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ganisms isolated from a system are not necessarily significant
numerically in the habitat being studied. In addition, since the
growth conditions favor microorganisms that are best adapted
to the medium, there is also no guarantee that the bacteria
obtained have significant roles in the biogeochemical processes
in the environment being studied. These problems, together
with the general labor-intensiveness of many cultivation methods, have resulted in an increase in the popularity of molecular
approaches for studying microbial populations. Generally, the
16S rRNA gene has been used as a molecular marker which
allows identification (or at least phylogenetic assignment) of
the organism from which it originated without cultivation and
isolation of the organism. However, it has been shown that
some bias may be introduced into the data obtained due to
differential amplification of different sequence types in one
sample (23, 33, 51). One of the limitations of the purely molecular approach is the difficulty of assigning phenotypes to the
microorganisms detected. This problem becomes increasingly
difficult as the relationship to the closest known cultivated
relative increases or if the inferred phylogenetic position indicates that the organism belongs to a taxon containing organisms with very diverse phenotypes.
In an attempt to address this problem, we used both molecular and cultivation techniques in a combined approach to
investigate the numerically dominant members of the bacterial
community in anoxic rice paddy soil. We used serial liquid
dilution cultures to determine population sizes and isolated,
characterized, and identified microorganisms obtained from
the terminal and subterminal positive dilution steps (i.e., preparations receiving dilute inocula and presumably containing
species that were present in high numbers in the soil sample).

Rice paddy soil is a system in which processes leading to
methane emission have been quantified (12, 36), and the importance of these processes to world climate has been recognized (14). Since rice paddy soils are flooded, they are largely
anoxic and typically (but not exclusively) methanogenic. Plant
polymers and root exudates are important sources of carbon
and energy for microbial activity, and methane is formed by a
trophic web of largely uncharacterized microbial populations.
The carbon and electron fluxes through this system are similar
to those in other methanogenic habitats, such as sediments and
anaerobic waste treatment systems (8, 12, 29), but the identities of the microorganisms that degrade organic matter are not
known. Soils, with their matrices of inorganic components,
gradients of oxygen and other electron acceptors, seasonal
changes, high levels of heterogeneity, and plant and meofauna
influences, are complex systems, and studying microbial community structure in such systems is thus very difficult.
Studies of microbial communities in which bacteria are isolated in pure cultures yield very important data, because the
organisms can be characterized phenotypically and their roles
in the soil can be deduced. However, it is known that enrichment cultures select for fast-growing bacteria with high growth
yields and for the bacteria that are best adapted to the growth
medium used for cultivation (33). This means that microor* Corresponding author. Present address: Department of Microbiology and Immunology, University of Melbourne, Parkville, Victoria
3052, Australia. Phone: 61 (3) 9344 5706. Fax: 61 (3) 9347 1540.
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Most-probable-number (liquid serial dilution culture) counts were obtained for polysaccharolytic and
saccharolytic fermenting bacteria in the anoxic bulk soil of flooded microcosms containing rice plants. The
highest viable counts (up to 2.5 ⴛ 108 cells per g [dry weight] of soil) were obtained by using xylan, pectin, or
a mixture of seven mono- and disaccharides as the growth substrate. The total cell count for the soil, as
determined by using 4ⴕ,6-diamidino-2-phenylindole staining, was 4.8 ⴛ 108 cells per g (dry weight) of soil. The
nine strains isolated from the terminal positive tubes in counting experiments which yielded culturable populations that were equivalent to about 5% or more of the total microscopic count population belonged to the
division Verrucomicrobia, the Cytophaga-Flavobacterium-Bacteroides division, clostridial cluster XIVa, clostridial
cluster IX, Bacillus spp., and the class Actinobacteria. Isolates originating from the terminal positive tubes of
liquid dilution series can be expected to be representatives of species whose populations in the soil are large.
None of the isolates had 16S rRNA gene sequences identical to 16S rRNA gene sequences of previously described species for which data are available. Eight of the nine strains isolated fermented sugars to acetate and
propionate (and some also fermented sugars to succinate). The closest relatives of these strains (except for the
two strains of actinobacteria) were as-yet-uncultivated bacteria detected in the same soil sample by cloning
PCR-amplified 16S rRNA genes (U. Hengstmann, K.-J. Chin, P. H. Janssen, and W. Liesack, Appl. Environ.
Microbiol. 65:5050–5058, 1999). Twelve other isolates, which originated from most-probable-number counting
series indicating that the culturable populations were smaller, were less closely related to cloned 16S rRNA genes.
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TABLE 1. MPN counts for saccharolytic populations in anoxic soil of flooded rice microcosms containing 45-day-old or 90-day-old rice plants
MPN count (no. of cells per g [dry wt] of soil)

