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Symbiobacterium thermophilum is a strictly symbiotic
thermophile, the growth of which is dependent on the coex-
istence of an associating thermophilic Bacillus sp., strain S.
S. thermophilum grows only in mixed culture with the
Bacillus strain in liquid media, and does not form visible
colonies on solid media. To measure the growth of this sym-
biotic bacterium and to analyze its growth requirements,
we developed a quantitative PCR method by using its
specific sequences in a putative membrane translocator
gene fnaT as primers. According to this method, indepen-
dent growth of S. thermophilum was first confirmed in a di-
alyzing culture physically separated from Bacillus strain S
with a cellulose membrane. Independent growth of S. ther-
mophilum was also managed by adding conditioned medi-
um prepared from the culture filtrate of the Bacillus strain,
but the growth in the conditioned medium stopped at a
very limited extent with appearance of filamentous cells,
suggesting the uncoupling of cellular growth and cell divi-
sion. Formation of micro-colonies of S. thermophilum was
observed on the conditioned agar medium under both aero-
bic and anaerobic conditions, but the colony-forming
efficiencies remained below 1%. Several other bacterial spe-
cies, such as Bacillus stearothermophilus, Bacillus subtilis,
Thermus thermophilus, and even Escherichia coli, were
also found to support the growth of S. thermophilum.
These results indicate that S. thermophilum essentially re-
quires some ubiquitous metabolite(s) of low molecular
weight produced by various bacterial species as growth fac-
tor(s) but coexistence of the living partner cells is still re-
quired, probably to maintain an effective level of the puta-
tive factor(s) in the medium.
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quantitative PCR; growth factor
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Symbiobacterium thermophilum is a thermophilic
bacterium in a small rod form, which was discovered in
compost as a producer of heat-stable enzymes such as
tryptophanase'™ and S-tyrosinase.** The organism was
obtained in mixed culture with another thermophilic bac-
terium, Bacillus strain S, in liquid media, but all at-
tempts to establish its axenic culture were unsuccessful.
No pure colonies nor the independent growth of S. ther-
mophilum had been observed in any artificial media so
far examined, while the associating Bacillus strain grew

independently and formed colonies on the usual
nutrient broth agar. Growth of S. thermophilum was
only observed when Bacillus strain S was in the liquid
mixed culture, where Bacillus started to grow first and
growth of S. thermophilum followed later. No physical
association between the cells of the two organisms was
observed in the mixed culture. These two bacteria com-
pose a defined system with parasitic interaction that may
be assumed as an example of the symbiotic systems
between multiple free-living microbial strains.

Although the growth profiles of S. thermophilum in
the mixed culture suggested a possible involvement of
some diffusible growth factor(s) produced by the Bacil-
lus cells, detection of the putative factor has hitherto
been hampered because of the inability of S. thermophi-
lum to form colonies. Quantitative estimation of the
growth should depend on direct cell counting under a
microscope, but the method was not sufficient for the
reliable and specific measurements to distinguish possi-
ble contaminating organisms from S. thermophilum. To
overcome this difficulty, we adopted the polymerase
chain reaction (PCR) with specific DNA sequences of S.
thermophilum as primers, which allowed us to detect
and measure the cell mass without cultivation.® This
method enabled us to distinguish growth of S. ther-
mophilum from that of Bacillus strain S with high
specificity. By using this method, we succeeded in detect-
ing independent growth of S. thermophilum in a dialyz-
ing culture with Bacillus strain S. It was also possible to
infer the presence of the growth promoting factor(s) in
the culture filtrates of the supporting organisms. This
paper deals with these results along with several charac-
teristic features of the independent culture of S. ther-
mophilum.

