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Long-chain fatty acid (LCFA) degradation is a key step in methanogenic treatment of wastes/wastewaters
containing high concentrations of lipids. However, despite the importance of LCFA-degrading bacteria, their
natural diversity is little explored due to the limited availability of isolate information and the lack of
appropriate molecular markers. We therefore investigated these microbes by using RNA-based stable isotope
probing. We incubated four methanogenic sludges (mesophilic sludges MP and MBF and thermophilic sludges
TP and JET) with 13C-labeled palmitate (1 mM) as a substrate. After 8 to 19 days of incubation, we could detect
13C-labeled bacterial rRNA. A density-resolved terminal restriction fragment length polymorphism finger-
printing analysis showed distinct bacterial populations in 13C-labeled and unlabeled rRNA fractions. The
bacterial populations in the 13C-labeled rRNA fractions were identified by cloning and sequencing of reverse-
transcribed 16S rRNA. Diverse phylogenetic bacterial sequences were retrieved, including those of members of
the family Syntrophaceae, clone cluster MST belonging to the class Deltaproteobacteria, Clostridium clusters III
and IV, phylum Bacteroidetes, phylum Spirochaetes, and family Syntrophomonadaceae. Although Syntrophomona-
daceae species are considered to be the major fatty acid-degrading syntrophic microorganisms under methan-
ogenic conditions, they were detected in only two of the clone libraries. These results suggest that phyloge-
netically diverse bacterial groups were active in situ in the degradation of LCFA under methanogenic
conditions.

Lipid is a one of the major organic fractions of wastes/
wastewaters, and lipid-rich wastes/wastewaters are widely
found in certain food processing industries, such as dairy, ed-
ible oil, and slaughterhouses (20). Because lipids have a high
theoretical methane yield in comparison with other organic
substances, methanogenic treatment has been applied to lipid-
rich wastes/wastewaters but resulted in low organic loading
rates (see, for example, references 16 and 50) compared to that
seen for other types of wastes/wastewaters. This is at least
partly due to the acute toxicity of long-chain fatty acids
(LCFA), which are the main constituent and hydrolysate of
lipids in the anaerobic consortium. LCFA can cause substrate
toxicity in anaerobic microorganisms (see, for example, refer-
ences 18 and 44) and tend to adsorb onto the biomass and flow
out of the reactor.

Under methanogenic conditions, LCFA degradation re-
quires a syntrophic association of LCFA-degrading anaerobes
and hydrogenotrophic methanogens, because the oxidation of
LCFA is thermodynamically unfavorable in such environments
unless the consumption of reducing equivalents (hydrogen
and/or formate) is coupled with oxidation (37). Due to the

syntrophic metabolism and toxicity of LCFA, isolation of
LCFA-degrading syntrophs is difficult. Thus, information on
LCFA-degrading bacteria in pure culture is based on Syntro-
phomonas species (10, 21, 36, 47, 54) and on Thermosyntropha
lipolytica (49) of the family Syntrophomonadaceae. Syntrophus
aciditrophicus (15) is also an LCFA degrader; however, this
strain is more often identified as a benzoate degrader. Due to
the dearth of knowledge of LCFA-degrading syntrophs and the
lack of appropriate molecular markers, culture-independent
studies have focused only on species of the family Syntro-
phomonadaceae (9, 30). Consequently, the natural diversity of
syntrophic LCFA-degrading bacteria has not been well ex-
plored.

The recent development of stable isotope probing (SIP)
enables metabolic function and taxonomic identity to be ex-
amined concurrently (27, 33). To date, many studies of DNA-
based SIP or RNA-based SIP (RNA-SIP) have been applied to
investigate the natural diverse and active populations that con-
duct particular metabolic processes in a specific environment
(for reviews, see references 5 and 53). Methanogenic syntro-
phic LCFA degradation has not yet been studied in this way,
but because there is no appropriate molecular marker for
LCFA-degrading syntrophs, SIP provides a potentially fruitful
tool for identifying potential LCFA degraders in methanogenic
environments. Since anaerobic syntrophic substrate-oxidizing
microorganisms grow slowly, RNA-SIP may be especially use-
ful for identification of LCFA-degrading syntrophic anaerobes.
Furthermore, incubation periods for RNA-SIP are shorter
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than those for DNA-SIP, so enrichment bias and unintended
labeling of intermediate products or dead biomass may be
minimized. In this study, we used RNA-SIP with 13C-palmitate
as a substrate to explore the microorganisms involved in LCFA
degradation in four methanogenic sludges derived from treat-
ment of lipid-containing wastes/wastewaters. A density-resolved
bacterial terminal restriction fragment length polymorphism (T-
RFLP) fingerprinting and sequence analysis indicated that not
only species belonging to the family Syntrophomonadaceae but
also other groups of bacteria could be involved in LCFA deg-
radation.