Substrate (concn)

Amorphous cellulose (0.1% [wt/vol])
Filter paper cellulose (0.1% [wt/vol])
Microcrystalline cellulose (0.1% [wt/vol])
Xylan (0.1% [wt/vol])
Pectin (0.1% [wt/vol])
Sugar mixturec
Glucose (4 mM)
Cellobiose (2 mM)
a
b
c

45-Day-old plants

90-Day-old plantsa

2.3 ⫻ 106 (0.4 ⫻ 106–8.5 ⫻ 106)b
2.3 ⫻ 106 (0.4 ⫻ 106–8.5 ⫻ 106)
3.1 ⫻ 105 (0.7 ⫻ 105–9.4 ⫻ 105)
2.3 ⫻ 108 (0.4 ⫻ 108–8.5 ⫻ 108)
4.9 ⫻ 107 (0.8 ⫻ 107–24 ⫻ 107)
9.4 ⫻ 107 (1.8 ⫻ 107–13 ⫻ 107)
7.3 ⫻ 105 (1.4 ⫻ 105–31 ⫻ 105)
4.1 ⫻ 106 (0.7 ⫻ 106–20 ⫻ 106)

5.5 ⫻ 106 (0.9 ⫻ 106–27 ⫻ 106)
2.5 ⫻ 106 (0.4 ⫻ 106–9.4 ⫻ 106)
2.5 ⫻ 106 (0.4 ⫻ 106–9.4 ⫻ 106)
2.5 ⫻ 108 (0.4 ⫻ 108–9.4 ⫻ 108)
2.5 ⫻ 108 (0.4 ⫻ 108–9.4 ⫻ 108)
3.4 ⫻ 107 (0.8 ⫻ 107–10 ⫻ 107)
5.9 ⫻ 106 (1.1 ⫻ 106–25 ⫻ 106)
5.9 ⫻ 105 (1.1 ⫻ 105–25 ⫻ 105)

DNA extracted from the same soil sample was used to generate the clone library used in a parallel study (27).
The values in parentheses are 95% confidence intervals.
The mixture contained 1 mM arabinose, 1 mM cellobiose, 1 mM fructose, 1 mM galactose, 1 mM glucose, 1 mM maltose, and 1 mM xylose.

