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Abstract Acidification is one of the most common and
serious problems inducing process failure in anaerobic
digesters. The production of volatile fatty acids (VFAs)
mainly triggers acidic shock. However, little is known about
the bacteria involved in the processes of acidogenic metabo-
lism, such as fermentation and reductive acetogenesis. Here,
the metabolic responses of a methanogenic community to the
acidification and resulting process deterioration were investi-
gated using transcriptional profiling of both the 16S rRNA and
formyltetrahydrofolate synthetase (FTHFS) genes. The 16S
rRNA-based analyses demonstrated that the dynamic shift of
bacterial populations was closely correlated with reactor
performance, especially with VFA accumulation levels. The
pH drop accompanied by an increase in VFAs stimulated the

metabolic activation of an uncultured Chloroflexi subphylum I
bacterium. The subphylum has been characterized as a
fermentative carbohydrate degrader using culture- and
molecular-based ecophysiological assays. At the beginning
of VFA accumulation, FTHFS genes were expressed; the
transcripts were derived from phylogenetically predicted
homoacetogens, suggesting that reductive acetogenesis was
operated by hitherto unidentified bacteria. When acetate
concentrations were high, the FTHFS expression ceased and
Thermoanaerobacterium aciditolerans proliferated selective-
ly. This thermoacidophilic bacterium would play a decisive
role in acetate production via fermentative metabolism. The
results of this study reveal for the first time that an
uncultured Chloroflexi, T. aciditolerans, and novel homo-
acetogens were metabolically associated with acidic shock
and subsequent VFA accumulation in an anaerobic digester.

Introduction

Mutual and syntrophic interactions of functionally distinct
microorganisms are crucial for the methanogenic conversion of
organic matter [36, 48]. In anaerobic digesters, the methano-
genic process consists of hydrolysis, fermentation, syntrophic
oxidation, and methanogenesis. Bacterial groups catalyze the
first three metabolic steps, while the last one is mediated by
the methanogenic archaea. Because these degradation steps
are highly associated with each other, an imbalance between
the bacterial and archaeal populations causes the deterioration
of reactor performance [26, 55]. It has been reported that
various environmental factors, e.g., pH, temperature, sub-
strate, and dilution rate, greatly affect the activity and
composition of digester microbiota [12, 24, 30, 45].

An important objective for microbial ecologists studying
anaerobic digesters is to predict and prevent unexpected
process failure based on knowledge of the microbial
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community structure and function. Up to now, some
deterioration events have been investigated intensively in
order to elucidate the process stability [5, 6, 42]. For
instance, the bulking of methanogenic granules has been
recognized as a serious problem. The diversity and
distribution of the deterioration-triggering microbes have
been demonstrated using molecular- and culture-based
approaches [43, 51, 54]. However, in general, process
failures occur accidentally, which makes it difficult to
clarify the microorganisms involved.

Acidification is one of the most common problems causing
process deterioration in anaerobic digesters [46]. The sudden
drop in pH is attributed to the accumulation of volatile fatty
acids (VFAs) and the resulting breakthrough in the buffering
capacity of digestive sludge. The bacterial groups have been
understood to be involved mainly in the production of VFAs.
The main pathway for acidogenesis is fermentative metab-
olism by anaerobic organotrophs. In addition, the acetyl-
CoA pathway for reductive acetogenesis is another possible
way to generate acetate, one of the most abundant VFAs in
anaerobic environments. Hori et al. reported that the
acidification process can be reproduced by the control of
reactor-operating conditions in a laboratory-scale experiment
[14]. DNA-based analyses revealed that the dynamic shift of
methanogens was related to the concentration of VFAs. On
the other hand, the response of bacterial populations to acidic
shock remains to be clarified.

RNA-based fingerprinting methods have been proven
adequate for monitoring metabolically active microorganisms
[10, 19, 40]. Transcription of the 16S rRNA gene is involved
in the global protein synthesis of microbiota, whereas the
mRNA expression of specific functional genes captures the
substrate-metabolizing activity of the functional guilds. The
formyltetrahydrofolate synthetase (FTHFS) gene has been
used as an ecological biomarker for reductive acetogenesis
[13, 23, 29]. Thus, transcriptional profiling of both the 16S
rRNA and FTHFS genes would provide deeper insight into
the active acidogenic bacteria in anaerobic digesters. The
aim of this study was to investigate the metabolic responses
of a microbial population to the acidification and subsequent
process deterioration in a thermophilic anaerobic digester
using the transcriptional profiling of the 16S rRNA and
FTHFS genes.

