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Abstract

Biological soil disinfestation (BSD) using plant biomass incorporation is an effective method



and a good alternative of chemical fumigants for controlling soil-borne plant pathogens. In this

study the bacterial communities in pot soil treated with three different BSD conditions (without

plant biomass and with Brassica juncea plants or wheat bran) were analyzed using mainly

molecular techniques. Earlier dropping of redox potential of the both biomass-treated soil

indicated rapid development of anaerobic condition in the soil. The population of Fusarium

oxysporum pathogen incorporated in the soil at the starting was decreased considerably during

the treatment, and the number of culturable anaerobic bacteria increased in both biomass-treated

soils. Rather high concentrations of acetate and butyrate were detected from the biomass-treated

soils. The polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE)

analysis for the V3 region of 16S rRNA gene sequences revealed that the profiles of both

biomass-treated soils were initially represented by similar and dominant groups, many of which

were closely related to the species in the classes Clostridia and Bacilli of the phylum Firmicutes.

Based on the clone library analysis, the control soil samples showed diverse bacterial groups

with a few number of anaerobic clones. In contrast, for both biomass-treated libraries, clones

belonging to the class Clostridia, a strictly anaerobic spore-forming bacterial group, appeared

exceedingly dominant. The clostridial group detected was composed of phylogenetically diverse

members, and it seemed likely that the diverse clostridial species were responsible for

suppression of pathogens by making various compounds including volatile fatty acids and other



compounds during anaerobic decomposition of plant biomass.

Keywords: Biological soil disinfestation, Soil-borne plant pathogens, Anaerobic bacteria,

PCR-DGGE, Clone library, Nucleotide sequencing, Clostridial groups.

INTRODUCTION
Soil disinfestation is the process of removing pests and diseases from soil prior to planting.
Among the methods of soil disinfestation, biological soil disinfestation (BSD) is recently
developed, which involves application of easily decomposable organic materials to the soil and
allowing them to be decomposed under wet and anaerobic circumstances (Goud et al. 2004;
Momma 2008). The treatment includes following four steps; (1) incorporating biomass
materials into field soil, (2) flooding the soil by irrigation, (3) covering the soil surface with a
plastic film for about 15-18 days to establish reducing soil conditions and decomposing the
biomass, and then (4) plowing the field and planting crops (Shinmura 2000, 2004). The method
is becoming popular, especially in the organic farming, due to its broad spectrum suppression of
soil-borne pathogens in an environmental friendly manner within a rather short time.

Researches on the BSD has been emphasized recently due to the restrictions on several well

recognized synthetic soil fumigants for disinfestation such as methyl bromide, ethylene bromide,



etc. because of their harmful effects on human health and destructive impact on the stratospheric
ozone layer (Kirkegaard et al. 1996; Subbarao 2002). Other chemical disinfestants for soil
treatment such as chloropicrin, 1,3-dichloropropene, dazomet, metham sodium, metham
potassium, methyl isothiocyanate, etc. are available as not so toxic (Mattner et al. 2008; Porter
et al. 2006), but these chemicals may not be compatible with sustainable agriculture.

Since it has been well documented that survival of many plant pathogens is considerably
decreased under anaerobic soil conditions (Blok et al. 2000), soil anaerobiosis may cause death
of soil-borne pathogens during the reductive treatment. In addition, anaerobic bacteria such as
Clostridium spp. and some other Firmicutes species are known to produce skatole, indole,
cresol or some phenolic compounds by decomposition of amino acids such as tryptophan and
tyrosine under anaerobic conditions (Macfarlane and Macfarlane 1995). These substances may
be involved in the BSD treatment leading to kill pathogens. Furthermore, volatile fatty acids
(VFAs) like acetate or butyrate evolved in the treated soil have been also suggested to contribute
pathogenic inactivation (Momma et al. 2006). Many species of anaerobic bacteria, especially
Clostridium spp. are known to produce these organic acids as fermentation products from
saccharides as well as amino acids. Considering the facts stated, the anaerobic bacterial
community should take a very important role in the BSD treatment for soil-borne disease

management. However, the composition of bacterial communities in the soil under the treatment



and the effects of bacterial activities on pathogens have not been investigated in detail at all.

Wheat bran is one of the popular plant materials incorporated in soil for the treatment

(Momma et al. 2006). Other plant biomass such as Brassica spp. or oats (Avena sativa) also has

been used successfully for the treatment (Mojtahedi ez al. 1991; Sarwar and Kirkegaard 1998).

Out of these plant materials, Brassica spp. plants release specific substances (isothiocyanates,

ITCs) having biocidal activities, when the enzyme myrosinase hydrolyses glucosinolates in the

plants following tissue damage (Mattner et al. 2008). Thus, application of Brassica spp. plants

for the BSD treatment seems to have the advantage to suppress soil-borne plant pathogens.

The objective of the present research was to analyze bacterial communities during BSD

incorporated with Brassica juncea plants as well as wheat bran as a model experiment and to

identify the major bacterial groups involving with the treatment. Molecular methods based on

the PCR-DGGE technique (Muyzer et al. 1993) and the clone library method (Maidak et al.

1999) were mainly used.

MATERIALS AND METHODS

Model experiment by using pot soil

A model experiment of BSD using polypropylene pots (160 x 160 x 154 mm) with soil (6.5 kg

per pot) was carried out. Rather large single pot was used for each treatment as described below



to make it possible to get soil samples from the same pot throughout the experiment. The soil
(gray lowland soil) was obtained from a field of the Tokushima Agricultural Research Centre
(34°07'N, 134°36°E) during 2009, which had been kept bare for about three years without
planting, with eggplant (Solanum melongena) growing in the adjacent field. Fusarium
oxysporum R§—1-2 (wilt pathogen of tomato) cultivated in Soil-Wheat bran medium (100 g of
commercial soil for nursery, 25 g of wheat bran, and 15 g of water) was incorporated into the
pot soil together with the medium (180 g per pot) for all treatments. We used the bare soil for
the experiment considering the uniform distribution of the artificially induced pathogen for all
treatments, since pathogenic populations are often distributed heterogeneously in soil. Brassica
Juncea plants were cut into pieces and incorporated into the pot soil at the rate of 6 kg m?2(153.6
g fresh weight per pot). Wheat bran was applied at the rate of 1 kg m?(25.6 g per pot). For the
control soil, none of plant materials or substances was incorporated. For all pots, water (0.5 1 per
pot) was irrigated to provide reducing conditions in the soil. The pots were closed with lids
equipped with packing to avoid penetration of oxygen and incubated at 30°C for 18 days. Small
holes were opened in the lids before the beginning of the experiment and used for sampling of
soil and insertion of electrodes to measure the oxidation reduction potential (Eh) and pH. The
electrodes were fixed in the soil throughout the experiment and the values were read every three

days. Soil samples were also collected every three days from all three pots through the holes,



which were usually closed with silicon seals.

