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Abstract Several researchers have reported that micro-
organisms can be cultivated only in the presence of other
microorganisms. We suggest that a portion of unculti-
vated microorganisms might be cultivated in the pres-
ence of cellular components released from bacteria in
their natural environments. In this study, the cell extract
of Geobacillus toebii was used to enrich uncultivated
thermophiles from compost. In the process of enrich-
ment cultures, cell extract supplementation apparently
changed the community composition. This change was
monitored by PCR-DGGE targeting 16S rRNA gene.
Five novel groups of microorganisms (similarity of 16S
rRNA gene to the closest relative <96%) were specifi-
cally isolated from enrichment cultures by using cell
extract-supplemented culture media. Their growth was
found to be dependent on the addition of extract of G.
toebii. Putting these findings together, we suggest that
the extracts of bacteria could be one of the growth fac-
tors in the thermal ecosystem with a possibility of
extending other ecological niches.

Keywords Uncultivated microorganisms Æ Geobacillus
toebii Æ Thermophiles Æ Cell extract Æ DGGE Æ Growth
factors

Introduction

Microorganisms that are easily isolated by virtue of
their ability to grow rapidly into colonies on artificial
growth media are estimated to constitute less than 1%
of all microbial species (Hugenholtz et al. 1998; Ron-
don et al. 1999; Hugenholtz 2002). The existence of
widespread but uncultivated groups of microorganisms
has been suggested by analysis of 16S rRNA gene of
the microbial community in natural environments
(Amann et al. 1995; Hugenholtz et al. 1998; Zinder and
Salyers 2001; Sait et al. 2002; Zengler et al. 2002). A
comprehensive understanding of the physiology of
these organisms and of their complex biogeochemical
processes undoubtedly requires their cultivation, isola-
tion and characterization (Torsvik et al. 2002; Zengler
et al. 2002). In order to isolate uncultivated microor-
ganisms in pure culture, various attempts have been
made to recover or simulate the physico-chemical
conditions of environmental niches (Kaeberlein et al.
2002; Rappe et al. 2002; Torsvik et al. 2002). However,
a few species of bacteria failed to grow on artificial
media alone, and they formed colonies in the presence
of other microorganisms, where the interactions be-
tween microorganisms might have been a factor
affecting cultivation (de Caralt et al. 2003; Hoffmeister
and Martin 2003; Parker 2003; Xu and Gordon 2003).
A two-membered mixed culture was reproduced by
splitting each growth medium with a diffusible mem-
brane (Ohno et al. 2000; Huber et al. 2002). Moreover,
some experimenters have added filtrated cell extracts to
the media to cultivate microbes that do not grow
axenically (Wais 1988; Maymo-Gatell et al. 1997; Rhee
et al. 2002). From this point of view, it may be argued
that uncultivated microorganisms might be isolated
into pure culture if they are provided with other cell
extracts of their natural environment. In this study, we
enriched and isolated uncultivated thermophiles from
compost by using the whole-cell extract of a strain of
thermophilic Bacillaceae.
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Materials and methods

Enrichment condition of anaerobic thermophiles
in compost soil

Five hundred grams of compost was collected from ten
stock farms in Non-San, Korea. Samples were taken at
45–65�C during its compost piling. Samples from ten
sites were mixed equally, and five grams was inoculated
to 50 ml of basal media (BM) in a 250 ml Erlenmeyer
flask. The BM used for incubation and enrichment of
compost was: 3 g of K2HPO4, 1 g of KH2PO4, 0.1 g of
MgSO4Æ7H2O, and 5 g of polypeptone per liter of de-
ionized water (adjust pH to 7.4). Cell extracts from
Bacillus subtilisT 168 (DSM10; 30�C), Escherichia coliT

K12 (DSM30083; 37�C), and Geobacillus toebiiT SK-1
(DSM14590; 55�C) were added to each enrichment
medium, respectively. Cells used for extract preparation
were grown on 1 l of Luria Bertani broth at each of
optimal temperatures. At the late log phase, cells were
harvested and washed twice by phosphate-buffered sal-
ine (PBS; 4 g of NaCl, 1 g of KCl, 0.72 g of Na2HPO4,
and 0.12 g of KH2PO4 l