Materials and Methods

Strains, media, and cultivation. Liquid mixed culture
of S. thermophilum and Bacillus strain S was done in 50
ml of LB broth [1% Bacto tryptone (Difco), 0.5% Bacto
yeast extract (Difco), and 0.5% NacCl, pH 6.8] in a 200-
ml Erlenmeyer flask and cultured at 60°C without shak-
ing. Overnight culture containing both organisms at
approximately the same cell concentrations (1-5x 10%
cells/ml) was centrifuged at 4,000 % g for 25 min, and
the cells resuspended in 50 mM sodium phosphate buffer
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(pH 7.0) were kept at —80°C for inoculation into the
next mixed cultures. To obtain the inoculum for the in-
dependent culture of S. thermophilum in the dialyzing
culture vessel described below, the mixed culture was
continued for 42 h or more to reach the late stationary
phase. At this stage the viable cell number of S. ther-
mophilum became highly dominant to that of Bacillus
by 103 times or more due to the selective killing of Bacil-
lus by indole accumulated in the medium.? Viable cell
numbers of S. thermophilum in these cultures were esti-
mated from the maximum dilution ratios to cause its
growth in liquid subcultures as follows. Samples were
diluted to give a series of diluted cell suspensions by
10*-10° times. A portion (0.2 ml) from the each diluted
suspension was inoculated into a test tube containing
1.8 ml of LB broth, which was additionally inoculated
with a separately prepared pure culture of Bacillus
strain S at a concentration of 2 x 106 cells/ml to support
the growth of S. thermophilum. After 2 days of incuba-
tion at 60°C, S. thermophilum growth in the subcul-
tures was monitored by adding Kovack’s reagent to
check indole production by its tryptophanase activity.”
The maximum dilution ratio to give the indole produc-
tion represented the viable cell number of S. thermophi-
lum in the original sample. The number thus estimated
was at the order of 10° cells/ml in the late stationary
phase of the mixed culture. Viable cell numbers of Bacil-
lus strain S in the same culture were measured by colony
counting on LB broth agar, which were usually about
1x10° cells/ml. Then the late stationary culture was
diluted with a magnitude (10° times for example) to
minimize accompanying incorporation of Bacillus strain
S and used for inoculation of the dialyzing culture. The
independent culture thus obtained was used as the inoc-
ula of S. thermophilum for further experiments.

Pure culture of Bacillus strain S was done in 100 ml of
LB broth in a 300 ml Erlenmeyer flask with gentle shak-
ing at 60°C. To prepare conditioned medium to exa-
mine the cell-free activity to support independent
growth of S. thermophilum, the overnight culture of
Bacillus strain S was centrifuged, and the resultant su-
pernatant was supplemented with 1% Bacto tryptone
and 0.5% Bacto yeast extract and adjusted to pH 7.5.
The enriched supernatant filtered with a Millipore mem-
brane (pore size 0.22 um; Millex-GP) was aseptically
mixed with LB broth adjusted to pH 7.5 at appropriate
ratios, and the mixtures were used as conditioned me-
dia. Conditioned agar medium for colony formation of
S. thermophilum was prepared by adding 2% agar
(Difco) to the conditioned medium containing 50%
(v/v) of the enriched culture filtrate and autoclaved. Es-
cherichia coli JM105 was similarly examined as to the ac-
tivity in the culture filtrates. To examine the activity of
the conditioned medium of Saccharomyces cerevisiae
hER,” the yeast was cultured in LB broth (pH 5.5) for
48 h at 25°C without shaking and the culture filtrate was
analyzed as to the activity after adjusting pH to 7.5.
Bacillus subtilis 1012, Bacillus stearothermophilus
SICI,” and Thermus thermophilus TH125'® were exam-
ined as to their abilities to support growth of S. ther-
mophilum in mixed cultures. The mixed cultures were
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done in LB broth without shaking mostly at 60°C with
the exception of B. subtilis— S. thermophilum mixed cul-
ture, which was incubated at 51°C.