Determination of concentrations of VFAs in soil samples

A five g soil sample of each pot soil collected was suspended in 5 ml deionized water and

shaken for 20 min with a reciprocating shaker. The slurry samples were centrifuged at 2,500

rpm for 10 minutes and the concentrations of VFAs in the supernatants were analyzed by gas

chromatography (Hitachi G-5000) as described previously (Ueki et al. 1986). Concentrations of

VFAs are expressed in the text as those in the supernatant of slurry samples.

Enumeration of populations of Fusarium and bacteria in the soil samples

The number of wilt pathogen (Fusarium oxysporum) was determined by the dilution plate

technique by using a selective medium for Fusarium oxysporum (FD-G1 medium) (Nishimura

2007; Takehara et al. 2003) for all soil samples collected every three days. Both aerobic and

anaerobic bacteria were enumerated for soil samples collected at 18 days of all three pots as

well as the original soil sample by the dilution plate technique and the anaerobic roll tube

method, respectively. The diluted samples treated at 80°C for 10 min were also used to

enumerate bacteria present as spores in the soil samples. Diluted nutrient broth (DNB) agar (0.1

g each of meat extract and peptone, 0.05 g of NaCl, and 15 g of agar per liter) was used for

enumeration of aerobic bacteria. For enumeration of anaerobic bacteria, 1/10 PY4S medium that



contained one-tenth amounts of peptone (Trypticase, BBL) and yeast extract in PY4S agar

(Nishiyama et al. 2009) was used with oxygen-free 95% N2/5% CO- mixed gas as a headspace.

All the petri dishes and roll tubes inoculated were incubated at 30°C for two weeks and each

viable count (CFU g! = colony forming units per g of dry soil) was determined. The number of

CFU for the selected soil sample was analyzed statistically using ANOVA two-way analysis

without replication.

DNA extraction and PCR amplification

DNA was isolated from each soil sample (about 1 g) using ‘Ultra Clean™ Soil DNA Isolation

kit'(MO BIO Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer’s

instructions. About 50 pl volume was extracted for each sample in which the DNA was eluted

from the spin column. For PCR-DGGE, the V3 region of 16S rRNA gene from DNA samples

was PCR-amplified using a primer set B341fGC (5'- CGC CCG CCG CGC GCG GCG GGC

GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG CAG CAG- 3', with underlined GC

clamps) and 534r (5'- ATT ACC GCG GCT GCT GG-3") Muyzer et al. 1993). For clone library

analysis, bacterial 16S rRNA genes were amplified using a primer set B27f (5'-AGA GTT TGA

TYM TGG CTC AG-3") and U1492r (5'-GGY TAC CTT GTT ACG ACT T -3'). The PCR

mixture (50 pl) contained 1.25 U of Tag DNA polymerase (Amplitaq Gold; Applied Biosystems,



Foster, CA, USA), 15 mM Tris-HCI (pH 8.0), 50 mM KCI, 1.5 mM MgCl,, 0.1% bovine serum
albumin, each deoxynucleotide triphosphaté mixtures (dNTPs) at a concentration of 200 pM,
0.25 uM of each primer, and 60-100 ng of template DNA. The amplification conditions were as
follows; for the primer set B341fGC and 534r: 10 min of activation of the polymerase at 94°C,
followed by 35 cycles consisting of denaturation at 94°C for 1 min, annealing at 55°C for 1 min,
1 min elongation at 72°C, and finally 10 min of extension at 72°C; for the primer set B27f and
U1492r: 12 min of activation of the polymerase at 95°C, followed by 30 cycles consisting of
denaturation at 95°C for 1 min, annealing at 50°C for 1 min, 1.5 min elongation at 72°C, and
finally 2 min of extension at 72°C. Amplified DNA fragments were confirmed after agarose gel

electrophoresis staining with ethidium bromide.

DGGE analysis and nucleotide sequencing

The PCR products were separated by DGGE using a DCode™ system (Bio-Rad Laboratories,
Hercules, CA, USA). A total of 9 pg DNA sample was applied for each lane irrespective of
treatment and sampling date. The samples were applied to 10% acrylamide gels with a
urea-formamide denaturing gradient of 30-60% (100% denaturant was defined as 7 M urea and
40% formamide) at an electrophoretic movement for 3.5 h and 200 V. The gels were stained in

SYBR Gold solution and viewed by a UV transilluminator. The photographic image was



transformed into digital data and the position of some major DNA bands in the DGGE profiles
was numerically designated. The selected DGGE bands were excised from the gels, and DNA
was extracted in TE buffer (10mM Tris-HCI and 1 mM EDTA-2Na, pH 8.0). After purification
by ethanol precipitation, the DNA samples were subjected to PCR amplification for the second
DGGE analysis. The single bands of the second DGGE profile were excised again and purified
as described above. The DNA samples obtained were used for reamplification with a primer set
T7W-341f (5'-TAA TAC GAC TCA CTA TAG GGC CTA CGG GAG GCA GCA-3') and
SP6W-534r (ATT TAG GTG ACA CTA TAG AAT ACT CAT TAC CGC GGT GCT GG -3")
and sequenced (about 180 bp) by the standard methods (Crump ez al. 2004) using a primer
set T7W (TAA TAC GAC TCA CTA TAG GGC) and SP6W (ATT TAG GTG ACA CTA TAG

AAT ACT C) and a DNA sequencer (4000L, Li-COR).

Clone library and nucleotide sequencing

The following seven soil samples were selected as representatives for the clone library analysis
of the bacterial community in the treated soil: the original field so.il sample without treatment
(referred to as Control 0 in the clone library), 9 and 18 days of treated soil without plant
biomass (Control 9 and Control 18), 9 and 18 days of Brassica-treated soil (Brassica 9 and

Brassica 18), and 9 and 18 days of wheat bran-treated soil (Wheat bran 9 and Wheat bran 18).
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PCR products from these samples were purified using the QIAquick Gel Extraction Kit (Qiagen,

Valencia, CA, and USA) and cloned into Escherichia coli IM109 competent cells following the

instructions of pGEM-T Easy Vector Systems (Promega, Madison, WI, USA). The

vector-harboring clones containing an insert of appropriate sizes (about 1500 bp) were obtained

in the Luria-Bertani (LB) plates by the standard methods (Kaku ez al. 2005). A total of 96 clones

were subjected to undergo sequence analysis (about 900 bp) for each soil sample with a

sequence primer set US15f (5' GTG YCA GCM GCC GCG GTAA-3") and U1492r (5-GGY

TAC CTT GTT ACG ACT T -3") according to the Dye Terminator method using a capillary

sequencer at TaKaRa Co. Ltd.

