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Characterization of filamentous bacteria,
belonging to candidate phylum KSB3,
that are associated with bulking in
methanogenic granular sludges
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A fatal bulking phenomenon was found to occur occasionally in the methanogenic granular sludge
of a mesophilic (35–401C), full-scale upflow anaerobic sludge blanket (UASB) reactor treating
organic wastewater discharged from a sugar manufacturing factory. A vast number of filamentous
cells were observed in the bulking sludge that were morphologically distinct from the previously
recognized anaerobic bulking agent Anaerolinea thermophila. 16S rRNA gene-based analyses of the
microbial populations in the bulking sludge revealed that the dominant filamentous organisms were
members of proposed candidate bacterial phylum, KSB3. Fluorescence in situ hybridization (FISH)
analysis of the healthy sludge granules showed that the KSB3 filaments were the dominant granule
surface population suggesting that they are fundamental constituents of the sludge granules and
that they occasionally overgrow in the reactor, possibly triggering the filamentous bulking. We
surveyed 10 additional mesophilic and thermophilic anaerobic sludges for the presence and
diversity of KSB3 populations. Bacteria closely related to the characterized KSB3 filaments were
present in two types of mesophilically grown UASB sludge granules treating actual wastewater
discharged from sugar-processing industries.
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Introduction

The upflow anaerobic sludge blanket (UASB) pro-
cess is a mature technology for treating medium-
and high-strength organic wastewaters (Lettinga,
1995; Sekiguchi and Kamagata, 2004) with more
than 850 commercial UASB processes in use around
the world (Kleerebenzem and Macarie, 2003). The
range of wastewaters that can be treated using the
technology is now expanding to include low-
strength wastewater (Uemura and Harada, 2000),

wastewater under hyperthermophilic (Lepistö and
Rintala, 1999; Vallero et al., 2004) and psychrophilic
conditions (Rebac et al., 1999; Lettinga et al., 2001),
and more complex wastewaters containing anthro-
pogenic compounds and/or compounds recalcitrant
to biodegradation (Donlon et al., 1997; van der Zee
et al., 2001). With an increasing demand on the
application of UASB technology, serious perfor-
mance problems are also on the rise (Sekiguchi
and Kamagata, 2004). The sudden washout of
granular sludge from the reactor vessel is one such
problem associated with treatment of various types
of high-strength organic wastewater (for example
carbohydrate-containing wastewater) (Yoda et al.,
1989; Wu et al., 1993; Alphenaar, 1994; Angenent
and Sung, 2001; Sekiguchi et al., 2001). Since the
high-rate treatment of wastewater by UASB depends
on retention of high concentrations of biomass in the
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reactor vessel (as sludge granules), the floatation and
subsequent washout of granular sludge severely
affects treatment performance often leading to
complete loss of performance.

One cause of floatation is gas bubble entrapment
within sludge granules. Sludge granules have been
observed by scanning electron microscopy (SEM)
and fluorescence in situ hybridization (FISH)
(Harmsen et al., 1996; Sekiguchi et al., 1999) to
have cavities in their cores, and these cavities in
which gas bubbles become entrapped provide buoy-
ancy for floatation to occur (Kosaric et al., 1990;
Yoda and Nishimura, 1997). Addition of Fe to the
process was reported to be an effective means of
avoiding gas entrapment, because FeS particles were
suggested to form and subsequently accumulate in
the empty space of the sludge granules (Yoda and
Nishimura, 1997). Formation of fluffy granules is
another cause of sludge floatation found in various
UASB reactors. The majority of the fluffy UASB
sludge granules reported so far were known to be
caused by the overgrowth of certain types of
filamentous microorganisms (anaerobic filamentous
sludge bulking) (Yoda et al., 1989; Wu et al., 1993;
Alphenaar, 1994; Angenent and Sung, 2001; Seki-
guchi et al., 2001). Similar sludge floatation was also
reported for anaerobic contact processes (Endo and
Tohya, 1988). Although various morphologically
distinct types of filamentous cells have been observed
in fluffy anaerobic sludges, little is known about
the physiology or phylogeny of these organisms.
Recently, the filamentous anaerobe Anaerolinea
thermophila has been identified as a causative agent
of fluffy sludge in a thermophilic UASB process.
This is the first well-characterized bulking agent
of anaerobic sludge (Sekiguchi et al., 2001, 2003).