Materials and Methods

Operation of the Anaerobic Digester

A seed culture was collected from a thermophilic anaerobic
digester for treating garbage wastewater and was cultivated
at 55°C in a 1.4 l agitation tank (Labo-controller MDL-8L;
B. E. Marubishi, Tokyo, Japan) [15]. Synthetic wastewater

containing glucose (1%, w/v) as a sole carbon and energy
source was injected into the bioreactor at a dilution rate of
0.1 day−1. The composition of the wastewater was
described in detail previously [14]. The minerals were
supplemented once a day at the following final concen-
trations (mg l−1): FeSO4·7H2O, 5.53; CoCl2·6H2O, 0.48;
ZnCl2, 0.67; CaCl2·2H2O, 0.59; CuCl2·2H2O, 0.16;
MnCl2·4H2O, 2.02; H3BO4, 0.063; Na2MoO4·2H2O,
0.0045; and NiCl2·6H2O, 0.65. Prior to the initiation of
the experiment, the reactor was operated stably with pH
controlled at 7.1 by an automatic titration of 5 N NaOH.
The pH control was stopped at the start of the experiment in
order to induce a gradual decrease in pH. Subsequently, the
pH naturally dropped because the buffering capacity of the
wastewater broke down (Fig. 1). After the acidic shock, the
pH value was maintained at 6.1 using the NaOH titration. A
stepwise increase in pH was conducted to facilitate
recovery from acidification. The reproducibility of induc-
tion of the acidification, deterioration, and recovery states
was confirmed in the operation of parallel reactors. Gas
production was measured daily on the basis of liquid
displacement. The concentration of VFAs was determined
at least once every 3 days using an HPLC (Alliance 2695;
Waters, Tokyo, Japan) equipped with an OApak column
(Tosoh, Tokyo, Japan) and a photodiode array (2996;
Waters). The substrate carbon was recovered as the
microbial cells (i.e., total suspended solids) and metabolites
(e.g., VFAs and gases). Throughout the operation, the
digestion slurries were sampled for molecular analyses.

Extraction of Total Nucleic Acids and the Subsequent
RT-PCR or PCR

Nucleic acids were extracted from the culture samples using
a direct lysis protocol involving bead beating [37]. Total
RNA was prepared by digestion with DNase (RQ1;
Promega, Tokyo, Japan), and total DNA was purified with
RNase treatment (Type II-A; Sigma-Aldrich, Tokyo, Japan).
RT-PCR and PCR were conducted for terminal restriction
fragment-length polymorphism (T-RFLP) [28] and clone
library analyses. For the 16S rRNA-based analysis, primer
set Ba27f/Ba907r was used for bacteria, and a set of
Ar109f/Ar912rt was used for archaea [33, 34]. The primer
set for the FTHFS genes was described previously [29].
For T-RFLP, the 16S rRNA primers (Ba27f and Ar912rt)
and the FTHFS-targeted forward primer were covalently
labeled with 6-carboxyfluorescein (FAM). RT-PCR of the
16S rRNA was carried out using a Primescript one-step
RT-PCR kit (Takara, Tokyo, Japan). A SuperScript III one-
step RT-PCR with Platinum Taq (Invitrogen, Tokyo,
Japan) was used for RT-PCR of the FTHFS-coding
mRNA. The PCR amplification was performed with
AmpliTaqGold (Applied Biosystems, Tokyo, Japan). The
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thermal conditions of the 16S rRNA-based PCR were as
follows: pre-denaturation at 94°C for 10 min, and then 20
cycles of denaturation at 94°C for 30 s, annealing at 52°C
for 45 s, and elongation at 72°C for 90 s; and a final
extension step at 72°C for 5 min. During RT-PCR of the
16S rRNA, reverse transcription was performed at 48°C
for 45 min, followed by the PCR program. The thermal
cycle conditions of the FTHFS-based PCR were described
previously [29]. The thermal conditions of the FTHFS RT-
PCR were reported by Pester and Brune [38]. We conducted
reverse transcription at 55°C for 45 min and 30 cycles in the
standard PCR program, during which the annealing temper-
ature was 55°C. A high temperature (55°C) for the reverse
transcription and annealing steps was implemented to avoid

the formation of nonspecific amplicons. The absence of
DNA contamination was confirmed by RT-PCR without
reverse transcriptase.