Analysis of nucleotide sequencing

Database searches for related 16S rRNA gene sequences were conducted using BLAST program

and GenBank database (Altschul et al. 1997). The profile alignment function of ClustalW

program was used to align the sequences. The phylogenetic trees were constructed by the

neighbor-joining method (Saitou and Nei 1987) with Njplot program in ClustalW package

(Thompson et al. 1994). Bootstrap resampling analysis for 1000 replicates was performed to

determine the confidence of the tree topology. An OTU (operational taxonomic unit) was

designated as a phylogenetic group or unit consisted of the resulting clones showing almost

11



98% similarity of nucleotide sequences. All the representative clones of the OTUs were

analyzed to determine the taxonomic affiliation of the clones of all libraries. All 16S rRNA gene

sequences obtained in the present study were checked for possible chimeras using the chimera

check online analysis program (http://comp-bio.anu.edu.au/bellerophon/bellerophon.pl) of the

Bellerophon server. Finally, 69-89 clonal sequences were validly used for the analysis of the

bacterial community for each soil sample. A rarefaction analysis of the 16S rRNA gene

sequences in the clone libraries was carried out with the software aRarefactWin

(http://www.uga.edu/strata/software/Software.html).

Accession numbers of nucleotide sequences

The nucleotide sequences determined from the DGGE and clone library analyses have been

reported in DDBJ /GenBank under the accession numbers AB627045-AB627070 (26 entries)

and AB589501-AB590035 (535 entries), respectively.

RESULTS

Conditions of pot soil

Water contents of the pot soil were about 30% (w/w) throughout the experiment irrespective of

the treatments (data not shown). Eh potential for Brassica- and wheat bran-treated soil dropped

12



earlier than the control soil. It declined very rapidly from +100 to -200 mV within six days of
incubation, and then gradually reached to -250 to -300 mV until nine days (Fig. 1A), indicating
the development of strongly reduced conditions in these pot soils. Eh value in the control soil
also decreased slightly later than the biomass-treated soils. The initial pH of the pot soil was
6.0-6.1. The pH values decreased to 4.9-5.3 within three days, and the final pH values of the
control, Brassica-treated, and wheat bran-treated soils were 5.9, 5.3, and 5.2, respectively.

None of VFAs was detected from the control soil samples throughout the treatment. On the
other hand, considerable amounts of VFAs were detected in both Brassica- and wheat
bran-treated soils. Acetate was the major component followed by butyrate and traces of
propionate, and the amounts rapidly increased until six days of incubation and gradually
decreased in the later stages (Fig. 2). The maximum concentrations of acetate and butyrate in
Brassica-treated soil were 7.3 and 2.8 mmol 17! (as the concentrations in the slurry supernatant
as shown above) at six days, respectively, whereas those in wheat bran-treated soil were 6.0 and

2.0 mmol 17 at both three and six days.

Enumeration of pathogenic fungi and bacteria
Both Brassica- and wheat bran-treated soils showed similar performances for the reduction of

pathogenic propagules (Fusarium oxysporum R3-1-2) incorporated into the soil at the start of

13



the experiment (Fig. 1B). The fungal population declined from 10® to 10> CFU g'! in both

biomass-treated soils until 18 days, and the numbers of pathogen were 100 times lower as

compared with that in the control soil.

For the original field soil, the culturable anaerobic bacterial population was 4.6 x 10° CFU

¢! and almost the same number of heat tolerant cells (spores) was detected from it (Table 1).

The result indicated that most of anaerobes were present as spores in the original aerobic field

soil at a rather high number. For all pot soils at 18 days, the number of anaerobes was

considerably higher (about four to seven times) than that in the original soil. The number of

spores in both biomass-treated soils was lowered similar to the original soil, whereas it was

higher in the control soil. The results also revealed that biomass incorporation or heat treatment

affected the numbers of aerobic bacteria significantly. The number of aerobic bacteria at 18 days

was not so different from that in the original soil including heat tolerant cells for all soil

samples.

PCR-DGGE analysis

The PCR-DGGE results showed clear differences in the bacterial communities depending upon

the soil samples and sampling dates (Fig. 3). The zero day sample of the control soil represents

the microbial population from the original field soil that was used as a starting soil for all

14



treatments. All bands developed from the sample were very thin and no dominant band was
detected in the profile. Almost similar results were obtained for all stages of the control soil (3,
6,9, 12, 15, and 18 days).

For both Brassica- and wheat bran-treated soils, the DGGE profiles after three days of the
starting changed remarkably as compared with that of the original soil sample (0 day of the
control). Some distinct and major bands (B1, B2, B3, and B4) were detected at the same
positions from both Brassica- and wheat bran-treated soils. The profiles were somewhat similar
thereafter up to nine days for both treatments, although the intensity of some bands (W5, W6,
W13, W14, W15, and W16) in the wheat bran-treated profile was obviously higher than that in
the Brassica-treated profile. Later on, the profiles changed again, and new and different profiles
were developed gradually (15 to 18 days) for both soils. Some distinct bands for wheat
bran-treated soil at 15-18 days (W1, W2, W3, and W4) were not recognized in the profiles of
Brassica-treated soil. Some other weak and temporal bands (BS, B6, W11, and W12) also
appeared in both biomass-treated profiles.

Sequences of the numbered bands were determined and each closely related species was
searched (Table 2). Of 23 sequences determined, 15 sequences showed the highest similarities
with the 16S rRNA gene sequences from the members in the phylum Firmicutes, affiliating nine

sequences to the class Bacilli and six to the Clostridia. All nine sequences assigned to the class

15



Bacilli appeared to be closely related to Bacillus senegalensis or Bacillus niacini. Three
sequences were closely related to the Azotobacter species of the class Gammaproteobacteria,
and the remaining sequences showed similarities with the different species belonging to the
phylum Bacteroidetes. Thus, the DGGE profiles for both biomass-treated soils indicated that
both aerobic (the Bacilli) and anaerobic (the Clostridia) spore-forming bacteria in the
Firmicutes phylum proliferated rapidly at the initial stage of treatment and these groups became
comparatively less abundant at the later stages (15-18 days). Instead, several species in the
Bacteroidetes and the Gammaproteobacteria became abundant at the last stage especially in the
wheat bran-treated soil. Out of the bands determined for Brassica-treated soil at 18 day (B7, B8,

B9, and B10), only B9 appeared to be a newly developed band.

