Microbes Environ. Vol. 20, No. 2, 85-91, 2005
http://wwwsoc.nii.ac.jp/jsme2/

Minireview

robes

nvironments

Cultivation of Uncultured Fastidious Microbes

YoIcHI KAMAGATA'* and HIDEYUKI TAMAKI!

! Institute for Biological Resources & Functions, National Institute of Advanced Industrial Science and
Technology (AIST), Central 6, Higashi 1-1—1, Tsukuba, Ibaraki 305—-8566, Japan

(Received March 31, 2005—Accepted April 20, 2005)

A huge number of microorganisms are still unknown and uncultivated. SSU rRNA gene-based analyses of
complex microbial communities are unveiling their diversity, distribution and abundance in natural environ-
ments. How to isolate uncultivated microorganisms is an everlasting preoccupation for microbiologists even in
the era of culture-independent functional analyses such as stable isotope labeling, modernized in situ hybridiza-
tion techniques and community genomics. Conventional isolation procedures are very laborious, and there is sig-
nificant room for improvement. In this review, we stress several important clues to the systematic isolation and

cultivation of uncultured microorganisms.
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Introduction

Over the past decade, molecular approaches primarily
based on SSU rRNA gene analyses have been commonly
used for analyzing the overall structure of microbial com-
munities. These approaches have uncovered a vast variety
of unknown microorganisms present in all kinds of
environments'>?. The number of bacterial phyla (divisions)
has been rising since the 1990’s and at present, almost 80
phyla are recognized though only 26 phyla contain cultured
representatives®. Cumulative sequence information has en-
abled us to know what phylotypes of microorganisms tend
to be present and what phylotypes dominate the communi-
ties in particular environments. Such phylogenetic informa-
tion combined with metagenomics (direct amplification,
cloning and sequencing of community genomes) and bio-
chemical analyses (such as microautoradiography, tyramide
signal amplification, or RING-FISH (recognition of indi-
vidual genes fluorescence in situ hybridization), and stable
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isotope probing) could provide further insight into the func-
tions and roles of predominating microorganisms in the
environment!26324249_ However, such approaches clearly
have limitations in terms of understanding what the organ-
isms are really doing and how they make a living in situ. In
this context, the isolation of tangible microorganisms is still
the most convincing way to know exactly what they are do-
ing and potentially can do. This strategy is obviously the op-
posite approach to community genomics accomplished by
taking advantage of cloning techniques, well-developed
DNA sequencers and elaborate gene sequence analyses.
However, both strategies can coexist and together may shed
light on environmental microorganisms hidden from con-
ventional microbiology.

The isolation of microorganisms is undoubtedly time-
consuming and laborious. In addition, the underlying tech-
niques, which have been used for over a century, seem to
have limitations for “fastidious” or “elusive” microorgan-
isms. Nevertheless, there is still room for improvement to
isolate yet-to-be cultured microbes. This review describes
several examples of how we and other investigators have
obtained microorganisms in pure cultures that had seemed
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to be very difficult to deal with.

Anaerobic syntrophic microorganisms

From the data collected to date, it is strongly suggested
that most microorganisms on the earth thrive in anaerobic
environments*®. Apparently, oxygen is freely available at
the surface in environments where O,-respiring microorgan-
isms dominate. However, a huge number of anaerobic mi-
croorganisms are hidden below the surface. Not only terres-
trial and oceanic subsurfaces, but places such as animal
intestines, rice paddies, wetlands and methane-fermenting
processes are well-known habitats for anaerobes.

Under strictly anaerobic conditions, one microorganism
shares energy with another for substrate oxidation. Under
oxic conditions, simple substrates such as fatty acids can be
completely oxidized by one microorganism. In anaerobic
environments, however, substrates cannot be completely
oxidized by a single species. For instance, an anaerobic fat-
ty acid-oxidizing microorganism that is referred to as a syn-
troph can, to some extent, oxidize fatty acids to produce H,
and smaller intermediates, but the H, generated in this pro-
cess inhibits further oxidation for thermodynamic reasons.
The organism, therefore, requires another organism that can
consume (scavenge) H, to keep the H, partial pressure ex-
tremely low to make the entire oxidation reaction energeti-
cally feasible. In general, H>-consuming methanogens and
sulfate-reducing bacteria are in charge of this process.