MATERIALS AND METHODS
Medium preparation. Sulfide-reduced, bicarbonate-buffered mineral medium
SM supplemented with vitamins was described by Chin et al. (9) and was used for
characterization studies. The mineral salts solution of medium SdM contained
(per liter of H2O) 0.1 g of MgCl2 䡠 6H2O, 0.1 g of NH4Cl, 0.07 g of KH2PO4, and
0.1 g of CaCl2 䡠 2H2O and was prepared and supplemented in the same way as
medium SM, except that 1 ml of a riboflavin solution (50 mg in 1 liter of H2O;
filter sterilized) was added per liter. Medium SdM was used for viable counting
experiments.
Substrates and other supplements were prepared as neutralized (with NaOH
or HCl, as required) 200 mM to 2 M or 5% (wt/vol) stock solutions and were
sterilized by autoclaving or, in the case of heat-labile compounds and sugars, by
filtration (pore size, 0.2 m). Substrates were added to sterile media just before
inoculation. L Isomers of organic and amino acids and D isomers of sugars were
used. Amorphous cellulose and pectin (28) and filter paper cellulose and microcrystalline cellulose (9) were prepared as described previously.
Viable numbers of bacteria. Rice (Oryza sativa var. Roma, type japonica) was
grown in plastic containers in the laboratory, as described by Frenzel et al. (18),
in flooded soil obtained from rice fields of the Italian Rice Research Institute in
Vercelli, Italy. Three-tube most-probable-number (MPN) counts were obtained
for soil cores from such laboratory rice cultures in which the plants were 45 or 90
days old. First, the shoots of the plants were cut off, and weeds and water were
removed from the surfaces of the microcosms. Cores were then obtained from
the bulk soil between the plants by pressing a plastic corer into the soil to a depth
of about 15 cm. Only the lower 10-cm portions of the cores were used. The soil
was mixed with sterile, deionized water (1:1, wt/wt) which had previously been
degassed with a vacuum pump. All visible roots were removed from each suspension. The MPN counts were obtained as described previously (28) by using
medium SdM, which was incubated in the dark at 25°C. Tubes were considered
positive if fermentation products (⬎1 mM acetate, propionate, lactate, etc.) were
produced. Tubes without added substrates did not produce fermentation products (⬍0.05 mM). The MPN was calculated from the dry weight of the soil (part
of the soil suspension was dried to a constant weight at 105°C), the dilution
factor, and tables for three parallel dilution series based on a statistical treatment
of the counting methods (4). The significance of the difference between two
estimated population sizes was tested as described by Cochran (10). DNA was
extracted from part of the soil suspension obtained from the microcosm containing 90-day-old plants and was used to generate a clone library of PCRamplified 16S rRNA genes, and the results are described in detail in the accompanying paper (27).
Phenotypic and phylogenetic characterization. The methods used for isolating
pure cultures, for checking culture purity, and for phenotypic characterization of
the isolates have been described previously (9, 28). Strains were identified and
their phylogenetic positions were elucidated by performing a comparative analysis of the sequences of their 16S rRNA genes (27).
Microscopic cell counts. To determine total numbers of bacteria, soil samples
from a microcosm containing 90-day-old rice plants were fixed in 4% (wt/vol)
paraformaldehyde (22). Subsamples were dispersed in 0.1% (wt/vol) sodium
pyrophosphate in distilled water by mild sonication, spotted onto gelatin-coated
slides (55), and stained with the DNA intercalating dye 4⬘,6-diamidino-2-phenylindole (DAPI) (Sigma, Basel, Switzerland) (22). The number of members of
the Bacteria was determined by in situ hybridization with Cy3-labeled oligonucleotide Eub338 (1) by using the protocol described by Zarda et al. (55). Preparations were mounted with Citifluor solution (Citifluor, Canterbury, United

Kingdom) and were examined with an Axiophot microscope (Zeiss, Oberkochen,
Germany) fitted for epifluorescence detection with a high-pressure mercury bulb
(50 W) and filter sets 02 (G 365, FT 395, LP 420; Zeiss) and HQ-Cy3 (G 535/50,
FT 565, BP 610/75; AHF Analysentechnik, Tübingen, Germany). Microorganisms were counted at a magnification of ⫻1,000 by using six samples distributed
over a 53-mm2 circular area; for each sample at least 20 fields, each covering an
area of 0.01 mm2, were used.
Nucleotide sequence accession numbers. The nucleotide sequences of the 16S
rRNA genes used in this study have been deposited in the EMBL and GenBank
databases under accession no. AJ229234 to AJ229252.

RESULTS AND DISCUSSION
Total and culturable community sizes. We defined the bulk
soil as the soil fraction that was below the surface root layer
and and largely free of roots of the rice plants growing in the
microcosms. The total concentration of cells in the bulk soil
that could be stained with DAPI was 4.8 ⫻ 108 ⫾ 2.3 ⫻ 108
cells per g (dry weight) of soil (mean ⫾ standard deviation).
Approximately 60% of the DAPI-stained cells (2.8 ⫻ 108 ⫾
1.5 ⫻ 108 cells per g [dry weight] of soil) were detected in bulk
soil by in situ hybridization with oligonucleotide probe Eub338,
which targets the 16S rRNA of members of the Bacteria. Bulk
soil is considered a nutritionally poor environment to which
some bacteria may adapt by forming resting or dormant cells,
such as dwarf cells, cysts, or spores. The signal intensity obtained for an individual cell after hybridization with rRNAtargeted probes depends on the ribosome content (16, 42). The
large percentage of cells detectable by in situ hybridization
with a probe for members of the Bacteria in rice paddy soil,
therefore, meant that cells containing sufficient amounts of
rRNA for detection were present and that there was sufficient
permeability or permeabilization of the cells. The cells may
have been metabolically active (22, 52) or may have belonged
to species which do not degrade most of their rRNA under
starvation conditions (17). The cells that were not detected
may not have contained sufficient ribosomes, may not have
been permeable to the labeled probe, or may have been members of the Archaea, organisms which are also present in large
numbers in this soil (21).
MPN counting experiments performed with a variety of substrates (Table 1) revealed that there were culturable populations of saccharolytic bacteria in the bulk soil of the microcosms consisting of up to 2.5 ⫻ 108 cells per g (dry weight) of
soil, as determined with the substrates pectin and xylan. The
viable counts obtained for microcosms with 45-day-old rice
plants and microcosms with 90-day-old rice plants were not
significantly different (P ⬍ 0.05). Cell counts obtained with
xylan and pectin were not significantly higher (P ⬍ 0.05) than
cell counts obtained with a mixture of seven sugars but were
significantly higher (P ⬍ 0.05) than cell counts obtained with
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In a parallel study, the bacterial community of the same soil
was investigated by constructing a clone library of PCR-amplified 16S rRNA genes of the bacterial fraction of the total
community DNA (27).
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TABLE 2. Strains isolated in this investigation
No. of cells
per g (dry wt)
of soil