Clone library analysis

Based on the results of DGGE profiles, seven soil samples were selected for the clone library
analysis. On the basis of the taxonomic affiliations of closely related organisms, the clone
sequences from all libraries were found to be affiliated with at least eight major phyla of the
domain Bacteria, namely Proteobacteria, Firmicutes, Acidobacteria, Actinobacteria,
Bacteroidetes, Planctomycetes, Verrucomicrobia, and Chloroflexi. However, the phylogenetic

compositions and proportions of the major phyla or classes varied depending upon the soil

16



samples. The affiliations of clone sequences in each soil sample are shown in Fig. 4 in relation

to the percentages of number of clones belonging to each phylum or class. In addition, out of the

phylogenetic trees constructed for all libraries, those for Control 0, Brassica 9 and Wheat bran 9

were shown in Fig. 5 and 6, respectively. Besides, rarefaction curves were calculated for all

clone libraries to evaluate and compare the diversities of sequences (Fig. 7).

Library for control soil

The Control 0 library showed much diversified populations of different phylogenetic groups and

there was not any exceedingly dominant bacterial phylum or class in the profile. The most

abundant taxonomic group of the Control 0 library was allocated to the phylum Proteobacteria

(about 35% of the total number of clones) and the clones assigned to the phylum were

distributed into four classes, that is, Alpha-, Beta-, Gamma-, and Deltaproteobacteria (16, 12, 3,

and 4%, respectively). Other sequences belonged to the phyla Acidobacteria (15%),

Actinobacteria (13%), Bacteroidetes (11%), Planctomycetes (11%), Verrucomicrobia (7%),

Chloroflexi (2%), and only one clone to the class Bacilli of the Firmicutes phylum (Fig. 4, 5).

Similarly to the Control 0 composition, the Control 9 library also demonstrated diversified

populations. About one third (36%) of clones were affiliated to the phylum Proteobacteria

(dlpha-, Beta-, Gamma-, and Deltaproteobacteria; 11, 11, 8, and 6 %, respectively) followed by

15% to the phylum Acidobacteria, and 12% to the Firmicutes phylum. In the Firmicutes group,

17



about 5% were clostridial clones, whereas the remaining 7% were in the class Bacilli. The

Control 18 library also showed diversified populations that were almost similar to other Control

libraries. The phylum Proteobacteria was also the most abundant (about 34%) taxonomic group

(Alpha-, Beta-, Gamma-, and Deltaproteobacteria; 10, 14, 8, and 2%, respectively). The phylum

Acidobacteria contributed the second most abundant group (23%) followed by the phylum

Bacteroidetes (8%). Two clones (about 2%) belonging to the clostridial groups in the Firmicutes

phylum were detected. The numbers of OTUs (at the 98% sequence similarity level as shown

above) recognized for the Control libraries were 57 for Control 0, 58 for Control 9, and 65 for

Control 18 libraries. The rarefaction curves of the three libraries almost overlapped each other

and did not reach saturation, indicating highly and equally diversified bacterial communities in

these soils (Fig. 7).

Libraries for biomass-treated soil

Unlike the Control libraries, the biomass-treated libraries showed the presence of exclusively

dominant bacterial taxonomic groups (phyla or classes) in the profiles (Fig. 4). In case of the

Brassica 9 library, more than half of clone sequences were affiliated with the phylum

Firmicutes (58%), and the clones in the phylum were almost equally distributed to the classes

Clostridia and Bacilli (31 and 27%, respectively). The next abundant group was represented by

16% clones from the different classes of the phylum Proteobacteria. For the Brassica 18 library,

18



the major phyla detected were from the Firmicutes, Proteobacteria and Bacteroidetes. In the
phylum Firmicutes, a large number of clones were also affiliated with the class Clostridia (22%),
whereas the number of clones in the Bacilli significantly decreased (4%) as compared with that
in the Brassica 9 library. As shown in Fig. 7, bacterial diversity in the soil much decreased until
nine days of Brassica-treatment as compared with the starting soil, while the community was
much diversified again until 18 days. A total of 32 and 65 OTUs were recognized from the
Brassica 9 and Brassica 18 libraries, respectively.

In the Brassica 9 library, the largest OTU contained 21 clones, which was closely related to
Bacillus niacini (99% of sequence similarity with the closest clone) of the class Bacilli, that is,
the closest relatives of the major bands of both biomass-treated DGGE profiles. The closely
related described species of clostridial OTUs containing at least two clones in the Brassica 9
library were Clostridium sporogenes or Clostridium subterminale (10 clones, 93-94%
similarity), Clostridium saccharobutylicum (4 clones, 98%), Pelotomaculum schinkii (4 clones,
90%), Clostridium xylanovorans (2 clones, 95%), and Clostridium paraputrificum (2 clones,
93%) (Fig. 6). The largest OTU (10 clones) in the Brassica 18 library was closely related to
Azotobacter beijerinckii  (99%), corresponding to the DGGE band B9, from the
Gammaproteobacteria, and the closest relative of the second largest OTU (7 clones) was

Prolixibacter bellariivorans (91%) (band W9) in the Bacteroidetes. The following species were
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the closest relatives of five OTUs containing two clones; Bacillus niacini (99%), Clostridium

magnum (97%) (bands W15 and 16), and Clostridium chartatabidum (98%) in the Firmicutes,

and Sphingomonas jaspsi (96%) and Sphingomonas wittichii (98%) in the Alphaproteobacteria.

For the Wheat bran 9 library, 74% of the total number of clones were assigned to the

Firmicutes phylum, most of which (62%) were to the class Clostridia. The number of clones in

the phylum Proteobacteria was only 10% (Fig. 4, 6). The Wheat bran 18 library included 35%

clones from the Firmicutes (33% from the Clostridia and 2% from the Bacilli) and 26% from

the phylum Proteobacteria. Many clones from the Bacteroidetes phylum (17%) were also found

in the library. Almost the same curves were obtained with the rarefaction analysis of the two

wheat bran libraries, indicating that the diversity of the community did not recover until 18 days

of the treatment in contrast to the Brassica 18 library (Fig. 7). The number of OTUs recognized

for the Wheat bran 9 and Wheat bran 18 libraries were 35 and 42, respectively.