Dialyzing culture vessel. To detect the activity of a
putative growth factor for S. thermophilum produced
by Bacillus strain S, a glass vessel illustrated in Fig. 1
was designed. The vessel consists of two parts, each of
which has a cotton-plugged inlet and an open cut with a
flat edge for fitting the two parts together, and the assem-
bled vessel could contain approximately 100 ml of me-
dia in total. A cellulose dialyzing membrane with a di-
ameter of 45 mm prepared from a dialysis membrane
tube (Spectra/Pro Membrane, molecular weight cut-
off, 3,500 Da; Spectrum) was placed between the flat
edges to separate liquid medium in the two partitions.
After assembling the parts and membrane together, the
outside edges were wrapped with silicon tape to assure
sealing, and the parts were harnessed with springs. The
vessel containing 50 ml of LB broth in each partition
was autoclaved, and S. thermophilum from the late sta-
tionary phase of the mixed culture described above and
the pure culture of Bacillus strain S were inoculated into
each partition respectively. The inoculated vessel was in-
cubated without shaking at 60°C.

Quantitative PCR to measure growth of S. thermophi-
lum and Bacillus strain S. PCR for specific gene se-
quences of S. thermophilum or Bacillus strain S was
used to detect and measure their growth. tnaT is a gene
encoding a homologue of eukaryotic membrane translo-
cators belonging to the sodium-dependent neurotran-
smitter family (SNF),'” which was identified in the tryp-
tophanase operon of S. thermophilum (our unpublished
data). The nucleotide sequence of tnaT has been submit-
ted to DDBJ, EMBL, and GenBank under the accession
number AB010832. The product TnaT is a 55-kDa pro-
tein sharing 32% identity with a rat betaine/ GABA
transporter.’? Two sequences in the tnaT coding se-
quence, nt. 778-792 (5'-CGTCTTCGCAACTCA-3")
and nt. 972-958 (5'-CAGGATACCGAACAG-3’), were
synthesized and used as primers in PCR. As a specific
probe for Bacillus strain S DNA, the phosphotran-
sferase system enzyme I (ptsl) gene cloned from the
strain was used (our unpublished data, accession No.

Fig. 1. A Dialyzing Culture Vessel Separated into Two Partitions A
and B by a Cellulose Membrane.
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ABO016285). The gene shared 97.6% identity with that of B.
stearothermophilus.' The sequences corresponding to
nt. 439-452 (5'-CTGCTTGGCGTCAC-3’) and nt. 698-
685 (5'-ACTTGGCCGTCGAG-3’) in the ptsI were syn-
thesized and used as primers. Forward primers for both
tnaT and ptsI sequences were labeled with Cy5 (Amer-
sham Life Science) to allow detection of their amplified
products by fluorescence.

Cell suspension samples were treated for PCR as fol-
lows. A sample (100 ul) of cell suspension was added to
1 ul of DNase I solution (10 units/ul; Boehringer Man-
nheim) and 9 ul of the buffer containing 125 mm MgSO,
and 20 mm MOPS, pH 6.8. The mixture was incubated
at 37°C for 30 min to remove extracellular DNA con-
taminants, and then heated at 100°C for 5 min to inacti-
vate the enzyme. The mixture was frozen at —20°C for
60 min and then boiled for 10 min. For cell lysis, 2 ul of
Proteinase K solution (0.3 units/ul; Promega) and 28 ul
of the buffer containing 0.5% (v/v) Tween 20, 0.1%
(v/v) Nonidet P-40, 0.3 mM EDTA, and 20 mM Tris-
HCI, pH 8.0, were added. After incubation for 1h at
60°C, the lysate was boiled for 10 min and centrifuged
at 17,000 x g for 5 min. The resultant supernatant was
tested by quantitative PCR as follows. A sample (10 ul)
of the supernatant was added to 25 pmoles of the
primers described above, 10 nmoles each of deox-
yribonucleotides, and 2.5 units of polymerase (TaKaRa
Ex Taq; Takara) in 50 ul of 1 X Ex Taq buffer. The reac-
tion was done by the following schedule: 3 min at
94°C—[1 min at 94°C—1 min at 50°C—2 min at 72°C]
x30 cycles—3 min at 72°C. The amplified products
were electrophoresed on a polyacrylamide gel (8% gel
concentration), and densities of the amplified DNA
bands (194 bp for tnaT and 259 bp for ptsi, respectively)
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were analyzed by fluorometry using an Image Analyzer
(STORM; Molecular Dynamics). To correct fluctuation
of the amplification between different PCR analyses,
several samples containing the microscopically counted
cells in the range of 1 x 10° to 5 x 10° cells/ ml were simul-
taneously analyzed as standards in each analysis.

