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Abstract

Biological soil disinfestation (BSD) or anaerobic (reductive) soil disinfestation (ASD/RSD) is a bioremediation method
used to eliminate soil-borne plant pathogens by exploiting the activities of anaerobic bacteria in soil. In this study,
two obligate anaerobic bacterial strains isolated from BSD-treated soil and identified as Clostridium beijerinckii were
examined for their abilities to suppress the spinach wilt disease pathogen (Fusarium oxysporum f. sp. spinaciae) as a
representative soil-borne fungal plant pathogen. Both strains degraded (3-1,3-glucan and chitosan, two major poly-
saccharide components of ascomycetes fungal cell wall, supplemented in the medium. 3-1,3-Glucanase was detected
in the supernatants of cultures supplemented with different types of glucan. Similarly, chitosanase was detected in
cultures supplemented with chitosan. Both the enzyme activities were also detected in cultures containing glucose
as a substrate. Live cells of F. oxysporum f. sp. spinaciae that were co-incubated with each anaerobic strain under
anaerobic conditions using glucose as a substrate died during incubation. Freeze-dried dead fungal biomass of the
pathogen, when added to the culture, supported good growth of both anaerobes and production of both enzymes.
Severe and nearly complete degradation of both live and dead fungal cells during incubation with anaerobic bacte-
ria was observed by fluorescence microscopy. When individual anaerobic bacterial strain was co-incubated with live
pathogenic fungal cells in wheat bran, a popular material for BSD-treatment, both the strains grew well and killed the
fungal pathogen promptly by producing both enzymes. These results indicate that both the bacterial strains attack
the fungal cells by releasing extracellular fungal cell wall-degrading enzymes, thereby eliminating the pathogen.

Keywords: Anaerobic bacteria, 3-1,3-Glucanase, Biocontrol of soil-borne pathogen, Chitosanase, Clostridium
beijerinckii, Fusarium oxysporum f. sp. spinaciae, Anaerobic soil disinfestation

Introduction

Biological soil disinfestation (BSD) or anaerobic (reduc-
tive) soil disinfestation (ASD or RSD) is a method
employed to suppress or eliminate soil-borne plant path-
ogens before starting the cultivation of crops, without
using agricultural chemicals (Blok et al. 2000; Goud et al.
2004; Momma 2008; Momma et al. 2013; Strauss and
Kluepfel 2015). BSD in a strict sense is a bioremediation
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and indicate if changes were made.

technique that uses biological materials and activities
of indigenous bacteria inhabiting the soil (Ueki et al.
2018). In BSD treatments, various organic materials
(mainly from plant biomass) are incorporated into soil,
which is then irrigated with water, followed by covering
it tightly with plastic sheets to prevent entry of oxygen
for ~3 weeks. During the treatment, anoxic conditions
in the soil are maintained with rather higher temperature
(around 30 °C) under the sunlight. Effectiveness of BSD
treatments to kill or inactivate many kinds of soil-borne
plant pathogens has been demonstrated (Browne et al.
2018; Butler et al. 2014; Huang et al. 2016; Mazzola et al.
2018; Meng et al. 2018; Messiha et al. 2007; Muramoto
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et al. 2014; Serrano-Pérez et al. 2017; Shennan et al. 2018;
Shrestha et al. 2018). Mowlick et al. (2012, 2013a, b, c,
2014) reported that obligate anaerobic bacteria, mainly
various linages from the class Clostridia, proliferate in
the soil under such treatments. It is expected to clarify
the role of anaerobic bacteria thriving in the soil towards
suppression of soil-borne plant pathogens. We isolated
many anaerobic bacterial strains from soil samples sub-
jected to BSD-treatments (Mowlick et al. 2012, 2013a;
Ueki et al. 2017). In the previous study, we reported the
ability of representative isolates (H110 and TB8), identi-
fied as Clostridium beijerinckii, to degrade components
related to ascomycetes fungal cell wall (B-1,3-glucan
and chitosan) and to kill the fungal pathogen (Fusarium
oxysporum f. sp. spinaciae) under anaerobic conditions
(Ueki et al. 2017, 2018). It was strongly suggested that
these strains produced extracellular enzymes capable of
degrading these components of the fungal cell wall, lead-
ing to the destruction of cells. In this study, we inves-
tigated the enzymatic activities of the two anaerobic
bacterial strains to degrade polysaccharides of ascomy-
cetes fungal cell wall. p-1,3-Glucanase and chitosanase
activities were detected in culture supernatants of both
the strains cultivated with p-1,3-glucan or chitosan as
growth substrates. Fluorescence microscopy using a fluo-
rescent dye (calcofluor white) showed that the mycelial
cells of the Fusarium pathogen, regardless of whether
living or dead, were completely degraded when co-incu-
bated with either of the anaerobic bacterial strains.

Materials and methods

Isolation and cultivation of anaerobic bacteria

The anaerobic bacterial strains, H110 and TB8, were
isolated from the wheat bran-treated or Brassica juncea
plant-treated BSD soil samples of the model experiments
(treated at 30 °C for 17-18 days) at the NARO Western
Region Agricultural Research Center, Hiroshima and
at the Tokushima Agricultural Research Center, respec-
tively, in our previous studies in Japan (Mowlick et al.
2012, 2013a). The bacterial strains were isolated and
cultivated as described earlier (Ueki et al. 2017, 2018).
Briefly, each BSD-treated soil sample was serially diluted
(tenfold) anaerobically using an anaerobic dilution solu-
tion (Satoh et al. 2002), and 0.2 ml of each dilution was
inoculated into 10 ml of anaerobic roll tube agar (Holde-
man et al. 1977). After incubation for 7 days, well-iso-
lated colonies were picked up from the roll tube agar and
purity of strains was confirmed through repetition of
the roll tube method. Strains H110 and TB8 were used
as representative strains based on various physiologi-
cal properties examined (Ueki et al. 2017, 2018). Both
the strains were cultivated under anaerobic conditions
at 30 °C, unless stated otherwise, using a peptone-yeast
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extract (PY) medium as a basal medium with oxygen-free
mixed gas (95% N, and 5% CO,) in the headspace. Each
test tube containing the medium was closed tightly with
an inner butyl rubber stopper equipped with an outer
screw cap. The PY medium contained (per liter) 10 g
trypticase (BD BBL, Sparks, USA), 5 g yeast extract, 0.2 g
Na,CO,, 0.3 g L-cysteine-HCI-H,O, and 1 mg sodium
resazurin, as well as salt solutions (Satoh et al. 2002).
The PY medium supplemented with (per liter) 0.25 g of
each glucose, cellobiose, maltose, and soluble starch, as
well as 15 g agar, designated as the PY4S medium, was
used for isolation and maintenance of strains as agar
slant cultures. Before autoclaving, pH of all the media
was adjusted to 7.2-7.4 with NaOH solution. PY broth
medium supplemented with glucose at 10 g/l was desig-
nated as the PYG broth and was used for cultivation of
the isolates as inoculums for various cultural conditions.
Inoculation of pre-cultivated cells to the media was car-
ried out under the stream of oxygen-free mixed gas (95%
N, and 5% CO,).

Strains H110 and TB8 were identified as Clostrid-
ium beijerinckii in the family Clostridiaceae in the
class Clostridia in our laboratory (Ueki et al. 2017) and
deposited in NBRC (NITE Biological Resource Center,
Kisarazu, Japan) as NBRC 112101 and NBRC 112094,
respectively.