MATERIALS AND METHODS

Sources of methanogenic sludge. The four methanogenic sludges used in this
study are listed in Table 1. Methanogenic granular sludges (sludges MP and TP)
were taken from two lab-scale multistaged upflow anaerobic sludge blanket
reactors that were operated in parallel at two different temperatures (19). Me-
sophilic anaerobic digester sludge (sludge MBF) and thermophilic digester
sludge (sludge JET) were taken from commercial plants. The granular sludges
taken from the two upflow anaerobic sludge blanket reactors had been stored at
4°C for over 2 years; all other digester sludges were used immediately after
sampling.

Sludge incubation. Seventy-milliliter serum vials containing 20 ml of basal
medium prepared as described previously (41) were used for sludge incubation.
About 0.8 mg volatile suspended solid (VSS) of sludge was mixed with medium,
and each vial was sealed with a butyl rubber septum after the headspace was
flushed with a mixture gas of N2-CO2 (80/20 [vol/vol]) and a 0.5-ml reductant
solution (mixture of 12 g � liter�1 Na2S � 9H2O and cysteine � HCl) was added.
Incubation was carried out anaerobically at 37°C (for mesophilic sludges) or 55°C
(thermophilic sludges) without shaking. Calcium chloride (1 mM) was added to
the culture to reduce the inhibitory effect of LCFA. Two granular sludges, MP
and TP, were preincubated with 1 mM sodium palmitate to activate the metha-
nogenic microbial consortium after prolonged storage at 4°C. Following prein-
cubation, the headspace of the vial was flushed with a mixture gas of N2-CO2

(80/20 [vol/vol]) to remove methane gas, and the sludge (�5 ml) was sampled.
The 13C labeling of microbial populations was performed using 13C-palmitate
([1,2,3,4-13C4] palmitic acid potassium salt; Isotec, Miamisburg, Ohio) at a con-
centration of 1 mM (0.02 mmol). When the palmitate was mostly converted to
methane, the sludge (�5 ml) was sampled. This 13C-palmitate incubation step
was repeated to obtain the second incubated sludge. Methane produced in
control experiments (without the addition of palmitate) was subtracted from the
gross methane produced from incubation with palmitate.

RNA extraction, cesium trifluoroacetate (CsTFA) fractionation, and quanti-
fication of rRNA. Total RNA extraction from the collected sludge and RNA
purification were conducted by the method described previously (42). Equilib-
rium density gradient centrifugation was performed based on methods reported
by Manefield et al. (27) and Lueders et al. (23), with the following modification
of the centrifugation conditions. Density gradient centrifugation was performed
in 5-ml polyallomer Quick-Seal tubes in an NVT65.2 rotor (both Beckman
Coulter) at 41,500 rpm and 20°C for 48 h. Gradients were fractionated from
below by displacement with water by using a syringe pump (Harvard Apparatus).
RNA was precipitated by isopropanol from fractionated gradients, and rRNA
was quantified by real-time reverse transcription-PCR (RT-PCR) performed

with a LightCycler (Roche) by using the QuantiTect SYBR green RT-PCR kit
(QIAGEN) as described in a previous report (11).

T-RFLP fingerprinting. RNA extracted from density-resolved gradient frac-
tions was reverse transcribed using SuperScript III reverse transcriptase (Invitro-
gen) with 16S rRNA-targeted prokaryote-specific primer 1490R (5�-GGHTAC
CTTGTTACGACTT-3�, Escherichia coli position 1491 to 1509) slightly modified
from that reported by Weisburg et al. (52). T-RFLP fingerprinting of bacterial
communities was conducted as published elsewhere (11).