The closely related species of major clostridial OTUs in the Wheat bran 9 library were

Clostridium septicum (9 clones, 95%), Clostridium acetobutylicum (7 clones, 93%) (band W13),

Clostridium saccharobutylicum (6 clones, 99%), Pelotomaculum schinkii (5 clones, 90%)

Clostridium papyrosolvens (3 clones, 97%), and Clostridium paraputrificum (3 clones, 89%)

(Fig. 6). For the Wheat bran 18 library, the largest OTU (15 clones) was closely related to

Azotobacter chroococcum (99%) (band W4 and 7) from the Gammaproteobacteria. Besides,
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Prolixibacter bellariivorans (91%) (band B9) and Bacteroides eggerthii (94%) in the

Bacteroidetes were those of the second (7 clones) and the third (6 clones) largest OTUs,

respectively. The closely related species of major clostridial groups for the Wheat bran 18

library were Clostridium subterminale (4 clones, 94%), Clostridium sufflavum (3 clones, 98%),

Clostridium septicum (2 clones, 95%), and Clostridium diolis (2 clones, 98%).

Phylogenetic diversity of clostridial group

A phylogenetic tree consisting of all OTUs assigned to the class Clostridia from all samples was

generated (Fig. 8), of which almost all sequences were derived from both biomass-treated soils.

Although some major OTUs affiliated with the class consisted of more than two clones as

shown above, many of OTUs contained only one clone, indicating occurrence of extraordinarily

diverse species in the class in the biomass-treated soil. About two thirds of clones (68%) from

all 9 day libraries (Control 9, Brassica 9, and Wheat bran 9) were classified into the cluster I

(Clostridium sensu stricto) including the Oxobacter group, and the remaining clones were

affiliated with other miscellaneous clusters (Cluster IIL, IV, VI, VII, XIVa, etc.) (Collins et al.

1994). On the contrary, for 18 day libraries (Control 18, Brassica 18, and Wheat bran 18), 40%

of clones were assigned to the cluster I. The result indicates that the phylogenetic composition

of clostridial communities greatly changed during the later stages of the treatment.

A total of nine closely related groups of OTUs derived form different libraries (indicated by
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curly brackets with asterisks) were detected in the phylogenetic tree. It appeared that most of
major OTUs in the cluster I (five groups) were commonly recovered from both biomass-treated
soils. A group of OTUs remotely related to Pelotomaculum shinkii (cluster VI) was also

recognized in all four libraries from the biomass-treated soils.

DISCUSSION

Effect of treatment on soil conditions and microbes

Eh decrease in soil for all treatments implied the successful consumption of total oxygen within
the soil and avoidance of penetration of oxygen from outside. Thus, it favored the growth and
multiplication of anaerobic bacteria in the soil. In fact, anaerobic bacteria were enumerated at
much higher populations in all treated soils at 18 days as compared with that in the original soil,
although the levels of aerobic bacterial population were almost the same. Rather high amounts
of acetate and butyrate together with traces of propionate were detected in all the
biomass-treated soils, while none of VFAs was detected in the control soil throughout the
experiment. As shown by the molecular analyses of the bacterial communities, since the
incorporation of Brassica plants or wheat bran to the soil strongly enhanced growth of

anaerobic bacteria, VFAs should be produced by these anaerobic bacteria through



decomposition of biomass in the anoxic condition.

It has been reported that BSD using Brassica plants, wheat bran, grasses or molasses
effectively killed a wide range of soil-borne pathogens (Shinmura 2000, 2004; Takeuchi 2004;
Urbasch 1984). In this study, the population of Fusarium oxysporum pathogen was also declined
markedly during BSD. The result coincided with these reports and confirmed the effects of
biomass incorporation on suppression of the plant pathogen, although the differences between

Brassica plants and wheat bran in the effects on the pathogen were not presented clearly.

Analysis of bacterial communities by the molecular techniques

The results obtained by the two molecular techniques (DGGE and clone library) coincided well
with each other. Soil harbors highly diverse bacterial communities with up to 50,000 (Sandaa et
al. 1999) or even up to millions (Gans et al. 2005) of different 16S rRNA gene sequences. It is
known that the high bacterial diversity may result too low PCR products per species to give less
visible bands in DGGE profiles (Dér et al. 2005). The absence of any dominant band or
presence of many thin bands in the DGGE profile of the original soil suggested the high
diversity in the bacterial communities, and the bacterial community shown in the Control 0
library confirmed it. It is generally said that soil bacteria are affiliated with 32 bacterial phyla,

however, an average of 92% are members of nine major groups constituting Proteobacteria
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(39%), Acidobacteria (20%), Actinobacteria (13%), Verrucomicrobia (7%), Bacteroidetes (5%),

Chloroflexi (3%), Planctomycetes (2%), Gemmatimonadetes (2%), and Firmicutes (2%)

(Janssen 2006). The composition is very similar to the result obtained for the Control 0 library

(34%, 15%, 13%, 7%, 11%, 2%, 11%, 0%, and 1%, respectively). Both clone libraries for the

control soil (Control 9 and Control 18) revealed also highly diversified bacterial communities.

Although some changes in the bacterial population were shown and some of strict anaerobes

from the class Clostridia or facultative anaerobes from the Gammaproteobacteria increased, the

result indicated that irrigation of soil itself without incorporation of organic matter did not

change the composition of the bacterial community so much.

Although the sequence length determined for each DGGE band was rather short (about

170-190 bp) and the closest species names were not necessarily the same, the closely related

species of the major DGGE bands almost corresponded with those of major OTUs consisted of

at least four clones in each library. Thus, it was shown that the distinct and major bands

recognized in the DGGE profiles might represent the most abundant species present in the

bacterial community in each soil sample (more than about 5%).

The DGGE profiles from three to nine days for the Brassica-treated soils demonstrated

correlation with the composition of the Brassica 9 clone library. The Brassica 9 clone library

contained the members of the Firmicutes phylum including those from both classes Clostridia
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and Bacilli as the most abundant groups. The detection of major clostridial clones, or increasing

number of clones in the Gammaproteobacteria or Bacteroidetes in the Brassica 18 clone library

also correlated with the appearance in the DGGE profile of Brassica-treated soil at 18 days. The

Wheat bran 9 clone library showed the members of the Firmicutes phylum as the exclusively

most dominant group including majority of the clones from the class Clostridia. Similarly to the

DGGE profiles for the Brassica-treated soil, the bacterial community of wheat bran-treated soil

differed at the later stages.