To date, immense efforts to isolate syntrophic microor-
ganisms have been made by many investigators. The key to
successfully isolating such microorganisms is either isolat-
ing them in cocultures with H>-consuming organisms or iso-
lating them using different substrates that allow them to
grow in pure cultures. The former approach requires H»-
consuming organisms that can support the growth of syntro-
phs. Typically, H>-consuming organisms are pregrown and
mixed with inoculum so that the syntrophs grow and form
colonies on a “lawn” of H, consumers in solidified medium.
The latter approach is on a trial and errors basis to find ap-
propriate substrates for growth in pure culture. However,
one important clue is that most syntrophs are capable of fer-
menting certain substrates using intermolecular dispropor-
tionation, or they may have a respiratory system that uses
fumarate, sulfate or Fe(IIl) as a terminal electron acceptor.
We have accumulated much knowledge and have succeeded
in isolating several very fastidious syntrophic microorgan-
isms in pure culture!!-1415:27.28.3335 (Fig, 1).

Thermacetogenium phaeum is an obligately anaerobic or-
ganism that oxidizes acetate slowly with the concomitant
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formation of H». It grows on acetate only in coculture with
an Hr-scavenging methanogen!®!'". The organism was iso-
lated from an enrichment culture which oxidized 80 mM ac-
etate to produce methane in one month. Initially, we at-
tempted to isolate a “pure coculture” of the acetate-
oxidizing organism and methanogens by diluting the enrich-
ment culture in the presence of pregrown H,-scavenging
methanogen cells. The isolation of two-membered cocul-
tures was attempted using a methanogen-containing agar
medium (lawn culture) as described above. However, no
colony was obtained in tubes containing high dilutions. We
then attempted to isolate the target organism in pure culture
using different substrates. Of the substrates tested, pyruvate
was found to allow an organism that predominated in the
enrichment culture to grow. The organism was eventually
purified after repeated passage to pyruvate agar medium. To
confirm whether it was the target organism, we reconstruct-
ed a coculture with H»-scavenging methanogens to verify if
acetate is oxidized together with growth. However, there
was a pitfall in this step. It took years to determine that the
reconstruction (restart of growth in coculture) needs several
months. We first thought that the organism isolated was
NOT the target, since neither growth nor acetate oxidation
occurred even after a month. Moreover, we found that the
species of “partner methanogen” is crucial, as it turned out
later that one species of the genus Methanothermobacter
(formerly Methanobacterium) used in the earlier experi-
ments was not suitable for the reconstruction but the species
we used later was. It eventually took almost twelve years to
isolate the organism, establish a coculture and characterize
the organism in detail. Nevertheless, this strategy is com-
monly used for the isolation of anaerobic syntrophs in our
laboratories, since it is facilitated by the full-cycle 16S
rRNA approach. Currently, we would clone 16S rRNA
genes from a community or enrichment of interest, se-
quence them and predict the sequence of the target organ-
ism. Once the sequence is obtained, we design a probe for in
situ hybridization and apply it to various enrichment cul-
tures under different selective pressures to find the best sub-
strate(s) that allows the target organism to grow.

Organisms that require growth factors produced by
other organisms

Syntrophic association in anaerobic environments is, as
mentioned above, underlain, to a large extent, by the inter-
species transfer of H, between H,-producing microbes and
Hs-scavenging microbes. This is a common way of life for
anaerobes. By contrast, how aerobic microorganisms inter-
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Fig. 1.

Thermacetogenium phaeum gen. nov. sp. nov. (Firmicutes)

(Hattori et al., 2000)

A thermophilic acetate-oxidizing H2-producing syntroph that requires methanogens
for growth. Grows very slowly (requiring approx. 30 days for complete
mineralization of 40 mM acetate). In axenic culture, it utilizes H2/CO2, pyruvate,
methanol, some methoxybenzoates, and some alcohols. Once it grows in pure
culture, it is hard to return to cocultivation with methanogens.

Pelotomaculum thermopropionicum gen. nov. sp. nov. (Firmicutes)

(Imachi et al., 2002)

A thermophilic propionate-oxidizing H2-producing syntroph that requires
methanogens for growth. Grows very slowly (requiring nearly 80 days for complete
mineralization of 20 mM propionate). Growth is sometimes unstable. Growth with
methanogens is faster on ethanol than on propionate. In pure culture, it reduces
fumarate with several organic substances as electron donors.