We found fluffy sludge granules causing severe
sludge bulking in a full-scale mesophilic UASB
process that had been treating a high-strength
organic wastewater discharged from a sugar-manu-
facturing factory. Unidentified filamentous organ-
isms morphologically distinct from A. thermophila
were found to be the dominant morphotype in the
bulking sludge. In this paper, we first attempted to
identify these filaments using 16S rRNA-based
analyses, then determined their spatial organization
in bulking and non-bulking sludge granules using
FISH with confocal laser scanning microscopy
(CLSM), and SEM. Finally, to determine the extent
and phylogenetic diversity of KSB3 filaments in
anaerobic sludges, we performed 16S rRNA gene-
based analyses for ten different types of UASB
sludges and digester sludges.

Materials and methods

Operation of anaerobic processes
Seven different types of UASB sludge granules
(AMG, BMG, CMG, ATG, STG, PMG and PTG) and
three types of digester sludges (NMD, JTD and OTD)

were used in this study (Table 1). AMG, BMG, CMG,
ATG and STG reactors were fed with wastewater as
described previously (Yamada et al., 2005). PMG
and PTG reactors treated wastewater discharged
from the same palm oil-manufacturing plant. NMD
and OTD reactors have digested sewage sludges, and
JTD has decomposed domestic organic wastes. All
reactors exhibited good performance for chemical
oxygen demand (COD) removal as well as methane
formation (with 45–85% methane conversion rates)
at the sampling date.

Bulking sludges and sludge granules (before bulk-
ing) were collected from a mesophilic (35–401C), full-
scale UASB process (reactor volume: approximately
400 m3) used to treat an actual organic wastewater
discharged from a sugar-manufacturing factory (CMG
reactor) (Yamada et al., 2005). Before the bulking
occurred, the UASB process had exhibited good
treatment performance for COD removal (with 90 to
95% removal efficiencies) as well as good methane
formation (with more than 80% methane conversion
rates). Sludge granules (1–2 mm in diameter) that
settled well had been successfully formed in the
reactor.

Construction of 16S rRNA gene clone library for
bulking sludge and other anaerobic sludges
DNA extraction from bulking sludge samples was
performed based on the method of Miller et al.,
(1999) with slight modifications as described pre-
viously (Yamada et al., 2005). PCR amplification of
16S rRNA genes and subsequent cloning were
performed according to a previous report (Sekiguchi
et al., 1998). 16S rRNA gene amplification was per-
formed using a Bacteria-specific primer set: that is
the domain Bacteria-specific primer 27f (50- AGAG
TTTGATCCTGGCTCAG-30, Escherichia coli position
8–27) and the universal primer 1492r (50-GGTTAC
CTTGTTACGACTT-30, E. coli position 1491–1509)
(Weisburg et al., 1991). The amplified PCR product
was purified with a Microspin column (GE Health-
care, Uppsala, Sweden) and cloned using a TA
cloning kit (Novagen, San Diego, USA). Thirty
clonal rRNA genes were randomly picked from the
clone library for further analysis.

To construct 16S rRNA gene clone libraries of
the members of the phylum KSB3, we extracted
DNA from the anaerobic sludge samples, and then
amplified 16S rRNA genes belonging to the KSB3
phylum using 27f (Weisburg et al., 1991) and a
KSB3-specific primer 3KSB1238r (50-CCGCTGTCC
TCCCCATT-30, E. coli position 1238–1245) designed
in this study (Table 3). PCR amplification and
subsequent cloning were carried out as mentioned
above. Ten clonal rRNA genes were randomly
picked from the clone libraries for further analysis.