�1 of deionized water; pH ad-
justed to 7.4) and resuspended in 10 ml of PBS. Cells
were disrupted by ultrasonication with an ultrasonicator
(Vibra-cell VCX600, Sonics and Materials Inc., USA)
preventing from being heated with ice. After centrifug-
ing at 13,000 rpm, extracts were adjusted to 20 mg of
protein per ml of 50 mM potassium phosphate buffer
(pH 7.5). Cell extracts were filtered with a 0.20 lm filter
(Sartorius, UK) prior to being added to each medium.
For preparation of enrichment media, 0.5 ml of extract
was added to 49.5 ml of the autoclaved BM. For the
negative control, yeast extract was added after adjusting
same protein concentration (20 mg/ml). Thermophiles
from compost were enriched anaerobically for 4 days at
60�C in anaerobic chamber (Bactron anaerobic/envi-
ronmental chamber, Shellab, USA).

Enrichment monitoring with culture-dependent method

The colony forming units (CFU) were counted after the
third transfer of the enrichment cultures. When the
enrichment reached just before the stationary phase
(about 5 days), 1 ml of each enrichment culture was
transferred to a new medium. Culture broths were seri-
ally diluted and spread onto BM agar containing the
corresponding bacterial extracts. Each plate was incu-
bated for 4 days at 60�C in an anaerobic chamber.

Enrichment monitoring with culture-independent
method

At the end of each phase of enrichment, culture samples
were collected and immediately frozen at �80�C before
the genomic DNA was extracted. Extraction of genomic

DNA and PCR-DGGE with the Bacteria-specific primer
set (518r and 338f with a GC-clamp) were carried out as
described elsewhere (Yeates et al. 1998; Henckel et al.
1999). Major DGGE bands were excised with a razor
blade and sequenced to gain information on bacterial
composition in enrichment cultures.

Isolation, identification, and polyphasic taxonomic
analysis of microorganisms requiring cell extract
for their growth

After the fourth enrichment cultures, strains were iso-
lated by spreading the cultures on BM agar containing
the corresponding cell extracts. Initially we selected 300
colonies from 30 agar plates containing the cell extract
of G. toebii and transferred to new BM agar containing
G. toebii extracts. This process was repeated three times
to obtain pure cultures. About 40% of isolates vanished
away in obtaining pure cultures. Successfully retrieved
isolates were tested to prove the indispensability of G.
toebii extract for their growth by inoculating each isolate
to the medium with and without G. toebii extract.

Polyphasic taxonomic analysis of isolated
microorganisms

Genomic DNA was isolated and 16S rRNA gene was
PCR-amplified and sequenced according to the method
described previously (Yoon et al. 1996). We searched the
closest sequences in the GenBank database with BLAST
(Altschul et al. 1990). The alignment of 16S rRNA gene
and construction of a phylogenetic tree were made by
using CLUSTAL X software (Thompson et al. 1997).
The partial sequences of representative new isolates
determined in this study have been deposited in the
GenBank database under accession no. AY466700–
AY466717. The DNA–DNA hybridization experiment
was carried out according to the method of Ezaki et al.
(1989). Biomass for the chemical systematic studies was
obtained by cultivating the organism with BM in
anaerobic chamber at 60�C for 3 days. The shape, size,
and motility of the living and stained cells were deter-
mined by light microscopy. The Gram reaction was
determined using a Gram Stain Kit according to the
manufacturer’s recommended protocol (Difco). To dis-
tinguish false negative gram staining, a KOH test was
performed in parallel with the gram stain reaction. The
KOH test was performed by mixing a visible amount of
growth from a colony in a loopful of 3% aqueous KOH
on a glass slide (Powers 1995). Most of the physiological
tests were carried out using API 20A kits (BioMerieux).
Growth in the presence of 0.02% (w/v) sodium azide
and 5% (w/v) NaCl was examined according to the
method of Gordon et al. (1973). The BM was also used
for determination of optimal pH and temperature for
growth. The effect of pH on growth was determined
on solid BM using four different buffers at a final
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concentration of 50 mM: citrate-Na2HPO4 buffer, pH
range 5.0–7.0; phosphate buffer, pH range 6.0–8.0; Tris
buffer, pH range 7.0–9.0; glycine-NaOH buffer, pH
range 8.5–10.5. Isolates were cultured on Bacto tryptic
soy broth agar (Difco) with Geobacillus cell extract and
incubated at 60�C for 48 h, and the cellular fatty acid
contents were determined by using the MIDI procedure
(MIDI Inc., Newark, DE, USA). G+C content was
determined using the method of Tamaoka and Ko-
magata (1984).