Colony formation of S. thermophilum. Cells of S.
thermophilum free from Bacillus strain S were plated
onto conditioned agar medium prepared from the cul-
ture filtrate of Bacillus strain S and incubated at 60°C
for 2-6 days. To observe micro-colonies of S. ther-
mophilum, the surface of the plates was carefully ob-
served with a phase-contrast microscope at X 100 mag-
nification. In order to examine colony formation under
the anaerobic conditions, the plates were incubated at
60°C in a BBL Gaspack Pouch (Becton Dickinson
Microbiology Systems), which generated an anaerobic
atmosphere with less than 2% oxygen and a carbon di-
oxide concentration of greater than 4%.

Results

Development of quantitative PCR to measure growth
of S. thermophilum

S. thermophilum has two similar genes both encoding
heat-stable tryptophanases, called ¢nal and tna2, which
are closely located in tandem in the chromosome.® Se-
quence analysis of the flanking regions showed the
presence of an open reading frame, tnaT, encoding a se-
quence similar to those of eukaryotic membrane translo-
cators known as SNF. Recent genome sequencing
projects of several bacterial species have found a similar
sequence in Haemophilus influenzae' and Methanococ-
cus jannaschii'® but not in Escherichia coli nor B. subti-

(8)
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Fig. 2. Quantitative PCR of the tnaT Sequence with a Series of the Diluted Cell Suspension of S. thermophilum.
(A) Gel electrophoresis of the amplified products by PCR. Lanes 1 to 5 are the fnaT signals obtained from S. thermophilum cells at
1x10°%, 5% 10°, 1x 10% 5% 10°, and 1 x 107 cells/ml, respectively. Lane 6 is the pts/ signals from 1 x 107 cells/ ml of S. thermophilum. Lanes
7 and 8 are the controls of 1 x 107 cells/ml of Bacillus strain S analyzed by using the ptsI and tnaT primers, respectively. Closed and open ar-
rows indicate positions of the tnaT and ptsl signals, respectively. (B) Plots of relative fluorescence intensities of the 7naT signal versus cell

densities of S. thermophilum.
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lis. We used parts of this characteristic sequence as
primers of PCR to measure DNA and cells of S. ther-
mophilum. We have also cloned a sequence similar to
that of the enzyme 1 gene (ptsI) of the phosphotran-
sferase system for hexose transport from Bacillus strain
S. We used parts of this sequence as specific primers to
detect growth of Bacillus strain S.

S. thermophilum cells recovered from the late station-
ary phase of the mixed culture were serially diluted, and
the diluted samples were analyzed by quantitative PCR
with tnaT primers. As shown in Fig. 2A and B, densities
of the amplified DNA bands increased proportionally wi-
thin a range from 1 % 10° to 5 % 108 cells/ ml or more. No
ptsl signal was observed with the highest concentration
of S. thermophilum cells. On the other hand, a strong
amplified signal of ptsI was observed with the suspen-
sion of Bacillus strain S at 1 x 107 cells/ml, while no am-
plified band of trnaT was detected (Fig. 2A). Thus both
primers were confirmed to be sufficiently specific to meas-
ure growth of each partner respectively. The minimum
concentrations allowing detection of both organisms by
PCR was approximately 5 x 10* cells/ml.