Physiological properties of strains H110 and TB8

Physiological examination of the two strains was per-
formed as reported previously (Ueki et al. 2009, 2016,
2017). All the cultivation experiments were performed
at least in duplicate and reproducibility of the results was
confirmed. Growth of the bacterial strains in the pres-
ence of carbohydrates under the anaerobic condition
was examined by using the PY broth as a basal medium
supplemented with 0.5% or 1% (w/v) of respective sub-
strate. Chitosan (deacetylated chitin from crab shells,
Wako Ind. Ltd, Osaka, Japan), chitin (from crab shells,
Wako Ind. Ltd, Osaka, Japan), curdlan (Wako Ind. Ltd,
Osaka, Japan), laminarin (from Laminaria digitata,
Sigma-Aldrich, St. Louis, USA) and glucan from black
yeast (yeast glucan) (Tokyo Chemical Industry Co. Ltd,
Tokyo, Japan) were used as polysaccharide substitutes
to the components of the ascomycetes fungal cell wall.
Chitosan and chitin are polymers of glucosamine and
N-acetylglucosamine (GIcNAc), respectively, curdlan is
a linear polymer of -1,3-glucan, and laminarin is com-
posed of both B-1,3-glucan and p-1,6-glucan. Laminarin
was soluble in the water. However, chitin, chitosan, cur-
dlan, and yeast glucan were insoluble. In autoclaved PY
broth supplemented with these substrates (0.5%, w/v),
the first two compounds (chitin and chitosan) produced
a translucent hydrogel, curdlan precipitated as a lumpy
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material of hydrogel, whereas yeast glucan diffused as
cloudy precipitates. Therefore, they were used as insolu-
ble substrates without any further treatment. Baker’s dry
yeast (freeze-dried cells of the ascomycetes yeast Sac-
charomyces cerevisiae, Nisshin Food Products Co. Ltd.,
Tokyo, Japan), wheat bran, and dried leaves of B. juncea
were also used as substrates for the cultivation of strains
H110 and TB8 to examine production of the enzymes.
Dried leaves of B. juncea were ground into coarse powder
using a mortar and pestle for the ease of medium prepa-
ration. Each of the three substrates was added to the PY
broth (1%, w/v) and then the medium was autoclaved, in
which these substrates precipitated as solid sediment. All
the cultivation experiments of both the strains were car-
ried out at 30 °C, unless otherwise stated.

The substrate utilization ability for each substrate was
determined by monitoring the increase in culture tur-
bidity (ODgq,) as well as the quantity of the products as
compared to those of the cultures cultivated without sub-
strates (PY broth only). Especially, the abilities to degrade
insoluble substrates were determined by measuring fer-
mentation products in the culture supernatants after the
cultivation. Fermentation products, such as volatile fatty
acids (VFAs), alcohols, and gases (H, and CO,), were
analyzed by gas chromatography (GC) (Hitachi G-3000
or G-5000, Tokyo, Japan) as described previously (Ueki
et al. 2009, 2016). Glass columns (0.3 c¢cm x 200 cm)
packed with 20% polyethylene glycol adipate (EGA) and
2% H;PO, coated on Chromosorb AW (60/80 mesh)
(for VFAs) and PEG1000 on Uniport B (60/80 mesh) (for
alcohols) were used for analyses using GC equipped with
a flame ionization detector (FID). Gases were analyzed
with a metal column packed with activated carbon (30/60
mesh) by thermal conductivity detector (TCD). All the
experiments for measurement of the products were per-
formed in duplicates.

Determination of 3-1,3-glucanase and chitosanase
activities

B-1,3-Glucanase and chitosanase activities of both the
strains (H110 and TB8) were determined using superna-
tants of cultures supplemented with different substrates.
After cultivation in the PY broth containing respec-
tive substrate as shown below, the culture supernatants
were collected by centrifugation at 25,000x g for 20 min
and were stored at — 20 °C until use. p-1,3-Glucanase
activity was assessed with laminarin (Sigma-Aldrich, St.
Louis, USA) as a water-soluble substrate according to
the standard method (Aktuganov et al. 2007; Zacky and
Ting 2013). The reaction mixture was composed of 1 ml
of culture supernatant as an enzyme solution, 0.5 ml of
laminarin solution (0.5%, w/v), and 1 ml of 10 mM potas-
sium phosphate buffer (pH 7.0). The culture supernatants
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as the enzyme solutions were diluted appropriately, when
required. The reaction mixture was incubated for 15 and
30 min at 38 °C in a water bath and was stopped by trans-
ferring in ice-cold water. Reducing sugar in the reaction
mixture was measured by 3,5-dinitrosalicylic acid (DNS)
method (Miller 1959) at 535 nm based on the stand-
ard curve prepared by using different concentrations of
glucose. One unit of enzyme activity was defined as the
amount of enzyme catalyzing the formation of 1 pmol
reducing sugar (as glucose equivalent) in 60 min under
conditions described above.

Chitosanase activity was determined according to the
method described previously (Imoto and Yagishita 1971;
Saito et al. 2009). The composition of the reaction mix-
ture for checking chitosanase activity was 1 ml of 0.25%
(w/v) chitosan (Sigma-Aldrich, St. Louis, USA) solution
in 100 mM acetate buffer (pH 5.3; to solubilize chitosan
at low pH), and 1 ml of the enzyme solution (culture
supernatant). The reaction mixture was incubated at
38 °C for 15 and 30 min in a water bath and was stopped
by transferring in ice-cold water. Reducing sugar was
determined by the DNS method. One unit of the enzyme
activity was defined as the amount of enzyme catalyzing
the formation of 1 pumol reducing sugar (as glucosamine
equivalent determined based on the standard solutions
of glucosamine) in 60 min under the conditions similar
to that of the B-1,3-glucanase activity. Both the enzyme
assays were performed at least in four replicates.

Effects of the growth of the anaerobic bacteria

on the survival of the Fusarium pathogen under anaerobic
condition

Effects of the growth of the anaerobic bacterial strains
(H110 and TB8) on the survival of the fungal pathogen
were examined by co-incubation of each strain with the
pathogen in the PY broth containing glucose (PYG) or
wheat bran. The nitrate-non-utilizing (nit) mutant of E
oxysporum f. sp. spinaciae strain M2-1 (= MAFF150001)
(Mowlick et al. 2013a; Takehara et al. 2003; Ueki et al.
2017) was used as the wilt pathogen of spinach. Strain
M2-1 was streaked on potato dextrose agar (PDA) plates
and cultivated for 7 days at 28 °C. The PDA medium with
densely overgrown mycelia was cut into square pieces
(approximately 6 mm x 6 mm). Three such pieces were
placed into the respective medium (PY broth containing
glucose or wheat bran) (10 ml) prepared in test tubes for
each anaerobic bacterial strain (20-25 replicates). Each
bacterial strain (0.1 ml of 24 h old culture cultivated in
the PYG broth) was inoculated into the medium contain-
ing the agar pieces and was incubated anaerobically at
25 °C (PYQ@) or 30 °C (PY broth with wheat bran). Simul-
taneously, replicates of the control culture without inocu-
lation of the anaerobic bacterial strains (i.e., the Fusarium
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pathogen alone) were also incubated. Agar pieces were
taken out from four or five culture tubes randomly
on each sampling day during the incubation period of
3 weeks and were cut into smaller pieces (approximately
2 mm x 6 mm), which were immediately placed onto
two fresh PDA plates (four or five pieces per plate). The
agar plates were incubated at 28 °C to examine mycelial
growth of the pathogen from each agar section. Based
on the microscopic examination of the mycelial cells on
the agar pieces, more than 1 x 10* cells were present on
each agar section placed on the PDA plates (Ueki et al.
2017). The remaining agar sections were stored in 5%
(v/v) formaldehyde solution to observe the fungal cells by
microscopy.

Preparation of freeze-dried whole-cell biomass of Fusarium
oxysporum f. sp. spinaciae as a substrate for cultivation

of strains H110 and TB8

Freeze-dried whole-cell fungal biomass to examine the
ability of strains H110 and TBS8 to degrade it as a sub-
strate for growth was prepared by following method. The
Fusarium pathogen strain M2-1 was cultivated in the
potato dextrose (PD) broth for 7 days at 28 °C by using a
reciprocal shaker (100 rpm). The fungal biomass was har-
vested by centrifugation at 10,000xg for 20 min, which
was then resuspended in distilled water and washed again
by centrifugation at 10,000xg for 20 min. The resulting
pellet was freeze-dried and stored at 4 °C. The freeze-
dried mycelial cells were added to the PY broth (1%, w/v),
which was then autoclaved.

