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Syntrophic degradation of normal- and branched-chain fatty acids with 4 to 9 carbons was investigated with
a mesophilic syntrophic isobutyrate-butyrate-degrading triculture consisting of the non-spore-forming,
syntrophic, fatty acid-degrading, gram-positive rod-shaped strain IB, Methanobacterium formicicum TIN, and
Methanosarcina mazei T18. This triculture converted butyrate and isobutyrate to methane and converted
valerate and 2-methylbutyrate to propionate and methane. This triculture also degraded caproate, 4-methyl-
valerate, heptanoate, 2-methylhexanoate, caprylate, and pelargoate. During the syntrophic conversion of
isobutyrate and butyrate, a reversible isomerization between butyrate and isobutyrate occurred; isobutyrate
and butyrate were isomerized to the other isomeric form to reach nearly equal concentrations and then their
concentrations decreased at the same rates. Butyrate was an intermediate of syntrophic isobutyrate
degradation. When butyrate was degraded in the presence of propionate, 2-methylbutyrate was synthesized
from propionate and isobutyrate formed from butyrate. During the syntrophic degradation of valerate,
isobutyrate, butyrate, and 2-methylbutyrate were formed and then degraded. During syntrophic degradation of
2-methylbutyrate, isobutyrate and butyrate were formed and then degraded.

Branched-chain fatty acids, such as isobutyrate and 2-meth-
ylbutyrate, are intermediates of the anaerobic digestion of
proteins (9). Both have also been detected during simulta-
neous degradation of acetate, propionate, and butyrate by
methanogenic granules (19, 22). These branched-chain fatty
acids can be converted either to acetate or completely to CO2
by some sulfate-reducing bacteria via sulfate reduction (14, 16,
17). 2-Methylbutyrate can be converted to acetate, propionate,
and methane by syntrophic butyrate degraders such as Syntro-
phospora bryantii (13) and strains NSF-2 and SF-1 (12), to-
gether with H2-utilizing methanogens. The syntrophic conver-
sion of isobutyrate in the absence of sulfate has been studied
with digested sludges (1, 15, 25). A reversible isomerization
between butyrate and isobutyrate indicates that butyrate is an
intermediate of anaerobic isobutyrate degradation (15). The
appearance of isobutyrate during syntrophic butyrate degrada-
tion is due to the isomerization performed by some organisms
involved in isobutyrate degradation. The mechanism of forma-
tion of 2-methylbutyrate is unknown.
To date, only one syntrophic butyrate-degrading culture, the

straight rod-shaped Syntrophospora-like strain SF-1, has been
reported to use isobutyrate (12). However, the utilization of
isobutyrate by this strain was questioned (6, 14). We isolated a
defined triculture that would syntrophically degrade butyrate
and isobutyrate, perform reciprocal isomerization between
butyrate and isobutyrate, and convert acetate and H2 (or
formate) to methane (4, 21). Recently, an anaerobic bacte-
rium, strain WoG13, which grows on dicarboxylic acid glu-
tarate and which also performs reciprocal isomerization of
butyrate and isobutyrate has been isolated (8). Isobutyrate can
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be degraded by a triculture consisting of strain WoG13,
Syntrophomonas wolfei, and Methanospirillum hungatei. In this
triculture, strain WoG13 isomerized isobutyrate to butyrate
and S. wolfei together with Methanospirillum hungatei con-
verted butyrate to acetate and methane.
Our triculture, consisting of a syntrophic isobutyrate-bu-

tyrate degrading rod (strain IB) along with Methanobacterium
formicicum TiN and Methanosarcina mazei T18, was isolated
from syntrophic methanogenic granules (21). This triculture
can also utilize 2-methylbutyrate, valerate, and other
branched- and normal-chain fatty acids, with up to nine carbon
atoms, as substrates and can synthesize 2-methylbutyrate dur-
ing syntrophic butyrate degradation in the presence of propi-
onate. In the present communication, we describe the isomer-
ization and syntrophic conversion of isobutyrate, butyrate, and
other normal- and branched-chain fatty acids by this defined
triculture.

(Preliminary results of this study have been presented at
annual meetings of the American Society for Microbiology [4,
20].)

