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Anaerobic Metabolism of
Aromatic Compounds

JOHN D. HADDOCK and JAMES G. FERRY Virginia Polytechnic Institute and State
University, Blacksburg, Virginia

21.1 INTRODUCTION

Aromatic compounds constitute a class of organic molecules that are of major importance
in the global storage and cycling of carbon. Petroleum, peat and coal deposits, lignin,
plant phenolics, and proteins contain a large aromatic fraction. Human activities have in-
creased the levels of natural and synthetic aromatic compounds released into the environ-
ment through the exploitation of natural resources and widespread application of pesti-
cides. While microbial degradation or alteration of aromatic compounds by aerobic micro-
organisms is well known and major degradative pathways have been elucidated (e.g., Refs.
1-3), anoxic degradative pathways are poorly understood. This is partially the result of
difficulties in working with anaerobic procedures, but also because the anaerobic metabo-
lism of aromatic compounds was previously thought to be a minor degradative route in
nature. However, as early as 1934, Tarvin and Buswell [4] demonstrated that a variety of
aromatic compounds were degraded under the strictly anaerobic conditions of methano-
genic fermentations. Since the first demonstration of anaerobic aromatic degradation in
pure cultures [5], an increasing number of bacteria of diverse physiological types have
been shown to degrade a wide variety of aromatic compounds. These organisms generally
fall into three physiological groups: (1) photosynthetic bacteria; (2) anaerobic respirers,
including dissimilatory sulfate and nitrate reducers; and (3) nonrespiring anaerobes. The
latter group includes fermentative organisms, obligate proton-reducing acetogens, and
those involved in one-carbon metabolism. This review includes published studies con-
cerning anaerobic degradation of monoaromatic compounds by mixed as well as pure
cultures. The reader is also referred to the reviews of Evans [6], Sleat and Robinson [7],
Young [8], Berry et al. [9], and Evans and Fuchs [10]. Scheline [11] reviewed
anaerobic metabolism in the gastrointestinal tract from a pharmacological point of view
and includes some information on reactions involving aromatic compounds. Anaerobic
degradation of aromatic amino acids has been reviewed by Barker [12].
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21.2 PHOTOMETABOLISM

Although Tarvin and Buswell [4] first demonstrated the anaerobic degradation of several
aromatic compounds to methane and CO, in mixed cultures derived from sewage sludge,
little information was gained on the organisms or the biochemical pathways involved. The
first demonstration of anaerobic aromatic degradation by a microorganism in pure culture
was reported by Scher and Proctor [13] . A Rhodopseudomonas sp. was isolated that
could utilize benzoate as an organic electron donor, Several other strains of Rhodo-
pseudomonas spp. and Rhodospirillum rubrum grew anaerobically on benzoate, proto-
catechuate, and catechol in the presence of light [5] . They proposed a degradation path-
way analogous to aerobic pathways in which oxygen is incorporated into the aromatic
ring prior to ring cleavage. However, Dutton and Evans [14] proposed that R. palustris
photo-metabolized aromatic compounds by a different route. They found that aerobic
p-hydroxybenzoate degradation involved oxygenases, while addition of air to cells
growing anaerobically on benzoate stopped benzoate degradation. Also, catechol, a key
intermediate of the aerobic pathway, was not degraded anaerobically. Hegeman [15]
showed that enzymes involved in aerobic metabolism of p-hydroxybenzoate by R.
palustris were induced by aerobic conditions and the presence of the substrate. In con-
trast, approximately 100-fold lower enzyme levels were found for cells grown anaero-
bically on this substrate. Evidence that anaerobic degradation involved a different
mechanism was provided by the radiotracer studies of Dutton and Evans [16,17] . They
found that the aromatic ring was reduced before being cleaved, that oxygenases were
absent, and that anaerobic benzoate degradation was inducible. They proposed enzyme-
catalyzed reactions similar to those involved in the S-oxidation of fatty acids. Guyer and
Hegeman [18] proposed a similar pathway based on evidence obtained with mutants of
R. palustris and radioisotopes. The failure of initial attempts to show benzoate degrada-
tion in cell extracts [17] was subsequently shown by Dutton and Evans [19,20] to in-
volve the presence of fatty acids released during cell rupture, and that carboxyl groups
were inhibitory. It was suggested that the inhibitory effects may have been a result of
competition for cofactors involved in fatty acid metabolism. Coenzyme A involvement in
benzoate degradation to pimelate was shown in R. palustris cell extract when it was
discovered that benzoate conversion to benzoyl-CoA required ATP and Mg?>* in phos-
phate buffer [21] . In addition, conversion of cyclohex-1-enecarboxylate, an intermediate
of reductive benzoate degradation to pimelate, required NAD. Hutber and Ribbons [22]
showed that the coenzyme A derivative of cyclohexane carboxylate was also formed by
R. palustris and that the enzymes responsible for cyclohexanecarboxyl-CoA and benzoyl-
CoA were induced when these compounds were growth substrates under anaerobic as well
as aerobic conditions. All of the major enzymes involved in fatty acid $-oxidation were
demonstrated in cell extracts. Harwood and Gibson [23] studied the uptake of benzoate
by R. palustris and found that the intracellular formation of benzoyl-CoA was likely the
first step involved in degradation and that it was responsible for maintaining a concentra-
tion gradient that allowed cells to take up benzoate from the medium at concentrations
below 1 uM. Geissler et al. [24] purified a soluble benzoate-coenzyme A ligase from this
organism. The enzyme required Mg?*-ATP for activity and was insensitive to oxygen.
Fluorobenzoates were also efficient substrates for the enzyme. Uptake of 4-hydroxyben-
zoate by this organism has also been studied, and apparently a different ligase enzyme is
involved with this substrate [25] . Harwood and Gibson [26] have shown that several
different strains of R. palustris were able to grow anaerobically as well as aerobically on a
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wide range of substifuted aromatic acids. Some compounds were degraded only under
anaerobic but not aerobic conditions, and vice versa. Experiments with mutants suggested
the presence of two pathways of anaerobic metabolism that passed through benzoate or
4-hydroxybenzoate, respectively.