Syntrophothermus lipocalidus gen. nov. sp. nov. (Firmicutes)

(Sekiguchi et al., 2000)

A thermophilic butyrate-oxidizing H2-producing syntroph that requires methanogens
for growth.  Grows slowly (requiring nearly 14 days for complete mineralization of
20 mM butyrate). Crotonate is the only substrate that allows the organism to grow in
pure culture.

Sporotomaculum syntrophicum sp. nov. (Firmicutes)

(Qiu et al., 2003)

A mesophilic benzoate-oxidizing H2-producing syntroph that requires methanogens
for growth. Grows very slowly (requiring nearly 24 days for complete mineralization
of 5 mM benzoate). Crotonate is the only substrate that allows the organism to grow
in pure culture. Benzoate also allows growth in pure culture but only in the
presence of crotonate.

"Pelotomaculum terephthalicum™ (Firmicutes)

(Qiu et al., unpublished)

A mesophilic terephthalate-oxidizing H2-producing syntroph that requires
methanogens for growth. Grows extremely slowly (the slowest isolate as far as the
authors know) requiring up to 3 months to completely degrade 1 mM terephthalate.
Growth is sometimes unstable. Crotonate is the only substrate that allows the
organism to grow in pure culture. A very tiny colony (0.1-0.15 mm in diameter) is
formed in crotonate agar medium after 1 month of incubation.

"Pelotomaculum isophthalicum” (Firmicutes)

(Qiu et al., unpublished)

A mesophilic terephthalate-oxidizing H2-producing syntroph that requires
methanogens for growth. Grows very slowly requiring up to 1 month to completely
degrade 1 mM isophthalate. A very tiny colony (0.1-0.2 mm in diameter) is formed
in the presence of methanogens in agar medium after 3 months of incubation. No
substrate has been found to support axenic growth (unpublished).

Anaerolinea thermophila gen. nov. sp. nov. (Chloroflexi)

(Sekiguchi et al., 2003)

A thermophilic carbohydrate-fermenting organism. Grows very slowly (requiring
more than two weeks for fermentation of several mM of glucose). Coculturing with
H2-scavanging methanogens leads to faster growth. Widely distributed in anaerobic
methanogenic processes. The first cultured organism in Chloroflexi subphylum I.

Ml

scribed above are taken from references 11, 14, 15, 27, 28, 33, 34, and 35.
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Anaerobic syntrophic organisms that were recently isolated in our studies and their traits as fastidious organisms. All of the traits de-
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act remains unclear, although most microbial ecologists
suppose that cell-cell communication (material transfer in
other words) routinely occurs between different species of
microorganisms.

One of the prominent studies is the isolation of Symbio-
bacterium thermophilum. S. thermophilum, which is phylo-
genetically placed in the high G+C Gram positive group
(the phylum Actinobacteria), was first isolated in a cocul-
ture with a Bacillus strain®” and later an axenic culture of
the organism was established using dialyzable compounds
produced by the Bacillus strain®*?>49. Moreover, it was
found that the ability to support the growth of S. thermophi-
lum is not limited to the Bacillus strain but is distributed
among other species of the family Bacillaceae and even
among a wider variety of bacterial species. Molecular ecol-
ogy has revealed that the organism and its relatives are
widely distributed in natural environments*?), suggesting
that this form of commensalism may be ubiquitous in mi-
crobial communities. The genome sequencing of S. thermo-
philum is now complete* and much more molecular infor-
mation will be accumulated.

We also attempted to isolate microorganisms whose
growth is stimulated by other microorganisms. A bacterium
isolated from activated sludge and later designated Catelli-
bacterium nectariphilum did not show significant growth on
nutrient broth. However, the growth was significantly stim-
ulated by the addition of supernatants from other bacterial
cultures**4D, The culture filtrate of a strain related to the ge-
nus Sphingomonas, in particular, increased the cell yield
and growth rate. The supernatant could not be replaced by
known cofactors or amino acids. The growth factor remains
uncharacterized but based on its chemical traits, it is not
cAMP, N-acyl homoserinelactones, or peptides.

Regarding well-known signal compounds such as cAMP,
N-acyl homoserinelactones, siderophore, and some pep-
tides, there are several important reports on the isolation of
microorganisms yet to be cultured or significant increases in
cultivability using these compounds®*7. The effectiveness
of these compounds varies depending upon the concentra-
tions used and culture conditions, but these studies strongly
suggest that it is possible to recover novel lineages of organ-
isms that would otherwise escape detection.