According to the results of the molecular analyses, it assumed that some Bacillus species

present as spores in the original soil might grow rapidly at the initial stage of the treatment by

using oxygen remained in the soil and decreasing Eh. After the initial drop of Eh, the plant

biomass might support growth of some common rapidly-growing clostridial groups as easily

decomposable substrates for both Brassica- and wheat bran-treatments. The development of the

similar banding patterns of the DGGE profiles from three to nine days might explain

proliferation of these limited bacterial species, which could decrease the bacterial diversities in

the soil (Fig. 7). Both cellulose and xylan are major components of plant biomass and the class

Clostridia includes many anaerobic species decomposing these compounds (Bergquist et al.

1999; Carere et al. 2008; Rainey et al. 2009). Thus, these slowly decomposable plant materials

might support growth of some relatively slow-growing clostridial species, including cellulolytic
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or xylanolytic species (e.g., Clostridium sufflavum) (Nishiyama et al. 2009), which represented

new and different profiles at the later stages (15-18 days). In fact, the phylogenetic composition

of major groups assigned to the Clostridia in both biomass-treated libraries largely changed at

18 days for both biomass-treated soils. The diversity of clostridial populations was much

pronounced in case of the Brassica 18 library, which should contribute to the total bacterial

diversity (Fig. 7).

Thus, it was found that the Firmicutes, especially species in the Clostridia class appeared as

exceedingly dominant taxonomic groups in the bacterial communities in the soils treated with

plant biomass. Although the clones assigned to the Clostridia class were dominant based on the

phylogenetic classification of the phylum or class level, the clostridial group detected actually

contained phylogenetically diverse members (Fig. 8). The result indicates that diverse species of

anaerobic bacteria, especially relating to the class Clostridia present as spores in the field soil,

start to grow soon after the beginning of the treatment and proliferate actively under the favored

anaerobic conditions using plant biomass as growth substrates. As shown by the enumeration of

Fusarium pathogen in the treated soil, in addition to the development of anaerobiosis, rapid

growth of these various strictly anaerobic bacteria should play an important role in controlling

soil-borne plant pathogens. It is known that the closely related clostridial species of the clones

detected in this study form various products including VFAs and alcohols as well as indole or
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skatole (Rainey et al. 2009; Wiegel 2009). Thus, it was considered that the diverse clostridial

populations in the biomass-treated soils also produced various compounds during the

decomposition of plant material.

The clostridial group includes some dangerous pathogens for the human like Clostridium

tetani of Tetanus disease. Thus, applying BSD in practice may grow some public concerns,

although no such harmful clostridial groups were detected in this study. When the treated soil

would be faced under aerobic condition for crop cultivation after the treatment, the

biofumigation effect must be terminated and the proliferation of all anaerobic clostridial species

should be also eliminated. However, analysis of bacterial communities after the BSD treatment

or during the cropping stage might be necessary to know the behavior of clostridial species of

concern.

Besides the clostridial species, the populations of the Gammaproteobacteria and the

Bacteroidetes also increased in the BSD soils, especially at the later stages (18 days). The two

major OTUs in the Gammaproteobacteria were closely related to nitrogen-fixing species,

Azotobacter chroococcum and Azotobacter beijerinckii, respectively (Kennedy et al. 2005). The

species of Gammaproteobacteria relating to Azotobacter chroococcum were reported to produce

indole and other antifungal antibiotics (Gowariker et al. 2009). In addition, many of Bacteroides

species are known to be xylanolytic (Dodd et al. 2011) and produce fatty acids such as acetate
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and succinate as the fermentation products (Shah 1992). Bacteroides eggerthii, the closest
relative of one of the large OTUs in the Wheat bran 18 library, is a representative of such
Bacteroides species. Thus, species relating to the genera Azotobacter and Bacteroides might
contribute partly for pathogenic elimination in the treated soils by decomposition of plant
materials and their products. It is of interest that clones closely related to aerobic Azotobacter
species were detected as one of dominant groups in the highly reduced soil.

We have isolated many clostridial strains from the BSD soils during this study. We are now
examining their physiological characteristics to know their roles in suppression of pathogens.
These isolates may be used in BSD experiments under gnotobiotic conditions to find out the
potentiality of these bacterial groups during BSD. Furthermore, community compositions of
bacteria in BSD soils conducted in fields should be analyzed to confirm the results obtained in

this study.

ACKNOWLEDGEMENTS

This work was partly supported by a grant from the Ministry of Agriculture, Forestry and
Fisheries of Japan (Development of mitigation and adaptation techniques to global warming in
the sectors of agriculture, forestry, and fisheries). We also greatly appreciate the technical

assistance of Y. Maeda and Y. Ohtaki.

28



REFERENCES

Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ 1997: Gapped

BLAST and PSI-BLAST: a new generation of protein database search programs. Nucl. Acids

Res., 25, 3389-3402.

Bergquist PL, Gibbs MD, Morris DD, Te'O VS, Saul DJ, Morgan HW 1999: Molecular

diversity of thermophillic cellulolytic and hemicellulolytic bacteria. FEMS Microbiol. Ecol.,

28, 99-110.

Blok WJ, Lamers JG, Termorshuizen AJ, Bollen GJ 2000: Control of soil-borne plant pathogens

by incorporating fresh organic amendments followed by tarping. Phytopathology, 90,

253-259.

Carere CR, Sparling R, Cicek N, Levin DB 2008: Third Generation Biofuels via Direct

Cellulose Fermentation. Int. J. Mol. Sci., 9, 1342—-1360.

Collins MD, Lawson PA, Willems A, Cordoba JJ, Fernandez-Garayzabal J, Garcia P, Cai J,

Hippe H, Farrow JAE 1994: The phylogeny of the genus Clostridium: Proposal of five new

genera and eleven new species combinations. /nt. J. Syst. Bacteriol., 44, 812-826.

Crump BC, Hopkinson CS, Sogin ML, Hobbie JE 2004: Microbial biogeography along an

estuarine salinity gradient: combined influences of bacterial growth and residence time. Appl.

29



Environ. Microbiol., 70, 1495-1505.

Dar SA, Kuenen JG, Muyzer G 2005: Nested pcr-denaturing gradient gel electrophoresis
approach to determine the diversity of sulfate-reducing bacteria in complex microbial
communities. Appl. Environ. Microbiol., 71, 2325-2330.

Dodd D, Mackie RI, Cann IKO 2011: Xylan degradation, a metabolic property shared by rumen
and human colonic Bacteroidetes. Mol. Microbiol., 79, 292-304.

Gans J, Wolinsky M, Dunbar J 2005: Computational improvements reveal great bacterial
diversity and high metal toxicity in soil. Science, 309, 1387-1390.