Sequencing and phylogenetic analyses
Clone sequences were determined with a CEQTM

DTC kit-Quick start kit (Beckman Coulter, Fullerton,
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USA) and an automated sequence analyzer (model
CEQ-2000; Beckman Coulter). Sequence data were
aligned in an ARB data set using the ARB program
package (Ludwig et al., 2004) and the aligned data
were manually corrected by using the editing tool in
the package (Ludwig et al., 2004). The phylogenetic
placements of all 16S rRNA gene sequences were
determined using the neighbor-joining method
(Saitou and Nei, 1987), implemented in the ARB
program (substitution correction model: Olsen cor-
rection). To estimate the confidence of tree topolo-
gies, bootstrap resampling analysis (Felsenstein,
1985) for 1000 replicates was performed with the
PAUP* 4.0 program package (Swofford, 2002).
Clonal sequences that have 100% sequence identity
with each other were grouped into one phylotype.
Chimeric sequences were checked by partial treeing
analysis (Hugenholtz and Huber, 2003). The phylo-
types found in the clone libraries were designated as
follows: YM-1 from the clone library for the bulking
sludges, BUM1 from the clone library for BMG
sludge, and CUM1 to CUM4 from the clone library
for CMG sludge. The phylogenetic position of clone
YM-1 was confirmed using maximum parsimony in
PAUP* 4.0 package (Swofford, 2002), maximum
likelihood using the TREEFINDER program package
(Jobb, 2005), and Bayesian analysis using MrBayes
v3.1 (Ronquist and Huelsenbeck, 2003), under a

variety of outgroup conditions as described pre-
viously (Zhang et al., 2003). Bootstrap resampling
analysis (Felsenstein, 1985) for 1000 replicates
was also performed for neighbor-joining, maximum
likelihood, and maximum parsimony analyses to
estimate the confidence of inferred tree topologies.
In addition, posterior probabilities of branching
points were estimated by the Bayesian inference as
mentioned previously (Zhang et al., 2003).

FISH
Fixation of sludge samples and whole-cell in situ
hybridization of dispersed bulking sludges
were performed as described previously (Sekiguchi
et al., 1999; Yamada et al., 2005). The 16S rRNA-
targeted oligonucleotide probes used in this study
are detailed in Table 3. A mixture of EUB338,
EUB338-II and EUB338-III (Amann et al., 1990;
Daims et al., 1999) was used as the probe EUB338*
specific for the domain Bacteria. Members of the
phylum Chloroflexi, that includes Anaerolinea
thermophila, were detected using GNSB941 (Gich
et al., 2001; Björnsson et al., 2002). To ensure
fidelity of this probe, we added an unlabeled
competitor GNSB941* (Table 3), which is exactly
complementary to a number of non-target organisms
with only one base mismatch to GNSB941 (the

Table 1 Operation conditions of UASB reactors and digested sludge reactors used in this study

Reactor Type Reactor conditions

Volume
(m3)

Temperature
(1C)

Type of wastewater COD loading (kg
COD/m3/day)

Influent COD
concentration

(mg/l)

COD removal
efficiency (%)

AMG UASB 0.013 37 Artificial wastewatera 6 2000 495

BMG UASB B900 30–36 Actual wastewater (from a beer
factory)

0.34 200–300 490

CMG UASB B400 35–40 Actual wastewater (from a sugar
manufacturing factory)

9 2000 90–95

PMG UASB 0.013 37 Actural wastewater (from a palm-oil
manufacturing factory)

10 2000 85

ATG UASB 0.013 55 Artificial wastewatera 10 3000 495

STG UASB 0.013 55 Actual wastewater (from a shochu
manufacturing factory)

100 10 000 495

PTG UASB 0.013 55 Actural waterwater (from a palm-oil
manufacturing factory)

12 2000 74

NMD digester
sludge

B3000 37 Settled sewage sludges 6.5 58 000 60

ODT digester
sludge

2000 55 Settled sewage sludges 9.8 59 000 60

JTD digester
sludge

B900 55 Domesitic garbage 7.5 155 000 60

aArtificial wastewater: sucrose, acetate, propionate, peptone ([COD] ratio 4.5:2.25:2.25:1).
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GNSB941 and GNSB941* probe mixture was equi-
molar).

