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Ferulic acid, a model lignin derivative, was observed to be biodegradable to
methane and carbon dioxide under strict anaerobic conditions. This conversion
appears to be carried out by a consortium of bacteria similar to that previously
described for the methanogenic degradation of benzoic acid. A temporary buildup
of acetate in these cultures indicates that it is a likely intermediate and precursor
for methane formation. An analog of coenzyme M, 2-bromoethanesulfonic acid
(BESA), inhibited gas production and enhanced the buildup of propionate,
butyrate, isobutyrate, and isovalerate. Phenylacetate, cinnamate, 3-phenylpro-
pionate, benzoate, cyclohexane carboxylate, adipate, and pimelate were also
detected in BESA-inhibited cultures. A pathway is proposed which includes these
various acids as possible intermediates in the methanogenic degradation of ferulic
acid. This model overlaps previously described benzoic acid degradation path-
ways, suggesting that this type of anaerobic degradation may be common for

aromatic compounds.

Lignin is the second most abundant carbon
source in the world, after cellulose. It is an
aromatic polymer, and in agricultural and do-
mestic wastes it presents a problem for biological
waste treatment and solid waste disposal. Dur-
ing its biodegradation, presumably the complex
polymer is broken down to simpler aromatic
lignin derivatives, the fate of which is not well
understood. In addition, unaltered lignin is gen-
erally thought to be refractory under anaerobic
conditions (15). Several groups have studied the
aerobic metabolism of these aromatic derivative
(6, 8, 23). Relatively little attention, however,
has been paid to the anaerobic degradation of
these types of compounds. So far, the mecha-
nism of the anaerobic degradation of only one
aromatic compound, benzoic acid, has been in-
vestigated in detail (9-11, 35). The purpose of
this investigation was to examine the anaerobic
degradation of ferulic acid, an aromatic lignin
derivative and a more complex compound than
benzoic acid.

Early investigators approach the study of the
anaerobic degradation of aromatics by using
mixed populations of microorganisms which
could ferment the substrates to methane and
carbon dioxide (3, 5, 11, 34). Other investigators
took a closer look, using isolated species capable
of photosynthetic metabolism (7, 14, 28) and
nitrate respiration (35, 38). Several reductive
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pathways have been proposed for the anaerobic
degradation of benzoic acid (7, 14, 35, 38), and
they cast doubt upon anaerobic pathways which
were proposed to be similar to those of aerobic
systems (24, 28).

A recent review article by Evans (9) points
out the basic similarity among the probable
pathways of benzoate degradation during pho-
tometabolism, nitrate respiration, and methan-
ogenesis. Available evidence indicates that all
three of these different forms of anaerobic me-
tabolism involve ring reduction followed by ring
cleavage and result in aliphatic acids. Further
conversion of the aliphatic acids to end products
depends upon the types of organisms and energy
metabolism involved. For example, Ferry and
Wolfe (10) identified acetate as a key interme-
diate in the overall conversion of benzoate to
methane by a microbial consortium. For aro-
matic decomposition during methane produc-
tion, multiple-species systems are necessary,
since methane bacteria use a limited number of
substrates and cannot use benzoate (10).

In methanogenic systems similar to that of
Ferry and Wolfe (10), others have observed the
decomposition of benzoate to yield cyclohexane
carboxylate, cyclohex-1-enecarboxylate, hepta-
noate, valerate, propionate, and acetate (1, 19;
C. L. Keith, Diss. Abstr. Int. B 33:3214-3215,
1972). In addition, a different suite of interme-
diates, 2-hydroxycyclohexane carboxylate, 2-ox-
ocyclohexane carboxylate, pimilate, caproate,
and butyrate, has been reported by Shlomi et al.
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(32). These findings suggest that the aliphatic
acids resulting from ring cleavage are broken
down into a mixture of simpler volatile acids
before methane formation.

We present evidence that ferulic acid is de-
composed to methane by a bacterial consortium
in a manner similar to that for benzoate, i.e.,
initial ring reduction and then ring cleavage. In
addition, the suggested pathway for degradation
appears to overlap and merge into that described
for benzoate.