T-RFLP Analyses Based on the 16S rRNA and FTHFS
Genes and Their Transcripts

The RT-PCR and PCR amplicons were purified using a
Wizard SV Gel and PCR Clean-Up System (Promega). The
bacterial and archaeal 16S rRNA fragments were digested
with restriction enzymes MspI and TaqI (New England
Biolabs, Tokyo, Japan), respectively. The FTHFS gene
amplicons were digested simultaneously with TaqI and RsaI
(New England Biolabs). One microliter of the restriction
digests was added to 15 μl Hi-Di formamide (Applied
Biosystems) containing 0.4 μl of a GeneScan 500 or 1,000
(Applied Biosystems) as the internal size standard. Prior to
starting electrophoresis, the mixture was heated at 95°C for
3 min and chilled on ice. Terminal restriction fragments
(T-RFs) were separated by capillary electrophoresis with a
3130xl genetic analyzer (Applied Biosystems). T-RFLP
profiles were analyzed on the basis of the peak size and
area using GeneMapper software, version 3.7 (Applied
Biosystems). A T-RF with more than 1% abundance to the
total peak area was treated as a distinct one [9]. T-RFLP
was conducted in triplicate and the mean of the relative
abundances of T-RFs was used for presentation.

Statistical Analyses of the 16S rRNA-Based T-RFLP Data

To investigate the bacterial transition during the reactor
operation, the T-RFLP profiles based on the bacterial 16S
rRNA genes and transcripts were applied to principal
component analysis (PCA) using JMP software, version
5.1 (SAS Institute, Tokyo, Japan). The length and relative
abundance of T-RFs were used for the statistical processing.
After a covariance data matrix was calculated by using
pairwise case deletion and varimax rotation methods, the
resulting data were plotted in a two-dimensional map.

Cloning and Sequencing of the 16S rRNA and FTHFS
Gene Transcript

To phylogenetically identify a whole range of metabolically
active bacteria and archaea, the bacterial 16S rRNA from
days 26, 33, 38, and 43 and the archaeal rRNA from day 43
were subjected to the RT-PCR, cloning, and sequencing.
The transcription of the FTHFS genes was investigated
when the concentrations of acetate in the culture superna-
tant were 2.1, 9.6, 21.4, and 31.1 mM; the RT-PCR product
was not obtained at the concentration of 31.1 mM. Thus,
the clone library analysis was conducted at the lower three
concentrations. The PCR and RT-PCR conditions were the
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Figure 1 Reactor performance during the operation of the thermo-
philic methanogenic process: open diamond pH, black square gas
production rate, black triangle acetate concentration, open circle
propionate concentration, black diamond butyrate concentration, and
square lactate concentration. Arrows indicate the sampling points for
the 16S rRNA-based T-RFLP and clone library analyses (in boldface).
The reproducibility of reactor performances was confirmed in the
operation of parallel reactors. The representative operation as the
whole consensus was chosen for presentation

Microbial Dynamics in an Acidic Anaerobic Digester 597



same as mentioned above. The PCR amplicons were
purified using a QIAquick PCR purification kit (Qiagen,
Tokyo, Japan), and then ligated into a plasmid vector
pGEM-T Easy (Promega) according to the manufacturer’s
instructions. Escherichia coli JM 109 supercompetent cells
(Toyobo, Tokyo, Japan) were transformed with the plasmid.
The DNA segments were extracted using a GenElute
Plasmid Miniprep Kit (Sigma-Aldrich) and used as tem-
plates for sequencing reactions with a BigDye Terminator
v3.1 Cycle Sequencing kit (Applied Biosystems). Sequenc-
ing was carried out using the 3130xl genetic analyzer
(Applied Biosystems).