For the detection of the targeted KSB3 filamentous
bacteria in the bulking sludge and healthy sludge
granules, we designed three probes specific for
bulking sludge clone YM-1 (3KSB129, 3KSB652,
3KSB1128) and one probe, 3KSB1238, targeting the
whole KSB3 group (Table 3). All probes were labeled
with either Cy-3 or Cy-5 for in situ hybridization.
Probe specificity was tested using the following
reference strains as negative control: Chloroflexus
aurantiacus (DSM 635), Anaerolinea thermophila
(DSM 14523), Clostridium acetobutyricum (DSM
792) and Desulfotomaculum thermobenzoicum
(DSM 6193). The specificity of each probe was also
tested with the bulking sludge and the ten healthy
sludges used in this study (Table 1). Briefly,
stringent conditions were determined for each
probe with the bulking sludge first, in which the
predominant filaments were specifically detected,
and then the FISH using the probes under the same
conditions were applied to the reference strains and
the healthy sludges to confirm that the conditions
do not allow the detection of the reference strains
and other morphotypes of cells in the sludges. The
hybridization stringency was adjusted by adding
formamide to hybridization buffer (Table 3). A
microscope equipped for epifluorescence was used
for observation (Olympus BX50F).

Thin-sections of well-settling granules in nor-
mally functioning sludge were prepared as de-
scribed previously (Yamada et al., 2005). The
sections were immobilized on glass slides coated
with Vectabond (Vector Laboratories, Burlingame,
USA) for FISH experiments. FISH analyses for the
thin sections were performed as described pre-
viously (Sekiguchi et al., 1999). The sections were
observed with a confocal laser scanning microscope
(CLSM) (LSM 5 PASCAL, ZEISS). Sections from at
least 20 granule pellets were examined under a
CLSM to observe the general microbial structure of
the sludge.

SEM and analytical methods
SEM observations were performed with a Hitachi-
S4500 SEM as described previously (Uemura and
Harada, 1993). Short-chain fatty acids and other
organic acids were determined using a high-pres-
sure liquid chromatograph (HPLC) with an SCR-102-
H column (Shimadzu) and a conductivity detector
(Shimadzu CDD-6A) (Imachi et al., 2002). Carbohy-
drates were determined by an HPLC using an SCR-
101-H column (Shimadzu) with a refractive index
detector (Shimadzu RID-10A) (Sekiguchi et al.,
2001). Inorganic nitrogenous compounds were de-
termined with an HPLC with an IC-A1 column
(Shimadzu) and a conductivity detector (Shimadzu
CDD-6A) (Yamaguchi et al., 2001). Organic nitrogen
compounds were measured with the Kjeldahl
method (Clesceri et al., 1998), and the total amont

of sulfurous compounds was determined with the
methylene blue method (Clesceri et al., 1998).
Proteins were determined by the Lowry method
(Lowry et al., 1951).

Nucleotide sequence accession number
All 16S rRNA gene sequences of the clones analyzed
in this study were deposited in the DDBJ/EMBL/
GenBank databases under accession numbers
AB218870-AB218875.

Results

UASB sludge bulking phenomenon
Sludge bulking was occasionally (and suddenly)
observed in a mesophilic, full-scale UASB process
(CMG reactor in Table 1) treating wastewater from a
sugar-manufacturing factory (the factory processes
starch for the production of various types of sugars,
such as maltose and isomerized sugar). In this case,
wastewater was discharged from various production
lines within the manufacturing plant, and was
composed of complex organic compounds mainly
containing volatile fatty acids, carbohydrates, and
proteins (Table 2). Before bulking occurred, well-
settleable sludge granules with a mean diameter of
1–2 mm (Figure 1d) were observed as the main part
of the retained sludge within the reactor, and the
reactor had successfully treated the wastewater at a
volumetric loading rate of 9–10 kg COD/m3/day.
However, once bulking occurred, a large part of the
retained sludge overflowed with the effluent stream
owing to the floatation of the sludge bed. Within the
floated sludge, white cotton-like fluffy sludge was
observed, which often formed fluffy aggregates
entrapping healthy sludge granules (Figure 1a).