Characterization of growth-stimulating factors

In order to identify the stimulating molecule in the
Geobacillus extract, a wide range of chemicals including
trace minerals (Widdel and Bak 1992), cell wall D-amino
acids (D-glutamic acid and D-alanine), vitamin precur-
sors, artificial electron carriers (menadione, trimethylt-
eterazolium, dichlorophenolindophenol, phenazine
methosulfate, benzyl viologen, and hydroquinone),
biopolymers (L-polyglutamic acid, lipopolysaccharide,
lipoteichoic acid, and heparin sulfate), and proteins
(chaperonin, catalase, and cytochrome c) were tested as

growth factors. All the chemicals were purchased from
Sigma–Aldrich Korea Ltd. These chemicals were added
to the medium together at the optimal concentration as
described previously (Widdel and Bak 1992). Proteina-
ceous characteristics of extract was also examined by
heating to 100�C and treating with proteinase K (Sigma–
Aldrich Korea Ltd.); for denaturating the proteins, ex-
tract was boiled 10 min and proteinase K was applied to
the extract at 37�C for 1 h. Proteinase K treatment
buffer contained 10 mM Tris–HCl (pH 7.8), 10 mM
MgCl2. Final concentration of 100 lg/ml of proteinase
K was treated to cell extract for 4 h at 37�C. Denatur-
ation of proteinase K was not executed. Ultrafiltration
with molecular weight cut-off 10,000 cellulose filter
(Millipore, MA, USA) was applied to divide the extract
in to low (LMW) and high molecular weight compound
(HMW). Separated extract was adjusted to 20 mg/ml
protein concentration prior to being added to the med-
ium; HMW was diluted with potassium phosphate
buffer, and LMW was concentrated with Centricon
concentrator (Millipore) with molecular weight cut-off
1000 cellulose filter. Localization of the factors in the
cytoplasmic fraction was determined by an ultracen-
trifugation experiment. The cells of G. toebii were

Fig. 1 DGGE profiles of PCR-amplified 16S rDNA segments
(180 bp) from (a) enrichment cultures without cell extract (N1–N4)
and with cell extracts from G. toebii (G1–G3), (b) B. subtilis (B1–B3)
and E. coli (E1–E3). The number after Roman capital (N, G, B, E)

indicates the order of enrichment cultures. The sequence informa-
tion of bands (g and n series) is presented in Table 1. The bands
corresponding to isolated microbial groups are marked with arrows
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collected and washed once in the buffer by centrifuga-
tion. The membrane fraction was extracted by sonica-
tion to lyse the cells (Branson Sonicator Cell Disrupter

185, Branson Ultrasonics, Danbury, CT; seven cycles of
30 s with intervening 45 s incubations on ice), low speed
centrifugation (5 min, 1500·g) to remove large cell
fragments in the pellet, and ultracentrifugation (30 min,
150,000·g) to collect the membrane fraction (the ultra-
centrifugation pellet). Effect of chemicals, denatured
extract, LMW, HMW, and membrane and cytoplasmic
fraction of the extract on the growth of isolates was
determined by estimating the increased optical density of
each medium, which was inoculated in five replicates of
each strain in 96 wells. Equal concentrations (finally
0.2 mg/ml of protein) of yeast extract were used for the
negative control in all experiments.

Results

Enrichment monitoring by CFU counting

To estimate the effect of adding the bacterial cell extract
to enrichment cultures, the number of total CFUs were
compared. The CFU in enrichment cultures with the
thermophilic Geobacillus cell extract [(12.24±1.3)·
108 ml�1] was about four times higher than those with-
out extracts [(3.71±1.6)·108 /,ml] and slightly higher
than the cultures with other kinds of extracts [Bacillus:
(8.35±2.8)·108 ml�1,Escherichia: (6.75±1.65)·108 ml�1].
This result clearly shows that the extract of cells, especially
that of thermophiles (G. toebii), stimulates the enrichment
of thermophiles in compost soils.