Time-dependent degradation of mycelial cells and changes
in enzyme activities during cultivation of strains H110

and TB8 with the freeze-dried biomass of F. oxysporum f.
sp. spinaciae strain M2-1

To examine the time courses of enzyme activities of the
H110 and TB8 cultures containing freeze-dried bio-
mass of strain M2-1 as a substrate, culture tubes of the
PY broth (10 ml) containing the biomass were prepared.
Each strain (H110 or TB8) cultivated in the PYG broth
for 24 h was inoculated into 20-25 replicates of tubes as
described above. Four or five culture tubes were picked
up randomly on each sampling day during their incuba-
tion period of 3 weeks. The culture supernatants were
harvested and mycelial cell samples were kept in 5% (v/v)
formaldehyde solution. B-1,3-Glucanase and chitosan-
ase activities in the obtained culture supernatants were
determined and mycelial cells were observed by fluores-
cence microscopy. VFAs and alcohols produced in the
culture supernatants were also determined as described
above.
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Observation of F. oxysporum f. sp. spinaciae strain M2-1
cells by fluorescence microscopy

After the anaerobic incubation of the mycelial cells of
E oxysporum f. sp. spinaciae strain M2-1 (live cells on
PDA sections or freeze-dried dead cells), the cells were
harvested from the medium and stored in 5% (v/v) for-
maldehyde solution as described above. For fluorescence
microscopy, calcofluor white stain (Sigma-Aldrich Co.
LLC, St. Louis, USA) was used to observe the mycelial
cells according to the manufacturer’s instructions. A fluo-
rescence microscope (Olympus BX51, Olympus Corp.
Tokyo, Japan) equipped with Million Pixel Camera Sys-
tem (Carl Zeiss, Oberkochen, Germany) was used.

Accession numbers of the sequences

Nucleotide sequences of 16S rRNA gene of strains
H110 and TB8 were deposited in DDBJ/GenBank
under the accession numbers LC020492 and LC020493,
respectively.

Results

B-1,3-Glucanase and chitosanase activities in the culture
supernatants of strains H110 and TB8 cultivated

with different substrates

Strains H110 and TB8 were cultivated with different car-
bohydrates for 7 days and the culture supernatants were
harvested to determine the concentrations of the prod-
ucts as well as the B-1,3-glucanase and chitosanase activi-
ties. Both the strains degraded different types of glucan
(curdlan, laminarin, and yeast glucan) as well as chitosan.
Growth of both the strains with the soluble substrates
(glucose and laminarin) was confirmed by the increase
in the culture turbidity (ODgg,) and the quantities of the
products (acetate, butyrate, H,, and CO,). Ethanol and
n-butanol were also produced from glucose by both the
strains (data not shown). Table 1 shows the products of
the insoluble substrates (curdlan, yeast glucan, and chi-
tosan) and the PY broth without substrate supplement.
Minor amounts of acetate and butyrate were produced
from the PY broth, whereas much higher amounts of
butyrate were produced from the polysaccharides by
both the strains. Substantial amounts of n-butanol were
produced only from curdlan.

Table 2 shows [-1,3-glucanase and chitosanase activi-
ties in the supernatants of both the strains cultivated
with these substrates. Strain H110 showed almost same
level of B-1,3-glucanase activity in all the three different
types of glucans, whereas TB8 showed higher activity
with laminarin than that with curdlan and yeast glucan.
When cultivated with chitosan or glucose, high -1,3-
glucanase activity was detected from both the strains.
Both the strains showed high chitosanase activity when



Ueki et al. AMB Expr (2019) 9:114

Table 1 Products in the culture supernatants used
for determination of enzymatic activities for strains H110
and TB8

Strain Substrate Products in the culture supernatant (mmol/l)

Acetate Butyrate  Ethanol n-Butanol
H110  None (PY) 0.73£0.09 3.60£005 1.63+005 -
Curdlan 4944058 1594211 0.78+£006 1494+0.13
Yeast glucan® 0424001 1274045 1454005 142+007
Chitosan 4894022 1954+021 0724+007 -
B8 None (PY) 092+£0.05 290£0.01 085+0.04 -
Curdlan 4284001 2204049 - 5.68+0.52
Yeast glucan® 0.87+0.04 1404085 1.08+0.07 0.62+0.09
Chitosan 4554020 2474082 070+£024 -

Concentrations of substrate, 0.5% (w/v). Both the strains produced H, and CO,
from all substrates

Cultivated for 7 days for all substrates and the supernatant of each culture was
used for determination of enzymatic activities shown in Table 2

All data are mean values (+ SD) of duplicate experiments
- not detected
? Glucan from black yeast (Tokyo Chemical Industry Co., Ltd)

Table 2 B-1,3-Glucanase and chitosanase activities
of strains H110 and TB8 grown with various saccharides
in the PY broth

Strain Substrate Activities (Unit/ml)
B-1,3-Glucanase Chitosanase
H110 None (PY) 0.21+0.02 -
Curdlan 5104043 1434021
Laminarin 6.60+0.13 nd
Yeast glucan® 516+1.05 nd
Chitosan 3474033 558+1.32
Glucose 3.784+0.18 5.0040.69
TB8 None (PY) 0.14£0.03 -
Curdlan 2474148 0.26£0.06
Laminarin 519+0.18 nd
Yeast glucan® 2454029 nd
Chitosan 2314003 4.26+034
Glucose 3304091 3414026

Activities, mean +SD (n=4)

Cultivated for 7 days for all substrates

- not detected, nd not determined

2 Glucan from black yeast (Tokyo Chemical Industry Co., Ltd)

cultivated with chitosan. The activity was also detected
with both curdlan and glucose; however, it was weak
for both the strains when grown with curdlan.
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Co-incubation of live cells of F. oxysporum f. sp. spinaciae
strain M2-1 with strains H110 or TB8 in the PYG broth
Strains H110 and TB8 secreted both B-1,3-glucanase and
chitosanase enzymes in the culture supernatants when
cultivated in the PYG broth as shown above (Table 2).
Thus, live cells of the Fusarium pathogen strain M2-1
grown on PDA pieces were co-incubated with H110 and
TB8 at 25 °C in the PYG broth to investigate whether
these bacterial strains have the ability to disrupt live
mycelial cells thereby killing the pathogen. Though the
growth rates of both the strains at the exponential growth
phase were slightly lower at 25 °C than that at 30 °C, both
grew rapidly in the PYG broth and produced almost same
amounts of fermentation products as those produced at
30 °C (data not shown).

The fungal pathogen incubated alone (control incu-
bation) and that recovered from the PYG broth rapidly
developed the mycelium from the agar sections when
placed on the fresh PDA plates irrespective of incubation
periods, indicating that the Fusarium cells were alive in
PYG even after 16 days of the strict anaerobic incubation
(Fig. 1). In contrast, growth of the Fusarium mycelium
co-incubated for 3 days with strain H110 was significantly
delayed and the fungal growth from the co-incubated
agar sections was distinctly suppressed in accordance
with the length of co-incubation periods (Fig. 1). Devel-
opment of the mycelium from the 7 days old co-incu-
bated agar sections was late and weak and observed
only in two out of eight agar sections placed on the PDA
plates. After 16 days of co-incubation with strain H110,
none of the agar sections developed the mycelium, indi-
cating that all the fungal cells on the agar sections died
during the co-incubation. Similarly, when co-incubated
for 16 days with strain TB8 under the same conditions,
all the pathogenic fungal cells on the agar sections were
dead, though the fatal effects on the pathogen in the early
periods of the co-incubation seemed to be weaker than
that by strain H110.