Strain

Taxona

Substrateb

Age of
plants
(days)

108 to 109

PB90-1
PB90-2
XB45
XB90

Verrucomicrobia
CFB group
CFB group
Clostridial cluster
XIVa

Pectin
Pectin
Xylan
Xylan

90c
90c
45
90c

107 to 108

PB90-3
PB90-4
PB90-5
SB45
SB90

Verrucomicrobia
Actinobacteria
Actinobacteria
Bacillus sp.
Clostridial cluster IX

Pectin
Pectin
Pectin
Sugar mixture
Sugar mixture

90c
90c
90c
45
90c

Less than 107

VeSm15
VeCb6
VeCb10
VeGlc14
ACB45

Actinobacteria
Actinobacteria
Clostridial cluster I
Actinobacteriad
Actinobacteria

90
90
90
90
45

ACB90

Verrucomicrobia

KCB45

Actinobacteria

KCB90

␣-Proteobacteria

FCB45

Clostridial cluster III

FCB90-1

Clostridial cluster III

FCB90-2

Clostridial cluster III

FCB90-3

Clostridium-like
species

Sugar mixture
Cellobiose
Cellobiose
Glucose
Amorphous
cellulose
Amorphous
cellulose
Microcrystalline
cellulose
Microcrystalline
cellulose
Filter paper
cellulose
Filter paper
cellulose
Filter paper
cellulose
Filter paper
cellulose

90c
90c
90c
45
90c
90c
90c

a
The designations of the phylogenetic groups are the designations used by
Collins et al. (11), Hedlund et al. (26), Olsen et al. (39), and Stackebrandt et al.
(48, 49).
b
The strains were isolated in pure culture by using the substrates used in the
MPN counting experiments in which they were originally obtained.
c
Isolated from the soil sample used in a parallel clone library study (27).
d
The taxon was identified only on the basis of phenotypic characteristics; no
comparative 16S rRNA gene sequence analysis was performed with this strain.