Enrichment monitoring by DGGE

To culture-independently investigate the stimulation ef-
fect of cell extracts on microorganisms during enrich-
ment, a 16S rRNA gene-PCR-DGGE analysis was
conducted and the dynamics of microbial composition
was compared among enrichments. The DGGE patterns
observed in the original sample were much more com-
plex than those obtained from the successively trans-
ferred enrichment cultures, although enriched cultures
contained a subset of the bands present in the original
enrichment cultures (Fig. 1a, b). The number of bands
decreased, and several prominent bands appeared as the
enrichment progressed. However, there was no signifi-
cant difference between the third and fourth transferred
enrichments from each cell extract. As the fourth
transfer of enrichment cultures was in progress, a sig-
nificant difference was observed in the DGGE profiles
between enriched samples containing G. toebii extract
and other cell extracts. Fewer DGGE bands were ob-
served in cultures with E. coli and B. subtilis extracts and
cultures without extract than in cultures with G. toebii
extract. This indicates that the microbial composition
was altered by the application of the cell extract in this
enrichment condition.

The DNA sequence analysis of bands on the DGGE
gel revealed that enriched bacteria under this growth

Table 1 Phylogenetic analysis of 16S rRNA sequences (180 bp) of
DGGE bands detected in the enrichment cultures

Band identity
in DGGE

GenBank closest relative Percent
Similarity

g1 Geobacillus thermoleovorans 95
g2 Desulfotomaculum kuznetsovii 92
g3 Tindallia magadii 91
g4 Symbiobacterium thermophilum 85
g5 Clostridium subatlanticum 95
g6 Clostridium sticklandii 87
g7 Clostridium litorale 97
g8 Clostridium sticklandii 97
g9 Clostridium sticklandii 98
g10 Anoxybacillus flavithermus 84
g11 Geobacillus thermodenitrificans 96
g12 Saccharococcus thermophilus 97
g13 Clostridium polysaccharolyticum 90
g14 Thermoanaerobacter subterraneus 94
g15 Anoxybacillus flavithermus 89
g16 Thermoanaerobacterium zeae 94
g17 Anoxybacillus flavithermus 93
g18 Clostridium polysaccharolyticum 93
g19 Anoxybacillus kamchatkensis 93
g20 Clostridium ultunense 91
g21 Clostridium ultunense 93
n1 Symbiobacterium toebii 87
n2 Geobacillus thermodenitrificans 90
n3 Geobacillus thermodenitrificans 100
n4 Geobacillus thermodenitrificans 91
n5 Bacillus horikoshii 96
n6 Bacillus infernus 97
n7 Bacillus methanolicus 94
n8 Clostridium sticklandii 88
n9 Bacillus infernus 98
n10 Bacillus niacini 97
n11 Bacillus circulans 96
b1 Tindallia magadii 91
b2 Geobacillus thermodenitrificans 90
b3 Geobacillus thermodenitrificans 100
b4 Geobacillus thermodenitrificans 91
b5 Saccharococcus thermophilus 93
b6 Bacillus horikoshii 96
b7 Bacillus methanolicus 94
b8 Clostridium litorale 97
b9 Clostridium sticklandii 88
b10 Anoxybacillus flavithermus 87
b11 Bacillus niacini 97
b12 Clostridium sticklandii 98
b13 Bacillus circulans 96
b14 Anoxybacillus flavithermus 95
b15 Clostridium polysaccharolyticum 90
b16 Anoxybacillus kamchatkensis 94
b17 Clostridium ultunense 91
e1 Symbiobacterium toebii 87
e2 Geobacillus thermodenitrificans 90
e3 Geobacillus thermodenitrificans 100
e4 Geobacillus thermodenitrificans 91
e5 Bacillus infernus 97
e6 Bacillus methanolicus 94
e7 Clostridium sticklandii 88
e8 Bacillus methanolicus 94
e9 Clostridium sticklandii 88