Goud JKC, Termorshuizen AJ, Blok WJ, van Bruggen AHC 2004: Long-term effect of
Reductive soil disinfestation on Verticillium wilt. Plant Dis., 88, 688-694.

Gowariker V, Krishnamurthy V, Gowariker S, Dhanorkar M, Paranjape K 2009: In The
Fertilizer Encyclopedia. Wiley and Sons, New Jersey, Hoboken.

Janssen PH 2006: Identifying the dominant soil bacterial taxa in libraries of 16S rRNA and 16S
rRNA genes. Appl. Environ. Microbiol., 72, 1719-1728.

Kaku N, Ueki A, Ueki K, Watanabe K 2005: Methanogenesis as an important terminal electron
accepting process in estuarine sediment at the mouth of Orikasa River. Microbes Environ.,
20, 41-52.

Kennedy C, Rudnick P, Macdonald ML, Melton T 2005: Genus III. Azotobacter Beijerinck 1901,

30



567AL. In Bergey’s Manual of Systematic Bacteriology, Eds. GM Garrity, DJ Brenner, NR

Kreig, JT Staley , second ed., Vol. 2. pp 384-389. Springer, New York.

Kirkegaard JA, Wong PTW, Desmarchelier JM 1996: In-vitro suppression of fungal root

pathogens of cereals by Brassica tissues. Plant Pathol., 45, 593-603.

Macfarlane J, Macfarlane, GT 1995: Proteolysis and amino acid fermentation. /n Human Colonic

Bacteria, Eds. GR Gibson, GT Macfarlane, pp 75-100. CRC Press, New York.

Maidak BL, Cole JR, Parker CTJr, Garrity GM, Larsen N, Li B, Lilbum TG, McCaughey MJ,

Olsen GJ, Overbeek R, Pramanik S, Schmidt TM, Tiedje JM, Woese CR 1999: A new

version of the RDP (Ribosomal Database Project). Nucleic Acids Res., 27, 171-173.

Mattener SW, Porter 1J, Gounder RK, Shanks AL, Wren DJ, Allen D 2008: Factors that impact

on the ability of biofumigants to suppress fungal pathogens and weeds of strawberry. Crop

Prot., 27, 1165-1173.

Mojtahedi H, Santo GS, Hang AN, Wilson JH 1991: Suppression of root-knot nematode

populations with selected rapeseed cultivars as green manure. J. Nematol., 23, 170-174.

Momma N, Yamamoto K, Simandi P, Shishido M 2006: Role of organic acids in the

mechanisms of Biological soil disinfestation (BSD). J. Gen. Plant Pathol., 72, 247-252.

Momma N 2008: Biological soil disinfestation (BSD) of soil-borne pathogens and its possible

mechanisms. JARQ, 42, 7-12.

31



Muyzer G De Waal EC, Uitterlinden AG 1993: Profiling of complex microbial populations by

denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified

genes coding for 16S rRNA. Appl. Environ. Microbiol., 59, 695-700.

Nishimura N 2007: Selective media for Fusarium oxysporum. J. Gen. Plant Pathol., 73,

342-348.

Nishiyama T, Ueki A, Kaku N, Ueki K 2009: Clostridium sufflavum sp. nov., isolated from a

methanogenic reactor treating cattle waste. Int. J. Syst. Evol. Microbiol., 59, 981-986.

Porter 1J, Trinder LE, Partington D 2006: Validating the yield performance of alternatives to

methyl bromide for preplant fumigation. Technology and Economic Assessment Panel

Special report, United Nations Environment Program, Nairobi, Kenya.

Rainey FA, Hollen BJ, Small A 2009: Genus I. Clostridium Prazmowski 1880, 234L. In Bergey’s

Manual of Systematic Bacteriology, Eds. WB Whitman, AC Parte, second ed., Vol. 3. pp

738-828. Springer, New York.

Saitou N, Nei M 1987: The neighbor-joining method: a new method for reconstructing

phylogenetic trees. Mol. Biol. Evol., 4, 406-425.

Sandaa RA, Torsvik V, Enger O, Daae FL, Castberg T, Hahn D 1999: Analysis of bacterial

communities in heavy metal-contaminated soils at different levels of resolution. FEMS

Microbiol. Ecol., 30, 237-251.

32



Sarwar M, Kirkegaard JA 1998: Biofumigation potential of brassicas. Plant Soil, 201, 91-101.

Shah HN 1992: The genus Bacteroides and related taxa. In The Prokaryotes, Eds. A Balows, HG
Truper, M Dworkin, W Harder, KH Schleifer second ed., Vol. 4. Springer-Verlag, New York.

Shinmura A 2000: Causal agent and control of root rot of welsh onion. PSJ Soil-borne Disease
Workshop Report, 20, 133-143.

Shinmura A 2004: Principle and effect of soil sterilization method by reducing redox potential
of soil. PSJ Soil-borne Disease Workshop Report, 22, 2-12.

Subbarao KV 2002: Methyl bromide alternatives-meeting the deadline. Phytopathology, 92,
1334-1343.

Takehara T, Kuniyasu K, Mori M, Hagiwara H 2003: Use of a nitrate-nonutilizing mutant and

. selective media to examine population dynamics of Fusarium oxysporum f. sp. spinaciae in

soil. Phytopathology, 93, 1173-1181

Takeuchi T 2004: Effect of sterilization by soil reduction on soil-borne diseases in Chiba
Prefecture. PSJ Soil-borne Disease Workshop Report, 22, 13-21.

Thompson JD, Higgins DG Gibson TJ 1994: CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res., 22, 4673-4680.

Ueki A, Matsuda K, Ohtsuki C 1986: Sulfate reduction in the anaerobic digestion of animal

33



waste. J. Gen. Appl. Microbiol., 32, 111-123.

Urbasch I 1984: Production of C6-wound gases by plants and the effect on some

phytopathogenic fungi. Z. Naturforsch., 39c, 1003-1007.

Wiegel J 2009: Family 1. Clostridiaceae Pribram 1933, 90AL. In Bergey’s Manual of Systematic

Bacteriology, Eds. WB Whitman, AC Parte, second ed., Vol. 3. p 737. Springer, New York.

34



FIGURE LEGENDS

Figure 1. Time course of changes in redox potential (A) and the number of Fusarium oxysporum

(wilt of tomato) (B) in soil under the treatment. Symbols: e, control; A, Brassica-treated; m,

wheat bran-treated.

Figure 2. Changes in concentrations of volatile fatty acids (VFAs) in Brassica-treated and wheat

bran-treated soil. Concentrations of VFAs are expressed as those in the supernatant of slurry

samples as shown in the text. For the control soil, none of them was detected (data not shown).