MATERIALS AND METHODS

Culture methods. A serum bottle variation of the
Hungate technique (22) was adapted for the mainte-
nance of anaerobic cultures capable of degrading fer-
ulic acid to methane. These mixed cultures were ob-
tained from enrichments which were originally inocu-
lated with seed from an anaerobic digester fed with
sewage sludge. A description of the defined media and
syringe techniques used with these serum bottle cul-
tures is presented elsewhere (16, 17).

Stock cultures were maintained on 1,000 mg of
ferulic acid per liter for more than 18 months by
regular replacement of one-fifth of the culture volume
with fresh, prereduced medium. Ferulic acid was the
sole source of organic carbon in the feed. Substrate
concentration was determined by ultraviolet absorb-
ance of a centrifuged sample, diluted appropriately,
and measured at 310 nm, a characteristic absorption
wavelength for ferulic acid. Gas composition was de-
termined with a Fischer-Hamilton gas partitioner
equipped with a 0.5-ml syringe injection port.

Microscopic techniques. Microscopic observa-
tions were made on 250-ml serum bottle enrichment
cultures, which had been maintained for 6 to 12
months as stock cultures. Observations were made on
four different cultures which degraded ferulic acid,
vanillic acid, catechol, and phenol.

Wet mounts were prepared from 0.1-ml samples
removed from the serum bottles with 1.0-ml syringes
and long (3.5 inches; about 8.75 cm) spinal needles.
Three different types of samples were used: (i) samples
from the turbid supernatant portion above the undis-
turbed FeS precipitate which rests on the bottom of
the serum bottle, (ii) samples from the FeS precipitate,
and (iii) samples from a culture which had been shaken
into a homogeneous mixture. These different types of
samples indicated locations and potential associations
of organisms within the serum bottle culture.

A Zeiss phase-contrast microscope was used to ob-
serve the wet-mount preparations. Electron micros-
copy was used to obtain a closer look at the morphol-
ogy of particular organisms in selected cultures; a
model JEOL 100S transmission electron microscope
operated at 80 kV was used. Sample preparation in-
volved fixation in 2.5% formaldehyde, drying onto
grids, and shadowing in a vacuum evaporator with
gold-palladium (40:60) (40).

Cross-acclimations. Portions (7.5 ml) of a culture
well-acclimated to ferulic acid were anaerobically
transferred to a set of Hungate tubes (Bellco Glass,
Inc., Vineland, N.J.). Then 2.5 ml of various substrates,
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each dissolved in prereduced medium, was added to
each of the tubes. A control tube contained no sub-
strate. The onset, rate, and extent of gas production in
the tube containing ferulic acid were compared with
the gas production characteristics in the other tubes.

Detection and identification of intermediates.
Samples for gas chromatography of volatile fatty acids
(C,-C-) were prepared by acidifying a 20-ml portion of
culture with 2 drops of concentrated sulfuric acid and
extracting this portion with 1 ml of ethyl ether. One
microliter of this ether extract was injected onto a 6-ft
(about 18.3-cm) glass column packed with 10% SP-
1000/1% H3PO,4 on 100/120 Chromosorb W AW (Su-
pelco, Inc.). This column was connected to a hydrogen
flame ionization detector in a Tracor MT 220 series
gas chromatograph (GC) and was temperature pro-
gramed to increase 15°C/min from an initial temper-
ature of 115°C to a final temperature of 145°C. The
helium carrier gas flow rate was 54 ml/min. Acetate
levels in the culture medium were determined by
comparing the peak heights of culture samples with
those of an ether extract from a standard 0.01 M
acetate solution.

To separate and detect higher-molecular-weight
acid intermediates, it was necessary to convert the
acids into their corresponding methyl esters. This
esterification was carried out by adding a slight excess
of diazomethane to acid/ether extracts of the culture
fluid. Diazomethane was prepared with a diazometh-
ane-generating kit (Aldrich Chemical Co., Milwaukee,
Wis,; no. 10,159-1) which controlled the reaction of N-
methyl-N’-nitro-N-nitrosoguanidine with alkali.