The position of each band is shown in Fig. 1a (g, n, b and e series).
The bands corresponding to isolated microbial groups are marked
with bold letter (see Table 2)
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condition belonged to thermophilic Bacillaceae, Clos-
tridiaceae, Thermoanaerobacteriaceae, and unclassified
Actinobacteria, while several bands were not closely re-
lated to previously characterized bacteria (less than 90%
similarity) (Fig. 1a and Table 1). Interestingly, most of
them were related to low G+C Gram-positive bacteria
(Firmicutes phylum) despite their low relatedness (84–
94%). The partial 16S rRNA gene sequences of the
bands observed only in the enrichment with Geobacillus
extract were distantly related to previously isolated
microorganisms; 84–94% to Anoxybacillus, 90–93% to
Clostridium, 94% to Thermoanaerobacter, 94% to
Thermoanaerobacterium.

The UPGMA analysis of the DGGE patterns with
Dice similarity coefficients also showed that the micro-
bial communities of the bacterial extract-containing
cultures were significantly different from control (N
series) (Fig. 2). The DGGE profiles of samples con-
taining the same cell extract were grouped together in a
clade after several successive transfers. This clearly
indicates that each cell extract contains different com-
ponents capable of affecting growth of specific micro-
organisms.

Isolation of microorganisms requiring cell extract
for their growth

To study the characteristics of enriched thermophiles in
the presence of cell extract, we isolated microorganisms
from enrichment cultures. Agar plates containing the

corresponding cell extracts were used to isolate micro-
organisms from enrichment under anaerobic conditions.
Diversity of colony morphology was clearly higher on
agar plates containing cell extract than those not con-
taining G. toebii extract (data not shown). Although we
used the same agar plates containing the extract that had
been used for isolation, some of the colonies (about
40%) could not be successfully transferred. Finally, 184
isolates were successfully retrieved and tested to prove
the indispensability of G. toebii extract for their growth.
Among the 184 isolates tested, 61 strains required G.
toebii extracts for their growth.

For preliminary identification of strains, approxi-
mately 600 bp of the nucleotide sequences were deter-
mined from the 5¢ region of the 16S rRNA gene of the 61
isolates finally selected. Although it is hard to assign a
taxonomic position only with 16S rRNA gene sequences
(Gest and Favinger 2001), the degree of novelty of the
isolates was initially indicated on the basis of 16S rRNA
gene sequence similarities. The guidelines of <98% for
distinct species (Stackebrandt et al. 1993) and <96% for
distinct genera (Everett et al. 1999) of sequence simi-
larity were applied. The 16S rRNA gene-based phylog-
eny showed that all the 61 isolates were previously
undescribed microorganisms consisting of five groups
(five novel species belonging to four novel genera). All
the groups were closely related to the Bacillus-Clostrid-
ium subphylum of Gram-positive bacteria (Fig. 3). In
each group, every strain has more than 97% sequence
similarity with each other. On the basis of the DNA–
DNA hybridization experiment, we found that groups 3

Fig. 2 UPGMA analysis
dendrogram based on DGGE
banding patterns of bacterial
community in Fig. 1. Dice
coefficient was calculated
pairwise according to the
presence and absence of
matching bands using
BioNumerics software
(BioSystematica, UK)
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and 4 are two different species in a genus. The two
species showed less than 30% of DNA–DNA hybrid-
ization ratio (Wayne et al. 1987). Table 2 shows the
closest GenBank relative and the percentage of similar-
ity to the closest relative of each group. To clarify their
taxonomic positions, phylogenetic tree of each group
was constructed with their near full length (more than
1300 bp) of 16S rDNA sequences (Fig. 3). The 16S
rDNA sequences from the isolated strains were exactly
matched with those of the DGGE bands enriched with
G. toebii cell extract as marked in Table 1. All the iso-
lated strains were subjected to polyphasic characteriza-
tion for phylogenetic investigation. Table 3 summarizes
the results of the microscopic analysis for cell sizes and
motility, the results of the chemical analysis for pro-
duction of acid from carbohydrates, and the effect of
NaCl concentration, pH and temperature for growth
and the profiles of fatty acids of isolates. Interestingly,
although the group 2 isolates were negatively stained in

gram reactions, they were found to be Gram-positive in
a KOH test (Powers 1995). When the FAME profiles of
isolates were compared in MIDI database, there were no
matches. This polyphasic data supports that the isolates
belonged to the undescribed bacterial genera. Phyloge-
netic comparison of isolated strains to the nearest
neighbors is in progress to propose a new genus and
species.