This method was used to measure growth of S. ther-
mophilum and Bacillus strain S in the mixed culture.
When an overnight mixed culture of S. thermophilum
and Bacillus strain S was inoculated into fresh LB
broth, a rapid increase in the ptsl signal of Bacillus
strain S started to occur first, which was followed by a
slow increase in the tnaT signal as shown in Fig. 3A.
The maximum cell density of S. thermophilum in the
mixed culture was estimated to be 2 x 10° cells/ml. The
result was essentially the same as that obtained by
microscopic cell counting (Fig. 3B). The estimated
values of Bacillus by PCR decreased in the later stage,
probably due to the autolytic degradation of cellular
DNA. Viable cell number of Bacillus by colony count-
ing at 42 h was 1.2 x 10° cells/ml, which was far lower
than both estimations, those by PCR and microscopic
counting.

Dialyzing culture of S. thermophilum physically sepa-
rated from Bacillus strain S

Although a mixed culture with Bacillus strain S had
hitherto been the only way to grow S. thermophilum,
the growth profiles suggested involvement of some essen-
tial growth factor(s) which was produced by the Bacillus
cells and provided for S. thermophilum through diffu-
sion. In order to establish an axenic culture of S. ther-
mophilum probably requiring such a putative growth
factor, a dialyzing culture vessel partitioned by a cellu-
lose membrane (Fig. 1) was used. S. thermophilum cells
from the late stationary phase of the mixed culture was
inoculated into LB broth in partition A, which con-
ferred the initial concentration of S. thermophilum at
about 2 x 10° cells/ml with less than 1 cell/ml of Bacil-
lus strain S. Partition B was inoculated with a pure cul-
ture of Bacillus strain S at early stationary phase at a
concentration of 5x 107 cells/ml. After 4 days incuba-
tion at 60°C, a distinct increase in the tnaT signal with
no signal of ptsl was observed in partition A, while an in-
crease in the ptsI signal with no signal of tnaT was ob-
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Fig. 3. Growth Curves in the Mixed Culture of S. thermophilum and
Bacillus Strain S Analyzed by (A) Quantitative PCR and (B)
Microscopic Cell Counting.

®, cell numbers of S. thermophilum; O, cell numbers of Bacillus
strain S.

served in partition B (Fig. 4A). Microscopic observation
confirmed the marked increase in cell number of S. ther-
mophilum in the absence of the Bacillus cells in parti-
tion A. No colonies of Bacillus appeared after plating
0.1 ml of the culture in partition A on LB broth agar,
while the Bacillus cells added to the culture before the
plating as a control at a concentration of 1x 10° cells/
ml formed colonies almost quantitatively. These results
confirmed the independent growth of S. thermophilum
in the absence of Bacillus strain S in partition A. When
inoculation of Bacillus into partition B was omitted, no
increase in the tnaT and pisI signals was observed in par-
tition A (Fig. 4B). Increase in the tnaT signal in the di-
alyzing culture with Bacillus strain S was almost com-
parable to that in the mixed culture of both strains in a
single batch (Fig. 4C).

The independent culture of S. thermophilum thus es-
tablished was used for inoculation of the next dialyzing
culture with Bacillus strain S and the course of growth
was analyzed by quantitative PCR. As shown in Fig. 5,
cell numbers of S. thermophilum in partition A esti-
mated from the ¢naT signal started to increase about 24
h later than the beginning of the growth of Bacillus in
partition B. When the two organisms were inoculated
together in a single batch, the lag phase of the growth of
S. thermophilum became shorter. The maximum cell
density of S. thermophilum in the dialyzing culture was
almost the same as that of the mixed culture. A marked
feature of the independent culture of S. thermophilum
thus achieved in partition A was its low turbidity
(OD¢), which corresponded to only 1/5 of that con-
ferred by E. coli or B. subtilis at the same cell concentra-
tions.

