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Up to 0.4 mM 1,3-dimethylbenzene (m-xylene) was rapidly mineralized in a laboratory aquifer column
operated in the absence of molecular oxygen with nitrate as an electron acceptor. Under continuous flow
conditions, the degradation rate constant (pseudo-first order) was >0.45 h-1. Based on a carbon mass balance
with [ring-14C]m-xylene and a calculation of the electron balance, m-xylene was shown to be quantitatively
(80%) oxidized to CO2 with a concomitant reduction of nitrate. The mineralization of m-xylene in the column
also took place after reducing the redox potential, E', of the inflowing medium with sulfide to <-0.11 V.
Microorganisms adapted to growth on m-xylene were also able to degrade toluene under denitrifying
conditions. These results suggest that aromatic hydrocarbons present in anoxic environments such as lake
sediments, sludge digestors, and groundwater infiltration zones from landfills and polluted rivers are not
necessarily persistent but may be mineralized in the absence of molecular oxygen.

The infiltration of water from landfills (7, 21) or contami-
nated rivers (20, 23) into groundwater aquifers is usually
accompanied by an aerobic microbial mineralization of the
organic constituents of water. Degradation of high concen-
trations of organic compounds, however, may lead to a rapid
depletion of the dissolved molecular oxygen and to an
eventual decrease in the redox potential in the aquifer (3, 7,
28, 29). Aerobic microorganisms which predominate at high
redox potentials (2) [Eo'(02/H20) = +0.8 V (28)] are re-
placed by denitrifying (16), sulfate-reducing (20), or even
methanogenic [E' < -0.3 V (13)] populations (3, 7, 21, 30).
The redox potential also largely determines the metabolic
diversity of the microorganisms in the aquifer. Some pollut-
ants, such as chlorinated benzenes, are metabolized only
under aerobic conditions, while the mineralization of most
halogenated aliphatic compounds requires an anaerobic en-
vironment (3, 29). Aromatic hydrocarbons such as benzene,
toluene, and xylenes are ubiquitous pollutants (7, 19, 20, 21),
and they are rapidly degraded under aerobic conditions (3, 9,
18). In anaerobic microbial cultures from lake sediments and
sewage sludge (12, 22), however, they have been found to be
very recalcitrant. Nevertheless, studies conducted in sulfate
reducing and methanogenic aquifers (20, 21; J. F. Rees,
B. H. Wilson, and J. T. Wilson, Abstr. Annu. Meet. Am.
Soc. Microbiol. 1985, Q5, p. 258) and, in particular, results
of experiments in our laboratory with denitrifying aquifer
columns (18) suggest that metabolism of toluene and xylenes
in the absence of molecular oxygen may be possible. In
those studies, however, solid evidence of anaerobic miner-
alization was not obtained, since the toluene and xylene
concentrations used were too low (<5.5 ,uM) to allow
reliable electron and carbon mass balances, no degradation
products were identified, and traces of oxygen may have
been present. In this paper, we demonstrate that m-xylene
and toluene are completely mineralized under denitrifying
conditions in the absence of molecular oxygen.
A continuous-flow system for a denitrifying laboratory

aquifer column was constructed which allowed the continu-
ous replacement of oxygen in the medium by nitrogen in a
gas exchange chamber (Fig. 1). This chamber consisted of a
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gas-tight flask (160 ml) permanently flushed (1 ml/min) with
N2 (99.995% pure), containing 2.0 m of silicone tube (wall
thickness, 1.0 mm; inner diameter, 1.0 mm) through which
the medium flowed. The silicone tube is highly permeable to
gases, and the dissolved oxygen in the medium was replaced
by nitrogen. The efficiency of the gas exchange in the 2.0-m
tube was determined by using a Clark-type oxygen elec-
trode, and the values are shown in Fig. 1 as a function of the
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FIG. 1. Experimental set-up for studying m-xylene degradation
under continuous-flow conditions in the absence of molecular oxy-
gen. (A) Basal medium consisting of (millimoles per liter of H20)
KH2PO4, 2.4; Na2HP04, 8.9; Mg2SO4. 7H20, 0.4; CaCl2 2H20,
0.3; and NH4Cl, 0.2; plus 3.35 mg of trace elements (as described
previously [33]) per liter (pH 7.5). Unless indicated otherwise, the
basal medium was supplemented with 5 mM NaNO3. (B) Peristaltic
pump with individually adjustable pumping rates. (C) Gas exchange
chamber. (D) Gas-tight flask (350 ml) containing oxygen-free me-
dium and about 30 ml of m-xylene (top layer). The medium was
stirred gently to ensure saturation with m-xylene. The m-xylene in
the flask had to be replenished only after several months of
operation. (E) Position at which [ring-14C]m-xylene could be in-
jected or at which a flask with chemically reduced media could be
inserted. (F) Sampling port inlet. (G) Laboratory aquifer column.
(H) Sampling port outlet.
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FIG. 2. Coupling of m-xylene degradation with NO3- reduction