Cloning, sequencing, and phylogenetic analysis. RNA from selected fractions
was reverse transcribed as described above and bacterial 16S rRNA gene clone
libraries were constructed as described elsewhere (11). Fifty clones were ran-
domly picked from each clone library and subjected to RFLP analysis with the
HaeIII and MspI restriction endonucleases. We categorized the clones having
the same electrophoresis pattern in the RFLP analysis into a phylotype. The
sequences of clones were determined as described previously (32). Chimeric
sequences were searched using the Chimera_Check program at Ribosomal Da-
tabase Project (26) and the Bellerophon program (13). Sequence data were
aligned with the ARB program package (22), and the aligned data were manually
corrected based on information about primary and secondary structures. The
phylogenetic trees based on 16S rRNA gene sequences were constructed by the
neighbor-joining method implemented in the ARB program. Bootstrap resam-
pling analysis for 1,000 replicates was performed to estimate the confidence of
tree topologies.

Nucleotide sequence accession numbers. The 16S rRNA gene sequence data
obtained in this study were deposited in the GenBank/EMBL/DDBJ databases
under accession numbers AB290356 to AB290407.

RESULTS

Incubation of 13C-palmitate and RNA distribution in cen-
trifugation gradient. Because of prolonged storage at 4°C, the
two granular sludges TP and MP were preincubated with 1 mM
palmitate. The palmitate was completely consumed and con-
verted to methane in 2 and 3 weeks, respectively. After the
preincubation, RNA extracted from the sludges was used as an
unlabeled control RNA for the original microbial consortium.
In the first round of incubation with 13C-palmitate, methano-
genesis was faster than the preincubation, and 13C-palmitate
was converted to methane in 6 and 11 days for sludges TP and
MP, respectively. The average methanogenesis rates were 42
�mol � mg�1 VSS � day�1 and 23 �mol � mg�1 VSS � day�1

for sludges TP and MP, respectively. In the second round of
13C-palmitate incubation, methanogenesis was faster and incu-
bation was finished within 4 and 8 days for sludges TP and MP,
yielding methanogenesis rates of 63 �mol � mg�1 VSS � day�1

and 31 �mol � mg�1 VSS � day�1, respectively.
For digest sludges MBF and JET, RNA extracted from un-

incubated sludges was used as an unlabeled control RNA.
13C-palmitate was consumed in the first round within 8 and 4
days and in the second round within 4 and 2 days for sludges
MBF and JET, respectively. The average methanogenesis rates

TABLE 1. Samples from anaerobic sludges used in this study

Sample name Sludge type Reactor operation
temp (°C) Waste/wastewater Influent CODcra

(mg/liter)
Influent lipids

(mg � CODcr/liter) Location

MP Granular 35 POMEb 2,000 430 Our laboratory
TP Granular 55 POME 3,000 650 Our laboratory
JET Digester 55 Municipal solid waste 93,500c —d Niigata, Japan
MBF Digester 35 POME 81,000 10,000 Selangor, Malaysia

a Chemical oxygen demand as determined using dichromate (CODcr).
b POME, palm oil mill effluent.
c Data from the digester plant were used because we could not obtain raw influent material.
d —, concentration of lipids was not determined because we could not obtain raw influent material.
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were 31 �mol � mg�1 VSS � day�1 (first incubation) and 63
�mol � mg�1 VSS � day�1 (second incubation) and 63 �mol � mg�1

VSS � day�1 (first incubation) and 125 �mol � mg�1 VSS � day�1

(second incubation) for sludges MBF and JET, respectively.
Each experiment was repeated twice, and the observed methan-
ogenesis rates were nearly identical.

After isopycnic centrifugation and fractionation, bacterial
rRNA content in each fraction was quantified by quantitative
RT-PCR with bacterial universal primers shown in Fig. 1. The
unlabeled control rRNA gradient showed peaks at a buoyant
density (BD) of around 1.77 to 1.78 g � ml�1, which is charac-
teristic of unlabeled bacterial rRNAs in CsTFA (23) (Fig. 1).
In sludge MP, the rRNA gradient profile for the first incuba-
tion sludge had a gradual increase of intermediate (�1.80
g � ml�1) rRNA, but the peak BD was almost the same as that
of control rRNA (Fig. 1A). After the second incubation, the
entire rRNA BD was shifted toward the heavier fraction, and
13C-labeled rRNAs (�1.80 g � ml�1) were detected (Fig. 1A).
In sludge TP, after the first incubation with 13C-palmitate, the
rRNA profile was gradually shifted toward a heavier BD, and
a minute tailing of 13C-enriched rRNA was detected. After the
second incubation, the entire rRNA BD was shifted toward the
heavier fraction, similar to that for sludge MP (Fig. 1B). In
contrast to what was observed for the other sludges, all of the
rRNA of sludge MBF had completed a substantial shift toward
a heavier BD even after the first incubation with 13C-palmitate
(Fig. 1C). After the first incubation, the rRNA gradient profile
of sludge JET had not changed; however, after the second
incubation, the entire rRNA BD was shifted toward the
heavier fraction (Fig. 1D). An archaeal rRNA BD profile had
almost the same pattern as bacterial rRNA BD profiles in all
four sludges (data not shown).