MATERIALS AND METHODS

Chemicals and gases. All chemicals used were of analytical
grade and were obtained from Sigma Chemical Co., St. Louis,
Mo., or Mallinckrodt Inc., Paris, Ky. A gas mixture of N2-CO2
(70:30) was obtained from Union Carbide Corp. (Linde Div.,
Warren, Mich.) and passed over heated (350°C) copper filings
to remove traces of 02-

Sources of cultures. The syntrophic isobutyrate-butyrate-
degrading strain IB was isolated by us earlier (21). It was
isolated from syntrophic methanogenic granules developed on
a volatile fatty acid mixture consisting of acetate, propionate,
and butyrate, along with Methanobacterium formicicum TiN
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FIG. 1. (A) Phase-contrast microphotograph of triculture. IB, syntrophic isobutyrate-butyrate degrader strain IB; TIN, Methanobacterium
formicicum TIN; T18, Methanosarcina mazei T18. (B) Transmission electron microphotograph of a thin section of a cell of strain IB.

(DSM 6298) and Methanosarcina mazei T18 (DSM 6230) as

syntrophic partners.
Medium and experimental procedures. Liquid media and

solutions were prepared and sterilized under strictly anaerobic
conditions (23). The experiments were carried out in 158-ml
serum vials (Wheaton Scientific, Millville, N.J.) containing 50
ml of liquid medium. The phosphate-buffered basal medium
(5) used for the growth of the syntrophic triculture containing
strain IB was supplemented with the following (per 100 ml):
vitamin solution (18), 1.0 ml; 2.5% Na2S * 9H20 (wt/vol), 0.6
ml; 10% NaHCO3 (wt/vol), 4.0 ml; and a K2HPO4-KH2PO4

mixture (29%:15%, wt/vol), 0.6 ml. Substrate was supplied by
adding stock solutions of sodium salt of fatty acids to the
medium to obtain initial concentrations of 6 to 10 mM (each)
for butyrate, isobutyrate, valerate, 2-methylbutyrate, ca-
proate, and 4-methylbutyrate, 5 mM (each) for heptanoate
and 2-methylhexanoate, and 2.5 mM (each) for caprylate
and pelargoate. The vials were pressurized with N2-CO2
mixture (70:30) to 72 kPa (0.71 atm), resulting in a pH of
about 7.0 in the media.

All the experiments were carried out at 37°C with a shaking
incubator. A well-grown syntrophic triculture containing strain
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TABLE 1. End products of volatile fatty acid degradation by a
defined isobutyrate-butyrate-degrading culture'

Product concn (mmol/
Substrateb mmol of substrate

consumed)

Acid No. of carbons CH4 Propionate

Butyrate 4 2.46 0
Isobutyrate 4 2.44 0
Valerate 5 1.52 0.91
2-Methylbutyrate 5 1.49 0.92
Caproate 6 3.84 0
4-Methylvalerate 6 3.82 0
Heptanoate 7 2.46 0.99
2-Methylhexanoate 7 2.49 0.97
Caprylate 8 4.65 0
Pelargoate 9 3.72 0.90

" The experiment was performed at 35°C for 3 months. The initial volatile fatty
acid concentrations were 10 mM for the acids with four to six carbon atoms, 5
mM for those with seven atoms, and 2.5 mM for those with eight to nine atoms.
The initial pH was 7.0 to 7.1.

b Propionate, trimethylacetate, and isovalerate were not degraded by the
triculture.

IB was used as the inoculum (4 to 20%). The fatty acid
degradation was monitored by determining the level of meth-
ane production, the H2 level in the headspace, and the rate of
substrate consumption.

Analytical methods and microscopic examination. The
quantitation of fatty acids, hydrogen, and methane by gas
chromatography, the assay of formate by an enzymatic method,
and the methods to obtain phase-contrast microscopic and
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FIG. 2. Degradation of butyrate by the triculture consisting of

strain IB, Methanobacterium fornicicum TlN, and Methanosarcina
mazei T18. Acetate and methane were end products of syntrophic
butyrate degradation. Hydrogen and isobutyrate were observed during
butyrate degradation.

transmission electron microphotographs have been described
previously (19). The minimum detectable concentration of
formate was 5 puM.