Identifications of esterified ether extracts were per-
formed by using a Finnigan 4000 gas chromatograph/
mass spectrometer (GC/MS) computer system. The
GC was equipped with a Grob-type injection system.
A 50-m UCON HB 5100 glass capillary column (Jaeggi
Laboratory, Trogen, Switzerland) with a 0.33-mm in-
ternal diameter was coupled directly to the MS. He-
lium was used as the carrier gas. Three microliters of
the ether extract was injected splitless for 30 s onto
the 35°C column (13), and after 4 min the temperature
of the oven was increased by 3°C up to 180°C. The
forepressure of the column was adjusted to 0.75 bar.
Injector and interface temperatures were adjusted to
180°C and the ion source was heated to 250°C. Spectra
were obtained by cyclic scanning at a rate of approxi-
mately 2 s/scan with an ionization voltage of 70 eV.
Identifications of the unknowns were based on com-
parison with a library of known spectra.

Before analyzing the culture fluid of selected cul-
tures with the above GC methods, we inhibited these
cultures with 2-bromoethanesulfonic acid (BESA).
The inhibitor was dissolved in prereduced defined
medium. A range of concentrations (1072 to 107° M)
was examined to select a suitable one allowing the
buildup of intermediates. As described in Results and
Discussion, 107* M BESA was chosen as the most
appropriate inhibitor concentration.

RESULTS AND DISCUSSION

Ferulic acid-degrading consortium. Un-
der phase-contrast microscopy, short rods (2 by
0.6 um), curved rods (15 by 0.6 um), and very
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long chains of rods (25 to 80 by 1 um) comprised
more than 90% of the organisms observed in a
ferulic acid-acclimated culture. The very long
chains were almost always associated with par-
ticulate matter and appeared to be sheathed.
Occasionally, some of the small rods, which were
almost oval in shape, exhibited very rapid mo-
tility. A similar mixture of morphological types
was also observed in phenol- and catechol-accli-
mated cultures, although the cell numbers ap-
peared to be much lower than those in the ferulic
acid-acclimated cultures. Vanillic acid-accli-
mated cultures contained the same types of or-
ganisms, but few of the very long chains of rods
were observed to be attached to the particulate
matter. These observations suggest that a mor-
phologically similar consortium of organisms is
enriched from ordinary digester effluent regard-
less of the type of aromatic substrate available
to the organisms.

Electron microscopy verified the above obser-
vations. Small rods, which appear to be covered
with precipitate (Fig. 1A), and a thin curved rod
(Fig. 1B) were found. The long chain of rods in
Fig. 1B consisted of many small, fat rods (2 by
1 pum) with squared-off ends (Fig. 1C). Occasion-
ally, one or more of these small rods left a gap
either in the middle or on the end of the chain.
The gaps were observed with phase contrast,
but not with electron microscopy.

J. G. Ferry (personal observation and com-
munication) confirmed that the three organism
types closely resemble the three found in his
benzoate-degrading consortium (10). The small
rods are thought to be involved with the initial
breakdown of the aromatic ring, whereas the
thin curved rod is considered to be a methano-
gen. The long chains of rods have been observed
in many methanogenic systems where acetate is
a major compound. It has only recently been
studied intensively by A. Zehnder (personal
communication). His evidence indicates that
this long chain of rods produces methane from
acetate and grows extremely slowly. Acetate,
which was important in benzoate degradation,
also appeared to be an important intermediate
in our ferulic acid enrichment. The presence of
these acetate-utilizing methanogens, therefore,
is not surprising.

Cross-acclimations. Whether a ferulate-ac-
climated consortium could also utilize other ar-
omatic substrates was addressed with cross-ac-
climation studies. Figure 2 presents typical re-
sults which compare gas production in identical
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Hungate tubes fed with different aromatic sub-
strates. Both the control, fed no substrate, and
the culture fed phenol produced very little gas.
The immediate onset and similar rate and extent
of gas production in cultures fed ferulic and
cinnamic acids suggest that the ferulic acid cul-
ture was simultaneously acclimated to cinnamic
acid, but not to phenol. A culture previously
unacclimated to cinnamic acid would have re-
quired about 13 days before gas production was
detectable (17).