Fingerprinting of density-resolved rRNA. We used T-RFLP
fingerprinting of bacterial rRNA template resolved by gradient
centrifugation to trace specific microorganisms that incorpo-
rated 13C into their rRNA. Based on a comparison of the

T-RFLP fingerprint profile of control RNA with that of RNA
taken from sludges incubated with 13C-palmitate, representa-
tive 13C-labeled and unlabeled fractions of 13C-treated sludges
are shown in Fig. 2. In the control RNA, T-RFLP fingerprints
of 13C-labeled fractions (�1.81 g � ml�1) could not be ob-
tained. The T-RFLP fingerprints were nearly identical in dif-
ferent gradient fractions; therefore, typical profiles are shown
for the control RNA of every sample (Fig. 2, dashed boxes).

For sludge MP, electropherograms generated from gradient
fractions of RNA taken from the second 13C-palmitate incu-
bation sludge are shown in Fig. 2A. The 71-bp terminal restric-
tion fragment (T-RF) became predominant only in the 13C-
labeled fractions. The 68- and 151-bp T-RFs were dominant in
the unlabeled fractions, but the 68-bp T-RF was a minor com-
ponent and the 151-bp T-RF was not detectable in 13C-labeled
fractions. For sludge TP, gradient fractions of RNA taken after
the second 13C-palmitate incubation showed broadly similar
patterns (Fig. 2B). However, specific differences were detect-
able; most strikingly, the major T-RFs of 131, 126, and 206 bp
in the unlabeled fractions were markedly reduced in abun-
dance in 13C-labeled fractions. The 248-bp T-RF was dominant
in the 13C-labeled fraction (1.820 g � ml�1) but minor in the
unlabeled fractions. Also, 203- and 208-bp T-RFs became de-
tectable in 13C-labeled fractions. These two T-RFs (203 and
208 bp) were not detected in the control RNA profile (Fig. 2B,
dashed box) or in RNA of the first 13C-palmitate incubation
sludge (data not shown). Electropherograms generated from
RNA gradient fractions of MBF sludge after the first 13C-
palmitate incubation are shown in Fig. 2C. In comparison to
the unlabeled fractions, 208- and 248-bp T-RFs had specifically
increased in relative abundance in 13C-labeled fractions. The
128-bp T-RF was detectable only in the unlabeled fraction
(1.753 g � ml�1), and the 371-bp T-RF was reduced in relative
fluorescence intensity toward 13C-labeled fractions (Fig. 2C).
T-RFLP fingerprints from gradient fractions of RNA taken
from second 13C-palmitate incubation of sludge JET are shown

FIG. 1. CsTFA density gradient centrifugation profiles of bacterial rRNA extracted from sludges MP (A), TP (B), MBF (C), and JET (D).
Open squares, RNA from unlabeled sludge; closed triangles, RNA from first 13C-palmitate incubation; closed circles, RNA from second
13C-palmitate incubation. The amount of bacterial rRNA content in each gradient fraction was quantified by quantitative RT-PCR using a bacterial
domain-specific primer set.
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in Fig. 2D. The 207-bp T-RF had increased in relative abun-
dance specifically in 13C-labeled fractions, whereas the 68-bp
T-RF was reduced in relative abundance toward heaver frac-
tions. The 132-bp T-RF was detectable throughout the frac-
tions and also in fingerprints generated from unlabeled control
RNA (Fig. 2D, dashed box).

Sequence analysis of 13C-labeled bacterial 16S rRNA. To
phylogenetically identify the bacterial populations in the 13C-
labeled rRNA fractions and to assign the T-RFs to the indi-
vidual populations, we constructed clone libraries from the
13C-labeled RNA fractions and analyzed 50 clones for each
clone library. The phylogenetic affiliations of all analyzed bac-
terial clones are summarized in Table 2, and the positions of
selected phylotypes, represented by at least four clones, are
shown in Fig. 3.