Observation of the Fusarium mycelial cells co-incubated

with the anaerobic bacteria by fluorescence microscopy

Fusarium mycelial cells co-incubated anaerobically in
the PYG broth with H110 and TB8 were observed by
fluorescence microscopy using calcofluor white as a fluo-
rescent dye. The intact mycelial cells before the start of
the co-incubation emitted light blue fluorescence from
whole cells showing clear septa with stronger luminous
intensity (Fig. 2a). Similar fluorescence micrographs were
obtained for the mycelial cells incubated anaerobically
alone in the PYG broth for 16 days (Fig. 2b), suggesting
that the anaerobic condition did not cause any signifi-
cant damages to the fungal cells. Figure 2c—f shows the
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Control

were used to check growth of the pathogen from the agar sections

Co-incubation with strain H110

Fig. 1 Growth of mycelium of Fusarium oxysporum f. sp. spinaciae strain M2-1 from agar sections incubated alone without strain H110 (control,

for 16 days) or co-incubated with strain H110 (for 0, 1, 2, 3, 7, 16 days) in the PYG broth at 25 °C. The photos were taken 2 days (agar sections
co-incubated for 0, 1, 2, 3 days) or 6 days (co-incubated for 7, 16 days) after incubation of the agar sections on the fresh PDA plates at 28 °C. For the
control sample, the photo was taken after 3 days incubation of the PDA plate. For each sampling day, 2 fresh PDA plates (4 agar sections per plate)

micrographs of the Fusarium cells co-incubated with
strain H110. The fungal cells co-incubated for 1 day emit-
ted similar fluorescence as that of the cells before the co-
incubation, suggesting that the cells were not damaged
during the first day of co-incubation. However, severe
disruption of the cells was obvious in the cells co-incu-
bated for more than 2 days. Very few undamaged cells (or
thick-walled chlamydospore-like cells) with strong lumi-
nous intensity were distinguished in the agar sections
co-incubated for more than 3 days. The cells that sur-
vived barely should develop delayed mycelial colonies as
shown in Fig. 1. Observation by fluorescence microscopy
revealed that strain TB8 also destroyed the co-incubated
fungal cells in a similar manner as that of strain H110,
though the disruption process was slower than that by
strain H110 (data not shown).

Cultivation of strains H110 and TB8 with freeze-dried dead
Fusarium biomass and dry yeast as growth substrates

To study the ability of strains H110 and TB8 to directly
utilize or decompose fungal mycelial biomass as a growth
substrate, both the strains were cultivated with the
freeze-dried dead whole-cell biomass of E oxysporum
f. sp. spinaciae strain M2-1 in the PY broth. Baker’s dry
yeast, freeze-dried cells of the ascomycetes yeast S. cer-
evisiae, was also examined. Since the PY broth supple-
mented with these fungal biomass was autoclaved, all
the fungal cells were dead. Table 3 shows the amounts
of products and the enzyme activities in the supernatant

of 7 days old culture of both the substrates. Both strains
produced high amount of butyrate as a major prod-
uct with smaller amounts of acetate and alcohols from
both substrates, indicating that both the strains utilized
both biomass samples as growth substrates. Both p-1,3-
glucanase and chitosanase activities were detected in
the culture supernatants of both the strains, though the
B-1,3-glucanase activity of strain TB8 was weaker than
that of strain H110 for both fungal biomass.

Time courses study of 3-1,3-glucanase and chitosanase
activities during cultivation of H110 and TB8

with the freeze-dried Fusarium biomass

Strains H110 and TB8 were cultivated for 3 weeks at
30 °C in the PY medium containing the freeze-dried dead
biomass of the Fusarium pathogen strain M2-1. Figure 3a
shows the changes in the B-1,3-glucanase and chitosan-
ase activities of strain H110 during cultivation. The 3-1,3-
glucanase activity was detected in the culture supernatant
of day 4, which was retained until the end of cultivation
for 3 weeks. In case of the chitosanase activity, it was
lower than that of [-1,3-glucanase, and was detected
throughout the cultivation period. The result showed that
these enzyme activities are stable in the anaerobic condi-
tions at 30 °C for at least 3 weeks. Figure 3¢ shows that
strain H110 produced mainly butyrate, and the concen-
trations of the products reached the plateau by fourth day
of cultivation. Minor amounts of ethanol and n-butanol
were also detected in the culture supernatants.
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Fig. 2 Fluorescence photomicrographs of mycelial cells of F. oxysporum f. sp. spinaciae strain M2-1 anaerobically incubated in the PYG broth at

25 °C. a Intact mycelial cells before the start of the incubation; b after the control incubation of the pathogen alone (without strain H110) for

16 days; c—f co-incubated with strain H110 for 1 day (c), 2 days (d), 3 days (e), and 7 days (f). Live mycelial cells of strain M2-1 on agar sections of PDA
were inoculated into the PYG broth and the agar sections taken out from the culture tubes on each sampling day were used for the microscopic
observation. Bar, 30 um

The enzyme activities of strain TB8 were low at day 7,  Observation of the freeze-dried mycelial cells
however, the activities increased by day 14, which was  of the Fusarium spinach wilt pathogen by fluorescence
retained till the end of incubation (3 weeks) (Fig. 3b).  microscopy
Strain TBS8 also produced butyrate as the major prod- The mycelial cells of the freeze-dried dead biomass
uct, and the time-dependent increase in the concen-  of strain M2-1 after the incubation were observed by
tration was almost in parallel with the increase in the fluorescence microscopy. Figure 4a shows the fluores-
enzyme activities (Fig. 3d). cence micrograph of the freeze-dried cells at the start
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Table 3 Products and enzymatic activities in the culture supernatants of strains H110 and TB8 grown with cell biomass

of the Fusarium pathogen and yeast in the PY broth

Strain Substrate Products in the culture supernatant (mmol/l) Activities (Unit/ml)
Acetate Butyrate Ethanol n-Butanol B-1,3-Glucanase Chitosanase
H110 Fusarium biomass 3254022 15.1+0.75 126+0.29 0.86+0.08 4.02+0.53 3.1941.05
Dry yeast 14440.03 12.7£0.55 - 1.6940.25 3.65£0.05 340+£0.58
TB8 Fusarium biomass 1.05+0.01 944017 - 0.31+0.15 1.03+£0.03 1.01+0.06
Dry yeast 0.784+0.10 134£0.20 - 1.5540.59 1.11+£0.77 3.88+£0.10

Fusarium biomass, freeze-dried and killed mycelial cells of Fusarium oxysporum f. sp. spinaciae M2-1

Concentration of substrates, 1% (w/v). Products, mean £ SD (n=2); activities, mean £ SD (n =4)

Cultivated for 7 days for both the substrates
- not detected

oo
[
4
1
T

£

|

VFAs (mmol/l) Activities (Unit/ml)

w0l C || d
10 ¢
0 ‘ ‘ . . : :
0 5 10 15 20 0 5 10 15 20
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Fig. 3 Time courses of enzymatic activities and production of
volatile fatty acids (VFAs) for strains H110 (a, ) and TB8 (b, d) with the
freeze-dried dead biomass of £. oxysporum f. sp. spinaciae strain M2-1
as a substrate (1%, w/v) in the PY broth. open square, (3,1-3-glucanase;
filled square, chitosanase; open circle, acetate; filled circle, butyrate.
Strain H110 produced small amounts of ethanol (<1 mmol/l) and
n-butanol (< 2 mmol/Il). Strain TB8 produced none of alcohols. Error
bars represent the standard deviations

of incubation. The freeze-dried and autoclaved myce-
lial cells emitted similar fluorescence as shown by the
intact living cells (Fig. 2a) and similar micrographs
were obtained from the mycelia incubated alone anaer-
obically for 21 days. Figure 4c—f shows the micrographs
of the freeze-dried Fusarium cells incubated with each
anaerobic bacterial strain. The fungal cells were notably
disrupted into small pieces by fourth day of incubation
with strain H110 (Fig. 4c). When observing the fungal
cells incubated with strain H110 for 7 days, it was dif-
ficult to confirm their presence because of the excessive
destruction. The Fusarium cells incubated for 7 days
with strain TB8 did not show significant destruction
(Fig. 4e), whereas degradation of the fungal cells was
evident after 14 days of incubation (Fig. 4f). The time

courses study of the destruction of mycelia observed by
fluorescence microscopy for strain TB8 corresponded
well with the increase in the enzyme activities shown
in Fig. 3b.