RESULTS

Morphology and substrate utilization. The syntrophic isobu-
tyrate-butyrate-degrading triculture consisted of three distin-
guishable bacterial strains. Cells of strain IB were nonfluores-
cent under UV light, slender, and cylindrical, with dimensions
of 0.45 by 2.0 to 3.5 ,um. Slender or cylindrical fluorescent rods
with dimensions of 0.35 by 1.2 to 3.0 ,um were identified as
Methanobacterium formicicum TIN, while the coccus- and
sarcina-type cells were identified as Methanosarcina mazei T18
(21). The cells of strain IB and strain TiN grew homoge-
neously to form clumps with strain T18 (Fig. IA). The TEM
examination revealed that the cell walls of strain IB cells have
a typical gram-positive structure (Fig. 1B). Neither spore nor
poly-3-hydroxybutyrate structures were observed. This is dif-
ferent from Syntrophospora species, which form spores (13, 14),
and Syntrophomonas species, which contain poly-3-hydroxybu-
tyrate (2, 3, 8).

This triculture converted isobutyrate, butyrate, caproate,
4-methylvalerate, and caprylate completely to methane and
converted valerate, 2-methylbutyrate, heptanoate, and pelar-
goate to methane and propionate. It did not utilize propionate,
isovalerate, or trimethylacetate (Table 1). The doubling time
of strain IB could not be determined because of the presence
of two methanogenic species. When the triculture grew on
butyrate at 37°C, the rate of butyrate conversion to acetate was
doubled approximately every 60 h.

Degradation of butyrate and isobutyrate. Results of the
degradation of butyrate by the triculture is presented in Fig. 2.
After inoculation, butyrate was degraded with concurrent
production of isobutyrate. The initial acetate was a carryover
from the inoculum. The highest concentration of isobutyrate
detected was 0.75 mM. This occurred as the butyrate concen-
tration decreased from 7.2 to 3.1 mM. Subsequently, both were
simultaneously degraded with concurrent production and con-
sumption of acetate. Methane concentration (reported in
millimolar units) in headspace increased as butyrate was
degraded. The hydrogen partial pressure (reported in pascals)
in the headspace of the serum vial reached a peak level of 18.5
Pa at 48 h of incubation and eventually decreased to the initial
level of 4.8 Pa.

In the experiment using isobutyrate as the substrate, isomer-
ization of isobutyrate to butyrate occurred immediately (Fig.
3). The concentration of butyrate rose to 2.4 mM as the
isobutyrate concentration decreased from 8.0 to 2.7 mM.
Thereafter, the concentrations of both acids decreased at the
same rate. The change in hydrogen partial pressure in the
headspace and the change in rate of acetate production and
consumption were similar to the time course profile observed
for butyrate degradation. Methane concentration in the head-
space increased as isobutyrate was degraded. The highest H2
partial pressure observed was 23 Pa.
When the triculture was inoculated in the medium contain-

ing almost equal concentrations of butyrate and isobutyrate
(4.4 and 4.1 mM, respectively), the concentrations of the
two acids decreased at approximately the same rate until
both were completely consumed (Fig. 4). The methane
concentration in the headspace increased as both butyrate
and isobutyrate were degraded. The peak H2 partial pres-
sure observed during this experiment was 16 Pa. Formate
was not at detectable level in these or any of the previous
experiments.
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FIG. 3. Degradation of isobutyrate by the triculture consisting of

strain IB, Methanobacterium formicicum TlN, and Methanosarcina
mazei T18. Acetate and methane were end products of syntrophic
isobutyrate degradation. Hydrogen and butyrate were observed during
isobutyrate oxidation.

These results demonstrate that strain IB carries out a
reversible isomerization between isobutyrate and butyrate
during syntrophic oxidation of butyrate or isobutyrate, since
neither Methanobacterium formicicum nor Methanosarcina
mazei utilizes butyrate or isobutyrate.