Symbols: e, acetate; A, butyrate ; m, propionate.

Figure 3. DGGE patterns of bacterial populations in soil treated with different conditions. V3

region of bacterial 16S rRNA gene was PCR-amplified with a primer set of B341fGC/B534r.

Amplified products were separated on a gradient gel of 30-60% denaturant. The lanes for each

soil sample represent the sampling dates (3 to 18 days), whereas 0 day for the control soil

represents the starting soil sample before the treatment. All labeled bands were excised from the

gel, reamplified, and subjected to sequence analysis.

Figure 4. Composition profiles of phylogenetic groups (phylum or class) of bacteria based on

16S rRNA gene sequences from different clone libraries. Compositions are represented as



relative abundances in relation to the percentages of number of clones belonging to each

phylum or class. Symbols: [ , Alphaproteobacteria, Bl , Betaproteobacteria, B ,

Gammaproteobacteria, B, Deltaproteobacteria, B, Acidobacteria;E, Verrucomicrobia, B,

Bacteroidetes; B, Planctomycetes; O, Firmicutes (Clostridia); B, Firmicutes (Bacilli); O,

Actinobacteria; W, Chloroflexi; B, Others.

Figure 5. Neighbor-joining tree showing the phylogenetic relationships of all OTUs derived

from Control 0 library based on 16S rRNA gene sequences. Bootstrap values (n = 1,000) above

70% are indicated at branch nodes. The scale bar represents 2% estimated difference in

nucleotide sequence position. The name of each clone starts with the clone library designation

and CO represents Control 0 library. As the outgroup, Sulfolobus acidocaldarius (D14053) (the

domain Archaea) 16S rRNA gene sequence was used. Accession numbers of the species are

shown in the parentheses. Numbers in the parentheses aside each clone name denote the number

of clones assigned to the OTU. Each clone name without parenthesis represents one OTU with

one clone.

Figure 6. Neighbor-joining trees showing the phylogenetic relationships of all OTUs derived

from Brassica 9 and Wheat bran 9 libraries based on 16S rRNA gene sequences. The



abbreviation C. indicates the genus Clostridium. The name of each clone starts with the clone

library designation: BR9 and WB9 represent the Brassica 9 and Wheat bran 9 libraries,

respectively. Abbreviations: o-, B-, and y-Prot, Alpha-, Beta-, and Gammaproteobacteria,

respectively; Actino, Actinobacteria, Bacter, Bacteroidetes, Acido, Acidobacteria;, Verruco,

Verrucomicrobia, Plancto, Planctomycetes. Tree construction and other notifications are similar

as described in Fig. 5.

Figure 7. Rarefaction curves for the 16S rRNA gene sequences from all clone libraries.

Libraries: C0, Control 0; C9, Control 9; C18, Control 18, BR9, Brassica 9; BR18, Brassica 18;

WB9, Wheat bran 9, WB18, Wheat bran 18.

Figure 8. Neighbor-joining tree showing the phylogenetic relationships of clostridial clones (all

OTUs from each library) based on 16S rRNA gene sequences (according to the clostridial

cluster analysis by Collins et al. 1994). Bootstrap values (n = 1,000) above 70% are indicated at

branch nodes. The scale bar represents 1% estimated difference in nucleotide sequence position.

As the outgroup, Bacillus subtilis DSM10 16S rRNA gene sequence was used. The abbreviation

C. indicates the genus Clostridium. The name of each clone starts with the clone library

designation: C9, C18, BR9, BR18, WB9, and WBI18 represent the Control 9, Control 18,



Brassica 9, Brassica 18, Wheat bran 9, and Wheat bran 18 libraries, respectively. For the

Control 0 library, none of clostridial clones was detected. Accession numbers of the species are

shown in the parentheses. Numbers in the parentheses aside each clone name denote the number

of clones in the OTU of each library. The curly brackets with asterisks aside some clonal groups

show the closely related OTUs from the respective clone libraries.
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Table 1. Enumeration of bacterial population from different soil samples

Soil Day  Heat' x 10° CFUg'’
treatment  Anaerobes Aerobes
Control | - 4.6 +0.47 31.4+590
+ 5.1+2.65 9.1+2.74
Control 18 - 18.2+£9.96 24.1+£7.10
+ 28.2 £ 5.87 8.5+1.30
Brassica -treated 18 - 18.9 £ 8.60 15.6 £2.70
+ 2.7+021 7.5+1.36
Wheat bran-treated 18 - 28.8+£9.50 0721
+ 5.8+2.48 2.7+2.40

Each value represents the means (+ SD) of three repetitions.

Plant biomass and heat treatment affected the number of aerobes significantly at p < 0.05
using ANOVA 2-way analysis without replication

! Diluted soil samples were treared at 80°C for 10 minutes before inoculation to

the media for enumeration of viable counts of heat tolerant cells.

" Media for enumeration: anaerobes, 1/10PY4S; aerobes, DNB agar.

#Original soil before the treatment.



Table 2. Closely related species of sequences from DGGE bands of biomass-treated soils

Band No. Closely related species (Accession no.) Taxonomic affiliation Similarity (%)
Phylum Class

B1, B2, B3, B4, B7, B8, Bacillus senegalensis (AB110415) Firmicutes Bacilli 97-100

B10, W11, W12 or Bacillus niacini (EU221375)

W5 Clostridium puniceum (X71857) Firmicutes Clostridia 98

W6 Clostridium akagii (AJ237755) Firmicutes Clostridia 90

w13 Clostridium acetobutylicum (AE001437) Firmicutes Clostridia 98

Wi4 Clostridium intestinale (X76740) Firmicutes Clostridia 98

W15, W16 Clostridium magnum (X77835) Firmicutes Clostridia 97

B9 Azotobacter beijerinckii (EF100152) Proteobacteria  Gammaproteobacteria 94

w4, W7 Azotobacter chroococcum (EF634040) Proteobacteria  Gammaproteobacteria 97-98

BS, B6 Pedobacter cryoconitis (EU169155) Bacteroidetes ~ Sphingobacteria 98-100

Wi Bacteroides massiliensis (AY126616) Bacteroidetes Bacteroidia 92

W2, W3 Bacteroides coprocola (AB200225) Bacteroidetes Bacteroidia 93

W8 Flavobacterium denitrificans (AJ318907) Bacteroidetes Flavobacteria 87

W9 Prolixibacter bellariivorans (AY918928) Bacteroidetes  Flavobacteria 90

W10 Flavobacterium johnsoniae (DQ530149) Bacteroidetes  Flavobacteria 90