Figure 3 summarizes the results obtained from
ferulic acid cross-acclimation studies. Substrates
to which the ferulic acid culture are simultane-
ously acclimated are shown in the right-hand
columns. There is a degree of structural similar-
ity among the aromatic compounds to which the
culture is simultaneously acclimated. For ex-
ample, ferulic acid and cinnamic acid both have
identical propenoic side chains, whereas ferulic
acid, vanillic acid, and vanillin all have a meth-
oxy and hydroxyl group in the 3- and 4-positions,
respectively, on the aromatic ring. These results
suggest that cinnamic acid, vanillic acid, and
vanillin may be intermediate ring structures in
the degradation of ferulic acid to methane. This
is further supported by the fact that neither the
cinnamic acid-, vanillic acid-, nor vanillin-accli-
mated culture was simultaneously acclimated to
the more complex ferulic acid compound. Ace-
tate was also observed to be a likely intermedi-
ate, since it was readily utilized for gas produc-
tion over a range of concentrations (100 to 300
mg/liter) (Fig. 4).

Identification of acetate as an interme-
diate. Acetate was confirmed as an intermediate
with GC procedures. Figure 5 illustrates the
temporal relationship of the conversion of sub-
strate carbon to gas in a culture acclimated to
1,200 mg of ferulic acid per liter. Ferulic acid
was completely degraded in 3 days, whereas gas
production continued for another 8 to 10 days.
Significant levels of acetate first appeared after
gas production had begun. The levels of detect-
able acetate did not exceed about 1.5 mmol of
carbon throughout most of the gas-producing
period and are in the same range as those pre-
viously observed during benzoic acid decompo-
sition (10). These data confirm the cross-accli-
mation results (Fig. 3 and 4) and support the
presence of the acetate-utilizing methanogen ob-
served in our consortium (Fig. 1C).

Detection of other volatile acids. Higher-
molecular-weight, volatile-acid intermediates,

F16. 1." Predominant organisms found in the ferulic acid consortium. (A) Small, short rods, ~2 by 0.6 um;
most appear to be covered with precipitate (~x4,000). (B) Thin curved rod, ~15 by 0.6 um (~X4,000). (C) Long

chain of fat rods, ~2 by 1 um (~x10,000).
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F1G. 3. Summary of results from cross-acclimation
studies with ferulic acid consortium.

which may have been formed before acetate,
were observed on an irregular basis in active
cultures. Very low levels (near the detection
limit) of both propionate and butyrate were
detected by GC several times when much higher
levels of acetate were observed. Their irregular
appearance and extremely low concentrations
may be due to their rapid turnover or conversion
to other products. Consequently, in order to
enhance the buildup of these volatile-acid inter-
mediates to levels detectable by GC, BESA was
chosen as a specific inhibitor of methane pro-
duction. As a structural analog of coenzyme M
(2-mercaptoethanesulfonic acid), BESA is
thought to competitively inhibit the methyl
transfer reaction at the terminal reductive step
during methane formation in methanogens, us-
ing H2-CO; (36). A recent report suggests that
coenzyme M may also function in methane for-
mation from acetate (33). If the pathway were
successfully blocked, many of the intermediates
formed before methane would increase to ana-
lytically detectable levels.

A range of BESA concentrations was tested
for inhibition characteristics. The results show
that gas production was inhibited over the con-
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centration range from 10~ to 10™° M. Below 10~°
M, BESA appeared to have no effect as com-
pared with a control culture which contained no
inhibitor. Of the inhibitory concentrations, only
10~* M BESA completely stopped methane pro-
duction; greater than 40% of the gas produced at
10° and 10~” M was methane. As a consequence,
10 M BESA was selected as a suitable concen-
tration.

Propionate, butyrate, isobutyrate, and isoval-
erate were detected by GC in acid/ether extracts
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Fic. 4. Gas production from acetate by ferulic acid
consortium.
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Fi1c. 5. Transient appearance of acetate during
decomposition of ferulic acid carbon to gas.
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of cultures inhibited with 10™* M BESA. Figure
6 is an example of a GC recording with peaks for
the above four volatile acids and acetate. Peaks
were identified by comparison with the retention
times exhibited by a standard mixture. The ace-
tate peak was usually off-scale at the attenuation
necessary to detect the other four volatile acids
and, therefore, was quantitatively determined at
a much higher attenuation during an additional
sample injection.