Degradation of valerate and 2-methylbutyrate. During the
time course for degradation of valerate (initial concentration
of 7.4 mM), the propionate concentration increased to 6.8 mM
(Fig. 5). The molar ratio between propionate produced and
valerate consumed was 0.92. During the experiment, isobu-
tyrate, butyrate, and 2-methylbutyrate were also produced.
Isobutyrate, butyrate, and 2-methylbutyrate appeared almost
simultaneously after 45 h of growth. The concentration of
butyrate formed was slightly higher than the concentration of
isobutyrate formed. Butyrate and isobutyrate disappeared with
the consumption of valerate prior to the disappearance of
2-methylbutyrate. The methane concentration in the head-
space increased as valerate was degraded. The highest hydro-
gen partial pressure (5.6 Pa) observed during valerate conver-
sion was much lower than that observed during butyrate or
isobutyrate conversion.

In another experiment 2-methylbutyrate was used as the
substrate at 6.7 mM (Fig. 6). Propionate was produced as
2-methylbutyrate was converted at a molar ratio of 0.91
(propionate formed/2-methylbutyrate consumed). In addition
to propionate, isobutyrate was also produced, and its concen-
tration reached a maximum of 0.27 mM after 116 h. Butyrate,
which was observed only after isobutyrate was produced,
reached a maximum level (0.06 mM) after 168 h. Isobutyrate
was probably isomerized to butyrate rather than butyrate being
produced directly. Both butyrate and isobutyrate were con-

sumed prior to the complete consumption of 2-methylbutyrate.
No detectable level of valerate was observed during the
experiment. The methane concentration in the headspace
increased as 2-methylbutyrate was degraded. The maximum
hydrogen partial pressure (5.3 Pa) detected was similar to that
detected during valerate degradation. Formate was not de-
tected in the triculture containing either valerate or 2-methyl-
butyrate during their degradation.

Syntrophic butyrate degradation in the presence of propi-
onate. In this experiment, butyrate and propionate were added
to a well-grown triculture to achieve starting concentrations of
6.0 and 6.1 mM, respectively. As is shown in Fig. 7, the
isomerization of butyrate to isobutyrate occurred immediately.
A significant amount of 2-methylbutyrate was also produced.
This appeared to be coupled in the initial hours of growth with
the disappearance of propionate. After 55 h, the butyrate
concentration decreased to a low level (0.1 mM). The highest
concentration of 2-methylbutyrate accumulated, 0.91 mM,
corresponded to a decrease in propionate concentration from
6.1 mM to 5.2 mM. When 2-methylbutyrate was consumed, the
concentration of propionate rose to its original level. The
methane concentration in the headspace increased as butyrate
was degraded. The trend of the change in hydrogen partial
pressure in the headspace was similar to trends in other
experiments, with the highest concentration being 9 Pa. The
acetate concentration in the culture increased from an initial
14.9 mM to 24.9 mM during the assay because of the slow
conversion of acetate to methane.
To test if propionate degradation was carried out by strain

IB and if 2-methylbutyrate could be formed in the absence of
isobutyrate or butyrate, a control experiment was performed by
inoculating the triculture into a medium containing 10 mM
acetate and 10 mM propionate. No propionate was degraded
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and butyrate by the triculture consisting of strain IB, Methanobacte-
rium formicicum TIN, and Methanosarcina mazei T18.
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FIG. 5. Degradation of valerate by the triculture consisting of
strain IB, Methanobacterium formicicum TIN, and Methanosarcina
mazei T18. Acetate, propionate, and methane were end products of
syntrophic valerate degradation. Butyrate, isobutyrate, and 2-methyl-
butyrate were observed during valerate degradation.

and no other fatty acids were formed even after 3 months of
incubation. However, acetate was degraded and methane was

produced. These results demonstrated that 2-methylbutyrate
was synthesized from propionate only when butyrate and
isobutyrate were present.

DISCUSSION

A triculture, consisting of the syntrophic fatty acid-degrad-
ing rod strain IB, Methanobactenium fornicicum T1N, and
Methanosarcina mazei T18, was able to degrade fatty acids to
methane. Strain IB is the first isolated syntrophic isobutyrate
and butyrate degrader which can isomerize isobutyrate to
butyrate and then degrade it. One remarkable characteristic of
syntrophic isobutyrate or butyrate degradation by the tricul-
ture was that nearly equal concentrations of isobutyrate and
butyrate were eventually achieved and then the concentrations
of both the fatty acids decreased at the same rates. This was
not observed during the isobutyrate or butyrate degradation in
anaerobically digested sludges or methanogenic granules (1,
15, 22) or by the triculture consisting of strain WoG13, S.