Effects of strains H110 and TB8 growth using wheat bran

as a substrate on live Fusarium cells during co-incubation
Live cells of the Fusarium pathogen strain M2-1 on PDA
pieces were co-incubated in the anaerobic medium with
each strain using wheat bran as a material for the BSD
treatment. Figure 5 shows the PDA plates with agar sec-
tions co-incubated for 7 days with each anaerobic strain
and then incubated for 6 days after transfer on the fresh
PDA plates. The mycelium of the pathogen incubated
alone (control) grew normally from the agar sections,
whereas none of the agar sections incubated with each
anaerobic strain showed extension of the mycelium, sug-
gesting that both H110 and TB8 inactivated or killed all
the cells of the pathogen on the PDA sections during the
anaerobic co-incubation with wheat bran. The patho-
gen incubated alone for 3 weeks under the same condi-
tions also rapidly developed mycelia after placement
on the PDA plates without any inactivation of the cells.
When the mycelial cells of the Fusarium pathogen strain
M2-1 on the agar pieces co-incubated anaerobically with
each strain using wheat bran were observed by fluores-
cence microscopy, similar degradation of the fungal cells
was observed as that with strain H110 in PYG medium
(Fig. 2). However, strain TB8 degraded the fungal cells at
the earlier period of the co-incubation than that in the
PYG broth (data not shown).

Enzymatic activities of the strains H110 and TB8

in the culture supernatant with wheat bran and Brassica
plant biomass as substrate

The fermentation products and enzymatic activities in
the supernatants for 7 days co-incubated culture with
wheat bran shown above were determined (Table 4). Both
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Fig. 4 Fluorescence photomicrographs of the freeze-dried dead biomass of £. oxysporum f. sp. spinaciae strain M2-1 incubated under the anaerobic
conditions in the PY broth. a At the start of incubation; b after the anaerobic incubation of the pathogen biomass alone for 21 days; ¢, d incubated
with strain H110 for 4 days (c) and 7 days (d); e, f incubated with strain TB8 for 7 days (e) and 14 days (f). Bar, 30 um

strains produced similar amounts of acetate and butyrate
as those from curdlan (Table 1). High -1,3-glucanase
activities were detected for both strains, especially for
strain TB8. Chitosanase activities were also detected, but
the activities were lower as compared with the levels of
B-1,3-glucanase activity for both strains. The high p-1,3-
glucanase activity for strain TB8 corresponded well with
the early death of the Fusarium pathogen during the co-
incubation with the strain in wheat bran.

When both the strains were cultivated alone with wheat
bran for 3 weeks, almost similar levels of fermentation
products and enzyme activities were detected as those
from the cultures co-incubated for 7 days (Table 4). The
Brassica plant biomass was also examined by cultivating
both strains alone for 3 weeks. Both the strains produced
lower amounts of acetate and butyrate as compared with
those from wheat bran. Although the enzyme activities
were lower than those with wheat bran, -1,3-glucanase
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Control

the pathogen from the agar sections for each sample

Fig. 5 Growth of mycelium of Fusarium oxysporum f. sp. spinaciae strain M2-1 from agar sections incubated alone without anaerobic bacterial
strains (control) or co-incubated with strains H110 or TB8 for 7 days at 30 °C in the PY broth containing wheat bran (1%, w/v) as a substrate. The
photos were taken after 6 days incubation of the PDA plates at 28 °C. Two fresh PDA plates (5 agar sections per plate) were used to check growth of

Co-incubation

Table 4 Products and enzymatic activities in the culture supernatants of strains H110 and TB8 grown with wheat bran

and Brassica leaves in the PY broth

Strain Substrate Days of cultivation Products in the culture supernatant Activities (Unit/ml)
(mmol/l)
Acetate Butyrate B-1,3-Glucanase Chitosanase
H110 Wheat bran® 7 1.24+0.05 16.2+£043 492+0.12 1.50+0.08
Wheat bran 21 2.16£0.31 17.2£0.61 3.70£0.51 1.10£0.19
Brassica leaf 21 2.51+£0.82 741+£0.12 1474027 nd
TB8 Wheat bran? 7 0.9940.03 16.54+045 8254+0.02 1.3240.05
Wheat bran 21 21040.27 15040.38 6.6740.05 1.724+0.06
Brassica leaf 21 1.6040.31 5.94+0.06 1.514£047 nd

Products, mean =+ SD (n = 2); activities, mean +SD (n=4)
Both strains produced small amounts (<2 mmol/l) of n-butanol

nd not determined

@ Co-incubated with F. oxsporum f. sp. spinaciae strain M2-1. Concentrations of substrates, 1% (w/v)

was detected in both strains. Chitosanase activities were
not determined.

Discussion

The mechanisms behind suppression of soil-borne plant
pathogens by the BSD-treatments have been investigated
extensively from various viewpoints (Blok et al. 2000;
Momma 2008; Strauss and Kluepfel 2015). In the previ-
ous study (Ueki et al. 2017), we examined the contribu-
tion of anaerobic bacteria into the suppression of plant
pathogens by using anaerobic bacterial strains (H110
and TB8) isolated from the soil samples subjected to the
BSD-treatments. Both the bacterial strains grew rapidly
at 30 °C in the strictly anaerobic conditions by using vari-
ous carbohydrate substrates including polysaccharides

composing ascomycetes fungal cell wall. Both strains
killed the spinach wilt disease pathogen (F oxysporum
f. sp. spinaciae strain M2-1) when co-incubated under
the anaerobic conditions. Significant destruction of the
fungal mycelial cells was observed by phase-contrast
microscopy. In this study, production of the enzymes by
both the strains to degrade polysaccharides related to the
ascomycetes fungal cell wall was investigated to further
clarify the functions of the anaerobic bacteria in the BSD-
treatments. Furthermore, fungal cells were observed by
fluorescence microscopy to examine the degradation
process of fungal cell wall more definitely.

The compositions of glucan used in this study as sub-
strates for cultivation of both anaerobic strains are dif-
ferent from each other. Curdlan is a linear polymer of
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B-1,3-glucan. The major component in the backbone
of laminarin is also B-1,3-glucan, however, it contains a
small amount of consecutive B-1,6-linked glycosides in
the branched chains. The ratio of the 1,3 to 1,6 bonds in
laminarin from L. digitata has been estimated to be 9.51:1
(Liu et al. 2018). The composition of the commercially
available reagent ‘yeast glucan’ used in this study has not
been presented. Although the ‘yeast glucan’ seemed to
be inferior to other two types of glucans as a substrate
of the growth, all of them supported rapid growth and
fermentation of strains H110 and TBS, indicating that
both the strains have the ability to easily decompose
these polysaccharides immediately after inoculation into
the medium. Determination of enzyme activities con-
firmed the production of extracellular p-1,3-glucanase
in the presence of all these different types of glucans by
both the strains. Production of extracellular chitosanase
was also confirmed in the culture supernatants with chi-
tosan. High f-1,3-glucanase activities were detected in
the culture supernatants using chitosan or glucose and
chitosanase activity in the culture with glucose or curd-
lan, suggesting that strains H110 and TB8 might produce
both enzymes in accordance with the growth regardless
of the substrates available in the medium. Production of
B-1,3-glucanase and chitosanase exhibiting anti-fungal
activities has been reported in some aerobic bacteria
(Aktuganov et al. 2007; Kurakake et al. 2013; Prasanna
et al. 2008) and also in some plants (Cota et al. 2007; Egea
et al. 1999) and fungi (Masih and Paul 2002; Ruiz-Duenas
and Martinez 1996). A few reports on the production of
[-1,3-glucanase by obligate anaerobic bacteria have been
reported (Dvortsov et al. 2009), whereas the ability of C.
beijerinckii to degrade fungal-cell-wall polysaccharides
has not been reported.