The effect of BESA inhibition on active ferulic
acid cultures is illustrated in Fig. 7A and 7B.
Total gas production was less than 20% of that
in an uninhibited culture, whereas acetate levels
were elevated to concentrations almost four
times higher than that in an uninhibited system
(see Fig. 5) and did not decrease; this indicates
that conversion of acetate to CO, and CH, was
blocked. BESA, however, did not appear to af-
fect the activity of the ring-cleaving member(s)
of the consortium, since the added ferulic acid
was completely utilized in the usual 4-day pe-
riod. The four other compounds, propionic, iso-
butyric, butyric, and isovaleric acids, were de-
tectable only in cultures inhibited with BESA
(Fig. 7B), suggesting that when methane for-
mation is not blocked, rapid conversion of these
compounds takes place. The buildup of propio-
nate and its subsequent disappearance when
acetate buildup leveled off supports previous
reports that propionate is readily converted to

1' ACETIC ACID

PROPIONIC ACID
ISOBUTYRIC ACID
N-BUTYRIC ACID
ISOVALERIC ACID

ApHGN—

MIN
F1G. 6. Gas chromatogram displaying volatile
acids peaks detected in an active ferulic acid culture
inhibited with 10* M BESA.
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Fic. 7. Effect of 100* M BESA on ferulic acid
cultures. (A) Total gas production suppressed to 20%
of normal activity; acetate levels increased to four
times normal. (B) Other volatile acids; temporary
increase and decline of propionic acid and appear-
ance of isobutyric, butyric, and isovaleric acids.

acetate and CO; (21), and that it is an interme-
diate in the degradation of benzoate (1). Butyr-
ate has also been reported as an intermediate in
benzoate degradation (9, 19, 32), whereas isobu-
tyrate and isovalerate have not, suggesting that
a pathway somewhat different from those pre-
viously reported (9, 19, 32) for benzoate may
exist. At no time did hydrogen exceed 0.1% of
the total gas produced, and it was, for the most
part, not detectable.

Identification of higher-molecular-
weight compounds. In addition to the buildup
of volatile acids in BESA-inhibited cultures, ring
compounds were detected in esterified acid/
ether extracts by GC/MS techniques. Figure 8
represents a total ion chromatogram showing
peaks for the methyl esters of cyclohexane car-
boxylate, benzoate, phenylacetate, and 3-phen-
ylpropionate. These compounds were not de-
tected in uninhibited cultures or in background
controls. These particular samples were taken
after inhibition for 24 days. Although levels of
these ring compounds could not be accurately
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determined at the time, the peak areas indicate
relative concentrations. It is thought that 3-
phenylpropionate, represented by the largest
peak, was present in the BESA-inhibited culture
at a concentration lower than 5 to 10 mg/liter.
In addition to the methyl esters of the above
ring compounds, the methyl esters of both pi-
melic and adipic acids also were detected in
samples taken after only 2 and 4 days of incu-
bation both with and without BESA inhibitor.
The levels of these compounds were two to three
times higher in the inhibited samples and cor-
responded to roughly 10 mg/liter as estimated
from external standards. The presence of other
intermediates, such as hydroxylated aromatic or
cyclohexane derivatives, could not be deter-
mined at the sensitivity of the method used.
Proposed pathways. Evans (9) summarized
the known information on the anaerobic degra-
dation of benzoate and proposed several similar
pathways for its conversion to CH, and CO..
Recent reports (19, 32) have added some detail
to the list of intermediates occurring during ben-
zoate catabolism. These pathways basically in-
volve the initial reduction of the aromatic to a
cyclohexane ring before ring cleavage. Adipate,
pimelate, or heptanoate are then formed as ring
fission products and subsequently converted into
simple volatile acids. Formate, acetate, and hy-
drogen, immediate precursors of methane, are
produced from these volatile acids (Fig. 9B).
Based on the data presented, Fig. 9 illustrates
a tentative model describing the methanogenic
degradation of ferulic acid. The previously re-
ported benzoate pathways (9, 19, 32) are sum-
marized in Fig. 9B; the suggested manner in
which the ferulic acid is modified before entering
into the benzoate scheme is illustrated in Fig.
9A. All the intermediates depicted in Fig. 9A
have been observed. The presence of cinnamic
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acid was confirmed by GC/MS in later experi-
ments, in which it was detected in both inhibited
and uninhibited ferulic acid cultures 2 days after
incubation. In addition, the detection of ben-
zoate, cyclohexane carboxylate, adipate, propi-
onate, and acetate in our ferulic acid cultures
clearly supports the proposed overlap and merg-
ing of the ferulic acid degradation scheme with
that described for benzoate.