division, clostridial cluster XIVa, clostridial cluster IX, Bacillus
spp., and the class Actinobacteria.
Isolation from terminal (strains PB90-1 and PB90-2) and
subterminal (strains PB90-3, PB90-4, and PB90-5) positive
steps in the dilution culture counting experiments in which we
used pectin and soil from a microcosm containing 90-day-old
rice plants yielded organisms which were phenotypically similar (Tables 2 and 3) but phylogenetically diverse (27) and
belonged to different divisions. Two of the strains were members of the division Verrucomicrobia, one strain was a member
of the CFB division, and the other two strains belonged to the
class Actinobacteria. These organisms represented numerically
significant populations in the soil, since the counts obtained
with pectin yielded 2.5 ⫻ 108 culturable cells per g (dry weight)
of soil. It seems from these data that there was not a single
dominant culturable species that accounted for a large part of
the total (poly)saccharolytic microbial community but there
were a number of (completely unrelated) species whose populations were relatively large.
Members of the division Verrucomicrobia. The following
three strains belonging to the division Verrucomicrobia were
isolated: strains PB90-1, PB90-3, and ACB90 (Tables 2 and 3
and Fig. 1A). These organisms were characterized by their
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glucose, cellobiose, amorphous cellulose, filter paper cellulose,
or microcrystalline cellulose as the growth substrate.
The highest viable cell count, 2.5 ⫻ 108 cells per g (dry
weight) of soil, represented 52% of the total DAPI-stained cell
count. This efficiency of cultivation is higher than the efficiencies generally reported for soils, from which viable counting
procedures generally recover only a small percentage of the
total population (perhaps up to 5% and often less than 1%) (2,
33, 40, 55). Obviously, not all of the microorganisms in the rice
paddy soil were saccharolytic. Other studies revealed that there
were large culturable populations of methanogens (21), homoacetogenic bacteria (45), sulfate-reducing bacteria (45), and
Fe(III)-reducing bacteria (19) in the bulk soil of similar rice
microcosms. Using a sugar monomer (glucose or cellobiose) in
the counting medium resulted in lower culturable cell counts
than using the polysaccharides xylan and pectin resulted in.
However, all of the isolates obtained with xylan or pectin were
later shown to be able to grow with glucose and cellobiose (see
below). Thus, the populations of glucose- and cellobiose-utilizing bacteria present in the soil were much larger than the
populations that could be cultured when these substrates were
used. It is thought that bacteria growing under substrate-limitating conditions in a natural environment are subject to “substrate-accelerated death” when they are transferred to highsubstrate-concentration conditions (41, 50). Polymers may be
better substrates for determining cell numbers because they
first have to be hydrolyzed, and this may eliminate sudden
exposure of the soil bacteria to high concentrations of growth
substrates.
The large proportion of culturable microorganisms points to
(i) the efficiency of the liquid serial dilution culture procedure,
as observed previously for a marine system (7), and (ii) the
numerical abundance of polysaccharolytic bacteria in anoxic
rice paddy soil microcosms. Each counting experiment can
result in the growth of phenotypically similar bacteria which
may be phylogenetically very diverse. The theory of the liquid
dilution procedure predicts that the terminal positive tubes
should contain an inoculum consisting of the numerically significant organisms present in the sample (7). Thus, isolates that
originate from the terminal positive tubes (i.e., the tubes exhibiting growth which received the most dilute inoculum)
should be representatives of species whose populations in the
soil are large. This should be true only if within each group of
phenotypically similar organisms there are a few species to
which the majority of the individuals belong. We hypothesized
that the organisms which we isolated are representatives of
numerically significant microbial populations in the anoxic rice
paddy soil microcosms. We tested this hypothesis by performing a parallel, cultivation-independent investigation of the bacterial communities in the microcosms (27).
Pure cultures were isolated from the terminal positive tubes
of an MPN counting series, and the isolates were identified by
performing a comparative sequence analysis of their 16S
rRNA genes (Table 2) (see reference 27 for details) and were
characterized phenotypically (see below). Additional phenotypic information for the strains not included in Table 3 is
available from P. H. Janssen.
The identities of the strains isolated from the terminal positive tubes in counting experiments which yielded culturable
populations that accounted for about 5% or more of the total
microscopic counts (i.e., strains PB90-1, PB90-2, PB90-3,
PB90-4, PB90-5, XB45, XB90, SB45, and SB90) suggested that
the dominant culturable saccharolytic bacteria in the rice
paddy soil belonged to the following groups: the division Verrucomicrobia, the Cytophaga-Flavobacterium-Bacteroides (CFB)
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Characteristic

⫹
⫹
⫹
⫺
⫹
⫹
⫺
⫹
⫹
⫺
⫺
⫺
Verrucomicrobia

Oval, rod
1–3
0.6–0.8
⫺
⫹
⫺
⫹
73.7
NO2⫺
⫺
⫺
⫹
⫹
A,P

Strain PB90-1

⫹
⫹
⫺
⫹
⫹
⫹
⫺
⫹
⫹
⫺
⫹
⫺
Verrucomicrobia

Oval
1–2
0.9
⫺
⫺
⫺
⫹
ND
NU
⫺
⫺
⫹
⫺
S,A,P

Strain PB90-3

⫹
⫹
⫹
⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫹
⫹
CFB group

Oval, rod
0.8–2.5
0.5–0.8
⫺
⫹
⫺
⫹
40.2
NO2⫺
⫺
⫺
⫹
⫺
A,P

Strain PB90-2

⫹
⫹
⫹
⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫺
⫺
CFB group

Oval
0.8–2.5
0.7–0.8
⫺
⫹
⫺
⫹
41.2
NU
⫺
⫺
⫹
⫺
S,A,P

Strain XB45

⫹
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹
⫺
⫹
⫹
Clostridial cluster XIVa