Independent growth of S. thermophilum supported
by the conditioned medium of Bacillus strain S
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Fig. 4. Gel Electrophoresis of the PCR Products of #naT and ptsI in Dialyzing and Mixed Cultures.

Closed and open arrows indicate positions of the ¢tnaT and ptsI signals, respectively. PCR analyses were done on cultures for 0 and 96 h, re-
spectively. (A) Dialyzing culture where partition A was inoculated with S. thermophilum and partition B with Bacillus strain S. Both parti-
tions A and B were analyzed with tnaT and ptsI primers. (B) Dialyzing culture of S. thermophilum without inoculation of Bacillus strain S
into partition B. Partition A was analyzed with tnaT and ptsI. (C) Mixed culture of S. thermophilum and Bacillus strain S in a single batch

analyzed with tnaT and ptsl.
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Fig. 5. Growth Curves of S. thermophilum and Bacillus Strain S in
Dialyzing and Mixed Cultures.
S. thermophilum in partition A (®) and Bacillus strain S in parti-
tion B (A) in the dialyzing culture (solid lines); S. thermophilum
(O) and Bacillus strain S (A) in the mixed culture (dotted lines).

In order to confirm further the involvement of sub-
stantial growth factor(s) in the symbiotic growth of S.
thermophilum, the effects of conditioned medium pre-
pared from the culture filtrate of Bacillus strain S was ex-
amined. Fresh LB broth and the conditioned medium
were mixed in various ratios and were inoculated with S.
thermophilum from the dialyzing culture. After incuba-
tion for 6 days at 60°C, a distinct increase in the tnaT sig-
nal without appearance of the ptsI signal was observed
in the cultures supplemented with more than 30% (v/v)

1234567

Fig. 6. Gel Electrophoresis of the PCR Products in S. thermophilum
Cultures with Different Amounts of the Conditioned Medium.
Lanes 1 and 2 are the tnaT signals from the cultures in fresh LB
broth (pH 6.8) and the broth adjusted to pH 7.5, respectively. Lanes
3 to 6 are the signals from the cultures with LB mixed with 30, 50,
70, and 90% (v/v) of the conditioned medium, respectively. Lane 7
is the ptsl signal from the culture with 50% (v/v) of the conditioned
medium. The conditioned medium was added to fresh LB broth to
give a total volume of 5 mlin 10-ml test tubes of 10 mm diameter. S.
thermophilum cells were inoculated at a density of 1 x 10* cells/ml.
PCR analyses were done after 6 days cultivation.

of the conditioned medium (Fig. 6). It was also observed
that only adjusting the initial pH of fresh LB broth (pH
6.8) to 7.5 without adding the conditioned medium
caused a very slight increase in the tnaT signal.
Microscopic observation and plating to examine forma-
tion of the Bacillus colonies confirmed the absence of
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Fig. 7. Growth Curves and Cell Morphology of S. thermophilum in
the Conditioned Medium.

(A) Courses of growth estimated by PCR in LB broth (pH 6.8)
with (@) and without (O) addition of the conditioned medium
(50%, v/v); in LB broth (pH 7.5) without addition of the con-
ditioned medium (O); and in the dialyzing culture with Bacillus
strain S (®). An inset is an enlarged plotting of the growth curves in
the non-conditioned media pH 6.8 and pH 7.5. (B) Microscopic pho-
tos of (1) S. thermophilum cells grown in mixed culture with cell
debris of Bacillus, and the cells grown in (2) dialyzing culture, (3)
conditioned medium, (4) and non-conditioned medium adjusted to
pH 7.5. Photos were taken of 4-day cultures. Bars indicate 10 ym.
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Bacillus strain S and the independent growth of S. ther-
mophilum in the conditioned medium.