Table 2 An example of wastewater compositions for the reactor
CMG, discharged from various lines of sugar-producing processes
(chemical compositions of the wastewater under normal treat-
ment conditions without bulking)

PH 6.2
Temperature (1C) 35–40

CODcr (mg COD/l) 1380
Lactate (mg COD/l) 13.0
Formate (mg COD/l) 4.0
Acetate (mg COD/l) 386.0
Propionate (mg COD/l) 375.0
iso-Butyrate (mg COD/l) 245.0
Butyrate (mg COD/l) 19.0

Carbohydrates (mg COD/l) 18.0
Protein (mg COD/l) 123.0

Total sulfur (mg S/l) 13.0

Total nitrogen (mg N/l) 25.0
NH4 (mg N/l) 17.0
NO2 (mg N/l) o0.02
NO3 (mg N/l) o0.02
Organic nitrogen (mg N/l) 8.0
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The white cotton-like material also entrapped gas
bubbles produced within the reactor contributing to
the buoyancy of the sludge in the reactor vessel.
Microscopically, the cotton-like material comprised
predominantly filamentous cells that are much
thicker than the known anaerobic bulking agent A.
thermophila (Sekiguchi et al., 2001, 2003) (Figure 1b
and c). The washout of the retained sludge led to
process failure, and the same bulking phenomenon
was observed on multiple occasions in the bioreac-
tor following reseeding.

Phylogenetic affiliation of the predominant
filamentous cells in the bulking sludge
To reveal the phylogenetic identity of the filamen-
tous microbes, we first applied FISH using various
16S rRNA-targeted oligonucleotide probes to the
dispersed bulking sludge samples. FISH analyses
using the domain specific-probes EUB338* and
ARC915 for Bacteria and Archaea indicated that
the abundant thick-filamentous cells in the bulking
sludges are bacterial. Since the only characterized
anaerobic bulking agent, A. thermophila, belongs
to the bacterial phylum Chloroflexi (Sekiguchi
et al., 2001), we probed the bulking sludge with

the Chloroflexi-specific probe GNSB941, which
indicated that the observed filaments are not
members of this phylum. We then constructed a
clone library for bacterial 16S rRNA genes from the
cotton-like aggregates. Among thirty clones ana-
lyzed, four phylotypes were found, none of which
could be identified as chimeric artifacts. The nearly
full-length sequence of clone YM-1, representing the
most abundant phylotype (27 of 30 clones), was
determined (1475 nt). Comparative analysis of this
clone sequence with reference sequences obtained
from the public databases indicated that YM-1,
together with seven other partial to near full-length
(659 to 1512 nt) environmental clone sequences,
represent a robustly monophyletic and unaffiliated
lineage in the bacterial domain (Figure 2). This
phylogenetic novelty was recognized previously by
Tanner et al. (2000) and Ley et al. (2006), who
proposed naming the group candidate phylum KSB3
and GN6, respectively. The other three phylotypes
present in the bulking sludge library belong to the
phyla Spirochetes (2/30 clones) and Fusobacteria
(1/30 clones).

To detect the cells represented as the clone YM-1
within the sludge sample, 16S rRNA-targeted FISH
experiments were performed using the oligonucleo-

Figure 1 Observations of bulking sludge found in the CMG reactor (a–c). (a) Photograph of the bulking sludge (bar, 1 mm). Scanning
electron micrographs of (b) fluffy, cotton-like material in the bulking sludge (bar, 167 mm) and the inset in (b) shows a magnified view of
the surface of the fluffy material (bar, 30mm). In situ hybridization of filamentous cells in the fluffy part of the bulking sludge with the
Cy3-labeled 3KSB1238 probe (c), in which the FISH micrograph was imposed on the phase-contrast micrograph of the same field of the
FISH image. The arrow in (c) indicates filamentous cells that do not react with the probe. Observations of series of well-settleable healthy
granules (before bulking) from the same reactor (d–f). (d) A photograph of the granules that settled well (bar, 1 mm); (e) a scanning
electron micrograph of a section of a granule (bar, 30mm); (f) a section hybridized with Cy3-labeled 3KSB1238 probe, specific for the
phylum KSB3 (green) and Cy5-labeled probe ARC915, specific for the domain Archaea (red) (bar, 20mm), viewed by confocal laser
scanning microscopy.
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tide probes specific to three different regions of the
YM-1 sequence (3KSB129, 3KSB652 and 3KSB1128,
Table 3). In situ hybridization with the three probes
specifically detected thick filaments in the bulking
sludge, suggesting that the YM-1 clone was derived
from the predominant filamentous organisms. We
also designed a phylum-level probe (3KSB1238,