When we co-incubated strain H110 or TB8 with
the live Fusarium pathogen strain M2-1 in the PYG
medium at 30 °C under the anaerobic culture conditions
in our previous study (Ueki et al. 2017), both strains
completely killed the pathogen during the co-incuba-
tion of 3 weeks. Conspicuous degradation of the fungal
cells observed by phase-contrast microscopy suggested
production of extracellular cell-wall degrading enzymes
by the anaerobic bacteria during the co-incubation in
the PYG broth. Detection of B-1,3-glucanase and chi-
tosanase activities in the culture supernatants of the
PYG for both the strains in this study confirmed the
results obtained in the previous study (Ueki et al. 2017).
In this study, the co-incubation of the Fusarium patho-
gen strain M2-1 with each of anaerobic bacterial strains
in the PYG broth was conducted at 25 °C, because the
anaerobic bacteria destroyed the fungal cells so rap-
idly at the initial period of the co-incubation at 30 °C
that the detailed observation of the early process of
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fungal cell destruction was difficult. The results of co-
incubation at 25 °C obtained in this study showed that
the pathogen was intensely attacked by the anaerobic
bacteria in accordance with the bacterial growth dur-
ing the first 2 days of co-incubation. It was also shown
that both the strains have potential to kill the Fusarium
pathogen at 25 °C as well as at 30 °C.

The Fusarium pathogen strain M2-1 used in this study
is an ascomycetes fungus. The ascomycetes fungal cell
wall generally has an inner layer composed of a cross-
linked chitin-glucan matrix (Arroyo et al. 2016; Horiuchi
2009). Among the polysaccharides present in the fungal
cell wall, B-1,3-glucan is the most abundant (70-80%) and
B-1,6-glucan and chitin comprise less than 10%, respec-
tively (Arroyo et al. 2016; Geoghegan et al. 2017; Ruiz-
Herrera and Ortiz-Castellanos 2010; Schoffelmeer et al.
1999). Though chitin (a polymer of GIcNAc) is generally
rich in the inner layer of the cell wall of the most fungi
(Munro and Gow 2001), it is a major component of the
fungal septum wall (Horiuchi 2009; Hunsley and Gooday
1974; Mourinio-Pérez 2013). Chitosan, another important
component of fungal cell wall, is usually a heterogeneous
polymer of GlcNAc and glucosamine. Chitosan is synthe-
sized through the deacetylation of GIcNAc in the chitin
chains by specific deacetylases (Geoghegan and Gurr
2017; Ruiz-Herrera and Ortiz-Castellanos 2010). Fukam-
izo et al. (1996) reported that the degree of acetylation
of the chitinous component in the cell wall of E oxyspo-
rum is estimated to be 25-35% of the chitinous chains
(approximately 65-75% is deacetylated) and confirmed
that chitosanase is more accessible to the chitinous com-
ponent and more effective for the cell wall digestion than
chitinase.

According to the manufacture’s instruction, the reagent
‘calcofluor white’ used for the observation of the myce-
lial cells by fluorescence microscopy stains chitin and
cellulose. It has been often used for the staining of fun-
gal cells including yeast. The whole mycelial cells of the
Fusarium pathogen strain M2-1 stained with the fluo-
rescent dye appeared light blue and the mycelial septa
emitted stronger light-green emission, suggesting the
richness of chitin in the septa. Fluorescence microscopy
of the Fusarium cells co-incubated with strain H110 or
TB8 in the PYG medium at 25 °C clearly indicated severe
degradation of the mycelial cells at the early period of co-
incubation. Both the strains degraded the mycelial cells
uniformly irrespective of the parts of mycelia (hypha or
septa), and destroyed them thoroughly. Although any of
the two strains (H110 or TB8) did not decompose chitin
(Ueki et al. 2017), they decomposed the whole mycelia
almost completely. The result suggests that chitosanase
produced by these strains definitely attacks the deacety-
lated parts of chitin and decomposes the cell wall rapidly
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in the coordination with B-1,3-glucanase as the decom-
poser of the major cell wall component.

Strains H110 and TB8 decomposed the cell wall sam-
ple prepared from the cultured biomass of the Fusarium
pathogen strain M2-1 as a substrate for the anaerobic
cultivation (Ueki et al. 2017). In this study, it was shown
that the freeze-dried dead whole biomass of the patho-
gen also supported good growth of the strains H110
and TBS8. The result indicates that these strains have
abilities to decompose the fungal biomass regardless of
live or death state of the fungus. The time course study
of the cultivation of the strains with the fungal biomass
showed that both -1,3-glucanase and chitosanase activi-
ties rapidly increased at the early period of the cultiva-
tion in H110, whereas a lag period of more than a week
was necessary for the active degradation of the biomass
by TB8. This was shown by the increase in the products
and enzyme activities as well as the degradation of cells
observed by fluorescence microscopy. Both the strains
can utilize glucosamine and GlcNAc as growth sub-
strate as shown previously (Ueki et al. 2017). Thus, both
strains should uptake the monomers (such as glucose,
glucosamine or GlcNAc), or oligomers of -1,3-glucan
or chitosan released by decomposition of the fungal bio-
mass with the help of extracellular enzymes. Growth or
increase in the products by the strain TB8 was in accord-
ance with the increase of -1,3-glucanase and chitosan-
ase activities, suggesting that low molecular compounds
released from the fungal degradation supported the late
growth and production of enzymes. Both the activities of
strain TB8 with the fungal biomass were lower than that
of strain H110, indicating that strain H110 has an advan-
tage to directly attack the fungal biomass. The result also
showed that the high enzyme activities once produced
were retained until the end of the 3-week incubation
period irrespective of the strains and enzymes. This sug-
gests that the enzymes produced by the anaerobic bacte-
ria during the early period by decomposition of organic
matter incorporated into the soil may be stable through-
out the period of the treatment, though the enzymatic
proteins are possible to be degraded by other microbes
in the soil.

When strains H110 and TB8 were cultivated with
insoluble substrates like curdlan and the fungal bio-
mass, accurate measurement of their growth was diffi-
cult through the measurement of culture turbidity. Thus,
the amounts of products such as VFAs or alcohols in
the culture supernatants were used as the indicators to
know the degree of growth of the bacteria in this study.
The results obtained by the cultivation with the fungal
biomass showed that the amounts of products roughly
corresponded with the enzyme activities detected in the
cultures. The amounts of fermentation products and
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the enzyme activities in the culture supernatants with
dry yeast as the substrate suggested that both anaerobic
strains have the ability to degrade the yeast biomass simi-
larly as the Fusarium biomass.

Wheat bran and Brassica plants are common materials
incorporated into soil for the BSD-treatments. The anaer-
obic strains examined in this study were actually isolated
from the BSD-treated soil samples using either mate-
rial. Wheat barn, judging from the amounts of products,
was found to be a useful material to support their active
growth. Under the presence of wheat bran, both strains
grew and brought about death of the Fusarium pathogen
at least by 7th day of the co-incubation. Brassica leaves
also appeared to have a potential to support growth of
these anaerobes. High enzyme activities detected in
both strains during the co-incubation with wheat bran
coincided well with the degradation of the fungal cells
observed by fluorescence microscopy and death of the
pathogen. Wheat bran generally contains starch and
non-starch polysaccharides like xylan, mainly composed
of arabinose and xylose as the major components (Kabel
et al. 2002). Strains H110 and TBS utilize starch and arab-
inose as growth substrates (Ueki et al. 2017). Thus, wheat
bran seems to provide effective substrates for growth of
these anaerobic bacteria resulting in active production of
the antifungal enzymes. The -1,3-glucanase activities of
strain H110 were usually higher than those of strain TB8
for almost all substrates examined. However, strain TB8
showed higher -1,3-glucanase activity than that of strain
H110 with wheat bran and killed the Fusarium patho-
gen promptly. Although strains H110 and TB8 were both
identified as C. beijerinckii, the physiological proper-
ties or activities under the treatments might be different
according to the actual conditions in soil.