Growth-stimulating factors in the extract

In order to understand the function of the extract
stimulating bacterial growth, we tested possible mecha-
nisms, in which it could be involved. First, we tested a
wide range of chemicals to check if they could replace
the function of extracts. As shown in Table 2, no
chemicals tested in this experiment could replace the
extract of G. toebii. Second, we fractionated the extract
to HMW and LMW fractions to narrow down the
possibilities. Table 2 shows the effect of the G. toebii
extract on the growth of the groups of isolates. Among
the isolates, the growth of Group 3 was not dependent
on the extract although the growth of strains in Group 3
was enhanced by the cell extract. Strains of Group 3
showed a growth about four times faster in the presence
the extract. Strains of groups 4 and 5 could be grown
with either LMW or HMW. The LMW had no activity
on the growth of strains of groups 1 and 2. Instead, only
HMW could support the growth of strains of groups 1
and 2. This indicates that proteins in the extract might
play a role as a growth-stimulating factor. Since proteins
from G. toebii are stable at 60�C (Sung et al. 2002), the
cell extract of thermophilic Geobacillus was capable of
showing the most significant effect on the growth of
factor-requiring thermophiles in population size and
community composition during enrichment as shown in
Fig. 2 and Table 1. The following additional results also
support this idea. First, the cell extract, in which protein
was aggregated and precipitated at pH 4.0, showed no
activity of growth stimulation on strains of groups 1 and
2. Second, when the extract was denatured by boiling at
100�C for 10 min, the growth-stimulating activity dis-
appeared. Third, after the extract was treated with
proteinase K for 4 h at 37�C, the strains of groups 1 and
2 were unable to grow with the extract. Localization of
the factors in the cytoplasmic fraction was determined
by an ultracentrifugation experiment. The membrane
fraction of G. toebii, which was obtained by ultracen-
trifugation was unable to support the growth of isolates
while cytoplasmic fraction does.

Discussion

Most thermophilic bacteria have been isolated from
geothermal environments associated with volcanic
activity (Zeikus 1979; Kristjansson and Stetter 1992).
However, other thermally heated anaerobic

Fig. 3 Phylogenetic tree for indicating taxonomic positions of
isolates requiring cell extracts for their growth
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environments including man-made and natural solar-
heated environments have also been reported to harbor
various thermophilic bacteria (Mathrani and Ahring
1991; Huang et al. 1998). Our study investigated the
composting environments that have been assumed to be
deep niches for uncultivated microorganisms (Janssen
et al. 1997). Based on previous results, we designed
media for growing previously uncultivated microorgan-
isms from composts using cell extracts (Rhee et al. 2002).
Since growth of extract-requiring bacteria requires death

of other cells, it started to grow after long death phase.
In that stage, toxic end product also accumulated, which
inhibited the growth of symbiotic bacteria requiring
other bacteria’s extract. Thus, we reasoned that the ex-
tract was added in the initial phase of enrichment for
stimulation of extract-requiring microbial communities.
However, the effect of adding the bacterial cell extract
on CFU of the enrichment cultures of soil microbial
communities was small (<1 log unit). This is a strong
evidence that microorganisms that can grow only with

Table 2 Phylogenetic properties of representative isolates of each group and the indispensability of cell extract for their growth

Group Closest GenBank relative
and percent similarity to
closest relative

Corresponding
DGGE
bands in Table 1

Test conditions

Low-molecular
fraction2

High-molecular
fraction

Extract treated
with proteinase K3

1 Anoxybacillus flavithermus (93%) G17 � + �
2 Anoxybacillus kamchatkensis(93%) G19 � + �
3 Geobacillus thermodenitrificans(96%) G11 + + +
4 Clostridium ultunense(93%) G20 � + +
5 Clostridium ultunense(90%) G21 � + +