Table 3) targeting all of the known members of the
KSB3 phylum, also resulting in the successful
detection of the filamentous cells specifically
(Figure 1c). From the FISH experiments, the cot-
ton-like materials were found to comprise mostly
3KSB1238 probe-positive filaments (approxi-
mately490% of cell area under a microscope),

Causative agent for anaerobic filamentous bulking cloneYM-1 (AB218870)

CMG mesophilic UASB sludge clone CUM1 (AB218871) (7/10 clones)

Wastewater sludge clone F13-36 (AF495432)

Hypersaline clone GN01-8.076 (DQ154831)

Marine sediment clone CE59 (AF211306)
Marine sediment clone Neebena248 (AY500090)

CMG mesophilic UASB sludge clone CUM2 (AB218872) (1/10 clones)

CMG mesophilic UASB sludge clone CUM3 (AB218873) (1/10 clones)
CMG mesophilic UASB sludge clone CUM4 (AB218874) (1/10 clones)

BMG mesophilic UASB sludge clone BUM1 (AB218875) (10/10 clones)

Mangrove sediment clone SZB28 (AM176861)
Hypersaline mat clone 062DZ43 (DQ329580)

Hypersaline mat clone 09D2Y10 (DQ329590)

Hypersaline mat clone 062DZ41 (DQ329584)

Gemmatimonadetes

Proteobacteria

Spirochaetes

Cyanobacteria

JS1

OP9

Synergistes

OP10

Acidobacteria

Termite group I

Firmicutes

Fusobacteria

Actinomycetes

Chlamydiae

Verrucomicrobia

Bacteroides

Chlorobi

TM7

OD1

OP11

WS6

Chloroflexi

Deinococcus-Thermus

Planctomycetes

Thermotogae

Aquificae

SR1

0.10

OP8

KSB3
(also known as GN6)

Figure 2 Evolutionary dendrogram showing the phylogenetic placement of the clone YM-1, which was most abundantly retrieved from
the fluffy part of the bulking sludge, and the clones obtained from two types of granular sludges, based on 16S rRNA gene sequences. The
sequences are aligned, and the base tree was constructed with 41000 nt sequences by the neighbor-joining method. Partial sequences
(o1000 nt, highlighted with dotted branches) were inserted into the tree using the parsimony insertion tool of the ARB program. 16S
rRNA gene sequences of the domain Archaea were used to root the tree (not shown in the tree). Filled circles indicate bootstrap
probabilities (based on 1000 replicates) above 95%. Nodes without symbols were not highly resolved (o95%) as specific groups in the
analysis. The bar represents 10 nt substitutions per 100 nt. The accession number of each reference sequence is shown in parentheses.
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suggesting a significant outbreak of KSB3-type
organisms in the bulking sludge. Several unsuccess-
ful attempts were made to isolate the KSB3
filaments from bulking sludge that resulted in
enrichment of non-target cells in serially diluted
cultures under various aerobic and anaerobic growth
conditions.

Spatial distribution of the bulking agent in healthy
sludge granules
We then attempted to determine the distribution of
the filamentous organisms in sludge granules that
settled well (those before the bulking) with SEM and
FISH observations. SEM observation of sectioned
granules obtained from the same UASB reactor
(CMG reactor) showing no bulking phenomena
revealed that unidentified filamentous organisms
morphologically similar to the KSB3 filamentous
cells were abundant on granule surfaces (Figure 1e).
All of the CMG reactor sludge granules observed
possessed the same type of filamentous layer on the
surface of granules. FISH of sectioned granules
using KSB3-specific probes (Table 3) confirmed the
identity of the filaments as members of the KSB3
phylum (Figure 1f). All of the 3KSB1238 probe-
reactive cells appeared to be filamentous and all
were found only in the outer surface layer of the
granules (Figure 1f). Simultaneous detection of cells
using EUB338* and 3KSB1238 suggested that the
outermost layer of the UASB granules is almost
exclusively comprised of KSB3 filaments (data not
shown).

Detection and diversity of KSB3 bacteria in various
anaerobic sludges
To reveal the ecological habitats and diversity of
the KSB3 candidate phylum, we surveyed ten
different types of anaerobic sludges (Table 1) using
KSB3 phylum-specific PCR primers (the 27f and

3KSB1238r primers in Table 3). Following optimiza-
tion of PCR conditions with the YM-1 clone,
amplicons of the expected size (B1200 nt) were
obtained from only two types of mesophilic UASB
sludge granules; sludge granules fed with waste-
water discharged from a beer factory (BMG) and a
sugar-processing industry (CMG: original sludge
granules before bulking) (Table 1).