in the aquifer column. The inflowing basal medium was supple-
mented with 0.19 mM m-xylene and 5 mM NaNO3 (dashed lines).
(A) Response of m-xylene degradation to the removal of NO3-; (B)
response of NO3- reduction to the removal of m-xylene.

medium flow rate. At flow rates below 0.8 ml/min, the
residual concentrations of oxygen were below the detection
limit (1 ,uM 02)- Calculations based on both the experimental
conditions (flow rates of <0.8 ml/min) and the purity of the
nitrogen used in the gas exchange chamber confirmed the
measured values. Reintroduction of oxygen after its removal
was prevented by using stainless steel tubing and glass
vessels. After the removal of oxygen, one part of the
medium was saturated with m-xylene (saturation, 1.5 mM
[27]) by flowing through an airtight flask which contained a
layer of liquid m-xylene. The other part of the medium was
not supplemented with m-xylene. Therefore, any desired
m-xylene concentration at the column inlet could be estab-
lished by adjusting the ratios of the two pumping rates. The
laboratory aquifer column consisted of a glass cylinder
(length, 21.5 cm; inner diameter, 4 cm) filled with 30%
aquifer material from the interface of a river-groundwater
infiltration site (23) and 70% expanded slate grain (diameter,
2 mm). The column was maintained at 30°C with a water
jacket. The average flow velocity of the medium in the
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FIG. 3. Analysis of column effluent after addition of 0.44 ,Ci of
[ring-14C]m-xylene to a continuous flow of 0.3 mM m-xylene. The
[ring-14C]m-xylene (Amersham International plc; specific activity,
93 mCi/mmol; radiochemical purity according to the supplier, 99%)
was injected over a 24-h period at position E of Fig. 1, and effluent
samples were collected and analyzed daily. Symbols: , 14CO2
(total, 80%); -- -, acid extractable 14C (total, 6%).

column was 2.6 cm/h, corresponding to a flow rate of 0.25
ml/min.
The aquifer column was inoculated with denitrifying river

sediment which had been continuously fed with 4.5 p.M
m-xylene for several months (18). The initial m-xylene
concentration in the inflowing medium was adjusted to 0.04
mM. After 3 weeks of continuous operation, m-xylene was
no longer detectable in the column effluent. Analysis was
performed by high-pressure liquid chromatography (Perkin-
Elmer series 4; C-18 column; water-methanol as solvent),
and the detection limit for m-xylene was 0.01 mM. The
influent concentration of m-xylene was subsequently in-
creased stepwise during the next few months, and degrada-
tion was periodically assessed. As much as 0.4 mM m-xylene
was rapidly (pseudo-first-order rate constant, >0.45 h-1) and
completely metabolized in the column. The microbial popu-
lation in the aquifer column apparently grew with m-xylene
as the sole source of carbon and energy. The degradation
was coupled with the reduction of nitrate to nitrite (both
were analyzed quantitatively as reported previously [18])
and some unidentified gaseous nitrogen compounds. As
observed in our previous column studies at low substrate
concentrations (18), m-xylene oxidation completely stopped
upon removal of nitrate, and reduction of nitrate ceased
upon removal of m-xylene (Fig. 2).
To quantify the degradation products, a carbon mass

balance of m-xylene in the column was made by using
[ring-14C]m-xylene as a substrate (Fig. 3). The column ef-
fluent was collected in gas-tight vessels containing 100 ml of
0.05 M H2SO4. The 14C extractable with ethyl acetate and
the 14C evolved as 14Co2 from these acidified samples were
quantified daily as described previously (34). Over an 8-day
period, a total of 6% of the added radioactivity was recov-
ered as acid-extractable metabolites and some 80% was
evolved as 14CO2 (Fig. 3). The nonextractable metabolites
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TABLE 1. Degradation of m-xylene in the presence of nitrate
and sulfidea