Effect of various growth factors is scored as: +90% or more of strains were grown with the added growth factor, �90% or more of strains
were not grown with the added growth factor

Table 3 Characteristics of isolated strains requiring Geobacillus cell extract for their growth

Group 1 2 3 4 5

Cell width (lm) 0.5–0.9 <3 0.6–1 0.8–1.5 0.9–1.3
Cell length (lm) 2.0–3.5 <0.9 2–3.5 4.7–8.0 4.7–8.0
Motility � � + + +
Spores � � + � �
Gram reaction + + + + +
Production of acid from
Glucose + + � + +
Mannitol � � � � �
Lactose D � � + +
Saccharose (sucrose) � + � � �
Maltose D + � + +
Salicin � � � � �
Xylose + + + + +
Arabinose + + + + +
Glycerol � � � � �
Cellobiose D + � + +
Mannose + + � + +
Sorbitol � � � � �
Rhamnose + � + + �
Hydrolysis of
Gelatin + � + � �
Aesculin � � + � �
Fatty acids
16:00 34.6±0.5 37.8±8.1 10.4±3.1 8.7±3.1 9.9±4.1
15:0 Iso 8.2±0.6 9.3±0.2 20.7±0.9 26.2±0.1 23.2±4.8
17:0 Iso 7.7±1.1 11.2±1.8 16.8±4.2 15.6±1.7 14.9±5.1
Denitrification + + + + +
Aerobic growth � � + � �
NaCl range (% w/v) 0–10 0–10 0–5 0–5 0–5
PH range 6.0–9.0 6.0–8.0 6.2–7.8 6.0–7.8 6.0–8.0
Temperature range (�C) 45–75 37–70 45–70 45–70 47–75
G+C content (mol%) 44 53.9 50.4–51.5 49.7–52.3 51.9

Characteristics of each group are scored as: + 90% or more of strains are positive, D 11–89% of strains are positive, � 90% or more of
strains are negative. Isolates were cultured on Bacto tryptic soy broth agar (Difco, BD, USA) with the Geobacillus cell extract and
incubated at 60�C for 48 h
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Geobacillus cell extract are a minority of the soil sample.
In DGGE analysis, it was observed that extract-requir-
ing microorganisms were neither diverse nor a major
population in the sampled compost.

Since G. toebii is a thermophile (Sung et al. 2002), the
ingredient of the extract could be stable at enrichment
temperature (i.e., 60�C). Since the optimum growth
temperature of E. coli and B. subtilis are 37� and 30�C,
respectively, this might cause different effects in each
extract of the thermophile enrichment, resulting in dif-
ferent numbers of DGGE bands. As expected, most of
the strains detected in the DGGE bands failed to de-
velop colonies. Furthermore, during the isolation of
strains from enrichment, some of the colonies could not
be successfully transferred, although we used agar plate
with the corresponding extract. This means there might
be other factors generated during enrichment cultures
affecting the growth of uncultivated microorganisms.

Our results clearly showed that cell extract is an
important factor in stimulating the growth of novel
thermophiles, and this newly developed isolation
strategy expanded the frontiers of cultivable thermo-
philes. The components released from dead cells in the
natural thermal ecosystem can be an essential interac-
tion factor. Indispensability of the cell extract for the
growth of isolates is very similar to that of Symbio-
bacterium toebii, which grows only in the presence of
extract of various prokaryotes (Sung et al. 2003). When
the extract dependency of Dehalococcoides ethenogenes
in moderate temperature conditions (Huber et al. 2002)
and the recovery of halophilic archaebacteria from
natural environments (Wais 1988) are taken into con-
sideration, this type of interaction could be ubiquitous
in an environment. Presently, the yeast extract is rou-
tinely used to cultivate various kinds of microorgan-
isms. We suggest that supplementing the bacterial
extract could be one of the alternatives for cultivation
of fastidious bacteria defying to be cultivated with the
current culture technologies. Consequently, further re-
search is required to identify these factors as they may
contribute to a better understanding of the microbial
interactions in the ecosystem and to the discovery of
other uncultivated microbial groups, ubiquitous, yet
still unknown.
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