For the two samples, the PCR products were
cloned, and ten clones were analyzed for each clone
library. Comparative analyses of the clone sequences
obtained indicated that all were members of the
phylum KSB3 closely related (498% sequence
identity) to clone YM-1 (Figure 2) suggesting a
possible specialization of this KSB3 phylotype in
anaerobic sludges.

Discussion

In this study, we found a new type of anaerobic
filamentous bulking in a full-scale mesophilic
UASB process, which were associated with the
outbreak of uncultivated microbes belonging to
candidate bacterial phylum KSB3. This lineage
was proposed on the basis of a single partial
sequence (Tanner et al., 2000) and has recently been
independently named GN6 by Ley et al. (Ley et al.,
2006). We will use KSB3 due to its priority in the
literature. The KSB3 filament may be the second
bulking agent characterized to date in anaerobic
sludge after Anaerolinea thermophila found in
thermophilic UASB sludge bulking phenomena
(Sekiguchi et al., 2001, 2003). More importantly,
the organism is the only identified filamentous
microbe that possibly triggers the filamentous bulk-
ing of mesophilic anaerobic sludges.

Although we could not directly determine the
physiology of the filamentous organisms through
axenic cultivation, rRNA-based observations in this

Table 3 Fluorescently labeled oligonucleotide probes used in this study

Probe name Target group Probe sequence (50 to 30) Probe length
(mer)

Target site (E.
coli position)

Formamide
(%)

Reference

EUB338 Domain Bacteria GCTGCCTCCCGTAGGAGT 18 338–355 10 Amann et al.
(1990)

EUB338-II Domain Bacteria GCAGCCACCCGTAGGTGT 18 338–355 10 Daims et al.
(1999)

EUB338-III Domain Bacteria GCTGCCACCCGTAGGTGT 18 338–355 10 Daims et al.
(1999)

ARC915 Domain Archaea GTGCTCCCCCGCCAATTCCT 20 915–935 35 Stahl et al.
(1988)

GNSB941 Phylum Chloroflexi AAACCACACGCTCCGCT 17 941–958 20 Gich et al.
(2001)

GNSB941* Masking probe for
GNSB941

AAACCACAAGCTCCGCT 17 941–958 20 Yamada
et al. (2005)

3KSB129 Clone YM-1 CCCATCCCGTGGTCGGTT 18 129–136 30 This study
3KSB652 Clone YM-1 CATCCCCTCTGCCACTCT 18 652–674 30 This study
3KSB1128 Clone YM-1 CCCCAGCCTCACCTGCT 18 1128–1145 30 This study
3KSB1238a Phylum KSB3 CCGCTGTCCTCCCCATT 17 1238–1255 25 This study

aThe primer and probe sequences of 3KSB1238 are the same.
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study suggest part of the ecophysiology (e.g. sub-
strate utilization) of the KSB3 filaments in UASB
sludge granules. It has often been observed that
UASB sludge granules used to treat carbohydrate-
containing wastewater have a layered structure, in
which the inner layer consists mostly of aceticlastic
methanogens (such as those of the genus Methano-
saeta), and the outer layer comprises a diverse array
of fermentative bacteria (Harmsen et al., 1996;
Sekiguchi et al., 1999; Liu et al., 2002; Yamada
et al., 2005). UASB sludge granules in the bulking
reactor examined in this study also showed a similar
layered structure (Yamada et al., 2005). This dis-
tinctive architecture is considered to be a result of
substrate profiles within sludge granules (Guiot
et al., 1992). Anaerobes in the outer granule layer
are thought to ferment organic compounds (such as
carbohydrates) present in the wastewater, producing
intermediate substances such as fatty acids, alco-
hols, and hydrogen that are delivered to the interior
layers of the granule. Other organisms, such as
proton-reducing syntrophic bacteria and methano-
genic archaea, present in the middle and inner
granule layers decompose such intermediates, final-
ly forming methane in sludge. Organisms present in
the outermost granule layers are generally consid-
ered to be heterotrophs decomposing primary
substrates in the methanogenic degradation of
organic pollutants in wastewater.