Sampling Concn (mM) of the following substrate or product
position

in column m-Xylene NO3 N02 H2S

Inlet 0.31 8.3 <0.02 0.5
Outlet <0.01 3.3 1.3 <0.01

a Positions A to D in the continous flow system shown in Fig. 1 were
replaced by an airtight 6-liter flask inserted at position E and containing the
chemically reduced medium. The medium was pumped through the column at
a flow rate of 0.25 ml/min and column temperature of 30°C. The data shown
represent steady-state conditions after 1 week of operation. The standard
deviations for nitrate and nitrite concentrations were <0.1 mM. The ammo-
nium concentration in the effluent consistently equalled that in the influent.

amounted to a total of 3%. About 11% of the injected '4C
could not be recovered in the effluent within 8 days and was
probably incorporated into biomass attached to the aquifer
particles. The mineralization of [ring-14C]m-xylene was also
investigated at elevated temperatures. At 37°C, less than
20% of the injected radioactive carbon was evolved as 1'CO2
over an 8-day period, which strongly suggests that m-xylene
mineralization is a biological process.
Complete removal of oxygen from the medium is a crucial

step in the establishment of anaerobic conditions (13, 14).
For the experimental set-up shown in Fig. 1, we found that
there was less than 1 ,uM 02 in the inflowing medium. These
traces of oxygen could not have been involved in the
stoichiometric turnover of high concentrations (>0.1 mM) of
m-xylene and would not have prevented denitrification (16).
Nevertheless, we attempted to determine the degradation of
m-xylene not only in the complete absence of molecular
oxygen but also with a low redox potential in the inflowing
medium; therefore, the system for the continuous removal of
oxygen was replaced, and chemically reduced medium was
pumped through the column (Table 1). Classical anaerobic
techniques (13, 14) were used to reduce the redox potential.
The basal medium was first autoclaved then cooled under a
nitrogen atmosphere to replace any oxygen. The medium
was then supplemented with 0.31 mM m-xylene, 8.3 mM
sodium nitrate, 0.5 mM sodium sulfide (neutralized to pH
7.5), and 4 puM resazurin. The redox indicator resazurin was
colorless in the medium, indicating an E' of <-0.11 V (14).
By using the Nernst equation, this redox potential was
calculated to correspond to a theoretical oxygen concentra-
tion of <1 pM 02 (13, 14).
Under these conditions, m-xylene was totally degraded in

the presence of nitrate (Table 1), and its mineralization to
CO2 was confirmed by using [ring-14C]m-xylene. H2S was
also oxidized in the column, probably owing to the presence
of denitrifying sulfide-oxidizing bacteria (17, 28). An electron
balance may be calculated by considering the stoichiometry
of all of the electron donors (m-xylene and H2S) and electron
acceptors (NO3 ) involved in the reaction. The oxidation of
0.31 mM m-xylene and 0.5 mM H2S to CO2 and SO42-,
respectively, yields 17.0 mM electrons. A total of 5 mM
NO3- was reduced to 1.3 mM NO2- and 3.7 mM unidentified
gaseous metabolites of the denitrification (NO, N20, or N2).
The reduction of 5 mM NO3- to 1.3 mM NO2- and NO,
N20, or N2 as the sole gaseous product would require 13.7,
17.4, or 21.1 mM electrons, respectively. N20 is likely to be
the only gaseous product since a strong inhibition of N20
reductase in the presence of H2S, and, thus, an accumulation
of N20, has been reported previously (16, 25). This electron
balance strongly suggests that m-xylene was totally de-

graded under denitrifying conditions in the complete absence
of molecular oxygen.
The microorganisms adapted to mineralize m-xylene in the

column were also able to utilize 0.25 mM toluene as the sole
source of carbon and energy under denitrifying conditions.
The metabolism started within 24 h of the replacement of
m-xylene with toluene and was coupled with a reduction of
nitrate. A carbon balance with [ring-14C]toluene revealed
that more than 75% of the injected radioactive carbon was
evolved as 14CO2 over an 8-day incubation period.
The microbial metabolism of aromatic compounds under