Rod
2–16
0.7–1.4
Chains
⫹
⫾
⫹
40.8
NO2⫺
⫺
⫺
⫹
⫺
A,P

Strain XB90

⫹
⫹
⫹
⫹
⫹
⫺
⫺
⫺
⫺
⫺
⫺
⫹
Clostridial cluster IX

Curved rod
2–5
0.5–0.6
⫺
⫹
⫹
⫺
35.5
NU
⫺
⫺
⫺
⫺
A,P

Strain SB90

⫺
⫹
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
Bacillus spp.

Rod
2.5–14
0.5–0.6
⫺
⫹
⫺
⫺
45.6
NU
⫹
⫺
⫺
⫺
A,P

Strain SB45

⫺
⫹
⫹
⫹
⫹
⫺
⫺
⫺
⫹
⫺
⫹
⫺
Actinobacteria

Rod
2–4
0.9
Irregular clumps
⫹
⫹
⫺
70.7
NU
⫹
⫹
⫹
⫹
A,P

Strain PB90-4

⫹
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹
⫺
⫹
⫺
Actinobacteria

Oval
2–3
0.9
⫺
⫺
ND
⫺
72.9
NU
⫹
⫺
⫹
⫹
L,F,A,E

Strain PB90-5

TABLE 3. Phenotypic characteristics of isolated strains indicative of large culturable populationsa

Cell form
Cell length (m)
Cell width (m)
Aggregate formation
Motility
Gram stain reaction
Lysis in 3% (wt/vol) KOH
G⫹C content (mol%)
Product from NO3⫺
Aerobic growth
Urease activity
Esculin hydrolysis
Indole production
Major products from glucoseb
Growth with:
Maltose
Cellobiose, glucose, galactose
Fructose
Xylose
Arabinose, starch
Galacturonic acid
Cellulose, lactate
Xylan
Pectin
Arabinogalactan
Pyruvate
Malate
Taxonc