The initial transformations of ferulic acid
yielding phenylpropionate or cinnamate entail
removal of the hydroxyl and methoxy ring sub-
stituents and reduction of the propenoic side
chain. These types of transformations are known
to occur in anaerobic systeras. Dehydroxylation
of aromatic ring derivatives has been docu-
mented by several investigators to take place in
rumen and gut and has been shown to be me-
diated by the microorganisms in these systems
(4, 25-27, 31). Similarly, demethylation is known
to occur in these same systems (30, 31). Fur-
thermore, in such reducing environments, satu-
ration of the double bond in an aliphatic side
chain has been observed to rapidly occur (18, 37;
J. T. O'Rourke, Ph.D. thesis, Stanford Univer-
sity, Stanford, Calif., 1968). Cinnamate can be
formed first, if removal of the ring substituents
occurs before the side chain reduction. However,
formation of phenylpropionate can precede for-
mation of cinnamate if side chain saturation
occurs first. Cinnamate could then result as an
intermediate during the B-oxidation of phenyl-
propionate yielding benzoate and acetate. Our
procedure does not permit us to distinguish
which intermediate occurs first. Balba and Ev-
ans, however, recently reported on the latter
sequence of events, that is, the B-oxidation of
phenylpropionate to cinnamate, benzoate, and
acetate (2). Since a consortium of microorga-
nisms is involved, it is possible that several path-
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intermediates observed in our enrichments.

ways may contribute to the observed reaction
products and intermediates.

Another observed intermediate, phenylace-
tate, may result by the addition of water across
the double bond in cinnamate, decarboxylation,
and subsequent removal of hydrogen. Its for-
mation from phenylpropionate by a-oxidation is
not likely, since this requires molecular oxygen.
There is evidence that a decarboxylation can
occur. Ribbons and Evans (29) have reported on
an aromatic decarboxylase which can operate
anaerobically. In addition, an anaerobic decar-
boxylase from Aerobacter which uses hydroxy-
cinnamic acids as substrates has also been de-
scribed (12). A similar system, therefore, may be
functioning here. The subsequent fate of phen-
ylacetate has been reported as ring reduction,
release of acetate, and production of cyclohexa-
none (2). It therefore appears to enter the known
benzoate pathway at a different point than the
other observed intermediates.

The detection of both adipate and pimelate
suggests that these enrichment cultures may be

using more than one of the already described
pathways (9, 19, 32) to produce the volatile acids.
For our ferulic acid system, further confirmation
of these pathways would require identification
of other intermediates.

In summary, the model lignin derivative, fer-
ulic acid, is degradable to methane and carbon
dioxide by a consortium of bacteria under meth-
anogenic conditions. When viewed as a whole,
the results as shown in a conceptual model (Fig.
9) suggest that the methanogenic degradation of
ferulic acid occurs in a manner similar to that of
benzoic acid, namely, reduction of the aromatic
to a cyclohexane ring before ring fission, conver-
sion of the products into simple volatile acids,
and subsequent formation of acetate as a pri-
mary substrate for methane formation. It is im-
portant to note that the observed intermediates
clearly show the model to merge with the ben-
zoate pathways. The fate of methoxybenzoate
compounds under similar conditions has also
shown this to be the case, that is, a merging with
the described benzoate pathways (W. C. Evans,
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personal communication). Consequently, it is
likely that other aromatic derivatives can also
be converted in a similar manner. This implies
that (i) such anaerobic degradation mechanisms
may be common for aromatic compounds, and
(ii) aromatic derivatives can be a likely source
of methane.
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