anaerobic conditions (denitrifying, sulfate reducing, meth-
anogenic) is fundamentally different from degradation under
aerobic conditions. In the presence of molecular oxygen,
compounds such as benzoates, phenols, anilines, and aro-
matic hydrocarbons are initially oxygenated by mono- or
dioxygenases and converted to catechols, which are then
amenable to ring cleavage and subsequent mineralization (9).
In the absence of molecular oxygen, oxygenases are inac-
tive, and only those aromatic compounds with oxygen-
containing functional groups (phenols and benzoates) are
reportedly mineralized (5, 8, 11, 30). In all cases studied, the
aromatic ring is first reduced to a substituted cyclohexane
before hydrolytic ring cleavage (8, 30, 31). In some in-
stances, a modification or a removal of substituents (e.g.,
dehydroxylation and demethoxylation of lignin derivatives
[6, 10, 15, 26] or dechlorination of chlorophenols [4] and
chlorobenzoates [24]) preceeds reduction of the ring. Unlike
phenols and benzoates, however, aromatic hydrocarbons
have no such activating substituent groups which facilitate
hydration of the ring. Whether the anaerobic degradation of
m-xylene reported in this paper involves an initial reduction
of the ring, an oxidation of the ring to a substituted phenol,
or perhaps an oxidation of the methyl group to an alcohol is
presently unknown. Recent studies by Grbid-Galic (personal
communication), in which traces of phenols and cresols were
detected in methanogenic cultures growing in the presence
of benzene and toluene, respectively, indicate an oxidation
of the ring. It also remains to be investigated whether the
primary reaction is catalyzed by an enzymatic system similar
to that involved in the anaerobic metabolism of methane (1,
32) or unsaturated linear hydrocarbons (22).

We thank P. L. McCarty, A. J. B. Zehnder, D. Grbid-Galid, and
B. Schink for stimulating discussions concerning this work, and we
are indebted to P. J. Colberg for valuable criticism and for reviewing
the manuscript.

This work was supported by the Swiss National Science Founda-
tion and the Swiss Federal Institutes of Technology.

LITERATURE CITED
1. Alperin, M. J., and W. S. Reeburgh. 1985. Inhibition experi-

ments on anaerobic methane oxidation. Appl. Environ. Micro-
biol. 50:940-945.

2. Balkwill, D. L., and W. C. Ghiorse. 1985. Characterization of
subsurface bacteria associated with two shallow aquifers in
Oklahoma. Appl. Environ. Microbiol. 50:580-588.

3. Bouwer, E. J., and P. L. McCarty. 1984. Modeling of trace
organics biotransformation in the subsurface. Ground Water
22:433-440.

4. Boyd, S. A., and D. R. Shelton. 1984. Anaerobic biodegradation
of chlorophenols in fresh and acclimated sludge. Appl. Environ.
Microbiol. 47:272-277.

5. Braun, K., and D. T. Gibson. 1984. Anerobic degradation of
2-aminobenzoate (anthranilic acid) by denitrifying bacteria.
Appl. Environ. Microbiol. 48:102-107.

6. Colberg, P. J., and L. Y. Young. 1985. Aromatic and volatile

946 NOTES



NOTES 947

acid intermediates observed during anaerobic metabolism of
lignin-derived oligomers. Appl. Environ. Microbiol. 49:350-358.

7. Ehrlich, G. G., E. M. Godsy, D. F. Goerlitz, and M. F. Hult.
1983. Microbial ecology of a creosote-contaminated aquifer at
St. Louis Park, Minnesota. Dev. Ind. Microbiol. 24:235-245.

8. Evans, W. C. 1977. Biochemistry of the bacterial catabolism of
aromatic compounds in anaerobic environments. Nature (Lon-
don) 270:17-22.

9. Gibson, D. T., and V. Subramanian. 1984. Microbial degrada-
tion of aromatic hydrocarbons, p. 181-252. In D. T. Gibson
(ed.), Microbial degradation of organic compounds. Marcel
Dekker, Inc., New York.

10. Grbic-Galic, D. 1985. Fermentative and oxidative transforma-
tion of ferulate by a facultatively anaerobic bacterium isolated
from sewage sludge. Appl. Environ. Microbiol. 50:1052-1057.

11. Hopper, D. J. 1978. Incorporation of [8O]water in the formation
of p-hydroxybenzyl alcohol by the p-cresol methylhydroxylase
from Pseudomonas putida. Biochem. J. 175:345-347.

12. Horowitz, A., D. R. Shelton, C. P. Cornell, and J. M. Tiedje.
1982. Anaerobic degradation of aromatic compounds in sedi-
ments and digested sludge. Dev. Ind. Microbiol. 23:435-444.

13. Hungate, R. E. 1969. A roll tube method for cultivation of strict
anaerobes, p. 117-132. In J. R. Norris and D. W. Ribbons (ed.),
Methods in microbiology, vol. 3B. Academic Press, Ltd.,
London.

14. Jacob, H.-E. 1970. Redox potential, p. 91-123. In J. R. Norris
and D. W. Ribbons (ed.), Methods in Microbiology, vol. 2.
Academic Press, Ltd., London.