wolfei, and Methanospirillum hungatei (8). In those cases,

butyrate always disappeared more rapidly than isobutyrate
because syntrophic butyrate degraders, such as Syntrophospora
species (13, 24) and Syntrophomonas species (10, 11), that use

butyrate but do not utilize isobutyrate were present. Another
characteristic was that the isomerization between butyrate and
isobutyrate is coupled to syntrophic butyrate oxidation and
therefore can be completely inhibited in the presence of high
hydrogen partial pressure or high formate concentration (20).
This is different from the isomerization between butyrate and
isobutyrate performed in a lake sediments (7) and by strain
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FIG. 6. Degradation of 2-methylbutyrate by the triculture consist-
ing of strain IB, Methanobacterium formicicum T1N, and Methanosar-
cina mazei T18. Acetate, propionate, and methane were end products
of 2-methylbutyrate degradation. Butyrate and isobutyrate were ob-
served during the degradation.

WoG13 (8). In those cases, the isomerization was independent
of syntrophic butyrate degradation. However, the physiological
reason for isomerization of butyrate to isobutyrate is not clear,
since the isobutyrate formed has to be reisomerized to butyrate
for further degradation. More research is needed to under-
stand this phenomenon.
The syntrophic degradation of 2-methylbutyrate and valer-

ate appeared to be more complicated than degradation of the
acids with four carbon atoms. Although these two fatty acids,
like butyrate and isobutyrate, have similarity in their molecular
structures, a reversible isomerization between 2-methylbu-
tyrate and valerate has not been observed. In our experiments,
isomerization from 2-methylbutyrate to valerate did not occur,
because no valerate was detected during 2-methylbutyrate
conversion, but the isomerization from valerate to 2-methyl-
butyrate indeed did exist, because a trace amount of 2-meth-
ylbutyrate was repeatedly detected during the syntrophic con-
version of valerate.

During the syntrophic conversion of 2-methylbutyrate, pro-
pionate was formed at a molar ratio of 0.91 (propionate
produced/2-methylbutyrate consumed), but isobutyrate and
butyrate also occurred one after another. The results of
butyrate conversion in the presence of propionate provided
information useful for understanding the mechanism of the
formation of 2-methylbutyrate and for examining the syntro-
phic conversion of 2-methylbutyrate. During butyrate degra-
dation in the presence of propionate, 2-methylbutyrate was
formed in addition to isobutyrate, which was formed as an
isomerized product. The synthesis of 2-methylbutyrate was
related to the presence of propionate and isobutyrate, because
(i) the increment of 2-methylbutyrate was proportional to the
decrement of propionate, and the propionate concentration

2224 WU ET AL.
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FIG. 7. Degradation of butyrate in the presence of propionate by
the triculture consisting of strain IB, Methanobacterlinu formicicum
TIN, and Methantosarcina mazei T18. Acetate and methane were end
products of butyrate degradation. Isobutyrate and 2-methylbutyrate
were observed during the degradation.

was restored to its original level when the 2-methylbutyrate
formed was consumed (Fig. 7); (ii) no 2-methylbutyrate was
formed in the presence of acetate plus propionate without
isobutyrate or butyrate; and (iii) isobutyrate was detected prior
to the detection of butyrate during 2-methylbutyrate conver-
sion (Fig. 6). However, further research is needed to detail the
pathway of the synthesis of 2-methylbutyrate.
When the triculture was grown on valerate, propionate was

produced (Fig. 5) at a molar ratio of 0.92 (propionate pro-
duced/valerate converted). The syntrophic conversion of val-
erate to methane and propionate probably followed (3-oxida-
tion, as has been shown to be the case in other syntrophic
butyrate-degrading cultures (10, 13). However, the formation
of isobutyrate, butyrate, and 2-methylbutyrate during valerate
conversion indicates that other pathways may also exist. The
formation of 2-methylbutyrate may be due to the reversible
isomerization between valerate and 2-methylbutyrate, since

butyrate was isomerized to isobutyrate during butyrate degra-
dation. The pathway of formation of butyrate during valerate
degradation is still not clear.
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