Slow growers, the slower the better

Considering the concentrations of available substrates in
the natural environment, it would not be surprising if a num-
ber of prokaryotic populations prefer low concentrations of
the nutrients routinely used to grow “lab-tamed microorgan-
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isms” such as Escherichia coli. Based on preferable nutrient
concentrations together with growth rates, we could classify
microorganisms into four groups. Group 1: microorganisms
that do not grow at high concentrations of nutrients, but
grow reasonably quickly. Group 2: microorganisms that do
not grow at high concentrations of nutrients, and grow slow-
ly. Group 3: microorganisms that prefer high concentrations
of nutrients, and grow quickly. Group 4: microorganisms
that prefer high concentrations of nutrients, but grow slow-
ly. Readily cultivable E. coli-type microorganisms represent
Group 3. In Groups 1 and 2, microorganisms that grow in
conditions of extreme nutritional deficiency, can be defined
as oligotrophs. Organisms classified into Groups 1 and 3 are
relatively easy to isolate. By contrast, Groups 2 and 4 mi-
croorganisms are very difficult to isolate from a complex
community, simply because fast growers (Groups 1 and 3)
outgrow them and dominate the culture medium even if
they are not numerically significant.

The key to isolating these microorganisms from a com-
plex community is eliminating the fast-growing microor-
ganisms. There are no general solutions, but we have
succeeded in isolating a wvariety of slow-growing
microorganisms by limiting nutrient concentrations to
suppress the growth of fast growers or by using appropriate
which growers are already
predominant®19-21:22:3436.3848) One organism that we previous-

inocula in slow
ly isolated was Gemmatimonas aurantiaca. G. aurantiaca is
the only cultivated representative of the phylum Gemmati-
monadetes, which was formerly called candidate phylum
BD (or KS-B). Environmental sequence data suggest that
this phylum is widespread in nature and has phylogenetic
breadth. A strategy was adopted to isolate slowly growing
bacteria that may be important but uncharacterized mem-
bers of activated sludge operated under enhanced biological
phosphorus removal conditions. We focused on heavier
cells within the aggregates, plated the ultrasonically dis-
persed cells on a low-nutrient medium and incubated them
for up to 12 weeks. By doing so, this organism was isolated
in pure culture. The organism forms a tiny colony 1-2 mm
in diameter after two weeks of incubation. Interestingly, it
was found to utilize a limited range of substrates, and to
have unusual cell envelope constituents. Very recently,
Davis et al® isolated one strain within this phylum as a
slow grower using a diluted nutrient broth solidified with
gellan gum, though its physiological traits remain unknown.
The genomic sequencing of G. aurantiaca is now under
way and so we will soon be able to confirm the evolutionary
and functional novelty of this strain.
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Gellan gum as an alternative gelling reagent for the
isolation of novel lineages of microbes

Since the era of Robert Koch, most microbiologists have
been using agar plates for the cultivation and isolation of
microorganisms without question. Besides agar, gelling re-
agents such as gellan gum and silica gel are also being used
for the cultivation of hyperthermophiles, acidiphiles, or or-
ganisms that are extremely sensitive to organic materials.
However, only a few studies have focused on gelling re-
agents for the cultivation of previously uncultured mi-
crobes.

Recently, we have demonstrated that gellan gum was ef-
fective for the cultivation and isolation of hitherto-uncul-
tured microbes in freshwater sediment of a shallow
eutrophic lake® (Fig. 2). CFU counts from gellan gum-
based medium were about 10 times higher than those from
agar-based medium. Furthermore, approximately 60% of
the microbes grown on the gellan gum medium were con-
sidered novel, at least at the species level, and the percent-
age was twice as high as that on the agar medium. Some of
these novel isolates showed significantly low similarity
(<90%) in the 16S rRNA gene sequence with known spe-
cies. Interestingly, we observed that more than half of these
novel isolates were not able to form colonies on agar medi-
um of the same composition under the same culture condi-

[A]

Agar }.1

108 107 108 10°
Viable count [CFU/dgw]

[B]

Agar Gellan gum

29

Fig. 2. Effect of gelling reagents in PE03 medium®” on [A] viable
counts and [B] cultivation of novel microbes in freshwater sedi-
ment. The similarity values shown are the 16S rRNA gene se-
quence similarities between our isolates and their closest relatives
in the GenBank database.