The clone library MP was generated from the 1.821-g � ml�1

RNA fraction from the second 13C-palmitate incubation

sludge MP. Of 50 clones analyzed from the MP library, 30
clones (phylotype MP16_A) were affiliated with the Clostrid-
ium cluster III but did not show specific affiliations with cul-
tured Clostridium species within this group (Fig. 3). Four
clones (phylotype MP16_B) belong to candidate phylum OP11,
4 clones clustered with phylum Spirochaetes, and the remaining
10 clones belonged to diverse phylogenetic groups (Table 2).
In silico prediction of the T-RF length of phylotype MP16_A
indicated 72 bp, whereas our experimentally measured frag-
ment length was 71 bp. Small differences between measured
T-RFs and those predicted using sequence data have been
reported frequently and seem to be sequence dependent, but
they have yet to be explained (3, 17). Therefore, we postulate
that the predominant 71-bp T-RF in the 13C-enriched fractions
corresponds to phylotype MP16_A, and we show the experi-
mentally measured T-RFs in the following text and in Fig. 3
and Table 2.

FIG. 2. Bacterial T-RFLP fingerprinting of density-resolved RNA from representative 13C-labeled and unlabeled fractions of sludges MP (A),
TP (B), MBF (C), and JET (D). Electropherograms of sludges MP, TP, and JET were generated from gradient fractions of RNA from the second
13C-palmitate incubation as the template, whereas sludge MBF was generated from gradient fractions of RNA from the first 13C-palmitate
incubation as the template. Dashed boxes show T-RFLP fingerprints of density-resolved unlabeled control RNA. CsTFA BDs (g � ml�1) of
gradient fractions are given in brackets. The numbers at the T-RF peaks indicate the T-RF lengths. Representing phylotypes of T-RFs identified
by clone analysis are indicated in parenthesis.
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The clone library TP was generated from the 1.820-g � ml�1

RNA fraction from the second 13C-palmitate incubation
sludge, TP. Phylogenetic analysis of clones from the TP library
found diverse groups of bacteria (Table 2), but none of them
predominated. In these clones, phylotype TP16_K was affili-
ated with the family Syntrophomonadaceae, including the known
LCFA-degrading syntrophs (55); also, phylotype TP16_H was
clustered with clone MST, which could represent a novel
LCFA oxidizer, as reported in our previous study (11) (Fig. 3).
The 248- and 208-bp T-RFs were assigned to phylotypes
TP16_H and TP16_K, respectively. Based on comparative T-
RFLP fingerprinting analysis and phylogenetic analysis, at least
these two phylotypes (TP16_H and TP16_K) might be degrad-
ing palmitate directly. The major 128-bp T-RF corresponded
to phylotypes TP16_A and TP16_B, which were assigned to
Thermotoga species and Anaerobaculum species, respectively.
The peak observed at 242 bp did not retrieve a corresponding
phylotype but for the phylotype TP16_E was most similar to a
T-RF of 244 bp. Phylotype TP16_E was affiliated with the
phylum Spirochaetes but distantly related to other described
species. It clustered with clones SJA88, B9, and LCFA-B06

(Fig. 3). The phylotype TP16_D, which corresponded to a
203-bp T-RF, was affiliated with an uncultivated phylum, EM3
(Fig. 3).

The RNA fraction of 1.817 g � ml�1 from the first 13C-
palmitate incubation sludge MBF was used for cloning. Sev-
enty percent of all clones formed three phylotypes (MBF16_A
[18 clones], MBF16_B [12 clones], and MBF16_C [5 clones]),
and their T-RFs were 208 bp (for MBF16_A) and 248 bp (for
MBF16_B and MBF16_C) (Table 2 and Fig. 3). The phylotype
MBF16_A clustered with the family Syntrophaceae and was
closely related to clone FA-PB16, which was retrieved from an
LCFA-degrading methanogenic enrichment (8). Phylotypes
MBF16_B and MBF16_C clustered with the clone MST group
within the class Deltaproteobacteria (Fig. 3). Based on our cur-
rent results and previous findings (8, 11, 15), microbes detected
as phylotypes MBF16_A, MBF16_B, and MBF16_C could be
degrading palmitate in sludge MBF.