Phylogenetic Analysis of the Sequence Data

The absence of the chimeric structure was checked by
phylogenetically analyzing the terminal stretches at 5′ and
3′ ends [31, 32]. The 16S rRNA clones with at least 97%
sequence similarity were grouped in an operational taxo-
nomic unit (OTU) [1, 47]. For the FTHFS analysis, clones
with >93% amino acid sequence identity were treated as an
identical phylotype and clones with at least 99.5% of the
gene sequence similarity were defined as belonging to the
same genotype [38]. A representative sequence from each
OTU and genotype was deposited in the database. The
cultured relative was determined by comparing the gene
sequence with those in the DDBJ nucleotide sequence
database using the BLAST program. For the 16S rRNA, the
phylogenetic tree was constructed using ARB software
(http://www.arb-home.de) [32]. The sequence data were
aligned automatically and then corrected manually. Base
lineage trees were constructed by neighbor-joining, maxi-
mum parsimony, and maximum likelihood methods using
reference 16S rRNA gene sequences with >1,400 nucleo-
tides. In order to reveal the phylogenetic position of partial
16S rRNA sequences, the aligned sequences were added to
the trees by using the ARB parsimony tool. For the FTHFS
gene, the deduced amino acid sequences were aligned using
ClustalX software, version 2.00 [50]. After the alignment
gaps were ruled out manually, phylogenetic trees were
constructed by the neighbor-joining and maximum likeli-
hood methods using Phylip software, version 3.68 [11]. In
both gene cases, use of the different tree construction
algorithms resulted in similar dendrogram topology. Boot-
strap values were obtained from 1,000 replications.

Accession Numbers

The nucleotide sequence data obtained in this study have
been deposited in the DDBJ nucleotide sequence database
under accession numbers AB516974 to AB516992 for the
16S rRNA gene and AB517149 to AB517153 for the
FTHFS gene.

Results

Monitoring of Reactor Performance in the Anaerobic
Digester

Physicochemical parameters of reactor performance were
monitored throughout the operation (Fig. 1). The reproduc-
ibility of the acidification and recovery processes was
confirmed by the operation of parallel reactors. The pH
decreased gradually from 7.1 to 6.6 during the first 23 days,
and suddenly dropped to 6.1 at day 25. The concentration
of acetate was <1.7 mmol l−1 for the first 20 days, and
afterwards, it increased from 4.3 mmol l−1 at day 23 to
52.0 mmol l−1 at day 36. The propionate concentration
increased from 0.3 mmol l−1 at the beginning of the
operation to 1.6 mmol l−1 at day 23. After the acidic shock,
propionate was accumulated again to the concentration of
4.6 mmol l−1 at day 31; the concentration of propionate
remained at this level for the remainder of the experiment.
The pH drop stimulated the butyrate and lactate accumu-
lation; the concentration of these acids transiently increased
and decreased within a range of 0 to 2.2 mmol l−1. The gas
production rate fluctuated within 160 to 390 ml day−1

during the first 23 days and then decreased from
210 ml day−1 at day 25 to 70 ml day−1 at day 28. During
the following 8 days, the gas production rate remained
approximately 100 ml day−1. After the pH was increased to
6.3 at day 37, the accumulated VFAs (except propionate)
were degraded; in particular, a rapid degradation of acetate
was observed from days 37 to 43. The degradation of VFAs
coincided with vigorous gas production and a spontaneous
increase in the pH to the neutral range from day 39. More
than 80% of the glucose carbon was recovered in microbial
cells, VFAs, and gases (data not shown).