[ Similarity [%] 100-95
O Similarity [%] 95-90
B Similarity [%] 90-80
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tions (unpublished data). Gellan gum-based cultivation
would reduce the discrepancy in the composition of bacteri-
al communities between culture-dependent and -indepen-
dent analyses.

Janssen and coworkers*!¢173D have been extensively in-
vestigating the effectiveness of gellan gum-based media in
their studies on the cultivation of soil microorganisms. They
successfully cultivated and isolated novel microbes belong-
ing to rarely isolated lineages such as the phyla Acidobacte-
ria, Chloroflexi, Gemmatimonadetes, Planctomycetes and
Verrucomicrobia using gellan gum-solidified media.

Gellan gum is an extracellular polysaccharide produced
by Sphingomonas spp. (S. paucimoblis®® or S. elodea®). The
molecular structure is one of a linear heteropolysaccharide
consisting of the repeating units of beta-D-glucose, beta-D-
glucuronic acid, beta-D-glucose, and alpha-L-rhamnose.
Gellan gum forms thermostable gels which are also stable
over a wide range of pH. The gels have high clarity and re-
quire low concentrations (approx. 0.5-1.0%) to provide
high gel strength. Compared with agar, the clarity of the
gels may be a distinct advantage for the cultivation of mi-
crobes since it enables one to detect and select micro-colo-
nies on plates. Gellan gum-based culture media may also
stimulate, or may not affect, the growth of microbes whose
growth is suppressed by agar.

As a replacement for agar, new gelling reagents such as
gellan gum will become important for increasing the culti-
vability of organisms yet to be cultured.

Other strategies and concluding remarks

There are many other factors that have to be taken into
consideration when attempting to isolate uncultured organ-
isms. Physicochemical factors such as temperature, pH,
redox potential, O, concentration and salinity seem very
important to improve or modify isolation strategies.
Ultimately, it would be best if we could mimic the natural
environment'?. Indeed, there are some reports on the culti-
vation of uncultured organisms by simulating the natural
environment'®. In contrast to this approach, several groups
are developing modernized and systematic methods of iso-
lation using flow cytometry?0-2347),

In conclusion, as long as microbiologists believe that no
microorganism is uncultivable, the isolation and cultivation
of yet-to-be cultured organisms will remain an everlasting
challenge.



90

Acknowledgments

We thank Yuji Sekiguchi, Hiroyuki Imachi, Takeshi

Yamada,

Yan-Ling Qiu, Yasuhiro Tanaka, Satoshi

Hattori, Wentso Liu, Satoshi Hanada, Kazunori Nakamura,
and coworkers who have isolated and characterized the
fastidious microorganisms that we referred to in this review.

References

1

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

Andreasen, K. and P.H. Nielsen. 1997. Application of microauto-
radiography to the study of substrate uptake by filamentous mi-
croorganisms in activated sludge. Appl. Environ. Microbiol. 63:
3662-3668.

Bruns, A., H. Cypionka and J. Overmann. 2002. Cyclic AMP and
acyl homoserine lactones increase the cultivation efficiency of
heterotrophic bacteria from the central Baltic Sea. Appl. Environ.
Microbiol. 68: 3978-3987.

Bruns, A., U. Nubel, H. Cypionka and J. Overmann. 2003. Effect
of signal compounds and incubation conditions on the culturabili-
ty of freshwater bacterioplankton. Appl. Environ. Microbiol. 69:
1980-1989.

Bussmann, 1., B. Philipp and B. Schink. 2001. Factors influencing
the cultivability of lake water bacteria. J. Microbiol. Methods 47:
41-50.

Davis, K.E., S.J. Joseph and P.H. Janssen. 2005. Effects of
growth medium, inoculum size, and incubation time on cultura-
bility and isolation of soil bacteria. Appl. Environ. Microbiol. 71:
826-834.

Fox, J.L. 2005. Ribosomal gene milestone met, already left in
dust. ASM news 71: 6-7.

Guan, L.L. and K. Kamino. 2001. Bacterial response to sidero-
phore and quorum-sensing chemical signals in the seawater mi-
crobial community. BMC Microbiol. 1: 27.

Hanada, S., W.T. Liu, T. Shintani, Y. Kamagata and K.
Nakamura. 2002. Tetrasphaera elongata sp. nov., a polyphos-
phate-accumulating bacterium isolated from activated sludge.
Int. J. Syst. Evol. Microbiol. 52: 883—887.