The two enzymes detected in this study may synergisti-
cally act on the cell wall structure, mainly composed of
glucan, chitin, or chitosan, and destruct the fungal cells
almost completely under the anaerobic conditions. The
properties of the enzymes and their strict functions in
degradation of fungal cells as well as the genes encoding
these enzymes should be investigated as the future stud-
ies. Production of other enzymes by strains H110 and
TB8 involved in the inactivation of the pathogenic fungi
should also be investigated.

Acknowledgements

This study was supported by a grant from the Ministry of Agriculture, Forestry
and Fisheries of Japan (Science and technology research promotion program
for agriculture, forestry, fisheries and food industry, No. 27016C). We wish to
thank Y. Ohtaki and M. Maruyama for technical assistance.

Authors’ contributions

AU designed the experimental details, carried out the physiological and enzy-
matic studies of the anaerobic bacterial strains, and drafted the manuscript.
TT designed the project for the studies of BSD treatment and conducted the
model experiments using wheat bran or Brassica juncea to collect soil samples



Ueki et al. AMB Expr (2019) 9:114

for isolation of anaerobic bacteria. He also provided the spinach wilt disease
pathogen and gave instructions to handle the microbe. Gl carried out various
experiments to clarify the mechanism of BSD treatment and provided useful
information for the study. NK performed phylogenetic analysis of anaero-

bic bacterial isolates form BSD-treated soil samples. KU participated in the
technical guidance of determination of enzyme activities and data analysis. All
authors read and approved the final manuscript.

Funding

The Ministry of Agriculture, Forestry and Fisheries of Japan: Science and
technology research promotion program for agriculture, forestry, fisheries and
food industry, No. 27016C.

Availability of data and materials

Clostridium beijerinckii strains H110 and TB8 are deposited in NBRC (NITE Bio-
logical Resource Center, Kisarazu, Japan) as NBRC 112101 and NBRC 112094,
respectively. The DDBJ/GenBank accession numbers of 165 rRNA gene
sequences of strains H110 and TB8 are LC020492 and LC020493, respectively.

Ethics approval and consent to participate
This article does not contain any studies concerned with experimentation on
human or animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Faculty of Agriculture, Yamagata University, 1-23, Wakaba-machi, Tsuruoka,
Yamagata 997-8555, Japan. > NARO Western Region Agricultural Research
Center, Hiroshima 721-8514, Japan.

Received: 11 July 2019 Accepted: 17 July 2019
Published online: 23 July 2019

References

Aktuganov GE, Galimzyanova NF, Melent'ev Al, Melent'ev Al, Kuz'mina LY
(2007) Extracellular hydrolases of strain Bacillus sp. 739 and their involve-
ment in the lysis of micromycete cell walls. Microbiology 76:471-479

Arroyo J, Farkas V, Sanz AB, Cabib E (2016) Strengthening the fungal cell wall
thorough chitin-glucan cross-links: effects on morphogenesis and cell
integrity. Cell Microbiol 18:1239-1250

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

Browne G, Ott N, Poret-Peterson A, Gouran H (2018) Efficacy of anaerobic soil
disinfestation for control of prunus replant disease. Plant Dis 102:209-219

Butler DM, Kokalis-Burelle N, Albano JP. McCollum TG, Muramoto J, Shennan
C, Rosskopf EN (2014) Anaerobic soil disinfestation (ASD) combined with
soil solarization as a methyl bromide alternative: vegetable crop perfor-
mance and soil nutrient dynamics. Plant Soil 378:365-381

Cota IE, Troncoso-Rojas R, Sotelo-Mundo R, Sdnches-Estrada A, Tiznado-
Herndndez ME (2007) Chitinase and (3-1,3-glucanase enzymatic activities
in response to infection by Alternaria alternata evaluated in two stages of
development in different tomato fruit varieties. Sci Hortic 112:42-50

Dvortsov IA, Lunina NA, Chekanovskaya LA, Schwarz WH, Zverlov VV, Velikod-
vorskaya GA (2009) Carbohydrate-binding properties of a separately
folding protein module from -1,3-glucanase Lic16A of Clostridium
thermocellum. Microbiology 155:2442-2449

Egea C, Dickinson MJ, Candela M, Candela ME (1999) 3-1,3-Glucanase isoen-
zymes and genes in resistant and susceptible pepper (Capsicum annuum)
cultivars infected with Phytophthora capsici. Physiol Plant 107:312-318

Fukamizo T, Honda Y, Toyoda H, Ouchi S, Goto S (1996) Chitinous component
of the cell wall of Fusarium oxysporum, its structure deduced from chi-
tosanase digestion. Biosci Biotechnol Biochem 60:1705-1708

Page 13 of 14

Geoghegan IA, Gurr SJ (2017) Investigating chitin deacetylation and chitosan
hydrolysis during vegetative growth in Magnaporthe oryzae. Cell Micro-
biol 19:e12743

Geoghegan |, Steinberg G, Gurr S (2017) The role of the fungal cell wall in the
infection of plants. Trends Microbiol 25:957-967

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

Holdeman LV, Cato EP, Moore WEC (1977) Anaerobe laboratory manual, 4th
edn. Virginia Polytechnic Institute and State University, Blacksburg

Horiuchi H (2009) Functional diversity of chitin synthases of Aspergillus
nidulans in hyphal growth, conidiophore development and septum
formation. Med Mycol 47:547-S52

Huang X, Liu L, Wen T, Zhang J, Wang F, Cai Z (2016) Changes in the soil micro-
bial community after reductive soil disinfestation and cucumber seedling
cultivation. Appl Microbiol Biotechnol 100:5581-5593

Hunsley D, Gooday GW (1974) The structure and development of septa in Neu-
rospora crassa. Protoplasma 82:125-146

Imoto T, Yagishita K (1971) A simple activity measurement of lysozyme. Agric
Biol Chem 35:1154-1156

Kabel MA, Carvalheiro F, Garrote G, Avgerinos E, Koukios E, Parajo Girio
FM, Schols HA, Voragen AGJ (2002) Hydrothermally treated xylan rich
by-products yield different classes of xylo-oligosaccharides. Carbohydr
Polym 50:47-56

Kurakake M, Yamanouchi Y, Kinohara K, Moriyama S (2013) Enzymatic
properties of 3-1,3-glucanase from Streptomyces sp. Mo. J Food Sci
78:C502-C506

Liu Z, Xiong Y, Yi L, Rujuan Dai R, Wang Y, Sun M, Shao X, Zhang Z, Yuan S
(2018) Endo-B-1,3-glucanase digestion combined with the HPAEC-PAD-
MS/MS analysis reveals the structural differences between two laminarins
with different bioactivities. Carbohydr Polym 194:339-349

Masih El, Paul B (2002) Secretion of 3-1,3-glucanases by the yeast Pichia
membranifaciens and its possible role in the biocontrol of Botrytis cinerea
causing grey mold disease of the grapevine. Curr Microbiol 44:391-395

Mazzola M, Muramoto J, Shennan C (2018) Anaerobic disinfestation induced
changes to the soil microbiome, disease incidence and strawberry fruit
yields in California field trials. Appl Soil Ecol 127:74-86

Meng T, Yang Y, Cai Z, Ma Y (2018) The control of Fusarium oxysporum in soil
treated with organic material under anaerobic condition is affected by
liming and sulfate content. Biol Fertil Soils 54:295-307

Messiha NAS, van Diepeningen AD, Wenneker M, van Beuningen AR, Janse
JD, Coenen TGC, Termorshuizen AJ, van Bruggen AHC, Blok WJ (2007)
Biological soil disinfestation (BSD), a new control method for potato
brown rot, caused by Ralstonia solanacearum race 3 biovar 2. Eur J Plant
Pathol 117:403-415

Miller GL (1959) Use of dinitrosalicylic acid reagent for determination of reduc-
ing sugar. Anal Biochem 31:426-428

Momma N (2008) Biological soil disinfestation (BSD) of soil-borne pathogens
and its possible mechanisms. JARQ 42:7-12

Momma N, Kobara Y, Uematsu S, Kita N, Shinmura A (2013) Development
of biological soil disinfestations in Japan. Appl Microbiol Biotechnol
97:3801-3809