Community Transition of Bacteria and Archaea
Using the 16S rRNA-Based T-RFLP

The microbial community succession during the operation
was examined using the RNA- and DNA-based T-RFLP
(Fig. 2). A total of 16 T-RFs were detected in both the
bacterial RNA and DNA profiles; however, the composi-
tion and abundance differed considerably from each other
(Fig. 2a and c). The RNA analysis revealed a drastic change
in T-RFs such as 148, 521, and 161 bp. On only the RNA
fingerprint, T-RF of 521 bp appeared (relative abundance:
5.6–8.3%) from days 23 to 29, during which the pH
dropped and acetate accumulated at concentrations of 4.1–
26.0 mM. The PCA indicated a grouping of these days on
the right side of the plot (Fig. 3a). Days 33–40, when
acetate concentrations were >39.1 mM, were characterized
by a proliferation of the 161-bp T-RF (41–66% of the total
peak area). These days are closely located at the lower left
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on the PCA plot. After the degradation of accumulated
acetate, T-RFs of 171 and 466 bp appeared, and those of
159 and 167 bp reappeared. Day 43 is mapped at the upper
part of the PCA plot, which is distant from days 33–40 and
rather close to the start of the operation. On the other hand,
the DNA-based T-RFLP showed that T-RF of 289 bp was
dominant, accounting for ∼88% of the total. Based on the
PCA, days 0 and 8 are distinct from each other and any
other days (Fig. 3b). Days 17 to 43 are located closely at
the upper left on the plot; however, the population was
slightly changed at day 38. The T-RFLP pattern at day 38 is
rather similar to those at days 17, 23, and 26. This may
have been caused by the exclusive predominance of the
171-bp T-RF and seems to have little relationship with
reactor performance. The start and end points of the
operation are far from each other on the plot. With respect
to archaeal dynamics, no significant difference was ob-
served between the RNA and DNA profiles (Fig 2b and d).
During the operation, the 92-bp T-RF was most abundant
(54–91% of the total). The abundance of the 187-bp T-RF

decreased along with the acidification process. From
days 29 to 40, when the pH was maintained at an acidic
range (pH, 6.1–6.4), the 187-bp peak was not detected in
the DNA profile, while a small portion of the peak
remained in the RNA profile. Only on the RNA fingerprint,
the 381-bp T-RF appeared at day 43.

Phylogenetic Identification of the Acidic
Deterioration-Associated Microbiota

To phylogenetically identify the metabolically active micro-
organisms during the reactor operation, clone libraries from
the 16S rRNA were constructed. For bacteria (Table 1), (a)
the Bd26 library (n=47 clones) from day 26, (b) the Bd33
library (n=47) from day 33, (c) the Bd38 library (n=48)
from day 38, and (d) the Bd43 library (n=52) from day 43;
for archaea, (e) the Ad43 library (n=48) from day 43. A
total of 14 OTUs were obtained from the bacterial libraries.
In the Bd26 library, OTU B1 was detected as a main
component (21% of the total). The expected T-RF size is

Figure 2 Microbial community dynamics as determined by the RNA-
and DNA-based T-RFLP. a Bacterial fingerprint from the 16S rRNA.
b Archaeal fingerprint from the rRNA. c Bacterial fingerprint from the
rRNA gene. d Archaeal fingerprint from the rRNA gene. The possible

OTU corresponding to T-RF is presented in parentheses and boldface.
The T-RFLP was conducted in triplicate, and the mean of the relative
abundances of T-RFs was used for presentation
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521 bp, which corresponds to the dominant T-RF from days
23 to 29 (Fig. 2a). The OTU had no cultured representative
and formed a novel branch in the phylogenetic tree within
the phylum Chloroflexi (Fig. 4a). In the Bd33 and Bd38
libraries, 52–59% of the clones belonged to Thermoanaer-
obacterium aciditolerans (AY350594; 98% similarity;
Fig. 4a). The T-RF is expected to be 161 bp, which
matches with the primary T-RF from days 33 to 40
(Fig. 2a). In addition, the Bd38 library included OTU B5,
which was affiliated with Moorella thermoacetica
(AY884087; 98% similarity). The T-RF is estimated to be
148 bp, which was found by the RNA T-RFLP at days 38
and 40 (Fig. 2a). The Bd43 library contained OTU B8. The
predicted T-RF is 466 bp, corresponding to the major T-RF
at day 43 (Fig. 2a). In the archaeal library, OTUs A1 and
A2 were the dominant members (69% and 25% of the total,