The 1.815-g � ml�1 RNA fraction from the second 13C-
palmitate incubation sludge JET was used for construction of
clone library JET. The most abundant phylotype, JET16_A (13
clones), which corresponded to a 132-bp T-RF, was closely
related to Coprothermobacter spp. (Fig. 3). The phylotype
JET16_B (10 clones), which corresponded to a 70-bp T-RF,
belonged to Clostridium cluster IV. Phylotype JET16_C deeply
branched with phylum Bacteroidetes, and phylotype JET16_E
was closely related to Anaerobaculum spp. Their corresponding
207- and 128-bp T-RFs were retrieved from six clones (Table 2
and Fig. 3). The phylotype JET16_D (five clones), which clus-
tered with Clostridium cluster III but corresponded to a T-RF
of 68 bp, could be detected as only a minor portion in T-RFLP
analysis (Fig. 2D). These four T-RFs (132, 70, 128, and 68 bp)
were observed predominantly in unlabeled gradient fractions
or control RNA fractions (Fig. 2D). We therefore speculated
that they represented microbes found in high abundance in
sludge JET, because a certain amount of unlabeled rRNA is
known to contaminate 13C-labeled rRNA gradient fractions
due to limited separation efficiency (23, 27). Hence, the phy-
lotype JET16_C, which corresponded to the strongest 207-bp
T-RF in 13C-labeled fractions (Fig. 2D), may be closely linked
to the degradation of palmitate in sludge JET (Fig. 3).

DISCUSSION

We applied an RNA-SIP method to methanogenic sludges
to investigate the LCFA-assimilating syntrophic microorgan-
isms by use of 13C-palmitate. We could effectively label the
microcosms in incubation periods shorter (8 to 19 days) than
those reported for other SIP studies targeting anaerobic syn-
trophic substrate-oxidizing microorganisms; for example, pro-
pionate-oxidizing microorganisms in paddy soil required 7
weeks of incubation for detection of the 13C-labeled rRNA
(24), and Chauhan and Ogram also performed incubation for
7 weeks to analyze propionate or butyrate oxidizers in fresh-
water marsh soil (1). One likely reason for this short incubation
period is the high microbial activity of methanogenic sludges
relative to what is seen for soil microorganisms. The methan-
ogenesis rates in our experiments were in the range of 23 to 63
�mol � mg�1 VSS � day�1 for mesophilic sludges and 42 to 125
�mol � mg�1 VSS � day�1 for thermophilic sludges, at least 1
order of magnitude higher than rates reported for soil exper-

TABLE 2. Phylogenetic affiliation and numbers of bacterial 16S
rRNA clones retrieved from clone libraries generated from

13C-labeled RNA fractions

Phylogenetic groupa
No. of clones T-RF length of

clones (bp)b
MP TP MBF JET

Bacteroidetes 3 9 6 206, 207, 370,
371

Firmicutes
Clostridium 30 18 68, 70, 71
Syntrophomonas 1 374
Syntrophothermus 1 4 210, 208
Tepidanaerobacter 1 2 68
Desulfotomaculum 2 244

Deltaproteobacteria
Syntrophaceae 1 18 210, 208
Geobacteraceae 1 210
Clone MST group 4 17 248

Deferribacteres
Deferribacteraceae 2 249
Synergistes 2 130
Chlorobi 1 73
Thermotoga 7 128
Acidobacteria 1 72
Spirochaetes 4 8 3 244, 305, 373
Coprothermobacter 13 132
Anaerobaculum 5 6 128
OP8 1 92
OP9 1 133
OP10 2 132
OP11 4 382
Marine group A 1 5 209, 207
EM3 5 203
WS3 1 132
WCHB1-27 1 248
NKB19 1 210
Unidentified 1 2 72, 132

a Phylogenetic groups with cultivated representatives are named according to
the taxonomic outline of Bergey’s Manual of Systematic Bacteriology (6). Candi-
date phyla are named based on review by Hugenholtz (14).