Mourifio-Pérez RR (2013) Septum development in filamentous ascomycetes.
Fungal Biol Rev 27:1-9

Mowlick S, Hirota K, Takehara T, Kaku N, Ueki K, Ueki A (2012) Development of
anaerobic bacterial community consisted of diverse clostridial species
during biological soil disinfestations amended with plant biomass. Soil
Sci Plant Nutr 58:273-287

Mowlick S, Takehara T, Kaku N, Ueki K, Ueki A (2013a) Proliferation of diversi-
fied clostridial species during biological soil disinfestation incorporated
with plant biomass under various conditions. Appl Microbiol Biotechnol
97:8365-8379

Mowlick S, Inoue T, Takehara T, Kaku N, Ueki K, Ueki A (2013b) Changes and
recovery of soil bacterial communities influenced by biological soil disin-
festation as compared with chloropicrin-treatment. AMB Express 3:46

Mowlick S, Yasukawa H, Inoue T, Takehara T, Kaku N, Ueki K, Ueki A (2013¢)
Suppression of spinach wilt disease by biological soil disinfestation
incorporated with Brassica juncea plants in association with changes in
soil bacterial communities. Crop Prot 54:185-193

Mowlick S, Inoue T, Takehara T, Tonouchi A, Kaku N, Ueki K, Ueki A (2014)
Usefulness of Japanese-radish residue in biological soil disinfestation to



Ueki et al. AMB Expr (2019) 9:114

suppress spinach wilt disease accompanying with proliferation of soil
bacteria in the Firmicutes. Crop Prot 61:64-73

Munro CA, Gow NAR (2001) Chitin synthesis in human pathogenic fungi. Med
Mycol 39:541-S53

Muramoto J, Shennan C, Baird G, Zavatta M, Koike ST, Bolda MP, Daugovish O,
Dara SK, Klonsky K, Mazzola M (2014) Optimizing anaerobic soil disinfes-
tation for California strawberries. Acta Hortic 1044:215-220

Prasanna R, Nain L, Tripathi R, Gupta V, Chaudhary V, Middha S, Joshi M, Ancha
R, Kaushik BD (2008) Evaluation of fungicidal activity of extracellular
filtrates of cyanobacteria—possible role of hydrolytic enzymes. J Basic
Microbiol 48:186-194

Ruiz-Duenas FJ, Martinez MJ (1996) Enzymatic activities of Trametes versicolor
and Pleurotus eryngii implicated in biocontrol of Fusarium oxysporum f. sp.
lycopersici. Curr Microbiol 32:151-155

Ruiz-Herrera J, Ortiz-Castellanos L (2010) Analysis of the phylogenetic relation-
ships and evolution of the cell walls from yeasts and fungi. FEMS Yeast
Res 10:225-243

Saito A, Ooya T, Miyatsuchi D, Fuchigami H, Terakado K, Nakayama S, Watanabe
T, Nagata Y, Ando A (2009) Molecular characterization and antifungal
activity of a family 46 chitosanase from Amycolatopsis sp. CsO-2. FEMS
Microbiol Lett 293:79-84

Satoh A, Watanabe M, Ueki A, Ueki K (2002) Physiological properties and
phylogenetic affiliations of anaerobic bacteria isolated from roots of rice
plants cultivated on a paddy field. Anaerobe 8:233-246

Schoffelmeer EAM, Klis FM, Sietsma JH, Cornelissen BJC (1999) The cell wall of
Fusarium oxysporum. Fungal Genet Biol 27:275-282

Serrano-Pérez P, Rosskopf E, De Santiago A, Rodriguez-Molina MC (2017)
Anaerobic soil disinfestation reduces survival and infectivity of Phytoph-
thora nicotianae chlamydospores in pepper. Sci Hortic 215:38-48

Shennan C, Muramoto J, Koike S, Baird G, Fennimore S, Samtani J, Bolda M,
Dara S, Daugovish O, Lazarovits G, Butler D, Rosskopf E, Kokalis-Burella N,
Klonsky K, Mazzola M (2018) Anaerobic soil disinfestation is an alternative
to soil fumigation for control of some soilborne pathogens in strawberry
production. Plant Pathol 67:51-66

Page 14 of 14

Shrestha U, Dee ME, Ownley BH, David M, Butler DM (2018) Anaerobic soil
disinfestation reduces germination and affects colonization of Sclerotium
rolfsii sclerotia. Phytopathology 108:342-351

Strauss SL, Kluepfel DA (2015) Anaerobic soil disinfestation: a chemical-inde-
pendent approach to pre-plant control of plant pathogens. J Integr Agric
14:2309-2318

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

Ueki A, Abe K, Suzuki D, Kaku N, Watanabe K, Ueki K (2009) Anaerosphaera
aminiphila gen. nov,, sp. nov,, a glutamate-degrading, Gram-positive
anaerobic coccus isolated from a methanogenic reactor treating cattle
waste. Int J Syst Evol Microbiol 59:3161-3167

Ueki A, Ohtaki'Y, Kaku N, Ueki K (2016) Descriptions of Anaerotaenia torta gen.
nov., sp. nov. and Anaerocolumna cellulosilytica gen. nov., sp. nov. isolated
from a methanogenic reactor of cattle waste and reclassification of
Clostridium aminovalericum, Clostridium jejuense and Clostridium xylanovo-
rans as Anaerocolumna species. Int J Syst Evol Microbiol 66:2936-2943

Ueki A, Takehara T, Ishioka G, Kaku K, Ueki K (2017) Degradation of the fungal
cell wall by clostridial strains isolated from soil subjected to biological soil
disinfestation and biocontrol of Fusarium wilt disease of spinach. Appl
Microbiol Biotechnol 101:8267-8277

Ueki A, Kaku N, Ueki K (2018) Role of anaerobic bacteria in biological soil
disinfestation for elimination of soil-borne plant pathogens in agriculture.
Appl Microbiol Biotechnol 102:6309-6318

Zacky FA, Ting ASY (2013) Investigating the bioactivity of cells and cell-free
extracts of Streptomyces griseus towards Fusarium oxysporum f. sp. cubense
race 4. Biol Control 66:204-208

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Production of β-1,3-glucanase and chitosanase from clostridial strains isolated from the soil subjected to biological disinfestation
	Abstract 
	Introduction
	Materials and methods
	Isolation and cultivation of anaerobic bacteria
	Physiological properties of strains H110 and TB8
	Determination of β-1,3-glucanase and chitosanase activities
	Effects of the growth of the anaerobic bacteria on the survival of the Fusarium pathogen under anaerobic condition
	Preparation of freeze-dried whole-cell biomass of Fusarium oxysporum f. sp. spinaciae as a substrate for cultivation of strains H110 and TB8
	Time-dependent degradation of mycelial cells and changes in enzyme activities during cultivation of strains H110 and TB8 with the freeze-dried biomass of F. oxysporum f. sp. spinaciae strain M2-1
	Observation of F. oxysporum f. sp. spinaciae strain M2-1 cells by fluorescence microscopy
	Accession numbers of the sequences

	Results
	β-1,3-Glucanase and chitosanase activities in the culture supernatants of strains H110 and TB8 cultivated with different substrates
	Co-incubation of live cells of F. oxysporum f. sp. spinaciae strain M2-1 with strains H110 or TB8 in the PYG broth
	Observation of the Fusarium mycelial cells co-incubated with the anaerobic bacteria by fluorescence microscopy
	Cultivation of strains H110 and TB8 with freeze-dried dead Fusarium biomass and dry yeast as growth substrates
	Time courses study of β-1,3-glucanase and chitosanase activities during cultivation of H110 and TB8 with the freeze-dried Fusarium biomass
	Observation of the freeze-dried mycelial cells of the Fusarium spinach wilt pathogen by fluorescence microscopy
	Effects of strains H110 and TB8 growth using wheat bran as a substrate on live Fusarium cells during co-incubation
	Enzymatic activities of the strains H110 and TB8 in the culture supernatant with wheat bran and Brassica plant biomass as substrate

	Discussion
	Acknowledgements
	References