respectively). OTU A1 was identified as the hydrogeno-
trophic methanogen Methanothermobacter thermautotro-
phicus (DQ657903; 100% similarity). The expected T-RF is
92 bp, corresponding to the primary T-RF detected (Fig. 2b
and d). OTU A2 was affiliated within an uncultured
phylogenetic group, the so-called rice cluster III (Fig. 4b).
They were closely related to the uncultured euryarchaeote
clone 1C (GQ365371; 99% similarity). The expected T-RF
is 381 bp, representing the distinctive appearance at the end
of the reactor operation. Minor OTUs belonged to M.
thermautotrophicus (AY196660; 95% similarity), Metha-
noculleus thermophilus (EF118904; 99% similarity), and
Methanosarcina thermophila (M59140; 98% similarity);
the respective T-RFs are estimated to be 393, 84, and
187 bp.

Expression Profile of the FTHFS Genes by the T-RFLP
and Clone Library Analyses

Under acidic conditions (pH 6.1–6.4), acetate was formed
as the main microbial metabolite, and other VFAs, such as
propionate and/or butyrate, were also found (Fig. 1). The
FTHFS genes were transcribed at acetate concentrations
(mM) of 2.1, 9.6, and 21.4, while expression was not
detected at the concentration of 31.1 mM. T-RFLP was
conducted to characterize the FTHFS-expressing bacteria.
The T-RFLP patterns of DNA were quite simple; only one
predominant T-RF of 329 bp was observed. In the mRNA
T-RFLP, the 329-bp T-RF was also a main constituent.
Additionally, the 138- and 102-bp T-RFs were detected at
the acetate concentration of 2.1 mM. The clone library
analysis phylogenetically identified these T-RFs (Table 2).
A total of two phylotypes were obtained in the libraries.
Phylotype A, corresponding to the 329-bp T-RF, had no
cultured representative, and the sequence identity of amino
acids was 73.0% to the homoacetogen Thermoanaerobacter
kivui (formerly called Acetogenium kivui) [25]. The other
phylotype B (T-RF of 138 bp) was also novel, and the
sequence identity of amino acids was 79.0% to the
homoacetogen M. thermoacetica [8]. The phylotypes
formed separate branches that clustered with sequences
from known homoacetogens (Fig. 5). Recently, Henderson
et al. proposed a “Homoacetogen similarity” (HS) score on
the basis of conserved FTHFS residues that are diagnostic
for homoacetogenic bacteria [13]. An FTHFS sequence
with high HS scores may have originated from homoace-
togen. The HS score from phylotypes A and B was
calculated to be >75%, higher than the score (<60%) from
bacterial groups containing non-homoacetogenic isolates
[13]. The clones representing the 102-bp T-RF were
detected during the construction of the mRNA-based
library; however, these were identified to be chimerical
and thus, ruled out for further examinations.
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Table 1 Frequency of the bacterial OTUs and the closest relative of microorganisms in the 16S rRNA-based clone libraries

Library
name

Bd
26

Bd
33

Bd
38

Bd
43

T-RF
(bp)

The closest relative of the isolated microorganism
(accession no.)

Phylogenetic group Similarity
(%)

OTUa No. of clones

B1 10 0 0 0 521 Bellilinea caldifistulae (AB243672) Chloroflexi 83%

B2 0 28 25 9 161 Thermoanaerobacterium aciditolerans
(AY350594)