21.3 RESPIRATORY DEGRADATION
21.3.1 Denitrification

Several aromatic compounds have been shown to be degraded anaerobically by denitri-
fying organisms that utilize nitrate as the terminal electron acceptor. These organisms are
facultative anaerobes and often also have the ability to degrade the same aromatic com-
pounds by aerobic pathways that are distinct from the anaerobic pathways.

Oshima [27] first described two soil organisms resembling Pseudomonas spp. that
were able to anaerobically degrade protocatechuate (3,4-dihydroxybenzoic acid) with
nitrate in the medium. However, degradation occurred only when the two organisms were
co<cultured. Taylor et al. [28] isolated Pseudomonas strain PN-1 from soil using p-
hydroxybenzoate with nitrate as the terminal electron acceptor. This organism was also
able to degrade benzoate anaerobically. Benzoate, p- and m-hydroxybenzoate, and proto-
catechuate were degraded aerobically without nitrate. Aerobic degradation involved the
enzyme protocatechuic acid-4,5-oxy genase, which had a specific activity about 50-fold
greater in extracts of aerobically compared to anaerobically grown cells. Therefore, they
concluded that the aerobic and anaerobic pathways of aromatic degradation were differ-
ent. Taylor and Hezb [29] added support to this hypothesis using 1* C-labeled benzoate.
Protocatechuate and catechol, key intermediates of aerobic degradation pathways [2]
failed to trap any radioactivity when Pseudomonas PN-1 was grown anaerobically on
[*4C] benzoate. Pseudomonas PN-1 was shown to anaerobically degrade several
methoxylated aromatic compounds to the corresponding hydroxylated derivatives [30] .
Dehydroxylation then produced benzoic acid, which was proposed as a central inter-
mediate for the anaerobic degradation pathways of some aromatic compounds. Phenyl-
propane lignin derivatives were only degraded anaerobically, while most of the tested
methoxylated aromatics that lacked a three-carbon side chain were demethylated both
aerobically and anaerobically. Blake and Hegeman [31] reclassified this organism as
Alcaligenes xylosoxidans subspecies denitrificans PN1. They found a small 17 4kilobase
plasmid that carried the genes necessary for anaerobic benzoate degradation in this or-
ganism. The plasmid was transmissible to strains of P. stuizeri and P. aeruginosa giving
them the ability to grow anaerobically on benzoate. Williams and Evans [32,33] de-
scribed a Moraxella sp. capable of anaerobic nitrate respiration with benzoate, phloro-
glucinol (1,3,5-trihydroxybenzene), and several phenylpropane derivatives. Cyclo-
hexane-carboxylate (CHCA), 2-hydroxy CHCA, and adipic acid were identified as degra-
dation products leading them to suggest a degradative pathway similar to the reductive
pathway utilized by photosynthetic microorganisms [17]. Phenol has also been used as a
substrate for the isolation of denitrifiers [34] . Three gram-negative, flagellated rods were
obtained, but growth was slow in pure culture. Enrichment cultures grew faster and were
able to degrade a variety of aromatic compounds, including benzoate, 3,4-dihydroxy-
benzoate, m- and p-hydroxybenzoate, and o-, m-, and p-cresol. Catechol oxygenase levels
were low and ['*C]phenol was used to show some incorporation of substrate into cell
material. The list of aromatic compounds degraded by nitrate-respiring organisms includes