a
All nine strains gave negative results in catalase and oxidase activity tests and in gelatin hydrolysis tests. ⫹, positive, ⫺, negative; ⫾, variable; ND, not determined; NU, nitrate not utilized.
The mean final concentrations (as determined in triplicate experiments) were ⬎1.5 mM. Abbreviations: A, acetate; E, ethanol; F, formate; L, lactate; P, propionate; S, succinate.
Taxon designations as in Table 2.
b
c
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est known relatives are uncultivated strains that were detected
as three cloned 16S rRNA gene sequences in the same rice
paddy soil microcosm; all of the organisms exhibited levels of
16S rRNA gene sequence similarity of ⬎95% (27).
Members of clostridial cluster IX of Collins et al. (11) are
strict anaerobes that have been isolated from a number of
sediment and digester habitats. They ferment sugars and some
organic acids (typically lactate), generally to acetate and propionate. One strain belonging to this group, strain SB90, was
isolated from the terminal positive tube of a dilution series in
which a mixture of sugars was used as the growth substrate.
Strain SB90 forms a lineage of descent with Clostridium quercicolum, which is not a true Clostridium sp. However, the closest known relative of strain SB90 is an as-yet-uncultured strain
that was detected as a 16S rRNA gene in the same rice paddy
soil microcosm (27).
We isolated a range of Clostridium spp. that originated from
counting experiments in which we recovered only small portions of the total microbial community (i.e., ⬍0.5% of the total
microscopic cell counts). These organisms included cellulolytic
strains. Cellulolytic and polysaccharolytic Clostridium spp. have
been recovered from rice paddy soil (9), and our strains are
very similar to the strains isolated previously. Strain FCB90-2
is very similar to strain RCel1, which was isolated in an enrichment culture experiment during a previous study (9), and
both of these organisms are closely related to Clostridium papyrosolvens in clostridial cluster III. Strain VeCb10 is related to
Clostridium puniceum (27) in clostridial cluster I. None of
these organisms was closely related to bacteria detected as 16S
rRNA genes in the same soil (27).
Bacillus sp. strain SB45. Strain SB45 (Tables 2 and 3 and
Fig. 1F), which was identified as a member of the genus Bacillus, was able to grow aerobically, but spore formation was
never observed under any of the growth conditions used. Rice
paddy soils are typified by anaerobic degradation processes (8,
18, 19, 29, 30), and we therefore carried out our isolation
studies on this basis. Isolation of a member of the genus Bacillus with these techniques was unexpected, although Bacillus
spp. have been reported to occur in rice paddy soils (38, 53).
Bacillus sp. strain SB45 was capable of fermentative growth on
a number of sugars, like many species of the genus Bacillus
(47). The closest known cultivated relative of strain SB45 is
Bacillus pseudomegaterium. Strain SB45 was closely related to
nine cloned 16S rRNA gene sequences recovered from the
same rice paddy soil microcosms (27). Of the 57 cloned 16S
rRNA gene sequences in this sample, 12 belonged to Bacillus
spp. or their relatives. This suggests that Bacillus spp. are a
numerically important part of the soil microbial community.
Nothing is known about the activities of these organisms, and
it is not known if they occur largely as spores.
Members of the class Actinobacteria. Seven strains belonging
to the class Actinobacteria were isolated (Tables 2 and 3 and
Fig. 1G). These organisms were characterized by their rodshaped or oval cells and by the high G⫹C contents of their
genomic DNA (68 to 73 mol%). Some of the strains were able
to grow under atmospheric O2 tensions. All of the strains were
able to grow fermentatively, and the following two groups were
identified: strains PB90-4, VeGlc14, and VeSm15 formed acetate and propionate (and sometimes lactate); and the other
strains produced combinations of lactate, formate, acetate, and
ethanol as end products. Only the two strains isolated by using
cellulosic substrates, strains ACB45 and KCB45, were able to
grow with cellulose. Members of the class Actinobacteria (49)
have been isolated from and detected in a wide range of soils,
and actinobacteria are generally considered numerically important members of the rice paddy soil microbial community
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rod-shaped to oval cells and high genomic DNA G⫹C contents
(69 to 74 mol%). Spores were not formed. All three strains
were strict anaerobes and produced acetate and propionate as
fermentation end products. Strain ACB90 was cellulolytic.
The division Verrucomicrobia (26) contains only a few organisms, including Verrucomicrobium spinosum (46) and Prosthecobacter spp. (25, 26). Most of our information concerning
the diversity of this group came from molecular ecological
studies based on the recovery of 16S rRNA genes from soils
and other habitats (5, 31, 32, 54, 56). Recently, Janssen et al.
(28) described three new anaerobic strains belonging to this
group, which were also isolated from microcosms containing
Italian rice paddy soil. The closest known relative of these
three strains, based on a comparative 16S rRNA gene sequence analysis, is an as-yet-uncultured member of the microbial community in a Japanese rice paddy soil (28). The three
strains isolated in our study are closely related to the three
strains described previously and are most closely related to two
different cloned 16S rRNA gene sequences obtained from the
same soil sample; all of these organisms have levels of 16S
rRNA gene sequence similarity of ⬎98% (27). Our findings
confirm the apparent widespread distribution of members of
the division Verrucomicrobia in soils and extend the range of
phenotypes in this lineage of bacterial descent to include cellulolytic bacteria.