We predict that the studied KSB3 filaments are
heterotrophs that ferment sugars since (i) KSB3 cells
were found only in the outer most layer of the
healthy CMG sludge granules (Figure 1), and (ii) the
CMG sludge was fed with a sugar-processing waste-
water (such as those for isomerized sugars).

Carbohydrate-utilizing filaments are often ob-
served at the surface of granules treating carbohy-
drate-containing wastewater (Uemura et al., 1993;
Sekiguchi et al., 2001; Yamada et al., 2005) support-
ing our prediction. For example, filamentous cells
belonging to subphylum 1 (the class Anaerolineae
(Yamada et al., 2006)) of the phylum Chloroflexi
entirely covered the outer most layer of thermo-
philic (Sekiguchi et al., 1999; Yamada et al., 2005)
and mesophilic UASB sludge granules (Yamada
et al., 2005) forming a web-like structure. Four
filamentous strains of Anaerolineae were recently
isolated from mesophilic and thermophilic
UASB sludge granules and characterized in detail
(Sekiguchi et al., 2003; Yamada et al., 2005, 2006)
confirming their ability to ferment carbohydrates
(Sekiguchi et al., 2003; Yamada et al., 2005). Among
them, A. thermophila was noted as the causative
agent for thermophilic sludge bulking (Sekiguchi
et al., 2001).

Factors that actually triggered the filamentous
bulking remain unknown. In previous reports,
however, it was observed that filamentous microbes
overgrew by sudden increases in the carbohydrate
concentration in wastewater, and that fluffy sludge
granules were formed (Wu et al., 1993; Alphenaar,

1994; Yoda and Nishimura, 1997; Angenent and
Sung, 2001). Outbreaks of filamentous organisms
were also found in anaerobic sludge treating
carbohydrate-containing wastewater (Endo and
Tohya, 1988). Recently, a similar bulking behavior
caused by the outbreak of A. thermophila cells
was noted in thermophilic UASB sludge granules
following an increase in the carbohydrate concen-
tration (Sekiguchi et al., 2001). Given the parallels
between A. thermophila and KSB3 filament ecophy-
siology, increases in carbohydrate loading may also
trigger KSB3 bulking, although we did not monitor
the changes in the carbohydrate concentration in the
wastewater during the bulking episode.

Phylogenetic analyses in this study revealed that
candidate phylum KSB3 currently comprises ten
environmental partial to near full-length 16S rRNA
gene clones, of which seven were obtained from
anaerobic sludge and the remainder from saline
natural environments (Figure 2). The present study
showed that a single KSB3 phylotype (based on
a 97% sequence identity threshold) was found in
2 out of ten anaerobic sludges. Additionally, we
attempted to amplify KSB3 phylotypes in environ-
mental samples such as activated sludges, rice paddy
soils, land soils, and sediments of river, lake and
coast using the KSB3-specific primer set, resulting in
no PCR amplification from all of the samples
examined (unpublished data), suggesting a narrow
range of habitats for KSB3 organisms, or that our
primers may not target all members of the KSB3
phylum. 16S rRNA gene sequence divergence of the
KSB3 phylum (15% sequence difference) is relatively
low when compared to other known phyla of the
domain Bacteria (Dojka et al., 2000). The observed
habitat range and limited sequence divergence of
members of KSB3 may reflect their specific growth
traits, or an incomplete sampling of the phylum.

In conclusion, we found that filamentous cells,
affiliated with candidate bacterial phylum KSB3
(GN6), were associated with fluffy UASB sludge
(bulking sludge) formation. We further revealed that
the KSB3 filaments were abundant in the outer most
layer of healthy sludge granules (those before
bulking), forming a web-like structure on them,
implying key roles in stabilization of granule
structure and primary substrate fermentation in
wastewater, possibly carbohydrates. Members of
the KSB3 lineage currently appear to occupy a
relatively narrow range of habitats. Further studies
on KSB3 bacteria will contribute to a better under-
standing of the mechanisms underlying bulking
formation in anaerobic sludges and the overall
ecophysiology of this group.
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