b Phylotypes that are represented by at least three clones and whose sequence
lengths matches the lengths of specific T-RFs are highlighted in boldface, and
others had their T-RF lengths predicted using sequence data.
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iments (1, 24). Preincubation was prerequisite for obtaining
high microbial activities for sludges TP and MP. This short
incubation is one of the key points in avoiding a possible
cross-feeding of label into a microbial consortium not involved
in syntrophic LCFA oxidation. Moreover, we used compara-
tive T-RFLP fingerprint analysis along the gradient fraction to
detect peaks that increased in relative dominance or became
detectable in heavier fractions. This T-RFLP quality control
procedure confirms the interpretation of our sequence results
(24, 25). In addition, we used partially 13C-labeled palmitate,
which has four carbon atoms on the carboxyl end labeled with
13C, to avoid an unintended labeling of short-chain fatty acid-

oxidizing microorganisms that cannot degrade LCFA. Since
LCFA degradation is via �-oxidation, which proceeds by the
removal of two carbon units from the carboxyl end of LCFA,
these 13C-labeled carbons could be mineralized only by LCFA
degraders. During the �-oxidation, cross-feeding of intermedi-
ately formed 13C-acetate could label the non-LCFA degrader.
However, acetate is immediately converted to methane by
aceticlastic methanogens under methanogenic conditions (48),
and concomitantly archaeal rRNA was also becoming heavier,
suggesting that 13C-acetate was assimilated by methanogenic
Archaea. In addition to acetate utilization by aceticlastic me-
thanogen, it is known that acetate oxidation is also performed

FIG. 3. Phylogenetic placement of representative bacterial 16S rRNA phylotypes from 13C-labeled RNA fractions. The measured T-RF lengths
of phylotypes digested with MspI are shown in brackets. The scale bar represents the number of nucleotide changes per sequence position. The
symbols at each branch point show the bootstrap values obtained with resampling analysis (1,000 resamples). Stars indicate putative palmitate
degraders inferred from our results. BSA, bovine serum albumin.
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by a syntrophic association with acetate-oxidizing syntrophic
bacteria and hydrogenotrophic methanogens (37). However,
the syntrophic acetate oxidation tends to occur only under
certain conditions, such as high ammonium or volatile fatty
acid concentrations (38, 40).

Although some species belonging to the family Syntro-
phomonadaceae are typically known as LCFA-degrading syn-
trophic microorganisms under methanogenic conditions, they
were detected in our studies only in sludges MP and TP. Only
one clone of each species was retrieved from the clone library
MP (Table 2). In sludge TP, a variety of clones were retrieved,
but a Syntrophothermus sp. was the only known palmitate-
degrading microorganism identified. In many enrichment stud-
ies, species belonging to the family Syntrophomonadaceae have
been readily enriched (11, 29, 45, 46), but their natural abun-
dance was less than 2% of the total small subunit rRNA (9,
28), as determined by membrane hybridization with probe
Synm700 targeted for mesophilic, syntrophic fatty acid-oxidiz-
ing syntrophic bacteria within the family Syntrophomo-
nadaceae. Recently, Menes and Travers designed a 16S rRNA-
targeted probe for detection of fatty acid-oxidizing bacterial
members within the family Syntrophomonadaceae (including
both LCFA and short-chain fatty acid degraders) and applied
it to several sludges. However, quantification was possible only
for lipid-rich wastewater treated sludge (3% of EUB338 probe-
positive cells), and other sludges were below the detection limit
(30). Given that the effect of enrichment bias is well known and
that other bacterial groups are also involved in LCFA degra-
dation (8, 11, 15, 43), non-Syntrophomonadaceae bacteria also
may have a major role in LCFA degradation in anaerobic
environments.

Syntrophaceae sequence was derived predominantly from
sludge MBF (Table 2). S. aciditrophicus is known to utilize
LCFA, and Grabowski et al. also reported that a bacterial
clone closely related to the genus Syntrophus may be involved
in stearate and heptadecanoate degradation (8). Therefore, it
is apparent that this bacterial group could be involved in the
degradation of LCFA. Although acetate utilization has not
been shown for described Syntrophus spp. so far, very recently
Chauhan and Ogram reported that Syntrophus-like species
might utilize acetate syntrophically (2). If so, we could not
conclude a distinct metabolic function of Syntrophaceae bacte-
ria in sludge MBF. In addition to the Syntrophaceae sequence,
clones closely related to clone MST belonging to the class
Deltaproteobacteria were also highly retrieved from sludge
MBF. Clone MST probably represents an LCFA-degrading
microorganism, as indicated by our previous study (11). The
single branch affiliated with the clone MST group was retrieved
from different anaerobic sludges, and many of these microor-
ganisms may be involved in LCFA degradation; thus, it is
conceivable that this branch of bacteria represents a new group
of LCFA degrader under methanogenic conditions. However,
we need further studies to obtain concrete evidence for this
hypothesis.