The course of the increase in the tnaT signal in the
conditioned medium was analyzed by PCR and com-
pared to that in the dialyzing culture. As shown in Fig.
7A, both the rate and the maximum extent of the in-
crease in the conditioned medium were distinctly lower
than those in the dialyzing culture. The growth in the
non-conditioned medium adjusted to pH 7.5 was far
lower and reached only about 10% of the growth in the
conditioned medium (Fig. 7A inset), so there is a
growth-promoting activity in the conditioned medium.
We also noticed that prolonged independent cultures in
these media caused abnormal elongation of all the cells
into a filamentous form as shown in Fig. 7B. The correla-
tion between the intensities of the ¢naT signal and cell
numbers was found to remain unchanged in the filamen-
tous cells, indicating that the cellular DNA contents
were kept constant upon elongation of cells. These
results suggest that the independent growth of S. ther-
mophilum in the absence of the living Bacillus cells is
limited, probably due to uncoupling of cellular growth
and cell division.

Bacterial species other than Bacillus strain S support-
ing growth of S. thermophilum

Although the ability to support growth of S. ther-
mophilum had hitherto been assumed to be a specific
property of Bacillus strain S,” we reexamined the ability
of other bacterial species by using the quantitative PCR.

o Q)
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Fig. 8. Growth of S. thermophilum Supported by Several Bacterial Species.
S. thermophilum was co-cultured in mixed cultures with Bacillus strain S, B. stearothermophilus, B. subtilis, and T. thermophilus, or cul-
tured in the medium with 50% (v/v) of the conditioned medium of E. coli or S. cerevisiae. Samples were cultured for the hours indicated,

and PCR was done with both ¢naT (lanes T) and pisI (lanes P) primers.
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S. thermophilum cells from the dialyzing culture were in-
oculated into fresh LB broth together with a pure cul-
ture of B. stearothermophilus or T. thermophilus, and
incubated at 60°C. Similar mixed culture with B. subti-
lis was done at 51°C, which was chosen as the maximum
temperature to allow growth of the mesophilic partner.
These mixed cultures were analyzed by PCR by using
the tnaT and ptsl primers, respectively. As shown in
Fig. 8, the three species caused distinct increases in the
tnaT signal, indicating growth of S. thermophilum,
which was comparable to that with Bacillus strain S.
The absence of Bacillus strain S in the cultures with the
two Bacillus species and T. thermophilus was indicated
by the absence of the ptsl signal, which was sufficiently
specific to distinguish them from Bacillus strain S. We
also observed that addition of the culture filtrate of E.
coli to LB broth caused independent growth of S. ther-
mophilum as observed with the conditioned medium of
Bacillus strain S, but the culture filtrate of S. cerevisiae
showed no such activity (Fig. 8). The possible presence
of Bacillus strain S in the independent culture with the
E. coli conditioned medium was excluded by the ab-
sence of both the ptsI signal and colony formation.

Micro-colony formation of S. thermophilum

Based on these observations, colony formation of S.
thermophilum was examined on the conditioned agar
medium prepared from the culture filtrate of Bacillus
strain S. After incubation for 2-4 days, almost invisible
and transparent micro-colonies were found on the agar
surface, using a phase-contrast microscope. The maxi-
mum size of the colonies was about 0.2 mm even after 6
days of cultivation. Colonies showed irregular form
with wrinkled and partially multi-layered surface as
shown in Fig. 9A, and colony-forming efficiency against
input cell numbers was estimated to be only 0.5-1.0%.
When a few tens micro-colonies appearing after 2 days
incubation were inoculated into LB broth with the
separately cultured Bacillus strain S, the liquid mixed
culture with potent tryptophanase activity was repro-
duced. On the other hand, the colonies after 6 days of in-
cubation failed to reproduce the mixed culture, indicat-
ing that cells in the colonies lost viability at a later stage
of cultivation. Colonies were formed even under anaero-

(A) (8)

Fig. 9. Micro-colonies of S. thermophilum on the Conditioned Agar
Medium Observed after 4 Days.
Colonies under (A) the aerobic and (B) the anaerobic conditions.
Bars indicate 0.1 mm.
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bic conditions at similar efficiencies, but colony mor-
phology was round with a few marginal rings similar to
the layered structure of the aerobic colonies (Fig. 9B).
Conditioned medium was also required for colony for-
mation under the anaerobic conditions.