Harding, N.E., Y.N. Patel and R.J. Coleman. 2004. Organization
of genes required for gellan polysaccharide biosynthesis in Sphin-
gomonas elodea ATCC 31461. J. Ind. Microbiol. Biotechnol. 31:
70-82.

Hattori, S., A.S. Galushko, Y. Kamagata and B. Schink. 2005.
Operation of the CO dehydrogenase/acetyl-CoA pathway both in
acetate oxidation and acetate formation by the syntrophically ace-
tate-oxidizing bacterium Thermacetogenium phaeum. J. Bacteri-
ol. 187: 3471-3476.

Hattori, S., Y. Kamagata, S. Hanada and H. Shoun. 2000. Ther-
macetogenium phaeum gen. nov., sp. nov., a strictly anaerobic,
thermophilic, syntrophic acetate-oxidizing bacterium. Int. J. Syst.
Evol. Microbiol. 50: 1601-1609.

Huber, R., W. Eder, S. Heldwein, G. Wanner, H. Huber, R.
Rachel and K.O. Stetter. 1998. Thermocrinis ruber gen. nov., sp.
nov., a pink-filament-forming hyperthermophilic bacterium
isolated from Yellowstone National Park. Appl. Environ. Micro-
biol. 64: 3576-3583.

Hugenholtz, P. 2002. Exploring prokaryotic diversity in the ge-
nomic era. Genome Biol. 3: 0003.1-0003.8.

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

KAMAGATA AND TAMAKI

Imachi, H., Y. Sekiguchi, Y. Kamagata, S. Hanada, A. Ohashi
and H. Harada. 2002. Pelotomaculum thermopropionicum gen.
nov., sp. nov., an anaerobic, thermophilic, syntrophic propionate-
oxidizing bacterium. Int. J. Syst. Evol. Microbiol. 52: 1729-1735.
Imachi, H., Y. Sekiguchi, Y. Kamagata, A. Ohashi and H. Hara-
da. 2000. Cultivation and in situ detection of a thermophilic bac-
terium capable of oxidizing propionate in syntrophic association
with hydrogenotrophic methanogens in a thermophilic methano-
genic granular sludge. Appl. Environ. Microbiol. 66: 3608-3615.
Janssen, P.H., P.S. Yates, B.E. Grinton, P.M. Taylor and M. Sait.
2002. Improved culturability of soil bacteria and isolation in pure
culture of novel members of the divisions Acidobacteria, Actino-
bacteria, Proteobacteria, and Verrucomicrobia. Appl. Environ.
Microbiol. 68: 2391-2396.

Joseph, S.J., P. Hugenholtz, P. Sangwan, C.A. Osborne and P.H.
Janssen. 2003. Laboratory cultivation of widespread and previ-
ously uncultured soil bacteria. Appl. Environ. Microbiol. 69:
7210-7215.

Kaeberlein, T., K. Lewis and S.S. Epstein. 2002. Isolating “un-
cultivable” microorganisms in pure culture in a simulated natural
environment. Science 296: 1127-1129.

Kamagata, Y., R.R. Fulthorpe, K. Tamura, H. Takami, L.J.
Forney and J.M. Tiedje. 1997. Pristine environments harbor
a new group of oligotrophic 2,4-dichlorophenoxyacetic acid-
degrading bacteria. Appl. Environ. Microbiol. 63: 2266-2272.
Keller, M. and K. Zengler. 2004. Tapping into microbial diversi-
ty. Nat. Rev. Microbiol. 2: 141-150.

Lee, T.H., S. Kurata, C.H. Nakatsu and Y. Kamagata. 2004. Mo-
lecular analysis of bacterial community based on 16S rDNA and
functional genes in activated sludge enriched with 2,4-dichlo-
rophenoxyacetic acid (2,4-D) under different cultural conditions.
Microbial Ecol., published online.

Liu, W.T., S. Hanada, T.L. Marsh, Y. Kamagata and K.
Nakamura. 2002. Kineosphaera limosa gen. nov., sp. nov., a
novel Gram-positive polyhydroxyalkanoate-accumulating coccus
isolated from activated sludge. Int. J. Syst. Evol. Microbiol. 52:
1845-1849.

Manome, A., H. Zhang, Y. Tani, T. Katsuragi, R. Kurane and T.
Tsuchida. 2001. Application of gel microdroplet and flow cytom-
etry techniques to selective enrichment of non-growing bacterial
cells. FEMS Microbiol. Lett. 197: 29-33.