Members of the CFB lineage. The following two strains belonging to the CFB lineage (39) were isolated: strains PB90-2
and XB45 (Tables 2 and 3 and Fig. 1B). These organisms were
gram-negative, motile, non-spore-forming bacteria. The cells
were oval, and the G⫹C contents of the genomic DNA were
about 40 mol%. The organisms were strict anaerobes which
produced acetate and propionate as the end products of glucose fermentation. Strains PB90-2 and XB45 were most closely
related to three cloned 16S rRNA gene sequences obtained
from the same microcosms and to “Anaeroflexus maritimus”
(27). Members of the CFB lineage have been detected, on the
basis of their 16S rRNA genes, in a number of soils (5, 6, 31),
but it was found that these organisms accounted for only a
small proportion of the bacterial community in a forest soil
when oligonucleotide probes targeting the rRNA of members
of the group were used (55). Many members of the CFB group
are polysaccharolytic and are often isolated from soils, sediments, and anaerobic systems.
Members of the Clostridium complex. The following seven
strains belonging to the genus Clostridium and related genera
(11) were isolated: strains XB90, SB90, VeCb10, FCB45,
FCB90-1, FCB90-2, and FCB90-3 (Tables 2 and 3 and Fig. 1C
through E). These organisms were typified by the low G⫹C
contents of their genomic DNA (28 to 51 mol%) and by generally positive Gram stain reactions. Strains FCB90-1, FCB902, and FCB90-3 produced endospores. All of the strains were
able to grow fermentatively, and different end products were
formed depending on the strain. Strains XB90 and SB90 fermented glucose to acetate and propionate (Table 3), while the
other strains produced mainly lactate, formate, acetate, ethanol, and butyrate in different combinations. Only the four
strains isolated on cellulosic substrates (FCB45, FCB90-1,
FCB90-2, and FCB90-3) were able to grow with cellulose.
Saccharolytic Clostridium spp. are widely regarded as typical
fermenting microorganisms in anoxic habitats, such as sediments and sludge digesters, and have been reported to occur in
rice paddy soils (9, 38, 53). Strain XB90, which was isolated in
counting experiments which indicated that the populations
were very large, belongs phylogenetically to cluster XIVa of
Collins et al. (11) and is closely related to the cultivated species
Clostridium aminovalericum and Clostridium populeti. Its clos-
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FIG. 1. Phase-contrast photomicrographs of strains isolated from rice paddy soil. (A) Strain PB90-1. (B) Strain XB45. (C) Strain XB90. (D) Strain FCB90-1. (E)
Strain SB90. (F) Strain SB45. (G) Strain KCB45. (H) Strain KCB90. The insert in panel H shows cells of strain KCB90 surrounding an aggregate of amorphous
cellulose. All panels are at the same magnification.
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we cannot comment on the true sizes of the populations in the
cellulolytic bacterial community, it is clear that the phylogenetic diversity of cellulolytic bacteria extends to groups other
than Clostridium spp. and their relatives.
The strains isolated in this study were generally able to grow
on a wide range of sugars. Eight of the nine strains that originated from counting experiments which yielded culturable cell
counts accounting for about 5% or more of the total microscopic counts fermented sugars to acetate and propionate (and
some strains also produced succinate). Isolation of propionateproducing bacteria may be favored by the bicarbonate-containing growth medium used, since succinate- and propionate-producing pathways can utilize carboxylation reactions (20, 34)
and thus may require a high pCO2. However, the reason for
the dominance of propionate-forming bacteria over bacteria
that ferment sugars via pathways leading to other products
(e.g., lactate, butyrate, or ethanol) is not known. Propionate is
known to be an intermediate in the rice paddy soil system
which we studied (8, 29) and has been shown to be a significant
precursor of methane (30). Our identification of isolates which
indicate that the numerically dominant populations are propionate-producing bacterial populations highlights a limitation
of the purely molecular approach of surveying 16S rRNA
genes, which would not have identified this common feature.
Bacterial strains isolated by using liquid dilution series and
thought to be representatives of large populations (accounting
for ⬎5% of the total microscopic cell counts) in the rice paddy
soil belonged to six different lineages of bacterial descent. The
members of the division Verrucomicrobia, the CFB division,
clostridial cluster XIVa, clostridial cluster IX, and the genus
Bacillus were in all cases most closely related to cloned 16S
rRNA genes in the same rice paddy soil microcosm (27). Members of the class Actinobacteria are exceptions, as discussed
above. We suggest that the close but not absolute correlations
which we found indicate that multiple strains of closely related
bacteria form dominant populations in the rice paddy soil. It
seems unlikely that these organisms would be detected in both
cultivation-based and cultivation-independent studies unless
cells of a number of closely related strains were particularly
abundant. Relationships between isolates and cloned 16S
rRNA gene fragments that were less close were observed with
strains originating from MPN counting series that indicated
that the culturable populations were smaller (⬍1.2% of the
total microscopic cell counts). One explanation for this is that
at the dilution levels used, a larger number of different populations were present, and random selection of a small number
of isolates and clones (relative to the total number of different
16S rRNA species present in the soil) did not allow us to obtain
similar sequence types.
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