Discussion

S. thermophilum had hitherto been unable to grow in-
dependently and its original partner Bacillus strain S
had been assumed to have a specific activity to support
growth of S. thermophilum. In this work, however, we
discovered that S. thermophilum could grow indepen-
dently in the dialyzing culture with Bacillus strain S and
in the presence of conditioned media prepared from cul-
ture filtrates of various bacterial species. The absence of
the original partner Bacillus strain S in these cultures
was confirmed by (i) the absence of the ptsI signal in
PCR, (ii) the absence of the Bacillus cells by microscop-
ic observations, and (iii) the absence of the Bacillus colo-
nies when the cultures were plated on LB broth agar.

Although the non-conditioned medium adjusted to
pH 7.5 allowed a very limited independent growth of S.
thermophilum, addition of the conditioned medium
caused distinct growth promotion. It suggests that Bacil-
lus plays a role by providing some substance(s) required
for growth of S. thermophilum but not removing inhibi-
tory substances through their metabolic activities. The
independent growth in both the conditioned medium
and the non-conditioned medium adjusted to pH 7.5
showed a typical profile of unbalanced growth with
marked cellular elongation, which might be due to
uncoupling of cellular growth and cell division. The
limited sizes and lack of viability of colonies on the con-
ditioned agar medium as well as very low colony-form-
ing efficiencies could be a consequence of the un-
balanced growth. These results suggest that cell division
is the most vulnerable process in the growth of S. ther-
mophilum. The putative growth factor in the con-
ditioned medium may be required to keep the cell divi-
sion process active, but the effect is apparently not
sufficient and the living partner cells are still required to
avoid unbalanced growth in a later stage of cultures. A
possible explanation for this residual requirement of the
living partner cells may be that the putative factor pro-
duced in the medium is metabolized by S. thermophilum
and its constant production or recycling by the living
partner cells is required to maintain an effective level in
the culture.

The ability to support growth of S. thermophilum is
not limited to the original associating organism, Bacillus
strain S, but occurs among a variety of bacterial species,
even in the Gram-negative bacteria such as T. thermophi-
lus and E. coli. The fact that the non-conditioned medi-
um (pH 7.5) caused limited independent growth may
suggest that S. thermophilum itself also produces the
factor but at a very low level. Contrasting to the fact
that all bacterial species so far examined showed the ac-
tivity, we failed to detect it in the culture filtrate of Sac-
charomyces cerevisiae. The growth-supporting factor is
assumed to be a low-molecular-mass substance, since
the activity is diffusible through a cellulose membrane
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with a molecular cut-off of 3,500 Da. The activity in the
conditioned agar medium was not lost by autoclaving,
suggesting the putative factor is heat-stable. We have
hitherto examined various amino acids, nucleic acid
bases, vitamins, and other compounds including
glutathione, pyrroloquinolinequinone, and hemin, but
no active substance has yet been found. We currently
conclude that some low molecular-mass metabolite ubi-
quitous among at least many bacterial species works as
an essential growth factor of S. thermophilum.

S. thermophilum was found to be a facultative anaer-
obe forming colonies under the anaerobic conditions.
The growth requirement of S. thermophilum suggests
that this bacterium and probably its relatives may con-
stitute symbiotic systems not with a specific but a wide
range of bacterial species to establish their niches in
natural high temperatures and even anaerobic environ-
ments. Ecological distribution and phylogenetic analysis
of this unique organism will be reported elsewhere.
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