15. Kaiser, J. P., and K. W. Hanselmann. 1982. Fermentative
metabolism of substituted monoaromatic compounds by a bac-
terial community from anaerobic sediments. Arch. Microbiol.
133:185-194.

16. Knowles, R. 1982. Denitrification. Microbiol. Rev. 46:43-70.
17. Kuenen, J. G., and 0. H. Tuovinen. 1981. The genera Thiobacil-

lus and Thiomicrospira, p. 1023-1036. In M. P. Starr, H. Stolp,
H. G. Truper, A. Balows, and H. G. Schlegel (ed.), The
prokaryotes. Springer-Verlag, New York.

18. Kuhn, E. P., P. J. Colberg, J. L. Schnoor, 0. Wanner, A. J. B.
Zehnder, and R. P. Schwarzenbach. 1985. Microbial transforma-
tion of substituted benzenes during infiltration of river water to
groundwater: laboratory column studies. Environ. Sci. Tech-
nol. 19:961-968.

19. Nagy, E., P. Mudroch, A. Mudroch, and R. L, Thomas. 1984.
Hydrocarbons in the surficial sediments of lakes St. Clair, Erie,
and Ontario. Environ. Geol. Water Sci. 6:31-37.

20. Piet, G. J., and J. G. M. M. Smeenk. 1985. Behavior of organic
pollutants in pretreated Rhine water during dune infiltration, p.

122-144. In C. H. Ward, W. Giger, and P. L. McCarty, (ed.),
Ground water quality. John Wiley & Sons, Inc., New York.

21. Reinhard, M., N. L. Goodman, and J. F. Barker. 1984. Occur-
rence and distribution of organic chemicals in two landfill
leachate plumes. Environ. Sci. Technol. 18:953-961.

22. Schink, B. 1985. Degradation of unsaturated hydrocarbons by
methanogenic enrichment cultures. FEMS Microbiol. Ecol.
31:69-77.

23. Schwarzenbach, R. P., W. Giger, E. Hoehn, and J. K. Schneider.
1983. Behavior of organic compounds during infiltration of river
water to groundwater. Field studies. Environ. Sci. Technol.
17:472-479.

24. Shelton, D. R., and J. M. Tiedje. 1984. Isolation and partial
characterization of bacteria in an anaerobic consortium that
mineralizes 3-chlorobenzoic acid. Appl. Environ. Microbiol.
48:840-848.

25. S0rensen, J., J. M. Tiedje, and R. B. Firestone. 1980. Inhibition
by sulfide of nitric and nitrous oxide reduction by denitrifying
Pseudomonas fluorescens. Appl. Environ. Microbiol. 39:
105-108.

26. Taylor, B. F. 1983. Aerobic and anaerobic catabolism of vanillic
acid and some other methoxy-aromatic compounds by Pseu-
domonas sp. strain PN-1. Appl. Environ. Microbiol.
46:1286-1292.

27. Tewari, Y. B., M. M. Miller, S. P. Wasik, and D. E. Martire.
1982. Aqueous solubility and octanol/water partition coefficient
of organic compounds at 25°C. J. Chem. Eng. Data 27:451-454.

28. Thauer, R. K., K. Jungermann, and K. Decker. 1977. Energy
conservation in chemotrophic anaerobic bacteria. Bacteriol.
Rev. 41:100-180.

29. Wilson, J. T., and J. F. McNabb. 1983. Biological transforma-
tion of organic pollutants in groundwater. EOS (Am. Geophys.
Union Trans.) 64:505-506.

30. Young, L. Y. 1984. Anaerobic degradation of aromatic com-
pounds, p. 487-523. In D. T. Gibson (ed.), Microbial degrada-
tion of organic compounds. Marcel Dekker, Inc., New York.

31. Young, L. Y., and M. D. Rivera. 1985. Methanogenic degrada-
tion of four phenolic compounds. Water Res. 19:1325-1332.

32. Zehnder, A. J. B., and T. D. Brock. 1979. Methane formation
and methane oxidation by methanogenic bacteria. J. Bacteriol.
137:420-432.

33. Zeyer, J., and P. C. Kearney. 1982. Microbial degradation of
para-chloroaniline as sole carbon and nitrogen source. Pestic.
Biochem. Physiol. 17:215-223.

34. Zeyer, J., A. Wasserfallen, and K. N. Timmis. 1985. Microbial
mineralization of ring-substituted anilines through an ortho-
cleavage pathway. Appl. Environ. Microbiol. 50:447-453.

VOL. 52, 1986


