichii, were recently reported to channel electrons
from anaerobic oxidation via humic acids toward Fe(III) re-
duction, suggesting that dissimilatory iron reduction in soil and
sediment may not be exclusively related to iron-reducing mi-
croorganisms (4). Hydroquinones in humus can reach micro-
pores that remain inaccessible to Fe(III)-reducing microorgan-
isms (41) and may eliminate the need for direct contact
between humus-reducing microorganisms and metal oxides as
a prerequisite for achieving anoxic organic matter oxidation.

The partial recovery of electron equivalents from converted
toluene either as Mn(II) or as Fe(II) in the metal oxide-hu-
mus-supplemented cultures may be explained by a series of
postreduction biogeochemical reactions. Biogenic Fe(II) and
Mn(II) might have undergone sorption to bacteria or to the
residual metal oxide surface, as well as precipitation with sul-
fide (6, 42), which may have accounted for decreased recovery
during the acid extraction technique applied.

Ecological implications. The results presented in this study
for toluene and previous results obtained with vinyl chloride
and dichloroethene (5) suggest that humus, the most abundant
organic matter in nature, may be a more important electron
acceptor for the bioremediation of contaminated environ-
ments than previously thought. Biodegradation of recalcitrant
contaminants may take place in sediments, wetlands, and eu-
trophic lakes rich in organic matter and in microniches in
compost, where humic substances could serve as potential elec-
tron acceptors for the anoxic microbial oxidation of a wide

variety of organic pollutants. Moreover, quinone- or humus-
reducing bacteria and activities have previously been found in
many organic matter-rich environments (7, 9). Therefore, in-
trinsic bioremediation may be much more prevalent in these
habitats than previously considered. Humic substances may
also greatly stimulate the anoxic biodegradation of organic
contaminants in oligotrophic environments as well by linking
the biodegradation of these pollutants to the reduction of
other electron acceptors. In particular, quinones in humus may
channel electrons from anoxic pollutant oxidation to metal
oxide reduction by serving as redox mediators, a scenario
which was shown to occur for the anoxic oxidation of methyl
tert-butyl ether (15).
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