Clostridia 98%

B3 18 13 9 27 282 Anaerobaculum mobile (AJ243189) Synergistetes 99%

B4 7 4 5 4 289 Coprothermobacter proteolyticus (X69335) Clostridia 99%

B5 0 0 8 2 148 Moorella thermoacetica (AY884087) Clostridia 98%

B6 3 0 0 4 140 Pelotomaculum isophthalicum (AB232785) Clostridia 85%

B7 1 1 0 0 303 Thermodesulfovibrio thiophilus (AB231857) Nitrospirae 99%

B8 0 0 0 3 466 Desulfomicrobium thermophilum (AY464939) Deltaproteobacteria 79%

B9 7 0 0 0 167 Clostridium caenicola (AB221372) Clostridia 100%

B10 1 0 0 0 272 Clostridium sp. M-43 (AB504378) Clostridia 99%

B11 0 1 0 0 171 Pelotomaculum terephthalicum (AB091323) Clostridia 84%

B12 0 0 1 0 132 Caloramator australicus (EU409943) Clostridia 85%

B13 0 0 0 2 496 Proteobacterium Core-1 (AB111104) Betaproteobacteria 99%

B14 0 0 0 1 700 Pirellula staleyi (AF399914) Planctomycetes 82%

a Clones with at least 97% sequence similarity of the 16S rRNA

Figure 4 Phylogenetic tree
showing the relationship of the
16S rRNA phylotypes (i.e.,
OTUs B1 and B2 [A] and OTU
A2 [B]). The base lineage tree
was constructed using the
maximum parsimony method.
Bootstrap values were obtained
from 1,000 replications, and
>90%, 70 to 89%, and <69%
are shown with black, gray,
and open circles, respectively.
The scale bar represents 10%
sequence divergence. The
GenBank accession numbers of
the reference sequences are
given. The subphylum-level
groups in the phylum Chloro-
flexi are numbered in brackets
according to a previous report
[18]

Microbial Dynamics in an Acidic Anaerobic Digester 601



Discussion

In this study, we investigated metabolically active micro-
biota during the acidification processes in a thermophilic
anaerobic digester. The reproducible induction of acidic
reactor conditions formed the foundation of this study.
The transcription profiling of the 16S rRNA gene
revealed a distinctive appearance of putatively fermenta-
tive bacteria (i.e., an uncultured Chloroflexi subphylum I
bacterium, T. aciditolerans, and M. thermoacetica) along
with the accumulation of VFAs. Furthermore, the expres-
sion analysis of the FTHFS genes demonstrated that novel
and phylogenetically presumed homoacetogens may have
been involved in reductive acetogenesis during the
acidification process.

A novel Chloroflexi subphylum I bacterium (OTU B1, T-
RF of 521 bp) was metabolically active from days 23 to 29
(Figs. 2a and 4a), during which the pH dropped and acetate
accumulated at concentrations of 4.1–26.0 mmol l−1. This
OTU was, to some extent, related to the filamentous
Anaerolinea thermophila (AB046413; 82% sequence simi-
larity), which proliferated during the granule balking in
UASB-type anaerobic digesters [44]. The uncultured sub-
phylum I bacteria have also been found as the dominant
members in the submerged membrane reactor (e.g., environ-
mental clones CMBR-2 and CMBR-3 in Fig. 4a) [35].
Owing to physiological assays on a wide range of
subphylum I bacteria [35, 44, 52, 53], the phylogenetic
group might be capable of fermenting carbohydrates under
anaerobic conditions. At present, it is unknown why these

Table 2 Number of clones detected in the FTHFS-based libraries sampled at the indicated acetate concentrations

Phylotypea The acetate concentrations T-RF
(bp)

The related phylotype
(accession no.)

Similarityb Genotypec

2.1 mM 9.6 mM 21.4 mM

RNA DNA RNA DNA RNA DNA

A 33 44 46 42 44 37 329 Thermoanaerobacter kivui
(AAK20249)

73% GA1, GA2,
GA3

B 12 1 0 0 0 0 138 Moorella thermoacetica (P21164) 79% GB1, GB2

a Clones with more than 93% sequence similarity of the deduced amino acid
b Similarity is based on the amino acid sequence
c Clones with >99.5% of the gene sequence similarity

Figure 5 Phylogenetic tree
showing the relationships of
the FTHFS phylotypes A and
B (presented in boldface).
Gray zone indicates non-
homoacetogens. The deduced
amino acid sequences were used
to construct the tree using the
neighbor-joining method.
Bootstrap values were obtained
from 1,000 replications, and
>90%, 70 to 89%, and 50% to
69% are shown in black, gray,
and open circles, respectively.
The bar represents 10%
sequence divergence. The
GenBank accession numbers
of the reference sequences
are shown
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appeared distinctively at the acidic shock. However, it is
noted that the phenomenon can be potentially indicative of
initiating the sudden decrease of pH. The FTHFS genes were
transcribed at acetate concentrations of 2.1–21.4 mmol l−1