Ohno, M., I. Okano, T. Watsuji, T. Kakinuma, K. Ueda and T.
Beppu. 1999. Establishing the independent culture of a strictly
symbiotic bacterium Symbiobacterium thermophilum from its
supporting Bacillus strain. Biosci. Biotechnol. Biochem. 63:
1083-1090.

Ohno, M., H. Shiratori, M.J. Park, Y. Saitoh, Y. Kumon, N.
Yamashita, A. Hirata, H. Nishida, K. Ueda and T. Beppu. 2000.
Symbiobacterium thermophilum gen. nov., sp. nov., a symbiotic
thermophile that depends on co-culture with a Bacillus strain for
growth. Int. J. Syst. Evol. Microbiol. 50: 1829-1832.

Pernthaler, A., J. Pernthaler and R. Amann. 2002. Fluorescence in
situ hybridization and catalyzed reporter deposition for the identi-
fication of marine bacteria. Appl. Environ. Microbiol. 68: 3094—
3101.

Qiu, Y.L., Y. Sekiguchi, H. Imachi, Y. Kamagata, I.C. Tseng,
S.S. Cheng, A. Ohashi and H. Harada. 2004. Identification and
isolation of anaerobic, syntrophic phthalate isomer-degrading mi-
crobes from methanogenic sludges treating wastewater from
terephthalate manufacturing. Appl. Environ. Microbiol. 70:



Cultivation of Uncultured Microbes

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

1617-1626.

Qiu, Y.L., Y. Sekiguchi, H. Imachi, Y. Kamagata, I.C. Tseng,
S.S. Cheng, A. Ohashi and H. Harada. 2003. Sporotomaculum
syntrophicum sp. nov., a novel anaerobic, syntrophic benzoate-
degrading bacterium isolated from methanogenic sludge treating
wastewater from terephthalate manufacturing. Arch. Microbiol.
179: 242-249.

Rappe, M.S. and S.J. Giovannoni. 2003. The uncultured microbi-
al majority. Annu. Rev. Microbiol. 57: 369-394.

Sa-Correia, 1., A.M. Fialho, P. Videira, L.M. Moreira, A.R.
Marques and H. Albano. 2002. Gellan gum biosynthesis in Sphin-
gomonas paucimobilis ATCC 31461: genes, enzymes and ex-
opolysaccharide production engineering. J. Ind. Microbiol. Bio-
technol. 29: 170-176.

Sait, M., P. Hugenholtz and P.H. Janssen. 2002. Cultivation of
globally distributed soil bacteria from phylogenetic lineages pre-
viously only detected in cultivation-independent surveys. Envi-
ron. Microbiol. 4: 654—666.

Schloss, P.D. and J. Handelsman. 2003. Biotechnological pros-
pects from metagenomics. Curr. Opin. Biotechnol. 14: 303-310.
Sekiguchi, Y., Y. Kamagata, K. Nakamura, A. Ohashi and H.
Harada. 2000. Syntrophothermus lipocalidus gen. nov., sp. nov.,
a novel thermophilic, syntrophic, fatty-acid-oxidizing anaerobe
which utilizes isobutyrate. Int. J. Syst. Evol. Microbiol. 50: 771—
779.

Sekiguchi, Y., H. Takahashi, Y. Kamagata, A. Ohashi and H.
Harada. 2001. In situ detection, isolation, and physiological prop-
erties of a thin filamentous microorganism abundant in methano-
genic granular sludges: a novel isolate affiliated with a clone
cluster, the green non-sulfur bacteria, subdivision I. Appl. Envi-
ron. Microbiol. 67: 5740-5749.

Sekiguchi, Y., T. Yamada, S. Hanada, A. Ohashi, H. Harada and
Y. Kamagata. 2003. Anaerolinea thermophila gen. nov., sp. nov.
and Caldilinea aerophila gen. nov., sp. nov., novel filamentous
thermophiles that represent a previously uncultured lineage of the
domain Bacteria at the subphylum level. Int. J. Syst. Evol. Micro-
biol. 53: 1843-1851.

Shintani, T., W.T. Liu, S. Hanada, Y. Kamagata, S. Miyaoka, T.
Suzuki and K. Nakamura. 2000. Micropruina glycogenica gen.
nov., sp. nov., a new Gram-positive glycogen-accumulating bac-
terium isolated from activated sludge. Int. J. Syst. Evol. Microbi-
ol. 50: 201-207.