In sludge TP, Syntrophothermus species and the sequence
related to clone MST might be involved in palmitate degrada-
tion. A large number of sequences belonging to the genera
Thermotoga and Anaerobaculum were also retrieved from the
thermophilic sludge. However, we could not conclude that they
contributed to palmitate degradation. In addition, there are no

reports of isolates belonging to these genera having LCFA-
degrading ability (34, 35). Therefore, we speculate that these
species might be LCFA tolerant. Some species affiliated with
these genera are frequently isolated from petroleum reservoir
fluids or oil-producing wells (34, 35), suggesting that they are
oil tolerant and thus might also tolerate LCFA. Moreover,
many uncultivated groups of bacteria were detected in sludge
TP (Table 2 and Fig. 3), but it is hard to speculate on their role
in environment. One of them, phylotype TP16_E, which was
retrieved mostly from sludge TP, clustered with clones SJA88,
B9, and LCFA-B06 (Fig. 3) within the phylum Spirochaetes.
The clones B9 and LCFA-B06 were obtained from LCFA-
degrading methanogenic consortia (31, 43), and so this group
of bacteria might play an important role in LCFA degradation
or simply be LCFA tolerant, but further analysis will be nec-
essary.

Clostridium spp. are known for degradation of a variety of
substrates under anaerobic conditions. Recently, Chauhan and
Ogram reported a Clostridium sequence, derived from their
DNA-SIP study using butyrate, which may represent a novel
lineage of butyrate-oxidizing bacteria (1). Based on our results
from sludge MP, it is reasonable to postulate that the Clostrid-
ium sequence of phylotype MP16_A may also represent uncul-
tivated syntrophic LCFA-degrading microbes. Of course, some
Clostridium species utilize acetate in syntrophic association
with hydrogen-utilizing methanogens under methanogenic
conditions (12, 39). However, such syntrophic acetate oxida-
tion was minimized in our experimental conditions as stated
above, and this could be demonstrated by SIP of 13C-acetate
for the sludge. Additionally, this result might be affected by
longer periods of sludge storage resulting in the survival of
spore-forming bacteria.

In the clone library JET, Clostridium sequences were mostly
derived (Table 2), but their T-RFs were not dominant in
13C-labeled fractions. The second-most-abundant phylotype,
JET16_A, was of Coprothermobacter spp. However, isolates
belonging to this genus were not reported as LCFA degraders
(4) and also might not have been involved in palmitate degra-
dation in our study. Furthermore, this species was predomi-
nant in the sludge, as revealed by our previous 16S rRNA
gene-based cloning analysis (unpublished data), and hence this
might be not the result of 13C-palmitate assimilation by Copro-
thermobacter spp. but rather due to the limited separation
efficiency of 13C-labeled RNA from unlabeled RNA (23, 27).
The 207-bp T-RF was enriched in 13C-labeled RNA fractions
(Fig. 2D) and identified as phylotype JET_C (Fig. 3). This
sequence is affiliated with the phylum Bacteroides and is most
closely related to clone BSA2B, which was retrieved from a
bovine serum albumin-fed methanogenic batch reactor (51).
Because these clones are distinct from other cultured strains,
their metabolic functions could not be elucidated from their
phylogenetic positions. Because none of the known LCFA-
oxidizing bacteria were sequenced from sludge JET, phylotype
JET_C might represent an LCFA-utilizing bacterium.

In conclusion, we have identified potential LCFA degraders
in methanogenic environments, including many microbes be-
longing to uncultivated phylogenetic groups. Despite the lim-
ited number of bacteria known to utilize palmitate under
methanogenic conditions to date, many unrecognized bacteria
were detected. It is not possible to determine the physiology of
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these uncultivated microorganisms by using only the present
SIP data. The best way to clearly demonstrate LCFA-utilizing
ability in these candidate LCFA-degrading microorganisms
will be to isolate them, but this will be difficult. Application of
other methods, such as fluorescent in situ hybridization-micro-
autoradiography (7), combined with our sequence data could
help to define the metabolic functions and the as-yet-unculti-
vated potential of LCFA-degrading microorganisms.
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