(Table 2). Higher accumulation of acetate might interfere
with FTHFS expression. The main transcript, phylotype A,
was presumed to be a novel and homoacetogenic bacterium
because of its phylogenetic placement (Fig. 5) and high HS
score (>75%). Under acidic conditions, the concentration of
dissolved H2 might be high [4, 41]. Acetogens could utilize
H2/CO2 for reductive acetogenesis even if hydrogenotrophic
methanogens coexisted [56]. The acetyl-CoA pathway has
been known to be operational in acetate assimilation [7], and
thereby, the FTHFS expression can reflect the outgrowth of
such bacteria. However, the temporal expression of specific
FTHFS genes (i.e., phylotypes A and B) rules out the
possibility that the expression was accounted for by
assimilative metabolism. These findings strongly suggest
that reductive acetogenesis by the specific bacterial lineages
contributed to acetate production at the beginning of the
process deterioration. The precise and quantitative evaluation
of reductive acetogenesis can be done by the isotope probing
technique and/or cultivation to directly link the microbial
phylogeny and physiology.

T. aciditolerans (OTU B2, T-RF of 161 bp) was
activated selectively at high concentrations of acetate
(>39.1 mmol l−1) from days 33 to 40 (Figs. 2a and 4a).
This bacterium is able to ferment a variety of mono- and
disaccharides including glucose under acidic and thermo-
philic conditions (i.e., within a pH range of 3.2–7.1 and a
temperature range of 45–68°C) [22]. The primary products
of glucose fermentation are acetate and lactate, which were
found during the deteriorative phase. Therefore, fermenta-
tive bacterium OTU B2 was expected to have a direct role
in VFA production in the acidic digester (pH, 6.1–6.4). At
this time, M. thermoacetica (OTU B5, T-RF of 148 bp) was
also metabolically active. The OTU might engage in
fermentative metabolism rather than reductive acetogenesis
[8] because the FTHFS expression was not observed with
the high acetate accumulation. With respect to archaeal
dynamics, the aceticlastic methanogen Methanosarcina sp.
(OTU A5, the 187-bp T-RF) disappeared from the acidic
digester (Fig. 2d), which is consistent with the fact that,
thus far, all detected acidophilic methanogens have been
hydrogenotrophic [2, 3, 21].

Active bacterial and archaeal populations were estab-
lished as a result of the recovery from acidification.
Uncultured bacteria (OTUs B11 and B8) may be possible
candidates of VFA-oxidizing syntroph [39, 49]; however,
they both showed low sequence similarities of the 16S
rRNA to those from cultured representatives (Table 1).
Further research is needed to determine whether or not
these bacteria are the VFA-oxidizing syntroph. Further-

more, a novel uncultured archaeon (OTUA2, T-RF of 381 bp)
became active just after acetate degradation (Figs. 2b and 4b).
Its physiological propensities have not been identified yet.
However, in another reactor perturbed by organic loading,
the related sequence (Clone D204_2 in Fig. 4b) was
obtained after the decomposition of acetate (data not shown).
And the relative clone (euryarchaeote clone 1C in Fig. 4b)
was found in acetate-degrading enrichment [27]. It is
tempting to think that this organism is related to the
anaerobic metabolism of acetate. An enrichment of the rice
cluster III organisms (clones LL25A1 and LL37A19 in
Fig. 4b) has been investigated by cultivation and molecular
approaches [20]. Those authors suggested that the uncultured
archaeon grew heterotrophically on peptides; nevertheless,
this is one possibility.

The results of this study demonstrate that the dynamic
shifts of metabolically active microbiota were closely corre-
lated with the reactor performance, especially with the acidic
shock and acetate accumulation levels. The transcriptional
profiling of the 16S rRNA and FTHFS genes showed that an
uncultured Chloroflexi bacterium, T. aciditolerans, and novel
homoacetogens were responsible for acidogenic metabolism
(i.e., fermentation and reductive acetogenesis) during the
acidification process. Following the present study, the key
acidogenic bacteria will be directly identified by stable
isotope probing [16, 17]. Clarification of the ecophysiolog-
ical features of deterioration-associated microorganisms
should contribute to our understanding of the mechanism
underlying the process stability.
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