Suzuki, S., S. Horinouchi and T. Beppu. 1988. Growth of a tryp-
tophanas-producing thermophile, Symbiobacterium thermophi-
lum gen. nov., sp. nov., is dependent on coculture with a Bacillus
sp. J. Gen. Microbiol. 134: 2353-2362.

Takeda, M., Y. Kamagata, S. Shinmaru, T. Nishiyama and J.
Koizumi. 2002. Paenibacillus koleovorans sp. nov., able to
grow on the sheath of Sphaerotilus natans. Int. J. Syst. Evol.
Microbiol. 52: 1597-1601.

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

91

Tamaki, H., Y. Sekiguchi, S. Hanada, K. Nakamura, N. Nomura,
M. Matsumura and Y. Kamagata. 2005. Comparative analysis of
bacterial diversity in freshwater sediment of a shallow eutrophic
lake by molecular and improved cultivation-based techniques.
Appl. Environ. Microbiol. 71: 2162-2169.

Tanaka, Y., S. Hanada, A. Manome, T. Tsuchida, R. Kurane, K.
Nakamura and Y. Kamagata. 2004. Catellibacterium nectariphi-
lum gen. nov., sp. nov., which requires a diffusible compound
from a strain related to the genus Sphingomonas for vigorous
growth. Int. J. Syst. Evol. Microbiol. 54: 955-959.

Tanaka, Y., S. Hanada, H. Tamaki, K. Nakamura and Y. Kama-
gata. 2005. Isolation and identification of bacterial strains pro-
ducing diffusible growth factor(s) for Catellibacterium nectariph-
ilum strain AST4T. Microbes Environ. 20, in press.

Tyson, G.W., J. Chapman, P. Hugenholtz, E.E. Allen, R.J. Ram,
P.M. Richardson, V.V. Solovyev, E.M. Rubin, D.S. Rokhsar and
J.F. Banfield. 2004. Community structure and metabolism
through reconstruction of microbial genomes from the environ-
ment. Nature 428: 37-43.

Ueda, K., M. Ohno, K. Yamamoto, H. Nara, Y. Mori, M.
Shimada, M. Hayashi, H. Oida, Y. Terashima, M. Nagata and T.
Beppu. 2001. Distribution and diversity of symbiotic thermo-
philes, Symbiobacterium thermophilum and related bacteria, in
natural environments. Appl. Environ. Microbiol. 67: 3779-3784.

Ueda, K., H. Saka, Y. Ishikawa, T. Kato, Y. Takeshita, H. Shira-
tori, M. Ohno, K. Hosono, M. Wada and T. Beppu. 2002. Devel-
opment of a membrane dialysis bioreactor and its application to a
large-scale culture of a symbiotic bacterium, Symbiobacterium
thermophilum. Appl. Microbiol. Biotechnol. 60: 300-305.

Ueda, K., A. Yamashita, J. Ishikawa, M. Shimada, T.O. Watsuji,
K. Morimura, H. Ikeda, M. Hattori and T. Beppu. 2004. Genome
sequence of Symbiobacterium thermophilum, an uncultivable
bacterium that depends on microbial commensalism. Nucleic Ac-
ids Res. 32: 4937-4944.

Whitman, W.B., D.C. Coleman and W.J. Wiebe. 1998. Prokary-
otes: the unseen majority. Proc. Natl. Acad. Sci. USA 95: 6578—
6583.

Zengler, K., G. Toledo, M. Rappe, J. Elkins, E.J. Mathur, J.M.
Short and M. Keller. 2002. Cultivating the uncultured. Proc. Natl.
Acad. Sci. USA 99: 15681-15686.

Zhang, H., Y. Sekiguchi, S. Hanada, P. Hugenholtz, H. Kim, Y.
Kamagata and K. Nakamura. 2003. Gemmatimonas aurantiaca
gen. nov., sp. nov., a gram-negative, aerobic, polyphosphate-ac-
cumulating micro-organism, the first cultured representative of
the new bacterial phylum Gemmatimonadetes phyl. nov. Int. J.
Syst. Evol. Microbiol. 53: 1155-1163.

Zwirglmaier, K., W. Ludwig and K.H. Schleifer. 2004. Recogni-
tion of individual genes in a single bacterial cell by fluorescence
in situ hybridization -RING-FISH. Mol. Microbiol. 51: 89-96.



